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Mineralogically-induced metal partitioning during the evaporative precipitation of 1 

efflorescent sulfate salts from acid mine drainage 2 

 3 

Abstract 4 

Efflorescent sulfate salts constitute a transient storage of acidity and metals during the 5 

dry season in mining areas affected by acid mine drainage, especially under semiarid 6 

climates. The main goal of this work was to study the metal partitioning among the 7 

dissolved and solid phases through the evaporative precipitation sequence of extremely 8 

metal-rich mine waters. The evaporative sequence was induced in the laboratory under 9 

controlled conditions for 24 days. The loss of water caused a progressive decrease of pH 10 

values (from 2.71 to 1.33) and increase of metal concentrations (e.g., from 1826 to 11 

17800 mg/L of Al, 836 mg/L to 9783 mg/L of Fe and 301 to 2879 mg/L of Zn), which 12 

caused the precipitation of efflorescent sulfate salts. The precipitated salts were mainly 13 

composed of a mixture of minerals of Ca (gypsum, CaSO4·2H2O), Al (alunogen, 14 

Al2(SO4)3·17H2O), Fe (copiapite, Fe2+Fe3+
4(SO4)6(OH)2·20H2O and melanterite 15 

Fe2+SO4·7H2O) and Mg (hexahydrite, MgSO4·6H2O), although the proportion of each 16 

mineral phase varied throughout the experiment. A preferential precipitation of Al and 17 

Mg sulfate salts, together with melanterite, was observed until the second week of the 18 

experiment, with evaporation rates lower than 70%. The precipitation of gypsum 19 

predominated with higher evaporation rates, reaching values higher than 80% of the 20 

mineral assemblage. The evaporative precipitation sequence was modeled using 21 

PHREEQC, obtaining good agreement with experimental data for gypsum, but failing 22 

in turn to accurately reproduce the evaporative sequence of other minerals such as 23 

hexahydrite, alunogen and melanterite.  A metal partitioning pattern was observed 24 

during the evaporative precipitation sequence. Fe-sulfate minerals (e.g., copiapite and 25 
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melanterite) present a higher affinity for Cu, Y and Th (and other trace metals such as 26 

Mn, Cd or Sc) while Al and Mg sulfate salts would retain Zn, Co, Ni and to a lesser 27 

extent Cr. In the case of gypsum, found prominently in the mineral assemblage during 28 

the experiment, it seems to have affinity for REE. This metal partitioning pattern is not 29 

observed in field data reported in literature. Such discrepancies, as well as those 30 

observed between modeled and experimental results, must be investigated in further 31 

studies. 32 

 33 

Keywords. Acid Mine Drainage, Evaporative Sulfate Salts, Elements Partitioning, 34 

Precipitation Sequence 35 

 36 

  37 
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1 Introduction 38 

 Acid Mine Drainage (AMD) is one of the most polluting processes of water 39 

bodies worldwide due to sulfide oxidation during mining operations and after mine 40 

closure. The oxidative weathering of sulfides upon atmospheric conditions may 41 

generate acidic solutions rich in sulfates and metals. If these weathering products in 42 

solution exceed the saturation indices, the precipitation of secondary minerals can take 43 

place. This process occurs by two main mechanisms: precipitation as low soluble 44 

hydroxides or hydroxysulfates (e.g., ferrihydrite, schwertmannite or jarosite) or as 45 

soluble evaporitic salts (e.g., melanterite, copiapite, alunogen, hexahydrite, etc.) 46 

forming efflorescences, as a result of water losses by intense evapoconcentration during 47 

the dry season (Alpers et al., 1994).  48 

 The precipitation of low soluble secondary Fe(III) minerals commonly found in 49 

AMD systems such as schwertmannite (Fe8O8(OH)6(SO4)) or jarosite 50 

(KFe3(SO4)2(OH)6) plays a key role in the removal of trace metal(oid)s from solution 51 

(e.g., Bigham et al., 1994; Webster et al., 1998). These mineral phases transform into 52 

more stable mineral phases with time, such as goethite (FeOOH), leaving most metals 53 

in the solid phase during this ageing process (Acero et al., 2006), while others such as 54 

As could be released over the long term (Cruz-Hernández et al., 2019). Although the 55 

removal of metal(oid)s by Al minerals from AMD has been the focus of less attention 56 

compared to the analogous Fe(III) minerals (probably due to their lower abundance in 57 

these systems), Carrero et al. (2015) evidenced a high potential for basaluminite 58 

(Al4(SO4)(OH)10•5(H2O)), a poorly-crystalline Al hydroxysulfate, to remove As and Cu. 59 

