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ABSTRACT 25 

Jarosite and related subgroup minerals are of high importance in mineral processing, as sources 26 

and sinks for metals and acidity in the environment, and they have potential to preserve 27 

elemental and isotopic biomarkers relevant to the search for life in the solar system. The crystal 28 

structures and chemistry of jarosite minerals affect their stability and reactivity and thus the roles 29 

they play in natural and engineered systems. Rhombohedral symmetry has been documented in 30 

natural and synthetic jarosites, whereas monoclinic symmetry has only been documented in 31 

synthetic jarosites. This research reports the occurrence of monoclinic symmetry in a natural 32 

natrojarosite sample investigated using synchrotron powder X-ray diffraction (PXRD), 33 

thermogravimetric analysis (TGA), and electron backscatter diffraction (EBSD). Splitting of 34 

several rhombohedral PXRD peaks (e.g., 012, 027 and 033) into pairs of peaks was observed, 35 

with the magnitude of the splitting and the relative intensities of the pairs of peaks being almost 36 

identical to those reported for synthetic monoclinic jarosite. Rietveld refinement with room 37 

temperature PXRD data shows an ordering of iron-site vacancies on the Fe1 site consistent with 38 

monoclinic symmetry, space group C2/m. Conversion of monoclinic unit-cell parameters into 39 

pseudohexagonal unit-cell parameters, specifically β´, also supports the use of a monoclinic 40 

model to describe the natrojarosite structure. Structural analysis with increasing temperature is 41 

supportive of the thermal evolution previously described for synthetic monoclinic jarosite 42 

samples, with some indications of subtle differences between synthetic and natural materials 43 

including slower rates of thermal expansion and absence of FeOHSO4 peaks for natural 44 

monoclinic jarosite. EBSD provides insight into the spatial–structural variation within the hand 45 

specimen from which the natrojarosite was sampled, demonstrating that there are areas of 46 

unambiguous monoclinic symmetry, but others where both monoclinic and rhombohedral 47 
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natrojarosite coexist. The results of this study suggest that monoclinic symmetry in natural 48 

jarosites may be more prevalent than previous studies suggest. Monoclinic symmetry in jarosites 49 

is identifiable by an ordering of iron-site vacancies on the Fe1 site, splitting of specific 50 

rhombohedral XRD peaks into pairs of peaks, and an increase in jarosite symmetry (i.e., from 51 

monoclinic to rhombohedral) during heating. The splitting of peaks in monoclinic jarosites can 52 

be subtle so it is recommended that high-resolution XRD data is collected when studying the 53 

crystal structure of jarosites. 54 

 55 

Keywords: Jarosite, natrojarosite, monoclinic symmetry, synchrotron powder X-ray diffraction, 56 

Rietveld refinement, electron backscatter diffraction 57 

 58 

INTRODUCTION 59 

Jarosite [KFe3(SO4)2(OH)6] and related subgroup minerals are of high importance in a 60 

variety of mineral processing and natural environments. Jarosite has been documented in acid-61 

sulfate environments such as acid mine drainage and acid sulfate soils (e.g., Egal et al., 2008; 62 

Jamieson et al., 2005; Öborn and Berggren, 1995; Welch et al., 2007) where it can act as a 63 

contaminant sink, incorporating toxic metal(loids) into its structure (Asta et al., 2009; Johnston et 64 

al., 2010), or as a contaminant source through release of acid and toxic metal(oid)s during its 65 

decomposition (Karimian et al., 2017; Langmuir, 1997; Smith et al., 2006a). In some mineral 66 

processing industries (e.g., zinc), jarosite is deliberately precipitated to remove unwanted iron, a 67 

procedure known as the ‘jarosite process’ (Arregui et al., 1980), and maximization of iron 68 

incorporation during jarosite precipitation is essential. In other mineral processing technologies 69 

(e.g., bioleaching of chalcopyrite), jarosite precipitation forms unwanted passivating layers on 70 
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ore minerals, slowing mineral dissolution and metal recovery (Sandström et al., 2005; Stott et al., 71 

2000). Knowledge of jarosite formation mechanisms, stability and thermal behavior is therefore 72 

essential for its management and utilization in the environment and during mineral processing. 73 

Jarosite has also been documented at several locations on Mars including Meridiani Planum, 74 

Melas Chasma and Mt Sharp (e.g.,  Klingelhöfer et al., 2004; Liu et al., 2018; Rampe et al., 75 

2017, 2020), sparking interest in its potential to shed light on geological processes acting on 76 

Mars in the past. Jarosite is also of theoretical interest as a model compound for spin frustration 77 

in Kagomè-Heisenberg antiferromagnetic materials (Grohol et al., 2003; Nishiyama et al., 2003; 78 

Wills et al., 2000). 79 

The jarosite subgroup forms a subset of the alunite supergroup, which has the general 80 

formula DG3(TO4)2(OH)6 (Bayliss et al., 2010), with the jarosite subgroup being characterized 81 

by the predominance of Fe3+ and S6+ in the G and T sites, respectively. In nature, Na frequently 82 

substitutes for K in the D site of jarosite, forming natrojarosite [NaFe3(SO4)2(OH)6] (Desborough 83 

et al., 2010; Stoffregen et al., 2000; Whitworth et al., 2020). End-member compositions seldom 84 

occur in nature; most jarosite subgroup minerals typically are a solid solution due to substitution 85 

of different ions into the D, G and T sites (e.g., Stoffregen et al., 2000; Whitworth et al., 2020). 86 

Substitution of different ions into the D, G and T sites affects the structure of jarosite (Stoffregen 87 

et al., 2000), and structural changes due to ion substitution and other processes (e.g., heating) 88 

have been found to cause changes to the volume, heat capacity, stability and reactivity of jarosite 89 

subgroup minerals (e.g., Brand et al., 2017; Grey et al., 2013; Majzlan et al., 2010; Welch et al., 90 

2007), with implications for jarosite behavior in the environment and mineral processing. The 91 

jarosite samples investigated here have been determined to be sodium-rich and thus can be 92 

classified as natrojarosites. 93 
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Most natural and synthetic jarosites crystallize in the rhombohedral space group 𝑅3̅𝑚, 94 

with unit-cell parameters of ah ~7.3 Å and ch ~17 Å. The jarosite structure consists of a trigonal 95 

network of sulfate tetrahedra and chains of corner-sharing Fe-centered octahedra that form 96 

kagomè layers perpendicular to the c axis (Figure 1A; Basciano and Peterson, 2008; Grey et al., 97 

2013). Substitution of typically monovalent ions into the larger D site mainly affects the 98 

dimension of the c axis whereas substitutions in the smaller G site mainly affect the a axis 99 

(Stoffregen et al., 2000). During synthesis, the formation of stoichiometric rhombohedral 100 

jarosites is favored at high (≥140 °C) temperatures and in Fe-rich fluids (Basciano and Peterson, 101 

