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Abstract 19 

 20 

Basaluminite is a poorly-crystalline aluminum hydroxysulfate that precipitates in waters affected by 21 

acid mine drainage (AMD) and in acid sulfate soils (ASS). Its ability to sequester potentially toxic 22 

elements, such as Cu and As, makes it an important component of these systems, with strong 23 

environmental implications. Although it was initially described as a mineral, basaluminite is now 24 

considered a nanoscale variety of felsöbányaite, a rare mineral. In the present study, chemical analyses of 25 

natural and synthetic basaluminites are combined with data from advanced nanoscale characterization 26 

techniques such as high-energy X-ray diffraction (HEXD) and their corresponding Pair Distribution 27 

Function (PDF) analysis, extended X-ray absorption fine structure (EXAFS) and solid-state nuclear 28 

magnetic resonance (ssNMR) spectroscopy. X-ray scattering data are analyzed with reverse Monte Carlo 29 

(RMC) modeling in order to obtain an atomistic representation of the disorder presents in this 30 

nanomineral. Sulfur K-edge EXAFS results show that sulfate is coordinated to the aluminum-octahedral 31 

framework of basaluminite mainly through outer-sphere ligands, though the existence of inner-sphere 32 

ligands seems to be slightly significant in synthetic samples. PDF analyses show that both synthetic and 33 

natural basaluminites have identical short-range order, with ~1.2 nm coherent domain size, and share 34 

structural characteristics with felsöbányaite. Interestingly, 27Al ssNMR reveals the presence of, 35 

respectively, ~1% and 5% of tetrahedral and pentahedral coordinations. RMC models of basaluminite 36 

highlight the presence of structural point defects. The understanding of this nanocrystalline character has 37 

important implications in terms of the reactivity of this nanomineral in AMD and ASS and its role as 38 

scavenger of potentially toxic element (e.g. As and Se). The lack of correlation between the spatial and 39 

temporal occurrence of basaluminite and felsöbányaite suggests that the similarities between both mineral 40 

structures could be fortuitous. These findings highlights the need for further researches on previously-41 

considered amorphous using advanced characterization techniques in order to assess their potential re-42 

classification as nanominerals or mineral nanoparticles. 43 

 44 
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1. Introduction 47 

 48 

Hydrobasaluminite (Al4(OH)10(SO4)·34H2O) and basaluminite (Al4(OH)10(SO4)·5H2O) are the 49 

names given to the whitish precipitates formed in streams affected by acid mine drainage (AMD) and in 50 

acid sulfate soils (ASS) with high aluminum and sulfate concentrations, when the solution pH values are 51 

around 4.5 (Bannister and Hollingworth 1948; Hollingworth and Bannister 1950; Adams and Rawajfih 52 

1977; Nordstrom 1982; Bigham and Nordstrom 2000). The progressive pH increase due either to mixing 53 

of AMD with pristine water or to alkaline addition in AMD treatment systems leads to solution 54 

oversaturation with respect to Al-hydroxysulfate phases, and to the formation of this poorly-crystalline 55 

precipitate. Jurbanite and alunite are other observed Al-phases in the 3-7 pH range, depending on the 56 

sulfate activity, although the metastable character of hydrobasaluminite kinetically favors its precipitation 57 

(Nordstrom 1982; Caraballo et al. 2011; Sánchez-España et al. 2011). These phases have important 58 

environmental implications because their precipitation supposes the main mechanisms controlling Al 59 

concentration. In parallel, their high surface area and positive charge in acid waters provide high affinity 60 

to potentially hazardous elements (e.g. As and Cu) present in basins impacted by AMD and in ASS 61 

(Nordstrom and Alpers 1999; Bigham and Nordstrom 2000; Carrero et al. 2015). Aluminum phases have 62 

been less studied than Fe-phases (i.e. schwertmannite, jarosite and goethite) in these environments 63 

because: (i) Fe-bearing phases precipitate at lower pH value, removing As and other toxic elements prior 64 

to the formation of Al-phases (Bigham and Nordstrom 2000; Sánchez-España et al. 2006), and (ii) Al-65 

phases show lower crystallinity than Fe-phases, which makes their structural characterization further 66 

difficult (Adams and Rawajfih 1977; Bigham and Nordstrom 2000; Caraballo et al. 2015).  67 

Both hydrobasaluminite and basaluminite were first described by Bannister and Hollingworth 68 

(1948) as a white plastic clay-like mineral with a variable water content. In that study, both phases were 69 

characterized with conventional X-ray techniques, showing well-defined crystalline diffraction patterns 70 

that are not congruent with a nanomineral phase. The chemical composition reported was similar to the 71 

stoichiometry of felsöbányaite, (Al4(OH)10(SO4)·5H2O). Later, Brydon and Singh (1969) observed that 72 

hydrobasaluminite irreversibly dehydrated to form basaluminite in a few days under atmospheric 73 

conditions, indicating that hydrobasaluminite was a less stable phase, being only preserved as a 74 

suspension in water. In addition, that study showed that basaluminite precipitated in the presence of clay 75 

minerals and displayed a more crystalline structure. The fact that these early studies reported diffraction 76 



