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Abstract 19 

The legacy of copper (Cu) mining at Špania Dolina-Piesky and Ľubietová-Svätodušná (central 20 

Slovakia) is waste rock and soil, surface waters, and groundwaters contaminated with antimony 21 

(Sb), arsenic (As), Cu and other metals. Copper ore is hosted in chalcopyrite (CuFeS2) and 22 

sulfosalt solid solution tetrahedrite-tennantite (Cu6[Cu4(Fe,Zn)2]Sb4S13 - 23 

Cu6[Cu4(Fe,Zn)2]As4S13) that show widespread oxidation characteristic by olive-green color 24 

secondary minerals. Tetrahedrite-tennantite can be a significant source of As and Sb 25 

contamination. Synchrotron-based μ-XRD, μ-XRF, and μ-XANES combined with electron 26 

microprobe analyses have been used to determine the mineralogy, chemical composition, 27 

element distribution and Sb speciation in tetrahedrite-tennantite oxidation products in waste rock. 28 

Our results show that the mobility of Sb is limited by the formation of oxidation products such as 29 

tripuhyite and roméite group mineral containing 36.54 wt% Sb for samples where the primary 30 

mineral chemical composition is close to tetrahedrite end member. Antimony K edge μ-XANES 31 

spectra of these oxidation products indicate that the predominant Sb oxidation state is 5+. Arsenic 32 

and Cu are also hosted by amorphous phases containing 6.23 wt% Sb on average and these are 33 

intergrown with tripuhyite and roméite. Antimony in this environment is not very mobile, 34 

meaning it is not easily released from solid phases to water, especially compared to As, Cu and 35 

S. For samples where the primary sulfosalt is close to tennantite composition, the oxidation 36 

products associated with tennantite relicts contain 2.43 wt% Sb and are amorphous. The variable 37 

solubility of the secondary minerals that have been identified are expected to influence mobility 38 

of Sb and As in near surface-environment.  39 

KEY WORDS 40 
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Introduction 43 

Tetrahedrite (ttd) is a complex sulfosalt with a general chemical formula Cu6[Cu4(Fe,Zn)2]Sb4S13 44 

and may contain many different elements such as Cu, Ag, Zn, Fe, Cd, Hg, Sb, As, Bi, S, Se and 45 

Te (Johnson et al., 1986; Baláž, 2000; Moëlo et al., 2008). There is a complete solid solution 46 

between tetrahedrite Cu6[Cu4(Fe,Zn)2]Sb4S13 and tennantite (tnn) Cu6[Cu4(Fe,Zn)2]As4S13 (King, 47 

2001; Filippou et al., 2007; Moëlo et al., 2008). In this paper, we will refer to the members of the 48 

tetrahedrite-tennantite solid solution (hereafter ttd-tnn) with Sb/(Sb+As) > 0.5 as tetrahedrite and 49 

those with this ratio < 0.5 as tennantite. The solid solution of ttd-tnn is commonly found in low- 50 

to moderate-temperature hydrothermal veins (e.g. Lynch, 1989; Arlt and Diamond 1998; 51 

Vassileva et al., 2014). The high Cu content (40 to 46 wt%) and frequent presence 52 

of Ag means that tetrahedrite and tennantite are economically attractive, but the 53 

presence of potentially toxic Sb (29 wt% in end-member tetrahedrite) and As (20 54 

wt% in end-member tennantite) indicates that the waste from these deposits may be 55 

environmentally problematic. Exposure of tetrahedrite and tennantite to oxidizing conditions 56 

can result in the mobilization of Sb, As, Cu, S and other elements present in their structure 57 

(Wilson et al., 2004; Filippou et al., 2007; Lengke, 2009; Hiller et al., 2013). Environmental 58 

mobility is influenced by the formation and stability of secondary phases, depending on the 59 

prevalent geochemical conditions. 60 

Coprecipitation and absorption of Sb, among many other elements, onto Fe oxides is an 61 

important control on the mobility of antimony. If the Sb concentration is sufficiently high, 62 

however, Sb secondary minerals will form (Filella et al., 2009). Although Sb secondary minerals 63 



4 
 

are relatively diverse, only a few phases are environmentally important and relatively common 64 

(Majzlan et al. 2011; Roper et al., 2012, 2015). If the concentrations of dissolved Sb(V) are 65 

elevated, Sb can be immobilized by formation of Sb(V) phases such tripuhyite, which has been 66 

identified as an important Sb sink at several tailing impoundments and in oxidation zones of 67 

hydrothermal deposits (Diemar et al., 2009; Majzlan et al., 2011; Lalinská-Voleková et al., 2012; 68 

Leverett et al., 2012; Bolanz et al., 2013). The ideal chemical formula is Fe3+Sb5+O4, and the 69 

crystal structure is tetragonal, with the unit cell dimensions of: a = 4.63 Å, c =3.06Å, V = 65.43 70 

