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Abstract 16 

Passive treatment systems have become one of the most sustainable and feasible 17 

ways of remediating acid mine drainage (AMD). However, conventional treatments 18 

present early clogging of the porosity or/and coating of the reactive grains when high 19 

acidity and metal concentrations are treated. The performance of fine-grained reagents 20 

dispersed in a high porosity matrix of wood shavings was tested as an alternative to 21 

overcome these durability problems. The system consisted of two tanks of 3 m3 filled 22 

with limestone sand and wood shavings, and one tank of 1 m3 with caustic magnesia 23 

powder and wood shavings, separated by several oxidation cascades and decantation 24 

ponds. The system treated about 1.5 m3/day of AMD containing an average of 360 25 

mg/L Fe, 120 mg/L Al, 390 mg/L Zn, 10 mg/L Cu, 300 µg/L As and 140 µg/L Pb, a 26 

mean pH of 3.08 and a net acidity of 2500 mg/L as CaCO3 equivalents.  The water 27 

reached pH 5 and 6 in the first and second limestone tanks, respectively (suitable to 28 

remove trivalent metals); and pH 8 to 9 in the MgO tank (suitable to remove divalent 29 

metals). After nine months of operation, the system achieved an average removal of 30 

100% Al, Cu, As, Pb, more than 70% Fe, about 25% Zn and 80% acidity. Goethite, 31 

schwertmannite, hydrobasaluminite, amorphous Al(OH)3 and gypsum were the main 32 

precipitates in the two limestone tanks. Precipitation of divalent metals (Fe (II), Zn, and 33 

traces of Cd, Ni and Co) were complete inside the third tank of MgO, but preferential 34 

flow along the walls was responsible for its low treatment performance. Goethite, 35 

gypsum, Zn-schulenbergite and sauconite are the crystalline solid phases identified in 36 

the MgO tank. 37 

 38 
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Pyrite Belt 41 

 42 

1. Introduction 43 

Polluted mine waters can be remediated by two generic approaches, active or passive 44 

treatment (Johnson and Hallberg, 2005). While the former implies the use of energy and 45 

continuous addition of chemicals, the later relies on natural water flow and 46 

biogeochemical reactions. The Iberian Pyrite Belt (IPB) in the SW of the Iberian 47 

Peninsula (Spain) is the largest massive sulfide district in the world with more than one 48 

hundred abandoned sites discharging acid mine drainage (AMD) into the Tinto and 49 

Odiel rivers (Sánchez-España et al., 2005). The large number of sources and the lack of 50 

any current responsible for the pollution suggest passive treatment systems as the most 51 

feasible remediation option for the region.  52 

One of the biggest hurdles that a passive treatment system has to overcome is the 53 

long operating time necessary to make the system economically feasible (PIRAMID-54 

Consortium, 2003). Clogging of the porosity and coating of the reactive grains with 55 

precipitates (passivation) are the two main operating factors controlling the life time of 56 

a passive treatment, and both of them depend on the amount of dissolved contaminants 57 

in the AMD.  Due to the very high metal concentrations of the AMD from the Iberian 58 

Pyrite Belt (IPB) (Cánovas et al., 2007; Nieto et al., 2007), the traditional systems like 59 

anoxic limestone drains, ALD (Benner et al., 1999; Cocos et al., 2002; Watten et al., 60 

2005) or reducing and alkalinity producing systems, RAPS (Jage et al., 2001), 61 

experience clogging or passivation within a few months of operation. A novel reactive 62 

material called dispersed alkaline substrate (DAS) was developed to overcome these 63 

problems (Rötting et al., 2008a, b). On the one hand, this reactive mixture contains an 64 
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inert pine wood shavings matrix, to supply a high porosity and to reduce the problems 65 

of clogging, and on the other hand, a fine-grained reagent (e.g. limestone) to increase 66 

reactivity and to dissolve the reactive grains completely before passivation occurs. 67 

Limestone-DAS has been successfully tested in a one year laboratory column study 68 

(Rotting et al., 2008a), where the chemical and hydraulic performance were 69 

investigated. A complementary field experience in the IPB was also performed showing 70 

very promising results (Rötting et al., 2008b). During the operation time, this passive 71 

treatment system removed 90-100% Al, Cu, Pb and As, about 45% Fe and an average 72 

net acidity of 900 mg/L as CaCO3 equivalents. The important amount of unreacted 73 

limestone observed in the reactive tank when it was sampled showed the need for a new 74 

study to optimize the limestone-wood shavings ratio of the filling. Moreover, with the 75 

exception of Cu, the system did not remove divalent metals (Fe(II), Zn, Cd, Co, Ni, etc).  76 

The use of two different alkaline reagents lies in the need to reach pH values between 77 

8 and 9, which is impossible to achieve in AMD by limestone dissolution because, due 78 

to the high Ca concentration in these waters, equilibrium with this mineral is reached 79 

when the pH is between 6 and 7. Magnesium oxide (MgO) dissolution buffers solutions 80 

between pH of 8.5 and 10.5, which is high enough to precipitate divalent metals like Zn, 81 

Cd, Ni or Co.  82 

Laboratory experiments to remove divalent metals with MgO (caustic magnesia) have 83 

given promising results. Cortina et al., 2003, treated monometallic synthetic solutions 84 