This mineral has also been presented as a sink of Cu and rare earths elements (REE 60 

during AMD neutralization, which suggests a high potential economic value as metal 61 

ore (Ayora et al., 2016). 62 
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 The precipitation of these low soluble secondary minerals can be considered as 63 

an effective and long-lasting natural mechanism of metal attenuation if oxidative 64 

conditions are preserved. However, the precipitation of secondary minerals can also 65 

constitute a transient storage of sulfate, acidity and metal(oid)s. This is the case of the 66 

precipitation of sulfate salts from evapoconcentration processes of highly acidic sulfate 67 

waters (Olyphant et al., 1991). Climate is an important control on evaporitic sulfate salt 68 

formation; while the occurrence of these minerals in wet climates is commonly 69 

ephemeral, it may have a significant importance in semiarid climates characterized by 70 

long dry periods (Hammarstrom et al., 2005). The precipitation of evaporitic sulfate 71 

salts slows down metal pollution in AMD environments, but only temporarily until the 72 

arrival of rainfall when the dissolution of these salts leads to rapid acidification and 73 

release of enormous amounts of sulfate and metal(oid)s to the water, giving 74 

 rise to intense episodes of pollution (e.g., Bayless and Olyphant, 1993; Alpers et al., 75 

2000; Frau, 2000; Jerz and Rimstidt, 2003; Cánovas et al., 2008, 2010). 76 

 The Odiel and Tinto rivers, located in the Iberian Pyrite Belt (IPB), which is one 77 

of the largest polymetallic massive sulfide regions in the world, suffer from intense 78 

mining pollution. Hence, around 37% of the length of the Odiel River drainage network 79 

and the entire main course of the Tinto river are affected by AMD (Sarmiento et al., 80 

2009; Cánovas et al., 2010). The Mediterranean climate in the area, with high 81 

temperatures during the long dry period, leads to intense evaporitic sulfate salt 82 

precipitation. Buckby et al. (2003) estimated that around 200 tons of Cu and 150 tons of 83 

Zn are temporally stored in the Tinto catchment during summer due to evaporation, 84 

which are subsequently re-dissolved during flush-out processes with the arrival of first 85 

autumn rainfalls (Cánovas et al., 2010). 86 
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 The mineralogy of these salts depends on the chemical composition, Eh and pH 87 

of the precipitating solutions (Buckby et al., 2003). However, metal(oid) partitioning 88 

among the different minerals has not been properly addressed. Knowledge of the sulfate 89 

mineralogy and precipitation sequence from AMD is important because different sulfate 90 

minerals host different amounts of trace elements and acidity, which upon dissolution 91 

will be released (Jerz and Rimstidt, 2003). Thus, knowledge of metal partitioning 92 

during sulfate salt precipitation/dissolution in AMD environments would allow 93 

prediction of increases in metal concentration in rivers near mine sites after rainfall 94 

episodes. On the other hand, the study of evaporitic sulfate minerals raises concern 95 

regarding the preservation from the time of collection in the field to the time of analysis 96 

and characterization because of the fast process of dehydration and oxidation (Chou et 97 

al., 2013). Several works have studied the precipitation and dissolution of these 98 

efflorescence salts in AMD systems (e.g., Buckby et al., 2003; Hammarstrom et al., 99 

2005; Cánovas et al., 2010; Moncur et al., 2015). However, the study of such processes 100 

under controlled conditions in the laboratory has been the focus of less research. 101 

Therefore, the main goal of this work is to study the evaporative precipitation sequence 102 

of an AMD in the laboratory to relate the mineralogy with the metal partitioning among 103 

the dissolved and solid phases.  104 

2 Methodology 105 

 A laboratory driving-evaporation experiment was performed using AMD waters 106 

collected from the Agrio River, which is affected by metal-rich acidic discharges from 107 

the Riotinto mining district. The Agrio River is a tributary of the Odiel River 108 

irreversibly deteriorating its water quality (e.g., Cánovas et al., 2018; Olías et al., 2018). 109 

The sample was taken 20 km downstream from the Riotinto mining discharge 110 

(37°43′43.56′′N, 6°41′28.85′′W) at 1 m from the riverbank to avoid problems associated 111 
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with water stagnation. The sample was kept refrigerated until the beginning of the 112 

experiment (the same day as the sampling). A test vessel (40.5 x 17.5 x 20 cm), with a 113 

flat plate of slope around 30°, was filled with 7 L of AMD collected in sterile 114 

polypropylene containers (Fig. 1a, b) from the Agrio River at the end of summer. At 115 

this time, the highest concentrations of elements of the year are registered due to the 116 

decrease of runoff and intense evaporative processes. Once in the laboratory, the water 117 

was exposed to infrared radiation by lamp (28 ± 2 ºC) until total solution evaporation 118 

(24 days; Fig 1c–e) in order to mimic evaporation conditions commonly found on the 119 

river banks of AMD-affected water courses of the IPB during late spring and summer. 120 

 121 

Fig. 1. Evaporation system used to perform the experiment: a) test vessel 122 
containing the test water subjected to infrared radiation by lamp at the beginning of the 123 
experiment, (b) schematic lateral view of the container, (c) top view of the glass plates 124 
placement, d) efflorescent salts formed during the experiment and (e) after total water 125 

evaporation, f) efflorescent salts naturally formed during the summer at the Agrio 126 
riverbed. 127 

  128 
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 Temperature, electrical conductivity (EC), pH and oxidation-reduction potential 129 