2007; Basciano and Peterson, 2008; Dutrizac, 1983) whereas the formation of non-stoichiometric 102 

rhombohedral jarosites is favored in dilute solutions at typically lower (~100 °C or less) 103 

temperatures (Drouet and Navrotsky, 2003; Kubisz, 1970; Savage et al., 2005). Non-104 

stoichiometric rhombohedral jarosite has been observed to transform to stoichiometric jarosite at 105 

170 °C due to dehydration and exsolution of butlerite-like regions to form FeOHSO4 (Grey et al., 106 

2013).  107 

Monoclinic symmetry C2/m, has only been reported for synthetic jarosites (Brand et al., 108 

2012; Gottlicher et al., 2000; Grey et al., 2011; Grey et al., 2013; Scarlett et al., 2013; Scarlett et 109 

al., 2010). The monoclinic jarosite structure reflects ordering of iron-site vacancies onto one of 110 

the two independent Fe sites, Fe1, accompanied by a lowering of symmetry. Monoclinic jarosites 111 

consist of linear chains of Fe2-centered octahedra connected by corner-sharing SO4 tetrahedra 112 

(Figure 1B; Grey et al., 2013; Scarlett et al., 2010) and they have been described as containing 113 

butlerite-like regions by Grey et al. (2011). The synthesis of monoclinic jarosites is favored at 114 

lower (80-120 °C) temperatures compared with rhombohedral jarosites, with the relative amount 115 

of the monoclinic phase increasing with increasing temperature. Both monoclinic jarosite and 116 
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natrojarosite can be synthesized in non-acidified solutions, although jarosite synthesis is easier in 117 

acidified (i.e., ≥ 1 M H2SO4) solutions (Grey et al., 2013; Scarlett et al., 2013; Scarlett et al., 118 

2010). Monoclinic jarosite has been observed to transform to stoichiometric rhombohedral 119 

jarosite at ~250 °C, a significantly higher temperature than the non-stoichiometric to 120 

stoichiometric transition in rhombohedral jarosite (Grey et al., 2013). The volume thermal 121 

expansion of monoclinic natrojarosite during heating is of the same magnitude as that observed 122 

for rhombohedral jarosite but differs in value (Brand et al., 2017).  123 

~Figure 1 here~ 124 

Here we present an analysis of the crystal structure and the thermal behaviour of seven 125 

samples of naturally occurring natrojarosite from Southside Beach in Victoria, Australia. 126 

Electron microscopy and electron backscatter diffraction were also done to investigate the spatial 127 

distribution of monoclinic versus rhombohedral natrojarosite in samples from Southside Beach. 128 

 129 

EXPERIMENTAL METHODOLOGY 130 

Field locality and sampling 131 

Seven subsamples were collected from a natrojarosite-bearing cobble (64-256 mm) 132 

denoted Js-SB-35 located in the intertidal zone at Southside Beach in Victoria, Australia (E: 133 

144.2732, N: 38.3740). Four of those subsamples, Js-SB-35A, -35B, -35E and -35F were part of 134 

the Whitworth et al. (2020) study. The other three subsamples denoted Js-SB-35G, -35H and -135 

35I were obtained subsequently from the cobble as part of this investigation. 136 

Room temperature PXRD 137 

All subsamples were hand ground using an agate mortar and pestle, and jarosite was 138 

isolated from matrix materials (e.g., sediment, sand) using tweezers, picks and brushes while 139 
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viewing the samples under a hand specimen microscope. The seven subsamples were loaded into 140 

0.3 mm diameter borosilicate glass capillaries and mounted onto the Powder Diffraction (PD) 141 

beamline (Wallwork et al., 2007) at the Australian Synchrotron. Capillaries were rotated at ~1 142 

Hz during data collection to aid powder averaging. Diffraction patterns were collected over two 143 

beamtime allocations with the Mythen-II microstrip detector (Schmitt et al., 2003) at a 144 

wavelength of either 0.77448(1) Å or 0.590726(6) Å. The Mythen detector is a position sensitive 145 

detector with an inherent resolution of 0.004°. The instrument contribution to observed profiles 146 

and wavelength were determined using an XRD pattern collected from the NIST LaB6 660b 147 

standard reference material using the fundamental parameters approach (Cheary and Coelho, 148 

1992) within DIFFRAC.TOPAS 5 (Bruker). Two patterns, each of 300 s, were collected for each 149 

sample with the detector set 5° apart to cover the gaps between detector modules. The two 150 

patterns were then merged into a single dataset using the PDViPeR software available at the 151 

beamline. DIFFRAC.EVA (Bruker) was used to identify the minerals present in the samples 152 

using the Crystallography Open Database (Grazulis et al., 2009), and Rietveld refinement (Bish 153 

and Howard, 1988; Hill and Howard, 1987; Rietveld, 1969) as embodied in the TOPAS 5 154 

software was used to model the structure of the minerals present. 155 

Rietveld refinements of PXRD data collected at room temperature were performed 156 

starting from the structural model of the monoclinic natrojarosite from Scarlett et al. (2010). This 157 

structure was selected as peak shoulders and peak splitting suggestive of monoclinic symmetry 158 

were identified in the PXRD patterns (see the Room temperature PXRD results section for 159 

details). Natrojarosite peak shapes were modelled using a Thompson-Cox-Hasting pseudo-Voigt 160 

function (Thompson et al., 1987). Where elemental abundance data were known, the Na and K 161 

occupancy factors were fixed; otherwise, they were initially allowed to refine. Thermal 162 
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parameters were constrained for like atoms on similar/identical sites, i.e., Na and K, both Fe sites 163 

and O sites. Hydrogen positions and thermal parameters were set to values from Grey et al. 164 

(2011) and not refined due to the low X-ray scattering cross sections of light elements.  165 

The peak shapes of accessory minerals were modelled with a Thompson-Cox-Hasting 166 

pseudo-Voigt function (Thompson et al., 1987) or a Pearson VII (PVII; Hall et al., 1977) 167 

function as appropriate. The unit-cell parameters of accessory phases were refined whereas their 168 

atomic positions, occupancies and thermal parameters were set to previously published values as 169 

they were not the focus of this study. Preferred orientation effects were identified for accessory 170 

minerals in several samples. These effects were modelled using spherical harmonics (Von 171 