Å3, Z = 2 (Berlepsch et al., 2003). The most likely molar ratio in solution for the crystallization 71 

of tripuhyite is Fe:Sb 1:2 and wide range of pH values (1-10) are favourable for its formation 72 

(Diemar, 2008; Rusinová et al., 2014). Current studies indicate that tripuhyite is able to adsorb or 73 

incorporate As (up to 1.88 wt%) while diminishing the Fe content in this mineral, which might 74 

cause changes in lattice parameters and unit cell volume (3V = 65.43 – 66.35 Å3) (Rusinová et 75 

al., 2014). Tripuhyite is increasingly recognized as a highly insoluble Sb host (Leverett et al., 76 

2012), and has been commonly observed as an alteration product of stibnite, berthierite, or 77 

gudmundite in the presence of pyrite and arsenopyrite (e.g. Lalinská-Voleková et al., 2012). 78 

Information about tripuhyite as a tetrahedrite oxidation product is rare (Nickel, 1984; Harris et 79 

al., 2003; Diemar et al., 2009).  80 

In oxidized settings, the mobility of Sb can also be controlled by the precipitation of 81 

minerals with the cubic, pyrochlore-like structure (Diemar, 2008; Diemar et al., 2009). These 82 

structures are capable of accommodating a wide variety of cations with a general formula A2-83 

mB2X6-wY1-n. A is usually a large eight-fold coordinated cation, most commonly Na, Ca, Sr, Pb2+, 84 

Sn, Sb3+, alternatively a vacancy or a H2O molecule. B is typically a 6-fold coordinated cation, 85 

usually Nb5+, Ti4+, Sb5+, Fe3+, Mg, Si, Al. X is O, OH or F. Y is usually an anion, vacancy or H2O 86 
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(Atencio et al., 2010). Minerals from the roméite group (Ca2Sb2O7) belonging to pyrochlore 87 

supergroup have been identified in slag residues (Courtin-Nomade, 2012) and tailings (Klimko et 88 

al., 2011) resulting from Sb mining activities. To date, comprehensive information about the 89 

solubility of the roméite-group minerals is missing.  90 

At most sites where Sb associates with ore minerals, it is accompanied by As. Relative to 91 

Sb, under near-neutral and oxidizing conditions, As has a higher affinity for adsorption on Fe 92 

oxides such as goethite and ferrihydrite (Bowell, 1994; Lalinská-Voleková et al., 2012; Ritchie et 93 

al., 2013). In some cases, under neutral weathering conditions, Ca-Fe arsenates such as yukonite 94 

are formed (Walker et al., 2009). Scorodite (FeAsO4·2H2O) is an important product of 95 

arsenopyrite weathering, controlling As solubility at pH less than 3 (Flemming et al., 2005; 96 

Moldovan and Hendry, 2005, DeSisto et al. 2011). Under circumneutral pH conditions, scorodite 97 

is metastable and breaks down to iron hydroxides and adsorbed/aqueous arsenate (Nordstrom et 98 

al. 2014). 99 

In this study, our attention is focused on how Sb and As are hosted in the oxidation 100 

products of the tetrahedrite-tennantite solid solution in mine-waste piles. Using two historic 101 

mining sites with abundant tetrahedrite and tennantite, we characterized the weathering products 102 

by electron microprobe analyses and a suite of synchrotron-based microtechniques, such as 103 

micro-X-ray diffraction, micro-X-ray fluorescence and micro-X-ray absorption spectroscopy. 104 

 105 

Site description 106 

 107 

Samples from two abandoned mining areas were studied, the Špania Dolina - Piesky and 108 

Ľubietová - Svätodušná, both located in central Slovakia, in the central part of the Western 109 

Carpathians.  110 



6 
 

The Špania Dolina - Piesky deposit is situated 1.2 km north of the village of Špania 111 

Dolina in Starohorské Mountains (Figure 1). The Cu ores are dispersed in a hydrothermal 112 

stockwork of quartz-siderite-sulfide veinlets and impregnations hosted mainly by Permian 113 

sandstones and conglomerates (Čillík et al., 1986; Vozárová et al., 2014). Tetrahedrite is the 114 

dominant ore mineral (Sejkora et al., 2013) with minor amounts of chalcopyrite and accessory 115 

arsenopyrite, bornite, galena, cobaltite, pyrite and sphalerite. Gangue minerals include quartz, 116 

Fe-dolomite, siderite, barite and calcite (Novotný, 1960; Regásek, 1973; Michňová and Ozdín, 117 

