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 12 

Abstract 13 

The spatial distribution of reactive minerals in subsurface porous media is an important control for 14 

groundwater quality. In this study we investigate pyrite oxidation reactive fronts in chemically 15 

heterogeneous porous media by combining laboratory experiments and reactive transport modeling. 16 

We performed experiments in different setups including batch, 1-D column, and 2-D flow-through 17 

systems. The flow-through experiments were performed in physically homogenous but chemically 18 

heterogeneous domains with embedded reactive pyrite inclusions at different spatial locations and 19 

with different concentrations. The setups were initially maintained under anoxic conditions and 20 

subsequently flushed with an inflowing oxic solution. A non-invasive optode technique was used 21 

for high-resolution monitoring of oxygen. This allowed us to capture the dynamics of the reactive 22 

oxygen fronts in the 1-D columns and in the 2-D flow-through chamber. Water quality analyses of 23 
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the products of pyrite oxidation, iron (Fe) and sulfur (S), were also carried out in the different 24 

setups. The concentration of these species released in the 1-D columns (up to 6.2×10-5 mol/L Fe and 25 

13.7×10-5 mol/L S) and in the 2-D setup (up to 3×10-6 mol/L Fe and 9×10-6 mol/L S) could be 26 

quantitatively related to the consumption of oxygen (up to 1.9 ×10-4 mol/L consumed in the 1-D and 27 

2-D setups). The reaction rates were found to be different between the setups and dependent on the 28 

spatial location and concentration of the pyrite inclusions.  29 

A modeling approach coupling 1-D and 2-D transport codes with the geochemical simulator 30 

PHREEQC is proposed to simulate the spatial and temporal dynamics of oxygen transport, the 31 

kinetics of pyrite oxidative dissolution, and the changes in water quality in the chemically 32 

heterogeneous flow-through setups. The model allowed the quantitative interpretation of the 33 

experimental results and represents a valuable tool to capture the coupling between 34 

multidimensional transport and geochemical reactions both in laboratory and in field scale 35 

applications. 36 

1 Introduction 37 

Geochemical heterogeneities in subsurface formations exert a primary control on the chemistry of 38 

water bodies (Appelo and Postma, 2005; Battistel et al., 2016; Zhu and Schwartz, 2011). The 39 

presence of reactive minerals and their spatial distribution affect important biogeochemical 40 

processes such as dissolution and precipitation reactions (Li et al., 2014; Manaka and Takeda, 2016; 41 

Salehikhoo and Li, 2015; Shi et al., 2013; Soltanian et al., 2015; Wen and Li, 2018) as well as the 42 

fate and transport of toxic elements in groundwater (Englert et al., 2009; Li et al., 2011; Steefel et 43 

al., 2005). The impact of reactive minerals on groundwater quality is critical in areas where redox 44 

conditions may be altered due to both natural processes, subsurface contamination, and engineering 45 

applications. For instance in aquifers where managed aquifer recharge is used as a strategy to 46 
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improve drinking water supply, the injection of oxidizing water into an anoxic groundwater system 47 

triggers a series of geochemical reactions that are responsible for changes in the chemical 48 

conditions and composition in the subsurface (Descourvières et al., 2010b; Prommer and Stuyfzand, 49 

2005). Also groundwater pumping and subsequent dewatering (e.g., during groundwater supply or 50 

mining activity) can lead to a change in the subsurface redox conditions. The decrease of 51 

piezometric levels allows the atmospheric oxygen to penetrate into sediments layers containing 52 

reactive minerals and thus promotes the mobilization of heavy metals and metalloids (Andersen et 53 

al., 2001; Kinniburgh et al., 1994; Larsen and Postma, 1997). As shown in comparative studies on 54 

intact core sediments, pyrite oxidation plays a predominant role in oxygen consumption and can be 55 

a faster process than microbially-mediated organic matter degradation and siderite oxidation 56 

(Descourvières et al., 2010a; Hartog et al., 2002). The oxidation of pyrite is indeed a crucial 57 

reaction for the chemistry of water resources, and often the oxidative dissolution of pyrite can have 58 

adverse effects on water quality. The release of trace elements in groundwater aquifers (Neil et al., 59 

2014; Walker et al., 2006; Ziegler et al., 2017), and the acidification of surface and groundwater, 60 

are two major adverse impacts of pyrite oxidation (Gerke et al., 2001, 1998). Activities, such as 61 

mining and ore processing, can exacerbate the problems related to the oxidative dissolution of 62 

pyrite, producing acid drainage often heavily enriched with high concentration of metals and 63 

metalloids (Blowes et al., 2003; Galán et al., 2003; Sánchez España et al., 2005; Stollenwerk, 64 

1994). The oxidation of pyrite can also play a role in nitrate migration in sandy aquifers (Jessen et 65 

al., 2017; Postma et al., 1991) and in nickel mobilization (Larsen and Postma, 1997). Furthermore, 66 

the oxidative dissolution of arsenic-bearing pyrite has been identified as one of the main causes of 67 

arsenic release in natural and managed aquifers (Appelo and Postma, 2005; Jones and Pichler, 2007; 68 

Kocar et al., 2008; Lazareva et al., 2015; Price and Pichler, 2006; Prommer and Stuyfzand, 2005; 69 

Schreiber et al., 2000; Wallis et al., 2010).  70 
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This study aims to investigate the role of chemical heterogeneity on reactive transport in porous 71 

media and to provide a high-resolution dataset, obtained under well-controlled conditions, which 72 

can be used as a benchmark for validation of reactive transport simulators. The latter are 73 

fundamental tools to understand complex geochemical reactions in subsurface porous media and for 74 

the quantitative upscaling of important biogeochemical processes such as mineral precipitation and 75 

dissolution in field scale reactive transport scenarios (e.g., Jung and Navarre-Sitchler, 2018; Wen 76 

and Li, 2018). We performed a detailed investigation of pyrite oxidation in saturated porous media 77 

by carrying out laboratory experiments in different setups including batch, 1-D column, and 2-D 78 

flow-through systems. We focused on the impact of geochemical heterogeneities and, in a number 79 

of flow-through experiments, we embedded reactive pyrite inclusions in a sandy matrix with 80 

identical grain size, thus creating physically homogeneous but chemically heterogeneous media. 81 

Oxic water was flushed through the initially anoxic media and the transport of oxygen, its 82 

consumption due to the oxidative dissolution of pyrite, and the impact of the reaction on the quality 83 

of the pore water solution were monitored at high-spatial and temporal resolution. A reactive 84 

transport modeling approach coupling 1-D and 2-D transport codes with the geochemical simulator 85 

PHREEQC (Parkhurst and Appelo, 2013) was used to quantitatively interpret the experimental 86 

observations. Advection, dispersion and kinetic gas partitioning of oxygen with residual entrapped 87 

gas were the main physical processes described in the transport codes, whereas the reaction 88 

network, including a kinetic description of pyrite oxidation, was implemented in PHREEQC.  89 
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2 Material and Methods 90 

2.1 Experimental setups 91 

In this work, the oxidative dissolution of pyrite was experimentally investigated in batch, 1-D and 92 

