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Abstract
Acid mine drainage (AMD) contains rare earth element (REE) concentrations several orders of magnitude higher than those 
of the rest of natural waters and could be a secondary source of REEs. In arid to semiarid climates with a long dry season, 
the precipitation of efflorescent sulfates constitutes a transient storage of REEs. The REE partition among the Al–Fe–Mg–
Ca sulfates formed by the evaporation to dryness of six different AMDs was investigated by statistical methods and by 
selective dissolution. The chemical composition of the evaporitic salts showed that only three principal components (PCs) 
could explain more than 80% of the variability in the six samples analyzed. PC1 was associated with Ca and light REEs and 
interpreted as gypsum, whereas PC2 was associated with Y and heavy REEs, which were not clearly associated with a major 
sulfate. Finally, PC3 included Mg, Fe and several transition metals (Cu, Ni, Co, Mn and Zn) and was interpreted as Fe(II)-Mg 
sulfates. Selective dissolution of the salt mixtures with solutions saturated in the major sulfates revealed that the REEs were 
only retained in gypsum and were practically absent from the rest of the sulfates. The incorporation of REEs into gypsum 
decreased from Pr-Nd to La and Lu and was strictly ruled by the differences in their atomic radii and that of Ca in eight-fold 
coordination. However, gypsum concentrated less than 20% of the REE inventory (< 1% for Sc); the rest probably formed one 
or more unidentified trace minerals. This indicates that gypsum may not be an efficient way to concentrate REEs from AMD.
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Introduction

The lanthanide series (from La to Lu) plus scandium (Sc) 
and yttrium (Y) are referred to as the rare earth elements 
(REEs) (Connelly et al. 2005). The lanthanides show simi-
lar atomic structures and chemical properties, with a small 
decrease in ionic radius from La to Lu. The lanthanides 
can be arbitrarily divided into light (LREE: La to Eu) 
and heavy (HREE: Gd to Lu), where Y and Sc are often 
considered with the HREEs due to their similar atomic 
size, although Sc has also been set aside by its small ionic 
radius (Chakhmouradian and Wall 2012).

The geochemistry of REEs has been extensively stud-
ied as tracer of geological processes (e.g. Elderfield et al. 
1990; McLennan 1989; Migaszewski and Galuszka 2015). 
However, in the last two decades, there has been increas-
ing interest due to their high demand in modern industry, 
particularly that related to green energy generation and 
consumption. The expected increase in demand and the 
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existence of only one major producer make the finding of 
new sources of REE imperative (Alonso et al. 2012).

Acid mine drainage (AMD) is one of the most exten-
sive and long-lasting pollutant processes of watersheds 
in the world (Nordstrom et al. 2015; Younger 1997). The 
oxidation of Fe sulfides generates acidic and sulfate-rich 
solutions that are very efficient in dissolving the alumino-
silicates of the enclosing rocks. Therefore, the dissolution 
of rocks and the release of solutes to water are much more 
intense in AMD environments than in other weathering 
profiles. The low pH and aqueous complexation by sulfate 
inhibit the sorption of REEs in clays and stabilize them 
in solution. As a consequence, the REE concentrations in 
AMD could be several orders of magnitude higher than in 
any other natural waters (Noack et al. 2014). Since AMD 
is expected to last hundreds of years, the total reserves are 
virtually unlimited, and these waters could become a small 
but continuous source of REEs (Ayora et al. 2016; Hedin 
et al. 2019; Stewart et al. 2017; Vass et al. 2019a,b).

The mobility of REEs in AMD is pH dependent. When 
AMD effluents mix with alkaline river water and the pH 
increases to above 6, Fe and Al oxyhydroxides precipi-
tate, retaining the total dissolved amount of REEs (Fer-
reira da Silva et al. 2009; Gammons et al. 2005; Lozano 
et al. 2019a, 2020a; Olías et al. 2018; Verplanck et al. 
2004). Therefore, the precipitation of schwertmannite and 
particularly basaluminite can be considered an effective 
and long-lasting natural mechanism for REE removal from 
water. When AMD is neutralized with alkaline reagents 
in treatment plants, practically all REEs are retained in 
the sludge of schwertmannite, basaluminite and gypsum, 
resulting in a residue with REE concentrations similar to 
those of present-day mines and prospects (Ayora et al. 
2016; Lozano et al. 2020b; Macías et al. 2017; Vass et al. 
2019a,b; Zhang and Honaker 2018, 2020).

In arid to semiarid climates with a long dry season, the 
precipitation of soluble sulfate salts can also remove sulfate, 
acidity, and metals from AMD (Alpers et al. 1994; Ham-
marstrom et al. 2005; Jambor et al. 2000). This precipita-
tion, caused by evapoconcentration processes, occurs on wet 
surfaces at riverbanks, seeps, and rock fractures, and in the 
pores of waste dumps and tailings where upward migration 
of water by capillary action (efflorescence) seems to be the 
dominant process (Olyphant et al. 1991). The formation of 
these efflorescent salts constitutes a transient storage of met-
als. Indeed, the dissolution of these salts with the first rain-
falls causes rapid acidification and the release of enormous 
amounts of sulfate and metals to the watersheds (Bayless 
and Olyphant 1993; Cánovas et al. 2008, 2010; Jerz and 
Rimstidt 2003).

Several studies have described the mineralogy and pre-
cipitation/dissolution processes of these efflorescent salts in 
the field (Buckby et al. 2003; Hammarstrom et al. 2005; 

Moncur et al. 2015). Although different trace metals such 
as Zn, Cu, Co, Mn, Ni, or Cd may form individual sulfates, 
most of them have been described to substitute for the major 
cation in Mg and Fe sulfates (Hammarstrom et al. 2005; 
Jambor et al. 2000).

Despite the interest in REE behavior in AMD environ-
ments, their partition between water and efflorescent sul-
fates has not been addressed, although it has been observed 
that these elements are mobile after washing events. It 
was initially assumed that REEs are incorporated in major 
sulfates (e.g. Fe, Al, Mg, or Ca) because REE sulfates are 
very rare (Hammarstrom et  al. 2005). Thus, only three 
efflorescent REE-sulfates have been described on the sur-
face of pyrite-bearing phyllites from Alum Cave Bluff, TN, 
USA (Peacor et al. 1999; Rouse et al. 2001): levinstonite 
(Y,Nd,Ce)Al(SO4)2(C2O4)·12H2O; coskrenite (Ce, Nd, 
La)2(SO4)2(C2O4)·8H2O; and zugshunstite (Ce,Nd,La)
Al(SO4)2(C2O4)·12H2O. Very interestingly, the first mineral 
preferentially accommodates HREEs, whereas the other two 
tend to host LREEs. The three minerals have similar struc-
tures, consisting of chains of alternating REE polyhedra and 
oxalate groups, with two sulfate tetrahedra associated with 
each REE polyhedron. The REE polyhedra are formed by 
eight ligands in levinstonite and nine in zugshunstite and 
coskrenite, in accordance with the increasing ionic radius 
from HREE to LREE. Due to the presence of similar Ca 
polyhedra with eight ligands in gypsum and the absence of 
similar polyhedra in the rest of the major Al, Fe, and Mg sul-
fates (Hawthorne et al. 2000), REEs could show some pref-
erence to be incorporated into gypsum. This feature could 
have unexplored practical applications in REEs concentra-
tion and extraction different from the chemically intensive 
conventional technologies.