(ORP) were measured daily using a portable multiparameter Crison®MM40+. ORP 130 

values were corrected to obtain the Eh (Nordstrom and Wilde, 1998). Small volumes of 131 

water samples (40 mL) were daily collected to study the evolution of chemical solution 132 

composition during the entire experiment. These samples were filtered through 0.45 µm 133 

Millipore Teflon filters, acidified with suprapure HNO3 acid and preserved in the dark 134 

at 4 °C until analysis. The evaporation rate was calculated measuring the loss of water 135 

volume in the experimental container, previously marked with graduated lines.  136 

 Concentrations of major dissolved elements (e.g., Al, Ca, Cu, Fe, Mg, Mn, Na, 137 

SO4 and Zn) were determined by Inductively Coupled Plasma Atomic Emission 138 

Spectrometry (ICP-AES), whereas concentrations of dissolved trace elements (e.g., As,  139 

Cd, Co, Cr, Ga, Li, Ni, Pb, REE, Sc, Sr, Th, U and Y were measured by Inductively 140 

Coupled Plasma Mass Spectrometry (ICP-MS Agilent 7700). Detection limits were 141 

between 0.05 and 0.2 mg/L for major elements and 20 g/L for trace elements. A 142 

triplicate analysis was performed in order to evaluate the analytical precision, with 143 

errors below 5% in all cases. Blanks were analyzed along the entire analysis schedule 144 

and all elements were below the detection limits. The analytical accuracy was validated 145 

through the analysis of reference materials (NIST-1640). 146 

 Efflorescent salts were collected from individual glass plates (Fig.1c) placed at 147 

different depths into the recipient to study the temporal evolution of the precipitated 148 

minerals. The chemical composition of these salts was determined after dissolution of 149 

50 mg of precipitated salts in 50 mL of distilled water and subsequent analysis of the 150 

solution by ICP-AES and ICP-MS. The mineralogy of efflorescent salts was determined 151 

by X-ray diffraction (XRD) using a Bruker D8 Advance diffractometer with Cu Kα 152 
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radiation with a scan range of 5-65º 2Ɵ, 0.02 2Ɵ step size and 2.4 s counting time per 153 

step. 154 

 The chemical speciation and mineral saturation indices were obtained by the 155 

PHREEQC code v2.12.01 (Parkhurst and Appelo, 2005) using Pitzer ion interaction 156 

parameters because most solutions showed high ionic strength values (from 0.1 to 15 157 

M). The evaporative sequence in the recipient was modelled by PHREEQC by 158 

removing progressively volumes of water from the initial AMD, proportional to the 159 

cumulative evaporation using the REACTION command. The database compiled by 160 

Tosca et al. (2005) was expanded to include, among others, interaction coefficients for 161 

Cu and Zn (Reardon and Beckie, 1987; Reardon, 1988). Solubility products and 162 

reactions were taken from the WATEQ4F database (Ball and Nordstrom, 1991) and 163 

other works (Reardon, 1988; Delany and Lundeen, 1990; Tosca et al., 2005). All this 164 

information was included in the database used to model the evaporative sequence. 165 

 A Principal Component Analysis (PCA) was performed on data from chemical 166 

analysis of collected salts to evaluate statistical relationships between multivariate 167 

datasets, with the aim of studying the patterns of metal partitioning among these 168 

secondary minerals. Previously, a normality test (Shapiro-Wilk) was performed on 169 

samples. As most variables were normally distributed, the Pearson’s correlation 170 

coefficient was used to determine significant relationships (α = 0.05) between data 171 

(Davis, 2002).  172 
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 Table 1. Physicochemical data and analytical results of the AMD solution during the evaporation experiment. Sulfate concentration (SO4) expressed in g/L. 

                               

           Major Elements (mg/L)   Trace Elements (µg/L) 

Time Evap. pH Eh EC 

Charge 

balance 

(%) 

Al Ca Cu Fe Mg Mn Na SO4 Zn  As Cd Co Cr Ga Li Ni Pb REE Sc Sr Th U Y 

0 0% 2.71 813.4 15.1 -5.48 1826 430 140 836 2191 233 36 18.0 301  25 1267 8016 133 <20 2086 3996 <20 6233 230 873 87 202 1570 

1 5% 2.69 807.2 15.6 -9.50 1874 446 147 862 2253 241 37 18.7 312  25 1325 8434 136 <20 2224 4195 <20 6563 248 891 91 216 1643 

2 10% 2.50 801.7 16.7 -8.15 2017 475 156 928 2423 259 40 19.9 333  26 1399 8872 152 <20 2368 4452 <20 6892 276 944 96 223 1739 

3 15% 2.47 804.0 16.9 -8.28 2122 503 164 977 2542 271 42 21.0 351  26 1481 9472 158 <20 2508 4784 <20 7233 291 1009 100 235 1845 

5 24% 2.36 802.4 17.2 -6.11 2427 564 186 1115 2909 309 47 23.9 399  25 1672 10649 177 22 2825 5321 22 8186 334 1129 113 269 2094 

6 28% 2.48 802.8 17.0 -7.81 2545 589 196 1174 3047 324 50 25.2 421  28 1751 11286 190 23 3026 5608 23 8654 350 1206 119 283 2214 