2-D setups. A schematic overview of the three setups is given in Fig. 1. All the experiments were 93 

performed in a temperature controlled room at 20°C. 94 

 95 

 96 

 97 

Fig. 1. Experimental laboratory setups for the investigation of pyrite oxidation: (a) batch 98 

experiments, (b) 1-D column experiments, (c) 2-D flow-through experiments. Different colors of the 99 

inclusions represent their different composition, dark gray: pure pyrite inclusion, light gray: pyrite 100 

mixed with sand.  101 
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The pyrite used in these experiments was provided from Mexico by Ward’s Science. The mineral 102 

was prepared for the experiments following the procedure described in Walker et al. (2006) for 103 

arsenopyrite. Pyrite was crushed in a mortar and sieved to obtain a grain size between 125 µm and 104 

250 µm. After sieving, the pyrite was rinsed five times with ethanol 50% (v/v) with sonication 105 

cycles of three minutes each and the supernatant was removed by decantation. After the sonication 106 

cycles, the pyrite was dried under N2. The mineral was then treated with HCl (37%) for five 107 

minutes, rinsed three times with distilled water for three minutes and with ethanol 50% (v/v) for one 108 

minute. Finally, the pyrite was dried under a constant N2 flow and preserved under anoxic 109 

conditions until used in the experiments. To avoid microbial contamination, all glassware and 110 

materials that contacted the minerals were autoclaved. The average chemical formula of the mineral 111 

was determined to be Fe1S1.72, based on X-ray fluorescence (XRF) analysis (Spectro XRF-XEPOS 112 

X-ray fluorescence spectrometer). Iron K-edge extended X-ray absorption fine structure (EXAFS) 113 

spectroscopy was conducted at Stanford Synchrotron Radiation Lightsource, (SSRL) and revealed 114 

that Fe exists entirely as pyrite and no iron oxides were detected onto the mineral surface (Fig. S1; 115 

Supporting Information). The sand used for packing the flow-through setups (Euroquartz GmbH) 116 

was washed four times with HCl (37%), rinsed with water, and then dried for > 24 h at 100°C.  117 

During the experiments the oxygen consumption and the propagation of conservative and reactive 118 

oxygen fronts were monitored using a sensor-based non-invasive approach. The sensors used in this 119 

study allowed us to measure oxygen concentrations in the three different setups at high spatial and 120 

temporal resolution. O2 measurements could be taken directly inside the porous media by applying 121 

a non-invasive optode technique (PreSens GmbH, Germany; e.g., Haberer et al., 2011). Spots and 122 

strips of a luminophore oxygen sensitive polymer were glued into the inner walls of the 123 

experimental setups. The sensor was excited by a modulated light via an optic fiber from the outside 124 

of the walls, and since the molecular oxygen has the property of quenching the luminescence 125 
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emitted by the excited luminophore, O2 content was estimated by measuring the luminescence 126 

intensity and lifetime (Klimant and Wolfbeis, 1995). This technique has been applied in porous 127 

media to investigate the exchange of O2 across the capillary fringe (Haberer et al., 2015b, 2012), 128 

transverse mixing (Rolle et al., 2012, 2010), aerobic degradation of organic contaminants and 129 

oxygen dynamics in the hyporheic zone (Bauer et al., 2009; Jost et al., 2011; Vieweg et al., 2013). 130 

The technique allows to quantify oxygen concentrations with an accuracy ranging between ± 0.002 131 

mg/L and ± 0.16 mg/L depending on the oxygen concentration, and has a detection limit of 0.015 132 

mg/L. Further details on the measurement technique and an illustration of the O2 sensors and the 133 

optic fiber in the 2-D flow-through setup is provided in the Supplementary Material (Figure S2). 134 

The products of pyrite oxidation, total iron (Fe), total sulfur (S) and pH, were analyzed in the 135 

different experimental setups. The samples for the measurements of total Fe and S were filtered 136 

through a 0.2 µm filter and acidified with 3% HNO3, and the analyses were performed with 137 

Inductively Coupled Plasma - Optical Emission Spectroscopy (ICP-OES) (Perkin Elmer AvioTm 138 

200). The pH was measured in the non-acidified samples with a Hach electrode PHC28101 (HACH 139 

Denmark). 140 

2.1.1 Batch experiments 141 

Batch experiments were performed to characterize the kinetics of the oxidative dissolution of pyrite 142 

by monitoring the consumption of oxygen and the formation of the reaction products. Two sets of 143 

batch experiments (Batch 1 and Batch 2) were prepared using glass bottles with a volume of 26.8 144 

mL each. At the inner wall of each bottle an O2–sensitive sensor spot (PreSens GmbH) was 145 

attached. The bottles were filled with 20.0 mL of oxic solution of NaCl (5 mM) in deionized water 146 

and 1.0 g of pyrite. The remaining headspace (6.8 mL) was initially filled with atmospheric air. At 147 

the beginning of the experiment the bottles were hermetically sealed with butyl/PTFE 20 mm caps. 148 
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Each batch experiment consists of an array of 15 bottles and during the experiment all the bottles 149 

were stirred continuously with a magnetic stirrer at two different velocities: 300 rpm (Batch 1) and 150 

100 rpm (Batch 2). Oxygen concentrations were measured every 24 hours with the non-invasive 151 

optode technique described above. A blank replicate, consisting of a bottle with the same volume of 152 

solution but with no pyrite was used to monitor the oxygen concentration in absence of reaction 153 

throughout the entire experiments. For each batch experiment, two bottles were sampled and 154 

sacrificed at different times (every 24 h for Batch 1 and at larger time intervals for Batch 2) and 155 

measurements of O2, Fe, and S were performed; pH was measured at the beginning and at the end 156 

of each experiment. Figure 1a schematically illustrates the setup of the batch experiments.  157 

2.1.2 Column experiments 158 

Glass columns (length: 14.5 cm; inner diameter: 1.7 cm) were used to study pyrite oxidation in 1-D 159 

flow-through setups. Prior to the investigation of reactive transport, 1-D flow-through experiments 160 

were conducted to characterize O2 transport under conservative conditions (i.e., with no pyrite 161 

present in the system). A 10 cm × 0.5 cm O2 sensitive strip (SF-PSt3-NAU, PreSens GmbH) was 162 

glued into the inner wall of each column and the columns were then packed with fine silica sand 163 

(125-250 µm) in the column previously filled with anoxic water, always keeping the water table 164 

above the porous media to minimize air entrapment (Haberer et al., 2012).  165 

The reactive transport experiments were performed in three columns, in which different pyrite 166 

inclusions were embedded in the porous media. The grain size of the pyrite was the same of the 167 

surrounding sandy matrix (125-250 µm), thus the column setups consisted of physically 168 

homogeneous but chemically heterogeneous porous media. In Column 1, a 4-cm inclusion of pure 169 

pyrite was located in the middle of the column. In Column 2, two 2-cm inclusions of pure pyrite 170 

were placed in the middle of the column at a distance of 2 cm from each other. Column 3 was 171 
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packed with a single 6-cm inclusion of pyrite mixed with sand (1:1 in mass) placed in the middle of 172 

the column. The initial bulk concentration of pyrite in Column 1 and Column 2 was 25.70 mol/Lbulk 173 

while in Column 3 was 12.85 mol/Lbulk (Table 1). The columns were sealed with two screw caps 174 

with silicon-polytetrafluoroethylene septa. Steady-state flow-through conditions were established in 175 

the three columns with a high-precision multi-channel peristaltic pump (Ismatec IPC-24, Ismatec, 176 