2010). The deposit has a well-developed oxidation zone with a variety of secondary minerals 118 

reported in Table 1, making this area popular among mineral collectors. The beginning of the 119 

mining activities dates back to the end of Neolithic era (Žebrák et al., 1986). The most intensive 120 

mining period was during 15th and 16th century when this deposit was an important Cu and Ag 121 

producer for central Europe. Mining and exploration activities continued until 1985 and since 122 

then the waste dumps have remained mostly undisturbed (Čillík et al., 1986; Kusein and 123 

Maťová, 2002) with the exception of reclamation work at a few of the waste rock piles. Unsorted 124 

waste rock material is accumulated in dumps at several sites in valleys and around the former 125 

shafts. Numerous waste rock piles cover area more than 1 km in length and 150 m wide (Sejkora 126 

et al., 2013).  127 

The Ľubietová - Svätodušná Cu-Fe ore deposit is located 5 km east from the village of 128 

Ľubietová. The quartz-carbonate (siderite, calcite, ankerite) ore veins are hosted by Paleozoic 129 

gneisses and granite porphyry (Figure 2) and the primary Cu minerals are chalcopyrite and 130 

tetrahedrite-tennantite (Ilavský, 1994). Beside these two, the veins contain arsenopyrite, pyrite, 131 

barite and rare galena. In the cementation zone, cuprite and native copper were identified 132 

(Koděra, 1990). A wide range of secondary minerals are present, mostly Cu and Cu-As phases 133 
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(Table 1). Mining activity continued intermittently from the Bronze Age until the end of the 19th 134 

century.  135 

Potential environmental risk at both studied sites includes elevated concentrations of Cu, 136 

As and Sb leaching out of waste rock into the surrounding soils, ground and surface waters 137 

(Andráš et al., 2008; Franková et al., 2012; Andráš et al. 2013). The pH values of surface waters 138 

in Špania Dolina - Piesky is at most sites in range of 6.5 - 7.8 and in Ľubietová - Svätodušná in 139 

range of 6.0-7.5 (Franková et al., 2012). The mine waste dumps in the study areas have been 140 

subjected to weathering under a humid temperate climate; the mean annual precipitation and 141 

temperature are 600 mm and 8 °C, respectively.  142 

 143 

Materials and Methods 144 

 145 

Sample collection 146 

Weathered samples with tetrahedrite-tennantite solid solution (hereafter ttd-tnn) and other ore 147 

minerals were collected from abandoned waste rock piles from Špania Dolina - Piesky and 148 

Ľubietová - Svätodušná. At Špania Dolina - Piesky, some samples were collected directly from 149 

the oxidation zone in situ. Grain sizes of the waste material range from boulder-size fragments to 150 

fine-grained material. Samples were chosen based on the occurrence of visible oxidation 151 

products associated with relics of ttd-tnn grains and similarities in color and texture of 152 

completely altered samples with those oxidation products. Standard thin sections (30 µm thick) 153 

were prepared and inspected in transmitted and reflected polarized light. 154 

 155 

Electron microprobe analysis (EPMA) 156 
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Electron microprobe analyses of primary minerals and their oxidation products were performed 157 

on a JEOL JXA-8230 electron microprobe in a wavelength-dispersive mode (WDS) under the 158 

conditions of 20 kV, 20 kV, 30 nA, and beam size of 1-6 µm at Queen’s University, Kingston, 159 

Canada. Calibration was carried out using the following lines, standards, detector crystals and 160 

counting time on each peak and the same counting times for background: synthetic standards for 161 

As (Lα, FeAs2 , TAP, 60 s), Fe (Kα, CuFeS2, LIFL, 20 s), Zn (Kα, ZnS, LIFL, 20 s), Bi (Lα, Bi 162 

metal, LIFL, 60 s), Cu (Kα, Cu2S, LIF, 30 s), Ag (Lα, Ag metal, PETH, 60 s), Mg (Kα, 163 

CaMgSi2O6, TAP, 40 s), Ca (Kα, CaMgSi2O6, PETH, 20 s) and Si (Kα, CaMgSi2O6, TAP, 20 s) 164 

and natural tetrahedrite for Sb and S (Harvard, 3137x): Sb (Lα, PET, 40 s), S (Kα, PET, 20 s). 165 

The analytical results for ttd-tnn were recalculated on the basis of 29 atoms per formula unit 166 

(apfu). 167 

 168 

Synchrotron micro-analysis 169 

Thin sections were detached from the glass slides prior to synchrotron analyses and mounted on 170 

KaptonTM. Micro-X-ray fluorescence spectroscopy (µXRF), micro-X-ray diffraction (µXRD) 171 

and micro-X-ray absorption near-edge structure spectroscopy (µ-XANES) analyses of ttd-ttn 172 

weathering products were collected at the undulator beamline 20-ID at the Advanced Photon 173 

Source (Argonne, IL, USA) using a monochromatic beam focused to 5×5 µm and 3×3 µm. 174 