 
 

 

patterns of well-crystallized materials, and the widespread presence of clay minerals in these 77 

environments, could suggest that the first identifications of basaluminite were not precise enough, and 78 

that a mixture of basaluminite and clay was actually the observed mineral. More recent studies of 79 

basaluminite have reported diffraction patterns with very broad peaks that are difficult to identify if other 80 

crystalline phases are present in the sample (Nordstrom 1982; Bigham and Nordstrom 2000; Sánchez-81 

España et al. 2011; Carrero et al. 2015). Adams and Rawajfih (1977) showed that an Al-bearing 82 

amorphous precipitate with similar composition to basaluminite occurred in streams affected by acid 83 

waters, which aged to alunite and to ‘crystalline basaluminite’ depending upon the aging conditions. The 84 

unit cell parameters of an aged precipitate were reported by Clayton (1980) from indexed X-ray powder 85 

patterns, and a first structure was proposed containing octahedral Al layers with sulfate ions and variable 86 

water content in the interlayer space. More recently, Farkas and Pertlik (1997) reported a structure for 87 

both basaluminite and felsöbányaite, defining basaluminite as a nanoscale version of the mineral 88 

felsöbányaite. However, as mentioned above, basaluminite occurs in streams affected by AMD and in 89 

ASS and shows an amorphous-like X-ray pattern (Nordstrom 1982; Bigham and Nordstrom 2000; 90 

Sánchez-España et al. 2011; Carrero et al. 2015). Therefore, the amorphous aluminum precipitate 91 

described by Adams and Rawajfih (1977) matches well with the description of basaluminite as a non-92 

crystalline material, whereas the re-crystallized phase studied by earlier authors could be felsöbányaite. 93 

This fact led to the International Mineralogical Association (IMA) to discredit basaluminite as a mineral, 94 

although, interestingly, hydrobasaluminite is still considered as a valid mineral species (a status 95 

‘grandfathered’ from earlier works before the instauration of the IMA). This historical confusion about 96 

the nature of basaluminite and hydrobasaluminite, and their (lack of) relation with felsöbányaite clearly 97 

deserves a thorough study. To our knowledge, felsöbányaite has never been reported in AMD or ASS 98 

systems, and it is actually considered as a rare mineral. Here, we aim to shed some light on the nanoscale 99 

characteristics of basaluminite formed in AMD with the hope to clarify its nature and possible re-100 

classification as a nanomineral species. 101 

Caraballo et al. (2015) discussed in a recent paper the difficulties related to the identification of 102 

poorly-crystalline precipitates as minerals. As described above, the case of basaluminite is paradigmatic: 103 

even though it was described as a mineral earlier after its discovery, its diffraction pattern lacks clearly 104 

defined peaks (Sánchez-España et al. 2011; Carrero et al. 2015). Usually, this would have been enough to 105 

classify it as an amorphous material. However, as discussed by Caraballo et al. (2015), the use of 106 



 
 

 

advanced characterization techniques for the study of a priori amorphous precipitates could facilitate the 107 

identification of nanocrystalline structural motifs that are not detectable using conventional techniques. In 108 

particular, the use of high-resolution Transmission Electron Microscopy (TEM) or of Pair Distribution 109 

Function (PDF) analyses of the short-range order have allowed to identify nanocrystallinity as well as 110 

amorphous regions in complex natural phases such as schwertmannite, and to propose periodic crystal 111 

structures for disordered phases such as ferrihydrite (Drits et al. 1993; Michel et al. 2007; Fernandez-112 

Martinez et al. 2010; French et al. 2012). In the present work, using a combination of spectroscopic and 113 

scattering techniques we show that, in spite of its amorphous diffraction pattern, basaluminite can be 114 

described as a disordered, defective version of nanocrystalline felsöbányaite. Because basaluminite plays 115 

an important role in the metals behavior in areas affected by AMD and in ASS, these results are necessary 116 

for a better understanding of contaminant pathways in these systems. 117 

 118 

2. Materials and methods 119 

 120 

2.1. Solid samples 121 

 122 

Three types of aluminum-bearing samples were studied: natural felsöbányaite, and synthetic and 123 

natural basaluminites. A sample of natural felsöbányaite from Felsöbánya (Romania) was obtained from a 124 

private collection. Natural basaluminite was obtained by slow titration under continuous stirring of an 125 

AMD solution from the Perrunal abandoned mine (Iberian Pyrite Belt, SW Spain) using a 0.01 mol L-1 126 

