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Abstract 9 

Shale weathering was characterized and quantified in a lysimeter and modelling study that jointly 10 

considered the flow, transport, gas diffusion and reactivity processes induced by exposure to the 11 

atmosphere of a recently excavated shale. In this mechanically disaggregated shale presenting 12 

preferential pathways for water and a hydraulic conductivity at saturation of 100 cm/day, the water 13 

content and the seasonal saturation and desaturation cycles were identified as the main driving 14 

mechanisms of shale alteration. The water content determined the diffusion of gaseous oxygen in 15 

the shale’s unsaturated porosity, which gave rise to a zonation of the oxidation of pyrite, contained 16 

at 1 wt% in the shale. The acidification associated with this oxidation of pyrite was efficiently 17 

buffered by calcite but a release of sulphates, cations, iron and trace metals (Pb, Ni, Zn, Co, Cu and 18 

As, mainly) was observed. Besides pyrite and calcite dissolution, iron (oxy-)hydroxide formed and 19 

proved to be a good phase for sorbing trace metals, whose content remained at low concentrations 20 

in the drainage water. Seasonal precipitation of gypsum was also identified, in connection with the 21 

summer desaturation of the shale’s shallow layers. The hydraulic, chemical and mineralogical 22 
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observations made in the lysimeters were reproduced using HP1, a reactive transport code, under 23 

unsaturated conditions. It was possible to account for the gas diffusion where O2 availability 24 

controlled the reactivity with the shale, depending on the meteorological conditions and the 25 

drainage at the base of the lysimeter. 26 

Keywords: weathering, critical zone, vadose zone, gas diffusion, chemical reactivity, shale.   27 



1. Introduction 28 

The vadose zone have attracted more attention over the past decade as a privileged place for 29 

reactions between water, atmosphere, rock and soil. This part of the earth system called the critical 30 

zone (CZ) extends from the vegetation to the groundwater (Li et al., 2017) and is a system that 31 

combines chemical, biological, physical, and geological processes supporting life all together 32 

(Brantley et al., 2007). The CZ is subject to hydraulic, geomorphological and climatic events (wind, 33 

rainfall, flood, drought) that finally fracture, grind and dissolve rocks (Anderson et al., 2007; 34 

Worthington et al., 2016). The weathering of shales is of particular interest since clay minerals are 35 

ubiquitous on the earth’s surface and play an important role in chemical element cycles (CO2, O2, 36 

nutrients...) in the atmosphere, water and soils. Shales also serve as caprock for waste or subsurface 37 

gas storage and for which it is necessary to anticipate shale alteration. The weathering of the rocks 38 

occurs over a variety of time and space scales (from mineral grains to watersheds) that makes it 39 

difficult to quantify the processes and their rates (Littke et al., 1991; Pacheco and Van der Weijden, 40 

2012; Steefel et al., 2005). To circumvent such scaling issues, one approach consists of acquiring data 41 

in the laboratory and in the field and analysing the results with reactive transport models (RTM) in 42 

order to decipher the mechanisms occurring at the earth surface and subsurface (Goddéris et al., 43 

2019; Hadermann and Heer, 1996; Mayer et al., 2015; Steefel et al., 2005).  44 

CZ studies cover a large range of fields including regolith formation that contributes to important 45 

processes such as nutrient cycling, carbon sequestration, erosion, and acid rain mitigation (Brantley 46 

et al., 2007; Jin et al., 2010). Reactions with atmospheric O2 and CO2 induce nested alteration fronts 47 

in the subsurface from the atmosphere (Brantley et al., 2013; Lerouge et al., 2020). In general, the 48 

depths of these weathering reactions are unknown, with a close link between the reactivity of the CZ 49 

systems and the water table. The water table can act as a buffer zone for contaminants (Molins and 50 

Mayer, 2007) as well as reducing the O2 migration rate and preventing mineral oxidization as 51 

observed in mining tailings (Ouangrawa et al., 2009). Acid rock drainage is a major concern when 52 

shales or mining waste deposits contain reactive sulphide minerals that are unstable in contact with 53 

atmospheric O2 (Blowes and Jambor, 1990; Littke et al., 1991). In addition to the acidification of the 54 

pore water, the release of Fe, SO4 and toxic metals (Cu, Pb, Zn and other trace metals) has also been 55 

reported (Mayer et al., 2015). Besides water table fluctuations, carbonate dissolution was one of the 56 

mechanisms reported to buffer the system and prevent pore water acidification (Brantley et al., 57 

2013; Ouangrawa et al., 2009). The prediction of the impact of sulphide-rich tailings on the 58 

environment require an understanding of the coupling between hydraulic (flow, transport) and 59 

geochemical (mineral dissolution/precipitation, oxido-reduction reactions) processes in the system. 60 



Reactive transport modelling is a powerful tool to investigate biogeochemical systems in the fields of 61 

hydrogeology, geochemistry and biogeochemistry (Li et al., 2017; MacQuarrie and Mayer, 2005). The 62 

simulation of metal elements release in the vadose zone, taking into account water-rock-gas 63 

interactions, flow and transport processes, is the focus of an increasing number of studies (Acero et 64 

al., 2009; Mayer et al., 2015; Mayer et al., 2002; Molson et al., 2005). However, studies have focused 65 

on either laboratory experiments (< dm) or the field scale (> 10 m) without considering the 66 

intermediate scale that is reached through lysimeter monitoring.  67 

The objective of this study is to provide insight into the chemical evolution of shale tailings containing 68 

small amounts of sulphide minerals by considering flow, transport, gas diffusion and water table 69 

variations (rainfall, evaporation) at a lysimeter scale. This study may help to reconcile the 70 

discrepancies that usually occur between laboratory data and field measurements (Guo et al., 2020; 71 

Maher et al., 2006; Pacheco and Alencoão, 2006) by more accurately controlling boundary 72 

conditions. The quantification of the oxidation of the tailings material and its associated effects (pH 73 

and redox state modifications, in particular) can be used to assess the possible release of sulphates 74 

and trace metals into the environment. 75 

 76 

2. Materials and methods 77 

2.1. Tailings of Callovian-Oxfordian (COx) shale 78 

The studied site stems from the research conducted in the eastern part of France to build up a deep 79 

underground radioactive waste disposal facility in a deep geological formation. The Callovian-80 

Oxfordian shale (e.g. a clay-rich sedimentary formation) layer has been studied as a potential host 81 

rock for more than 20 years. The thermo-hydro-mechanical and chemical behaviour of Callovian-82 

Oxfordian (COx) shale was notably investigated in an underground research laboratory located 500 m 83 

deep. COx shale is an indurated shale that exhibits a fined grained texture characterised by a porosity 84 

between 15 and 20 % (De Craen et al., 2004) and pore diameters mainly ranging between 10 and 100 85 

nm (Goddéris et al., 2019). These nanometre-sized pores induce low hydraulic conductivity (10-13 to 86 

10-14 m s-1) and low diffusion coefficients (Descostes et al., 2008; Harrington et al., 2012). With a Biot 87 

coefficient of 0.6 and a Young modulus of 4 GPa, COx shale is a cohesive and stiff material (Charlier et 88 

al., 2013). The mineralogy of COx is constituted by clay minerals (mainly mixed-layered illite-smectite 89 

minerals and illite), carbonates (mainly calcite) and quartz. Minor amounts of sulphur minerals (1 to 2 90 

% of pyrite, galena…) and sulphate minerals (celestite) are also found, as well as iron oxide and (oxy-91 



)hydroxides (goethite). Pyrite is known to contain trace amounts of As, Pb, Co, Cu, Ni and Zn (Lerouge 92 

et al., 2011). In the conditions of the geological formation, the pristine pore water is in equilibrium 93 

with the shale-forming minerals (Gaucher et al., 2009) and exhibits a pH of about 7.2. Reductive 94 

conditions are found in the shale and pore water, forced by an equilibrium with pyrite. 95 

Several million cubic meters of the Callovo-Oxfordian rocks are expected to be excavated during the 96 

building operation of the facility. This material will be stored as tailings at the surface where it will 97 

form a technosol (Scholtus et al., 2015). Therefore, it is subject to meteorological variations that 98 

modify the COx chemical and mechanical properties due to decompaction, disaggregation and 99 

leaching. 100 

Mineralogical alterations of various tailings samples were identified by ERM (Etudes Recherches 101 

Matériaux, Poitiers, France) company using a JEOL JSM 5600LV scanning electron microscope (SEM) 102 

combined with energy dispersive X-Ray spectroscopy (EDS) examinations. It enabled giving a 103 

chemical mapping together with the crystallographic information on these tailing samples.  104 

The weathering of the rock stems from its mechanical deconstruction and from pyrite oxidation (De 105 

Windt et al., 2014; Vinsot et al., 2014) that eventually increase the permeability of the rock from the 106 

surface to the depths and water infiltration will increase leaching of chemical elements due to 107 

dissolution/precipitation of minerals. A part of the tailings stored at the surface is also expected to be 108 

reused as backfill materials in the repository. Understanding and predicting the physico-chemical 109 

evolution of the Callovo-Oxfordian tailings is thus required to prevent any potential environmental 110 

impacts, to design the tailing management scenarios (geometry, water cycle…) and to evaluate the 111 

physico-chemical state of the tailings used as a backfill materials. 112 

 113 

2.2. Experimental setup 114 

2.2.1. Lysimeter station 115 

The weathering of the Callovian-Oxfordian shale was studied since 2013 using four stainless steel 116 

lysimeters (Figure 1) with a cross-sectional area of 1 m² and a height of 2 m (Andra lysimeter station, 117 

Osne-le-Val, France,  48°30’33” N, 5°12’43”E; https://www.ugt-online.de/en/products/lysimeter-118 

technology/). Two lysimeters, called L5 and L6, were filled with COx shale tailings already stored at 119 

the surface for 10 years. The other two lysimeters, called L7 and L8, were filled with recently 120 

excavated (< 6 months) COx shale from loose tailings. Monoliths were directly cored from aged 121 

tailings to fill lysimeters L5 and L6 while the lysimeters L7 and L8 were hand-filled and compacted 122 

layer by layer (30 cm) to reach a density of 1,700 kg m-3, close to the density measured in the aged 123 



tailings (1,800 kg m-3). Since July 2013, each lysimeter has been continuously weighed by precision 124 

scales and is equipped with soil hydrology devices such as tensiometers, water content sensors, 125 

temperature sensors and suction probes at depths of 20, 50, 100 and 150 cm. Lysimeters are also 126 

equipped with tipping counters for the measurement of basal water leakage. 127 

The combined soil moisture and temperature sensors used (UMP-1, Umwelt Geräte Technik GmbH) 128 

are based on frequency domain reflectometry (FDR) method and measure local changes in dielectric 129 

permittivity around the probe that can be related to changes in water content. The soil moisture 130 

sensors measure the local conductivity around the sensor, hence, the measured water content 131 

corresponds both to the water in the large space between the grains of argillaceous rock and in the 132 

porosity of the grains. Matrix potential was measured through suction in ceramic filters by 133 

tensiometers (Tensio 160, Umwelt Geräte Technik GmbH). At soil saturation, matrix potential is zero 134 

and is positive with soil desaturation. The pore size of the ceramic filters is higher than the 135 

argillaceous rock pore size and then the measured suction potential corresponds to the one of the 136 

intergrain spaces of the tailing material. Water sampling was also performed at different depths 137 

using ceramic suction probes (Umwelt Geräte Technik GmbH) and an air-pump operated by the 138 

matrix potential value. The sampled water was stored in 500 mL glass bottles where water 139 

accumulated between two manual sampling times, every two months. Tipping counters (Umwelt 140 

