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Abstract  9 

The mineral schlossmacherite (H3O,Ca)Al3(AsO4,PO4,SO4)2(OH)6 , a multi-cation-multi-10 

anion mineral of the beudantite mineral subgroup has been characterised by Raman 11 

spectroscopy.  The mineral and related minerals functions as a heavy metal collector and is 12 

often amorphous or poorly crystalline, such that XRD identification is difficult.  The Raman 13 

spectra are dominated by an intense band at 864 cm-1, assigned to the symmetric stretching 14 

mode of the AsO4
3- anion.  Raman bands at 809 and 819 cm-1 are assigned to the 15 

antisymmetric stretching mode of AsO4
3- .  The sulphate anion is characterised by bands at 16 

1000 cm-1 (ν1), and at 1031, 1082 and 1139 cm-1 (ν3). 17 

Two sets of bands in the OH stretching region are observed: firstly between 2800 and 3000 18 

cm-1 with bands observed at 2850, 2868, 2918 cm-1 and secondly between 3300 and 3600 19 

with bands observed at 3363, 3382, 3410, 3449 and 3537 cm-1.  These bands enabled the 20 

calculation of hydrogen bond distances and show a wide range of H-bond distances.  21 

Keywords: Raman spectroscopy, schlossmacherite, kemmlitzite, beudantite, arsenate, 22 

sulphate 23 

 24 

 25 

26 

                                                 
 Author to whom correspondence should be addressed (r.frost@qut.edu.au) 



2 
 

 27 

Introduction 28 

Schlossmacherite (H3O,Ca)Al3(AsO4,PO4,SO4)2(OH)6 is a rare secondary mineral formed in 29 

the oxidised zone of copper bearing gold deposits [1]. The mineral is part of the alunite-30 

jarosite supergroup [2].  The mineral is fundamentally a member of the beudantite subgroup 31 

with mixed anions of arsenate and sulphate and is part of the alunite supergroup [3]. The 32 

mineral is hexagonal, pseudocubic and its space group is 5
3dD  ( mR

_

3 ).  It forms 33 

polycrystalline aggregates and crusts, typical of alunites.   34 

Alunites are formed from solution through precipitation and crystallisation processes. 35 

Interest in such minerals and their thermal stability rests with the possible identification of 36 

these minerals and dehydrated paragenetically related minerals [2]. There have been many 37 

studies on related minerals. (a) Fe(II) and Fe(III) sulphate minerals and jarosites [4-8]. (b): 38 

The importance of alunite formation and its decomposition depends upon its presence in 39 

soils, sediments and evaporite deposits [9-11]. These types of deposits have formed in acid 40 

soils where the pH is less than 3.0 pH units. Such acidification results from the oxidation of 41 

pyrite which may be from bacterial action or through air-oxidation. (c) Thirdly, alunites are 42 

important from an environmental point of view. Alunites are minerals which can function as 43 

collectors of heavy metals and low concentrations can be found in the natural alunites. Such 44 

minerals can act as a significant environmental sink. 45 

One of the difficulties associated with the analysis of schlossmacherite and related minerals  46 

is that they are often poorly crystalline, making detection using XRD techniques difficult.  A 47 

second problem associated with the study of members of the alunite supergroup is their 48 

thermodynamic stability [12].  Often the minerals are formed from acid-sulfate rich 49 

environments (acid mine drainage and acid-sulfate soils) and their solubility that is controlled 50 

by the climatic conditions, in particular temperature. The minerals can precipitate in the day 51 

time, as the solution evaporates, and redissolves at night when the temperature is lower.  Such 52 

phenomena results in very complex mineral systems which involve jarosites and other 53 

sulphates for example iron(II)sulphates and potassium sulphate.   54 

No vibrational spectroscopic studies of schlossmacherite have been forthcoming.  Raman 55 

spectroscopy has proven very useful for the study of minerals [13-31].  Indeed, Raman 56 

spectroscopy has proven most useful for the study of diagenetically related minerals as often 57 