Dreele, 1997).  172 

In situ PXRD heating experiments 173 

 Grey et al. (2013) observed the transformation of synthetic monoclinic jarosite to 174 

stoichiometric rhombohedral jarosite during in situ PXRD heating experiments. As such, a 175 

separate set of heating experiments was undertaken at the Australian Synchrotron PD beamline 176 

to test whether this would occur with the natural monoclinic natrojarosite. Subsample Js-SB-35A 177 

was selected for the experiments because (1) monoclinic peak splitting of the natrojarosite was 178 

most evident in the PXRD patterns (see Figure 2), (2) refined Fe values reflected ordering of 179 

iron-site vacancies onto the Fe1 site at room temperature (see Supplemental Table S1 for the 180 

values), and (3) there was a sufficient amount of powder available to run multiple heating 181 

experiments. Subsamples were loaded in 0.7 mm silica glass capillaries, heated using a Cyberstar 182 

hot air blower and again rotated ~1 Hz during measurement. A temperature calibration curve for 183 

the instrument configuration used in these experiments was provided by the beamline team. The 184 

X-ray wavelength and instrument contributions were again determined using NIST LaB6 660b. 185 
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The wavelength was 0.774800(3) Å. The sample was heated from 30-500 °C, at a rate of 186 

5 °C/minute, and patterns were collected for 60 s in contiguous pairs to cover the gaps between 187 

detector modules.  188 

The structure refined for monoclinic natrojarosite sample Js-SB-35A at room temperature 189 

was used as the starting point for Rietveld refinement of the heating datasets. As per the room 190 

temperature analyses, the natrojarosite peak shapes were modelled using a Thompson-Cox-191 

Hasting pseudo-Voigt function (Thompson et al., 1987), the thermal parameters were constrained 192 

for like atoms on similar/identical sites, and the hydrogen positions and thermal parameters were 193 

set to values from Grey et al. (2011) and not refined. 194 

The following procedure was used to ensure structure refinements were consistent at each 195 

heating time point: Firstly, the natrojarosite unit-cell parameters (i.e., a, b, c and β´) and Fe 196 

occupancy factors were refined. Next, the Beq values were allowed to refine. At this point, 197 

reflection-dependent peak broadening became apparent, and it was necessary to use the Stephens 198 

anisotropic line‐shape broadening model, adapted for monoclinic symmetry (Stephens (1999)). 199 

Finally, the atomic coordinates for S and O were refined if any discrepancy still existed between 200 

the Rietveld refinement fit and PXRD pattern.  201 

The structures of accessory mineral phases quartz and gypsum were refined for the initial 202 

room temperature dataset and then only their unit-cell parameters and preferred orientation 203 

parameters (where applicable) were refined at non-ambient temperatures. The phase composition 204 

of sample Js-SB-35A was determined using the quantitative phase analysis procedure in TOPAS 205 

5 and the results are given in Table 1. 206 

During Rietveld refinement, several small peaks were noted in a subset of the PXRD 207 

patterns. These peaks reflect sample impurities at or below the detection limit of the instrument 208 
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and could not be identified but they do not correspond to any of the potential phases expected to 209 

arise from decomposition of jarosite minerals. 210 

Inductively coupled plasma-optical emission spectrometry.   211 

The elemental composition of sample Js-SB-35A was determined using ICP-OES in 212 

order to constrain Na/K site occupancy during Rietveld refinements. An aliquot of powdered 213 

sample (20.0 ± 0.2 mg) was dissolved in 1 mL of 10 M HCl at 25 °C for 24 hours. The resulting 214 

solution was subsequently diluted to a concentration of 1 M HCl by adding 9 mL of ≥18.2 215 

MΩ·cm MilliQ water. The solutions were then filtered (0.22 m) to remove insoluble organic 216 

material. A small aliquot of the filtered solution was then further diluted to one tenth of the 217 

original concentration for ICP-OES analysis. Elemental concentrations for K, Na, Fe, Ca, and S 218 

were measured on a Thermo iCAP 7400 Duo ICP-OES in radial mode and were quantified by 219 

conversion of counts per second to ppm using calibration curves prepared using Fisher Chemical 220 

K, Na, Fe, Ca, and S standard solutions for ICP at known concentrations. The wt.% results for 221 

sample Js-SB-35A are given in Table 1.  222 

Thermogravimetric analysis 223 

Thermogravimetric analysis and differential thermal analysis (DTA) were performed 224 

using a Netzsch STA 449 F1 Jupiter Simultaneous TGA/DSC thermal analyzer. A powdered 225 

aliquot of Js-SB-35A (36 mg) was heated to 800 °C, at a heating rate of 10 °C/minute, under 226 

ultra-high purity argon that was purged at 40 mL/minute. A correction/blank was run prior to the 227 

sample to correct for the background. The results of the analysis are given in Table 1. 228 

Electron backscatter diffraction and scanning electron microscopy 229 

A portion of sample Js-SB-35 was mounted in epoxy resin and polished for electron 230 

backscatter diffraction (EBSD) and backscattered scanning electron (BSE) imaging using 231 
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facilities within Plymouth Electron Microscopy Centre, University of Plymouth, UK. EBSD 232 

analysis was conducted using a Zeiss Crossbeam 550 field-emission beam scanning electron 233 

microscope (FIB-SEM), using 15 kV accelerating voltage and 5 nA probe current. The EBSD 234 

detector was an Oxford Instruments Symmetry detector, using AZtec software v4.5 for data 235 

acquisition. The sample was mounted on a pre-titled sample holder held at 70°. Data acquisition 236 

utilised the sensitive mode and specified a Hough resolution of 60 and 11 bands, using 2x2 237 

binning and an exposure time of 3.00 ms. A step size of 0.05 μm was used for mapping. The 238 

EBSD pattern was indexed using monoclinic natrojarosite unit-cell parameters from Scarlett et 239 

al. (2010) and rhombohedral natrojarosite unit-cell parameters from Basciano and Peterson 240 

(2008; sample P). Data were noise-reduced using Oxford Instruments AZtec Crystal software, 241 

using a ‘wild-spike correction’ to remove isolated data points between grains, followed by 242 

iterative eight- and seven-point nearest-neighbour zero solutions reduction so not to bias the 243 

dataset or introduce artefacts.   244 

BSE images were collected using a JEOL 7001F field emission SEM at 15 kV 245 

accelerating voltage (probe current 10). Energy-dispersive spectroscopy (EDS) was used to 246 

determine elemental composition using an Oxford Instruments X-Max 50 mm2 detector, and data 247 

were processed using Oxford Instruments AZtec software v4.3. 248 

 249 

RESULTS 250 

Room temperature PXRD 251 

The room temperature PXRD patterns show that major natrojarosite and minor quartz 252 

(SiO2) are present in all seven subsamples of Js-SB-35. Other crystalline accessory phases that 253 

were detected by PXRD include gypsum (CaSO4·2H2O), halite (NaCl) and goethite (FeOOH). In 254 
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addition, a broad hump centred at d = 4.2 Å in some samples indicates the presence of an 255 

appreciable amorphous component. The absence of asymmetrical peak broadening and the 256 

sharpness of the 00l reflection of natrojarosite in these patterns suggests that there is only minor 257 

substitution of other elements (i.e., K) into the D site of natrojarosite (Figure 2A; Basciano and 258 

