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Highlights  

x Secondary iron precipitates from AMD are efficient scavengers of metal(loids) 
x Ion exchange was found to be a key mechanism in the accumulation of metal(loids)  
x Metal(oids) stabilized secondary iron minerals, delaying the remobilization processes 
x The use of XRD and XAS was crucial to understand mineral transformation processes 
x pH, redox and metal(loids) are key factors in the long-term stability of AMD minerals 
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Abstract 16 

Secondary iron oxides formed in acid mine drainage, such as schwertmannite, are 17 

scavengers for metal(loid)s in mining environments. Increasing the understanding of the 18 

geochemical transformations of these minerals, as well as knowing how metal(loid)s affect 19 

these transformations, is crucial to ultimately predict the fate of these trace elements in acidic 20 

mine drainage and to minimize the potential environmental risk. In this study, transformation 21 

experiments have been conducted with a schwertmannite-rich sediment collected from a 22 

mining area and with synthesized schwermannite as a reference material. The transformation 23 

of schwertmannite into goethite was studied  as a function of the presence of arsenic, pH 24 

value, and redox conditions. Arsenic delayed the mineral transformation from pseudo-stable 25 

amorphous phases to more stable crystalline forms, especially at higher arsenic loadings and 26 

more acidic pH. Experiments in the presence of Fe(II) and ascorbic acid have proven that both 27 

components promote the mineral transformation or reductive dissolution of schwertmannite 28 

under anoxic conditions. The presence of arsenic reduced the catalytic effect of Fe(II), 29 

stabilizing  the schwertmannite particles. On the other hand, arsenic had no effect on the 30 

reductive dissolution at these conditions when ascorbic acid was used as a reducing agent.  31 

 32 
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1. Introduction 43 

Contamination of soils and aqueous systems affected by acid mine drainage (AMD) is 44 

a serious threat that demands the attention of the scientific community (Moodley et al., 2018). 45 

Among the environmental risks derived from AMD, the extremely low pH of affected waters, 46 

the high concentration of sulphate and heavy metals either dissolved or accumulated in 47 

adjacent soils or the impact on the local flora and fauna, can be mentioned. In anoxic 48 

environments, Fe-S biogeochemistry can control trace metals and metal(loid)s bioavailability 49 

and acidity generation. However, sulphide minerals undergo oxidation upon exposure to air 50 

following natural weathering processes and anthropogenic activities (Karimian et al., 2018). 51 

This oxidation process leads to the formation of large amounts of iron and aluminium 52 

secondary minerals, which determines the mobility of trace elements in AMD systems. 53 

Although iron (hydr)oxides have been part of the problem, due to their natural presence and 54 

transformation in mining areas generating extreme acidity in soils and streams upon sulfides 55 

oxidation, they are also known to be part of the solution due to their implication in natural 56 

attenuation processes (Asta et al., 2010; Carlson et al., 2003). This natural ability of iron 57 

minerals has been considered in the elaboration of some recent remediation techniques, such 58 

as Technosols, which may contain acid mine water or mining sediments in their composition 59 

along with other agro-industrial wastes (Arán et al., 2018). The accumulation of trace 60 

elements by iron and aluminium secondary precipitates have thus the advantage that toxic 61 

elements are immobilised in the sediments and therefore the risk associated to the spreading 62 

of these elements into the environment is reduced. Another advantage of the accumulation of 63 

trace elements by secondary precipitates could be the possibility to recover valuable elements, 64 

such as Rear Earth Elements (REE) which are defined as critical raw materials. REE are 65 

present in AMD sites in several orders of magnitude higher than in natural environments due 66 

to their affinity to schwertmannite and basaluminite (Lozano et al., 2019; Lozano et al., 2020).    67 

In this sense, the role of iron precipitates formed in AMD has been studied from the 68 

microscopic and macroscopic points of view (Antelo et al., 2013; Asta et al., 2010; Baleeiro et 69 

al., 2018; Jönsson et al., 2006) to assess their potential use by exploiting their sequestration or 70 

immobilisation properties. The pH, along with time, temperature, composition of the solid and 71 

aqueous phases and oxidizing capacity of the medium, are key factors that determine the type 72 

of iron mineral that is formed in AMD affected areas (Nordstrom and Alpers, 1999; Bigham 73 

and Nordstrom, 2000). Whereas amorphous pseudo-stable phases, schwertmannite and 74 

ferrihydrite, precipitate in the lower pH range, 2.8-6.5, crystalline, thermodynamically stable 75 

phases such as goethite are formed at pH > 6.5.  76 
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Schwertmannite, typically formed in AMD environments, can remain stable for years 77 

under acidic conditions (Regenspurg et al., 2004), although it tends to transform into goethite 78 

depending on the environmental conditions, being the pH an important factor (Antelo et al., 79 

2013; Kumpulainen et al., 2008; Parviainen et al., 2015; Regenspurg et al., 2004). 80 

Considering the ability of schwertmannite to remove As and other potentially toxic species 81 

from solution (Carlson et al., 2003; Regenspurg and Peiffer, 2005), it is common in AMD 82 

environments to find schwertmannite enriched with these species in its structure. It has been 83 

proven that the presence of Cu(II) in the schwertmannite structure does not only decrease the 84 

transformation rate to goethite, but also increases its capacity for As retention by a factor of 85 

~25% (Antelo et al., 2013). The sorption capacity of schwertmannite drastically decreases 86 

during the transformation towards more stable and crystalline forms (Antelo et al., 2013; 87 

Baleeiro et al., 2018; Burton and Johnston, 2012), which emphasizes the importance of 88 

preventing schwertmannite from ageing to naturally mitigate the mobility of trace metals and 89 

metal(loid)s in AMD or acidic landscapes. Burton et al. (2010) and Fan et al. (2019a) also 90 

reported a delay in the schwertmannite-goethite transformation under Fe(II)-rich reducing 91 

conditions in the presence of arsenate or chromate ions. Therefore, the presence of structural 92 

or adsorbed oxyanions produce an inhibitory effect on the transformation of schwertmannite 93 

towards more stable mineral phases (Regenspurg and Peiffer, 2005; Schoepfer et al., 2017).  94 

The aim of the present study was to analyse the effect that the incorporation of arsenic 95 

and the presence of reducing agents such as Fe(II) or ascorbic acid have on the stability and 96 

adsorption behaviour of iron precipitates collected from an AMD affected area as well as on 97 

its synthetic analogue, schwertmannite. Arsenic and other metal(loid)s can be found 98 

associated with sulphide minerals and their oxidation products in mining environments. The 99 

formation of schwertmannite as a consequence of the sulphide minerals oxidation in AMD 100 

areas provides large surface areas and functional groups that allow the adsorption of 101 

pollutants, predominantly metals and metal(loid)s. We intend to contribute to a better 102 

understanding of the processes and factors that can prevent schwertmannite from ageing and 103 

thus pollutants from being remobilised into the soil solution or aqueous systems. 104 