Ca(OH)2 solution, as described by Carrero et al. (2015). The precipitate was washed several times with 127 

deionized water to dissolve the co-precipitated gypsum. Synthetic basaluminite was prepared by drop-by-128 

drop addition of 214 mL of a 0.015 mol L-1 Ca(OH)2 solution to 30 mL of 0.05 mol L-1 Al2(SO4)3·18H2O 129 

with continuous stirring, according to the method described by Prietzel and Hirsch (1998). Each solid 130 

sample was freeze-dried to complete dryness using a VirTis Benchtop freeze-dryer (Hucoa-Erlöss, 131 

Spain). After drying, the samples were digested in aqua regia and stored in plastic vials for further 132 

chemical analysis. 133 

 134 

2.2 Analytical techniques 135 

 136 



 
 

 

The samples from solid digestions were analyzed for Al and S by inductively coupled plasma atomic 137 

emission spectrometry (ICP-AES; Thermo Jarrel-Ash) in the laboratories of the IDAEA (CSIC) in 138 

Barcelona. Detection limits were 2.6·10-3 mmol L-1 for Al and 1.6·10-2 mmol L-1 for S, and the analytical 139 

error was lower than 5%. Thermo-gravimetric analyses (TGA) were performed at the CERMAV (Univ. 140 

Grenoble Alpes, France) to determine the water content of basaluminite and felsöbányaite samples from 141 

weight loss vs. temperature curves using a TGA92-12 SETARAM, with a N2 flow of 1.8 l/h, between 142 

room temperature and 690 ºC, with a rate of temperature increase of 9.8 ºC min-1 under nitrogen flow. 143 

HEXD experiments were performed at the ID31 beamline of the European Synchrotron Radiation 144 

Facility (ESRF, Grenoble, France). Powder samples were loaded into polyimide (Kapton) capillaries. 145 

Sample and background measurements were carried out at room temperature in a Q-range of 0-25 Å-1. 146 

Incident X-rays had an energy of 69.5 keV (λ = 0.1784 Å), calibrated using a CeO2 standard (NIST 147 

679b). The 2D-images collected by the flat panel Perkin Elmer 2D detector were corrected and integrated 148 

using Fit2D (Hammersley et al. 1996). Structure factors, S(Q), and PDF, were obtained using the 149 

PDFGetX3 software (Farrow et al. 2009). In addition, partial PDFs of felsöbányaite were calculutated in 150 

order to identify the different atom pairs in the PDF. More information about partial PDF can be found in 151 

the section S1 of the Supporting Information (SI). 152 

Sulfur K-edge EXAFS data for natural and synthetic basaluminite were collected at the beamline 153 

“XAFS” of synchrotron Elettra (Trieste, Italy). Spectra were collected at the sulfur K-edge (2485 eV) in 154 

fluorescence mode at a temperature of 100 K. The sample was ground and suspended under ultrasonic 155 

vibration in 30 mL of cyclohexane. Immediately, the suspension was filtered through a 0.1 µm cellulose 156 

membrane filter and dried at room temperature. EXAFS data were taken in a range from 2300 to 3220 eV 157 

with 0.2 eV step size at the edge region. EXAFS data reduction and fitting were performed using the 158 

Athena and Artemis software of the IFFEFIT package (Ravel and Newville 2005). Structural models of 159 

sulfate in basaluminite were constructed using the felsöbányaite structure proposed by Farkas and Pertlik 160 

(1997). Debye-Waller factors, interatomic distances, coordination numbers and Fermi energy levels were 161 

fitted using a least-square refinement algorithm. Statistical F-tests (Joyner et al. 1987; Michalowicz et al. 162 

1999) were applied to determine the statistical significance of different tested hypotheses involving 163 

different numbers of shells added to the models. Only those models that improved the fit between 164 

theoretical and experimental EXAFS at the 90% level of confidence were selected. 165 



 
 

 

Solid-state NMR spectra were recorded using a Bruker Avance II spectrometer operating at 9.4 T, 166 

corresponding to a 27Al Larmor frequency of 104.2 MHz, equipped with a triple-resonance 3.2 mm 167 

magic-angle spinning (MAS) probe. 27Al MAS NMR experiments were recorded at approximately 300 K, 168 

using a hard and short (0.5 s) radiofrequency pulse (ensuring uniform excitation), a MAS rate of 20 kHz, 169 

an experimental repetition delay of 5 s and required approximately only 20 min of cumulative acquisition. 170 

The spectral width was 100 kHz and the free induction decay (FID) was measured for 3.2 ms, during 171 

which 100 kHz SPINAL-64 heteronuclear decoupling (Fung et al. 2000) was applied. 27Al z-filtered 172 

multiple-quantum magic-angle spinning (MQMAS) spectra (Amoureux et al. 1996) were recorded under 173 

the same experimental conditions as for the 27Al MAS NMR experiments except 792 co-added transients 174 

were acquired for each of 64 indirect dimension points, using an experimental repetition delay of 0.5 s, 175 

resulting in a total experimental time of ~14 h. The spectral width in the indirect dimension was 60 kHz, 176 

triple quantum excitation and reconversion were achieved using pulses of 6.0 and 1.6 s, respectively, 177 

and a central-transition-selective “read”-pulse of 8 s was applied before signal detection.  178 