In accordance with this, Inguaggiato et  al. (2018) 
described a clear association of REEs with gypsum precipi-
tated from the acid sulfate-rich waters of the Poas volcano 
in Costa Rica. Basallote et al. (2019) investigated REE par-
titioning among dissolved and solid phases during labora-
tory-induced evaporation of the acidic waters of the AMD-
affected Agrio River (SW Spain). From statistical analysis, 
these authors also concluded that REEs seem to have some 
affinity with gypsum with the exceptions of Y and Sc, which 
could be associated with Fe sulfates. However, no clearer 
conclusions could be extracted, probably due to the difficulty 
of completely isolating solid phases from a dense and vis-
cous brine in the advanced stages of evaporation.

Therefore, we investigated the partition of REEs among 
the main sulfates formed after complete evaporation of six 
different AMDs with very different proportions of major 
solutes (Al, Ca, Mg, and Fe). Imitating field observations in 
the dry season, the AMDs were evaporated to dryness, and 
the resulting mixtures of sulfates were analyzed for major 
and trace elements. Due to the difficulty of separating and 
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identifying trace minerals in multicomponent complex 
matrices, the association of REEs with the major solutes 
was investigated by statistical methods and by selective dis-
solution of major sulfates.

Materials and Methods

Experimental

Six AMD samples from different sites of the Iberian pyrite 
belt (IPB, SW Spain) were selected: Agrio (AG), Sabina 
(SA), Esperanza (ES), Monte-Romero (MR), Perrunal (PE), 
and Poderosa (PO). The location and complete chemical 
analyses of each sample are listed in Table 1. Five of the 
samples (SA, ES, MR, PE, and PO) were collected at the 
outflows of ancient mine galleries, in which Fe(II) was 
highly predominant over Fe(III). One sample, however, 
was collected from the Agrio River, several kilometers 
downstream of the Riotinto waste dumps, and the propor-
tion of Fe(III) exceeded 50%. Field parameters such as pH, 
Eh, temperature (T), and electrical conductivity (EC) were 
measured in situ with properly calibrated Hanna portable 
instruments (probe types HI9025C, HI9033, and HI9025, 
respectively). The AMD samples were collected in 1 L high-
density polypropylene bottles full to the brim wrapped with 
Merck Parafilm™ to prevent oxidation and kept at 4 °C 
until the evaporation experiment. An aliquot of 100 mL was 
passed on site through a Millipore 0.20 µm nylon filter and 
acidified with ultrapure HNO3 to a pH < 2 before analysis. 
A separate sample for Fe(II/III) determination was acidified 
with concentrated HCl.

Within two weeks after sampling, 300 mL of each AMD 
sample was evaporated to dryness in watch glasses 30 cm 
in diameter (Fig. 1). Evaporation took place at 35 °C and 
under constant air current for 2–4 days depending on the 
sample. The humidity varied during the day between 35 and 
65%. The resulting salts were sampled progressively from 
the periphery to the center, and 20–33 solid samples were 
collected for each initial AMD. A number of solid samples 
were selected for microscopic observation based on their 
different appearance (color, morphology) and location in the 
watch glass. Then, two aliquots of the previously ground and 
homogenized solid samples were separated for mineralogical 
determination and chemical analysis. The latter aliquot was 
dissolved in Milli-Q water (0.05 mg in 20 mL), acidified 
with HNO3 and stored for chemical analysis.

To investigate the preference of REEs for a particular 
solid sulfate, an additional experiment was designed to iso-
late each sulfate by selective dissolution of the others. To 
accomplish this, individual solutions saturated in the differ-
ent major salts (gypsum, alunogen, hexahydrite, rozenite, 

and rhomboclase) were prepared. Thus, an amount of pure 
chemical reagent of each sulfate in excess of its solubility 
limit was added to an aliquot of 200 mL of distilled water 
and shaken for 7 days to ensure solution-salt equilibrium. 
Then, 300 mL of the Agrio (AG) sample was evaporated 
to dryness under the same conditions described above. To 
obtain enough material for all the tests, only three inte-
grated salt samples were collected from the periphery to the 
center (X1, X2, and X3). The solid samples were ground 
and homogenized, and five aliquots of each solid sample 
were dissolved in Milli-Q water, and each of the five satu-
rated solutions (0.1 mg in 50 mL) were shaken for 24 h. 
The aqueous phase and the residual solid were separated by 
centrifugation for 15 min at 4500 rpm (4150 RCF), and the 
supernatant was filtered through a 0.1 µm Whatman Puradisc 
13 nylon membrane. The solids obtained after centrifugation 
were rinsed twice with ethanol to eliminate the remaining 
brine and divided into two different aliquots. One aliquot 
was analyzed by XRD, and the other aliquot was dissolved 
in a 25% HNO3 solution and stored for chemical analysis.

Analytical Techniques

The solid samples obtained prior to grinding were observed 
under a JEOL® JSM840 Field Emission Scanning Electron 
Microscope with an Oxford Link® Energy Dispersive Sys-
tem (FESEM-EDS).

The major mineral phases forming the solid sam-
ples were identified by X-ray diffraction (XRD) using a 
Bruker D8 A25 Advance diffractometer with Cu Lα radia-
tion, Bragg–Brentano geometry, and a position-sensitive 
LynxEyeXE detector. The diffractograms were obtained 
at 40 kV and 40 mA, scanning from 4° to 60° of 2θ with a 
step size of 0.019° and a counting time of 0.1 s/step main-
taining the sample in rotation (15/min). Semi-quantitative 
XRD analysis was performed by using the RIR (reference 
intensity ratios) method (Snyder and Bish 1989). The 
RIR method employed corundum as the internal standard 
(RIRcor, Hubbard and Snyder 1988). Values of the RIR 
of the more intense peak of each phase with respect to the 
corundum (50:50) are reported in the PDF-2 database of 
the International Centre for Diffraction Data (Gaste-Rec-
tor and Blanton 2019). The crystalline phase identifica-
tion and quantification were carried out by EVA software 
(Bruker).