Geräte Technik GmbH) were used for basal drainage monitoring and for leaking water sampling. Each 141 

lysimeter was placed on three high-sensitivity weighting cells (10 g resolution). A datalogger has 142 

recorded and transmitted the weight of the lysimeters, the matrix potential, the water content, the 143 

drainage at the bottom and the temperature at an hourly frequency since January 2014. 144 

The lysimeter station has been equipped since July 2014 with a weather station measuring rainfall, 145 

temperature, relative humidity, wind speed, atmospheric pressure and incident solar radiation data. 146 

2.2.2. Water sample analyses 147 

The water in the lysimeters was sampled every two months from January 2014 to January 2017. The 148 

water samples were then filtrated at 0.45 µm and analysed at the Laboratoire Interdisciplinaire des 149 

Environnements Continentaux (LIEC, Nancy, France) for total carbon and inorganic carbon contents 150 

using a VCSH TOC analyser (Shimadzu Scientific Instruments) and for anions (Cl-, NO2
-, NO3

-2, PO4
-2, 151 

SO4
-2, Br-) by ionic chromatography (Dionex). Major and trace elements (Al, As, Ba, Ca, Cd, Co, Cr, Cu, 152 

Fe, K, Mg, Mn, Mo, Na, Ni, P, Pb, S, Sb, Se, Zn) were measured at the Laboratoire Sols et 153 

Environnement (LSE, Nancy, France) using ICP-OES (iCAP Duo Thermo Scientific). 154 



Additional water samples were also taken from L6 and L7 in March 2016 and November 2017 to 155 

determine the 34S/32S isotopic ratio. Immediately after sampling, the water samples were filtrated at 156 

0.45 µm, and cadmium acetate at 50 g.L-1 was added to trap sulphurs and prevent their oxidation in 157 

sulphates. The samples were filtrated at 0.22 µm in the laboratory and sulphates were precipitated 158 

with BaCl2. The BaSO4 precipitate was then mixed with vanadium pentoxide (V2O5) and heated at 159 

1000 °C in tin capsules under O2 flux. The gaseous SO2 produced during combustion was purified by 160 

gas chromatography (GC) and analysed at the Bureau de Recherches Géologiques et Minières 161 

(BRGM, Orléans, France) with an elemental analyser coupled to a continuous flow isotope ratio mass 162 

spectrometer (Delta-Plus CF-IRMS, Thermo Fisher Scientific). 163 

 164 



 165 

Figure 1. Diagram and illustration of the principle of the lysimeters for the collection of runoff water, water inside the 166 
lysimeter and water leaching through the lysimeter. 167 

 168 

2.3. Water balance 169 

Water balance calculations allows for estimating the flux of water between the atmosphere, the COx 170 

shale in the lysimeters and the drainage at the base of the lysimeter at the lysimeter scale. To 171 

reproduce flow in the lysimeter and to determine the hydraulic parameters, it is necessary respecting 172 

the water balance to verify the coherence of the recorded data. 173 



In a lysimeter, the water balance can be calculated by considering the precipitation (P), evaporation 174 

(EP), drainage at the base of the lysimeter (DR) and the variation in water content (ΔS), according to 175 

equation 1 (e.g., (Cui and Zornberg, 2009; Tarantino et al., 2009)): 176 

∆� − �� = � − ��      (eq.1) 177 

Compared to a water balance usually calculated in soil, the surface run-off is not considered in the 178 

lysimeter water balance because the top ledge of the lysimeter impedes such run-off. Rain 179 

interception and water uptake by vegetation can also be disregarded because of the absence of 180 

vegetation in our lysimeter study. Furthermore, only drainage is considered at the base of the 181 

lysimeter, since water can only flow out of the lysimeter at its basis. 182 

The lysimeter and local meteorological data were used to calculate the water balance in each 183 

lysimeter on a daily basis from the 01/01/2014 to 09/04/2017. These data include the lysimeter 184 

weights, i.e. the water content variation (ΔS), and the volume of drained water measured directly at 185 

the lysimeter base (DR).  186 

Precipitation (P) and evaporation (EP) are also involved in the water balance. The local 187 

meteorological data measured onsite were completed with data from the Météo France weather 188 

stations of Chevillon (station 52123003, located 7 km from the lysimeters) for precipitation and 189 

temperature records and Houdelaincourt (station 55248001, located about 20 km away) for 190 

evaporation evolution, determined using the Monteith method. Besides some minor differences 191 

during rain events between the Osne-le-Val and Chevillon weather stations, the cumulated amount 192 

of precipitation was similar between the two stations. Data from Chevillon weather station can 193 

therefore reasonably be used to cover the 6-month period before the installation of the weather 194 

station at the lysimeter site. 195 

By combining the different available data, various water balances were calculated, to assess the 196 

coherence of the data. The first one aimed at calculating the evaporation by water balance on the 197 

lysimeters, using the direct measurement of drainage and the variations in lysimeter weight as the 198 

variation in water content at the lysimeter scale. Another water balance in the lysimeters was made 199 

to calculate the basal drainage by considering the water content variation obtained from the 200 

lysimeter mass evolution, the precipitation series (Météo France station for the beginning of 2014 201 

and then from Osne-le-Val weather station) and the evaporation calculated with the Penman-202 

Monteith formula using Osne-le-Val weather station data. A correction factor of 0.2 was applied to 203 

the Penman-Monteith evaporation to account for the difference between the potential evaporation 204 

and the actual evaporation. 205 

 206 



2.4. Reactive transport model in unsaturated conditions 207 

A reactive transport model that aims reproducing the data collected in the lysimeters has been set up 208 

to evaluate the weathering phenomena occurring in the COx tailings. The approach undertaken here 209 

aimed at numerically simulating the water content and the evolution of solute concentrations in the 210 

lysimeters during the 2014 to 2017 period, using the meteorological data and the basal drainage in 211 

the lysimeters during the same period as boundary conditions. The calculation code HP1 v2.4 212 

(Jacques and Šimůnek, 2005; Jacques et al., 2018; Jacques et al., 2008a; Šimůnek et al., 2006), which 213 

results from the coupling of Hydrus-1D (Simunek et al., 2005) and PHREEQC (Parkhurst and Appelo, 214 

2013) calculation codes, was used. HP1 can be used to simulate water flow, gas diffusion and solute 215 

transport in an unsaturated medium and can consider the set of chemical reactions expected in shale 216 

tailings by a thermo-kinetic approach. 217 

While the geometry of the lysimeter was represented using a 1D model, advection and diffusion 218 

transport mechanisms occurring in the lysimeter were accounted for by a dual-porosity model. 219 

Because of the mechanical deconstruction of the COx shale during its excavation, the hydraulic 220 

properties of the tailings are greatly changed compared to the initial shale and a preferential flow 221 

develops between the shale aggregates with little transfers with the water in the porosity of the 222 

aggregates. The preferential flow between the soil aggregates was modelled as the mobile porosity 223 

zone while the immobile zone corresponded to the porosity inside the COx shale aggregates. The 224 

mobile zone corresponded to 10% of the volume of the lysimeter with a porosity of 1 while the 225 

immobile zone was considered for the remaining 90% of the volume of the lysimeter, with a porosity 226 

of 0.15. The 2 m-high lysimeter was represented as 101 nodes, each 2 cm long, and both a mobile 227 

and immobile domain was associated with each of these 101 nodes. A schematic representation of 228 

the modelled lysimeter is shown in Figure 2 where the main flow, transport and reactive processes 229 

are indicated. Simulation aim to reproduce the data that have been gathered between January 2014 230 

and April 2017. 231 

 232 



 233 

Figure 2. Schematic representation of the lysimeter reactive transport model in unsaturated conditions. 234 

2.4.1. Hydraulic and transport model 235 

To simulate water flow and solute transport in the lysimeters, a dual porosity model was used 236 

(Šimůnek et al., 2003; Šimůnek and van Genuchten, 2008). This model considered vertical 237 

preferential water and gas flow in the zone between the rock aggregates (mobile zone) and a water 238 

and solute transfer between the aggregates (immobile zone) and the mobile zone. 239 

Water flow in the mobile zone and water transfer between the mobile and immobile zones in a dual 240 

porosity model are described in Hydrus according to the following equations, based on the Richards 241 

equation (Gerke and van Genuchten, 1993a; Gerke and van Genuchten, 1993b; Šimůnek et al., 2003): 242 
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where the indices m and im refer to the mobile and immobile zones, respectively, h is the hydraulic 246 

head (L), t and z are the time (T) and vertical space (L) coordinates, respectively, K(h,z) is the relative 247 

hydraulic conductivity (L T-1), θ is the volumetric water content and Γw is the water transfer between 248 



mobile and immobile domains (T-1). The water transfer depends on the head difference between the 249 

mobile and the immobile domains and is written as �� = $���! − � !�, where αw is the water mass 250 

coefficient transfer between the mobile and the immobile zones (T-1). 251 

The transfer of chemical components between the two zones of the porous medium is described by 252 

the two following mass balance equations (Gerke and van Genuchten, 1993a; Šimůnek et al., 2003): 253 
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where c is the solute concentration (M L-3), Dm is the dispersivity coefficient in the mobile zone (L2 T-256 

1), s in the sorbed or precipitated concentration of the solute (M M-1), fm is the fraction of sorption 257 

site or solid in contact with water in the mobile domain, Sm is the source/sink term for geochemical 258 

reactions (M L-3 T-1)  and Γs is the solute transfer between mobile and immobile domains (M L-3 T-1). 259 

This solute transfer is calculated by the expression �+ = $+.1 − /01�2 ! − 2!� � ��2∗, introducing a 260 

dependence to the water mass transfer. αs is the solute mass transfer coefficient between the mobile 261 

and the immobile zones (T-1) and the concentration c* is cim if Γw > 0 and c* is  cm if Γw < 0. wf is the 262 

relative volumetric proportion of the immobile zone in the considered medium. 263 