 179 

2.3 Rietveld refinement and Reverse Monte Carlo structural models 180 

 181 

Basaluminite structural models were constructed from Reverse Monte Carlo simulations, using 182 

different modified felsöbányaite structures (Farkas and Pertlik 1997) as starting points. Prior to that, the 183 

crystal structure of felsöbányaite was refined by the Rietveld method with the FullProf suite programs 184 

(Rodríguez-Carvajal 1993) using a powder X-ray diffraction pattern of natural felsöbányaite. The 185 

diffraction pattern was collected on a Siemens D5000 diffractometer in Bragg-Brentano geometry, 186 

equipped with a theta-theta goniometer with a rotating sample holder. The patterns were collected using 187 

Cu k1 (k1 = 1.5406 Å) and k2 (k2 = 1.5444 Å) radiation in the range 2 = 0-70 with a step size of 188 

0.04 and a counting time of 6 s per step. Specific constraints were applied during the Rietveld refinement 189 

to consider the sulfate molecule as a rigid body. The results obtained by Rietveld analysis are showed in 190 

Table S1 and Figure S1 of the SI. 191 

A single RMC move involves the random displacement of a number of atoms, which modifies the 192 

calculated structure factor, S(Q), and the PDF of the model structure. Then, a χ2 is calculated for all the 193 

points i of the S(Q) and G(r): 194 

𝜒2 = {𝛴𝑖[𝑆(𝑄𝑖)𝑒𝑥𝑝 − 𝑆(𝑄𝑖)𝑐𝑎𝑙𝑐]
2

+ 𝛴𝑖[𝐺(𝑟𝑖)𝑒𝑥𝑝 − 𝐺(𝑟𝑖)𝑐𝑎𝑙𝑐]
2

} 𝜎2⁄    Eq. 1  195 



 
 

 

where σ is a weight factor. RMC moves are automatically accepted when χ2 is decreased, and are 196 

accepted with a probability P = exp (-Δχ2/2) when χ2 increases. Atom displacements are rejected if they 197 

violate the close-contact distances between atoms (see Table S2 of the SI). Bond lengths (S-O) and angles 198 

(O-S-O) of the sulfate molecules were constrained to restrict their deformation to less than 20%. Details 199 

of the RMC simulation are indicated in section S2 of the SI. 200 

 201 

3 Results 202 

 203 

3.1 Chemical characterization  204 

 205 

The stoichiometry of both natural basaluminite [Al4(OH)9.20(SO4)1.40·4.77H2O] and synthetic 206 

basaluminite [Al4(OH)9.02(SO4)1.49·4.56H2O] was characterized by a higher sulfate content than the 207 

chemical formula reported by Hollingworth and Bannister (1950) and Farkas and Pertlik (1997), with 208 

only one sulfate per four aluminum atoms (see Table S3 of the SI). 209 

TGA analyses of natural felsöbányaite, and natural and synthetic basaluminites are shown in Figure 210 

S2 of the SI. TGA data of felsöbányaite showed three different weight losses of 8.21%, 6.30% and 17.2% 211 

between 50 ºC and 120 ºC, 130 ºC and 185 ºC, and 270 ºC and 340 ºC, respectively (Fig. S2). The first 212 

and second steps (~14.5 wt.%) are interpreted as corresponding to loosely bound physisorbed and 213 

structural H2O (Brydon and Singh 1969). The third step (~17.2 wt.%) was associated with the release of 214 

structural OH. These weight losses are close to those found for the structure reported by Farkas and 215 

Pertlik (1997). In contrast, TGA data of both natural and synthetic basaluminites produced a unique large 216 

sigmoidal-like water desorption and decomposition step between 90 ºC and 300 ºC, with associated 217 

weight losses of 34.5 wt.% and 34.4 wt.%, respectively. Following this period, the sample weight was 218 

constant with a slight decreasing tendency between 300 ºC to 600 ºC (Fig. S2). The weight loss observed 219 

in both solids was associated with the vaporization of physisorbed H2O and of structural OH/H2O. 220 

Dehydration reactions can be described by Eqs. 2 and 3 for natural and synthetic basaluminites, 221 

respectively: 222 

Al4(OH)9.20(SO4)1.40·4.77H2O → Al4O4.60(SO4)1.40 + 9.37H2O   Eq. 2 223 

Al4(OH)9.02(SO4)1.49·4.56H2O → Al4O4.51(SO4)1.49 + 9.07H2O   Eq. 3 224 



 
 

 

The fact that felsöbányaite reveals three well-differentiated weight losses and basaluminite shows 225 

just one is interpreted as being due to the structural disorder present in basaluminite. Moreover, the 226 

similarity between the curves of natural and synthetic basaluminites suggests that, even though the 227 

basaluminite structure is disordered, water in both structures shares similar positions. 228 