The major cations and total sulfur were measured by ICP-
AES (Perkin-Elmer® Optima 3200 RL), and trace elements 
were measured by ICP-MS (Perkin-Elmer® Sciex Elan 
6000). Detection limits ranged from 0.5 (K) to 0.02 mg/L 
(Mg, Zn, Mn) for ICP-AES and below 2 μg/L for ICP–MS, 
depending on the initial total dissolved solids of the solu-
tion. The analytical precision error was estimated as three 
times the background to be approximately 7% for ICP–AES 
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and 5% for ICP–MS measurements. Certified solutions (CPI 
International-CCV standard 1-solution A) and two AMD 
laboratory standards supplied by P. Verplank (USGS) were 
intercalated within the samples to check the analytical 
accuracy. The deviation from the recommended values was 

always lower than 5%, with the exception of Eu, giving val-
ues 20% below the value reported by Verplanck et al. (2001). 
The ferrous and total dissolved iron concentrations in the 
initial AMD samples were determined by colorimetry in a 
UV–VIS HP spectrophotometer using the ferrozine method 

Table 1   Chemical composition 
of the starting AMDs used in 
the evaporation experiments

Ce/Ce* = CeN/(0.5LaN + 0.5PrN)
Eu/Eu* = EuN/(0.5SmN + 0.5DyN)

Agrio Esperanza MonteRomero Perrunal Poderosa Sabina

UTM X 703,481.4 704,094.5 694,253.9 688,607.1 705,558.1 666,096.6
UTM Y 4,178,232.8 4,181,643.0 4,183,241.6 4,175,224.2 4,180,485.0 4,161,063.6
pH 2.75 2.82 3.11 2.58 2.34 2.58
EC (µS/cm) 7250 4130 4646 5109 4816 6503
Eh (mV) 657 556 430 535 418 529
mg/L
 Al 1059 177 167 292 233 521
 Ca 376 168 283 224 106 64
 Cu 73 19 6 12 102 237
 Fe(III) 470 72 173 78 111 182
 Fe(II) 243 420 880 730 753 1180
 K 2.4 6.2 1.5 4.2 15.8 13.3
 Mg 1040 208 375 305 113 102
 Mn 96 11 56 91 3 20
 Na 20 26 37 27 15 40
 P 0.1 0.4 0.7 0.6 0.5 1.5
 S 3922 1048 1672 1572 1210 1746
 Si 41 47 40 45 42 43
 Zn 191 25 491 40 64 13

µg/L
 Sc 96 27 16 42 104 103
 Y 778 205 1152 637 1457 127
 La 594 87 1260 193 1218 48
 Ce 1842 365 3562 696 4076 308
 Pr 244 40 412 103 473 27
 Nd 1025 167 1524 514 1879 130
 Sm 276 50 373 158 523 41
 Eu 42 10 52 26 77 9
 Gd 271 48 392 176 514 44
 Tb 39 9 56 29 78 6
 Dy 222 54 281 149 406 31
 Ho 38 10 45 25 72 6
 Er 89 27 106 61 164 17
 Tm 11 3 12 7 19 2
 Yb 53 17 80 40 97 13
 Lu 8 2 9 5 14 2
 LREEN/HREEN 0.76 0.56 0.91 0.55 0.78 0.64
 LaN/YbN 1.12 0.51 1.57 0.48 1.26 0.46
 LaN/SmN 0.41 0.33 0.65 0.23 0.45 0.27
 SmN/YbN 2.72 1.52 2.42 2.04 2.81 1.68
 Ce/Ce* 1.20 1.50 1.24 1.18 1.33 1.89
 Eu/Eu* 0.78 0.86 0.73 0.78 0.76 1.13
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(To et al. 1999). The Fe(III) concentration was obtained as 
the difference between total iron (Fe(tot)) and Fe(II). The 
quality of the results was assured by measuring several 
standards, blanks and duplicates. The Fe(tot) concentrations 
matched the ICP-AES results within 10%. All the mineral-
ogical and chemical analyses were performed at the Institute 
of Environmental Assessment and Water Research, CSIC, 
Barcelona.

Geochemical Modeling

Geochemical calculations were performed with the 
PHREEQC code, version 3.6.2 (Parkhurst and Appelo, 
1999) and the Pitzer ion-ion interaction approach. The ion-
ion interaction parameters of the major solutes and solid 
equilibrium constants of their sulfates were extracted from 
Harvie et al. (1984), Reardon and Beckie (1987), Reardon 
(1988), Delany and Lundeen (1990) and Tosca et al. (2005). 
Calculations were performed at 25 °C, in equilibrium with 
the atmosphere and no additional constraints. The minerals 
were assumed to precipitate as the brine reached equilib-
rium. Although the solubility product of some REE hydrated 
sulfates (REE2(SO4)3: nH2O, n = 8 or 9) is found in the exist-
ing literature (HSC Chemistry 2020), modeling the solubil-
ity of REE-sulfates was not possible due to the absence of 
the REE–SO4 interaction parameters required for such high 
concentration sulfate brines.

Statistical Analysis

The statistical analysis was performed individually for each 
acid water sample, i.e. for the set of salts formed from the 
same initial water. Univariate statistics were used to check 
the Gaussian distribution of each element and bivariate 

statistical analysis (Pearson) was used as a preliminary 
inspection of correlation coefficients between the different 
major and trace elements. The statistical analysis was under-
taken to unravel the attachment of the trace elements to the 
sulfate-forming major cations (Ca, Mg, Fe, Al); principal 
component analysis (PCA) was used to assign each element, 
particularly REE, to a major sulfate (Davis 2002). The PCs 
were listed according to their contribution to the variance 
and were generated with no correlation between them, i.e. 
they are orthogonal. A Varimax orthogonal rotation method 
was used to minimize the number of variables that have high 
loadings on each factor by giving those variables the maxi-
mum weight in the factor and minimum weight to the vari-
ables less correlated to the axis. The PCA was performed 
with SPSS software (https://​www.​ibm.​com/​es-​es/​produ​cts/​
spss-​stati​stics).