(Zn, Cu, Pb, Mn) of pH between 3 and 5.5 with columns filled with caustic magnesia 85 

and quartz sand (2-4 mm grain size). Rötting et al., 2006, repeated the same experiment 86 

with Cd, Ni and Co. In all cases metal removal finished after 1,000 to 2,000 pore 87 

volumes (less than three months), when the columns clogged, and only a minor fraction 88 

of the reactive material was consumed. Some experiments performed with 89 
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multicomponent acid input solutions (Al, Fe and some divalent metals) resulted in a 90 

much poorer performance (200 pore volumes) due to fast development of Fe-Al coating 91 

of the MgO reagent (Cortina et al., 2003). In order to improve the hydraulic 92 

conductivity and the consumption of the reactive substrate, a third laboratory column 93 

experiment (Rötting et al., 2008c) was performed using a mixture of pine wood 94 

shavings, caustic magnesia sand (MgO-DAS) and a synthetic aqueous solution of pH 95 

5.5 with Zn and Mn. During its one year of operation, the experiment completely 96 

removed the metals without any clogging.  97 

The present work is the continuation of these experiments, and the objective is to test 98 

the performance of a complete limestone and MgO-DAS remediation pilot plant using 99 

natural high metal concentration-AMD. The previous pilot plant experiment (Rötting et 100 

al., 2008b) was extended to complete the current treatment (Fig. 1), comprising the 101 

following elements:  one tank of limestone-DAS designed to remove Al, As, and part of 102 

Fe, two oxidation cascades and decantation ponds, a second tank of limestone-DAS 103 

designed to increase pH to values above 5 and to completely remove Al and Fe(III); 104 

finally, and again after oxidation cascades and decantation ponds, a reactive tank of 105 

MgO-DAS designed to remove divalent metals. The system was monitored during nine 106 

months (when the natural flow of AMD ceased due to a period of drought), and the 107 

solids were sampled upon the completion of the treatment in order to characterize solid 108 

precipitates.  109 

 110 

2. Materials and methods 111 

2.1. Field site and treatment system description  112 

The present study was carried out at the Monte Romero abandoned mine complex put 113 

in operation in 1967 by Asturiana de Zinc to obtain Pb and Zn (Pinedo-Vara, 1963), 114 
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being located near Cueva de la Mora village, in Almonaster la Real, SW of Spain (Fig. 115 

1). The ore, mined by underground operations, consists of a massive pyrite deposit with 116 

minor amounts of Zn, Pb and Cu sulfides, belonging to the Vulcano-Sedimentary 117 

Complex of the IPB (Pinedo-Vara, 1963). The enclosing rocks are low grade phyllites 118 

without any carbonate beds. 119 

As occurred in many other mines, its closure implied the flooding of the underground 120 

galleries due to the end of the groundwater pumping and the generation of AMD. The 121 

inflow AMD of the treatment was taken from the emerging water of a mine shaft. The 122 

metal concentration and physico-chemical parameters of the AMD (Table 1) reflect the 123 

mine mineralogy (Fe, Zn, Cu and Pb sulfides) as well as the almost anoxic conditions 124 

(e.g. low Eh and very low dissolved oxygen).  125 

A schematic view of the passive treatment system is shown in Fig. 1. The treatment is 126 

subdivided in three different sections: two of them consisting of  limestone-DAS tanks 127 

of 3 m3 in volume connected in series with two decantation ponds (T1-D1-D2 and T2-128 

D3-D4) and a third section consisting of an MgO-DAS tank of 0.5 m3 in volume (T3). 129 

Each tank was equipped with lateral sampling ports at different depths in order to 130 

measure the profiles of chemical parameters. The different elements of the treatment are 131 

connected using open, plastic channels and cascades to oxygenate the AMD and 132 

promote iron oxidation. On the basis of previous studies (Rötting et al., 2008b), the 133 

limestone proportion in T1 was reduced in order to avoid clogging by a massive 134 

precipitation of Al. Detailed characteristics of the different elements of the treatment are 135 

exposed in Table 2. An inflow rate of 1.5 m3/day was set to obtain a residence time of at 136 

least 24 h for T1 and T2. This flow rate implies a residence time close to 10 h for T3 137 

and 4 days for each decantation pond. 138 
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Global operating time for the treatment was almost 9 months (from 28 of July 2006 to 139 

1 of April 2007) and the treatment was stopped due to the ceasing of the water supply in 140 

the shaft after a very long dry period. The tanks were put into operation sequentially, in 141 

order to test that each section was working properly. 142 

2.2. Water sampling and analysis 143 

    Water samples were taken at least once a month for the following points: inflowing 144 

water, supernatant and drain pipe for T1, T2 and T3 and inflowing and out-flowing 145 

water at D1, D2, D3 and D4. Sampling of the lateral ports of each tank was done every 146 

other month. Temperature and electrical conductivity were measured in the field using a 147 

portable CM35 meter (Crison®) with 3 point calibration (147 and 1413 µS/cm and 148 

12.88 mS/cm). The pH and redox potential were measured using a PH25 meter 149 

(Crison®) with Crison electrodes. Redox potential and pH were controlled and 150 

calibrated using 2 points (240-470 mV) and 3 points (pH 4.01- 7.00-9.21) respectively, 151 

with Crison standard solutions. The redox potential measurements were corrected to the 152 