Peterson, 2007; Whitworth et al., 2020). This is consistent with the elemental chemistry of Js-259 

SB-35A, -35B, -35E and -35F that was previously determined by Whitworth et al. (2020) using 260 

inductively coupled plasma-mass spectrometry (ICP-MS), and with the ICP-OES chemistry for 261 

Js-SB-35A reported in Table 1.  262 

For all data collected at room temperature, the high-resolution nature of the synchrotron 263 

PXRD patterns enabled observation of peak shoulders and peak splitting suggestive of 264 

monoclinic symmetry. This is illustrated in Figures 2A and B, showing the splitting of the 012, 265 

027 and 033 peaks of the rhombohedral structure into pairs of peaks or forming a clear peak 266 

shoulder. The magnitude of the splitting and the relative intensities of the pairs of peaks in 267 

Figure 2B are almost identical to those reported for synthetic monoclinic jarosite by Grey et al. 268 

2013 (their Figure 2). Figures 2C and D show the same diffraction region for the rhombohedral 269 

natrojarosite Js-SB-38 from Whitworth et al. (2020), with no splitting of the 012, 027 and 033 270 

peaks. It should be highlighted that asymmetrical peak broadening of the 003 peak due to 271 

substitution of K into the D-site of the natrojarosite (Whitworth et al., 2020) is visible in Figure 272 

2C. Similar broadening is also apparent in the 027 peak in Figure 2D. Given the absence of 273 

observable splitting of the 012 and 033 peaks in Js-SB-38, and the measurement of multiple 274 

elements (e.g., Al, P) at minor to trace concentration (see Appendix A in Whitworth et al., 2020, 275 

for details) that are known to substitute into the jarosite structure, this broadening likely reflects 276 

the substitution of those elements into the crystal structure of the natrojarosite.   277 
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~Figure 2 here~ 278 

Mechanical mixing of synthetic monoclinic and rhombohedral jarosites has previously 279 

been observed by Scarlett et al. (2013). As such, the pattern of natrojarosite was first fitted with 280 

rhombohedral and monoclinic structures, separately and in the same refinement, as well as with 281 

multiple rhombohedral structures to determine which model gave the best fit to the observed 282 

data. Starting structures for monoclinic and rhombohedral jarosites were taken from Scarlett et 283 

al. (2010) and Basciano and Peterson (2008), respectively. The best fit to the data was observed 284 

using a monoclinic structure. For example, Js-SB-35A returned a residual weighted profile (Rwp) 285 

value of 4.44 % with an RBragg of 1.55 % using the monoclinic structure. This is compared with 286 

Rwp and RBragg values of 9.45 % and 6.08 %, respectively, using a single rhombohedral structure. 287 

Similarly, when two rhombohedral structures were employed in fitting, an Rwp value of 7.45 % 288 

was returned, with RBragg values of 7.34 % and 5.17 % being obtained using each of the two 289 

rhombohedral structures. Using a monoclinic and a rhombohedral structure in the same 290 

refinement resulted in semi-quantitative phase abundances of 20 wt.% rhombohedral and 80 291 

wt.% monoclinic natrojarosites, with an Rwp of 4.75 %. Thus, the monoclinic structure provided 292 

the best fit to the observed data. In light of this result, and the observation of peak splitting 293 

indicative of monoclinic symmetry, detailed structural analysis proceeded with refinement of a 294 

single monoclinic structure. 295 

The natrojarosite peaks were fitted with a C-centered monoclinic unit cell, space group 296 

C2/m, during Rietveld refinement and the results are reported in Table S1 (Supplemental Table). 297 

There are two independent iron atom sites in the C2/m model: Fe1 and Fe2 at 0, 0, ½ and ¾, ¼, 298 

½, respectively. Rietveld refinement results show that iron vacancies occur preferentially in the 299 

Fe1 site for all seven samples which is characteristic of monoclinic jarosite (Grey et al., 2011; 300 
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Scarlett et al., 2010). The monoclinic unit cell was converted into a pseudohexagonal unit cell to 301 

further test the validity of the fit using the following transformations (Grey et al., 2013): aph = 302 

⅓(2a/√3  b), cph = (a2 + 9c
2 + 6accosβ)½ and β´ = cos–1[(a2 + c2

ph – 9c
2)/2acph]. Table 2 reports 303 

the pseudohexagonal unit-cell parameters calculated for the seven natrojarosite samples at room 304 

temperature.   305 

The amount of monoclinicity appears to vary between samples. For example, Js-SB-35A 306 

has clear peak splitting, iron site occupancies of 0.872(3) and 0.978(2) for Fe1 and Fe2, 307 

respectively, and a β´ value of 89.836(1)°. In comparison, sample Js-SB-35H does not have clear 308 

peak splitting or shoulders, and it has iron site occupancies of 0.854(8) and 0.970(4) for Fe1 and 309 

Fe2, respectively, and a β´ value of 89.904(2)°. These results suggest that a monoclinic model 310 

does not fit the data for Js-SB-35H as well as for Js-SB-35A. This suggests that structural 311 

heterogeneity exists within the natrojarosite subsampled from the larger cobble, Js-SB-35. The 312 

pseudohexagonal angle β´ ranges from 89.81 to 89.90° for the seven natural natrojarosite 313 

samples. For comparison, synthetic monoclinic jarosites have β´ in the range 89.65 to 89.76° 314 

when prepared from acidified solutions (1 M H2SO4), and in the range 89.83 to 89.96° when 315 

prepared from non-acidified solutions (Grey et al. 2013). The results for the natural monoclinic 316 

natrojarosites closely match the latter results for the synthetic jarosites, indicating close to neutral 317 

solutions during formation. 318 

In Situ heating PXRD 319 

Rietveld refinement with in situ PXRD data was used to monitor changes in the structure 320 

of natrojarosite from Southside Beach to see whether it undergoes thermal evolution similar to 321 

that described in earlier studies of synthetic monoclinic jarosites (Grey et al., 2013, Brand et al., 322 

2017). In particular, we are interested in (1) whether the natrojarosite transitions from a 323 
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monoclinic structure to a stoichiometric rhombohedral structure; (2) the temperature at which 324 

that transition occurs, and (3) how the Fe sites behave.  325 

Initially, the PXRD patterns were visually inspected for evidence of phase transitions 326 

using a version of Figure 3 that includes an extended 2 range. Phases were identified using 327 

EVA and the Crystallography Open Database (COD). 328 

~Figure 3 here~ 329 

Figure 3 shows a 2D overview of the diffraction data obtained during heating of Js-SB-330 