7 34% 2.50 807.3 17.7 -7.88 2740 537 208 1258 3284 349 53 26.7 448  28 1907 12320 209 24 3243 6068 23 9257 385 1233 129 301 2376 

8 37% 2.29 809.6 19.5 -8.68 2884 551 220 1329 3453 366 56 28.1 472  32 1949 12749 216 23 3365 6260 24 9602 388 1293 133 311 2473 

9 41% 2.11 805.6 19.9 -6.02 3076 537 235 1420 3683 392 60 29.8 504  30 2125 13871 234 27 3670 6815 25 10429 428 1363 144 339 2689 

10 44% 2.07 772.9 21.1 -6.94 3333 533 255 1540 3987 423 65 32.4 548  35 2313 15169 252 28 3970 7405 28 11260 464 1474 155 362 2927 

11 49% 1.88 776.1 21.2 -5.67 3511 520 270 1630 4210 448 68 34.3 582  35 2435 16181 269 30 4177 7940 27 11953 499 1500 165 386 3124 

12 54% 1.80 815.2 22.3 -4.13 3778 530 288 1750 4508 479 73 36.7 624  35 2578 17171 285 31 4415 8342 29 12587 509 1530 172 404 3297 

13 58% 1.80 815.2 22.3 -5.25 4106 533 310 1912 4895 520 79 40.0 678  39 2823 18766 315 34 4864 9185 32 13657 578 1675 188 443 3593 

14 62% 1.76 818.8 23.6 -4.37 4446 532 335 2076 5192 561 86 43.2 734  40 3021 20185 334 36 5211 9720 34 14544 601 1776 203 479 3899 

15 65% 1.73 811.1 24.6 -2.06 4887 530 367 2291 5834 617 94 47.6 810  46 3292 22143 370 41 5686 10687 39 15906 686 1873 224 525 4245 

16 68% 1.67 819.8 25.3 1.32 5615 541 411 2623 6511 703 108 53.7 913  50 3602 24332 403 43 6286 11651 40 17172 754 2025 246 579 4674 

17 72% 1.76 836.3 27.9 5.89 6378 536 469 2998 7439 802 124 61.1 1040  57 4181 28105 471 48 7355 13476 45 20841 878 2281 287 673 5504 

18 74% 1.58 813.0 29.7 9.34 7462 528 544 3560 8767 934 143 71.7 1221  67 4799 32824 554 54 8607 15708 53 24068 1022 2561 337 793 6428 

19 78% 1.49 814.4 32.0 -0.59 9627 517 684 4657 11217 1196 184 91.7 1558  83 5910 40656 690 68 10530 18876 65 29586 1255 2958 415 977 8072 

20 81% 1.40 787.9 32.8 2.43 12464 484 874 6228 14255 1544 238 119.0 2018  103 7470 51403 872 83 13550 24504 79 37167 1589 3626 524 1252 10890 

21 86% 1.33 808.8 33.1 -0.70 17800 356 1217 9783 19969 2172 340 170.4 2879  142 9935 69608 1199 109 18470 33576 111 49819 2162 4215 714 1717 14690 

Time refers to days. Evap.: Evaporation. Eh is expressed in mV. EC: electrical conductivity (mS/cm). Charge balance obtained by PHREEQC. No data available for day 4. 
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3 Results and Discussion 173 

3.1 Water composition during the experiment 174 

 The evaporation experiment lasted a total of 24 days, which led to the total 175 

evaporation of water. However, water solutions (Table 1) were collected from the 176 

beginning to day 21, when liquid could not be separated from the solid phase. The loss 177 

of water caused a progressive decrease of pH values; from an initial pH of 2.71 to 2.50 178 

during the first week (34% of evaporation), to 1.76 during the second week (62% of 179 

evaporation) and finally, to 1.33 at the last stage of the experiment (>85% evaporation) 180 

(Table 1). Eh values remained high throughout the entire evaporation sequence with 181 

values within a narrow range between 773 and 836 mV. Electrical conductivity 182 

increased from 15.1 mS/cm at the beginning of the experiment to 33.1 mS/cm at the end 183 

(day 21; before total dryness of solution). 184 

 The original AMD solution was characterized by higher concentrations of Al 185 

and Mg than Fe (2.1 to 2.6 times higher). As expected, dissolved concentrations 186 

increased progressively with evaporation rate (Table 1), for example Al passed from 187 

1826 to 17800 mg/L, Fe from 836 mg/L to 9783 mg/L, SO4 from 18 to 170g/L and Zn 188 

from 301 to 2879 mg/L. However, not all elements increased to a similar extent; most of 189 

them (e.g., Al, Mg, Mn, Fe, Zn and Cu) raised their concentration more than 8-fold their 190 

initial values, while lower increases were observed for Sr, As, Ga and Pb (between 4- 191 

and 5-fold). These differences must be attributed to a varying grade of incorporation on 192 

salts. The only element which exhibited a different behavior was Ca; a progressive 193 

increase in concentration (from 430 to 589 mg/L) was observed during the first six days 194 

of evaporation (28% of water loss), with a slight decrease before reaching a steady 195 

stage, to finally decrease in the last days of the experiment (at evaporation rates > 72%; 196 