Standard Hydrogen Electrode to calculate pE. Dissolved oxygen was measured with an 153 

auto-calibrating Hanna® portable meter and gross alkalinity was determined using 154 

CHEMetrics® Total Titrets® (range 10-100 or 100-1000 mg/L as CaCO3 equivalents, 155 

accuracy approximately 5%). Water samples were filtered immediately after collection 156 

through 0.1 µm Millipore filters on Millipore syringe filter holders, acidified in the field 157 

to pH <1 with HNO3 suprapur and stored at 4°C in 60 ml sterile polypropylene 158 

containers until analyzed. Analyses were carried out in the Central Research Services of 159 

the University of Huelva. Dissolved concentrations of Al, As, Be, Ca, Cd, Co, Cr, Cu, 160 

Fe, K, Mg, Mn, Na, Ni, Pb, S, Si, Ti, V and Zn were determined by Inductively Coupled 161 

Plasma Atomic Emission Spectrometry (ICP-AES Yobin-Ybon Ultima2) using a 162 
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protocol specially designed for AMD samples (Tyler et al., 2004). The detection limit 163 

was always lower than 0.1 mg/L, and the analytical error was lower than 5%.    164 

Net acidity (Ac) (mg/L as CaCO3 equivalents) was calculated according to the 165 

recommendations from Kirby and Cravotta, 2005a, b, and using the following equation 166 

after Rötting et al., 2008b: 167 

Ac = 50,045 · (3·cAl + 2·cFe + 2·cMn + 2·cZn + 10-pH) – alk (1) 

where cX are molar concentrations of the different metals (mol/L) and alk is measured 168 

gross alkalinity (mg/L as CaCO3 equivalents). 169 

Saturation indices (SI = logIAP - logK; IAP = ion activity product) of possible 170 

minerals with respect to analyzed element concentrations were calculated using 171 

PHREEQC Interactive 2.15.0 (Parkhurst, 1995) and the WATEQ4F database (Ball and 172 

Nordstrom, 1991). Additional thermodynamic data for schwertmannite was taken from 173 

Yu et al., 1999.  174 

2.3. Solid sampling and analysis 175 

For the solid sampling, 3 cross sections (one for each reactive tank) were dug after 176 

the completion of the treatment to have a look at the different precipitate layers 177 

developed inside the reactive material. On the basis of the visual study performed at 178 

each cross section, the following samples were taken: 0-2, 2-5, 5-10, 10-12, 12-20, 20-179 

40 and 40-90 cm deep for T1; 0-2, 2-5, 5-8, 8-12, 12-18, 18-23, 23-30, 30-40 and 40-60 180 

cm deep for T2 and 0-2, 2-10, 10-20 and 20-40 cm deep for T3.   181 

As a first approach to the constituent mineralogy of the samples, an X-ray diffraction 182 

(XRD) study of randomly oriented powder samples was performed using a Bruker 183 

D5005 X-ray Diffractometer with Cu Ka radiation. Diffractometer settings were: 40 184 

kV, 30 mA and a scan range of 3–65º 2q, 0.05º 2q step size and 20-s counting time per 185 
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step for the samples with lower crystallinity (iron and zinc precipitates) and 3–65º 2q, 186 

0.02º 2q step size and 2.4-s counting time per step for the samples with higher 187 

crystallinity (samples with gypsum and/or calcite). The low crystallinity of the typical 188 

precipitates generated in AMD environments (Dold, 2003; Gagliano et al., 2004; Hall et 189 

al., 1996; Kumpulainen et al., 2007; Caraballo et al., 2009a) makes necessary the use of 190 

some complementary techniques to consolidate and to extend the first XRD results. 191 

Thus, it was decided to perform total digestions and selective mineral dissolutions of the 192 

different samples of each reactive tank. Concentrated HNO3 was employed to achieve 193 

the total digestion of the samples while 0.2M NH4-oxalate was used to differentiate 194 

between the Fe corresponding to schwertmannite and to goethite (Dold, 2003). Using 195 

the samples submitted to schwertmannite selective dissolution a Differential X-ray 196 

Diffraction (DXRD) study was performed (Caraballo et al., 2009a).   197 

   The metal concentration of the different digestions and selective mineral dissolutions 198 

were determined by Inductively Coupled Plasma Atomic Emission Spectrometry (ICP-199 

AES Yobin-Ybon Ultima2).  200 

 201 

3. Results and discussion 202 

3.1. Hydrochemistry and mineralogy of the treatment’s first section 203 

In order to give an overview of the hydrochemical variation, only three elements (Fe, 204 

Al and Zn), pH and alkalinity were selected. As can be observed in Fig. 2, the first 205 

important change in the AMD hydrochemistry occurs at the output of T1 (T1-OUT) 206 

where pH increases from 3 to almost 5. At the same time, Fe and Al concentrations in 207 

the reactive tank decrease from 380 to 326 and from 150 to 50 respectively. 208 
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The bulk chemistry and mineralogy of the solids present inside T1 is exposed in Fig. 209 

3 and table 3, respectively.  As can be observed, the upper 10 cm of the reactive 210 

material consists of an iron horizon, where only schwertmannite and goethite have been 211 

identified by XRD and DXRD. The results obtained from the mineral selective 212 

dissolution performed with 0.2M NH4-oxalate allowed all of the iron to separate into 213 

two different sets, one belonging to schwertmannite and the other to goethite. As shown 214 

in Figure 3, almost all the iron present in samples at 0-2 and 2-5 cm deep corresponds to 215 

iron hosted in schwertmannite while the iron proportion for sample 5-10 cm is close to 216 