 105 

2. Materials and methods 106 

 107 

2.1. Reagents  108 

Arsenate was purchased as potassium monobasic salt from Sigma. Metal standard solutions of 109 

Sigma-Aldrich were used to calibrate the AAS and ICP-OES. All other chemicals were of 110 
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Merck p.a. quality. The experiments were carried out using double-distilled and CO2 free 111 

water, apart from the experiments conducted in reducing conditions where solutions were 112 

prepared in pre-boiled double-distilled water, which was also purged with N2 to avoid the 113 

presence of CO2. A-grade glassware and polycarbonate material were used in the preparation 114 

of stock solutions, the synthesis and the adsorption and transformation experiments. All 115 

glassware and polyethylene bottles were washed with 10% HNO3 and rinsed with ultrapure 116 

water to prevent contamination by metals. All chemical analysis were conducted at least by 117 

duplicate to ensure the reproducibility of the results obtained. 118 

 119 

2.2. Field sites sampling and characterization 120 

 Water and sediment samples were collected from a stream affected by AMD in the 121 

mine of Touro (NW Spain) in October 2014. This mine was initially exploited in the early 122 

70’s for copper extraction from the main ore minerals chalcopyrite and pyrrhotite. After the 123 

mine was closed in 1988 the area was confined to extraction of materials for road 124 

construction. Periodical environmental monitoring analyses and different remediation efforts 125 

have been conducted at the critical sites and in soils and water streams in the affected area.  126 

Three water samples, POR1, POR3 and POR5, were collected from Portapego stream, 127 

which crosses through the mining area in Touro. Electrical conductivity (EC), pH, dissolved 128 

oxygen, redox potential and temperature of the water samples were measured in situ using a 129 

multi-parameter probe (Hach HQ 40d). These samples were filtered through 0.45 µm 130 

Millipore filters in the field, and subsamples were acidified with 1% HNO3 for subsequent 131 

metal determination in the laboratory. Total Fe, Al, Cu, Zn, Ni and Mn were determined in the 132 

water samples by Atomic Absorption Spectroscopy (AAS) (Perkin-Elmer PinAAcle 500), 133 

while the concentration of Fe(II) was determined by the 1,10-phenanthroline method of 134 

(Clesceri et al., 1998). The concentration of sulphate was measured by a turbidimetric method 135 

(Clesceri et al., 1998) with a JASCO V-530 UV/Vis spectrophotometer. 136 

The iron-rich AMD bed sediments were collected from the surface layer (0-10 cm) and 137 

samples were transported in polyethylene flask at 4 ºC in darkness. Then samples were left to 138 

dry at room temperature prior to granulometric separation through 0.5 mm and 63 µm sieves. 139 

The smaller fraction was used for characterization. Microwave assisted acid digestion of the 140 

AMD sediments (fraction < 63 µm) was conducted in order to determine their chemical 141 

composition. A mixture of 37% HCl (3 mL) and 65% HNO3 (9 mL) was added to 0.5 g of the 142 

solid samples in Teflon containers protected with porcelain covers and placed in the digester 143 

(Millestone Ethos Plus), where temperature can reach 200 °C. The solution obtained was 144 
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diluted to a final volume of 50 mL with milliQ water. The concentration of major and trace 145 

metals (Fe, Al, Cr, Cu, Ni, and Zn) was determined by Atomic Absorption Spectroscopy 146 

(AAS) (Perkin-Elmer PinAAcle 500) and the concentration of sulphate by the turbidimetric 147 

method previously used for water samples. 148 

Poorly crystalline iron and aluminium amorphous and semi-crystalline oxides were 149 

extracted with ammonium oxalate following the procedure proposed by Mckeague and Day 150 

(1966). Briefly, 0.5 g of the samples were mixed with 50 mL of 0.2 M oxalic acid/ammonium 151 

oxalate (buffered at pH 3) in centrifuge tubes. During 4 h the tubes were left in an orbital 152 

shaker (Rotabit J.P. Selecta) in the dark to prevent the photoreduction of iron. After this time, 153 

the suspensions were centrifuged at 5000 rpm for 10 min (Orto Alresa Digitor) and the 154 

supernatants were filtered through 0.45 mm Millipore filters. Fe and Al concentrations in 155 

solution were determined by AAS. The concentration of sulphate was measured as previously 156 

indicated.  157 

Powder X-ray diffraction (XRD) patterns (Phillips PW1710 diffractometer) of the 158 

sediments were obtained in order to identify the iron phases. Measurements were conducted 159 

between 15° and 65° 2θ, with a step size of 0.02° and counting time of 3 s per step.  160 

 161 

2.3. Preparation and characterization of synthetic analogues  162 

Schwertmannite (Sch) was prepared following a procedure similar to that proposed by 163 

Bigham et al. (1990). Briefly, FeCl3·6H2O (10.8 g) and Na2SO4 (3 g) were added to 2 L of 164 

distilled water preheated at 60 °C. The mixture was maintained at 60 °C for 12 min. After 165 

cooling at room temperature, the suspension was dialysed in double-distilled water for 33 166 

days and finally freeze-dried (Telstar Cryodos LIOBETA-S0) to obtain the final powder. The 167 

sulphate and iron content of the synthetic sample were determined following digestion of the 168 

solid sample with 6 M HCl. Sulphate was determined as previously indicated whereas iron 169 

content was measured by ICP-OES (Perkin-Elmer Optima 3300DV). The solid phase was also 170 

characterized by XRD.  171 

Jarosite (Jar) was synthesized following the procedure proposed by Baron and Palmer 172 

(1996). Fe2(SO4)3·nH2O (17.2 g) and KOH (5.6 g) were dissolved in 100 mL of double-173 

distilled water. The suspension was allowed to boil moderately during 4 hours under 174 

continuous stirring at approximately 96 °C. During this time, the colour of the suspension 175 

changed from reddish to yellow, indicating the formation of the desired phase. Then the solid 176 

precipitate was allowed to settle, discarding the supernatant. Finally, the precipitate was 177 

washed with distilled water to remove other ions on the surface and the solid was dried for 24 178 
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h at 110 °C and stored until use. The chemical composition of the sample was determined by 179 

ICP-OES following microwave assisted digestion with aqua regia. The jarosite crystalline 180 

phase was identified by XRD. 181 

The goethite sample (Gt) had been synthesized by Otero-Fariña et al. (2017) following 182 

the method recommended by Cornell and Schwertmann (1996). Goethite characterization was 183 

also conducted in the same study.  184 

 185 

2.4. Arsenic adsorption 186 

Batch adsorption experiments were performed in order to determine the amount of 187 

arsenate adsorbed as a function of pH. The adsorption of arsenic was conducted on the 188 

synthetic analogues (Sch, Jar, Gt) and on the sediment sample POR3. Arsenate was added to 189 

the suspensions (1 g/L in 0.1 M KNO3) at different As/Fe molar ratios (0.07, 0.12, 0.30 and 190 