Glattburg, Switzerland). The initial anoxic conditions were reached inside the columns by flushing 177 

the porous media with an anoxic solution (O2 concentration < 0.1 mg/L), prepared using an anoxic 178 

gas generation sachet (Oxoid AnaeroGen 2.5L, Thermo Scientific). The experiment consisted in 179 

flushing oxic water through the initially anoxic reactive columns and was started by connecting the 180 

pump tubings with the oxic solution, a 5 mM NaCl solution equilibrated with atmospheric oxygen. 181 

The average seepage velocity was maintained at 1.5 m/day in all three columns. The propagation of 182 

the oxygen fronts in the different porous media was monitored by measuring high-resolution spatial 183 

profiles along the columns (2.5 mm spacing) as well as breakthrough near the outlet of each column 184 

(x = 11.75 cm), with three fiber optic cables recording oxygen concentrations every five minutes 185 

throughout the duration of the experiments. Conventional sampling was also performed at the 186 

columns’ outlets and effluents were collected for the measurement of total Fe, S and pH. 187 

2.1.3 2-D flow-through experiments 188 

The setup consists of a quasi two-dimensional flow-through chamber with inner dimensions of 80 189 

cm × 40 cm × 0.5 cm (length×height×width). The walls of the chamber are made of transparent 190 

acrylic glass and were equipped with four O2 sensitive strips (SF-PSt3-NAU, PreSens GmbH) with 191 

dimensions of 20 cm by 1 cm, glued in the inner-side of the chamber wall. The sensors strips were 192 

located at 16 cm, 32 cm, 48 cm and 64 cm from the inlet perpendicular to the flow direction. The 193 

chamber was filled with fine sand (125-250 µm), following the wet-packing procedure described 194 
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for the column setups. A rectangular reactive pyrite inclusion, with the same grain size of the 195 

surrounding sandy matrix, was embedded in the chamber. The pyrite inclusion was created by 196 

mixing pure pyrite and sand (1:1 in mass) and had a length of 16 cm and a height of 4 cm. The 197 

inclusion was placed at 5 cm from the inlet and at 10 cm from the bottom of the flow-through 198 

chamber. Two high-precision multichannel peristaltic pumps (Ismatec IPC-N24) connected to 19 199 

ports (1.2 cm spacing) at the inlet and at the outlet of the chamber (Fig. 1c) were used to create 200 

steady flow conditions throughout the duration of the experiment. 201 

Similarly to the column experiments, the system was initially maintained under anoxic conditions 202 

(background O2 concentration < 0.1 mg/L) obtained by flushing the system with an anoxic solution. 203 

At the beginning of the experiment, an inflowing oxic solution (5 mM NaCl aqueous solution 204 

equilibrated with the atmospheric oxygen) was continuously injected into the chamber at a seepage 205 

velocity of 1.5 m/day.  206 

High-resolution vertical O2 profiles were measured along the four sensor strips, located at different 207 

cross-sections. Measurements were repeated at various time intervals to monitor the dynamics of 208 

oxygen transport and consumption in the 2-D setup. When the oxygen concentrations approached 209 

steady state, effluent samples were also collected from the dense network of outlet ports and 210 

measurements of pH, iron and sulfur were performed.  211 

The physical properties, the initial, and the inlet concentrations of the solutions in the different 212 

laboratory experiments are listed in Table 1.  213 

Table 1. Overview of the laboratory experiments including both initial and inlet concentrations of 214 

aqueous species and the physical properties for the laboratory setups. 215 

Parameter Batch 1-D columns 2-D chamber 

1-2 1 2 3 
 

Physical properties      
Experiment duration [hours] 170 - 333 100 100 100 98 

Seepage velocity [m/day] - 1.5 1.5 1.5 1.5 

Grain size [mm] 0.125-0.250 0.125-0.250 0.125-0.250 0.125-0.250 0.125-0.250 

Porosity [-] - 0.38 0.38 0.38 0.38 
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Initial aqueous concentrations 
     

pH 6.0 5.8 5.8 5.8 6.77 

O2 [mol/L] 2.6×10-4 3.0×10-5 3.0×10-5 3.0×10-5 3.0×10-5 

Na+ [mol/L] 5.0×10-3 5.0×10-3 5.0×10-3 5.0×10-3 5.0×10-3 

Cl- [mol/L] 5.0×10-3 5.0×10-3 5.0×10-3 5.0×10-3 5.0×10-3 

Solid phase  
     

Concentration of pyrite [mol/Lbulk] 0.45* 25.70 25.70 12.85 12.85 

Inlet aqueous concentrations 
     

pH - 5.8 5.8 5.8 5.2 

O2 [mol/L] - 2.5×10-4 2.5×10-4 2.5×10-4 2.5×10-4 

Na+ [mol/L] - 5.0×10-3 5.0×10-3 5.0×10-3 5.0×10-3 

Cl- [mol/L] - 5.0×10-3 5.0×10-3 5.0×10-3 5.0×10-3 
*concentration in mol/L, corresponding to 1 g in 20 mL of solution for each bottle of the batch experiments. 216 

2.2 Modeling approach 217 

2.2.1 Chemical reaction framework 218 

To quantitatively evaluate the results obtained from the experiments, chemical reactions including 219 

pyrite oxidation, the subsequent iron (hydr)oxides precipitation and the aqueous speciation were 220 

considered in the model. The oxidation of pyrite in the presence of oxygen releases iron and sulfate 221 

as main reaction products, and implies the consumption of O2 and the generation of acid (e.g., 222 

Appelo and Postma, 2005; Prommer and Stuyfzand, 2005; Rimstidt and Vaughan, 2003; 223 

Williamson and Rimstidt, 1994) according to the following chemical reaction: 224 

+−+ ++→++ HSOFeOHOFeS 44.172.172.008.3 2
4

2
2272.1  [1] 

Upon the persistence of oxidizing condition, the released Fe(II) is further oxidized to Fe(III) and 225 

can subsequently precipitate as described by the following reactions: 226 

OHFeHOFe 2
3

2
2 50.025.0 +→++ +++   [2] 

+++ +→++ HsFeOOHHOHFe 3)(3 2
3   [3] 
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Note that FeOOH(s) represents the precipitation of a solid Fe(III) phases. Both pyrite oxidation and 227 

FeOOH precipitation were simulated as kinetically-controlled reactions. For the oxidative 228 

dissolution of pyrite, we used the rate law proposed by Williamson and Rimstidt (1994), which is 229 

widely accepted in the literature and has been adopted by different authors investigating pyrite 230 

oxidation both in experimental and modeling studies (Fakhreddine et al., 2016; Jørgensen et al., 231 

2008; Prommer and Stuyfzand, 2005; Vaclavkova et al., 2015) : 232 

[ ] [ ]( ) ( )pyr
w

pyr
pyr m

m

V

A
HOkR Ω−
















= −+ 1

67.0

0

11.050.0
2  [4] 

where Rpyr[mol/L/s] is the overall rate of reaction, k [mol/m2/s] the rate constant, and [O2] and 233 