35A from 30 to 500 °C. Major reflections assigned to each phase are labelled. A phase transition 331 

from gypsum to anhydrite (CaSO4) can be observed between 130-140 °C, where gypsum peaks 332 

disappear as anhydrite peaks appear. Quartz is present throughout. Above 400 °C, the appearance 333 

of new peaks is observed in association with formation of natrojarosite decomposition products. 334 

Interestingly, there are no visible FeOHSO4 peaks. During heating below ~200 °C, there is 335 

gradual movement of the natrojarosite reflections towards lower 2θ angles due to thermal 336 

expansion of the structure.  337 

A change in the width and shape of the characteristic monoclinic, or “split”, natrojarosite 338 

reflections occurs with temperature (Figure 4). There is a gradual loss of the 200m peak shoulder 339 

until ~265-270 °C where there is an inflection point in the peak position that can be seen in 340 

Figure 5. This indicates that the ’ angle of the natrojarosite has changed. Furthermore, it 341 

suggests that a symmetry change from monoclinic to rhombohedral has occurred as described by 342 

Grey et al. (2013). This is supported by a decrease in proportion of vacancies in the Fe1 site 343 

during heating (see below for details). However, this structural change seems to be a more 344 

gradual process in naturally occurring natrojarosite than the sharp change that has been observed 345 

in previous jarosite heating experiments that used synthetic minerals. 346 
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~Figure 4 here ~ 347 

~ Figure 5 here ~ 348 

Rietveld refinement results for heating experiments 349 

Variation in the refined unit-cell volume with temperature is similar in magnitude to that 350 

observed for heating experiments using synthetic monoclinic natrojarosite done by Brand et al. 351 

(2017) but this sample expands at a slightly smaller rate. In general, there is a gradual change in 352 

the structure that is shown in Figure 6 where panel A shows the occupancy of the Fe sites and 353 

panel B the variation in the pseudo-hexagonal ’ angle. The proportion of vacancies on the Fe1 354 

site decreases towards the lower Fe2 value, which remains constant throughout heating. The 355 

pseudo-hexagonal ’ value increases towards the rhombohedral value of 90° from about 130° C 356 

suggesting that iron is diffusing between the two Fe sites.  357 

Datasets collected from 200-300 °C were also fitted with a rhombohedral structure to test 358 

the extent to which the ordering of iron-site vacancies was being lost. The profiles of 359 

natrojarosite in the dataset that correspond to the inflection in the peak profile, which was 360 

observed at 260 °C, are best fitted with a rhombohedral unit-cell of a = 7.3329(1) Å, c = 361 

16.766(1) Å, which is consistent with values for the rhombohedral natrojarosite–hydronium 362 

jarosite solid solution described by (Basciano and Peterson, 2008). This temperature is also 363 

consistent with that previously observed by Grey et al. (2011) (220-270 °C) for the transition 364 

from non-stoichiometric monoclinic natrojarosite to stoichiometric rhombohedral natrojarosite.  365 

~ Figure 6 here ~ 366 

Thermogravimetric analysis 367 

Grey et al. (2011) showed that TGA can be used to elucidate the temperature of 368 

transformation of jarosites from monoclinic to rhombohedral symmetry. TGA and DTA data for 369 
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natrojarosite from Southside Beach show three main endotherms at 140, 390 and 668 °C (Figure 370 

7). The first endotherm at 140 °C corresponds to loss of H2O due to dehydration of gypsum, 371 

which was also seen in the PXRD data between 130 and 140 °C. The endotherm at 390 °C 372 

corresponds to H2O loss due to dehydroxylation of iron-centered octahedra in natrojarosite, and 373 

this results in decomposition of the phase at ~400 °C, which is consistent with the absence of 374 

natrojarosite peaks in the PXRD pattern. The endotherm at 668 °C corresponds to SO3 evolution 375 

during decomposition of sulfate associated with natrojarosite (Grey et al., 2013). 376 

Dehydroxylation of synthetic monoclinic jarosites together with loss of structural H2O/H3O+ has 377 

been observed between 390 and 450 °C by several authors including Drouet and Navrotsky 378 

(2003), Grey et al. (2011, 2013) and Kubisz (1971); thus, the temperature of dehydroxylation 379 

here is comparable with the results of previous studies. The transition of the natrojarosite from 380 

monoclinic to rhombohedral symmetry, which was seen as an endotherm at ~280 °C by Grey et 381 

al. (2013) during the transformation of synthetic monoclinic jarosite to rhombohedral jarosite, 382 

was not observed in the TGA data. This may be due to the absence of butlerite-like regions in the 383 

natural natrojarosite samples, and this is discussed in more detail in the discussion section. 384 

Consistent with the results of Grey et al. (2011), dehydration and dehydroxylation mass losses 385 

were identified in the temperature ranges 30 to 280 and 280 to 550 °C, respectively, and are 386 

reported in Table 1. 387 

~ Figure 7 here ~ 388 

Electron backscatter diffraction  389 

Powder X-ray diffraction is a bulk technique; the structures obtained from refinements 390 

using PXRD data are an average for all crystallites of natrojarosite present in each subsample. 391 

We used room temperature PXRD to show that variations in the structure of natrojarosite exist 392 
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between subsamples collected from the cobble at Southside Beach. Structural heterogeneity of 393 

this type is common in naturally occurring mineral specimens. A thin section was prepared to 394 

investigate spatial variation in the structure of the natrojarosite within the cobble. Figure 8 shows 395 

a large field view of the thin section using BSE imaging. Regions with higher mean atomic 396 

number appear as very light grey areas and are mostly sediment (containing minerals including 397 

quartz, gypsum, ilmenite, and zircon) in a silica-rich cement, whereas the slightly darker grey 398 

areas contain natrojarosite or an admixture of natrojarosite and quartz. Figure 9 shows several 399 

regions of interest from across the thin section that were imaged at higher resolution than the 400 

whole thin-section image, including natrojarosite alongside gypsum, zircon, and REE-bearing 401 

phosphates. Figure 9A shows that the natrojarosite crystals present in the cobble are very small 402 

(<2 μm in the longest dimension) and have octahedral faces and a cubic habit. This morphology 403 

has been observed in low-temperature jarosites in acidic, sulfate-rich environments by several 404 

authors (e.g., Carson et al., 1982; Doner and Lynn, 1989; Wagner et al., 1982) and may suggest 405 

that the natrojarosite formed pseudomorphically after cubic pyrite. Figures 9B-D show accessory 406 

minerals that are present in Js-SB-35. In Figure 9B, tabular, striated gypsum crystals can be seen 407 

intermixed with the natrojarosite. Figures 9C and 9D show a zircon grain and a phosphate 408 

mineral, monazite, respectively, surrounded by jarosite crystals. These minerals were not 409 

observed in PXRD data because they occur in low abundance and because their distribution is 410 

heterogenous. As a result, they may not have been present in the subsamples collected from the 411 

cobble for PXRD analysis.  412 

 EBSD was conducted in the region enclosed by the white box in Figure 8, and Figure 10 413 

shows one of the images collected within the region. Diffraction patterns obtained from grains in 414 

this region were indexed using both monoclinic and rhombohedral natrojarosite structures. The 415 
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grains that were not indexed are accessory minerals that can be identified as dark regions in 416 