3 
 

occurs with minerals containing phosphate groups.  This paper is a part of systematic studies 58 

of vibrational spectra of minerals of secondary origin in the oxide supergene zone. In this 59 

work we attribute bands at various wavenumbers to vibrational modes of schlossmacherite 60 

using Raman spectroscopy and relate the spectra to the structure of the mineral. 61 

Experimental 62 

Minerals 63 

The mineral originated from the Emma Luisa gold mine, Guanaco district, about 100 km 64 

east-northeast of Taltal, Antofagasta, Chile, and was supplied by The Mineralogical Research 65 

Company.  Details of the mineral have been published (page 621) [32].  The mineral has been 66 

identified in gossans related to Pb-Zn mineralization in the Mount Isa region of northwest 67 

Queensland, Australia [33]. 68 

Raman spectroscopy 69 

Crystals of schlossmacherite were placed on a polished metal surface on the stage of an 70 

Olympus BHSM microscope, which is equipped with 10x, 20x, and 50x objectives. The 71 

microscope is part of a Renishaw 1000 Raman microscope system, which also includes a 72 

monochromator, a filter system and a CCD detector (1024 pixels). The Raman spectra 73 

were excited by a Spectra-Physics model 127 He-Ne laser producing highly polarised 74 

light at 633 nm and collected at a nominal resolution of 2 cm-1 and a precision of ± 1 cm-75 
1 in the range between 100 and 4000 cm-1. Repeated acquisition on the crystals using the 76 

highest magnification (50x) was accumulated to improve the signal to noise ratio in the 77 

spectra. Spectra were calibrated using the 520.5 cm-1 line of a silicon wafer.  Power at the 78 

sample was 0.01 mW. The sample was checked for damage during spectroscopic 79 

analysis.  The spot size of the laser is around 1 micron.  80 

 81 

Band component analysis was undertaken using the Jandel ‘Peakfit’ (Erkrath, 82 

Germany) software package which enabled the type of fitting function to be selected and 83 

allowed specific parameters to be fixed or varied accordingly. Band fitting was done using a 84 

Lorentz-Gauss cross-product function with the minimum number of component bands used 85 

for the fitting process. The Lorentz-Gauss ratio (L-G) was maintained at values greater than 86 

0.7 but variation in the L-G ratio was allowed and fitting was undertaken until reproducible 87 

results were obtained with squared correlations ( r2) greater than 0.995.  Band fitting of the 88 
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spectra is quite reliable providing there is some band separation or changes in the spectral 89 

profile.   90 

Results and discussion 91 

Background 92 

The Td symmetry is characteristic for both free units (SO4)
2- and (AsO4)

3- ions. In dilute 93 

aqueous solutions, (SO4)
2- ions exhibit the symmetric stretching vibration (A1, 1), 983 cm-1 – 94 

Raman active, the doubly degenerate  bending vibration (E, 2), 450 cm-1 – Raman active, the 95 

triply degenerate antisymmetric stretching vibration (F2, 3), 1105 cm-1 – Raman and infrared 96 

active, and the triply degenerate bending vibration (F2, 4), 611 cm-1 – Raman and infrared 97 

active. Any symmetry lowering may activate some or all vibrations in both Raman and IR 98 

and cause the splitting of degenerate vibrations [34-36] . Fundamental vibrational modes for 99 

(AsO4)
3- are the symmetric stretching vibration (A1, 1), 837 cm-1 – Raman active, the doubly 100 

degenerate bending vibration (E, 2), 349 cm-1 – Raman active, the triply degenerate 101 

antisymmetric stretching vibration (F2, 3) – 878 cm-1 – Raman and infrared active, and the 102 

triply degenerate bending vibration (F2, 4), 463 cm-1 – Raman and infrared active. Similarly, 103 

as in the case of sulfate ions, any symmetry lowering may cause Raman and infrared 104 

activation of some or all vibrations and the splitting of degenerate vibrations [35, 37]. 105 