Samples were oriented 45° to the beam. All Sb µ-XANES spectra were collected around the Sb 175 

K-edge (30 491 eV). XANES spectra of standards were collected from all samples using an 176 

unfocused beam, approximately 0.5 mm in diameter. Synthetic tripuhyite was synthesized 177 

following the method of Diemar (2008), natural stibnite (from the Beaver Brook antimony mine, 178 

Newfoundland) and Sb2O3 oxide senarmontite (obtained commercially from Fisher Scientific) 179 
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were verified by conventional powder XRD prior to the synchrotron micro-analysis. 180 

Conventional powder XRD analyses were carried out with a Philips X-Pert diffractometer at 181 

Queen’s University, employing CuKα radiation and an Ni filter. 182 

Prior to synchrotron analyses, the standards were ground, spread uniformly on a Kapton tape, 183 

and the tape was folded 10-12 times. A Si (311) double-crystal monochromator was used to 184 

control the X-ray energy and was calibrated with the Sb foil at the Sb K-edge. XANES spectra of 185 

the standards were collected in a transmission mode. Spectra from samples were collected in a 186 

fluorescence mode and three to five scans were collected for each standard and sample. XANES 187 

spectra were normalized, aligned, merged and fitted to model spectra using the linear 188 

combinations fitting (LCF) algorithm in the ATHENA software (Ravel and Newville, 2005). The 189 

µXRD data were acquired in a transmission mode at a constant energy of 31 keV with a 190 

MAR165 CCD detector with binning to 2048 x 2048 array and nominal 80 µm pixel size. 191 

Calibration of the CCD detector was done using a LaB6 standard. Calibrations and corrections 192 

were done using Fit2D software (Hammersley, 1996). The phases were identified and structures 193 

were refined using HIGHSCORE PLUS software. The background parameters, specimen 194 

displacement, unit cell parameters and peak profile parameters were refined. 195 
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Results and Discussion 196 

 197 
Chemical composition of primary tetrahedrite-tennantite minerals 198 

The tetrahedrite-tennantite solid solution (ttd-tnn) in our samples from Špania Dolina - Piesky 199 

contains Sb (up to 2.90 apfu), less As (up to 1.35 apfu) and a small amount of Bi (up to 0.12 200 

apfu) (Table 2). Copper (up to 10.63 apfu) is the dominant cation in the trigonal site, and is 201 

isomorphically substituted by Ag (up to 0.06 apfu). The tetrahedral position includes divalent 202 

cations such as Zn (up to 0.45 apfu), Fe (up to 1.11 apfu) and since the Cu apfu value is higher 203 

than 10, part of Cu is assumed to occupy the tetrahedral position. The measured composition of 204 

the tetrahedrite agrees well with the microprobe data of the tetrahedrite ore from this locality 205 

described by Sejkora et al. (2013). Chemical composition of the ttd-tnn from Ľubietová - 206 

Svätodušná is more variable. The composition of tennantite is shown in Table 2. Tennantite 207 

contains As with apfu value up to 3.05. Antimony content is up to 1.01 apfu and Bi has apfu 208 

value up to 0.08. Zinc (apfu value up to 0.16) and Ag (apfu up to 0.33) were also detected. 209 

Copper is dominant with apfu up to 10.15. High levels of Fe (up to 1.91 apfu) were measured. 210 

Tetrahedrite samples from Ľubietová - Svätodušná contain Sb (2.08-2.85 apfu), As (0.92-1.29 211 

apfu), Cu (1.15-13.45 apfu), Fe (1.06-1.32 apfu), Zn (0.12-0.20 apfu) and in some cases 212 

increased amounts of Ag (maximum of 9.97 apfu).  213 

Tetrahedrite weathering products 214 

In the samples from Špania Dolina - Piesky, oxidation products formed by tetrahedrite 215 

decomposition are represented by secondary phases dominated by Sb-Cu-As-Fe, commonly 216 

associated with other supergene minerals like Cu arsenates, carbonates and sulfates. The 217 

secondary Cu oxysalts from the upper part of the oxidation zone were described by Števko 218 

(2014). In hand specimen, the oxidation products of tetrahedrite range in color from yellowish 219 
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green to dark olive green (Figure 3). Some of the samples contain relics of the primary 220 

tetrahedrite, other ones are completely altered with no remnants of the primary ore. When 221 

observed in a petrographic microscope, the oxidation products comprise green porous, spongy 222 

mass and brown thin veinlets that fill microscopic fractures between the former tetrahedrite 223 

grains. In the backscattered-electron (BSE) images, the veinlets appear brighter and the porous 224 

mass darker (Figure 4A). The veinlets are also present where no tetrahedrite relics are observed. 225 