Figure 10. Natrojarosite was indexed in one of three ways: (1) as monoclinic natrojarosite 417 

(predominantly purple), (2) as rhombohedral natrojarosite (predominantly blue), and (3) as either 418 

monoclinic or rhombohedral natrojarosite (mottled purple and blue). The natrojarosite grains 419 

exhibited a strong band contrast during EBSD analyses, indicating that they index very well 420 

against the respective natrojarosite structures. The mean angular deviation (MAD) values, which 421 

represent the level of misfit to the known pattern, for the rhombohedral and monoclinic jarosite 422 

phases in this region were low; 0.89 and 0.85 respectively. Thus, EBSD further demonstrates that 423 

monoclinic natrojarosite grains are dominant in Js-SB-35 and highlights that both monoclinic 424 

and rhombohedral natrojarosite occur in the cobble.  425 

Quantitative analysis of the phases present in this region shows that 40.1% of the phases 426 

index as monoclinic natrojarosite, 16.3% index as rhombohedral jarosite; 43.6% do not index as 427 

monoclinic or rhombohedral natrojarosite, therefore representing other phases not of interest to 428 

this study such as the quartz, gypsum, and phosphates identified in Figure 9. EBSD analysis of 429 

this region therefore suggests the monoclinic natrojarosite is more prevalent than rhombohedral 430 

natrojarosite, similar to what was seen in the semi-quantitative phase analysis for Js-SB-35A 431 

using PXRD data. However, unlike the previous PXRD data, EBSD analysis can spatially 432 

resolve the proportion and location of monoclinic natrojarosite within Js-SB-35A.  433 

~ Figure 8 here ~ 434 

~Figure 9 here~ 435 

~Figure 10 here~ 436 

 437 

DISCUSSION 438 
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Structural heterogeneity in Js-SB-35 439 

In the room temperature PXRD data, variations in the amount of monoclinicity of the 440 

subsamples was detected. For example, Js-SB-35A has clear splitting of single peaks (e.g., 012, 441 

027 and 033) of the rhombohedral structure into pairs of peaks in PXRD patterns, well-ordered 442 

iron-site vacancies and a pseudohexagonal β´ angle of 89.84°. In comparison, Js-SB-35H does 443 

not have clearly visible peak splitting or shoulders and has a pseudohexagonal β´ angle very 444 

close to 90° (89.9°). One explanation is that the amount of disordering of iron-site vacancies 445 

varies between subsamples, resulting in differences in the Fe1 and Fe2 occupancies, as well as 446 

the deviations away from a pseudo-hexagonal ’ angle of 90°. A second explanation is that the 447 

differences in monoclinicity are a consequence of the subsamples being comprised of varying 448 

amounts of monoclinic and rhombohedral natrojarosite. As shown in the EBSD image (Figure 449 

10), unambiguous regions of monoclinic and rhombohedral natrojarosite are present in the 450 

cobble, as well as regions that can be described using either model. This suggests that these 451 

regions are intermixed monoclinic and rhombohedral natrojarosite. Subsamples such as Js-SB-452 

35A likely represent regions in the EBSD image describable only by a monoclinic model. 453 

Conversely, subsamples such as Js-SB-35H most likely represent regions in the EBSD image 454 

that can be described using both a monoclinic and rhombohedral model reflecting the presence of 455 

both monoclinic and rhombohedral natrojarosite in this subsample. The PXRD data for all 456 

subsamples are still most consistent with a monoclinic model, suggesting that there is more 457 

monoclinic natrojarosite in the samples than rhombohedral natrojarosite. This is supported by 458 

quantitative phase analysis of the region analysed using EBSD, giving a mean ratio of 2:1 across 459 

the thin section. Structural and chemical heterogeneity clearly exist within natrojarosite in Js-SB-460 
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35. This highlights the importance of collecting and analysing multiple samples when 461 

investigating natural jarosites.  462 

Structural formula of natural monoclinic natrojarosite  463 

The Rietveld refinements using synchrotron PXRD data for seven monoclinic 464 

natrojarosite samples (supplemental table S1) give remarkably small variations in the structural 465 

formulae. The Na/K distribution in the D site varies in the range of Na0.88K0.12 to Na0.98K0.02, and 466 

the total Fe site vacancy varies from 0.13 to 0.21 per formula unit. The mean structural formula 467 

is: Na0.92K0.08Fe2.83(SO4)2(OH)5.49(H2O)0.51. The formula for sample Js-SB-35A, for which TGA 468 

and ICP-OES data are available (Table 1) is Na0.95K0.05Fe2.83(SO4)2(OH)5.49(H2O)0.51. Based on 469 

this formula the excess H2O content (associated with Fe vacancies) is 1.9 wt.% and hydroxyl 470 

ions comprise 10.4 wt.%. For comparison, the amount of H2O lost via dehydration and 471 

dehydroxylation during TGA are 1.6 and 12.1 wt.%, respectively. The amount of excess H2O 472 

detected using TGA is much closer to the Kubitz (1970,1971) model for non-stoichiometric 473 

jarosites (1.9 wt.%), which has each Fe(III)-site vacancy charge compensated by protonation of 474 

3OHˉ to 3H2O, than to the alternative Nielson et al. (2008) model [each Fe(III)-site vacancy 475 

charge compensated by protonation of 4OHˉ to 4H2O, with one proton coming from coupled 476 

deprotonation of a D-site H3O+ molecule] which would require 2.5 wt.% H2O. This result is 477 

consistent with the ICP-OES results, which suggest that the natural natrojarosite samples do not 478 

have substitution of hydronium ion at the D site. In contrast, synthetic natrojarosites all have 479 

substantial (~30%) replacement of Na+ by H3O+, and the excess H2O contents of the synthetic 480 

samples are more consistent with the Nielsen model (Nielson et al., 2008). 481 

The measured hydroxyl content, 12.1 wt.%, is greater than the value of 10.4 wt.% 482 

indicated by the structural formula determined as part of this study. A possible explanation for 483 
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this discrepancy is that the sample contains amorphous iron oxyhydroxide. The PXRD data for 484 

sample Js-SB-35A show a broad hump centred at d ~ 4.2 Å which is where the most intense 485 

goethite peak occurs. The ICP-OES analyses for Js-SB-35A (Table 1), normalised to 2 SO4 per 486 

formula unit, give a formula Na0.95K0.05Fe3.46(SO4)2(OH)7.38, with excess Fe and OH compared 487 

with the structural formula. These observations are consistent with the natural natrojarosite 488 

containing about 10 wt.% of amorphous iron oxyhydroxide. 489 

Thermal behaviour and properties of natural natrojarosite 490 

 Structural modelling of hydrothermally synthesised natrojarosite and hydronium 491 

jarosites by Grey et al. (2011) showed that these samples were comprised of domains of 492 

butlerite-like [Fe2(SO4)2(OH)2(H2O)4] chains within the stoichiometric jarosite. Thermal analysis 493 

of these jarosites detected an endotherm below 280 °C that was attributed to the formation of 494 