50% for each mineral. This mineral is poorly represented in XRD because of its low 217 

crystallinity. The schwertmannite/goethite ratio decreasing from top to bottom of the 218 

iron horizon, is attributed to direct precipitation of schwertmannite from the 219 

supersaturated supernatant solution (Table 3) and its aging to goethite with increasing 220 

depth. This is the same distribution as previously described in a DAS passive treatment 221 

system (Caraballo et al., 2009b) and in terraces naturally formed from the same AMD 222 

(Acero et al., 2006).   223 

The diffractograms obtained from samples from 10 to 90 cm (Table 3) only reveal the 224 

presence of gypsum as a new mineral phase and calcite as part of the initial substrate. 225 

Nevertheless, total digestions performed on these samples (Fig. 3) show, as expected, an 226 

important aluminum concentration. This difference can be attributed to the presence of 227 

amorphous Al-phases. From the Al/S ratio, previous studies have proposed the presence 228 

of amorphous basaluminite as fresh precipitates in treatment systems (Rötting et al., 229 

2008b), and as a result of mixing waters in rivers of the region (Sanchez-España et al., 230 

2006). However, molar ratio of aluminum to sulfur for basaluminite is 4 while this 231 

value for T1 ranges from 8 to 12. This higher ratio can be explained by the presence of 232 

an additional Al-phase, probably amorphous Al(OH)3 (Table 4). Previous studies have 233 
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also shown the coexistence of basaluminite and gibbsite (Nordstrom, 1982), which are 234 

an aging product of other metastable Al-phases (Berkowitz et al., 2006; Berkowitz et 235 

al., 2005; Nordstrom, 1982; Sims and Ellis, 1983). 236 

The chemical profile of the pore water from T1 (Fig. 4A) shows how iron 237 

precipitation is limited to the upper part of the reactive material (first 2 or 3cm deep) 238 

and how all the As present in the water is removed coupled to this iron precipitation via 239 

adsorption and coprecipitation onto the Fe precipitates. Al water concentration within 240 

T1 (Fig. 4A) confirms the hypothesis of Al precipitation when the pH of the AMD 241 

reaches a value of more than 5. At the same time and coupled with Al removal some 242 

other elements (Cu, Pb and Cr) are completely or almost completely removed inside T1. 243 

The removal distribution of all these elements inside the Al precipitation zone suggests 244 

that the mineral phases responsible for the Al removal are also responsible for the 245 

removal of Cu, Pb and Cr. These observations are in agreement with the study 246 

performed to the Fe and Al precipitates formed in the passive treatment system of 247 

Monte Romero 2005-2006 (Caraballo et al., 2009b). This study revealed that although 248 

some As, Cu, Pb, Zn and Cr were released after the specific sequential extraction step 249 

designed to obtain the adsorbed elements, the great majority of these elements were 250 

released only after the complete dissolution of the Fe and Al precipitates. As expected 251 

from their low concentration, no other solid phases of these minor elements have been 252 

detected by XRD. Between 0 and 20 cm, Al, Cu and Pb concentration reach values 253 

higher than in the supernatant AMD (Fig. 4A). This is attributed to the redissolution of 254 

the Al solid phase caused by the advance of the more acid Fe front. Then, due to the 255 

scarcity of calcite reactive surface, part of the alkalinity needed for the Fe minerals to 256 

precipitate is supplied by the dissolving Al solid. Regarding Zn, Cd, Co and Ni, Fig. 4A 257 

shows that the concentration of these elements remains constant throughout T1.  258 
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As shown in Fig. 4B, Al removal efficiency of T1 decreases with time. The most 259 

plausible explanation for the time evolution of these three sets of profiles is that gypsum 260 

and Al-solid precipitation on limestone surface decreases the reactivity of the latter 261 

mineral, which is also shown by lower pH and dissolved Ca. Because Al precipitation 262 

only takes place at a pH higher than 5, the decrease in pH with time forces the Al 263 

precipitation front to move down into the reactive material. The important Al migration 264 

inside T1 and the decrease of the removal efficiency of the reactive material with 265 

respect to time, are due to both the lower limestone proportion used in this experiment, 266 

compared with previous studies (Rötting et al., 2008a), and the great increase of Al 267 

concentration in the AMD (from 70 to 140 mg/L) which occurred halfway through the 268 

operation time.  269 

The next important step in the first section of the treatment is the removal of Fe that 270 

takes place inside the first decantation pond (Fig. 2, D1-OUT). Part of the remaining 271 

Fe(II) is oxidized at the cascades, and additional schwertmannite precipitates from the 272 

supersaturated AMD in the decantation pond. The removal of OH- causes the coupled 273 

decrease of pH (Fig. 2). The low pH does not allow metastable Al-phases to precipitate. 274 

Amorphous Al(OH)3 is subsaturated (Table 4), and no thermodynamic data for 275 

amorphous basaluminite have been found. 276 

3.2. Hydrochemistry and mineralogy of the treatment’s second section 277 

The first step of the treatment’s second section consists of another limestone-DAS 278 

tank (T2) where pH and alkalinity are increased while Fe and Al water concentrations 279 

are decreased according to the different reactions previously discussed for T1 (Fig. 2, 280 