[H+][mol/L] are the aqueous concentration of oxygen and protons. The last term represents the 234 

distance from equilibrium and Ωpyr = IAP/K is the ratio of the ion activity product and the 235 

thermodynamic equilibrium constant. The term Apyr/Vw [m2/L] specifies the ratio of reactive surface 236 

area to the volume of solution, and the term (m/m0)
0.67
	accounts for the change in surface area 237 

resulting from the dissolution of pyrite being m [mol] the unreacted pyrite content and m0 [mol] the 238 

initial mineral content. We consider the surface area of the mineral and the volume of solution 239 

surrounding it as: 240 

0
pyr e

w w

A A
m

V V
=  [5] 

where �� [m
2/g] is the reactive surface area, considered as the specific surface area that effectively 241 

reacts (Li et al., 2014), which is typically defined as the total surface area per unit mass of the 242 

mineral. In this study, we used the same value of the rate coefficient (k = 10-8.19 mol/m2/s) as 243 

reported by Williamson and Rimstidt (1994), whereas the ratio Ae/Vw was considered as a fitting 244 

parameter.  245 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

13 

 

The precipitation of FeOOH was modeled with a simple rate law with an effective rate constant and 246 

a term accounting for the distance from equilibrium: 247 

( )FeOOHeffFeOOH kR Ω−= 1  [6] 

2.2.2 Reactive transport  248 

A reactive transport description was implemented to simulate the propagation of oxygen fronts in 249 

the chemically heterogeneous flow-through porous media. The governing equations include the 250 

main physical and chemical processes occurring in the experimental setups. The considered 251 

transport processes include advection and dispersion, as well as the kinetic partitioning of oxygen 252 

between the aqueous and an entrapped gas phase. The latter process was found to be important to 253 

interpret the experimental results; in fact, although good care was taken to minimize air entrapment 254 

it was not possible to completely avoid it and a minor fraction of the pore space was occupied by 255 

entrapped gas. The gas phase influenced the oxygen transient transport behavior and led to the delay 256 

of the oxygen fronts compared to a conservative, non-partitioning solute. Such phenomena was 257 

observed in all the reactive flow-through experiments (both 1-D and 2-D) and additional column 258 

experiments without pyrite inclusions were run to further characterize oxygen partitioning. This 259 

process has been studied also by other authors who found that even a very small amount of 260 

entrapped gas causes a remarkable impact on oxygen transport and breakthrough (e.g., Donaldson et 261 

al., 1997). For the cases of reactive transport, the chemical reactions were implemented according to 262 

the framework described in the previous section and applied to evaluate the results of the batch 263 

setups. The governing mass conservation equations for reactive transport in multidimensional flow-264 

through systems can be expressed as: 265 
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where Eq. [7] refers to reactive solute transport and partitioning of a volatile species within the 266 

mobile aqueous phase and Eq. [8] describes the mass transfer of the species between the immobile 267 

gas phase and mobile water phase, cw,i and cg,i [mol/L] are the aqueous and gas phase concentrations 268 

of species i, respectively; whereas θw and θg [-] represent the volumetric water and gas content, 269 

respectively. Rj [mol/L/s] and υij [-] represent the reaction rate and the corresponding stoichiometric 270 

coefficient of species i for the j th reaction; λ [s-1] is the kinetic water-gas mass transfer coefficient; H 271 

[-] is the dimensionless Henry’s law coefficient, and t [s] is the time. For transport in the aqueous 272 

phase (Eq. 7), q [m/s] denotes the specific discharge vector and D [m2/s] is the hydrodynamic 273 

dispersion tensor, which, in a 2-D coordinate system aligned in the principal flow directions, can be 274 

expressed as: 275 
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To parameterize the entries of the dispersion tensor, we used the empirical expressions developed in 276 

detailed experimental and pore-scale modeling studies in granular porous media: a linear 277 

parameterization for the longitudinal component (Guedes de Carvalho and Delgado, 2005), and a 278 

non-linear, compound-specific parameterization for transverse dispersion (Chiogna et al., 2010; 279 

Hochstetler et al., 2013; Rolle et al., 2013a):  280 

 dvDD PL 5.0+=  [10] 
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where Daq [m
2/s] is the aqueous diffusion coefficient, DP [m2/s] is the pore diffusion coefficient, Pe 281 

[-] (= v d/Daq with v and d being the seepage velocity and the grain size diameter, respectively) is 282 

the grain Péclet number, δ [-] denotes the ratio between the length of a pore channel to its hydraulic 283 

radius, and β [-] is an empirical exponent that accounts for the effects of incomplete mixing in the 284 

pore channels. The values of δ = 5.37 and β = 0.5, determined in laboratory experiments performed 285 

with different grain sizes and seepage velocities in both 2-D and fully 3-D porous media (Ye et al., 286 

2015a), were adopted in this study.  287 

In the transport simulations of the conservative and the reactive flow-through experiments, the gas 288 

partitioning parameters (θg and λ) were considered as fitting parameters and determined based on 289 

the measured oxygen concentrations. 290 

2.2.3 Numerical simulations 291 

The batch experiments were simulated using the widely used geochemical code PHREEQC 292 

(Parkhurst and Appelo, 2013), considering a closed system and implementing the kinetically 293 

controlled pyrite oxidation reaction and the chemical framework presented above. The considered 294 

stoichiometry is described in Eq. [1-2] and the kinetics of the oxidative dissolution of pyrite by 295 

oxygen was implemented according to Eq. [4]. The outcomes from the model calculations were 296 

compared with the experimentally measured consumption of O2 and the evolution of the water 297 

chemistry parameters in the solution. In particular, these reactants and products concentrations were 298 

determined in order to obtain the best-fit specific surface area to solution volume ratio (Ae/Vw) in 299 

Eq. [4] for our reactive system. The optimization procedure was performed by following the 300 

approach described in Haberer et al., (2015), which involves using the MATLAB® function 301 

lsqnonlin, and by coupling the PHREEQC reaction calculations with MATLAB ® utilizing the 302 
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IPhreeqcCOM module (Charlton and Parkhurst, 2011). This especially designed PHREEQC 303 

module allows all the native features of PHREEQC to be effectively used in other software 304 

programs or programming languages (e.g., Charlton and Parkhurst, 2011; Wissmeier and Barry, 305 

2011). 306 

For reactive transport in flow-through systems a convenient approach consists in coupling transport 307 

codes with PHREEQC as geochemical engine to simulate complex subsurface problems (e.g., 308 

Appelo and Rolle, 2010; Nardi et al., 2014; Prommer et al., 2003; Rolle et al., 2018). In this study 309 

we adopted, both for the 1-D and 2-D setups, a coupling procedure based on a sequential non-310 

iterative operator splitting approach utilizing the IPhreeqcCOM module (Muniruzzaman and Rolle, 311 

2016). In such a way, the solution of the physical transport processes is carried out for a given time 312 

step and, subsequently, the calculated species/components concentrations are passed to IPhreeqc to 313 

perform the reaction calculations. We used a finite volume method to solve the 1-D and the 2-D 314 

transport problems. In the simulations of 1-D column setup, we used the Crank-Nicholson scheme 315 

for the spatial discretization and temporal integration of the transport equations. For the 2-D flow-316 

through chamber we used the method presented by (Cirpka et al., 1999), with an upwind 317 

differentiation scheme for the spatial discretization, the explicit Euler method for the advection 318 

(with Courant number, Cr =1) and the gas partitioning problems, and the implicit Euler method for 319 

the computation of the 2-D dispersion problem. In both 1-D and 2-D simulations, the system of 320 

discretized algebraic transport equations was solved with the direct matrix solver UMFPACK 321 