In equation 5, solute transport through the gas phase is considered by an additional term on the right 264 

hand side where Sg is the saturation of the gas phase in the mobile domain, θsm is the water content 265 

at saturation of the mobile domain, Dg is the pore gas diffusion coefficient (L2 T-1) and cg is the solute 266 

concentration in the gas phase. The pore gas diffusion coefficient is calculated from the local 267 

saturation and porosity, according to the formula proposed by Millington (1959): 268 

�, = 6!7 8⁄ �,: 8⁄ �,;     (eq.7) 269 

where Dg
0 is the gas diffusion coefficient in a free medium. The coupling of chemical species 270 

transport as solute in the soil water and as gas species in the soil atmosphere allows the reactivity of 271 

the gases with minerals and the feeding of the gas species from the atmosphere to be considered 272 

depending on the soil saturation. This coupling is of particular interest when considering the 273 

oxidation of pyrite by atmospheric O2 since the transport of O2 in water is slow and the dissolved O2 274 

is rapidly consumed by pyrite. Without O2 gas transport the pyrite oxidation is restricted to the first 275 

cm of the soil column.  276 

Water retention in the mobile and immobile domains was defined by the van Genuchten-Mualem 277 

relationships (van Genuchten, 1980), linking water content and hydraulic head in a porous medium 278 

and calculating the effective hydraulic conductivity. They are written as follows: 279 
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where Se is the effective saturation, θs is the water content at saturation, θr is the residual water 284 

content, α, n and l are empirical parameters of the retention functions and Ks is the hydraulic 285 

conductivity at saturation. 286 

2.4.2. Reactive model 287 

The reactivity considered in the model is based on the alteration mechanisms identified in the COx 288 

tailings (§ 3.2). Major (Ca, Na, Mg, K, Fe, Al, S, C, Si, Cl) and trace elements (Pb, Co, Ni, Zn) measured 289 

in the lysimeter solutions and involved in the reactive processes were considered as solute in the 290 

model. O2 and CO2 were considered as gas species that can be dissolved in water. A selection of 291 

primary phases (pyrite, calcite and goethite, such as iron (oxy-)hydroxide) can dissolve or precipitate 292 

through a kinetic control, according to the kinetic parameters selected by Marty et al. (2015). 293 

Thermochimie v.9b0 (Giffaut et al., 2014) was used as the thermodynamic database for these 294 

calculations. The composition of the considered pyrite phase includes Pb, Ni, Co and Zn trace metals 295 

at proportions given by Lerouge et al. (2011). Gypsum completes the selected mineralogical 296 

assemblage as secondary phases whose occurrence is controlled by thermodynamic equilibrium. For 297 

the sake of simplicity, clay minerals were not introduced because of their slow dissolution rate 298 

compared to the simulation duration. Cation exchange involving Na+, Ca2+, Mg2+, K+ and Fe2+ which 299 

occurs at the surface of clay minerals was nevertheless considered given its influence on the solution 300 

composition during transient chemical and hydraulic conditions (De Craen et al., 2004; Jacques et al., 301 

2008b). The cation exchange capacity varying between 13.3 and 18.3 meq kgrock
-1 was measured by 302 

cobaltihexammine extraction on tailings sampled at different depths at the installation of lysimeters 303 

L5 and L6. The cation exchange selectivity coefficients determined for the pristine COx claystone 304 

(Gaucher et al., 2009) were used. Sorption of trace metals can take place at the surface of goethite 305 

minerals that locally precipitate in the vicinity of altered pyrite crystals and at the surface of clay 306 

minerals. Retention coefficients were fitted on the results for each trace element Co (log K = 10), Ni 307 

(log K = 9.7), Pb (log K = 11.7) and Zn (log K = 9.9), considering a site density of 0.28 mol of sites per 308 

mol of goethite (Dixit and Hering, 2003). K is the half-reaction selectivity constant of the mass-action 309 

equation describing the distribution of species between the exchange sites and the solution, as 310 

defined in PHREEQC code. 311 



2.4.3. Hydraulic and chemical initial and boundary conditions 312 

The hydraulic boundary conditions used in the reactive transport model corresponded to the 313 

precipitation, evaporation and drainage presented or recalculated in section 3.1.1. Precipitation and 314 

evaporation series were then applied as upper boundary conditions on the tailing column while 315 

lysimeter basal drainage was used as lower boundary condition. Hydraulic boundary conditions were 316 

defined at a daily frequency. The initial water content profile in the model was set to that measured 317 

in January 2014 on the lysimeters. 318 

The rainwater composition was the chemical boundary condition at the lysimeter surface and was 319 

based on SO4 (0.017 mmol L-1) and Cl (0.021 mmol L-1) concentrations measured on site and on 320 

rainwater compositions reported in Appelo and Postma (2005) for the remaining composition. Since 321 

the tailings were already oxidized at the beginning of the simulation, the initial chemical system 322 

assumed for the model showed the effects of oxidation. Initial solutions in the lysimeter column 323 

corresponded to the composition of solutions at -20 cm, -50 cm, -100 cm, -150 cm, -200 cm in 324 

lysimeter L6. Since the Fe concentration was generally below the quantification limit (5 10-8 mol L-1), 325 

it was determined by equilibrating with goethite. The pH of the solutions was altered until the 326 

saturation index of calcite was close to zero. These six solutions were discretized further by linear 327 

interpolation into 26 solutions in order to reduce the difference in concentration of the solution 328 

between two nodes. The cation distribution on the exchanger was calculated to be at equilibrium 329 

with the initial solutions. The initial solutions contained trace metal concentrations based on data. 330 

Wherever data for the trace metal were not available at that particular depth at the Jan-14 L6 331 

sampling campaign, the trace metal concentration for that depth was chosen based on the range of 332 

concentrations in solutions measured at a different sampling time. 333 

Regarding the gas phase, the CO2 and O2 atmospheric composition was set as the initial gas 334 

composition in the unsaturated porosity of the modelled lysimeters. The initial model parameters are 335 

summarised in Supplementary file A. 336 

3. Results and discussion 337 

3.1. Water fluxes calculated from lysimeter data 338 

Due to the release of the mechanical stress, the flow properties in the tailings of Callovian-Oxfordian 339 

(COx) shale are higher compared to the properties of the sound rock for in-situ conditions. Indeed, 340 

the rock has been milled and uncompacted during the excavation operations, and has been partially 341 

recompacted when stored at the ground surface as tailings. As a result, the porosity and the pore size 342 

have increased compared to its initial state. With an apparent density of 1700 kg m-3 after 343 



recompaction of the tailings, the porosity can be estimated at 55 to 60 %, while it was of about 10 to 344 

20 % initially. The tailings constitute an assemblage of µm to cm blocks or aggregates of rock. Hence, 345 

the pore space of the tailings becomes highly heterogeneous with the occurrence of large spaces 346 

(macropores, fissures…) between the rock blocks and the porosity of these blocks is made of pores of 347 

very little size. Consequently, zones of preferential flow are expected in such a porous medium, as 348 

shown by the range of hydraulic conductivity from 10-3 to 10-8 m s-1 measured on tailings samples 349 

(Andra, internal report). In addition, depending on the meteorological conditions the COx shale 350 

tailings are subject to variations in water saturation.  351 

3.1.1. Water balance in the lysimeters 352 

Water content and drainage in the lysimeters showed a seasonal evolution with a dry period during 353 

summer. The measured daily weight variations could be irregular where a sharp weight variation was 354 

often followed by an opposite weight variation. 355 

The lysimeters’ weight seemed to increase during rain events and to decrease shortly after. On the 356 

other hand, the drainage at the base of the lysimeters seemed to be less dependent on precipitation, 357 

since heavy rains were not followed by a drainage outflow, while heavy drainage could be observed 358 

without direct links to rain events. This observation suggests a noticeable delay in the water flow 359 

within the lysimeters. 360 

The evaporation calculated from the water balance in the lysimeters was not coherent because the 361 

expected seasonal variation with higher evaporation in summer than in winter was not found (Figure 362 

3.a and b). In addition, negative evaporation was sometimes calculated, following days with high 363 

positive evaporation, and this inconsistency could not be solved by averaging the data over several 364 

days. The drainage recalculated using the evaporation obtained from meteorological data, with the 365 

daily values averaged over three days, stayed in the range of the drainage measured from the 366 

lysimeters (Figure 3.c), but the instantaneous volume of water drained from the lysimeters’ base was 367 

lower and more spread over time. 368 

The precipitation data, the evaporation calculated using the Penman-Monteith formula and the 369 

recalculated drainage that will be used as boundary conditions for the lysimeter flow simulations are 370 

summarized in Figure 4. 371 



 372 

Figure 3: a) Evaporation calculated from the water balance for each lysimeter, given by Meteo France (Houdelaincourt 373 
station) and calculated by the Penman-Monteith formula using Osne-le-Val weather station data; b) evaporation showed as 374 
cumulated evaporation; c) Cumulated basal drainage measured for the four lysimeters and calculated from the water 375 
balance. 376 



377 
Figure 4: Daily precipitation recorded by the local weather station from January 2014 to April 2017, and cumulated 378 
precipitation, drainage and evaporation in the lysimeters considered as boundary conditions for the model. 379 

3.1.2. Insights on water flow in the lysimeters 380 

Water content showed a seasonal evolution with, for the sensor at -20 cm, a strong link with the rain 381 

events. A delay was observed at depth in the seasonal water content evolution, where the wet 382 

period at -150 cm was delayed by several months compared to the wet period close to the surface. 383 

Rock tailings at depth remained close to saturation (with a water content of 60 %). The water content 384 

measurements showed a non-negligible difference between the different lysimeters for a given 385 

depth. However, even if the water content value was different between the lysimeters, a temporal 386 

similarity was observed between the water content increases and decreases.  387 

The suction potential is null in a saturated porous medium and increases with the desaturation of 388 

this medium. In agreement, the highest recorded suction potentials corresponded to the more 389 

pronounced desaturation events, close to the surface and during the summer period. At depth, 390 

suction potentials remained close to 0, indicating that the medium remained saturated or close to 391 

saturation. Suction potential gradients gave insights on the water flow in the lysimeters. These 392 

suction potential gradients indicated a water flow from the top to the bottom of the lysimeters 393 

during the wet season and a reverse gradient during the summer period, suggesting an upward 394 

capillary flow. The potential gradients were generally higher between the tensiometers close to the 395 

surface than between the deep tensiometers. At the lysimeter scale, the mean gradient was about 396 