0.48). The pH was adjusted with 0.1 M HNO3 and KOH standard solutions within the range 2 191 

to 9. First adjustment was made immediately after the addition of the arsenic and once again 192 

6-7 hours after the addition. The suspensions were shaken for 24 h (Gt, Jar) or 72 h (Sch, 193 

POR3), and then filtered through 0.45 µm Millipore filters and kept at 4 °C until analysis. 194 

Preliminary kinetic experiments showed that a contact time of 72 h was required to achieve 195 

equilibrium for Sch and POR3, while a shorter time was needed for Gt and Jar. The 196 

concentration of arsenate in solution was determined by the colorimetric method proposed by 197 

Lenoble et al. (2003) and the concentration of sulphate by a turbidimetric method (Clesceri et 198 

al., 1998). All the adsorption experiments were carried out in duplicate to ensure the 199 

reproducibility of the results obtained.  200 

 201 

2.5. Transformation experiments 202 

2.5.1. Ageing of the AMD sediments at constant pH  203 

A long-term transformation experiment was carried out at pH 3 with a set of samples 204 

consisting of the raw sediments POR1, POR3, and POR5 and synthetic schwertmannite, Sch, 205 

as a reference material. The transformation was also studied with these samples spiked with 206 

arsenate at As/Fe molar ratio 0.1. Samples in this set were labelled as POR1As, POR3As, 207 

POR5As and SchAs. Suspensions of 10 g/L of the AMD sediments and 1 g/L of Sch were 208 

prepared in double-distilled water and kept in 1 L polyethylene bottles at room temperature in 209 

an orbital shaker (HS 501 digital IKA Labortechnic) during the duration of the experiment. 210 

An aliquot of a stock arsenate solution was added to the suspension before completing the 211 

total volume of the suspension. The pH was then adjusted to 3 using small volumes of 1 M 212 
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NaOH or HNO3. Another set of sub-samples using samples POR3 were prepared to analyse 213 

the effect of pH (from 3 to 9) and As concentration (As/Fe from 0.64 to 3.22) in the ageing 214 

experiment. To better understand the experimental set up, all the information has been 215 

gathered in Table S1 (Supplementary Data). All the samples were placed on an orbital shaker 216 

and left to agitate at room temperature during 8 months. Following the first 24 hours of 217 

equilibration, a subsample of homogenized suspension was removed from the bottles, 218 

centrifuged, and filtered to determine the concentration of As, ensuring that most of the 219 

arsenate was sorbed on the mineral surface. Once a week, during the first two months, the pH 220 

was controlled and re-adjusted if necessary, after that, the control was made every two weeks. 221 

Temperature and electric conductivity were also checked periodically.  222 

Suspension aliquots were withdrawn every 15 days during the first two months and 223 

once a month thereafter. The aliquots were then filtered through 0.45 µm Millipore filters and 224 

the concentrations of AsO4 and SO4 were measured by colorimetric (Lenoble et al., 2003) and 225 

turbidimetric (Clesceri et al., 1998) methods, respectively. At different time intervals, along 226 

with the supernatant, a fraction of the solid was also removed and analysed by XRD and XAS 227 

techniques. Aliquots of 100 mL were extracted and centrifuged at 6000 rpm during 10 min. 228 

The solid was washed three times and re-suspended with double-distilled water prior to freeze 229 

drying. 230 

For samples POR3, POR3As, Sch and SchAs the Fe K-edge XAS spectra were 231 

collected, at ambient temperature and pressure, on beam line 7.3 at the Stanford Synchrotron 232 

Radiation Lightsource at SLAC National Laboratory Accelerator. Specifications of XAS 233 

measurements are the same as those detailed in previous studies (Kasiuliene et al., 2018). The 234 

line was equipped with a LN2 cooled double-crystal Si (2 2 0) monochromator and rhodium-235 

coated collimating mirror. The measurements were performed using an about 60% detuning to 236 

remove higher-order harmonic frequencies. XAS data were collected in transmission mode 237 

using ionization chambers as I0 and I1. The data was self-calibrated with a Fe foil placed 238 

between I1 and I2. Samples were finely grinded and the powder was evenly pasted on a 239 

Kapton tape. Subsequently, the Kapton tape was folded as many times as required to obtained 240 

about 90% absorption of the sample. Spectra were collected from –200 eV to +800 eV about 241 

the K-edge of Fe (7112 eV). The monochromator step size was 0.1 eV in the XANES region 242 

and 0.05 Å in the EXAFS region. The XAS spectra were the result of averaging three scans. 243 

XAS data calibration, normalization, averaging and lineal combination fitting with reference 244 

Fe–K EXAFS spectra for schwertmannite and goethite, were processed using ATHENA 245 

(Ravel and Newville, 2005). 246 
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2.5.2. Transformation experiments in the presence of Fe(II) 247 

The stability of the AMD sample POR3 has been also studied in anoxic conditions in 248 

the presence of Fe(II). Previous studies showed that the transformation rate of schwertmannite 249 

at pH > 5 is increased in the presence of Fe(II), although  this process has been mainly studied 250 

in synthetic analogues rather than in natural samples (Burton et al., 2008; Burton et al., 2010; 251 

Fan et al., 2019a). A study of Burton et al. (2007) also attributed the relatively rapid 252 

transformation of natural schwertmannite on acidified coastal lowlands to the presence of 253 

Fe(II) ions. A 1 g/L suspension prepared in distilled water was introduced in a CRISON 254 

reaction cell, previously covered in aluminium foil, and bubbled with N2 under constant 255 

stirring. The cell was hermetically closed in order to keep the conditions unaltered and 256 

through lid holes several probes and capillary tubes were fitted: a pH electrode (Crison Micro 257 

pH 2002), a redox potential electrode (Ingold Combination Redox Pt4805-S7/120), a capillary 258 

tube for the addition of reagents, the N2 entrance and a capillary tube connected to a peristaltic 259 

pump (Thermo Scientific 72-310-300) for extraction of the sample of the supernatant. 260 

Experiments were conducted at pH values between 3.5 and 7 with a Fe(II) concentration of 10 261 

mM. A blank was prepared at each of the working pH in order to analyse the amount of 262 

sulphate released in absence of Fe(II). pH values below 5 were adjusted with a previously 263 

decarbonized 1 M KOH solution whereas higher pH values, 6 and 7, were adjusted using 264 

sulfonic buffers, PIPES (C8H18N2O6S2) and HEPES (C8H18N2O4S). The concentration of the 265 

buffers was 1 M and the pH was adjusted prior to Fe(II) addition. To prevent oxic conditions, 266 

N2 was bubbled in all the solutions involved and in the distilled water used for their 267 

preparation, and all the system was kept hermetically closed.  268 

The duration of the experiment was 24 h. During this period aliquots were periodically 269 

withdrawn using the peristaltic pump for Fe(II) and SO4 analysis. These samples were 270 

acidified and filtered through 0.45 µm Millipore filters before analysis. After 24 h, the 271 

remaining suspension was frozen and stored before freeze-drying. The solid was analysed by 272 