 229 

3.2 Structural characterization 230 

 231 

3.2.1 High-energy X-ray diffraction 232 

 233 

Structure factors, S(Q), obtained from the diffraction patterns of the three samples are shown in 234 

Figure 1a. Lab-based X-ray diffraction patterns of felsöbányaite and basaluminite are showed in Figure 235 

S3, showing low-angle peaks indicative of mesoscale ordering of basaluminite domains, similarly to the 236 

periodic order of the layered felsobanyaite structure along the [10-1] direction. S(Q)s of natural and 237 

synthetic basaluminites present similar characteristics, with the regions of maximum peak intensity and 238 

diffuse scattering distributed along Q similar to felsöbányaite, suggesting similar structural 239 

characteristics. As expected, the structure factor of both basaluminite samples lacks any well-defined 240 

diffraction peak, suggesting a poorly-crystalline material (Fig. 1a). 241 

PDFs of natural and synthetic basaluminites and natural felsöbányaite are shown in Figure 1b. In 242 

addition, calculated partial PDFs of felsöbányaite (Farkas and Pertlik 1997) (Al-Al, Al-O, Al-S, S-S, S-O 243 

and O-O atom pairs) are displayed in Figure S4 of the SI. PDFs of synthetic and natural basaluminites 244 

reveal that the synthesis process yields nanoparticles with very similar local order. Slight differences in 245 

peak intensity and width could probably be related to the presence of impurities in the structure of the 246 

natural samples (see solution compositions in Table S3). The intensity decay along r was fitted with an 247 

envelope function reproducing particles of spherical shape (Gilbert 2008), considering as well the 248 

instrumental resolution effect determined previously with the CeO2 standard (Toby and Egami 1992). 249 

Natural and synthetic samples of basaluminite showed an identical coherent domain size of about 1.2 nm, 250 

while the coherent domain size obtained for the felsöbányaite sample was in the range of 4-5 nm. PDFs of 251 

both felsöbányaite and basaluminite exhibited similar structural features in the region between 1 and 6 Å, 252 

but with significant variations in peak intensities and width (Fig. 1b). Both basaluminite and felsöbányaite 253 

PDFs were compared in order to identify similarities and to associate individual peaks to interatomic 254 



 
 

 

distances using the calculated partial PDFs of felsöbányaite. The position of the first peak at 1.45 Å 255 

corresponds to the S-O distance in the sulfate tetrahedron, whereas the second peak at 1.88 Å is attributed 256 

to the Al-O distance in the aluminum octahedron. The peak at 3 Å corresponds to the superposition of Al-257 

Al and O-O distances, where the Al-Al distance corresponds to edge-sharing aluminum octahedra and the 258 

O-O distance is related to consecutive oxygen atoms in the octahedra. The next three peaks (at 4, 4.8 and 259 

6 Å) are mainly due to Al-O distances. Beyond r = 6 Å, the PDF of basaluminite shows a noise level 260 

(Fourier truncation error) comparable to the signal. 261 

 262 

3.2.2 Solid-state nuclear magnetic resonance 263 

 264 

27Al MAS and 27Al MQMAS NMR spectra are shown in Figures 2 and 3, respectively. Aluminum in 265 

amorphous and mineral phases has been observed in 4-, 5- and 6-coordination states [Al(IV), Al(V) and 266 

Al(VI)], where Al(IV), Al(V) and Al(VI) are represented by 27Al MAS NMR peaks between +55 and +85 267 

ppm, +30 and +41 ppm, and +0 and +15 ppm, respectively (Kirkpatrick and Phillips 1993). Both natural 268 

and synthetic basaluminites showed similar Al-coordination, where Al(VI) was the most abundant 269 

coordination, characterized by a broad peak, highlighting the presence of a range of Al-O-Al bond angles 270 

(i.e., high degree of structural disorder). Interestingly, Al(V) and Al(IV) also occur in the structure but to 271 

a much lesser extent, about 5% and 1%, respectively (Figs. 2 and 3a). These Al-coordination states have 272 

been previously reported in white precipitates collected in systems affected by acid water (Kim 2015). 1H 273 

NMR data (not shown) indicated the presence of physisorbed H2O as well as Al-OH hydroxyl groups. 274 

There is no evidence of Al(IV) or Al(V) coordination in felsöbányaite (Figs. 2 and 3b). Although 275 

felsöbányaite contains only Al(VI) coordination like gibbsite, the 27Al MAS NMR spectrum of which is 276 

shown in Fig. 2 for comparison, it is evidently less well ordered owing to the larger linewidth of the 277 

corresponding NMR peak. Moreover, the Al(VI) coordination of both natural and synthetic basaluminites 278 

are even less ordered, according to the broader Al(VI) peaks (Figs. 2 and 3), with the natural sample 279 

being the most amorphous. 280 

 281 

3.2.3 Reverse Monte Carlo models 282 

 283 



 
 