The secondary phases in the veinlets were identified by µXRD as a mixture of tripuhyite FeSbO4 226 

and a roméite-group mineral or minerals. Smooth rings of µXRD patterns are suggestive of 227 

nanocrystalline nature of tripuhyite and roméite (Figure 4A, B; cf. Walker et al., 2005). The 228 

porous mass consists of X-ray amorphous Cu-As-Fe-Sb oxyhydroxides. These X-ray amorphous 229 

masses are sometimes intergrown with aggregates of nanocrystalline goethite and tripuhyite 230 

(Figure 4B).  231 

X-ray amorphous oxidation products. The X-ray amorphous phases are olive-green in 232 

color in hand specimen and transmitted polarized light. Amorphous phases can be distinguished 233 

from the mixture of roméite and tripuhyite because this mixture is characterized by light brown 234 

color (probably caused by the presence of tripuhyite). The X-ray amorphous phases have the 235 

highest As content of all the studied tetrahedrite oxidation products, ranging from 10.58 wt% to 236 

20.16 wt% (average of 17.13 wt%). Copper concentration in the X-ray amorphous masses is very 237 

high (average of 23.09 wt %). The content of Fe in the X-ray amorphous phases shows only 238 

slight variations (from 8.06 wt% to 10.56 wt%) (Table 3). The Sb/As ratio is variable. Based on 239 

Sb/As ratios we could define two trends. Most of the analyses belong to phases with lower Sb 240 

concentration ranging from 2.41 wt% to 4.49 wt %. As/Sb (R2=0.58), As/Fe (R2=0.42), As/Cu 241 

(R2=0.45), Sb/Fe (R2=0.44), Sb/Cu (R2=0.50), Fe/Cu (R2=0.21) show positive correlation 242 
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(Figure 5). These phases did not diffract under the conditions of the synchrotron-based µXRD 243 

experiments. The second group are phases characterized by higher Sb concentration ranging 244 

from 10.82 wt% to 19.44 wt%. The chemical composition of amorphous phases belonging to this 245 

group is similar in composition to roméite reported in this study. The µXRD patterns display one 246 

broad peak with low intensity corresponding to d-spacing between 2.91-3.02 Å, which agrees 247 

with the most intense diffraction peak characteristic for the roméite structure (Zedlitz, 1932). In 248 

this group, substitution of Sb for As, and Sb for Cu is suggested by the good negative correlation 249 

(Sb/(As+Cu), R2= 0.81, Figure 6). Antimony was present as Sb5+ in X-ray amorphous phases 250 

produced by tetrahedrite weathering. Usually, the initial X-ray amorphous phases transform over 251 

time into more crystalline phases which are assumed to be more stable (Majzlan et al., 2007). We 252 

suggest that, in our samples, roméite results from such a transformation from an earlier X-ray 253 

amorphous phase. This is supported by observation of the X-ray amorphous phases being 254 

consistently associated with poorly crystalline roméite.  255 

Roméite-group minerals and tripuhyite. In some analyses, roméite was the only 256 

crystalline phase identified by µXRD. It is not clear whether there is actually a mixture of X-ray 257 

amorphous phases and roméite and, if so, what is the proportion of Fe, As and Cu possibly 258 

hosted by the X-ray amorphous phase. Therefore, the following Wavelength dispersive 259 

spectroscopy analyses (WDS) could reflect chemical composition of pure roméite or roméite-X-260 

ray amorphous phase mixture: As with minimal concentration of 7.92 wt%, maximum of 16.38 261 

wt% (average of 15.22 wt%), Sb ranged from 10.42 wt% to 27.45 wt% (average of 16.55 wt%), 262 

Cu content varied from 11.62 wt % to 44.22 wt % (average of 25.58 wt%), Fe minimum content 263 

was 1.08 wt% and maximum of 12.67 wt% (average of 9.21 wt%; Table 4), range of Bi 264 

concentration was 0.88 wt% to 5.04 wt% (average of 2.82 %). The refined lattice parameter a 265 
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varied from 10.203(6) to 10.367(9) Å (Table 4). A negative Sb/Cu correlation (R2 = 0.8) could 266 

reflect Cu being hosted by X-ray amorphous phases whereas Sb being present in roméite 267 

structure. Sb5+ has been reported to substitute for Fe3+ in pyrochlores (Atencio et al., 2010), 268 

however, we do not observe any significant negative Sb/Fe correlation (R2 = 0.11) in our 269 

samples (Figure 6). We are not aware of a naturally occurring roméite with similar As content as 270 

that reported in this study. Christy and Gatedal (2005) described roméite from a skarn in 271 

Långban, Sweden, with As content up to 2.88 wt%. Based on the ionic radii of As3+ and As5+ of 272 

0.50 Å and 0.47 Å, respectively, and the coordination with oxygen atoms, As is more likely to fit 273 

in the A position in the structure of pyrochlores. Arsenic oxidation state was not determined in 274 

our samples. Pyrochlore supergroup nomenclature is based on the ions occupancy of the A, B and 275 