(Davis and Duff, 1997) and the whole reactive transport simulator was implemented in MATLAB®. 322 

Within the reaction step, all the aqueous and mineral reactions were simulated by considering a 323 

batch reactor in each cell of the simulation domain. Further details regarding the IPhreeqc coupling 324 

and the relevant solution steps can be found in Muniruzzaman and Rolle (2016). 325 
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3 Results and discussion 326 

3.1 Batch experiments 327 

Two series of batch experiments, stirred at different velocities, were performed to study the kinetics 328 

of pyrite oxidation. The main water chemistry parameters that were measured to characterize the 329 

pyrite oxidation kinetics were the consumption of oxygen due to the reaction with the pyrite mineral 330 

and the total iron and sulfur concentration produced by the redox reaction.  331 

The trends of observed O2, Fe and S concentrations for the two batch experiments are plotted in Fig. 332 

2. The oxygen concentrations were determined with the non-invasive optode technique, whereas the 333 

concentrations of iron and sulfur were measured with ICP-OES and the data points in the figure 334 

represent the average of two replicates. The batch experiment stirred at 300 rpm (Batch 1) reached 335 

anoxic conditions after 100 h of experiment (Fig. 2a), while the one stirred more gently (at 100 rpm, 336 

Batch 2) did not reach anoxic conditions within the total duration of the experiment (333 h, Fig 2b). 337 

In Batch 1, the concentration of Fe and S in solution increased due to the oxidative dissolution of 338 

pyrite and reached concentrations of ~1×10-3mol/L and ~1.4×10-3 mol/L for Fe and S respectively, 339 

once the oxygen was entirely consumed. Fe and S in Batch 2 also increased accordingly with the 340 

partial depletion of O2 (from 2.6×10-4 mol/L to 1.5×10-4 mol/L), reaching values of 4.5×10-4 mol/L 341 

for Fe and 6.7×10-4 mol/L for S at the end of the experiment.  342 

The batch experiments were modeled considering a volume of 20 mL of aerobic solution, 1 g of 343 

pyrite and a gas phase volume of 6.8 mL, representing the headspace in the bottles and having an 344 

oxygen partial pressure of 0.21 atm. The volume of the aqueous and gas phases was not changed 345 

throughout the simulations. The fitting parameter for the pyrite oxidation kinetic, Ae/Vw, was 346 

adjusted in order to simultaneously fit the experimentally measured reactant (O2) and products (Fe 347 

and S). As best-fit results, we obtained values of Ae/Vw equal to 47 m2/mol/Lw and 3.3 m2/mol/Lw 348 

for Batch 1 and Batch 2, respectively. The reduction in stirring velocity caused a significant 349 
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decrease in the reaction rate (Eq. [2]), by reducing the effectiveness of the contact between the 350 

solution and the reactive surface of the mineral. The model reproduced the experimental data 351 

obtained in both Batch 1 and Batch 2. The oxygen consumption and the production of iron are 352 

captured very well, whereas the simulated sulfur concentrations appeared to be slightly 353 

overestimated compared to the measured values.  354 

  355 

Fig. 2. Observed (symbols) and simulated (lines) concentrations of reactants and products in the 356 

two series of batch experiments performed with different agitation. 357 

3.2 Column experiments 358 

1-D column experiments with no pyrite inclusions were performed to track the propagation of non-359 

reactive oxygen fronts in porous media under flow-through conditions. The experiments lasted 15 360 

hours and the O2 concentration were measured inside the porous medium with two fiber optic 361 

cables located at 7.5 cm and close to the outlet of the column (12.5 cm). Measurements of oxygen 362 

breakthrough were recorded at high temporal resolution (5 min).  363 
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The experimental results show a characteristic mass-transfer limited behavior of oxygen in the 364 

column, resulting in the retardation and tailing of the breakthrough curves. A conservative transport 365 

model, including kinetic partitioning of oxygen between the pore water and a residual trapped gas 366 

phase, allowed us to capture the observed breakthrough behavior (Fig. 3). The parameters θg and λ 367 

in Eq. [8] were obtained by fitting the experimental data. We obtained values of 0.0163 for the 368 

volumetric gas content and 1.27×10-5 s-1 for the mass transfer coefficient. Although the volume of 369 

the entrapped gas phase is minimal, it considerably impacts the propagation of the oxygen front, as 370 

also reported in a previous study (Donaldson et al., 1997). The extent of retardation and tailing of 371 

the oxygen breakthrough curves becomes evident when the trends are compared to the breakthrough 372 

of a non-partitioning dissolved tracer. The simulations of the tracer behavior show curves that are 373 

considerably steeper and less spread compared to the observed behavior of oxygen. For instance, 374 

the oxygen breakthrough at x=12.5 cm shows that the concentrations reach steady state after 10 h, 375 

whereas the prediction for the non-partitioning tracer at the same location indicates that steady-state 376 

conditions are already reached after approximately 2 h. 377 
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 378 

Fig. 3. Observed (symbols) and simulated (lines) breakthrough curves of O2 in the conservative 379 

column experiment at two different locations: x=7.5 cm and x=12.5 cm. The dotted lines represent 380 

the simulated O2 breakthrough with no gas partitioning.  381 

Reactive column experiments were performed to investigate the propagation of O2 fronts in porous 382 

media in the presence of pyrite. Fig. 4 shows the high-resolution measurements of oxygen 383 

concentrations obtained with the optode sensor technique. The spatial profiles were taken at 384 

different times for all three columns, in which different inclusions of reactive pyrite were 385 

embedded.  386 

 387 
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 388 

Fig. 4. Spatial profiles of oxygen concentrations measured during the reactive experiments in the 389 

three chemically heterogeneous column setups (the grey areas show the reactive pyrite inclusions; 390 

the different colors of the inclusions represent their different concentration, dark gray: pure pyrite 391 

inclusion, light gray: pyrite mixed with sand).  392 

The measurements show the evolution of the reactive systems with initial anoxic conditions that are 393 

progressively impacted by the injection of oxic water at the columns’ inlets and the reaction with 394 

the pyrite mineral. The effect of the geochemical heterogeneity clearly affects the transport of 395 

oxygen: as soon as the O2 fronts reach the reactive mineral inclusions, oxygen is depleted due to the 396 

oxidative dissolution of pyrite (Eq. 1). At late time, the systems approach steady-state conditions 397 
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with respect to the oxygen spatial profiles that become stable. This behavior results from the 398 

dynamic balance between the oxygen supplied from the inlet and its consumption due to the 399 

reaction with pyrite within the porous media. Column 1 shows a remarkable decrease of oxygen 400 

throughout the length of the reactive inclusion and steady-state O2 concentration values at the outlet 401 

are approximately 15% compared to the inlet. The measurements of oxygen in Column 2 show 402 

patterns that are initially impacted only by the first pyrite inclusion, which effectively consumes the 403 

injected oxygen. Successively, the oxygen front reaches the second inclusion (at t=8 h) and a 404 

pattern with stepwise consumption of oxygen in the two reactive zones develops. Since the 405 

concentration of O2 reaching the first inclusion is higher than the O2 reaching the second inclusion, 406 

the reaction rate is faster in the first zone of geochemical heterogeneity compared to the reactive 407 

zone downgradient (the average reaction rates for the first and the second inclusions are 4.30 × 10-8 
408 

mol/L/s and 1.99 × 10-8 mol/L/s, respectively). This results in an oxygen concentration slope inside 409 

the first inclusion that is steeper than in the second inclusion and in a higher O2 consumption within 410 

the first reactive zone. Similarly to Column 1, also in Column 2 the steady-state concentration of 411 

oxygen at the outlet of the columns reaches approximately 15% of the inlet. The trend observed in 412 