Table 1). This non-conservative behavior of Ca can be seen in Figure 2, where 197 
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concentrations measured in the evaporation vessel are compared with the theoretically 198 

expected concentration due to evaporation (estimated), considering the loss of water 199 

observed among samplings. Elements showing a conservative behavior should be 200 

aligned over a theoretical line with slope 1, while those exhibiting a non-conservative 201 

behavior may fall below this line. As can be seen, As is strongly removed from solution 202 

by precipitating salts since the beginning of the experiment, while Ca and Sr undergo 203 

strong removal at evaporation rates ranging from 28 to 34%. 204 

 Most elements seem to follow a quasi-conservative behavior during the early 205 

stages of evaporation, that is, their incorporation into the salts may be almost negligible 206 

compared to the high concentrations found in solution, and started to precipitate 207 

noticeably only when the evaporation rate was about 54% (Fig. 2). This removal is not 208 

only evident for elements commonly found in efflorescent salts as major (i.e., SO4, Fe, 209 

Al, Mg) or accessory components (i.e., Cu, Zn, Co, Cd, Y, REE, Ni, etc.; Buckby et al., 210 

2003; Cánovas et al., 2010; Olías et al., 2016), but also for more conservative elements 211 

such as Na (Fig. 2). 212 

 Some differences among the most abundant elements (Al, Ca, Mg and Fe) can 213 

be observed. Figure 3 shows molar ratios of some dissolved elements during the 214 

evaporative sequence, where a downward deflection of the lines indicates a preferential 215 

enrichment in the aqueous phase of the denominator element. Thus, a progressive 216 

increase of Al over Mg is observed in solution when more than 60% of the water was 217 

evaporated (Fig. 3b), while a similar enrichment is observed for Fe in relation to Al but 218 

at a higher evaporation rate (80%; Fig. 3c). Therefore, for the major elements a general 219 

sequence of preferential incorporation into the efflorescent salts is established as 220 

follows: Ca >>> Mg > Al > Fe.  221 
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 222 

Fig. 2. Comparison of concentration of some elements measured in solution during the 223 
evaporation sequence with those theoretically estimated from the evaporation rate. 224 

Elements aligned over the dashed red line exhibit a conservative behavior, while those 225 
found below are affected by precipitation processes (see text for explanation). Vertical 226 
blue dashed, green solid and red dotted lines indicate evaporation rates of 28%, 34% 227 

and 54%, respectively. 228 
 229 

 Manganese followed a similar evolution to Cu until the evaporation rate 230 

exceeded 58% (Fig. 3e), while a progressive increase in Cu concentration in solution 231 

over Zn was observed throughout the entire experiment (Fig. 3f). This Cu enrichment in 232 

solution disagrees with the results reported by Alpers et al. (1994) and Caraballo et al. 233 

(2016), who showed a preferential incorporation of Cu over Zn in melanterite. 234 
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 Differences among trace elements were also observed. The element with higher 235 

depletion from solution was As, as evidenced by the increasing Fe/As ratio in solution 236 

(Fig. 3d). A similar evolution to As was observed for Pb (not shown). A slight 237 

enrichment in Co with respect to Ni was observed in solution (Fig. 3g), despite the 238 

similar geochemical behavior of both elements (Dill, 2010). 239 

 REE also seem to have a slightly higher affinity for incorporation in efflorescent 240 

salts as compared to Co and Ni, with increasing ratios of Co/REE (not shown) and 241 

Ni/REE (Fig. 3h) interrupted only at the end of the evaporation sequence (>80% 242 

evaporation). The greater removal of REE from solution in relation to Y (not shown) is 243 

also striking, despite having a similar geochemical behavior. On the other hand, U and 244 

Th concentrations show a similar evolution along the entire sequence with some 245 

differences at the beginning and at the end, when the U/Th ratio increases (Fig. 3i). 246 

According to the results shown in Figure 3 and Table 1, a preferential sequence of 247 

incorporation of trace elements into the salts could be established as follows: As ≈ Pb > 248 

Sr > Ga > REE > Ni > Cd > U ≈ Th > Co ≈ Cr > Sc ≈ Y > Zn > Cu > Mn. 249 

3.2 Mineral precipitation processes 250 

 The composition of salt minerals may reflect the composition of waters from 251 

which they precipitated (Jambor et al., 2000). Table 2 and Figure 4 show the chemical 252 

and mineralogical composition of salts collected along the experiment (some elements, 253 

e.g., As, Pb and Ga, are not shown because they were below the detection limit). The 254 

precipitated efflorescent salts were comprised of a mixture of minerals of Ca (i.e., 255 

gypsum, CaSO4·2H2O), Al (alunogen,Al2(SO4)·17H2O), Mg (hexahydrite, 256 

MgSO4·6H2O) and Fe (copiapite, Fe2+Fe3+
4(SO4)6(OH)2·20H2O and melanterite; 257 

FeSO4·7H2O) (Fig. 4). These minerals have been previously identified among the main 258 

evaporitic sulfate salts in AMD-affected environments both in field and laboratory 259 
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studies (Alpers et al., 1994; Buckby et al., 2003; Fernandez-Remolar et al., 2005; Rull 260 

et al., 2014). Fernandez-Remolar et al. (2005) reported a similar evaporation sequence 261 

along a 20-km river reach at Rio Tinto headwaters, with similar hydrated sulfates 262 

associated with different-color precipitates: copiapite, gypsum and jarosite in yellowish 263 

precipitates and alunogen in whitish precipitates. 264 

 265 

 266 

Fig. 3. Molar ratio evolution in the AMD solution during the evaporation experiment 267 
for selected elements. 268 
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Table 2. Chemical composition of precipitated salts during the entire evaporation experiment. 