Results and Discussion

Chemistry of the Initial AMD Samples

The analyses of selected major and trace elements of the 
initial waters are listed in Table 1. The complete analyses 
are reported in Table S-1 (supplemental information). The 
analytical values, normalized to the North American Shale 
Composite, NASC (Gromet et al. 1984), showed a depletion 
in LREEs with respect to HREEs with ΣLREEN/ΣHREEN 
less than 1. The most distinctive characteristic of all the 
AMD samples was their enrichment in MREEs (from Sm to 
Dy), with SmN/LaN and SmN/YbN ratios clearly greater than 
1. The enrichment in MREEs has been commonly described 
in many AMD samples (Gimeno et al. 2000; Johannesson 
and Zhou 1999; Ferreira da Silva et al. 2009; Romero et al. 
2010; Sahoo et al. 2012). Most samples showed a negative 
anomaly in Eu, with Eu/Eu* (Eu* = 0.5SmN + 0.5DyN) val-
ues distinctly less than 0.9, with the exception of the Sabina 
sample, with a Eu/Eu* value of 1.13. Negative Eu anomalies 
have also been reported in areas with felsic igneous rocks 
(Ferreira da Silva et al. 2009; Leybourne and Johannesson 
2008), and has been attributed to igneous differentiation pro-
cesses (Fowler and Doig 1983). The Eu anomalies recorded 
here are consistent with the origin of the samples, most of 
them linked to felsic volcanic rocks of the northern IPB, 
whereas Sabina is located in the south of the province, which 
is dominated by sedimentary sequences. Interestingly, this 
sample also showed the highest proportion of Sc. Negative 
Ce anomalies, with Ce/Ce* (Ce* = 0.5 LaN + 0.5PrN) values 
less than 1, were absent in the samples analyzed, indicating 
that oxidation of Ce(III) to Ce(IV) and the precipitation of 
CeO2 does not take place, probably due to the predominance 
of Fe(II) over Fe(III) (Bau 1999; Leybourne and Johannes-
son 2008).

Fig. 1   Sulfates resulting from evaporation to dryness of AMD from 
the Poderosa mine

https://www.ibm.com/es-es/products/spss-statistics
https://www.ibm.com/es-es/products/spss-statistics
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Mineralogy of the Evaporitic Salts

The mineralogy of the solid precipitates was mainly made up 
of gypsum, alunogen, Mg sulfates, and Fe(II) sulfates with 
different degrees of hydration (epsomite-hexahydrite-pentahy-
drite and melanterite-rozenite-szomolnokite) and two Fe(III) 
sulfates (copiapite and rhomboclase). The semi-quantitative 
proportions of these phases as deduced from XRD are listed 
in Table 2. These proportions are the average of five solid 
samples for each initial water and are only roughly coincident 
with the normative proportions deduced from the major cation 
constituents of the samples. In addition to these major phases, 

some minor amounts of other sulfates, such as gunningite, 
butlerite, jakoite, chalcantite, coquimbite, and halotrichite-
pickeringite, were also identified in the XRD spectra of 
some samples. The main mineralogy was coincident with the 
efflorescent salts reported in evaporated ponds from AMD 
environments (Hammarstrom et al. 2005; Jambor et al. 2000; 
Jerz et al. 1999) and from the IPB in particular (Fernández-
Remolar et al. 2005; Romero et al. 2006; Rull et al. 2014).

The inspection under FESEM–EDS revealed that the 
samples were formed by a mixture of mm-sized plate crys-
tals of alunogen with aggregates of micron-sized crystals 
of Fe and/or Mg sulfates (Fig. 2). The Fe sulfates contained 

Table 2   Mineral proportions 
(wt %) obtained from XRD 
of the solid samples (average 
of five samples) resulting 
from evaporation. In brackets, 
the normative proportion of 
minerals as deduced from the 
AMD bulk analyses of Table 1

SAMPLE Gypsum Alunogen Mg sulfates Fe(II) sulfates Fe(III) sulfates

Agrio 4 (2) 58 (69) 29 (22) 3 (3) 5 (3)
Esperanza 14 (5) 42 (52) 19 (17) 25 (22) 0 (5)
Monte Romero 14 (5) 29 (34) 27 (21) 30 (32) 0 (8)
Perrunal 8 (4) 35 (55) 28 (13) 24 (24) 0 (3)
Poderosa 7 (3) 45 (66) 17 (9) 21 (14) 9 (8)
Sabina 2 (1) 64 (65) 15 (3) 25 (26) 0 (5)

Fig. 2   A Platy crystals of alunogen (al) intergrown with aggregates of 
Fe sulfate crystals (me); B Needles of alunogen growing from platy 
crystals of the same mineral; C Aggregates of platy crystals of rhom-

boclase (rh) and Fe sulfates (me); D Mixture of platy crystals of alu-
nogen (al) with aggregates of Mg sulfates (hx) and elongated crystals 
of gypsum (gy)
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minor and variable amounts of Mg, Cu, Zn, and Mn, and 
the Mg sulfates could also contain Fe, Zn, Cu, Co, and Mn. 
The presence of these minor elements has already been 
described (Hammarstrom et al. 2005; Jambor et al. 2000). 
The copiapite contained variable proportions of Mg, Al, and 
Fe, whereas alunogen only showed minor amounts of Si and 
Fe; no elements other than Ca and S were detected in the 
gypsum.

Despite the concentric appearance (Fig. 1), no clear zona-
tion was observed in the minerals from the border to the 
center of the watch glass in any of the samples. Thus, the 
same major minerals were present in the XRD observations 
of samples from practically all the rings. Moreover, all the 
minerals seem to precipitate simultaneously and no textures 
indicating a clear mineral sequence were observed under 
FESEM–EDS inspection (Fig. 2). Only the halotrichite-pick-
eringite needles appeared to form later on the surface of the 
rest of the minerals, as already described by Hammarstrom 
et al. (2005).

The lack of zonation contradicts the expected min-
eral sequence of precipitation according to their increas-
ing solubility. Thus, gypsum was expected to precipitate 
first, followed by copiapite, melanterite, hexahydrite, or 
alunogen depending on the composition of the original 
AMD (supplemental Fig. S-1). Discrepancies between the 
predicted and observed sequences of precipitation have 
also been described by Moncur et al. (2015), Ptacek and 
Blowes (2000), and Basallote et al. (2019). A possible 
reason could be that the observed minerals are not pure 
phases. Ideal solid solutions with very close end-member 
solubility, such as Fe(II) and Mg sulfates, will have a lower 
solubility than pure members (Glynn 2000). However, the 
drop in solubility will be at most half that of the pure end 
members and, therefore, it would not justify the precipita-
tion of Fe and Mg sulfates with gypsum in the outer rings. 
Another reason for discrepancies would be the existence 
of volumes of remaining brine trapped among the grow-
ing crystals (Moncur et al. 2015). This could justify the 
absence of clear zonation in the studied samples. The 
absence of the less soluble gypsum in some outer rings 
could also be due to lack of detection by XRD (< 5%) or 
to the inhibition of its nucleation caused by other concen-
trated solutes.