T2-OUT).  281 

The inspection of the diffractograms and total digestions performed in T2 (Table 3 282 

and Fig. 3) shows small differences between the solid chemistry and mineralogy profile 283 



 13 

of this tank and the one observed in T1. The iron horizon in T2 (from 0 to 12 cm) is 284 

comprised only by goethite as iron mineral phase that agrees with the SI obtained for 285 

goethite and schwertmannite in this level (Table 4). The important presence of calcite 286 

and gypsum in this layer suggests that goethite precipitation is linked to the dissolution 287 

of calcite that increases pH and enhances Fe(II) oxidation. This is different from the 288 

situation observed in T1, where schwertmannite precipitated from the supernatant 289 

solution. Because of the lower water aluminum concentration in this tank, the aluminum 290 

horizon developed inside the reactive material is restricted from 12 to 30 cm. Another 291 

important difference between T2 and T1 is that calcite dissolution and gypsum 292 

precipitation only took place in the upper 30 cm of the reactive material, leaving 60 cm 293 

of unreacted material. Therefore, the durability of tank T2 is double that of T1, or 294 

alternatively, one T2 tank can treat the water from two T1 tanks.  295 

The distribution of pore water concentrations throughout the profile of T2 is similar 296 

to the one described for T1 with the only difference being that the metals removed in T2 297 

directly depend on the removal efficiency of T1. Thus, as can be observed in the 298 

October-2006 chemical profile of T2 (Fig. 5A), during the time that all the Al present in 299 

the T1 water was removed, the only major element removed from inside T2 was Fe, 300 

while a very slight Cd, Co and Ni removal can also be observed. Due to the pH of 301 

almost 7 achieved during the first months of operation of T2, and the lack of specific 302 

precipitates for these minor elements inside T2 (Table 3), this uptake is attributed to the 303 

adsorption processes onto goethite. When Al removal in T1 was less efficient, the 304 

remaining Al in the water was almost totally removed inside T2 (Fig. 5B, February-305 

2007). As discussed for T1, Cu and Pb are fixed by adsorption and coprecipitation with 306 

the Al precipitates (Fig. 5B). Two stages are observed in the chemical profile evolution 307 

in T2 (Fig. 5A and B). In the beginning of the experiment (October-2006), Fe removal 308 
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took place only in the upper 5 cm of the reactive material, while  later (February-2007), 309 

Fe was removed in the upper 60 cm. Moreover, the pH value at the output of T2 310 

decreased from 6.7 in October 2006 to 6.1 in February 2007 (Fig. 5B). No Cd, Co or Ni 311 

removal was observed for the lower pH.  312 

As described for D1, the same process of schwertmannite precipitation, involving Fe 313 

and alkalinity removal and a decrease in pH can be observed in the D3 and D4 314 

decantation ponds (Fig. 2, D3-OUT, D4-OUT). Due to the higher pH and alkalinity at 315 

the output of T2, the Fe precipitation took place not only in one decantation pond but in 316 

both D3 and D4.  317 

3.3. Hydrochemistry and mineralogy of the treatment’s third section 318 

The last section of the treatment implies the flow of AMD throughout the MgO-DAS 319 

reactive material of T3. At this point, a significant Fe and Zn removal and pH increase 320 

can be observed (Fig. 2, T3-OUT). The chemical composition of the precipitates 321 

developed inside T3 (Fig. 3) reveals two differentiated layers, a first one from 0 to 2 cm 322 

deep with iron as its main constituent, and a second layer from 2 to 40 cm  deep mainly 323 

composed  of zinc. According to the XRD of the sample from 0-2 cm (Table 3), the 324 

mineral responsible for Fe removal is goethite. Concerning the mineralogy of the zinc 325 

precipitates (Appendix), the most plausible mineral phases are Zn-dominant 326 

schulenbergite, (Zn,Cu,)7(SO4)2(OH)10•3H2O, and sauconite, 327 

Zn3(Si,Al)4O10(OH)2•4H2O. Taking into account the amount of Si and Zn removed from 328 

the T3 tank (Table 4), the latter mineral must be a very minor phase. No sign of 329 

Zn(OH)2 found in previous laboratory studies with simpler water chemistry (Rötting et 330 

al., 2006, 2008c) have been identified, probably due to the complex solution treated in 331 

the present case. As expected from their low concentration in the inflow AMD, no solid 332 

phases for trace elements have been detected by XRD. It is also important to take into 333 
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account that practically the entire reagent is exhausted at the end of the experiment: no 334 

peaks of MgO or brucite are evident in the different diffractograms of T3 and only less 335 

than 1 mmol Mg/g solid remains in the solid phase (Fig. 3). Therefore, the durability of 336 

the tank T3 is slightly shorter than that of T1 suggesting that a larger volume or a higher 337 

reagent concentration is needed to increase T3 operating time. 338 

The inspection of a profile of pore water concentrations through the third reactive 339 

tank shows three different patterns (Fig. 6): a first one corresponding to the supernatant 340 

water (from -5 to 0 cm), a second one representing the water chemistry inside the MgO-341 