FeOHSO4 due to the dehydration of domains with butlerite-like chains. Similar endotherms have 495 

also been detected during thermal analysis of synthetic jarosites by Drouet and Navrotsky 496 

(2003), Grey et al. (2013) and Kubisz (1971). We did not observe this endotherm, nor was 497 

FeOHSO4 seen in the PXRD data, suggesting that the domains of butlerite-like chains are very 498 

small and disconnected or do not exist in the natural samples. Thus, the Fe-site vacancies may be 499 

more randomly distributed in the natural monoclinic sample.  500 

Structural transformation of natural monoclinic natrojarosite with increasing temperature 501 

appears to be more gradual than synthetic jarosite minerals. There are several possible 502 

explanations for this. Firstly, the more random distribution of Fe-site vacancies in the natural 503 

sample compared to synthetic samples with butlerite-like domain may slow the rate of Fe 504 

diffusion during heating, making the transformation more gradual. A second possible 505 

explanation is that differences in hydrogen bonding may be causing the more gradual 506 
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transformation. The thermal behaviour of monoclinic natrojarosite is closely related to hydrogen 507 

bonding within the structure (Brand et al., 2017). Hydrogen bonding is expected to vary between 508 

monoclinic and rhombohedral jarosites. Therefore, it can be expected that the thermal behaviours 509 

of monoclinic and rhombohedral jarosites will vary. This was seen by Brand et al. (2017) where 510 

the volume thermal expansion of monoclinic natrojarosite during heating is of the same order of 511 

magnitude (i.e., 10-5 K-1) but larger in value compared with rhombohedral jarosite. A third 512 

possible explanation is that the structural heterogeneity present in the natural sample resulted in 513 

the transformation being more gradual.   514 

Formation of natural monoclinic natrojarosite    515 

Numerous studies (e.g., Alpers et al., 1992; Chen et al., 2013; Desborough et al., 2010; 516 

Mills et al., 2013; Whitworth et al., 2020) have examined the crystallography of natural jarosites, 517 

reporting only rhombohedral symmetry. In contrast, the results of this study demonstrate that 518 

monoclinic natrojarosite can form in a natural environment, which raises questions as to why 519 

monoclinic symmetry has not been observed in other natural jarosite samples before.  520 

One explanation for the lack of reported monoclinic symmetry could be that the 521 

resolutions of the diffraction instruments used in many of the earlier studies were not sufficient 522 

to resolve the subtle peak splitting associated with monoclinic symmetry. Peak splitting was 523 

almost undetectable in several of the room temperature PXRD patterns described here. This is 524 

not the first time that the resolution of X-ray diffractometers used in crystal structure analysis has 525 

been suggested as a reason for the apparent absence of natural monoclinic jarosites (see Grey et 526 

al., 2011), and further highlights the need for suitable data collection strategies when examining 527 

the crystal structures of jarosites.  528 
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A second possibility is that the formation conditions required to produce monoclinic 529 

jarosite rarely occur in nature. Hydrothermal syntheses of monoclinic jarosites require low 530 

temperatures (80 °C to 120 °C), solutions with [Fe]/[D site] atomic ratios ≥ 1, and relatively slow 531 

growth conditions to stabilize the monoclinic phase (Grey et al., 2011, 2013; Scarlett et al., 532 

2010). Natural hydrothermal jarosites typically form at temperatures ranging from 100-300 °C 533 

(Desborough et al., 2010). Thus, hydrothermal jarosites may form at temperatures too high for 534 

monoclinic symmetry. Supergene jarosites, on the other hand, form in cooler conditions that may 535 

be more suitable for development of monoclinic symmetry, and the presence of monoclinic 536 

jarosite in the low-temperature cobble studied here supports this. Natural jarosites also 537 

commonly form at redox boundaries in physically dynamic environments such intertidal zones, 538 

weathering horizons and geothermal systems (Desborough et al., 2010; Lueth et al., 2005; 539 

Whitworth et al., 2020). These environments are likely not conducive to slow jarosite growth, 540 

favoring rhombohedral symmetry, as suggested by Grey et al., 2011. However, the jarosite 541 

analyzed in this study was sampled from a cobble collected from an environment (i.e., intertidal 542 

zone) where rapid formation would be favored. This may suggest that growth rate is not as 543 

strong a factor in formation of monoclinic symmetry in jarosites as previously suggested.  544 

A third possible explanation for the scarcity of monoclinic jarosites in natural settings is 545 

that when monoclinic jarosite forms in a natural setting it transforms to rhombohedral jarosite 546 

through the diffusion of iron between the two iron sites. Grey et al. (2013) found in their 547 

experiments that when monoclinic jarosites were exposed to temperatures ≥100 °C for prolonged 548 

periods they progressively converted to rhombohedral symmetry. Our experiments also show 549 

that heating monoclinic natrojarosite over short (i.e., few hours) timeframes causes gradual 550 

transformation from monoclinic to rhombohedral symmetry above 150 °C. Thus, monoclinic 551 
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natural jarosites exposed to temperatures of 100 °C or greater for prolonged periods of time, or 552 

monoclinic jarosites that experience even short periods of heating above 150 °C, are likely to 553 

transform to rhombohedral symmetry through iron diffusion. Iron diffusion may be occurring 554 

through a vacancy-filling mechanism. Energy is required for an atom to move to a vacant site in 555 

a structure. Heating of the jarosite results in more energy becoming available for the iron to 556 

move into one of the Fe1 site vacancies. Thus, heating of the jarosite provides the iron atoms 557 

with enough energy to diffuse into vacant sites. It is therefore not surprising that monoclinic 558 

symmetry has not be observed in natural hydrothermal jarosites. Transformation of monoclinic 559 

to rhombohedral symmetry in jarosites has not been examined at low temperature. However, the 560 

presence of monoclinic symmetry in cobble studied here would suggest that monoclinic 561 

symmetry can persist in low temperature jarosites. One possible explanation for this is that the 562 

lower temperature of the natural environment is resulting in less energy being available for Fe 563 

diffusion into vacant sites, slowing the rate of Fe diffusion. Thus, the presence of monoclinic 564 

natrojarosite documented here may be the result of a combination of specific conditions (i.e., a 565 

solution with an [Fe]/[Na] atomic ratios ≥ 1 favoring monoclinic formation and low temperatures 566 

inhibiting Fe diffusion), although it seems more likely that natural monoclinic jarosites have not 567 

been detected in earlier studies due to insufficient X-ray diffraction resolution.   568 