 

The qualitative analysis of the PDF data and the similarities in the Al(VI) coordinations found by 284 

ssNMR suggest that the basaluminite structure seems to have similar features to that of felsöbányaite, 285 

though with non-negligible distortions, as suggested by Farkas and Pertlik (1997). Based on this 286 

observation, and in order to develop an atomistic structural model of basaluminite that matches the 287 

diffraction data and the PDF analysis, a RMC refinement strategy was followed. 288 

The evolution of the χ2 agreement parameter of the models used (fels1, fels2 and fels3, see details in 289 

the section S2 of the SI) is shown in Figure S5 of the SI. The three structures show similar final χ2 values, 290 

indicating that the three of them provide equally good representation of the scattering data. Even though 291 

longer simulations provided better agreement, a choice was made to stop RMC simulations once the χ2 292 

started to show a plateau; RMC simulations that were run for a longer time (larger number of steps), 293 

provided similar χ2 values, but showed higher structural disorder. 294 

Differences between experimental and modeled S(Q) and G(r) are displayed in Figure 4. Views of 295 

the atomistic structure are shown in Figure S6 of the SI. The model kept the octahedral Al layer structure, 296 

with only slight distortions. Sulfate and water molecules placed in the interlayer space were slightly 297 

displaced from their original positions. However, the contribution of these molecules to the total PDF and 298 

to the scattering was negligible (Figs. S4 and 4), and therefore no unambiguous information about their 299 

positions can be reported. 300 

 301 

3.2.4 Sulfur K-edge EXAFS 302 

 303 

Sulfur K-edge EXAFS from synthetic and natural basaluminites, and the parameters of the structural 304 

models achieved are shown in Figure 5 and Table 1. Results from natural basaluminite reveal the 305 

presence of one shell at 1.453 ± 0.002 Å, which is attributed to the S-O distance (Fig. 5). This peak is 306 

consistent with an undistorted sulfate tetrahedron with coordination number of 5.119 (± 0.051). Three 307 

different models were considered during the fitting process: (i) a sulfate in an outer-sphere position (just 308 

one shell); (ii) a surface complex with a monodentate ligand; and (iii) a surface complex with a bidentate 309 

binuclear ligand on aluminum octahedral layers. A model where sulfate is forming an outer-sphere 310 

location yields the best fit (Table 1) and a 75% confidence in the F-test (see all parameters used for the F-311 

tests in Tables S4, S5 and S6 in the SI), which is in agreement with the localization of sulfate in 312 

felsöbányaite (Farkas and Pertlik 1997). On the other hand, S K-edge EXAFS in synthetic basaluminite 313 



 
 

 

shows that sulfate is retained by bidentate binucleate inner-sphere covalent ligands, where a double shell 314 

is identified with peaks located at 1.458 ± 0.003 Å and 3.017 ± 0.033 Å. These peaks are associated to S-315 

O and S-Al distances with coordination number of 4.583 ± 0.051 and 2.00 (fixed value), respectively 316 

(Fig. 5 and Table 1). The F-test values obtained for these models indicate that the bidentate binuclear 317 

inner-sphere is the best fit, where the confidence level was 60% (Table S6). The confidence levels 318 

obtained in both F-test studies are close to or less than minimum necessary, indicating that both models 319 

are possible and that the second shell is near the limit of detection. 320 

 321 

4 Discussion 322 

 323 

4.1 Sulfate and water environments in basaluminite 324 

 325 

The higher sulfate contents observed in both natural and synthetic basaluminites with respect to the 326 

chemical composition reported for felsöbányaite (Hollingworth and Bannister 1950; Farkas and Pertlik 327 

1997) could be related to the nanocrystalline, defective structure of basaluminite and its larger surface 328 

area. This difference in oxyanion content by nanomineral phases has been reported in other precipitates 329 

present in AMD and ASS (e.g., schwertmannite; Bigham et al., 1994). The different sulfate structural 330 

positions observed in natural and synthetic basaluminites could be associated with the higher sulfate 331 

concentration in solution during the synthesis of basaluminite, resulting in a higher proportion of 332 

adsorbed sulfate. In fact, the sulfate content is slightly higher in synthetic than in natural basaluminite 333 

(Al/S = 2.86 and 2.68 in natural and synthetic basaluminites, respectively). EXAFS results and statistical 334 

F-test analysis indicated that sulfate shows a bidentate coordination with the Al framework in synthetic 335 

basaluminite, though the statistical significance of this result is near the limit of acceptable confidence. 336 