0.05 cm cm-1 but much higher (and reversed) gradients of some cm cm-1 were occasionally recorded 397 

during dry periods. 398 

 399 



3.2. Weathering mechanisms 400 

3.2.1. Elemental chemistry in solution 401 

The concentrations measured in solution were similar in the four lysimeters. We chose to present 402 

only the results for L6 (Figure 5).  403 

The pH varied between 7 and 8 throughout the depth of the lysimeters. The pH decrease observed 404 

with depth in January 2017 compared to the other measurements is not characteristic of an 405 

acidification from this date as such a pH decrease was also observed in November 2015. The pH 406 

values in the lysimeters were higher than the pH in the pristine COx shale pore water, before 407 

oxidation, in agreement with the carbonate ions that were lower. The data were consistent with each 408 

other as the higher the carbonate ions the lower the pH (Millero, 2007). Nonetheless, carbonate ions 409 

concentration might be expected to have been higher because of the calcite dissolution and 410 

biological activity. However, the degassing during sampling due to the exposure of the lysimeter 411 

water to the atmosphere lowers the carbonate content in solution. The dissolved carbonate 412 

concentration was lower close to the surface, increased until 50 cm depth and then remained stable.  413 

Cl in solution is two orders of magnitude below the values reported in the pristine COx pore water 414 

(Vinsot et al., 2008). The value was slightly higher than the rainwater concentration measured on site 415 

(2.1 10-5 mol L-1). This concentration supported the assumption of percolating rainwater in the 416 

lysimeter with interaction with pore water. Note that the concentration decreased from January 417 

2014 to January 2015 and then remained stable highlighting a possible leaching of Cl that decreased 418 

with time. 419 

The sulphate concentration increased with depth and remained in the same range throughout the 420 

study period. Sulphate levels in the lysimeter were two to three times higher than in pristine COx 421 

pore water for which redox reduced condition prevails and two orders of magnitude higher than in 422 

rainwater (1.75 10-5 mol L-1). This observation is consistent with a dissolution of pyrite, oxidized by 423 

the oxygen from the atmosphere. This observation is also consistent with the gypsum saturation 424 

indices that were at equilibrium from 50 to 200 cm deep and the observation of gypsum precipitates 425 

in the lysimeters. 426 

Na, K and Mg concentrations increased with depth in all lysimeters during the monitored period. K 427 

and Mg concentrations remained similar over time while Na concentration clearly decreased 428 

between January 2014 and January 2017. At the surface of the lysimeters, Na reached in 2017 the 429 

concentrations observed in natural soils (forest and meadow) formed on Callovian-Oxfordian shale 430 



(Scholtus et al., 2015). In addition, K and Mg concentrations were higher in the lysimeter solutions 431 

than in COx pore water while the opposite was observed for Na due to its leaching.  432 

Ca increased from the surface to 50 cm deep and then decreased until the bottom of the lysimeter. 433 

This element was not only buffered by the ion exchanger but mainly by highly reactive minerals such 434 

as calcite that controlled its concentration in the Callovian-Oxfordian (Gaucher et al., 2009). Such a 435 

concentration higher than the COx pore water could display dissolution of this phase. However, the 436 

saturation indices calculated on the basis of the solution analyses showed that calcite, like dolomite, 437 

was oversaturated and apparently ruled out this hypothesis (Figure 5). Nonetheless, the solutions 438 

were collected in the lysimeters every 2 months and were not preserved from the atmosphere during 439 

that period. The pCO2 measured in the COx is close to 10-2 atm (Gailhanou et al., 2017; Vinsot et al., 440 

2008), in agreement with the pCO2 calculated from the solution analyses (Figure 5). CO2 degassing no 441 

doubt occurred and modified the carbonate concentration measured by the TOC analyser (Lerouge 442 

et al., 2020). This may explain the calcite and dolomite oversaturation. 443 



 444 



Figure 5. Variation of the major elements in lysimeter 6 during the 3 years of monitoring (January 2014, 2015, 2016 and 445 
2017) and saturation indices of calcite, gypsum and dolomite. Water at depth 0 cm corresponds to water that accumulates 446 
at the top of the lysimeter. The red line corresponds to the value in the pristine COx pore water, before any oxidation. 447 

3.2.2. Isotopic ratio of sulphates (δ34S) 448 

All the results were reported in δ units relative to international standards, defined by: δ = 449 

(RSample/RStandard - 1) x 1000‰, where R is the measured isotopic ratio in the sample (δ34S/δ32S) and in 450 

the standard, which was CDT (Canyon Diablo Troilite) for sulphur. The isotopic signature of the SO4 451 

from the lysimeter samples ranged from -41 to -18 ‰ CDT (Table 1 and supplementary file B). These 452 

values correspond to the pyrite domain in the pristine COx formation that ranges between -40 and -453 

20 ‰ CDT (Lerouge et al., 2011). Isotopic analysis of well-preserved COx pore water in anaerobic 454 

conditions shows high δ34S values, between 18.7 and 22.3 ‰ CDT (Vinsot et al., 2015) which was in 455 

line with the δ34S values of celestite (Lerouge et al., 2011). After introducing oxygen into the 456 

preserved COx pore water samples, the SO4 concentration in the oxidized pore water increased two-457 

fold and the δ34S value dropped down to -16.4‰ CDT. This decrease was interpreted to be due to 458 

release of SO4 depleted in δ34S, i.e. diagenetic pyrite present at the deeper parts of COx (Tremosa et 459 

al., 2015; Vinsot et al., 2015). Based on these results, the isotopic analysis of the sampled solutions 460 

from the lysimeter indicated that the SO4 concentration of the solutions contained a substantial 461 

amount of SO4 released directly from diagenetic pyrite. These results confirm the oxidation of pyrite 462 

in the tailings, although they are not sufficient to quantify the extent of pyrite dissolution or the 463 

amount of SO4 released by the pyrite. 464 

Table 1. Sulphate isotopic measurements on lysimeter 6 (aged tailings) sampled in March 2016 and November 2017 (CDT: 465 
Canyon Diablo Troilite). The water collected at the surface formed no precipitates when BaCl2 was added to the solution (i.e. 466 
no sulphates in solution). 467 

Sample 
Depth 

(cm) 

Sulphate δ34S‰ CDT  

(+/- 0.3‰) 

March 2016 

Sulphate δ34S‰ CDT  

(+/- 0.3‰) 

November 2017 

L6-0 0 -23.8 -37.3 

L6-1 -20 -35.0 -37.8 

L6-2 -50 -41.2 -38.6 

L6-3 -100 -37.8 -37.7 

L6-4 -150 -32.6 -33.7 

L6-5 -200 -34.1 -34.9 

 468 

3.2.3. Mineralogical changes 469 

Mineralogical characterizations of COx tailings evidenced the presence of pyrite, calcite and the 470 

precipitation of secondary phases: gypsum and iron (oxy-)hydroxides (Figure 6). The iron (oxy-471 

)hydroxides formation was linked to pyrite alteration and was described as a three-step process 472 



involving the oxidation of disulphide (S2
2-) and Fe2+ that led to the formation of Fe3+ (Appelo and 473 

Postma, 2005). Finally, iron (oxy-)hydroxides precipitated unless the pH remained below 3 (Debure et 474 

al., 2017). The overall reaction is described by equation 9: 475 

4RS�O � 15	UO � 14VOU → 4RS�UV�8 � 8�UYO= � 16V?  (eq.9) 476 

The pyrite dissolution released protons in solution and thus led to an acidification of the system, 477 

which was buffered by the dissolution of calcite towards the equilibrium pH of calcite (≈8). Indeed, 478 

the proton production caused calcite dissolution in agreement with equation 10.  479 

[\[U8 � 2V? → [\O? � VOU � [UO    (eq.10) 480 

This calcite dissolution released CO2 and Ca that may eventually precipitate with the sulphates 481 

coming from the pyrite dissolution to form gypsum according to equation 11: 482 

[\O? � �UYO= � 2VOU → [\�UY. 2VOU   (eq.11) 483 

Note that gypsum precipitation is highly dependent on the water saturation. Indeed lysimeters faced 484 

weather changes (rain, snow, wind …) over the years and seasons with water saturation and 485 

desaturation periods. Water loss led to an increase in the concentration. Evaporation of half the 486 

pristine COx pore water (Gaucher et al., 2009) led to gypsum precipitation. Such water loss induced 487 

an increase in the sulphate concentration by a factor of 1.7 compared to the pristine pore water. This 488 

factor reached 3.5 for an evaporation of 70% of the COx pore water. This mechanism highlights the 489 

possible formation of gypsum at the top of the lysimeter that was more subject to 490 

saturation/desaturation cycles. Nonetheless, leaching and infiltration caused an increase in the 491 

sulphate and calcium concentrations from the surface towards the bottom of the lysimeters (Figure 492 

5). Therefore, gypsum precipitated at the bottom of the lysimeter as shown by the saturation indices 493 

calculation (Figure 5) even if there was no water loss. 494 



 495 

Figure 6. Highly oxidized framboïdal pyrite, containing gypsum; iron (oxy-)hydroxides and preserved calcite were identified 496 
as well;. (Zoom x100). Sample EST50652 (VER1014; 2,00m). 497 

 498 

3.2.4. Trace element release in the lysimeters 499 

In the COx shale, pyrite contains several trace elements: As, Co, Cu, Ni, Pb and Zn (Grangeon et al., 500 

2015; Lerouge et al., 2011). Most of these elements were found at low concentrations in the 501 

solutions collected in the lysimeters (Figure 7). Among them, As was below the quantification limit 502 

(3.2 10-8 mol L-1) most of the time. As was one of the main traces incorporated in pyrite with Co, Ni 503 

and Pb, so this behaviour could be explained by the high affinity of As for iron (oxy-)hydroxides that 504 

precipitate as a result of the pyrite dissolution (Daus et al., 1998; Debure et al., 2018; Giménez et al., 505 

2007). Cu and Zn are infra-traces in pyrite (Lerouge et al., 2011) explaining the low Cu concentration 506 

while Zn was provided by sphalerite (ZnS) dissolution. Furthermore, Zn and Ni were present in 507 

feldspar and detrital minerals thus accounting for their higher quantity than Co and Cu. The values 508 

detected for Pb were explained by the presence of galena (PbS) in the pristine COx too (Lerouge et 509 

al., 2011). With the exception of Cu concentrations that remained in the range of the COx pore 510 

water, the concentrations of Co, Ni, Pb and Zn were two orders of magnitude higher in the tailings 511 

water than in the COx pore water. 512 

Ba was detected as well. Mica, quartz and feldspar were the Ba carrier and their dissolution is the 513 

most relevant explanation for its presence in the solution. Ba released at the bottom of the 514 

lysimeters reached a concentration of 2 10-7 mol L-1 in March 2014 but stabilized and did not exceed 515 