Y sites. A proper name for the phase described in this study is debatable. Partzite (or 276 

cuproroméite) is a questionable Cu-dominant member of the roméite-group minerals from the 277 

pyrochlore supergroup. Ertl and Brandtatter (2000) identified ”partzite”, as a phase with a 278 

formula (Cu+2,As+3,Fe+2,Zn+2)2(Sb+5,Fe+3)2O6(O,OH,F) with the unit-cell parameter a = 279 

10.295(10) Å. This material is a weathering product of tetrahedrite. Škácha et al. (2009) 280 

identified material with composition close to partzite in association with cuprostibite in mine 281 

dump of the Příbram uranium - base metal ore district in central Czech Republic and assigned a 282 

formula of (Cu2.23Pb0.01)Σ2.24 (Sb1.70As0.01)Σ1.71O6. Further work is required to establish if a Cu-283 

dominant roméite-group mineral really exists or not (Roper et al., 2012); as of now, such mineral 284 

is not approved by the IMA. 285 

Tripuhyite was rarely found in our thin sections as a single phase; more common was a mixture 286 

with roméite, less common with goethite. The chemical composition of single tripuhyite was not 287 

determined for the samples in this study. Chemical composition of a nanocrystalline mixture of 288 
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tripuhyite with a roméite-group mineral indicated that As varied from 0.96 wt% to 14.51 wt% 289 

(average of 9.20 wt%), for Sb the minimum content was 2.27 wt% and maximum of 42.13 wt% 290 

% (average of 28.65 wt%), Cu ranged from 3.42 wt% up to 25.75 wt% (average of 15.10 wt%) 291 

and minimum value of Fe detected was 9.09 wt%, maximum 48.54 wt% (average of 13.36 wt%; 292 

Table 5). Lesser amounts of Bi (maximum of 2.36 wt%), Si (maximum of 1.26 wt%) and Ca 293 

(maximum of 4.36 wt%) were also present. The mass of tripuhyite in this mixture ranged from 294 

35% to 47%.  Good negative correlations of Sb/Fe (R2=0.76), As/Sb (R2=0.96) and Sb/Cu 295 

(R2=0.91) were detected (Figure 6). Antimony and Fe in tripuhyite can be present in different 296 

ratios (Lalinská-Voleková et al., 2012). Variation in the calculated values of the unit-cell 297 

parameters for tripuhyite indicate different proportions of Sb/Fe and other elements (most likely 298 

As) entering its structure. The calculated unit cell parameters for tripuhyite are: a = 4.56(1) – 299 

4.671(3) Å, c = 3.036(3) – 3.056(4) Å, V = 63.72 – 66.90 Å3 (Table 5).  300 

μ-XANES analysis indicates that Sb5+ is the dominant oxidation state of antimony in the 301 

tetrahedrite oxidation products. The statistical goodness of fit parameters obtained from the 302 

linear combination fitting method (LC) R-factor and χ2 are shown in Table 6. Additionally, the 303 

goodness of fit can be evaluated from the difference between the experimental data and LC data 304 

plotted as a difference curve (Figure 7, A, B). LC fitting of the Sb XANES spectra was 305 

performed from 30 eV below the adsorption edge up to 100 eV over the absorption edge for the 306 

normalized derivative spectra. Fitted spectra showed the presence of Sb3+ (0 – 21 %) and 307 

Sb5+ (78 – 100%). We assume Sb3+ and Sb5+ are present in roméite and Sb5+ in tripuhyite. The 308 

best statistical data were obtained with the standards senarmontite (Sb3+-O) together with 309 

tripuhyite (Sb5+-O). μ-XRF has been employed to examine the elemental distribution in the 310 

tetrahedrite weathering products (Figure 8). If we compare the concentration for different 311 
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elements in the secondary phases, Sb is mostly hosted by tripuhyite and roméite, and different 312 

Fe/Sb ratios correspond to this mixture. As is hosted mostly by the X-ray amorphous phases and 313 

roméite and in these phases, Sb/As ratios scatter significantly (Figure 9). Roméite is the most 314 

important Cu host. 315 

  316 
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Chemical composition and mineralogy of tennantite oxidation products 317 

Oxidation products directly associated with tennantite from Ľubietová-Svätodušná are brown-318 

green in hand specimens and in transmitted light. In the BSE images, they appear as rims on 319 

tennantite grains, as alteration products forming adjacent to the tennantite grains or as alteration 320 

products without tennantite relics (Figure 10 A, B). Oxidation rims and alteration products 321 

directly related to tennantite grains are X-ray amorphous with abundant As (average 20.6 wt%), 322 