Column 3 is similar to the one observed in Column 1 with the decrease of oxygen in the reactive 413 

inclusion. However, the observed slopes are now less steep since the reactive mineral concentration 414 

in this setup was smaller compared to Column 1 and Column 2 (12.85 mol/Lbulk in Column 3 and 415 

25.7 mol/Lbulk in Column 1 and Column 2). Consequently, slower consumption rates and a higher 416 

steady-state concentration of oxygen are observed at the outlet of Column 3 (approx. 27% of the 417 

inlet value).  The average reaction rates calculated for the 1D-flow through experiments, and the 418 

consequent oxygen consumption, depends on the initial concentration of the pyrite inclusions: in 419 

Column 1 and 2 the average reaction rates are very close to each other, 3.13 × 10-8 mol/L/s and 3.12 420 

× 10-8 mol/L/s (for Column 1 and the average of the two inclusions in Column 2, respectively) while 421 
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in Column 3 the average reaction rate is 1.88 × 10-8 mol/L/s.The reactive transport experiments 422 

were simulated with the modeling approach described in Section 2.2. Table 1 summarizes the 423 

parameters of the reactive transport simulations for both the 1-D column experiments and for the 2-424 

D flow-through chamber. The kinetics of pyrite oxidative dissolution was simulated as in the batch 425 

setups by using the rate expression of Eq. 4. The best-fit value of the kinetic parameter Ae/Vw was 426 

2.8 m2/mol/Lw, which was closer to the gently stirred batch system (Batch 2). The obtained result is 427 

also consistent with the geometrically calculated value (for Ae) of 0.717 m2/mol (i.e., assuming 428 

spherical grains with d = 200 µm and ρs,pyrite = 5.02 kg/L) and the value of 5.64 m2/mol reported by 429 

Williamson and Rimstidt (1994). The same value was also used to simulate the 2-D flow-through 430 

experiment. We accounted for the precipitation of an iron (hydr)oxide phase (FeOOH) considering 431 

a stability of the mineral intermediate between ferrihydrite and goethite (logK = 2.50). FeOOH 432 

precipitation was described according to the stoichiometric reaction described in Eq. [3] and the 433 

effective rate constant was calculated according to Eq. [6].  434 

Table 2. Geometry of the flow-through domains and parameters used in the reactive transport 435 

simulations. 436 

Parameter 1-D columns 2-D setup 

Domain size (L×W) [cm] 14.5 80×24 

Discretization (∆x×∆z) [cm] 0.1 1×0.1 

Time step, ∆t [s] 58 576 

Oxygen diffusion coefficient [m2/s] 2×10-9 2×10-9 
Porosity [-] 0.38 0.38 

Volumetric water content, θw [-] 0.347 0.358 

Volumetric gas content, θg [-] 0.033 0.022 

Kinetic water-gas mass transfer coefficient, λ [s-1] 1.95×10-6 4.26×10-6 

Henry’s coefficient for oxygen, H [-] 31.25 31.25 

Reactive specific surface area, Ae/Vw [m2/mol/Lw] 2.8 2.8 

FeOOH effective rate constant, keff [mol/L/s] 5×10-15 1.5×10-13 

The comparison between the measured oxygen concentrations and the outcomes of the reactive 437 

transport simulations is shown in Fig. 5 for selected spatial profiles in the different column setups. 438 
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The agreement between observed and simulated oxygen concentrations is very good, particularly 439 

after some time from the beginning of the flushing in the reactive columns. The model can 440 

reproduce both the shape of the profile and the magnitude of the oxygen concentrations measured 441 

within the chemically heterogeneous porous media. A small discrepancy between the model and the 442 

measured data is seen mainly in the profiles simulated at early time (after 4 hours of experiment), 443 

which show a simulated reactive O2 front propagating faster than the experimental observation. This 444 

is probably due to the assumption of homogeneous distribution of the entrapped gas phase made in 445 

the model, whereas in the experiments the gas bubbles are more likely heterogeneously distributed 446 

within the porous media and their impact is more significant at early time.  447 

 448 

 449 

Fig. 5. Comparison between observed (symbols) and simulated (lines) O2 spatial profiles in Column 450 

1 (a-d), Column 2 (e-h) and Column 3 (i-l) at different time steps. The gray areas show the location 451 

of the reactive pyrite inclusions; the different colors of the inclusions represent their different 452 

concentration, dark gray: pure pyrite inclusion, light gray: pyrite mixed with sand.  453 
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The breakthrough of iron and sulfur were measured at the outlet of the column setups. The 454 

concentrations of Fe and S remained close to the background content during the first 5 hours of 455 

experiment and then increased until a steady-state value, which was reached after almost 24 hours. 456 

The steady-state concentrations measured in the effluent of Columns 1 and 2 were close to 0.5×10-4 
457 

mol/L for Fe and 1.3×10-4 mol/L for S, while in Column 3 they were slightly lower: 0.4×10-4 mol/L 458 

for Fe and 1.1×10-4 mol/L for S (Fig. 6). pH was measured at the outlet of the columns at the end of 459 

the experiments and ranged between 4.5 and 4.9, showing a decrease from the initial value of 5.8 460 

due to the release of protons from the oxidation of pyrite, Eq. [1]. Similarly, in Column 1 and 2, the 461 

reactive O2 steady-state concentration was fluctuating between 0.2×10-4 mol/L and 0.3×10-4 mol/L, 462 

lower than the concentration reached at steady state in Column 3, around 0.7×10-4 mol/L. The 463 

stoichiometric ratio of the reaction products highlights the precipitation of a small amount of Fe as a 464 

secondary phase mineral in the porous media. This is supported by the observation of a S/Fe ratio at 465 

the outlet (2.2-2.5) that is higher than the stoichiometric ratio of the mineral used in the reactive 466 

inclusions (1.72). The reactive transport simulations with the parameter values reported in the 467 

second column of Table 2 allowed us to reproduce well also the trend of iron and sulfur observed in 468 

the different experiments. The breakthrough curves of these dissolved species, produced during 469 

pyrite oxidative dissolution, also show a tailing behavior that depends on the kinetic partitioning 470 

and retardation of the oxygen front.  471 

In the reactive experiments oxygen breakthrough was also continuously measured close to the outlet 472 