Chemical Analysis of Evaporitic Salts

A summary of the analyses of the solids precipitated for 
each initial water sample is shown in Table 3, while the com-
plete analysis of all the solid samples is shown in Table S-1. 
Table S-1 is sequentially ordered from the border to the 
center of the watch glass. No evolution of the major element 
concentration can be observed, confirming the lack of clear 

concentric mineral zonation. As expected from evaporation 
in a closed system, analyses of the solids may preserve the 
main trends of the REE distribution described for the origi-
nal water. Thus, the NASC-normalized REE patterns also 
show a depletion in LREEs, an enrichment in MREEs (from 
Sm to Dy), with respect to LREEs and HREEs, and positive 
and negative anomalies in Ce and Eu, respectively (Table 3, 
supplemental Fig. S-2).

Statistical Analysis

For each initial AMD evaporated, between 20 and 33 salt 
samples were obtained. For each salt analysis, a set of 46 
elements was initially available (Table S1). Therefore, a 
reduction in the number of elements was needed prior to 
any significant multivariate statistics. First, elements with 
all or part of the concentrations below the detection limit, 
such as B, K and P, were not considered to prevent their 
overestimation (Yong and Pearce 2013). Then, the univari-
ate Shapiro–Wilk test allowed us to discard those elements, 
such as Ba, Be, Cr, Pb and Rb, that did not show a normal 
distribution (p < 0.50). Nevertheless, the number of variables 
(38) could seem excessive with respect to the number of 
samples (20–33). However, the bivariate analysis showed 
groups of elements with very strong correlation in all the 
sets of analyses that could be considered lumped variables in 
multivariate analysis. Thus, LREEs (from La to Gd), HREEs 
(from Dy to Lu and Y) and Mg–Zn–Co–Ni form three com-
pact groups with Pearson coefficients higher than 0.9. Then, 
the procedure to decrease the number of variables was to 
substitute very similar elements (for example, LREE) by a 
single one until the set fulfilled the tests for data adequacy, 
i.e. non-null determinant, Bartlett’s test of sphericity with 
p < 0.05 and Kaiser–Meyer–Olkin index above 0.5 (Yong 
and Pearce, 2013). On observing the results of the different 
runs, the same number of principal components (PC) and the 
contribution to the PC loading of each considered element 
were practically identical regardless of the removed ele-
ments. Therefore, for simplicity only the results of the runs 
with all the elements will be shown and discussed, although 
they did not respect the data adequacy indices.

The PCA results for the six sets of precipitated sulfates 
are plotted in Fig. 3 for REE elements and in Fig. 4 for the 
rest of the elements. The numerical values of the PCA are 
listed in Table S-2. In all cases, only three PCs were able 
to explain more than 80% of the variance of the samples 
and always grouped the same elements: PC1) Ca, Sr, and 
LREEs; PC2) HREEs; and PC3) Mg, Fe, Co, Cu, Mn, Ni, 
and Zn.

The systematic presence of Ca indicates that PC1 may 
group the elements included in gypsum. Strontium com-
monly replaces Ca in gypsum and anhydrite (Denison et al. 
1998; Feldmann and Demopoulos 2013). With respect to 
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LREEs, the extension of this group depended on each sam-
ple, including some HREEs. Thus, PC1 contained REEs 
from La to Tb in Perrunal and Poderosa, from La to Dy in 
Esperanza, from La to Ho in Agrio and Monte Romero, and 
from La to Tm-Y in Sabina.

PC2 was formed by a variable group of HREEs (includ-
ing Y), complementary to that described for PC1. However, 
the assignment adsorption of the PC2 elements by a major 

sulfate was not clear. Thus, PC2 included Al in Sabina and 
Perrunal, Fe in Agrio, Al + Mg + Fe in Poderosa, and none 
of them in Esperanza and Monte Romero (see the numerical 
PCA results in Table S-2).

Finally, PC3 was formed by Mg, Fe, Co, Cu, Mn, Ni, 
and Zn in the six sets of samples analyzed. This group 
would correspond to Mg-Fe(II) sulfates with trace metals 
with charges and radii similar to those of Mg and Fe(II). 

Table 3   Average chemical composition of the solid samples obtained from evaporation experiments

Ce/Ce* = CeN/(0.5LaN + 0.5PrN)
Eu/Eu* = EuN/(0.5SmN + 0.5DyN)

N samples Agrio Esperanza Monte-Romero Perrunal Poderosa Sabina

33 20 21 21 23 22

Average st.dev Average st.dev Average st.dev Average st.dev Average st.dev Average st.dev

mg/L
 Al 69.9 6.4 31.7 3.4 28.3 3.7 32.0 4.8 29.0 4.6 40.2 6.6
 Ca 27.0 10.6 24.9 8.1 46.4 10.3 20.8 4.1 12.4 3.4 4.5 1.4
 Cu 5.4 0.7 3.6 0.5 1.4 0.1 1.7 0.2 10.7 1.4 15.2 1.5
 Fe 47.8 6.9 74.8 7.8 178.8 19.6 94.0 9.9 135.8 16.6 87.4 10.3
 K 0.7 0.2 1.3 1.9 0.8 0.2  < 0.5 1.8 0.8 1.4 1.0
 Mg 79.3 8.1 36.4 3.7 75.0 7.7 35.3 2.2 14.5 1.6 7.4 0.6
 Mn 7.3 1.2 1.9 0.2 9.9 0.7 12.1 0.8 0.5 0.1 1.4 0.2
 Na 1.6 0.4 4.3 0.8 6.7 0.9 3.4 0.7 1.9 0.6 3.0 1.4
 S 298.9 17.2 184.9 15.8 352.1 30.6 192.4 10.7 177.8 16.7 205.6 22.6
 Si 1.3 0.5 1.4 0.5 1.9 0.6 1.9 0.5 2.0 0.6 0.9 0.6
 Zn 13.4 1.4 4.1 0.5 91.9 9.3 4.5 0.2 8.3 1.0 0.9 0.1