DAS reactive material (from 0 to 40 cm) and finally, a third one showing the water 342 

chemistry inside the gravel quartz layer (from 40 to 45 cm). The high metal content of 343 

the supernatant (Appendix) was completely removed inside the MgO-DAS reactive 344 

material, where the water pH reached a value between 8 and 9.  However, all the metals 345 

present in the supernatant appear again in the quartz gravel drain with the 346 

concentrations of all solutes diluted to a  proportion close to 0.6 (Appendix). This 347 

suggests that only 0.4 of the water circulated through the reactive material (with the 348 

complete removal of metals), while another portion of 0.6 flowed down through 349 

preferential paths to the quartz drain where both waters mixed. This matches the 350 

development of red channels of iron oxide observed along the semitransparent plastic 351 

walls of the tank.  352 

 353 

3.4. Removal efficiency of the treatment 354 

According to equation 1, the net acidity can be considered as a very useful parameter 355 

to evaluate the efficiency of each section of the treatment regarding metal removal and 356 

water hydrochemistry improvement. Time evolution of the net acidity at four selected 357 

points of the treatment as well as Fe, Al and Zn concentration are shown in Fig. 7. The 358 
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inflow net acidity suffered a sudden increase three months after the beginning of the 359 

experiment. This increase was due to a very important rise of the concentrations of Fe, 360 

Al and Zn (Appendix and Fig. 7).  361 

The net acidity removal (INFLOW net acidity – D2-OUT net acidity) of the first 362 

section of the treatment (T1+D1+D2) ranges from 500 mg/L as CaCO3 equivalent, 363 

during the first three months, to almost 1,000 mg/L after the sudden increase of net 364 

acidity in December. It decreases to almost 700 mg/L towards the end of the experiment 365 

(Appendix). The decrease of the net acidity in this section of the treatment is clearly 366 

linked to the Fe removal in T1 and D1 and, in a higher proportion, to the Al removal 367 

inside T1, and its average is similar to the 900 mg/L reported by Rötting et al., 2008b, 368 

for an equivalent tank with 20% v/v of limestone. Examination of the net acidity 369 

removal in the second section of the treatment (T2+D3+D4) reveals a mean removal of 370 

around 500 mg/L as CaCO3 equivalent and Fe being the main element removed. Finally, 371 

the net acidity removal at the outflow of the treatment (T3-OUT) shows a decrease of 372 

another 500 mg/L as CaCO3 equivalent. This final decrease is due to the Zn and Fe 373 

removal inside T3. All in all, the system is able to decrease the net acidity from 2,500 to 374 

500 mg/L as CaCO3 equivalents. 375 

In order to evaluate the global removal efficiency, the mean relative metal removal of 376 

the system was calculated according to the following equation: 377 

 (2) 

 378 

where cin corresponds to the system inflow concentration of a certain element and cout to 379 

the system outflow concentration of the same element. The results of these calculations 380 

are presented in Fig. 8, where the inflow and outflow mean concentration and the mean 381 

100·
in

outin

c
ccr -

=
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relative removal for some elements have been grouped in two different graphics (Fig. 382 

8A and B) corresponding to major and minor elements. Concerning the major elements 383 

(Fig. 8A), a relative removal close to 100% for Al and Cu, higher than 70% for Fe and 384 

Si and almost 25% for Zn can be observed. These relative removals imply a mean net 385 

removal from the inflow water after the treatment of: 300 mg/L Fe, 140 mg/L Al, 105 386 

mg/L Zn, 32 mg/L Si and 12 mg/L Cu. In the case of minor elements (Fig. 8B), a 387 

relative removal of 100% for As and Pb, higher than 95% for Cr, almost 20% for Ni, 10 388 

% for Co and 5% for Cd can be observed. These relative removals imply a mean net 389 

removal from the inflow water of: 460 µg/L As, 155 µg/L Pb, 220 µg/L Ni,  95 µg/L 390 

Co, 70 µg/L Cd and 14 µg/L Cr. 391 

 392 

4. Conclusions 393 

Summarizing some of the most relevant observations defining the treatment efficiency, 394 

the system is able to remove a net acidity around 2,000 mg/L as CaCO3 equivalents 395 

leading to a decrease in the inflow of AMD from 2,500 to 500 mg/L as CaCO3 396 

equivalents. This acidity removal is double that achieved with only one limestone-DAS 397 

tank (Rötting et al., 2008b) and much higher than the removal rates achieved by anoxic 398 

limestone drains, RAPS and similar passive systems (theoretical alkalinity generation 399 

up to 350-450 mg/L as CaCO3; Younger et al., 2002; average field values of 240-290 400 

mg/L, respectively, Ziemkiewicz et al., 2003). Net acidity elimination corresponds to a 401 

relative removal close to 100% for Al and Cu, higher than 70% for Fe and almost 25% 402 

for Zn (regarding major elements) and 100% for As and Pb, and higher than 95% for 403 

Cr.  404 
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Although the optimal proportion of limestone sand in the limestone-DAS reactive 405 

material depends on the AMD hydrochemistry, the present study has shown that a 406 

12.5% (v/v) shows similar removal to 20%(v/v) limestone (Rötting et al., 2008b). 407 

However, a decrease in reactivity is observed at the end of our experiment. This is 408 

attributed to the faster progress of the aluminum precipitation front down through the 409 

reactive material, which causes a lower removal of Al inside T1, less increase in 410 

alkalinity and less iron removal in the subsequent decantation ponds. The second 411 

limestone-DAS tank (T2) and the following two decantation ponds, play an important 412 

role in Fe removal (almost 50% of the whole removal of the system). Both Fe and Al 413 

removal are important to ensure an efficient and long performance of MgO treatment 414 