    Major Elements (mg/kg)   Trace Elements (mg/kg) 

Time (days) Evaporation Al Ca Cu Fe Mg Mn Na S Zn   Cd Co Cr Li Ni REE Sc Sr Th U Y 

3 15% 36766 3291 3111 18683 44198 5665 2027 119931 6023   28 159 4 44 79 98 6 21 2 4 33 

5 24% 35322 1682 2415 14527 43077 5086 2781 113583 5840   27 165 1 52 83 87 5 9 1 5 30 

6 28% 34888 1650 2530 9848 42137 4178 2398 105844 5581   17 165 1 37 87 83 4 9 1 3 22 

7 34% 32144 437 3723 24305 42217 5398 2387 111243 5793   23 156 1 35 81 110 6 9 2 3 37 

8 37% 31792 10976 2640 19092 37748 5163 2441 108781 5123   23 141 0 37 70 122 4 20 2 3 29 

12 54% 39460 787 3203 14653 47549 5872 2276 122283 6548   25 185 2 44 92 112 4 10 2 4 30 

14 62% 32739 3255 2759 15012 38019 5322 2408 102830 5331   24 145 0 41 71 130 4 14 2 3 29 

16 68% 30225 6723 2712 14607 38019 5363 2792 102535 5336   24 146 0 40 72 115 4 16 2 3 28 

17 72% 32207 1589 2663 12446 39234 4520 2596 100157 5386   20 152 1 36 76 85 3 8 1 3 24 

20 81% 29576 1741 2802 14093 38579 5275 3283 99454 5422   24 153 2 43 75 116 4 11 2 3 29 

22 94% 23982 70409 1882 10811 29462 3644 3777 119612 4117   18 108 0 29 55 177 3 73 1 3 23 

23 100% 28012 12585 2471 12525 29639 4285 3090 91209 4124   20 113 0 34 54 97 3 18 1 3 24 

24 100% 26716 13208 2245 12075 31647 3969 3089 91212 4338   19 121 0 34 61 96 4 19 1 3 24 
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 The first stages of the experiment (between 15 and 28% evaporation) led to the 264 

precipitation of alunogen and hexahydrite, reaching more than 70% total salt content 265 

according to semi-quantitative estimations made by intensities of XRD patterns (Fig. 4). 266 

To a lesser extent gypsum (10%), melanterite (10%) and copiapite (5%) also 267 

precipitated. Therefore, a preferential precipitation of Al and Mg sulfates, until the 268 

second week of the experiment, was observed. This precipitation sequence is consistent 269 

with the Al/Mg ratio in solution (Fig. 3), with no apparent changes during the first two 270 

weeks (up to achieving 60% evaporation). This preferential precipitation of Al-Mg over 271 

Fe sulfate salts is related to the higher concentration of both elements with respect to Fe 272 

in the initial solution. In this sense, a mixture of Fe(II)-Fe(III) and Fe(III) sulfates is 273 

commonly found on AMD-affected riverbanks, precipitated from Fe-rich waters with 274 

pH values ranging from 2 to 4 (i.e., Buckby et al., 2003; Joeckel et al., 2005; Sánchez-275 

España et al., 2007). These sulfate salts (i.e., copiapite) were mainly observed to 276 

precipitate in the first stages of the experiment (28-37% evaporation, Fig. 4), when the 277 

pH of the solution ranged between 2.5 and 2.1 (Table 1). The higher precipitation of 278 

melanterite observed during the intermediate stage of the experiment (11% of total 279 

content at 54% evaporation, Fig. 4) did not coincide with the lowest Cu/Zn ratios in the 280 

AMD solution (Fig. 3) as suggested by Alpers et al. (1994). This fact supports that 281 

melanterite precipitation throughout the experiment was of minor importance in Cu 282 

retention in efflorescent sulfate precipitation. On the other hand, the precipitation of 283 

gypsum predominates (70% of salts) during the third week of the experimental run 284 

(72% evaporation, Fig. 4). However, this tendency is interrupted at the end of the 285 

precipitation sequence (total evaporation), when alunogen, hexahydrite and melanterite 286 

precipitation gains importance again (close to 90% total salt content, Fig. 4).  287 

 288 
 289 
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 290 
Fig. 4. X-ray diffraction patterns of the salts precipitated at 3rd, 6th, 8th, 12th, 22nd and 291 
24th days. The evaporation percentages and the estimated semi-quantitative proportions 292 
of the minerals identified according to the intensities in each pattern are shown. (Note: 293 

detection limit is close to 5% of total content). 294 
 295 



19 
 

 Saturation indices of precipitating minerals in solution were predicted using 296 