(x = 11.75 cm) of the columns. The comparison between the O2 concentration in the conservative 473 

and reactive column experiments (circles and squares, respectively) is reported in Fig 6d-f. The 474 

difference in oxygen breakthrough allows visualizing the effect of the pyrite reactivity in the 475 

oxygen consumption, resulting in O2 steady-state concentrations considerably lower in the reactive 476 

rather than in the conservative experiments. The simulated breakthrough of oxygen is also reported 477 
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in Fig. 6d-f for both the conservative and the reactive cases. It is possible to calculate the mass of 478 

oxygen consumed by the reaction with pyrite in the different setups with the following mass 479 

balance: 480 

( )
2 2 2, ,

0

T

O O cons O reactM m m dt= −∫ & &  [12] 

where MO2 [g] is the mass of oxygen consumed and ṁO2,cons and ṁO2,react [g/s] are the mass fluxes of 481 

oxygen in the conservative and reactive experiments, respectively. The mass balance was calculated 482 

considering the outcomes of the simulations and a duration of all experiments of 100 h. The results 483 

show a similar mass of oxygen consumed in Column 1 and Columns 2 (4.01 mg and 4.03 mg), 484 

whereas the results for Column 3 show a smaller oxygen depletion (3.49 mg).  485 

 486 

Fig. 6. Observed (symbols) and simulated (lines) breakthrough curves of Fe, S (a-c) and O2 (d-f) for 487 

the column experiments: Column 1 (a,d), Column 2 (b,e), and Column 3 (c,f). Fe and S 488 

breakthrough curves were measured at the outlet of the column, whereas the oxygen breakthrough 489 

was measured at x = 11.75 cm. 490 
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3.3 2-D Flow-through experiments 491 

In the 2-D flow-through chamber a rectangular inclusion of pyrite (16 cm × 4 cm with a 492 

concentration of 12.85 mol/Lbulk) was embedded within the sandy porous matrix. The system was 493 

initially maintained under anoxic conditions and, at the beginning of the experiment, an inflowing 494 

oxic solution was injected into the chamber at the seepage velocity of 1.5 m/day. Vertical O2 495 

concentration profiles were measured at 16 cm, 32 cm, 48 cm and 64 cm from the inlet at different 496 

time intervals during the experiment. A visual illustration of the 2-D experiments is provided in Fig. 497 

1 and the outcomes of the reactive transport simulations for that setup are reported in Fig. 7. The 498 

maps of Fig. 7 represent the results of the model at steady-state conditions with respect to oxygen 499 

and show: (a) the consumption of dissolved oxygen upon its contact with the pyrite and the 500 

formation of an oxygen-depleted plume in the center of the flow-through chamber, (b) the small 501 

consumption of the reactive pyrite mineral that was present in large stoichiometric excess, and (c) 502 

the precipitation of the FeOOH phase upon the contact of dissolved iron from the oxidation of 503 

pyrite with oxygen in the inclusion and at the lateral fringes, where the reactants can mix by 504 

transverse hydrodynamic dispersion. The 2-D simulations were performed with the approach based 505 

on coupling the two-dimensional transport code and IPhreeqc to solve the geochemical reaction 506 

network (section 2.2). The values of the kinetic and transport parameters used in the simulation are 507 

listed in the third column of Table 2. 508 
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 509 

Fig. 7. Simulated spatial distributions of (a) O2 concentration (b), pyrite content (b), and (c) 510 

FeOOH precipitate in the 2-D flow-through chamber after 98 hours. 511 

The spatially distributed measurements of oxygen concentrations at the four sensor strips allowed 512 

us to follow the dynamics of oxygen transport and consumption in the 2-D flow-through system. 513 

Fig. 8 shows measurements at different times from the beginning of the experiments and the 514 

comparison with the reactive transport simulation of the 2-D setup. The oxygen front advances in 515 
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the 2-D flow-through chamber and the consumption upon reaction with the embedded reactive 516 

pyrite is first recorded at the location of the first sensor strip (x=16 cm). The signature of oxygen 517 

depletion due to the reaction with pyrite becomes successively visible at the downgradient sensor 518 

measurement cross sections as the oxygen front moves through the domain. At late times the 519 

oxygen vertical profiles stabilize and approach steady-state conditions with a clear indication of an 520 

oxygen depleted plume in the central zone of the flow-through chamber. The reactive transport 521 

model captured the spatial and temporal dynamics of oxygen transport and consumption in the 2-D 522 

flow-through setup. The model reproduces well both the shapes and the spatially-distributed oxygen 523 

values measured during the flow-through experiments. The good agreement between measured and 524 

simulated oxygen concentrations show the capability of the model to reproduce the experimental 525 

data including the steep lateral gradients observed in the flow-through experiment. Similarly to the 526 

column experiments, the discrepancy between measurements and simulations is more pronounced at 527 

early times and the agreement progressively improves in the course of the experiment as the 528 

oxygen-depleted plume approaches steady state.  529 
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  530 

Fig. 8. Experimental (symbols) and simulated (lines) O2 concentration profiles at the four sensors 531 

strips locations (x=16, 32, 48, and 64 cm) in the 2-D flow-through chamber at different times. 532 

Iron, sulfur and pH were measured at the outlet of the flow-through chamber after 98 hours of 533 

experiment. In Fig. 9 the values of these dissolved species measured at each port (1.2 cm spacing) at 534 

the outlet of the chamber are plotted together with the results of the reactive transport simulations. 535 

The Fe concentration at the outlet of the chamber is close to zero since all the iron dissolved from 536 

the pyrite oxidation was precipitated as iron (hydr)oxides upon contact with dissolved oxygen 537 

through transverse mixing (Fig. 9a). Sulfur, instead, shows a distinct plume with the peak 538 

concentration aligned with the reactive mineral inclusion and with a width of approximately 7 cm. 539 

This behavior results from the oxidative dissolution of the pyrite, the downgradient advective 540 

transport, and the lateral dispersion and mixing of the dissolved products with the background 541 

solution. The reactive transport model, incorporating the measured stoichiometry of the mineral and 542 
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the kinetic and transport parameters described above and summarized in Table 2, successfully 543 

reproduces the experimental steady-state aqueous concentrations of sulfur and iron measured at the 544 

outlet of the flow-through chamber. The model appears to predict lower pH values compared to the 545 

measured ones. This discrepancy can be ascribed to the fact that the current version of the model 546 

does not include the complex surface/solution interaction of protons in silica porous media (e.g., 547 

McNeece and Hesse, 2017, 2016). The sorption of protons could explain the experimental 548 

observations in which this process appears to buffer the acidification due to pyrite oxidation and the 549 

difference compared to the reactive transport simulations in which these surface/solution 550 

interactions were not included.  551 

 552 

Fig. 9. Measured (symbols) and simulated (lines) vertical profiles of Fe (a), S (b), pH (c) at the 553 

outlet of the 2-D flow-through chamber after t = 98 hours. 554 

Breakthrough curves of oxygen at the outlet of the flow-through chamber were measured to 555 

characterize the transient transport of oxygen in the 2-D setup. Measurements were taken at two 556 

distinct locations along the most downgradient sensor strip (x=64 cm): outside of the O2 plume, 557 

above the pyrite inclusion, and inside the oxygen-depleted plume where oxygen was significantly 558 

consumed (Fig. 10). As in the column setups, also in the 2-D flow-through experiment the oxygen 559 

breakthrough curves were affected by a retardation effect due to the small gas bubbles entrapped in 560 

the porous medium. The comparison between the two curves highlights the effect of pyrite 561 
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reactivity on the consumption of oxygen. The reactive transport simulations shown in Figs. 7-10 562 

were performed with θg = 0.022 and λ = 4.26×10-6 s-1, values that are similar to the ones obtained 563 

for the 1-D column setups.  564 

 565 

Fig. 10. Oxygen breakthrough curves measured on the last oxygen sensor strip (x = 64 cm) in the 2-566 