Raman spectroscopy 106 

A mineral such as schlossmacherite with sulphate, arsenate, hydroxyl and water units lends 107 

itself to vibrational spectroscopy. The mineral schlossmacherite 108 

(H3O,Ca)Al3(AsO4,PO4,SO4)2(OH)6  may also contain phosphate units which may also be 109 

identified by their peak positions.  Each unit will vibrate and give its own individual 110 

spectrum, and if there is minimal overlap the spectral regions can be assigned to these 111 

vibrating units. The overall Raman spectrum from 100 to 4000 cm-1 is displayed in Figure 1.  112 

This figure shows the position and relative intensity of each of the Raman bands.  The Raman 113 

spectrum in the 750 to 1250 cm-1 region is shown in Figure 2.   This spectral region is where 114 

the sulphate and arsenate stretching bands are observed.  By far the most intense band in the 115 

spectrum is the band at 864 cm-1. This band is assigned to the AsO4
3- ν1 symmetric stretching 116 

vibration.  Two bands are observed at 809 and 819 cm-1 and are assigned to the AsO4
3- ν3 117 

antisymmetric stretching modes.  Because more than one antisymmetric stretching vibration  118 

is observed, it is probable that the symmetry of the arsenate is reduced. It is interesting that 119 
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the antisymmetric stretching modes occur at lower wavenumbers than the symmetric 120 

stretching modes. This is comparatively somewhat unusual for the vibrational spectroscopy 121 

of oxyanions.  When heavy atoms such as As are in the oxyanion, it is normal for the 122 

symmetric stretching mode to be at higher wavenumbers than the antisymmetric stretching 123 

mode.   124 

 125 

The sharp and low intensity band at 1000 cm-1 is assigned to the SO4
2- ν1 symmetric 126 

stretching mode.  The question may be asked why is this vibration of such low intensity. One 127 

possible reason is that the low intensity is due to an orientation effect. A second reason might 128 

be ascribed to the relative molar ratio of the arsenate/sulphate  anions. The ratio might not 129 

necessarily be unity.  If there is more arsenate than sulphate the relative intensities could be 130 

as expected.  It is likely that the Raman scattering cross sections of the arsenate and sulphate 131 

anions are different. This will affect the intensity of the bands.  The chemical analysis of 132 

schlossmacherite as given by Anthony et al. [32] would mitigate against this argument. The 133 

ratio of sulphate to arsenate is 1.53/ 0.49.  The three bands at 1031, 1082 and 1139 cm-1 are 134 

attributed to the SO4
2- ν3 antisymmetric stretching vibrational mode.  The observation of three 135 

low intensity bands provides support for the concept that the sulphate is of significantly 136 

reduced symmetry. Indeed, the symmetry may be reduced to C3v or even C2v.  This in itself 137 

might be an explanation of the low intensity of the sulphate symmetric vibrations.   Two 138 

bands are displayed at 915 and 938 cm-1.  These low intensity bands may be assigned to PO4
3- 139 

stretching vibrations.  Isomorphic substitution often occurs with the alunite supergroup.  The 140 

phosphate anion replaces the arsenate in the structure of schlossmacherite.  According to 141 

Dutrizac and Jambor [2], the maximum amount of arsenate/phosphate substitution is 25%.   142 

 143 

The Raman spectrum in the 250 to 650 cm-1 region is shown in Figure 3. This spectral region 144 

is where the sulphate and arsenate bending modes are observed.  The Raman band at 601  145 

cm-1 is ascribed to the SO4
2- ν2 bending mode.   The band at 513 cm-1 is ascribed to the SO4

2-  146 

ν4 bending mode.  In harmony with the intensity of the symmetric stretching vibrations, the 147 

intensity of the SO4
2- bending vibrations is significantly lower than the intensity of the 148 

arsenate bending vibrations. The intense band at 437 cm-1 with a shoulder at 458 cm-1 is 149 

assigned to the AsO4
3- ν4 bending modes.  The three Raman bands at 358 and 392 cm-1 with a 150 
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component band at 338 cm-1 are attributed to AsO4
3- ν2 bending modes.  Three other bands are 151 

found at 263, 297 and 312 cm-1. The Raman spectrum of schlossmacherite in the 100 to 250 152 

cm-1 region is shown in Figure 4. Intense Raman bands are observed at 147, 203 and 224  153 

cm-1.   These bands are described as lattice vibrations.  154 

 155 

The Raman spectrum of schlossmacherite in the 2800 to 3600 cm-1 region is displayed in 156 