Cu (23.41 wt%) Fe (13.05 wt%) and relatively low Sb concentration (2.86 wt%; Table 7). Other 323 

secondary Cu-bearing phases associated with tennantite weathering in these samples are 324 

chrysocolla and cuprite. Arsenic is hosted by pharmacosiderite and scorodite. Low 325 

concentrations of As (average 0.65 wt%), Cu (0.72 wt %) and Sb (0.15 wt%) were detected in 326 

goethite grains. No tennantite relics were observed associated with these crystalline phases.  327 

 328 

Implications 329 

 Characterization of weathered and partially dissolved minerals at the microscale allowed insight 330 

into the source of leachable metal(oid)s from the dumps of the waste rocks. The oxidation and 331 

decomposition of the ttd-tnn minerals results in the formation of various secondary phases and 332 

drives the release or retention of the elements in the near-surface oxidizing and wet environment. 333 

Tetrahedrite oxidation products from Špania Dolina - Piesky contain significant amounts of 334 

potentially toxic elements, mostly Sb, As and Cu. Antimony, As and Cu in these oxidation 335 

products are hosted differently: Sb concentration is highest in analytical spots identified as 336 

tripuhyite and roméite, As and Cu are preferentially hosted by X-ray amorphous phases and 337 

roméite. Antimony is less mobile compared to elements like As, S and Cu, which are largely 338 

present as supergene minerals (e.g. antlerite, azurite, brochantite, chalcophyllite, clinoclase, 339 
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cornwallite or malachite) at the localities and where the primary source is tetrahedrite and Sb 340 

concentration is high enough for Sb secondary minerals to be supersaturated. Elevated Sb 341 

concentrations in the adjacent streams (Franková et al., 2012) are likely related to the oxidation 342 

of tetrahedrite although the exact mechanisms controlling the release and attenuation of Sb have 343 

not yet been determined. If the primary Sb source is close to tennantite composition, Sb enters X-344 

ray amorphous phases.  345 
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Figure 1. Generalized geological map and a photograph of waste rock pile of Špania Dolina area, 526 

showing the location of the historical waste rock piles with bedrock geology simplified from 527 

Polák et al. (2003). 1 – Variscan basement (orthogneiss and amphibolite) 2- Paleozoic 528 

(conglomerate, arcose, greywacke) 3- Cretaceous (limestone and dolomite) 4 - Jurassic (chert, 529 

sandstone and limestone) 5 - Triassic (quartzite, dolomite, limestone) 6- faults, 7-thrust faults, 8- 530 

waste rock piles, 9- streams 531 

Figure 2. Geological map of Ľubietová area simplified from Polák et al. (2003) Paleozoic: 1- 532 

gneiss and granite porphyry, 2- amphibolite, 3- metasandstone, meta-arcose, metaconglomerate, 533 

Mesosoic: 4 – dolomite, Tertiary: 5 – tuff, volcanic breccia conglomerate, 6 – Quaternary 534 

sediments, 7 – mineralization and waste rock piles, 8 – fault  535 

 536 

Figure 3. Olive-green masses of oxidation products with relics of the primary tetrahedritefrom 537 

the oxidation zone of Špania Dolina-Piesky deposit.  538 

Figure 4. BSE images of tetrahedrite weathering products A: an altered tetrahedrite (ttd) relic in a 539 

mixture of tripuhyite and roméite (spot1, μXRD – roméite-black, tripuhyite red) and X-ray 540 

amorphous Cu-As-Fe Sb phases; B: alteration products of tetrahedrite: spot2: poorly crystalline 541 

roméite, spot3: mixture of goethite and tripuhyite  (μXRD-goethite-black, tripuhyite-red). 542 

Figure 5. Elements variations in X-ray amorphous phases resulting from tetrahedrite weathering 543 

(all values are in wt% of elements). 544 

Figure 6. Element variations in amorphous phases chemically similar to roméite, pure roméite 545 

and a nanocrystalline mixture of tripuhyite and roméite. All values are in wt% elements.  546 
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Figure 7. A: Sb XANES spectra of the model compounds and of the tripuhyite-roméite mixture 547 

(LCF: 84% Sb V and 16% Sb III-O, Analysis 1 in Table 6). B: An example of a LC fit of 548 

experimental data of tripuhyite-roméite mixture. 549 

Figure 8. Distribution of Sb, As, Cu and Fe in the ttd oxidation products. Each row present a 550 

BSE image (left) and µXRF maps (collected at 31 keV) of the oxidation products. 551 