7.3 10-8 mol L-1 after March 2015 at the bottom of the lysimeters. Regarding Se, pyrite and fossil 516 

organic matter were the Se-bearing phases in the initial COx. In sampled solutions, Se was under the 517 

quantification limit (5.3 10-8 mol L-1) in the older tailings (~ 10 years in 2014) while it was still 518 

detected in the new tailings (~3 years in 2014) but decreased from 3.9 10-7 mol L-1 in 2014 to 1.3 10-7 519 



mol L-1 in 2017 at the bottom of the lysimeters. This disappearance could be due to the leaching of 520 

this element or to its sorption on the iron (oxy-)hydroxides (Jordan et al., 2009). Mn was detected as 521 

well at the bottom of the lysimeters and varied from 5.8 10-6 mol L-1 in the aged tailings to 1.8 10-8 522 

mol L-1 in the new tailings. Mn was detected especially in the solutions of the aged tailings. Mn was 523 

carried by kaolinite, micas and carbonates and MnO represented initially 0.04 wt% of clayrock. Such a 524 

Mn concentration seemed to show a stage of dissolution that had not yet occurred in the new 525 

tailings. Other elements like Cd, Mo and Sb were always below the quantification limit during the 526 

three years of monitoring (3.6 10-9 mol L-1, 2.1 10-7 mol L-1 and 8 10-8 mol L-1 respectively) as well as Cr 527 

most of the time (QL = 2.3 10-8 mol L-1), which was detected only occasionally but did not exceed 1.6 528 

10-7 mol L-1. Finally, Al and Fe reached their highest concentrations (2.2 10-6 mol L-1 and 1.8 10-7 mol L-529 

1) at the bottom of the lysimeters in the first samples; they were not detected anymore after 5 530 

months and remained below their limit of quantification (QLAl = 1.3 10-7 mol L-1 and QLFe = 1.8 10-8 531 

mol L-1). 532 

 533 

Figure 7. Trace elements released in the lysimeter over the 3 years of monitoring. As was below the quantification limit (QL) 534 
= 3.2 10-8 mol L-1. Co, Pb and Zn were below their QL in the COx pore water (QLCo = 8.5 10-10 mol L-1, QLPb = 2.4 10-10 mol L-1, 535 
QLZn = 7.7 10-9 mol L-1). 536 

3.2.5. Gases: O2 and CO2 537 

The most important mechanism driving the COx tailing alteration was pyrite oxidation, which is 538 

highly dependent on O2 available in the lysimeters and on the exposed surface of pyrite to O2. The 539 

lysimeters were in contact with the atmosphere, thus initially O2 was at the air value and decreased 540 

with depth due to its consumption by pyrite and because of the lower accessibility of the deeper 541 

facies (permeability, saturation). However, oxidation of the water samples collected every two 542 

months was not prevented between sampling times and during sampling and, then, no redox state 543 



differences with the depth were revealed by measurements on the water. The redox conditions of 544 

the system can neither be assessed by the nitrite/nitrate couple nor the sulphide/sulphate couple. 545 

The CO2 amount was assessed by the measurement of inorganic carbon in solution that was 546 

compared occasionally with the alkalinity measurements. Both parameters were in agreement each 547 

time. However as mentioned earlier the interaction with the atmosphere during water sampling led 548 

to CO2 outgassing that lowered the analysed CO2 compared to its quantity in the lysimeters. 549 

3.2.6. Synthesis on the mechanisms involved in the COx alteration and release of elements  550 

Microscope observations on tailing samples showed pyrite alteration in the tailings that finally led to 551 

the formation of iron (oxy-)hydroxides. As oxidizing conditions prevailed in the lysimeters, pyrite 552 

dissolution led to an increase in sulphates in solution which was confirmed by δ34S isotopic analyses. 553 

In the meantime, calcite dissolved and buffered the system close to pH 8 and drove the increase in 554 

Ca in solution. The increasing amount of Ca and sulphates may lead to gypsum precipitation as 555 

already seen for outcropping or shallow clay-rich rock formations (Debure et al., 2018; Lerouge et al., 556 

2018). In addition, desaturation phenomena due to warm and dry weather conditions could enhance 557 

this secondary phase’s precipitation by drying the tailings. In addition to its influence on saturation 558 

indices, water content will affect the gas diffusion, with a higher gas mobility under unsaturated 559 

conditions. CO2 migration influences the pH and the carbonate phases while O2 diffusion will be the 560 

driver of the pyrite oxidation which releases trace elements such as As, Co, Cu, Ni, Pb and Zn in 561 

solution. Such metal elements have an affinity for clays and iron (oxy-)hydroxides and their 562 

behaviour is expected to be controlled by sorption on these phases. 563 

 564 

3.3. Modelling of lysimeter evolution and Discussion  565 

3.3.1. Water content and transport 566 

a) Water content 567 

Water content coupled with pressure head were used to determine hydraulic parameters through an 568 

inversion. A single set of parameters were determined for the four lysimeters considering their 569 

similar evolution with time. The inversion criteria, by visual assessment, were based on the ability of 570 

the model to describe the water content variations and delay at depth, depending on rainfall and 571 

evaporation at the top of the lysimeters and drainage at the bottom. The lower measuring depth (- 572 

200 cm) was usually saturated and so the reproduction of the data focused on the shallower depths 573 



(Figure 8). Overall, the modelled water content reproduced the most significant measurements 574 

especially the water content increase in July and August 2014 as well as the decrease in October 575 

2016. Finally, the higher water contents were consistent with the rainfall at the shallower depth 576 

while at depth a retardation was observed. Given the scattering of the water contents measured 577 

between the different lysimeters, the absolute water content value seemed less important to 578 

simulate than the water content variations over time at the different depths. The water content 579 

evolution was modelled for a hydraulic conductivity at saturation of 100 cm day-1 within the mobile 580 

domain, which is in the range of the hydraulic conductivities measured in tailings and in the 581 

lysimeters (Andra, pers. comm.). 582 

 583 

 584 

Figure 8. Comparison of the water content measured at different depths in the lysimeters to the water content modelled 585 
with HP1. 586 

b) Chlorine transport 587 

Water and solute transfer coefficients between the mobile and immobile zone as well as dispersivity 588 

are the parameters describing flow and transport in the double porosity model. These parameters 589 



were determined by fitting the Cl concentration over time in the lysimeters. Cl is usually used as an 590 

inert tracer (no sorption, exchange or precipitation as a mineral). The initial concentration profile in 591 

the mobile zone implemented in the model was the profile measured in January 2014 (i.e. equal to or 592 

lower than 4 10-4 mol L-1). The concentrations in the immobile zone were set to the pristine COx pore 593 

water concentration, 4.1 10-2 mol L-1 (Vinsot et al., 2008). The Cl in rainwater measured on site was 594 

2.1 10-5 mol L-1.  595 

Cl concentrations increased during dry seasons while they decreased during wet seasons when 596 

chlorine was diluted by the rainwater, resulting in concentrations 20 times lower than the initial 597 

chlorine concentration in the system (Figure 9). Despite the two orders of magnitude of difference 598 

between the concentration in the immobile and in the mobile zone, the Cl in the immobile zone 599 

remained unchanged throughout the simulation. Indeed, the higher Cl loss was observed at 20 cm 600 

and represented only 2.6 % of the initial Cl concentration highlighting the small transfer coefficient 601 

between the mobile and immobile zone. 602 

Sensitivity tests made on the solute mass transfer coefficient revealed that only a small range of 603 

solute mass transfer coefficient values could reproduce Cl variations. In addition, the contribution of 604 

the excess Cl content from the porosity of claystone aggregates immobile zone to the Cl content in 605 

the inter-aggregate porosity of the tailings mobile zone. 606 

 607 

Figure 9. Chlorine evolution in the mobile zone over time in the four lysimeters (L5, L6, L7 and L8), at different depths (20 cm, 608 
50 cm, 100 cm, 150 cm and 200 cm), compared to the chlorine modelled with HP1 and chlorine loss in the immobile zone. 609 
Chlorine in the immobile zone was initially 4.1 10-2 mol L-1, some hundred times higher than chlorine in the mobile zone. 610 

c) Gas transport 611 

Seasonal desaturation of the lysimeters enables gas infiltration throughout the whole lysimeter. In 612 

this study, gas diffusion focused on O2 and CO2 that were identified as the main sources of reactivity 613 



according to the solution and solid analyses (Section 3.2). According to the results of the model 614 

(Figure 10), the higher O2 temporal variations were reported near the surface (20 and 50 cm deep) 615 

while CO2 was not present at a depth of 20 cm and displayed similar values between 50 and 150 cm 616 

deep to finally disappear at the bottom of the modelled lysimeter with the water saturation. O2 was 617 

consumed by pyrite oxidation that limits its diffusion to larger depths, together with the fact that gas 618 

diffusion is lower when water saturation increases. CO2 was released by calcite in response to pyrite 619 

oxidation. Maximal CO2 release in the soil atmosphere occurred at 20 cm and was lower at depth 620 

because of the lower pyrite oxidation and the water saturation of the lysimeter.  621 

 622 

Figure 10. Calculated evolution of gases (O2 and CO2, in mol per L of tailing material) in the lysimeters at 50 and 150 cm 623 
deep. 624 

 625 

3.3.2. Weathering of the tailings 626 

a) Water chemistry 627 

pH varied between 7.5 and 8 during the three years of monitoring, (Figure 11 and supplementary file 628 

C for the other depths). Despite the pyrite oxidation, pH do not reach acidic conditions such as those 629 

encountered in acid mine drainage. In the COx tailing, acidity due to the pyrite oxidation is buffered 630 

by the dissolution of carbonates involving a modification of the pore water chemistry. Modelling the 631 

evolution of the pore water chemistry in the lysimeter involves taking into account the reactivity of 632 

minerals coupled to gas, solute and water transport.  633 

The range of pH was well reproduced by the RTM model at the different depths of the lysimeter 634 

profile. Nonetheless, the modelled pH was slightly lower than the measured pH at 50 cm deep and 635 

increased at the surface (20 cm deep), because of CO2 outgassing. At larger depth, the modelled pH 636 

was higher because of the lower reactivity of the rock. At 150 cm deep, the variations of pH over 637 

time were related to the presence or not of a gas phase and when O2 can enter at this depth, pyrite 638 

was oxidized and pH was lower than under saturated conditions. Under conditions closed to the 639 

atmosphere, the oxidation of the tailings and the dissolution of calcite led to in-situ pH in the COx 640 

shale tailings of about 9 (Marty et al., 2018). Lower pH of 7.5 was obtained by equilibration with the 641 

atmosphere when air entered in the tailing porosity or during sampling. 642 



K and Na concentrations in solution were only controlled by the cation exchange at clay surfaces 643 

since we considered no minerals other than pyrite, calcite, and secondary gypsum and goethite in 644 

the model. Both elements increased at depth because of leaching from the surface of the lysimeter, 645 

where weathering is more pronounced, and an accumulation of solute elements in the deeper part 646 

of the lysimeter. It is clear for Na at 150 cm depth that the displayed concentration decreased over 647 

the time (Figure 12). Such leaching was not observed for Ca and SO4, which displayed seasonal 648 

variations at 50 cm, well reproduced by the model. The measurements as well as the model reported 649 

fewer fluctuations at 150 cm deep (Figure 13). The variations depended on the water content that 650 

influences element solubility and thus mineral dissolution and precipitation. 651 