PHREEQC for comparative purposes (Fig. 5). The model indicates oversaturation of 297 

jarosite until the end of the experiment and of gypsum during the first two weeks of the 298 

experiment (at evaporation rates <78%). These predictions fit well with mineralogical 299 

evidences observed for gypsum, especially during the intermediate stage of the 300 

experiment, but jarosite was not observed in XRD spectra. The model also predicts the 301 

undersaturation of halotrichite, which was not found in the mineral assemblage. 302 

However, the model predicts undersaturation of alunogen, melanterite and copiapite for 303 

the entire experiment (Fig. 5), which were observed in the salts during the experiment 304 

(Fig. 4). Discrepancies between observed and modeled results have also been reported 305 

by Moncur et al. (2015) and attributed to the different composition between water-306 

forming minerals and modeled waters. That is, the different chemical composition of 307 

waters contained in the vessel and those evaporated onto the glass plates may be 308 

responsible of differences in results. For this reason, the evaporative precipitation 309 

sequence was simulated by PHREEQC subtracting of the initial AMD progressive 310 

amounts of water using the REACTION command and imposing the equilibrium 311 

condition (EQUILIBRIUM command) with respect to precipitating minerals. As can be 312 

seen in Figure SM1 (supplementary material), the model approximately reproduces the 313 

sequence for gypsum; with a significant depletion of Ca at evaporation rates higher than 314 

30% as evidenced by the Ca/Mg decrease in solution (Fig. 4) and the amount of gypsum 315 

precipitated (Fig. 5). The model also predicts reliably the absence of halotrichite 316 

precipitation, which was not found in the mineral assemblage during the experiment. 317 

However, it failed to reproduce the behavior of other minerals such as hexahydrite and 318 

melanterite, which precipitated at the end of the modeled sequence (Fig. SM1), and 319 

alunogen, which the precipitation observed in the experiment was not predicted. 320 
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Therefore, an alternative hypothesis to explain such discrepancies could be the 321 

existence of certain inaccuracies in solubility constants and interaction coefficients used 322 

in the model. 323 

 324 

 325 
Fig. 5. Saturation indices of AMD solutions with respect the precipitating minerals 326 

during the evaporative sequence  327 
 328 

3.3 Trace metal partitioning in evaporitic sulfate salts 329 

 Absorption processes may cause the incorporation of metallic ions in the 330 

crystalline mineral structure of sulfate salts. This process, commonly known as 331 

coprecipitation (Lottermoser, 2010), may affect the solubility of cations in acid 332 

conditions. The nature of such processes during evaporative precipitation may play a 333 

major role in the mobility of trace metals in AMD systems as it has been proven that 334 

different sulfate minerals store different trace elements (Jerz and Rimstidt, 2003). 335 

Therefore, the formation and dissolution of these highly soluble salts have a critical 336 

importance in metal cycling in AMD systems (Buckby et al., 2005). Figure 6 and Table 337 

SM1 show the relationship among elements contained in the evaporitic salts collected 338 
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during the experiment. The most striking fact is the high correlation between Al and 339 

Mg, which is in agreement with the solution chemistry and the modeling results, and 340 

suggests the concomitant precipitation of both Al and Mg sulfate salts from solution 341 

during most of the evaporation sequence. In the case of Fe, there is no correlation with 342 

Mg and Al (Pearson´s correlation coefficient of 0.41 and 0.30, respectively; Table 343 

SM1), which indicates a different pattern of precipitation for this metal. On the other 344 

hand, a high correlation between Al and Mg, Zn, Co and Ni (r>0.90; Table SM1) can be 345 

seen, while correlation of Al with Cu was lower (0.60). No significant correlations were 346 

found for other elements such as REE (-0.49), Y (0.44) and Th (0.41). On the other 347 

hand, Fe exhibited a high correlation (0.79–0.92) with Cu, Y and Th (Fig. 6 and Table 348 

SM1), with lower values for other elements in solution. The significant absence of 349 

correlation between Fe and highly-correlated elements to Al and Mg salts, evidences a 350 

partitioning pattern among elements. Regarding REE, there is no correlation with either 351 

Al and Mg or Fe (Fig. 6 and Table SM1). However, these elements show high 352 

correlation with Ca and Sr (0.79 and 0.82). Unsurprisingly, Sr exhibited a high 353 

correlation with Ca (0.98) due to the fact that Sr tends to replace Ca in gypsum structure 354 

(Dill, 2010). It is also noteworthy to highlight that despite As being the first element to 355 

be scavenged during the evaporative sequence, it was found below the detection limit in 356 

all collected salt samples. This element has a great affinity for Fe hydroxysulfates in 357 