µg/L
 Sc 8.7 1.3 4.0 0.7 1.3 0.2 2.2 0.5 7.0 0.8 7.6 1.2
 Y 52.4 4.3 39.1 4.6 153.4 14.1 41.5 7.7 143.6 20.8 9.6 1.4
 La 36.6 6.3 12.9 1.9 205.9 20.1 14.2 1.1 113.5 19.1 2.9 0.6
 Ce 139.9 30.9 52.8 10.3 533.3 39.2 64.4 6.2 440.6 80.6 20.0 4.1
 Pr 16.6 3.9 6.4 1.2 58.8 6.6 7.8 0.8 41.3 7.8 1.9 0.4
 Nd 66.9 15.9 25.5 5.2 206.7 23.4 35.9 3.6 154.6 28.6 8.7 1.9
 Sm 20.5 4.4 8.6 1.6 58.7 6.0 12.9 1.2 48.8 8.5 2.9 0.6
 Eu 3.2 0.6 1.6 0.2 9.1 0.9 2.2 0.2 6.8 1.1 0.6 0.1
 Gd 21.7 3.1 8.1 1.2 70.0 6.7 14.7 1.2 53.5 8.1 3.1 0.6
 Tb 3.1 0.4 1.8 0.2 9.2 1.1 2.3 0.2 8.0 1.2 0.4 0.1
 Dy 15.7 1.3 10.0 1.2 44.1 4.8 11.6 1.3 39.0 5.6 2.4 0.4
 Ho 3.1 0.2 2.1 0.2 7.8 0.8 2.1 0.2 7.1 1.1 0.5 0.1
 Er 6.6 0.6 5.3 0.6 18.5 1.7 5.2 0.6 17.2 2.6 1.4 0.2
 Tm 0.8 0.1 0.7 0.1 2.2 0.2 0.6 0.1 2.0 0.3 0.2 0.0
 Yb 4.4 0.4 3.6 0.5 10.9 0.9 3.3 0.4 9.9 1.5 1.1 0.1
 Lu 0.7 0.1 0.5 0.1 1.4 0.1 0.5 0.1 1.3 0.2 0.2 0.0
 LREE N/HREEN 0.69 0.11 0.45 0.06 0.83 0.04 0.53 0.05 0.71 0.06 0.54 0.04
 LaN/YbN 0.84 0.16 0.37 0.06 1.89 0.16 0.44 0.05 1.14 0.09 0.28 0.03
 LaN/SmN 0.35 0.02 0.29 0.02 0.68 0.02 0.21 0.01 0.45 0.01 0.20 0.01
 SmN/YbN 2.46 0.57 1.27 0.25 2.81 0.26 2.08 0.30 2.54 0.26 1.41 0.18
 Ce/Ce* 1.39 0.05 1.41 0.06 1.22 0.06 1.46 0.02 1.60 0.03 1.96 0.03
 Eu/Eu* 0.80 0.04 0.79 0.04 0.82 0.02 0.85 0.04 0.71 0.02 1.03 0.04
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This close association is consistent with the observations 
of FESEM–EDS, where the peaks of these trace metals 
were commonly observed in many EDS spectra of the 
Fe(II) and Mg sulfates. Moreover, these elements have also 
been extensively reported in efflorescent salts from AMD 
settings (Alpers et al. 1994; Hammarstrom et al. 2005; 
Jambor et al. 2000; Romero et al. 2006).

Due to its economic value, special attention has been 
given to Sc. In contrast to the rest of the REEs, Sc did not 
show a clear association with any of the three PCs identi-
fied (Fig. 3; Table S-2). Thus, Sc appeared to be associ-
ated with PC1 in SA, with PC2 in AG, ES, PE, and PO, 
and independent from the three PCs in MR. According to 
Shannon (1976), the ionic radius of Sc in eight coordinates 
(1.01 A) is smaller than the rest of the REEs and very 
different from that of Ca (1.26 A), which could prevent 
its preferential inclusion in the gypsum structure. Despite 
its ionic radius being similar to that of Mg in octahedral 
sites (0.885 and 0.86 A, respectively), Sc did not show 
any association with PC3, probably due to their different 
charges. Unlike gypsum, Mg sulfates only accept divalent 
metals in octahedral coordination.

Some trace elements, such as Cd, Na, S, Si, Th, Tl, and U, 
did not show any persistent association with any component 
in more than two of the PCAs of the six samples analyzed, 
and tended to plot towards the center of the PC diagrams 
(Fig. 4). In contrast, As, Ga, Ge, and Se seemed to form an 
association related to PC1 in ES, MR, and PO, but this was 
less clear in the rest of the samples. This common group-
ing may be due to the close similarity of the ionic radii of 
As(III), Ga(III), Ge(IV), and Se(IV) in octahedral coordina-
tion (Shannon 1976). The lack of a constant correlation of 
S with major and trace elements is obvious, as sulfates are 
the solid phases that contribute to the three PCs. The lack 
of a relationship between Si and Al seems to contradict the 
FESEM–EDS observation of the presence of Si in many 
samples of Al sulfate and suggests major Si precipitation 
as an independent amorphous phase. Indeed, the six initial 
acidic waters were already saturated in amorphous silica 
prior to evaporation.

Looking into the details of PC1 and PC2, there was a 
systematic distribution of REEs with respect to Ca. Thus, 
LREEs, particularly Pr and Nd, were closer to Ca in all 
plots in Fig. 3, whereas La, Ce, the rest of the LREEs and 
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the HREEs plotted progressively away. This REE distribu-
tion is clearly related to the eight-fold coordination of Ca in 
gypsum, as evidenced by the high correlation (R2 > 0.83) 
between the Ca-REE Pearson coefficients and the difference 
in their ionic radius (Fig. 5), i.e. the closer the REE ionic 
radius is to that of Ca, the higher the Pearson coefficient 
between them. Plots very similar to Fig. 5 can be obtained 
by substituting the binary correlation for the PCA proximity 
factor r calculated as follows:

where h is the length of the vectors representing each point 
in the plot and α is the angle between them. The high corre-
lation strongly suggests that LREEs replaced Ca in the gyp-
sum structure. The incorporation of lanthanides into gypsum 
has also been described by Inguaggiato et al. (2018) in acidic 
sulfate-rich brines from the Poas Volcano crater in Costa 
Rica, who also described a preferential incorporation of 
LREEs with respect to HREEs. X-ray computed tomography 

(1)r12 = h1h2cos�12

imaging of gypsum precipitated from the acidic waters of 
the Poas volcano in Costa Rica showed a higher accumula-
tion of REEs in the outer part of the crystal. Based on this 
observation, these authors proposed that, rather than struc-
tural substitution, surface processes could be responsible for 
REE removal from water. However, due to the low pH values 
of the evaporating brines during sulfate precipitation, it is 
difficult for the predominant aqueous species REESO4

+ to 
reach highly protonated solid surfaces (Lozano et al. 2019a, 
b). If the gypsum crystal grew during progressive evapo-
ration, REEs (and other metals) could concentrate in the 
residual brine, resulting in an enrichment of trace elements 
in the outermost layers.

Figure 5 displays a systematic deviation of the REE plots 
with respect to the theoretical linear correlation. Thus, La 
to Nd tend to show underestimation of the binary correla-
tion, whereas Sm to Tb plots always show overestimation, 
and Dy to Tm show over to underestimations depending on 
the sample, and Y, Yb and Lu plots always show underesti-
mation (Fig. 5). A possible explanation of this distribution 
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could be related to variations of the third ionization energies 
with the atomic number of the lanthanides, described as the 
“tetrad” effect (McLennan 1994), which can be better shown 
by removing the element labels in Fig. 5 (see supplemental 
Fig. S-3).