 652 

Figure 11. Evolution of pH and bicarbonates in the four lysimeters (L5, L6, L7 and L8) at 50 and 150 cm deep. Symbols 653 
represents measurements in the lysimeter and solid lines the results of HP1 modelling. 654 

 655 

Figure 12. K, Na and Ca evolution with time in the four lysimeters (L5, L6, L7 and L8) at 50 and 150 cm deep. Symbols 656 
represents measurements on the lysimeter solution and solid lines the results of HP1 modelling. 657 

 658 

Figure 13. Ca and SO4 evolution with time in the four lysimeters (L5, L6, L7 and L8) at 50 and 150 cm deep. Symbols 659 
represents measurements on the lysimeter solution and solid lines the results of HP1 modelling. 660 

b) Mineralogical evolution 661 

Pyrite in the model decreased by 0.10 wt% at 50 cm deep and by 0.02 wt% at 150 cm deep. This 662 

dissolution was congruent with calcite dissolution that was greater at 50 cm than at 150 cm (Figure 663 

14). The dissolutions were consistent with the O2 availability in the lysimeter that enabled greater 664 



pyrite oxidation close to the surface than at depth (Figure 10). In addition, pyrite oxidation released 665 

SO4 in solution while calcite released Ca. The two elements were seasonally able to form gypsum 666 

when the water desaturation was enough to allow for gypsum oversaturation. This phenomenon 667 

occurred at shallow depths, down to 100 cm deep, while the water content was too high below to 668 

permit gypsum precipitation. Ferrous iron released by pyrite dissolution was oxidized and 669 

continuously precipitated as goethite. 670 

 671 

Figure 14. Evolution of pyrite, calcite and gypsum modelled by HP1 at 50 and 150 cm deep. The data are represented as 672 
weight percent variations. 673 

 674 

c) Release of trace metal elements  675 

The release of trace metals (Co, Ni, Pb and Zn) which occurred concurrently with pyrite dissolution 676 

was simulated together with their sorption on clays and iron (oxy-)hydroxide phases. The behaviour 677 

of trace metals was well described by the model at 50 cm deep while Pb was overestimated at 150 678 

cm deep (Figure 15 and Figure 16). This overestimation is due to the saturation of the sorption site at 679 

this depth. It is worth noting that the model satisfactorily described the trace metals’ behaviour 680 

despite their low amount compared to major elements, suggesting an appropriate description of the 681 

different reactive processes within the tailings.  682 



From these modelled results, it was possible to determine a solid/liquid distribution coefficient (RD) 683 

that varies with time and depth and is corrected from water content variations according to equation 684 

12:  685 

�_ = `(ab�c
`(abde�aB     (eq.12) 686 

where Csolution and Csolid are, respectively, the element concentrations at a given time in the solution 687 

(mol L-1) and on the solid (mol kg-1).  688 

Because of the water content and concentration variations with time, the distribution coefficients 689 

also varied with time in a large range (Table 2). Nonetheless, the distribution coefficients of each 690 

element were within the range of the values determined from laboratory experiments (Andra, pers. 691 

comm.) for Co (225 L kg-1), Ni (160 L kg-1) and Zn (2000 L kg-1) but exceeded the value given for Pb 692 

(1000 L kg-1). However, these values were determined for saturated conditions. Desaturation as 693 

observed in the lysimeter had a high impact on the distribution coefficients that were lower at the 694 

bottom of the lysimeter, under saturated conditions. This can be related to the solute concentration 695 

in water which increases after evaporation, increasing consequently the sorption (Jacques et al., 696 

2008a, b). 697 

Table 2. Solid/liquid distribution coefficients calculated for Pb, Co, Ni and Zn from the modelling results obtained with HP1. 698 

Depth (cm)   RD Pb (L kg-1) RD Co (L kg-1) RD Ni (L kg-1) RD Zn (L kg-1) 

50 

min 2833 57 28 45 

max 96010 1916 960 1522 

average 40800 814 408 647 

150 

min 2793 56 28 44 

max 25018 499 250 396 

average 12152 242 122 193 

 699 

 700 

Figure 15. Evolution of trace elements (Co, Ni, Pb and Zn) with time in the four lysimeters (L5, L6, L7 and L8) at 50 cm deep. 701 
Symbols represent measurements on the lysimeter solution and solid lines the results of HP1 modelling. 702 

 703 



 704 

Figure 16. Evolution of trace elements (Co, Ni, Pb and Zn) with time in the four lysimeters (L5, L6, L7 and L8) at 150 cm deep. 705 
Symbols represent measurements on the lysimeter solution and solid lines the results of HP1 modelling. 706 

 707 

d) Processes driving the system 708 

The water content and its variation are finally the key parameters controlling the whole reactivity of 709 

the system. Indeed, saturation state rules O2 transport through the lysimeters and therefore pyrite 710 

oxidation. This study confirms the importance of considering variable unsaturated water flow and the 711 

transport of reactive gas to simulate the weathering of rock piles (Mayer et al., 2015; Molins and 712 

Mayer, 2007). Consequently, Fe, SO4 and protons were released in solution. Protons acidified the 713 

lysimeter but the carbonates (mostly calcite) buffered the system by dissolving (Debure et al., 2017; 714 

Mayer et al., 2015; Ouangrawa et al., 2009) and released Ca in the solution. This chemical evolution 715 

recorded in the lysimeters was corresponding to the one identified during shale weathering (Littke et 716 

al., 1991) and in laboratory oxidation experiments on COx shale tailings (Marty et al., 2018). A 717 

decrease of the water content increases the element concentration in solution and enables the 718 

precipitation of secondary phases such as gypsum and goethite. The modelled pyrite dissolution was 719 

higher near the surface (10 wt% of dissolution) than at the bottom (1 wt% of dissolution) of the 720 

lysimeter because of the higher O2 availability. Therefore, goethite precipitation was higher near the 721 

surface than at the bottom, which highlighted the spatial difference in the lysimeter. A weathering 722 

decreasing with depth was expected, in link with the availability in O2, its consumption and its re-723 

supply (Brantley et al., 2013; Littke et al., 1991; Vriens et al., 2019). Besides influencing the reactivity, 724 

water content also induces water composition changes by dilution, as previously observed by 725 

Jacques et al. (2008b). 726 

Transport of trace metals release from the COx tailings minerals (mainly sulphurs) is limited thanks to 727 

their sorption on clay minerals and on secondary minerals. Iron (oxy-)hydroxide phases and 728 

particularly goethite are well known to complex heavy metal on their surface (Debure et al., 2018; 729 

Dzombak and Morel, 1990; Lynch et al., 2014; Schultz et al., 1987). The prediction of the trace 730 

metals’ behaviour in the tailings could be improved by dedicated sorption data.  731 



The geometry and the thickness of the tailings could also have an influence on the sulphate content 732 

in the leakage water since pyrite oxidation is lower at depth and, then, a thick tailing could dilute the 733 

shallow release of SO4. It is worth noting that the model was able to reproduce SO4 evolution during 734 

the investigated period might thus be used to predict its behaviour over a longer period of time. 735 

e) Uncertainties of the model and variability between lysimeters 736 

The model was adjusted to describe the measured water content, fluxes and transport well, but no 737 

fitting was done for the geochemical part. However, from one lysimeter to another the 738 

concentrations of elements varied by a factor of 2. This difference was partly due to the hydraulic 739 

conductivity that is different between the lysimeters. Nevertheless, this hypothesis is not sufficient 740 

to explain the variations in concentration since a change in hydraulic conductivity by several orders 741 

of magnitude would be necessary to overcome this difference. The presence of cracks and 742 

preferential pathways cannot be discarded particularly because of the size heterogeneity of the 743 

lysimeter filling material.  744 

Another source of variability may be the kinetic parameters chosen for pyrite and especially the 745 

reactive surface area. The same surface area was considered for the entire profile while the 746 

alteration was greater near the surface than at depth. The pyrite nanoparticles are major 747 

contributors to reactivity and dissolved first, lowering the reactive specific surface (Marty et al., 748 

2018). This reactivity may partly explain why the modelling curves were in the upper part of the data. 749 

Thus, the older lysimeters should be less reactive. However, the lysimeter with aged COx (L5 and L6) 750 

did not release less SO4 than the lysimeter filled with more recent tailings (L7 and L8). 751 

In addition to the sorption model with a global surface site that was used here, the (Dzombak and 752 

Morel (1990)) surface complexation model was tested to describe the retention of trace elements. 753 

Although the modelling results were consistent for Co, Ni and Zn, the complexation constants of Pb 754 

were too high and led overestimations of the sorbed Pb on the shale by a factor of 1000. 755 

Complexation constants were usually determined in the laboratory under well-controlled and short-756 

term experimental conditions that can explain why they can be different from complexation 757 

constants determined from field data. 758 

 759 

4. Conclusion 760 

Flow, transport, gas diffusion and reactivity in the critical zone were investigated through a lysimeter 761 

and modelling study of the Callovian-Oxfordian shale deposited as tailings. The pyrite reactivity inside 762 



the shale tailing was highly dependent on the water saturation and the distribution of water over the 763 

lysimeter height. The water saturation slowed down the downward migration of O2 gas inside the 764 

lysimeter and therefore pyrite oxidation. As the lysimeters were desaturated from the surface, 765 

preferential weathering was observed in the upper layers compared to the deeper parts. Calcite 766 

dissolution stemmed from pyrite oxidation and buffered the system, preventing acid drainage at the 767 

outlet. The CO2 produced from this reaction then released to the atmosphere. Pyrite and calcite 768 

dissolution led to gypsum and iron (oxy-)hydroxide precipitation as the main secondary phases. The 769 

two phases were an indicator of the alteration and of the water desaturation (gypsum). During its 770 

alteration, pyrite released sulphates and heavy metals that finally sorbed onto goethite and clay 771 

minerals. Such sorption is efficient for maintaining low concentrations of trace metals in drainage 772 

water and then to strongly limit their release in the environment. However, high sulphate 773 

concentrations (up to 5 10-2 mol L-1) remained in the drainage water. 774 

The difference of scale between lysimeters and tailings is not likely to affect the hydrodynamic and 775 

geochemical parameters determined for the lysimeters to the same extent as the discrepancies 776 

observed between laboratory and field measurements. The lysimeter parameters are immediately 777 

applicable to tailings in order to predict metal and sulphate releases in the surface and groundwater. 778 