XRD (Phillips PW1710 X-ray diffractometer) to assess any mineralogical change at the end 273 

of the experiment. 274 

2.5.3. Transformation experiments in the presence of ascorbic acid 275 

The effect that the presence of a reducing agent has on the transformation of 276 

schwertmannite was studied by adding ascorbic acid in the system. The reductive dissolution 277 

experiments were conducted with samples POR3 and Sch. Eight reactors were set up at 278 

different initial conditions for the two iron oxide samples (Table S2, Supplementary Data). 279 

Each reactor contained 200 mL of 0.01 M NaNO3 and 0.2 g of Sch or POR3 sample 280 
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(concentration in reactor 1 g/L). Every sample was analysed in the presence and in the 281 

absence of arsenate at two different pH values, 3 and 5. An arsenic to iron molar ratio of 0.1 282 

was studied when arsenate was present in the system. Arsenate was allowed to equilibrate 283 

with the mineral for 5 hours prior to the addition of 250 µM ascorbic acid. Concentrations of 284 

Fe(II) in solution were not detected for any of the reactors prior to addition of ascorbic acid. 285 

The reactors were maintained in the dark under a continuous N2 gas purging into the reactor 286 

during the course of the experiment. The deionized water used to prepare the solutions was 287 

degassed and subsequently N2 gas was purged through it overnight before the experiment. 288 

The pH value of the desired experiment was controlled overnight prior to the experiment and 289 

it was periodically checked in the reactors to ensure that it remained constant during the 290 

experiment. 291 

The first aliquot was collected before the addition of ascorbic acid as a control. Fe(II) 292 

concentration was measured by taking aliquots after 10, 30, 60, 120 and 180 min after the 293 

addition of ascorbic acid. All aliquots were filtered in the absence of light and filtrates were 294 

collected in foiled glass vials.  Samples were acidified with sulfuric acid in order to prevent 295 

oxidation from Fe(II) to Fe(III). Iron concentrations were determined spectrophotometrically 296 

by the 1,10-phenanthroline method (Clesceri et al., 1998). 297 

 298 

3. Results and discussion 299 

 300 

3.1 Analysis of the AMD water samples 301 

The results obtained in the physico-chemical characterization of the collected water 302 

samples are shown in Table S3 (Supplementary Data). The water samples have acidic pH, 303 

which is caused by the oxidation process of pyrite or any other mineral sulphide present. 304 

Nordstrom (2011) indicated that this oxidation process is accelerated in mining areas at 305 

contact with air or due to the presence of iron-oxidizing bacteria. Redox potential, which in 306 

acid mine waters indicates the degree of oxidation of the mineral sulphides, was lower in 307 

POR5 and increases downstream  towards sample POR1 (Figure S1, Supplementary Data). 308 

The conductivity was high compared to unaffected stream waters but still lower than values 309 

measured in other AMD areas, such as Riotinto (in Huelva, Spain) where conductivity can 310 

reach 3000-4500 µS/cm (Asta el al., 2010). The AMD waters analysed are rich in Fe(II) and 311 

SO4 ions, with concentrations above 30 and 500 mg/L, respectively. These values, along with 312 

the concentrations for the other major elements, are comparable to those found in other AMD 313 

sites (Asta et al., 2010; Sanchez-España et al., 2005). Concentrations of trace elements were 314 
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higher than in unaffected surface waters, which are generally lower than 1 μg/L (Nordstrom, 315 

2011). Sample POR1 systematically shows lower values in all the measured parameters. This 316 

can be explained considering the location of the sampling site, which is about 3 to 4 km 317 

downstream and outside the mining boundaries (Figure S1, Supplementary Data). 318 

Precipitation of iron oxyhydroxysulphate minerals is favoured at the sites closer to the AMD 319 

source, while formation of iron mineral forms without sulphate is favoured downstream (Asta 320 

et al., 2010). 321 

In order to establish whether the mine water samples fall within the stability range of 322 

schwertmannite, pOH, pSO4 and pFe were calculated from the data measured and the activity 323 

coefficients were determined using the Davies equation. These data can be plotted in a pFe + 324 

3pOH vs pSO4 + 2pH diagram (Figure 1), in which the stability and solubility lines of 325 

schwertmannite and ferrihydrite were also defined (Supplementary Data). As expected from 326 

the extremely acidic pH of the water samples, all of them fall within or very close to the 327 

stability region of schwertmannite. An abiotic neutralization experiment was conducted with a 328 

subsample of POR3 following the method proposed by Baleeiro et al. (2018). Initially this 329 

water sample was located in the stability region of schwertmannite, but with increasing pH the 330 

sample moves to the stability region of ferrihydrite, which becomes predominant at pH > 4 331 

(Figure 1). 332 

 333 
Figure 1.  334 

 335 

3.2 Sediments characterization 336 

3.2.1 XRD 337 

Diffractograms for the sediment samples and the synthetic analogues are shown in 338 

Figure 2. XRD diffractograms of the synthetic samples of schwertmannite, goethite and 339 

jarosite were used as references in order to identify iron mineral phases in the natural mining 340 

sediments. Schwertmannite exhibits a poor crystalline pattern with only three broad bands at 341 

~17º, 35º and 45º 2T (Bigham et al., 1994). The diffractogram of goethite, on the other hand, 342 

present several well defined and narrow peaks located at ~21.4º, 33.4º, 34.9º, 36.8º, and 53.5º 343 

2T. The pattern of jarosite is also recognizable for presenting many peaks very well defined, 344 

especially those at ~17.5º, 28.7º, 29.1º, 45.8º and 49.8º 2T (Baron and Palmer, 1996). 345 

 346 

Figure 2.  347 
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 348 

From the XRD patterns for the three AMD sediments (Figure 2) it can be said that 349 

although POR1 diffractogram contents most of the characteristic peaks of goethite, these are 350 

not as well defined as in the pure phase. Some jarosite peaks were also detected in this 351 

sample, confirming the presence of more crystalline phases. Sample POR5 is more similar to 352 

schwertmannite, with broad bands at ~27º and ~35º, whereas sample POR3 can be considered 353 

as an intermediate phase because some broad bands of schwertmannite are combined with 354 

incipient narrower peaks of goethite. In this sample, the band at ~35° seems to begin its 355 

transformation into the three peaks characteristic of goethite. 356 

3.2.2 Chemical composition 357 

The composition of the sediments was determined following acid digestion of the 358 

samples (Table S4, Supplementary Data). All the samples presented lower Fe contents than 359 

the synthetic schwertmannite. On the other hand, sulphate concentration in natural and 360 

synthetic samples is very similar and within the typical range reported for schwertmannite 361 