Figure  5.  Two sets of spectra are observed: firstly between 2800 and 3000 cm-1 with bands 157 

observed at 2850, 2868, 2918 cm-1 and secondly between 3300 and 3600 with bands observed 158 

at 3363, 3382, 3410, 3449 and 3537 cm-1.  The first set of bands is attributed to the OH 159 

stretching vibrations of AsOH units.  According to the following equation, hydrogen arsenate 160 

units are formed:   AsO4 + H+ → HOAsO3.  According to Schmetzer et al. [1, 38] the mineral 161 

contains a hydrated proton in its structure. Thus, the Raman spectrum will result not only 162 

from the symmetric stretching bands of the OH units but also the H3O
+ units.  Thus, the series 163 

of bands at 3363, 3382 and 3410 cm-1 are attributed to the OH stretching vibrations of the OH 164 

units  and the two bands at 3449 and 3537 cm-1 are assigned to the stretching vibrations of the 165 

H3O
+ units.   It is possible that HO-SO4

3- units are also formed and these vibrations are 166 

reflected in the 3449 and 3537 cm-1 bands.  The Raman spectrum of schlossmacherite over 167 

the 1200 to 1800 cm-1 range is displayed in Figure 6.  The spectrum suffers from a lack of 168 

signal to noise. Perhaps this is not unexpected as water is a very poor Raman scatterer. The 169 

intensity of the Raman bands for the water bending region is expected to be of low intensity.  170 

Nevertheless, a number of Raman bands are observed at 1304, 1442, 1458 and 1590 and 1651 171 

cm-1.  The two bands at 1590 and 1651 cm-1 are assigned to water bending modes.  The 172 

former three bands are assigned to OH deformation modes.  173 

 174 

 175 

Studies have shown a strong correlation between OH stretching frequencies and both O…O 176 

bond distances and H…O hydrogen bond distances [39-42]. Libowitzky showed that a 177 

regression function can be employed relating the hydroxyl stretching frequencies with 178 

regression coefficients better than 0.96 using infrared spectroscopy [43]. The function is 179 

described as: ν1 = 1321.0

)(

109)3043592(
OOd 

 cm-1. Thus, OH---O hydrogen bond distances 180 
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may be calculated using this Libowitzky empirical function.  The question arises as to 181 

whether  an empirical relationship based upon infrared data is also applicable to Raman data. 182 

In this work we are making the assumption that the relationship holds true for Raman 183 

hydroxyl stretching bands. The values for the OH stretching vibrations labelled in Figure 5, 184 

provide hydrogen bond distances for schlossmacherite, of  2.6196 Å (2850 cm-1), 2.6229 Å 185 

(2868 cm-1), 2.6323 Å (2918 cm-1), 2.7864 Å (3382 cm-1), 2.8083 Å (3410 cm-1), 2.8371 Å 186 

(3449 cm-1), and 2.9633 Å (3537 cm-1). The range of hydrogen bond distances observed for 187 

schlossmacherite are also observed in other mixed anion minerals such as peisleyite, where 188 

the distances range between 3.052(5) and 2.683(6) Å. Such hydrogen bond distances are 189 

typical of secondary minerals. A range of hydrogen bond distances are observed from 190 

reasonably strong to weak hydrogen bonding. This range of hydrogen bonding contributes to 191 

the stability of the mineral.  192 

 193 

Minerals of the alunite supergroup function as heavy metal collectors. Included in this group 194 

are the minerals of the beudantite subgroup, one of which is schlossmacherite.  195 

Schlossmacherite (H3O,Ca)Al3(AsO4,SO4)2(OH)6 is a protonated mineral containing sulphate 196 

and arsenate anions.  The mineral is characterised by Raman bands associated with both the 197 

arsenate and sulphate anions and also the OH units and protonated arsenate units.     198 

 199 
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