 569 

IMPLICATIONS 570 

This study has described the first observation monoclinic symmetry in naturally-571 

occurring jarosite and suggests that natural monoclinic jarosites may be more common than 572 

previously thought. It is also likely that the presence of monoclinic symmetry will result in 573 

natural monoclinic jarosites having somewhat different chemical compositions and physical 574 
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properties compared with natural rhombohedral jarosites. Further research on the formation 575 

conditions and physical (e.g., thermal, magnetic) differences between natural monoclinic and 576 

rhombohedral jarosites is therefore recommended. Understanding the complexities of natural 577 

jarosites could not only shed light on the formation conditions and environmental histories of 578 

jarosite outcrops on Earth and Mars but would be valuable knowledge for the management and 579 

utilization of jarosites in the environment and mineral processing.  580 

A caveat to this is that it is currently unclear how common monoclinic jarosites are in 581 

nature. High-resolution synchrotron PXRD data are required to resolve the subtle peak splitting 582 

associated with monoclinic symmetry, which are not always available. This may make resolving 583 

this question using laboratory-based PXRD data alone challenging. However, this study has also 584 

demonstrated that EBSD, which is commonly available in university laboratories, is an effective 585 

technique for distinguishing between monoclinic and rhombohedral jarosite grains when they co-586 

occur as admixtures in natural samples. This may occur frequently in natural jarosites, making 587 

EBSD a good tool for investigating the prevalence of monoclinic jarosites in nature. The data set 588 

provided here will be a valuable tool in the interpretation of future studies on the crystal structure 589 

of natural jarosites.  590 
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LIST OF FIGURE CAPTIONS 766 

Figure 1. Illustration of the crystal structure of jarosite viewed along the c-axis, [001]. (A) 767 

Rhombohedral jarosite with iron octahedra (green) and sulfate tetrahedra (yellow) shown. (B) 768 

Monoclinic jarosite symmetry with the two iron octahedra sites (site one = blue, site two = 769 

green) and sulfate tetrahedra (yellow) shown.  770 

 771 

Figure 2.  Representative PXRD patterns with only selected peaks shown. (A,B) Js-SB-35A, a 772 

monoclinic natrojarosite sample. (C,D) Js-SB-38, a rhombohedral jarosite sample previously 773 

described by Whitworth et al. (2020). The solid black arrows in Figures 2A and B indicate the 774 

location of pairs of peaks resulting from splitting of the 012, 027 and 033 peaks of the 775 

rhombohedral structure. The un-split 012 is shown in Figure 2C, and the un-split 027 and 033 776 

peaks are shown in Figure 2D. The dotted arrow highlights asymmetrical peak broadening due to 777 

minor K substitution in Js-SB-38. Subscript m and h indicate that the indices are monoclinic and 778 

hexagonal, respectively 779 

 780 

Figure 3. Partial PXRD pattern as a function of temperature for in situ decomposition of Js-SB-781 

35A natrojarosite (J). Accessory phases present include quartz (Q), gypsum (G), and anhydrite 782 

(An). 783 

 784 

Figure 4. Partial XRD pattern of Js-SB-35A showing gradual loss of peak shoulders with 785 

increasing temperature. Patterns are at room temperature, 150, 175, 200 and 300°C. Peak 786 

associated with anhydrite (An) noted. 787 

 788 
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Figure 5. Partial PXRD pattern as a function of temperature for in situ decomposition of Js-SB-789 

35A natrojarosite. The transformation from monoclinic (M) to rhombohedral (R) natrojarosite is 790 

indicated. A peak associated with quartz is noted. 791 

 792 

Figure 6. Panel A, Plot of Fe site occupancy against temperature. Fe1 site is shown with filled 793 

circles, Fe2 site is shown with crosses. Panel B, variation of the pseudo-hexagonal β´ angle with 794 

temperature. Error bars are approximately the size of the symbols. 795 

 796 

Figure 7. Thermogravimetric analysis (red) and differential thermal analysis (blue) curves for Js-797 

SC-35A. The temperatures of the endothermic peak maxima are given.  798 

 799 

Figure 8. Large field of view of the thin section from Js-SB-35 using BSE imaging. The white 800 

box encloses the area that EBSD was conducted.  801 

 802 

Figure 9. BSE images of Js-SB-35. (A) Pseudocubic natrojarosite crystals. (B) Tabular, striated 803 

gypsum intermixed with pseudocubic natrojarosite. (C) A rounded, zircon crystal surrounded by 804 

natrojarosite (light grey) and quartz (darker grey and rounded) crystals (D) A phosphate mineral 805 

surrounded by finer-grained natrojarosite and quartz crystals. 806 

 807 

Figure 10.  EBSD image of the thin section of Js-SB-35A highlighting regions that index as 808 

monoclinic natrojarosite (M; purple), rhombohedral natrojarosite (R; blue), or can be indexed 809 

using either a monoclinic or rhombohedral model (I; mottled blue and purple). Black regions 810 

correspond to accessory phases.   811 
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TABLES 812 

Table 1. Characterisation of sample Js-SB-35A 813 

ICP-OES results (wt.%) Na K Ca Fe S  

 3.78 0.30 2.07 30.2 11.7  

Quantitative phase analysis (wt.%) 84.0 (±1)% 

natrojarosite 
8.0 (±1) % gypsum 8.0 (±1) % quartz 

TGA endotherm peaks (°C) 140 390 668 

 30-280 °C, 
dehydration 

280-550 °C, 
dehydroxylation 

550-800 °C 
SO3 loss 

Mass losses (wt.%) total 

For natrojarosite* 

2.7 

1.6 

10.2 

12.1 

17.2 

20.4 

*Corrected for dehydration of gypsum and percentage of natrojarosite in sample. 814 

815 
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 816 

 817 

Table 2. Pseudohexagonal unit-cell parameters for natrojarosite at room temperature. 818 

Sample Js-SB-35A Js-SB-35B Js-SB-35E Js-SB-35F Js-SB-35G Js-SB-35H Js-SB-35I 

aph (Å) 7.3256(1) 7.3247(1) 7.3264(1) 7.3261(1) 7.3253(1) 7.3204(1) 7.3237(1) 

cph (Å) 16.6393(1) 16.6386(1) 16.6557(1) 16.6551(1) 16.6514(2) 16.6743(2) 16.6329(1) 

β´ (°) 89.836(1) 89.847(1) 89.810(1) 89.846(1) 89.853(2) 89.904(2) 89.872(1) 

 819 

 820 
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