(Caraballo et al., 2013). Only sample POR1 has a sulphate concentration below this range. 362 

This fact is in agreement with the XRD results for this sample (Figure 2), where more and 363 

better defined peaks, similar to the goethite diffractogram pattern, can be observed. The Fe/S 364 

and Fe/Al molar ratios can be also analysed. These values once more serve to confirm the 365 

differences in the composition of sample POR1 in comparison with the other two AMD 366 

samples. 367 

Fe and Al concentrations extracted with oxalate (Table S4, Supplementary Data) 368 

allows for determining the percentage of Fe and Al associated to amorphous or low-369 

crystallinity phases within the sediments. These results showed that 37.2%, 75.3% and 65.1% 370 

of total Fe in POR1, POR3 and POR5, respectively, was present as an amorphous phase. In 371 

the case of Al, these percentages were 2.13%, 7.32% and 4.47% in POR1, POR3 and POR5, 372 

respectively. These results confirm the presence of high amounts of iron amorphous oxides, 373 

that is, the low crystallinity of the sediments. Moreover, the concentration of amorphous 374 

phases are higher in the sediments collected upstream, closer to the AMD source, compared 375 

with those collected downstream. This is in agreement with the XRD results observed, since 376 

goethite-like particles were detected in sample POR1. 377 

 378 

3.3 Arsenic adsorption  379 

The results of batch adsorption experiments of arsenate on synthetic analogues and 380 

POR3 sample using different As/Fe ratios are shown in Figure 3 and Figure S2 381 
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(Supplementary Data). Results indicate that the sorption of arsenate on the sediment is 382 

comparable to that on the synthetic Sch within the whole pH interval. This behaviour is 383 

supported by the XRD results (Figures 2), which showed that POR3 sample was 384 

predominantly formed by schwertmannite. The arsenate sorption affinity of the synthetic 385 

samples and POR3 sediment follows the sequence: POR3 ~ Sch > Gt > Jar. At the lower 386 

As/Fe ratio (0.07), the amorphous phases, Sch and POR3, retained all the arsenate added 387 

whereas the sorption level decreased by 60% to 90% on the more crystalline phases Gt and 388 

Jar, respectively. At the higher As/Fe ratio (0.48), about 40% of the arsenate remained sorbed 389 

on POR3 and Sch, whereas only 20% on Gt and less than 10% on Jar. These results are also 390 

in agreement with the crystallinity degree of the samples, since schwertmannite particles 391 

showed higher amorphous character and larger specific surface area values than Gt and Jar, 392 

respectively (Cornell and Schwertmann, 1996; Meng et al., 2020). Attending to these results, 393 

the transformation process from schwertmannite to goethite or other crystalline phases would 394 

increase the mobility of arsenate or other anionic species, e.g. chromate, phosphate or 395 

selenate. Thus, it is important to increase the stability of schwermannite minerals in AMD 396 

systems to extend their scavenging properties for contaminants.   397 

Arsenate adsorption on samples POR3 and Sch can be compared with the results 398 

found in the literature for other schwertmannite samples. At low As/Fe ratios, < 0.15, and 399 

acidic pH values, adsorption levels are close to 100% (Burton et al., 2009; Fukushi et al., 400 

2003), similarly to our findings. On the other hand, results obtained by Burton et al. (2009) at 401 

high As/Fe showed slightly higher adsorption levels, i.e. at pH 4 and As/Fe = 0.38, almost 402 

80% of the As was adsorbed, while in the present study, at pH 4 and As/Fe = 0.30, around 403 

75% of the As was adsorbed on both POR3 and Sch samples (Figure S2, Supplementary 404 

Data). The observed differences may be attributed to differences in the surface area or in the 405 

sulphate content. The effect of pH was not very pronounced and a slight decrease in 406 

adsorption at pH > 7 can only be observed at relatively high As loadings where sorption 407 

capacities were below 100%. Similarly, results found by Burton et al. (2009) also showed a 408 

slight decrease on the As adsorption level on schwertmannite after increasing the pH at 409 

relatively high As loading. Previous experiments with 2-line ferrihydrite showed a greater pH 410 

effect on the arsenate adsorption, i.e. the adsorption level dropped from 100% to 50% as the 411 

pH increased from 5.5 to 10 (Antelo et al., 2015).  The adsorption decrease with the pH is 412 

caused by changes in the surface charge of the iron mineral oxides and in the concentration of 413 

sulphate groups present in the schwertmannite structure. Arsenate adsorption mechanism on 414 

iron oxides usually involves ligand exchange reactions with the iron hydroxyl groups at the 415 
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mineral surface, while in the case of schwertmannite anion exchange reactions with the 416 

sulphate groups present in the crystalline structure are also relevant.  417 

 418 

Figure 3.  419 

 420 

3.4. Transformation experiment of AMD sediments 421 

3.4.1. Effect of arsenic on the ageing under oxic conditions 422 

Ageing of the AMD sediment samples was evaluated over a period of 8 months at 423 

constant pH in the absence and in the presence of arsenate ions. The concentration of SO4 424 

measured in the solution over time at pH 3 (Figure 4) achieved a constant value during the 425 

ageing period in the presence of As in the mineral surface. This plateau was reached in 426 

between 60 and 120 days. Initially, the SO4 concentration in solution was higher in the 427 

presence of As. This result can be explained by the mechanism of adsorption of arsenate onto 428 

schwertmannite. Arsenate adsorbs partially through an ion exchange reaction with sulphate 429 

within the first 48 to 72 hours of the reaction (Antelo et al., 2012; Burton et al., 2009). At 430 

longer times, 120 and 280 days, the samples in the absence of As showed a continuous 431 

increase of sulphate concentration in solution. This is in agreement with the results found by 432 

Bigham et al. (1996), showing an increase in the sulphate concentration released to the 433 

solution with the ageing time until a constant value was reached after 500 days. The results 434 

from Bigham et al. (1996) reflected a gradual transformation from schwertmannite to goethite 435 

through a hydrolysis reaction. The sulphate released in the absence of arsenate was plausibly 436 

due to mineral transformation processes whereas a great percentage of the sulphate released in 437 

the presence of arsenate is due to an anion exchange reaction. As stated above, anion 438 

exchange reactions involving structural sulphate ions is a relevant process for the 439 

immobilization of oxyanions on schwertmannite (Burton et al., 2009; Fukushi et al., 2003). 440 

Regenspurg and Peiffer (2005) reported the partial transformation of synthetic 441 

schwertmannite into goethite after one year, whereas no transformation was observed for Cr- 442 

and As-doped schwertmannite. The release of sulphate observed in these experiments thus 443 

suggested that the transformation of schwertmannite into goethite was slowed down by the 444 

presence of As. This indirect evidence will be, later in this subsection, supported by XRD and 445 

EXAFS data. Finally, for samples aged in the presence of As we observed a decrease in the 446 