(Cortina et al., 2003). Analysis of T3 revealed that almost all the reactive material 415 

present in this MgO-DAS tank was consumed. This observation clearly shows that the 416 

chosen grain size was suitable to achieve a total dissolution before any passivation 417 

process appeared. However, higher volume and/or higher MgO proportion in the 418 

reactive material are needed to extend T3 operating time. The T3 tank confirms that 419 

MgO is able to remove completely divalent metals such as Zn, Fe(II), Cd, Co and Ni 420 

from a complex aqueous solution extending the results of previous laboratory 421 

experiments. However, T3 shows a clear problem of preferential flow along the walls. 422 

To avoid this problem, T3 should be similar to T1 and T2 (with no evident preferential 423 

flow), i.e., with higher volume, cylindrical shape and made of fiberglass. Mina 424 

Esperanza passive treatment system (Almonaster la Real, Spain) can be cited in order to 425 

have a look at an up-scaled limestone-DAS tank  to treat the whole outflow of an adit at 426 

the Iberian Pyrite Belt (Caraballo et al., 2008). This system used 300 m3 of limestone-427 

DAS to treat a maximum flow of 1L/s during an operating time of 18 months. 428 
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The mineralogy of the precipitates developed in the passive treatment system is 429 

directly linked to the precipitation of the five main elements present in Monte Romero 430 

AMD: Fe, Al, Ca, Zn and SO4. Accordingly, an iron horizon was precipitated at the top 431 

of the reactive material of T1, T2 and T3. This iron layer was comprised by 432 

schwertmannite and goethite in T1 and only by goethite (with minor amounts of 433 

gypsum) in T2 and T3. Schwertmannite seems to precipitate directly from the 434 

supersaturated supernatant water, and ages progressively to goethite similar to the 435 

process observed in the terraces of the same AMD flow. Goethite precipitates within the 436 

upper pores of the treatment, where limestone or MgO dissolves, and the subsequent 437 

rise in pH accelerates the Fe(II) oxidation. Next, an aluminum horizon forms inside T1 438 

and T2. No crystalline Al phase could be detected at this layer, amorphous Al(OH)3 and 439 

basaluminite being the most plausible aluminum phases. Finally, only a zinc horizon 440 

was present inside T3. Unlike Zn(OH)2 found in previous laboratory experiments, 441 

complex minerals such as Zn-dominant schulenbergite, (Cu,Zn)7(SO4)2(OH)10•3H2O, 442 

and minor sauconite, Zn3(Si,Al)4O10(OH)2•4H2O are proposed as the most probable Zn-443 

rich precipitates.    444 
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 560 

FIGURE CAPTIONS  561 

Fig. 1. Field site location and schematic view of the different sections comprising 562 

Monte Romero DAS passive treatment system. T1 and T2 correspond to limestone 563 

DAS-tanks, T3 is the MgO DAS-tank and D1-4 are the four decantation ponds. AMD 564 

flows from T1 to T3.  565 

 566 

Fig. 2. Fe (mg/L), Al (mg/L), Zn (mg/L), pH and alkalinity (mg/L as CaCO3 567 

equivalents) distribution at some representative points of the passive treatment system 568 

in February 2007. Legend: Tn-IN = Tank n inflow, Tn-Sup = Tank n supernatant, Tn-569 

OUT = Tank n outflow, Dn-OUT = Decantation pond n outflow.  570 

 571 

Fig. 3. Bulk chemistry of some representative samples of the solid profile sampled at 572 

the three reactive tanks. Fe (Sch) = iron hosted in schwertmannite, Fe (Gth) = iron 573 

hosted in goethite.  574 
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 575 

Fig. 4. (A) Chemical profile of the first limestone-DAS reactive tank in October 576 

2006. The values at -5 cm of depth represent the supernatant. (B) Time evolution of pH, 577 

precipitated aluminium and dissolved calcium in the first limestone-DAS reactive tank.  578 

 579 

Fig. 5. Chemical profile of the second limestone-DAS reactive tank in October 2006 580 

(A) and February 2007 (B). The values at -5 cm of depth represent the supernatant. 581 

 582 

Fig. 6. Chemical profile of the MgO-DAS reactive tank in February 2006. The values 583 

at -5 cm of depth represent the supernatant. 584 

 585 

Fig. 7. Time evolution of the net acidity, Fe, Al, and Zn concentration at some 586 

strategic points of the passive treatment system. D2 and D4 correspond to decantation 587 

ponds 2 and 4 respectively and T3 corresponds to the MgO reactive tank. 588 

 589 

Fig. 8. Metal concentration at the system inflow and outflow and relative removal of 590 

the whole system for some major (A) and minor (B) elements. The values shown in this 591 

graph correspond to the last three months of the system when all the reactive tanks were 592 

in operation. 593 

 594 
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FIG. 6. 834 
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FIG. 8. 927 
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TABLES 973 

 974 

 975 
Table 1  
Mean inflow metal concentration and physico-chemical parameters 
Major Elements (mg/L) 

Al Ca Cu Fe Mg Mn Na Si SO4 Zn 
117 239 10 358 267 19 18 41 3640 388 

Minor Elements (μg/L) 
As Be Cd Co Cr Li Ni Pb Ti V 
302 21 915 910 10 395 973 143 3 14 