D flow-through chamber. The squares and the solid line represent measurements and simulation at 567 

the height of the pyrite inclusion, whereas the circles and the dashed line are the observation and 568 

simulation outside the inclusion. 569 

4 Conclusions  570 

In this study, we investigated the impact of geochemical heterogeneities on the propagation of 571 

reactive fronts in porous media. We focused on pyrite oxidation that was studied in 572 

multidimensional systems. Experiments were performed in different laboratory setups including 573 

batch, 1-D columns, and a 2-D flow-through chamber. 574 

The results of the bacth experiments allowed us to characterize the kinetics of pyrite oxidative 575 

dissolution and to formulate and test a reaction module that was, successively, used to interpret the 576 

flow-through experiments. An approach based on spatially distibuted sensor measurements was 577 

proposed to monitor oxygen transport and consumption upon reaction with pyrite in the flow-578 

through setups. The outcomes of the flow-through experiments demonstrate the capability of the 579 
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proposed approach to capture the dynamics of oxygen reactive transport in porous media at high 580 

spatial and temporal resolution. The column experiments showed that both the distribution and 581 

concentration of the reactive mineral play a key role in the oxygen consumption, as indicated by the 582 

high-resolution spatial profiles measured within the porous media. Distributed spatial monitoring of 583 

oxygen concentrations, coupled with sampling and analysis of water chemistry parameters at a 584 

dense network of outlet ports, allowed us to investigate pyrite oxidation and its impact on the 585 

propagation of dissolved oxygen fronts also in the 2-D flow-through setup. In this system the results 586 

clearly show that the presence of a reactive pyrite inclusion generates an oxygen-depleted plume 587 

whose signature propagates downgradient due to the inherently poor mixing capability of 588 

subsurface porous media and, in particular, the limited extent of transverse mixing (Rolle et al., 589 

2013b). The comparison of the experimental results in the 1-D and 2-D systems is also illustrative 590 

of the impact of dimensionality on reactive transport in porous media. In fact, although the systems 591 

in Column 3 and in the 2-D flow-through chamber were physically and chemically equivalent, the 592 

outcomes of the experiments show different results not only in the observed consumption and 593 

breakthrough of oxygen but also in the formation, transport and breakthrough of other products of 594 

pyrite oxidation. For instance, whereas the breakthrough of iron was clearly observed at the outlet 595 

of all column setups, mixing with the surrounding oxic water caused the precipitation of an iron 596 

(hydr)oxide phase and no breakthrough of iron could be observed at the outlet of the 2-D flow-597 

through chamber. The effects of dimensionality are likely to be even more evident by considering 598 

reactive transport in fully 3-D setups in which the topology of flow, different mixing mechanisms 599 

and different mixing enhancement compared to 2-D cases (e.g., Chiogna et al., 2015; Ye et al., 600 

2015b, 2015c) could considerably affect the reaction extents and the impact of chemical 601 

heterogeneity on water quality.    602 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

34 

 

The reactive transport modeling presented in this study was instrumental for the quantitative 603 

interpretation of the propagation of the oxygen fronts in the different setups. The developed 1-D and 604 

2-D models coupling the main physical transport processes and the chemical reactions allowed us to 605 

reproduce the spatial profiles and breakthrough curves of oxygen and the measurements of the other 606 

water chemistry parameters in the different experimental setups. In particular, the description of 607 

kinetic partitioning of oxygen with a small volume of entrapped gas phase within the porous 608 

medium was important to accurately describe the oxygen transport and retardation observed under 609 

conservative and reactive conditions in both the 1-D and 2-D setups. 610 

This study represents one of the few experimental contributions focusing on the investigation of the 611 

effects of chemical heterogeneity in porous media and on the coupling between transport processes 612 

in multidimensional flow-through systems and geochemical reactions. We envision further work 613 

investigating the impact of spatially distributed chemical heterogeneity on the release of toxic 614 

metals and metalloids in flow-through porous media, as well as studies exploring the combined 615 

effect of physical (Muniruzzaman et al., 2014; Rolle et al., 2009) and chemical heterogeneity  616 

(Fakhreddine et al., 2016; Li et al., 2014; Salehikhoo and Li, 2015) on solute transport in subsurface 617 

porous media.  618 
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Fig. 1. Experimental laboratory setups for the investigation of pyrite oxidation: (a) batch 

experiments, (b) 1-D column experiments, (c) 2-D flow-through experiments. Different colors of 

the inclusions represent their different composition, dark gray: pure pyrite inclusion, light gray: 

pyrite mixed with sand.  

Fig. 2. Observed (symbols) and simulated (lines) concentrations of reactants and products in the 

two series of batch experiments performed with different agitation. 

Fig. 3. Observed (symbols) and simulated (lines) breakthrough curves of O2 in the conservative 

column experiment at two different locations: x=7.5 cm and x=12.5 cm. The dotted lines represent 

the simulated O2 breakthrough with no gas partitioning.  

Fig. 4. Spatial profiles of oxygen concentration measured during the reactive experiments in the 

three chemically heterogeneous column setups (the grey areas show the reactive pyrite inclusions; 

the different colors of the inclusions represent their different composition, dark gray: pure pyrite 

inclusion, light gray: pyrite mixed with sand).  

Fig. 5. Comparison between observed (symbols) and simulated (lines) O2 spatial profiles in Column 

1 (a-d), Column 2 (e-h) and Column 3 (i-l) at different time steps. The gray areas show the location 

of the reactive pyrite inclusions; the different colors of the inclusions represent their different 

composition, dark gray: pure pyrite inclusion, light gray: pyrite mixed with sand.  

Fig. 6. Observed (symbols) and simulated (lines) breakthrough curves of Fe, S (a-c) and O2 (d-f) for 

the column experiments: Column 1 (a,d), Column 2 (b,e), and Column 3 (c,f). Fe and S 

breakthrough curves were measured at the outlet of the column, whereas the oxygen breakthrough 

was measured at x = 11.75 cm. 

Fig. 7. Simulated spatial distributions of (a) O2 concentration (b), pyrite content (b), and (c) FeOOH 

precipitate in the 2-D flow-through chamber after 98 hours. 

Fig. 8. Fig. 8. Experimental (symbols) and simulated (lines) O2 concentration profiles at the four 

sensors strips locations (x=16, 32, 48, and 64 cm) in the 2-D flow-through chamber at different 

times. 
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Fig. 9. Measured (symbols) and simulated (lines) vertical profiles of Fe (a), S (b), pH (c) at the 

outlet of the 2-D flow-through chamber after t = 98 hours. 

Fig. 10. Oxygen breakthrough curves measured on the last oxygen sensor strip (x = 64 cm) in the 2-

D flow-through chamber. The squares and the solid line represent measurements and simulation at 

the height of the pyrite inclusion, whereas the circles and the dashed line are the observation and 

simulation outside the inclusion. 
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Fig. 1. Observed (symbols) and simulated (lines) concentrations of reactants and products in the 

two series of batch experiments performed with different agitation: (a) Batch 1 and (b) Batch 2. 
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Highlights 

• Pyrite oxidation investigated in multidimensional porous media 

• Flow-through experiments in chemically heterogeneous setups 

• High-resolution spatial and temporal monitoring of reactive fronts 

• Quantitative, model-based interpretation of the pyrite oxidation experiments 

 