SO4 concentration in solution after 150 days, which could be related to a re-adsorption 447 

process on the mineral surface. The variation of the concentration of As in solution during the 448 

ageing experiment was also measured and results are shown in Figure S3 (Supplementary 449 
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Data). Results showed that after 24 hours the uptake of the As is higher than 90%, with 450 

sample POR1As showing the lowest As uptake. This is in agreement with the results for the 451 

sulphate release in the presence of As (Figure 4), since this sample showed the lowest 452 

sulphate concentration in solution. Throughout the ageing experiment no release of As was 453 

observed in these samples, being the % of As released lower than 1% after 60 days. This also 454 

supports the slower transformation rate when As is present, since the change to more 455 

crystalline phases should promote the release of adsorbed ions and higher concentrations in 456 

solution should be observed.  457 

 458 

Figure 4.  459 

 460 

Ageing experiments were also conducted with sample POR3 at variable As 461 

concentrations at pH 3, 7 and 9 (Figures S4 and S5, Supplementary Data). At pH 3 and pH 7, 462 

as the concentration of As increases, more sulphate is released from the AMD samples. This 463 

fact can be explained by the anion exchange between the arsenate added and the structural 464 

sulphate present in solid (Antelo et al., 2012; Burton et al., 2009; Fukushi et al., 2007). At pH 465 

9 sulphate concentration was similar in both the absence and the presence of As. This is due 466 

to the high concentration of hydroxyl ions in the system, which favours the release of 467 

structural sulphate through ion exchange (Boily et al., 2010), combined with the lower affinity 468 

of schwertmannite for As at pH 9 (Antelo et al., 2012). Regardless of the As/Fe ratio, at pH 3 469 

and 7, less than 0.5 % of the initial As concentration was measured in solution during these 470 

ageing experiments. Only at pH 9, and at the highest As/Fe ratio, a significant concentration 471 

of As was detected in solution, between 20.8% and 1.6% of the initial As at 24 h and 57 days, 472 

respectively (Figure S5, Supplementary Data). These results are in agreement with previous 473 

findings showing that an increase of pH increases the transformation rate of schwertmannite 474 

to goethite, especially at pH above 7 (Regenspurg et al., 2004; Jönsson et al., 2005). 475 

The XRD patterns for natural AMD sediments and synthetic schwertmannite were 476 

collected at different times (Figure 5 and Figure S4, Supplementary Data). The diffractograms 477 

confirmed the indirect evidences indicated by sulphate release to the solution. After 91 days, 478 

the diffractogram for Sch started to show diffraction peaks at ~22°, ~35° and in the region 479 

between 50° and 65°. These diffraction peaks were assigned to the formation of goethite. The 480 

diffractogram of the sample spiked with As remained similar to that of Sch at the initial stage. 481 

After 150 days, in the absence of As, the diffraction peaks stemming from goethite became 482 
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sharper and more intense whereas in the presence of As some initial peaks of goethite started 483 

to be detected at ~22° and ~53°. Thus, the presence of As, either adsorbed on the mineral 484 

surface or incorporated in the crystalline structure substituting sulphate groups, retarded the 485 

mineral transformation process from schwertmannite to goethite. The XRD data collected for 486 

POR3 showed similar behaviour than synthetic schwertmannite. Diffractograms for samples 487 

POR1 and POR5 collected at 91 days are shown in Figure S6 (Supplementary Data). POR1 488 

was originally more similar to goethite since the collection point was further away from the 489 

mine and both pH and sulphate concentration made it less favourable for schwertmannite 490 

formation at these conditions (Figure 1). Since goethite was initially detected in POR1, 491 

diffractograms after ageing, with and without As, do not show significative differences 492 

compared with the original sample. XRD data of ageing experiments of sample collected at 493 

POR5 showed a similar behaviour to POR3, i.e. the presence of arsenic delayed the 494 

transformation of schwertmannite into goethite. 495 

 496 

Figure 5.  497 

 498 

XRD data was in good agreement with Fe k-edge EXAFS recorded on the same samples (only 499 

at POR3) (Figures 6 and 7). Figure 6 shows the evolution of the EXAFS spectra for the 500 

samples Sch and POR3, in the absence and in the presence of As, during the ageing 501 

experiment. These spectra were well described by linear combination fitting (LCF) 502 

calculations over the k-range 3 to 13 Å-1 using schwertmannite and goethite as standard 503 

spectra. The fitting parameters for the aged samples are shown in Table S5 (Supplementary 504 

Data). The spectra of Sch and Gt displayed distinctive features at k ~5 Å− 1, and differences at 505 

higher k values, above 8 Å− 1, allowing the distinction between both phases in the transformed 506 

samples. 507 

Figure 6.  508 

 509 

Figure 7 shows the fraction of goethite, as obtained by LCF of the spectra shown in Figure 6, 510 

present at different ageing times both for Sch, and for AMD sediments at POR3. The ageing 511 

experiments were performed in suspensions at pH 3 and in the presence or in the absence of 512 

As in the system. On one hand, in the absence of arsenate (triangles and rhomboids) the 513 

transformation of schwertmannite into goethite was observed, with a final content of goethite 514 

between 40 and 60%. Sch transformed to a slightly higher degree than the schwertmannite 515 
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present in the sediment POR3 did. The amount of goethite found in the Sch was found to be 516 

about 20 % higher in the range of time studied. Changes in the initial degree of crystallinity 517 

between Sch and the AMD sediments or slight incorporation/adsorption of other elements, 518 

such as Al or Cu in sediments, could explain the change in the transformation rate between 519 

the two samples.  The incorporation of Cu or other trace elements on the mineral structure or 520 

mineral surface has been previously reported to increase the stability of schwertmannite 521 

(Antelo et al., 2013; Fan et al., 2019b). On the other hand, the arsenic bearing samples did not 522 

undergo a great extent of transformation into goethite in the range of time studied. Only a 523 

slight transformation into goethite, about 10%, was observed in SchAs after 276 days of 524 

experiment whereas no transformation at all could be detected in the sediment POR3As. 525 

Again, SchAs showed to have a higher transformation rate towards goethite than the As doped 526 

sediment as observed in the experiments without arsenate in the system.   527 

 528 

Figure 7.  529 

 530 

3.4.2 Transformation experiment in the presence of Fe(II) 531 

The aim of this experiment was to assess the role of Fe(II) ions in the mineralogical 532 

transformation of natural iron oxy(hydroxy)sulphates. Changes in the solid phase and in the 533 

solution were monitored by collecting XRD diffractograms and by measuring the 534 

concentration of SO4 and Fe(II) during a 24 h period. The sulphate release to the solution was 535 

pH dependent (Figure 8), with the highest concentrations found at pH 6 and 7. Similar trends 536 

have been reported for schwertmannite by several authors (Antelo et al., 2013; Burton et al., 537 