Actually, both spectra are very similar, with mainly one frequency associated to the S-O distance. The 337 

presence of inner-sphere sulfate in synthetic basaluminite could be explained by the higher sulfate 338 

concentration in these samples, and therefore the higher probability that some sulfate can adopt different 339 

bonding environments. Most sulfate is retained in basaluminite by outer-sphere ligands, such as those 340 

present in the felsöbányaite structure (Farkas and Pertlik 1997).  341 

A previous study has reported a detailed investigation of sulfate bonding environment in 342 

schwertmannite, another poorly crystalline mineral from AMD and ASS. Different local environments are 343 



 
 

 

described as a function of the level of hydration of the sample. In air-dried samples, reactive singly-Fe 344 

coordinated hydroxyl groups react through a ligand exchange process with sulfate, forming inner-sphere 345 

complexes. On the other hand, sulfate in wet samples is mainly coordinate in outer-sphere position (Wang 346 

et al. 2015). A similar behavior could be present in basaluminite. Both, natural and synthetic samples 347 

present a high defective Al-framework, but the lower water content and the impossibility to form water 348 

mediated H-bonding, could lead to the presence of inner-sphere ligands in synthetic basaluminite.    349 

Finally, the unique large sigmoidal-like water desorption step observed in TGA data indicates that 350 

the physisorbed water and hydroxyl groups in both natural and synthetic basaluminites present similar 351 

disordered environments with non-well-defined structural positions, as compared to felsöbányaite (Fig. 352 

S2). However, no further information about the water positions in the structure could be obtained due to 353 

their very low X-ray scattering weight factor, resulting in a negligible contribution to the total PDF. 354 

 355 

4.2 Aluminum framework  356 

 357 

The high structural correlation observed between basaluminite and felsöbányaite in the first 6 Å of 358 

the PDF and the good fit obtained with RMC with only slight distortions of the felsöbányaite structure 359 

indicate that basaluminite can be described as a mineral nanoparticle. Two structural models were 360 

considered to explain the origin of this disorder that match well the observed Al/S ratio: (i) a structure 361 

formed by an identical Al-framework to that of felsöbányaite, where excess sulfate was due to formation 362 

of surface complexes on the external surface, and (ii) a structure where aluminum point defects 363 

(vacancies) are present in the Al layers. RMC simulations of these two models yielded similar χ2 values 364 

(Fig. S5), indicating that both are equally plausible. In addition, the Al-O first neighbor distances shows a 365 

distortion to lower Al-O distances (Fig. S7). The asymmetric shape can be at least partially due to the 366 

presence of Al(IV) and Al(V) coordination in basaluminite (Al(IV)-O and Al(V)-O distance in 367 

oxyhydroxide phases are in the order of 1.76 and 1.80, respectively, Kubicki 1998). It is worth noting 368 

here that the atomistic models resulting from the RMC are not to be understood as a precise, 369 

crystallographic description of the basaluminite structure. The RMC method is a statistical method, whose 370 

results should be interpreted in a statistical way. Large supercells were used in order to allow for the 371 

presence of different distortions in the short-range order region. Whether basaluminite exists as a single 372 



 
 

 

nanoparticle or as an extended disordered network (gel) cannot be addressed by the local-order probes 373 

used here. 374 

The presence of tetrahedral and pentahedral Al-coordinations in basaluminite found by ssNMR 375 

spectroscopy is an important difference between felsöbányaite and basaluminite. Different reasons can 376 

explain the presence of tetrahedral Al: (i) Al(IV) is a structural component in silicate minerals, such as 377 

feldspars and phyllosilicates (27Al NMR peaks at 70 ppm in a magnetic field of 10 T; Kirkpatrick and 378 

Phillips, 1993), and basaluminite precipitation in streams affected by AMD and ASS is associated with 379 

the removal of Si from the solution (Bigham and Nordstrom, 2000). A priori, HEXD results found no 380 

evidence of crystalline silicate minerals, with basaluminite being the only phase present in the samples 381 

(Fig. 1). However, the presence in small proportions of a disordered aluminosilicate phase cannot be ruled 382 

out from these experiments. (ii) Al13 keggin ions (27Al NMR peaks at 60 ppm in a magnetic field of 10 T, 383 

Kirkpatrick and Phillips, 1993), which contain one Al site in a tetrahedral coordination, have been 384 

proposed as a structural building motifs for many Al-oxyhydroxide phases (such as gibbsite, boehmite 385 

and bayerite; Jolivet et al., 2011), and it could be possible that they also participate in the precipitation 386 

process of basaluminite. Indeed, the NMR chemical shift of 60 ppm found here for Al(IV) in basaluminite 387 

matches the value found for sulfate-bearing phases formed from Al13 Keggin ions in the same magnetic 388 

field of 10 T (Kirkpatrick and Phillips 1993) (Figs. 2 and 3a). Additionally, the presence of Al(V) in 389 

basaluminite (~5%) is characteristic of materials with large surface areas (Kirkpatrick and Phillips, 1993), 390 