However, the geometry and the landscape design of the tailings may highly affect the elemental 779 

releases especially due to runoff and water travel time in the lysimeter. A low runoff will limit the 780 

transport of suspended matter and promote infiltration inside the tailings. By considering a more 781 

representative geometry of tailings in the predictive calculations, it would be possible to accurately 782 

quantify the oxidation front in the tailings. In addition, it could be used to predict the migration and 783 

dilution in the deeper non-altered part of the tailings of elements such as sulphates released by 784 

pyrite oxidation. The sulphate and metal concentrations in the effluent water at the base of the 785 

tailings could then be estimated for environmental evaluation. 786 

This study resulted in the quantification of the mineralogical evolution of COx shale and the drainage 787 

of major and trace elements in water in atmospheric conditions, accounting for saturation and 788 

desaturation that can also be extrapolated using reactive transport modelling to quantify the 789 

weathering and evolution of clay-rich formations at outcrops or in sulphide-bearing tailings. 790 

 791 

 792 

 793 

  794 



Acknowledgements 795 

This study was supported by the French Radioactive Waste Management Agency (Andra) and the 796 

French Geological Survey (BRGM) in the framework of their scientific partnership. 797 

LIEC (Laboratoire Interdisciplinaire des Environnements Continentaux – UMR 7360 Université de 798 

Lorraine/CNRS), LSE (Laboratoire Sols et Environnement – UMR 1120 Université de Lorraine/INRA), 799 

Laboratoire GeoRessources (UMR 7359 Université de Lorraine/CNRS), LRGP (Laboratoire Réactions et 800 

Génie des Procédés – UMR 7274 Université de Lorraine/CNRS) and GISFI (Groupement d’Intérêt 801 

Scientifique sur les Friches Industrielles) are acknowledged for providing data from the lysimeters. 802 

ERM (Etudes Recherches Matériaux) is aknowledged for their mineralogical analysis and observations 803 

on tailing samples. The authors are grateful to the two reviewers and the editor for their fruitful 804 

comments, remarks and proposals that helped to improve the manuscript. 805 

 806 

 807 

  808 



References 809 

Acero, P., Ayora, C., Carrera, J., Saaltink, M.W., Olivella, S., 2009. Multiphase flow and reactive 810 
transport model in vadose tailings. Applied Geochemistry 24, 1238-1250. 811 

Anderson, S.P., von Blanckenburg, F., White, A.F., 2007. Physical and chemical controls on the critical 812 
zone. Elements 3, 315-319. 813 

Appelo, C.A.J., Postma, D., 2005. Geochemistry, groundwater and pollution, 2nd edition ed. A. A. 814 
Balkema Publishers, Amsterdam. 815 

Blowes, D.W., Jambor, J.L., 1990. The pore-water geochemistry and the mineralogy of the vadose 816 
zone of sulfide tailings, Waite Amulet, Quebec, Canada. Applied Geochemistry 5, 327-346. 817 

Brantley, S.L., Goldhaber, M.B., Ragnarsdottir, K.V., 2007. Crossing disciplines and scales to 818 
understand the critical zone. Elements 3, 307-314. 819 

Brantley, S.L., Holleran, M.E., Jin, L., Bazilevskaya, E., 2013. Probing deep weathering in the Shale Hills 820 
Critical Zone Observatory, Pennsylvania (USA): the hypothesis of nested chemical reaction fronts in 821 
the subsurface. Earth Surface Processes and Landforms 38, 1280-1298. 822 

Charlier, R., Collin, F., Pardoen, B., Talandier, J., Radu, J.-P., Gerard, P., 2013. An unsaturated hydro-823 
mechanical modelling of two in-situ experiments in Callovo-Oxfordian argillite. Engineering geology 824 
165, 46-63. 825 

Cui, Y.-J., Zornberg, J.G., 2009. Water Balance and Evapotranspiration Monitoring in Geotechnical 826 
and Geoenvironmental Engineering, in: Tarantino, A., Romero, E., Cui, Y.-J. (Eds.), Laboratory and 827 
Field Testing of Unsaturated Soils. Springer Netherlands, Dordrecht, pp. 171-186. 828 

Daus, B., Weiß, H., Wennrich, R., 1998. Arsenic speciation in iron hydroxide precipitates. Talanta 46, 829 
867-873. 830 

De Craen, M., Van Geet, M., Wang, L., Put, M., 2004. High sulphate concentrations in squeezed Boom 831 
Clay pore water: evidence of oxidation of clay cores. Physics and Chemistry of the Earth, Parts A/B/C 832 
29, 91-103. 833 

De Windt, L., Marsal, F., Corvisier, J., Pellegrini, D., 2014. Modeling of oxygen gas diffusion and 834 
consumption during the oxic transient in a disposal cell of radioactive waste. Applied geochemistry 835 
41, 115-127. 836 

Debure, M., Andreazza, P., Canizarès, A., Grangeon, S., Lerouge, C., Mack, P., Madé, B., Simon, P., 837 
Veron, E., Warmont, F., Vayer, M., 2017. Study of Iron-Bearing Dolomite Dissolution at Various 838 
Temperatures: Evidence for the Formation of Secondary Nanocrystalline Iron-Rich Phases on the 839 
Dolomite Surface. ACS Earth and Space Chemistry 1, 442-454. 840 

Debure, M., Tournassat, C., Lerouge, C., Madé, B., Robinet, J.-C., Fernández, A.M., Grangeon, S., 841 
2018. Retention of arsenic, chromium and boron on an outcropping clay-rich rock formation (the 842 
Tégulines Clay, eastern France). Science of The Total Environment 642, 216-229. 843 

Descostes, M., Blin, V., Bazer-Bachi, F., Meier, P., Grenut, B., Radwan, J., Schlegel, M., Buschaert, S., 844 
Coelho, D., Tevissen, E., 2008. Diffusion of anionic species in Callovo-Oxfordian argillites and 845 
Oxfordian limestones (Meuse/Haute–Marne, France). Applied Geochemistry 23, 655-677. 846 



Dixit, S., Hering, J.G., 2003. Comparison of Arsenic(V) and Arsenic(III) Sorption onto Iron Oxide 847 
Minerals:  Implications for Arsenic Mobility. Environmental Science & Technology 37, 4182-4189. 848 

Dzombak, D.A., Morel, F.M.M., 1990. Surface complexation modeling. Hydrous ferric oxide. John 849 
Wiley & Sons, New York. 850 

Gailhanou, H., Lerouge, C., Debure, M., Gaboreau, S., Gaucher, E.C., Grangeon, S., Grenèche, J.M., 851 
Kars, M., Madé, B., Marty, N.C.M., Warmont, F., Tournassat, C., 2017. Effects of a thermal 852 
perturbation on mineralogy and pore water composition in a clay-rock: An experimental and 853 
modeling study. Geochimica et Cosmochimica Acta 197, 193-214. 854 

Gaucher, E.C., Tournassat, C., Pearson, F.J., Blanc, P., Crouzet, C., Lerouge, C., Altmann, S., 2009. A 855 
robust model for pore-water chemistry of clayrock. Geochimica et Cosmochimica Acta 73, 6470-856 
6487. 857 

Gerke, H.H., van Genuchten, M.T., 1993a. A dual-porosity model for simulating the preferential 858 
movement of water and solutes in structured porous media. Water ressources research 29, 305 - 859 
319. 860 

Gerke, H.H., van Genuchten, M.T., 1993b. Evaluation of a first-order water transfer term for variably 861 
saturated dual-porosity flow models. Water Resources Research 29, 1225-1238. 862 

Giffaut, E., Grivé, M., Blanc, P., Vieillard, P., Colàs, E., Gailhanou, H., Gaboreau, S., Marty, N., Madé, 863 
B., Duro, L., 2014. Andra thermodynamic database for performance assessment: ThermoChimie. 864 
Applied Geochemistry 49, 225-236. 865 

Giménez, J., Martínez, M., de Pablo, J., Rovira, M., Duro, L., 2007. Arsenic sorption onto natural 866 
hematite, magnetite, and goethite. Journal of Hazardous Materials 141, 575-580. 867 

Goddéris, Y., Schott, J., Brantley, S.L., 2019. Reactive transport models of weathering. Elements: An 868 
International Magazine of Mineralogy, Geochemistry, and Petrology 15, 103-106. 869 

Grangeon, S., Vinsot, A., Tournassat, C., Lerouge, C., Giffaut, E., Heck, S., Groschopf, N., Denecke, 870 
M.A., Wechner, S., Schäfer, T., 2015. The influence of natural trace element distribution on the 871 
mobility of radionuclides. The exemple of nickel in a clay-rock. Applied Geochemistry 52, 155-173. 872 

Guo, J., Ma, L., Gaillardet, J., Sak, P.B., Pereyra, Y., Engel, J., 2020. Reconciling chemical weathering 873 
rates across scales: Application of uranium-series isotope systematics in volcanic weathering clasts 874 
from Basse-Terre Island (French Guadeloupe). Earth and Planetary Science Letters 530, 115874. 875 

Hadermann, J., Heer, W., 1996. The Grimsel (Switzerland) migration experiment: integrating field 876 
experiments, laboratory investigations and modelling. Journal of Contaminant Hydrology 21, 87-100. 877 

Harrington, J., de La Vaissière, R., Noy, D., Cuss, R., Talandier, J., 2012. Gas flow in Callovo-Oxfordian 878 
claystone (COx): results from laboratory and field-scale measurements. Mineralogical Magazine 76, 879 
3303-3318. 880 

Jacques, D., Šimůnek, J., 2005. User manual of the multicomponent variably-saturated flow and 881 
transport model HP1. Description, Verification and Examples, Version 1, 79. 882 

Jacques, D., Šimůnek, J., Mallants, D., van Genuchten Martinus, T., 2018. The HPx software for 883 
multicomponent reactive transport during variably-saturated flow: Recent developments and 884 
applications, Journal of Hydrology and Hydromechanics, p. 211. 885 