AMD environments (Asta et al., 2009).  The geochemical modeling performed on 358 

samples evidenced that waters were strongly oversaturated at the beginning of the 359 

experiment with respect to jarosite (Fig. 5), decreasing thereafter. However, this mineral 360 

was not found by XRD in collected salts (Fig. 4). This could be due to the low 361 

abundance of jarosite in the mineral assemblage (below 5%), which would have 362 

precluded its identification by XRD.  363 
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 These associations between elements were also observed by data resulting from 364 

the PCA (Fig. 7). Thus, Fe-sulfate minerals (i.e., copiapite and melanterite) would 365 

present a higher affinity for Cu, Y and Th (and other trace metals such as Mn, Cd or Sc) 366 

while Al-Mg sulfate salts (mainly alunogen and hexahydrite) would retain preferentially 367 

Zn, Co and Ni. In the case of gypsum, found prominently in the mineral assemblage 368 

during the experiment, the PCA suggests a greater affinity for REE and Na in addition 369 

to Sr. 370 

 371 

Fig. 6. Relationship among selected elements and Pearson´s Correlation Coefficient (r) 372 
in the efflorescent sulfate salts collected during the experiment 373 

 374 
 375 
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 An important issue is whether conditions observed in the laboratory reproduce 376 

those commonly found in the field. For this purpose, a comparison of relationships 377 

observed among elements with those reported in efflorescent sulfate salts collected in 378 

the IPB (e.g., Buckby et al., 2003; Sánchez-España et al., 2005; Cánovas et al., 2010; 379 

Cala-Rivero et al., 2018) has been performed (Fig. SM2). Unlike the data obtained in 380 

laboratory, no significant correlations were observed among the aforementioned 381 

elements. In addition to differences in water composition, such discrepancies must be 382 

related to the different nature of the studied systems; the evaporation sequence in this 383 

study can be considered as a closed system, while that reported in the literature are open 384 

systems. Therefore, the evaporation sequence in both open (i.e. river banks, streams, 385 

etc.) and closed (i.e., ponds, reservoirs, etc.) systems may differ and should be 386 

investigated in detail in future studies. 387 

The formation and solubility of secondary minerals have great environmental 388 

implications since the dissolution of these salts can induce metal peaks in the receiving 389 

water bodies. Hence, from the presented results it is hypothesized that the dissolution of 390 

the Fe soluble salts might cause a notable increase in Fe and other trace metals such as 391 

Cu, Y, and to a lesser extent, Mn, Cd or Sc in the receiving water bodies. On the other 392 

hand, the dissolution of Al and Mg salts may cause increased levels of trace metals such 393 

as Zn, Co, Ni and Cr.   394 
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Fig. 7. Principal Component Analysis score plot of evaporitic sulfate salt composition 

during the experiment 

 

  395 
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4 Conclusions 396 

 The induced evaporative sequence obtained in this study showed a progressive 397 

increase of metals, but not all elements increased their concentrations to a similar 398 

extent, which suggest differences in metal partitioning during metal precipitation. While 399 

a general sequence of preferential incorporation of Ca >>> Mg > Al > Fe into the 400 

efflorescent salts was established for the most abundant elements, a preferential 401 

sequence of incorporation of trace elements into salts was suggested as follows: As ≈ Pb 402 

> Sr > Ga > REE > Ni > Cd > U ≈ Th > Co ≈ Cr > Sc ≈ Y > Zn > Cu > Mn. 403 

 A mixture of gypsum, alunogen, hexahydrite, copiapite and melanterite 404 

precipitated from solution, although the proportion of each mineral phase varied 405 

throughout the experiment. The first stages of the experiment led to the precipitation of 406 

alunogen, hexahydrite, gypsum, and to a lesser extent, copiapite and melanterite. The 407 

precipitation of gypsum predominates from about day 12 of the experimental run, 408 

reaching values higher than 80% of the mineral assemblage. However, this tendency 409 

was interrupted at the end of the precipitation sequence (>90% evaporation), when 410 

alunogen, hexahydrite and melanterite precipitation gained importance again. 411 

 The evaporative precipitation sequence modeled using PHREEQC showed a 412 

good agreement with experimental data for gypsum. However, the model failed to 413 

reproduce accurately the evaporative sequence of other minerals such as hexahydrite 414 

and melanterite, which were predicted to precipitate at the end of the sequence, and 415 

other Al-rich sulfate salts such as alunogen for which precipitation was not even 416 

predicted. The existence of certain inaccuracies in solubility constants and interaction 417 

coefficients used in the model could be responsible for such differences between 418 

modeled and observed data. 419 
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 Metal partitioning was observed during the evaporative precipitation sequence 420 

studied. Fe-sulfate minerals (i.e., copiapite and melanterite) would present a higher 421 

affinity for Cu, Y and Th (and other trace metals such as Mn, Cd and Sc) while Al-Mg 422 

sulfate salts (mainly alunogen and hexahydrite) would retain Zn, Co, Ni, and to a lesser 423 

extent, Cr. Gypsum, found prominently in the mineral assemblage during the 424 

experiment, seems to have affinity for REE, Na and Sr. This metal partitioning pattern 425 

observed in the laboratory was not observed in field data reported in the literature. 426 

Therefore, discrepancies observed between laboratory and field conditions must be 427 

investigated in detail in future studies. 428 
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