2009; Paikaray et al. 2017; Regenspurg et al., 2004), although longer times were required in 538 

the absence of Fe(II) to achieve the same levels of sulphate release. It can be observed that at 539 

pH 6 and 7, there is a significant increase in the concentration of sulphate due to the presence 540 

of Fe(II) ions (Figure 8), specially at longer experimental times, i.e. above 15 hours. After 24 541 

h, the SO4 in solution at pH 6 comprises approximately 60% of the total sulphate in the solid 542 

phase whereas it reaches almost 100% (179 mg/L) at pH 7. At pH < 6, however, Fe(II) 543 

showed no significant effect on the SO4 release. The variation in the concentration of Fe(II) 544 

and the redox potential of the solution during the transformation experiment can be observed 545 

in Figure 9. Fe(II) concentration decreased faster at pH 6 than it did at pH 7, inversely to the 546 

SO4 concentration released. The redox potential, on the other hand, increases as the Fe(II) 547 

disappears from solution. This variation is faster at pH 7 than at pH 6. However, after 15-20 h 548 

practically all the Fe(II) in the system was consumed. This can be explained by the high 549 
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affinity of this ion for the surface of iron (oxy)hydroxides at pH > 5 (Burton et al., 2008; 550 

Hinkle et al., 2015). Following adsorption on the mineral surface, Fe(II) ions catalyse the 551 

transformation of amorphous iron oxides to more crystalline phases through an Ostwald 552 

ripening process. The Fe(II) electron transfer to the structural Fe(III) enhances the reductive 553 

dissolution rate and favours the consequent re-precipitation as a more stable mineral phase. 554 

This mechanism was proposed by Hansel et al. (2005), who observed that the evolution of 555 

ferrihydrite to goethite (or lepidocrocite) is accelerated as the Fe(II) concentration in solution 556 

increases. From this experiments it can be concluded that the presence of Fe(II) ions in anoxic 557 

environments has a key role as a catalyser in the transformation of the iron 558 

oxy(hydroxy)sulphates present in areas affected by AMD. These results confirm the previous 559 

findings of Burton et al. (2007), which showed that the interaction between Fe(II) ions and 560 

natural schwertmannite in reducing conditions promotes the formation of goethite in acid-561 

sulphate soils.  562 

XRD patterns of the solid samples collected at the end of the experiment (Figure 8) are 563 

in agreement with the changes observed in the solution. At pH 4 and 5, schwertmannite is the 564 

only mineral phase detected in the diffractogram, while more crystalline phases were 565 

observed at higher pH values. XRD data at pH 7 showed that the dominant phase was 566 

goethite. At pH 6, goethite peaks were also observed, although the most intense peaks were 567 

observed at ~18 º and ~22º. These peaks were assigned to the presence of roemerite, a 568 

hydrated iron sulphate mineral containing both Fe(II) and Fe(III) in their structure 569 

(Fe2+Fe3+
2(SO4)4·14H2O).  Finally, to assess if the co-presence of arsenic has any effect on the 570 

Fe(II)-catalyzed transformation of schwertmannite, additional experiments were conducted at 571 

pH 6 and 7 with both Fe(II) and As present in the system. The XRD of the samples collected 572 

after 24 h showed that schwertmannite is the dominant phase at pH 6 (Figure S7, 573 

Supplementary Data), pointing out the stabilizing effect of the arsenic. This is in agreement 574 

with previous results obtained by Fan et al. (2019a) and Schoepfer et al. (2019). Both studies 575 

indicate that the presence of As or P decrease the Fe(II)-induced transformation of 576 

schwertmannite at pH 6.5. As stated above, in order to have the electron transfer reactions that 577 

promote the formation of goethite, Fe(II) ions need to be initially adsorbed on the 578 

schwertmannite surface. However, when As is present in the system both ions may compete 579 

for the same binding sites at the mineral surface. Increasing the pH from 6 to 7 lead to the 580 

formation of goethite peaks, although the intensity of these peaks is slightly lower than the 581 

observed in the absence of As (Figure S7, Supplementary Data). It should be kept in mind that 582 
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increasing the pH favours the adsorption of Fe(II) ions on iron oxides, while arsenate 583 

adsorption may decrease (Antelo et al., 2015; Hinkle et al., 2015). 584 

 585 

Figure 8.  586 

 587 

Figure 9.  588 

 589 

3.4.3 Effect of arsenic on the reductive dissolution by ascorbic acid 590 

The reductive dissolution of synthetic schwertmannite and sediment samples from 591 

POR3, using ascorbic acid as a reductant, was studied in the presence and in the absence of 592 

arsenic. The ascorbic acid acts as an electron donor which reduces Fe(III) into Fe(II) (Dos 593 

Santos Afonso et al., 1990). As a consequence Fe(II) releases into solution. It was assumed 594 

that at the low pH conditions at which the experiments were performed the extent of the 595 

further transformation of schwertmannite due to the presence of Fe(II) in the system was 596 

insignificant and only the reductive dissolution was assumed to take place to a significant 597 

extent. The latter assumption was based on the low degree of adsorption of Fe(II) ions on iron 598 

oxides at those pH values (Hinkle et al., 2015; Hiemstra and van Riemsdijk, 2007), as well as 599 

the low level of re-adsorption in the presence of ascorbate in the system (Deng et al., 1997).  600 

Figure 10 shows the concentration of dissolved Fe(II) as function of the time from which 601 

ascorbic acid was added to the schwertmannite suspensions. The concentration of Fe(II) was 602 

undetectable prior to addition of ascorbic acid to the system. The left figure shows data 603 

describing the reductive dissolution of Sch at pH 3 and at pH 5 whereas the figure on the right 604 

shows data describing the reductive dissolution of sediments collected at POR3. The presence 605 

of arsenic in the system did not significantly change the kinetics of reduction of iron of any of 606 

the two samples at any pH value. A decrease of Fe(II) in solution could have been anticipated 607 

since arsenic changed the transformation rate of schwertmannite in aerobic conditions. 608 

However, no change in schwertmannite reactivity was observed under these reductive 609 

conditions. These findings are supported by the results published by Pedersen et al. (2006), 610 

where it was shown that the rate of reduction of other iron oxides, such as ferrihydrite, 611 

goethite and lepidocrocite, was also unaffected by the presence of arsenic when using 612 

ascorbic acid as a reducing agent. Interestingly, the amount of Fe(II) dissolved from the 613 

sediments was lower than the amount dissolved from the synthetic schwertmannite. This 614 

could be explained by the fact that the total content of Fe in Sch was higher than the total 615 

amount of iron found in sediments at POR3, 8.88 mmol/g and 6.45 mmol/g, respectively as 616 
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described earlier in Table S4 (Supplementary Data). However, when normalizing by the 617 

amount of iron in the sample, the amount of dissolved Fe(II) was consistently 60 % higher for 618 

synthetic schwertmannite than for sediments. Several factors could explain this behaviour. 619 

Among others, one factor could be that Sch showed different crystallinity levels compared 620 

with the AMD sediments. Another factor could be the incorporation/adsorption of other 621 

elements such as Al or Cu. This could change the reactivity of schwertmannite minerals (e.g. 622 