Despite the linear correlation between Ca and the lantha-
nides shown in Fig. 5, the absolute values of Pearson coef-
ficients from Tb to Lu were very low (< 0.5) or even negative 
for Yb and Lu in some samples. The poor correlation with 
Ca, together with the existence of a clearly identified PC2 
in the six samples studied, suggests that in addition to gyp-
sum, some other mineral(s) could also be affecting the REE 
distribution. Among them, Al, Mg, and Fe sulfates are the 
first candidates to be discussed.

In contrast to Ca in gypsum, Al, Mg, and Fe occupy sites 
of octahedral coordination in their sulfate structures. Then, 
the Pearson coefficients between REE and Al, Mg, and Fe 
were also compared with the differences in their ionic radii 
in octahedral sites. Correlations were poorer and less persis-
tent than those shown by Ca. Thus, Al-HREE only exhibited 
significant Pearson coefficients (> 0.6) and increased with 
decreasing differences in their ionic radius in ES, PE, PO, 
and SA (supplemental Fig. S-4), whereas Mg and Fe did so 
only in ES and PO (Fig. S-5). Moreover, whereas differences 
in ionic radii between LREEs and Ca in eight-fold coordina-
tion were always less than 10%, these differences in the case 
of HREEs and Mg, Fe (both Fe3+ and Fe2+), and Al in octa-
hedral coordination were always between 40 and 50% (Shan-
non 1976). Such great differences in size would prevent a 
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Fig. 5   Plot of REE-Ca Pearson binary correlations (Sc excluded) and the difference of the REE ionic radii with Ca in eight-fold coordination. 
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significant incorporation of HREEs in the octahedral sites of 
the Al, Mg, and Fe sulfates and suggest that HREEs would 
necessarily form an independent mineral. This would also 
be supported by the lack of contribution of Al, Mg, or Fe in 
PC2 in the multicomponent statistical analysis. Therefore, 
the good correlation between Pearson coefficients and ionic 
radii shown by some samples (Fig. S-4 and S-5) could be 
due to the coexistence of Al, Mg, and Fe with HREEs in the 
residual brine, caused by their concomitant exclusion from 
the gypsum formation.

Selective Dissolution of Salts

To confirm the inclusion of LREEs in gypsum and check the 
attachment of HREEs to other sulfates, the major sulfates 
were isolated by selective dissolution of the others. Table 4 
contains the analyses of the residual solids from dissolu-
tion of six aliquots of the salts from AG water evaporation 
with Milli-Q water and five solutions saturated in gypsum, 
alunogen, hexahydrite, rozenite, and rhomboclase (labeled 
with –s). Moreover, Table 4 also includes the analyses of 

Table 4   Average chemical composition (n = 3) of the water and residual solid samples obtained from dissolution of evaporite salts with some 
sulfate-saturated waters. Original Agrio AMD sample

Effgy = (REE/Ca)gy/(REE/Ca)mQ

Ce/Ce* = CeN/(0.5LaN + 0.5PrN)
Eu/Eu* = EuN/(0.5SmN + 0.5DyN)

AMD salt + mQ-w salt + gy-w gypsum-s alunogen-s hexahy-s rozenite-s rhomb-s [REE]s
gy Effgy KD (gy)

mg/L
 Al 1059 255 256 0.1 353 2.6 1.5 0.5
 Ca 376 90 602 150 1.1 1.5 0.5 0.0
 Cu 73 16 15 0.0 0.5 0.7 0.3 0.0
 Fe 713 178 183 0.5 10.1 10.6 310 17.7
 K 2.4 0.6 0.8  < 0.5  < 0.5  < 0.5  < 0.5  < 0.5
 Mg 1040 258 274 0.5 1.1 724 0.5  < 0.05
 Mn 96 20 21  < 0.05  < 0.05  < 0.05 0.4 0.1
 Na 20 5.1 4.9 1.0 2.5 0.8 0.7 0.8
 S 3922 988 1428 133 638 995 196 19
 Si 41 5.8 1.0 4.8 3.6 1.8 1.1 0.8
 Zn 191 43 41 0.0 0.6 0.6 0.3 0.0

µg/L mg/kg (%) (kg/L)
 Sc 96 34 33 1  < 0.8  < 0.8  < 0.8  < 0.8  < 0.1  < 0.6 10
 Y 578 859 737 133 10.5 13.4 5.6  < 0.8 207 9.2 279
 La 634 682 539 175 7.2 10.8 4.1  < 0.8 269 15.3 516
 Ce 2242 2180 1560 573 21.6 30.2 11.4 0.86 881 16.0 595
 Pr 184 293 201 78 2.9 4.0 1.5  < 0.8 120 16.3 630
 Nd 775 1222 866 352 12.7 17.7 6.5  < 0.8 541 17.4 667
 Sm 226 327 233 87 3.2 4.6 1.7  < 0.8 134 16.2 614
 Eu 42 50 35 11  < 0.8  < 0.8  < 0.8  < 0.8 17 13.8 529
 Gd 251 314 240 74 3.3 4.5 1.8  < 0.8 114 14.2 494
 Tb 37 44 35 9  < 0.8  < 0.8  < 0.8  < 0.8 14 12.6 419
 Dy 222 248 194 44 2.5 3.2 1.3  < 0.8 68 10.9 358
 Ho 43 42 32 6  < 0.8  < 0.8  < 0.8  < 0.8 10 9.2 305
 Er 111 99 77 15 1.0 1.2  < 0.8  < 0.8 23 9.2 300
 Tm 15 12 9 2  < 0.8  < 0.8  < 0.8  < 0.8 2 8.0 271
 Yb 83 60 46 9  < 0.8 0.9  < 0.8  < 0.8 13 8.7 286
 Lu 12 8 6 1  < 0.8  < 0.8  < 0.8  < 0.8 2 7.5 253
 LREEN/HREEN 0.76 0.80 0.75 1.15
 LaN/YbN 1.12 1.15 1.16 2.02
 LaN/SmN 0.41 0.40 0.44 0.39 0.43 0.45 0.46
 SmN/YbN 2.72 2.85 2.68 5.23
 Ce/Ce* 1.20 1.20 1.18 1.20 1.17 1.14 1.14
 Eu/Eu* 0.78 0.80 0.76 0.79
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the supernatant solutions from the dissolution with Milli-Q 
water and gypsum-saturated water (labeled with –w). Due to 
the very high salinity of the supernatant brines equilibrated 
with alunogen, rozenite, hexahydrite, and rhomboclase, the 
final solution required very high dilution for ICP analyses, 
and REEs were not detected. The complete analysis of all the 
samples is compiled in Table S-3. As in the previous experi-
ment, no clear concentric mineral zonation was observed. 
Both the chemical analysis (Table 4) and the XRD (Fig. S-6) 
of the different residual solids showed that only one sulfate 
(saturated in the individual solutions) remained each time 
after selective dissolution.