Physic-chemical Parameters 
pH Eh Conductivity Diss. Oxygen T (ºC) 

3.08 571 (mV) 4.6 (mS/cm) 0.9 (mg/L) 17 
Calculations were made for 10 samplings from July 28, 2006 and April 1, 2007 976 
 977 
 978 
 979 
 980 
Table 2 
Detailed description of the treatment constituent elements 

Name  Constituent element  Reactive material 
 
T1 

 
3m3 cylindrical fiberglass tank, perforated pipe and 
a 15cm layer of quartz gravel as a drain. Lateral 
sampling ports at 5, 10, 15, 20, 27, 35, 50 and 80 
cm deep in the reactive material 

 
12.5% (v/v) of 
limestone sand and 
87.5% (v/v) of pine 
wood shavings 
 

T2 3m3 cylindrical fiberglass tank, perforated pipe and 
a 15cm layer of quartz gravel as a drain. Lateral 
sampling ports at 5, 10, 15, 20, 30, 40, 60, 80 and 
100 cm deep in the reactive material. 

20% (v/v) of 
limestone sand and 
80% (v/v) of pine 
wood shavings 
 

T3 1m3 cubic plastic tank, a 5 cm layer of quartz 
gravel as a drain. Lateral sampling ports at 0, 5, 10, 
15, 25, 45 cm deep in the reactive material. 

10% (v/v) of MgO 
powder and 90% 
(v/v) of pine wood 
shavings 
 

D1-4 6m3 decantation ponds, dug in the ground and 
isolated with UV-proof plastic. 

 

 981 
 982 

 983 

 984 
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Table 3         
Mineral phases confirmed with X-ray Diffraction (XRD) and Differential  
X-ray Diffraction (DXRD) 
T1  Depth Ranges(cm)  Mineral Phases 

           
    Schwertmannite  Goethite  Gypsum  Calcite 
           
  0-2  DXRD  XRD     
  2-5  DXRD  XRD     
  5-10  DXRD  XRD     
  10-12      XRD  XRD 
  12-20      XRD  XRD 
  20-40      XRD  XRD 
  40-90      XRD  XRD 
           

T2  Depth Ranges(cm)  Mineral Phases 
           
    Goethite  Gypsum  Calcite   
           
  0-12  XRD  XRD  XRD   
  12-18    XRD  XRD   
  18-23    XRD  XRD   
  23-30    XRD  XRD   
  30-40    XRD  XRD   
  40-60      XRD   
           

T3  Depth Ranges(cm)  Mineral Phases 
           
    Goethite  Gypsum  Sauconite  Zn-Sch 
           
  0-2  XRD  XRD     
  20-40      XRD  XRD 

  
To mark the presence of a certain mineral phase at each depth and the used  
analytical technique,  the words XRD and DXRD have been used. Zn-Sch = Zinc 
dominant Schulenbergite. 
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Table 4             
Saturation index (SI) values for the most probably Al and Fe precipitates calculated at    
some representative points and times of the treatment using PHREEQC Interactive 2.15.0 
October 2006  Al(OH)3  Basal  Gib  Gth  Schw  Gyp 
             
T1 -5 cm -5.7  -10.7  -3.0  4.3  0.9  -0.4 
 5 cm  -2.4  0.3  0.3  5.0  2.5  -0.2 
 10 cm 0.3  8.7  3.0  6.4  9.1  -0.1 
 15 cm 0.5  9.4  3.2  6.6  10.9  -0.1 
 20 cm 0.9  10.6  3.6  6.9  12.7  -0.1 
D2-out  -0.8  4.9  1.9  5.1  0.1  -0.1 
T2 -5 cm -5.9  -12.0  -3.2  3.1  -9.2  0.0 
             
February 2007             
T1 -5 cm -5.3  -9.1  -2.6  4.8  4.8  -0.3 
 0 cm  -5.1  -8.4  -2.4  4.9  5.5  -0.3 
 5 cm -4.3  -5.8  -1.6  5.0  5.6  -0.3 
 10 cm -2.3  0.8  0.4  6.0  10.9  -0.3 
 15 cm -1.6  3.1  1.1  6.2  11.6  -0.3 
 22.5 cm -1.5  3.6  1.2  6.2  11.2  -0.3 
 30 cm -1.3  4.3  1.4  6.2  11.3  -0.3 
D2-out  -5.5  -10.1  -2.8  4.4  1.3  0.0 
T2 -5 cm -1.8  2.1  0.9  5.9  8.8  0.0 
 5 cm -0.6  6.2  2.1  6.7  13.7  0.0 
 10 cm 1.0  11.2  3.7  7.3  15.7  0.0 
 15 cm 1.3  12.2  4.0  7.4  16.3  0.0 
 20 cm 1.5  12.8  4.2  7.6  17.3  0.1 
 30 cm 1.5  12.6  4.2  7.6  17.5  0.1 
 40 cm 1.5  12.5  4.2  7.8  18.5  0.1 
D4-out  -2.8  -1.7  -0.1  5.5  5.7  0.1 
T3 -5 cm 0.7   9.9   3.4   8.1   22.5   0.0 
Al(OH)3, Al(OH)3 amorphous; Basal, Basaluminite; Gib, Gibbsite; Gth, Goethite;  
Sch, Schwertmannite and Gyp, Gypsum. 
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