Jacques, D., Šimůnek, J., Mallants, D., Van Genuchten, M.T., 2008a. Modeling coupled hydrologic and 886 
chemical processes: Long-term uranium transport following phosphorus fertilization. Vadose Zone 887 
Journal 7, 698-711. 888 

Jacques, D., Šimůnek, J., Mallants, D., Van Genuchten, M.T., 2008b. Modelling coupled water flow, 889 
solute transport and geochemical reactions affecting heavy metal migration in a podzol soil. 890 
Geoderma 145, 449-461. 891 

Jin, L., Ravella, R., Ketchum, B., Bierman, P.R., Heaney, P., White, T., Brantley, S.L., 2010. Mineral 892 
weathering and elemental transport during hillslope evolution at the Susquehanna/Shale Hills Critical 893 
Zone Observatory. Geochimica et Cosmochimica Acta 74, 3669-3691. 894 

Jordan, N., Marmier, N., Lomenech, C., Giffaut, E., Ehrhardt, J.-J., 2009. Competition between 895 
selenium (IV) and silicic acid on the hematite surface. Chemosphere 75, 129-134. 896 

Lerouge, C., Debure, M., Henry, B., Fernandez, A.M., Blessing, M., Proust, E., Madé, B., Robinet, J.-C., 897 
2020. Origin of dissolved gas (CO2, O2, N2, alkanes) in pore waters of a clay formation in the critical 898 
zone (Tégulines Clay, France). Applied Geochemistry, Accepted with revisions. 899 

Lerouge, C., Grangeon, S., Gaucher, E.C., Tournassat, C., Agrinier, P., Guerrot, C., Widory, D., Fléhoc, 900 
C., Wille, G., Ramboz, C., Vinsot, A., Buschaert, S., 2011. Mineralogical and isotopic record of biotic 901 
and abiotic diagenesis of the Callovian–Oxfordian clayey formation of Bure (France). Geochimica et 902 
Cosmochimica Acta 75, 2633-2663. 903 

Lerouge, C., Robinet, J.-C., Debure, M., Tournassat, C., Bouchet, A., Fernández, A.M., Flehoc, C., 904 
Guerrot, C., Kars, M., Lagroix, F., Landrein, P., Madé, B., Negrel, P., Wille, G., Claret, F., 2018. A Deep 905 
Alteration and Oxidation Profile in a Shallow Clay Aquitard: Example of the Tégulines Clay, East Paris 906 
Basin, France. Geofluids, 20. 907 

Li, L., Maher, K., Navarre-Sitchler, A., Druhan, J., Meile, C., Lawrence, C., Moore, J., Perdrial, J., 908 
Sullivan, P., Thompson, A., Jin, L., Bolton, E.W., Brantley, S.L., Dietrich, W.E., Mayer, K.U., Steefel, C.I., 909 
Valocchi, A., Zachara, J., Kocar, B., McIntosh, J., Tutolo, B.M., Kumar, M., Sonnenthal, E., Bao, C., 910 
Beisman, J., 2017. Expanding the role of reactive transport models in critical zone processes. Earth-911 
Science Reviews 165, 280-301. 912 

Littke, R., Klussmann, U., Krooss, B., Leythaeuser, D., 1991. Quantification of loss of calcite, pyrite, 913 
and organic matter due to weathering of Toarcian black shales and effects on kerogen and bitumen 914 
characteristics. Geochimica et Cosmochimica Acta 55, 3369-3378. 915 

Lynch, S., Batty, L., Byrne, P., 2014. Environmental Risk of Metal Mining Contaminated River Bank 916 
Sediment at Redox-Transitional Zones. Minerals 4, 52-73. 917 

MacQuarrie, K.T., Mayer, K.U., 2005. Reactive transport modeling in fractured rock: A state-of-the-918 
science review. Earth-Science Reviews 72, 189-227. 919 

Maher, K., Steefel, C.I., DePaolo, D.J., Viani, B.E., 2006. The mineral dissolution rate conundrum: 920 
Insights from reactive transport modeling of U isotopes and pore fluid chemistry in marine 921 
sediments. Geochimica et Cosmochimica Acta 70, 337-363. 922 

Marty, N.C.M., Claret, F., Lassin, A., Tremosa, J., Blanc, P., Madé, B., Giffaut, E., Cochepin, B., 923 
Tournassat, C., 2015. A database of dissolution and precipitation rates for clay-rocks minerals. 924 
Applied Geochemistry 55, 108-118. 925 



Marty, N.C.M., Lach, A., Lerouge, C., Grangeon, S., Claret, F., Fauchet, C., Madé, B., Lundy, M., 926 
Lagroix, F., Tournassat, C., Tremosa, J., 2018. Weathering of an argillaceous rock in the presence of 927 
atmospheric conditions: a flow-through experiment and modeling study. Applied Geochemistry 96, 928 
252-263. 929 

Mayer, K.U., Alt-Epping, P., Jacques, D., Arora, B., Steefel, C.I., 2015. Benchmark problems for 930 
reactive transport modeling of the generation and attenuation of acid rock drainage. Computational 931 
Geosciences 19, 599-611. 932 

Mayer, K.U., Frind, E.O., Blowes, D.W., 2002. Multicomponent reactive transport modeling in variably 933 
saturated porous media using a generalized formulation for kinetically controlled reactions. Water 934 
Resources Research 38. 935 

Millero, F.J., 2007. The Marine Inorganic Carbon Cycle. Chem. Rev. 107, 308-341. 936 

Millington, R., 1959. Gas diffusion in porous media. Science 130, 100-102. 937 

Molins, S., Mayer, K.U., 2007. Coupling between geochemical reactions and multicomponent gas and 938 
solute transport in unsaturated media: A reactive transport modeling study. Water Resources 939 
Research 43, n/a-n/a. 940 

Molson, J., Fala, O., Aubertin, M., Bussière, B., 2005. Numerical simulations of pyrite oxidation and 941 
acid mine drainage in unsaturated waste rock piles. Journal of Contaminant Hydrology 78, 343-371. 942 

Ouangrawa, M., Molson, J., Aubertin, M., Bussière, B., Zagury, G.J., 2009. Reactive transport 943 
modelling of mine tailings columns with capillarity-induced high water saturation for preventing 944 
sulfide oxidation. Applied Geochemistry 24, 1312-1323. 945 

Pacheco, F.A.L., Alencoão, A.M.P., 2006. Role of fractures in weathering of solid rocks: narrowing the 946 
gap between laboratory and field weathering rates. Journal of Hydrology 316, 248-265. 947 

Pacheco, F.A.L., Van der Weijden, C.H., 2012. Weathering of plagioclase across variable flow and 948 
solute transport regimes. Journal of Hydrology 420-421, 46-58. 949 

Parkhurst, D.L., Appelo, C.A.J., 2013. Description of Input and Examples for PHREEQC Version 3–a 950 
Computer Program for Speciation, Batch-reaction, One-dimensional Transport, and Inverse 951 
Geochemical Calculations. 952 

Scholtus, N., Echevarria, G., Florentin, L., Bonis, M.-L., De Donato, P., Simonnot, M.-O., Morel, J.-L., 953 
2015. Expected evolution of a Technosol derived from excavated Callovo-Oxfordian clay material. 954 
Journal of Soils and Sediments 15, 332-346. 955 

Schultz, M.F., Benjamin, M.M., Ferguson, J.F., 1987. Adsorption and desorption of metals on 956 
ferrihydrite: reversibility of the reaction and sorption properties of the regenerated solid. 957 
Environmental science & technology 21, 863-869. 958 

Šimůnek, J., Jacques, D., Van Genuchten, M.T., Mallants, D., 2006. Multicomponent geochemical 959 
transport modeling using HYDRUS-1D and HP1. J. Am. Water Resour. Assoc 42, 1537-1547. 960 

Šimůnek, J., Jarvis, N.J., van Genuchten, M.T., Gärdenäs, A., 2003. Review and comparison of models 961 
for describing non-equilibrium and preferential flow and transport in the vadose zone. Journal of 962 
Hydrology 272, 14-35. 963 



Šimůnek, J., van Genuchten, M.T., 2008. Modeling Nonequilibrium Flow and Transport Processes 964 
Using HYDRUS. Vadose zone journal 7, 782 - 797. 965 

Simunek, J., Van Genuchten, M.T., Sejna, M., 2005. The HYDRUS-1D software package for simulating 966 
the one-dimensional movement of water, heat, and multiple solutes in variably-saturated media. 967 
University of California-Riverside Research Reports 3, 1-240. 968 

Steefel, C.I., DePaolo, D.J., Lichtner, P.C., 2005. Reactive transport modeling: An essential tool and a 969 
new research approach for the Earth sciences. Earth and Planetary Science Letters 240, 539-558. 970 

Tarantino, A., Romero, E., Cui, Y.J., 2009. Laboratory and field testing of unsaturated soils. Springer. 971 

Tremosa, J., Hadi, J., Claret, F., Tournassat, C., Vinsot, A., 2015. Kinetic experiments in order to 972 
determine the rate of oxygen consumption by the Callovian-Oxfodian argillaceous rock., Clays in 973 
natural and engineered waste barriers for radioactive waste confinement, 6th International 974 
conference, Brussels. 975 

van Genuchten, M.T., 1980. A Closed-form Equation for Predicting the Hydraulic Conductivity of 976 
Unsaturated Soils. Soil Sci. Soc. Am. J 44, 892 - 898. 977 

Vinsot, A., Leveau, F., Bouchet, A., Arnould, A., 2014. Oxidation front and oxygen transfer in the 978 
fractured zone surrounding the Meuse/Haute-Marne URL drifts in the Callovian–Oxfordian 979 
argillaceous rock. Geological Society, London, Special Publications 400, 207-220. 980 

Vinsot, A., Lundy, M., Linard, Y., Wechner, S., Trémosa, J., Claret, F., 2015. In situ characterization of 981 
the Callovian-Oxfordian seepage water composition while exposing the rock to oxygen gas, Clays in 982 
Natural and Engineered Barriers for Radioactive Waste Confinement - 6th International conference, 983 
Brussel, pp. 258-259. 984 

Vinsot, A., Mettler, S., Wechner, S., 2008. In situ characterization of the Callovo-Oxfordian pore water 985 
composition. Physics and Chemistry of the Earth, Parts A/B/C 33, Supplement 1, S75-S86. 986 

Vriens, B., Smith, L., Mayer, K.U., Beckie, R.D., 2019. Poregas distributions in waste-rock piles 987 
affected by climate seasonality and physicochemical heterogeneity. Applied Geochemistry 100, 305-988 
315. 989 

Worthington, S.R., Davies, G.J., Alexander Jr, E.C., 2016. Enhancement of bedrock permeability by 990 
weathering. Earth-science reviews 160, 188-202. 991 

 992 

 993 