Major elements in Milli-Q and gypsum-saturated water 
maintained the proportions of the original AMD. An excep-
tion is Si, which always showed a depletion, suggesting its 
incorporation into a solid phase. Silica also showed very 
depleted values in the analyses of the different solid sulfates, 
indicating that it probably formed an unidentified mineral 
that is not easily dissolved in Milli-Q water. The formation 
of a silica mineral phase independent from sulfates was 
already suggested by the lack of correlation of Si with sul-
fate in the statistical analyses. Moreover, the saturation index 
of amorphous silica was already close to equilibrium in the 
six AMD samples prior to evaporation.

With respect to REEs, the most relevant feature is that 
very low amounts were retained in the alunogen, rozenite, 
hexahydrite, and rhomboclase. Only gypsum seemed to con-
centrate REEs, except for Sc. The amount of REE (mg/kg) 
concentrated in gypsum can be calculated as:

where [REE]w
gy

 and [Ca]w
gy

 y are the analytical values of REE 
and Ca in gypsum (mg/L), and MCa and Mgy are the atomic 
and molecular masses of Ca and gypsum, respectively. The 

(2)[REE]s
gy

=
[REE]w

gy

[Ca]w
gy

MCa

Mgy

106

[REE]s
gy

 values are listed in Table 4, resulting in a total of 
2400 mg REE/kg solid, a value comparable to the rates of 
clay deposits (500 to 4000 mg/kg) enriched in more expen-
sive HREEs, but an order of magnitude less than conven-
tional igneous deposits rich in LREEs (Van Gosen et al. 
2017).

Another important feature is the large amount of REE 
that remained in the gypsum-saturated solution. Indeed, the 
REE concentrations in such solution were similar to that of 
the solution resulting from the complete dissolution of salts 
with Milli-Q water (Table 4). This suggests that, in addition 
to gypsum, REE precipitated as an independent mineral(s). 
Unfortunately, such minerals could not be detected by 
FESEM-EDS. Neither could they be predicted from solubil-
ity modeling due to the absence of REE–SO4 Pitzer ion-ion 
interaction coefficients in the literature. The importance of 
an independent soluble mineral as an REE reservoir could be 
evidenced by the comparison between the REE concentra-
tions normalized to the respective Ca content of the gypsum 
and the Milli-Q water. The comparison showed that gypsum 
concentrated between 7 and 23% of REE, depending on the 
sample and the REE, with Pr and Lu being the most and least 
concentrated, respectively (see the Eff-gy averaged values 
between 7.5 and 17.5% in Table 4). Again, Sc was the excep-
tion, with a very low concentration in gypsum.

The preference of LREEs for gypsum suggested by the 
statistical analysis was confirmed by comparing the NASC 
normalized patterns of the gypsum and the coexisting satu-
rated solution. Comparison with the original AMD pattern 
showed a clear enrichment of gypsum in LREEs and a deple-
tion in HREEs (Fig. 6A). In contrast, the coexisting aqueous 
phase shows a less clear enrichment in HREEs and depletion 
in LREEs (Fig. 6B). This pattern is also confirmed by the 
ΣLREE/ΣHREE, La/Yb, and Sm/Y indices of the gypsum, 
distinctly higher than those of the initial AMD or the bulk 
dissolution in Milli-Q water (Table 4).
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Fig. 6   REE patterns of residual gypsum (A) and the coexisting solution (B) normalized to the North American Shale Composite (NASC). The 
concentrations in the parent AMD are also plotted as a reference scaled to the same Eu value to enable the comparison
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This behavior of the different REEs can be numerically 
evidenced by the gypsum-solution partition coefficient KD 
(L/kg) of the individual REEs, calculated by:

where [REE]s
gy

 and[REE]w
gysat

 are the concentrations in gyp-
sum (µg/kg) and in the coexisting aqueous phase saturated 
with gypsum (µg/L), respectively. The average KD values for 
each element are listed in Table 4. Consistent with the simi-
larity of their ionic radii with that of Ca in eight-fold coor-
dination, the KD values are highest for Pr and Nd and sys-
tematically decrease to La and to the HREE. The same trend 
was shown by the KD values obtained by Inguaggiato et al. 
(2018) for a gypsum crystal and a sulfate-rich brine in the 
Poas volcano in Costa Rica. The absolute values reported by 
these authors, however, are an order of magnitude lower. 
This could be due to our much higher sulfate concentration 
that would favor the formation of REE-SO4 polyhedra 
within the gypsum structure.

Conclusions

Alunogen, gypsum, and Fe(II) and Mg sulfates with different 
degrees of hydration formed the major mineralogy of the salt 
mixture resulting from the evaporation to dryness of all six 
AMD samples studied. No sequential precipitation of these 
sulfates according to their solubility was observed by XRD, 
FESEM–EDS, and chemical analysis. All the REE invento-
ries in the original AMD samples were entirely transferred 
to sulfates after evaporation, but no individual REE minerals 
could be identified.

Statistical analysis of the chemical composition of solu-
tions from bulk dissolution of the evaporitic salts showed 
that only three PCs explained more than 80% of the vari-
ability in the six AMD samples analyzed. PC1 was clearly 
associated with Ca and LREEs and was interpreted as gyp-
sum precipitation, whereas PC2 grouped HREEs, which 
could not be associated with any major sulfate. Finally, 
PC3 grouped Mg, Fe(II), and several transition metals (Cu, 
Ni, Co, Mn, and Zn) and was attributed to Fe(II) and Mg 
sulfates, as already described in previous literature. Gyp-
sum preferentially concentrated LREEs according to their 
differences in atomic radius with that of Ca in eight-fold 
coordination.

Selective dissolution experiments of the evaporitic salts 
with solutions saturated in the individual major sulfates 
revealed that the REEs were only concentrated in gypsum 
and were practically absent in alunogen, rozenite, hexahy-
drite, and rhomboclase. The partition coefficients obtained 

(3)KD =
[REE]s

gy

[REE]w
gysat

in these experiments confirmed that the REE affinity for 
gypsum decreased from Pr–Nd to La and to Lu.

However, it was estimated that gypsum only concentrates 
between 10 and 20% of the total REE inventory (less than 
1% in the case of Sc), with the rest probably forming one or 
more soluble unidentified mineral phases. Therefore, from 
a practical point of view, gypsum cannot be considered a 
relevant trap for REE or a very effective method to con-
centrate REE from AMD. Nevertheless, the maximum REE 
concentration accepted by gypsum, a mineral ubiquitous 
in sludge from AMD treatment, should be confirmed with 
further experiments if these wastes are to be considered a 
source of REEs.
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