where water molecules are coordinated to surface Al(V) atoms. 391 

 392 

4.3 Implications: On the mineral nature of nanomineral species  393 

 394 

The lack of clearly defined peaks in the diffraction patterns, due to small coherent domain size and 395 

to the accumulation of structural defects, prevents us from defining a unit cell to describe the basaluminite 396 

structure. However, the use of the PDF method clearly shows that the average local order is not far from 397 

that of a disordered felsöbányaite nanoparticle. However, the different geological occurrences of 398 

felsöbányaite and basaluminite makes that more careful analyses need to be performed on the structure of 399 

the aged basaluminite. A couple of studies (Adams and Rawajfih, 1977 and Brydon and Singh, 1968) 400 

reported the formation of a so-called ‘crystalline basaluminite’ when aged in the presence of Ca-bearing 401 

solutions at 50C. Interestingly, these conditions are similar to the ones that could be found in alkaline 402 



 
 

 

‘chalky’ sedimentary environments where some of the first basaluminite occurrences were described 403 

(Bannister and Hollingworth 1948; Brydon and Singh 1969; Clayton 1980). But, to the best of our 404 

knowledge, felsöbányaite or ‘crystalline basaluminite’ have never been reported in AMD or ASS 405 

environments. More studies need to be undertaken to better understand the relationship between these two 406 

phases and the aging mechanisms. Performing these studies would help to clarify the status of 407 

basaluminite as a single nanomineral species or as a felsöbányaite mineral nanoparticle. They will also 408 

clarify the potential release of adsorbed oxyanions upon basaluminite aging, with important 409 

environmental consequences in AMD-affected sites (Carrero et al. 2017). 410 

This work highlights the need of careful analysis and possible revision of amorphous structures, and 411 

their potential re-classification as nanominerals. Following recent discussions in the mineralogical 412 

literature (Caraballo et al., 2015), this could then just be interpreted as a case where the use of advanced 413 

characterization techniques allows revealing the nature of a mineral nanoparticle that would have been 414 

otherwise classified as an amorphous material.  The advent of advanced characterization techniques is 415 

providing unprecedented structural details of disordered solids, linking some structures to already known 416 

mineral phases (Hochella et al. 2008; French et al. 2012; Grangeon et al. 2017), and unraveling the 417 

existence of structural defects in materials that, in some cases, provide them with functional advantages. 418 

More work in this direction is needed to establish more links between the world of amorphous 419 

precipitates to that of nanominerals and mineral nanoparticles. 420 
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Associated information 422 

 423 

Supporting Information. The supporting information contains: 1) details of partial distribution function 424 

of felsöbányaite, indicating the equation employed in the calculations (S1); 2) details of Reverse Monte 425 

Carlos simulation (S2); 3) tables with close-contact interatomic distances and final lattice parameters 426 

obtained in RMC, the chemical results of solid digestion and the parameters and F-test results of the 427 

different models considered during the EXAFS refinement; and 4) seven figures illustrating the details of 428 

the solid phases characterization and structural simulations.  429 
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Figure captions 534 

 535 

FIGURE 1: (a) X-ray diffraction structure factor (S(Q)) and (b) PDFs of felsöbányaite (black), and 536 

natural (red) and synthetic (blue) basaluminites. 537 

FIGURE 2: 27Al MAS NMR spectra of basaluminite, felsöbányaite and gibbsite (standard). The 538 

three bands represent Al(IV)-, Al(V)- and Al(VI)-coordination. The intensity scaling is arbitrary. 539 

FIGURE 3: 2D 27Al MQMAS-27 NMR spectra of (a) basaluminite and (b) felsöbányaite. 540 

FIGURE 4: Experimental (a) structure factor and (b) pair distribution function of synthetic 541 

basaluminite (black) compared with those obtained from RMC with the fels2 [2,2,2] structure (red), and 542 

the difference (green). 543 

FIGURE 5: (a) K3-weighted EXAFS spectra and (b) their Fourier transform amplitude at the S K-544 

edge of natural and synthetic basaluminites. Experimental and fitted curves are displayed in black and red 545 

color, respectively. 546 

 547 

Table captions 548 

  549 

TABLE 1: Modeling parameters for S K-edge EXAFS with 100% outer-sphere coordination and 550 

100%, bidentate binucleate inner-sphere ligand in natural and synthetic basaluminite, respectively. 551 

 552 













Table 1 

Model  Path  Neighbor  N σ2 R ΔE0 V Δχ2 

Nat-Bas S-OT One shell 5.119 ± 0.051 0.0004 ± 0.0002 1.453 ± 0.002 0.213 ± 1.320 4 16.3 
Syn-Bas S-OO Shell 1 4.583 ± 0.051 0.0009 ± 0.0003 1.458 ± 0.003 2.049 ± 1.201 5 17.9 

S-Albi Shell 2 2.000 (fixed) 0.0057 ± 0.0037 3.017 ± 0.033 2.049 ± 1.201

V: nº of variable 
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