Antelo et al. 2013; Gan et al., 2015; Regenspurg and Peiffer, 2005). Sch and POR3 showed 623 

higher degree of reductive dissolution at pH 3 than at pH 5, which is in agreement with 624 

previous literature results (Dos Santos Afonso et al. 1990; Cornell and Schwertmann, 1996).   625 

    626 

Figure 10.  627 

 628 

4. Conclusions 629 

Schwertmannite-rich mine sediments showed high adsorption capacities towards 630 

arsenate. Unlike the adsorption of arsenate on other iron oxide minerals such as ferrihydrite, 631 

the adsorption on schwertmannite was less dependent on pH. The secondary precipitation of 632 

iron oxides, such as schwertmannite, has thus a high potential as a self-managed 633 

immobilisation of metal(loid)s in AMD. For an immobilisation method to be successful it 634 

needs to remain effective in time. Adsorption data showed that further crystallization of 635 

schwertmannite would lead to a possible remobilization of arsenate.  636 

The combination of wet experiments, X-ray diffraction and XAS demonstrated that 637 

arsenate significantly delayed the transformation of schwertmannite into goethite. Preventing 638 

the crystallization of amorphous iron secondary minerals favours the long-term 639 

immobilization of trace elements under oxic conditions. Sensitive factors that would define 640 

the long-term self-managed immobilisation in AMD systems would be the pH and redox 641 

potential. Experiments conducted in the presence of Fe(II) ions and organic reducing agents 642 

promote the reductive dissolution of schwertmannite, which may have implications in the 643 

remobilization of arsenic and other metal(loid)s present on the mineral surfaces. The presence 644 

of arsenic in the system inhibited the Fe(II)-catalyzed transformation of schwertmannite, 645 

while it did not affect the rate of reductive dissolution caused by the ascorbic acid. Increasing 646 

the knowledge of the biogeochemical processes controlling the stability and reactivity of 647 

AMD minerals is a crucial tool for the management of mining sites, with the objective of 648 

either immobilizing contaminants or recovering critical raw materials. 649 

 650 



 21 

 651 

Acknowledgements 652 

S.F. and J.A. belong to the CRETUS-Institute (ED431E_2018/01), co-funded by FEDER 653 

(UE) and were also supported by the Group of Excellence GI-1245 financed by the Xunta de 654 

Galicia (Consolidation of competitive groups of investigation; GRC GI 1574). Åforsk and 655 

Wallenberg Foundation is acknowledged for financial support to I.C. Stanford Synchrotron 656 

Radiation Lightsource is acknowledged for granting our beamtime proposal (4663) under 657 

which X-Ray absorption measurements presented in this work were performed. Authors 658 

would like to thank the use of RIAIDT-USC analytical facilities. 659 

 660 

REFERENCES 661 
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Figure Captions 809 
 810 
Figure 1. Plot of pFe + 3pOH vs pSO4 + 2pH diagram for the mine water samples analysed. 811 

The closed circles correspond to the AMD water samples, and the open triangles correspond 812 

to the results of the abiotic neutralization experiment conducted with sample POR3 (here the 813 

arrow represents the increase of pH). The vertical dashed line represents the range of the 814 

stability boundary between schwertmannite and ferrihydrite of the waters in contact with both 815 

schwertmannite and ferrihydrite. The solid lines indicate the solubility of schwertmannite and 816 

ferrihydrite minerals. 817 

Figure 2. X-ray diffractograms for the AMD sediments and the synthetic iron oxides. G – 818 

goethite; J – jarosite; S - schwertmannite 819 

 820 
Figure 3. Arsenic adsorption as a function of pH and As/Fe molar ratio on POR3 sediment 821 

sample (diamond) and synthetic iron oxides Sch (triangles), Gt (circles) and Jar (squares). 822 

(As/Fe molar ratios of 0.07 and 0.30 are shown in Figure S2, Supplementary Data). 823 

 824 

Figure 4. Sulphate concentration released to the solution by the AMD sediment samples 825 

during the transformation experiment with and without As at pH 3. 826 

 827 

Figure 5. Evolution of the XRD diffractograms of the synthetic analogue Sch (left panel) and 828 

natural AMD sample POR3 (right panel), with and without As, during the transformation 829 

experiment. G – goethite; S – schwertmannite; Q – quartz. 830 

 831 

Figure 6. EXAFS spectra (k3χ(k) vs. k(Å-1)) for Sch and POR3 samples, with and without As, 832 

during the transformation experiment (pH 3, As/Fe of 0.1). Solid lines are data and dotted 833 

lines are linear combination fits. k3χ(k). Reference spectra used to do the linear combination 834 

fitting, i.e. goethite (Goe) and schwertmannite (Sch), are shown at the bottom of the figure. 835 

 836 
Figure 7. Fraction of goethite as function of time at pH 3 in a suspension of: Sch (triangles), 837 

sediments sampled at POR3 (rhomboid), SchAs, As/Fe = 0.1 (cross) and POR3As, As/Fe = 0.1 838 

(circle).  839 

 840 

Figure 8. Results of the transformation experiment in the presence of Fe(II) ions under anoxic 841 

conditions for the sample POR3. Left panels show the variation in the sulphate concentration 842 

in solution in the presence of 10 mM Fe(II) (filled symbols) and in the absence of Fe(II) 843 
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(empty symbols) at different pH values (Dashed line indicates the maximum sulphate release 844 

attending to the chemical composition of the sample). Right panels show the XRD 845 

diffractograms of the final solid collected after a 24 h incubation period in the presence of 10 846 

mM Fe(II). G – goethite; S – schwertmannite; R – roemerite. 847 

 848 

Figure 9. Evolution of Fe(II) concentration in solution and redox potential during the 849 

transformation experiment under anoxic conditions. Empty and filled symbols correspond to 850 

the Fe(II) concentrations at pH 6 and 7, respectively. Dashed and solid lines correspond to the 851 

Eh at pH 6 and 7, respectively.  852 

 853 

Figure 10. Change in dissolved Fe(II) concentration as function of time after addition of 250 854 

µM ascorbic acid to the suspension. The figure on the left shows data for reductive dissolution 855 

of synthetic schwertmannite at: pH = 3, As/Fe = 0 (black empty circle), pH = 3, As/Fe = 0.1 856 

(grey filled circle), pH = 5, As/Fe = 0 (black empty square) and pH = 5, As/Fe = 0.1 (grey 857 

filled square). The reductive dissolution of sediments sampled at  POR3 are shown in the 858 

figure on the right at: pH = 3, As/Fe = 0 (black empty triangle), pH = 3, As/Fe = 0.1 (grey 859 

filled triangle), pH = 5, As/Fe = 0 (black empty rhomboid) and pH = 5, As/Fe = 0.1 (grey 860 

filled rhomboid). 861 

 862 
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