Figure 9. Sb-As-Fe plot of the secondary minerals identified. All data from electron microprobe 552 

analyses. 553 

Figure 10. BSE image of tennantite and X-ray amorphous oxidation products (light gray). A: 554 

tennantite grains showing advanced stages of weathering; B: oxidation rim on a tnn grain.555 
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Table 1. The most common secondary minerals and their formulae described from the oxidation 556 
zone of Špania Dolina-Piesky deposit (Figuschová, 1997a; Řídkošil, 1978; Řídkošil and 557 
Povondra, 1982; Števko and Sejkora, 2012; Števko, 2014 and references therein) and Ľubietová- 558 
Svätodušná (Figuschová, 1977b; Řídkošil and Medek, 1981; Pauliš, 1981; Řídkošil, 2007) 559 

Mineral name Formula 

Occurrence 

Špania Dolina - 

Piesky 

Ľubietová - 

Svätodušná 

Antlerite Cu3(SO4)(OH)4 * * 

Azurite Cu3(CO3)2(OH)2 * * 

Barite BaSO4 * 

Brochantite Cu4SO4(OH)6 * * 

Chalcophyllite Cu18Al2(AsO4)4(SO4)3(OH)24·36H2O * * 

Clinoclase Cu3AsO4(OH)3 * * 

Cornubite Cu5(AsO4)2(OH)4 * 

Cornwallite Cu5(AsO4)2(OH)4 * * 

Cuprite Cu2O * * 

Devilline CaCu4(SO4)2(OH)6·3H2O * 

Euchroite Cu2(AsO4)(OH)·3H2O * 

Langite Cu4SO4(OH)6·2H2O * * 

Malachite Cu2CO3(OH)2 * * 

Olivenite Cu2(AsO4)(OH) * 

Parnauite Cu9(AsO4)2(SO4)(OH)10·7H2O * 

Bariopharmacosiderite BaFe4(AsO4)3(OH)5·5H2O * * 

Posnjakite Cu4SO4(OH)6·H2O * 

Pseudomalachite Cu5(PO4)2(OH)4 * 

Posnjakite Cu4SO4(OH)6·H2O * 

Scorodite FeAsO4·2H2O * 

Strashimirite Cu8(AsO4)4(OH)4·5H2O * 
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Table 2. Selected electron microprobe analyses of tetrahedrite grains form locality Špania Dolina Piesky and tennantite grains form locality 560 
Ľubietová Svätodušná (8 representative analyses for each locality). 561 

Špania Dolina-Piesky Ľubietová-Svätodušná 

wt% Cu Ag Fe Zn As Sb Bi S Total wt% Cu Ag Fe Zn As Sb Bi S Total 

1 42.37 0.12 3.95 1.23 6.11 20.22 0.68 26.5 101.18 1 40.17 2.03 6.79 0.67 14.52 7.07 1.01 26.94 99.2 

2 42.16 0.12 3.81 1.27 5.32 21.41 0.65 26.2 100.95 2 41.74 0.99 6.88 0.63 14.56 7.1 1.04 27.21 100.15 

3 41.59 0.13 3.87 1.27 5.04 21.79 0.75 26.21 100.65 3 40.56 1.86 6.81 0.64 14.56 7.04 0.94 26.85 99.27 

4 42.45 0.11 3.92 1.18 6.38 20.05 0.75 26.42 101.25 4 41.44 1.23 6.91 0.66 13.86 8.07 1.14 27.13 100.44 

5 41.34 0.14 3.87 1.22 5.97 20.23 0.63 26.33 99.73 5 42.52 0.51 6.86 0.61 14.37 7.26 0.88 27.28 100.29 

6 41.97 0.14 3.79 1.21 4.53 22.01 0.82 26.09 100.56 6 42.35 0.67 6.91 0.59 14.32 7.37 0.91 27.27 100.4 

7 42.24 0.13 3.87 1.16 5.68 20.14 0.55 26.32 100.09 7 42.24 0.6 6.85 0.67 14.85 7.44 0.89 27.05 100.59 

8 42.18 0.13 3.86 1.19 5.45 20.58 0.82 26.07 100.28 8 41.78 0.81 6.77 0.62 14.95 7.19 0.87 26.82 99.81 

apfu 
 

apfu          

1 10.54 0.02 1.11 0.29 1.28 2.62 0.05 13.06 1 9.75 0.29 1.88 0.16 2.99 0.9 0.07 12.96 

2 10.57 0.02 1.09 0.31 1.13 2.8 0.05 13.02 2 10 0.14 1.88 0.15 2.96 0.89 0.08 12.92 

3 10.48 0.02 1.11 0.29 1.08 2.87 0.06 13.09 3 9.84 0.27 1.88 0.15 3.00 0.89 0.07 12.91 

4 10.56 0.02 1.11 0.28 1.35 2.6 0.06 13.02 4 9.95 0.17 1.89 0.15 2.82 1.01 0.08 12.91 

5 10.42 0.02 1.11 0.3 1.28 2.66 0.05 13.16 5 10.15 0.07 1.86 0.14 2.91 0.9 0.06 12.9 

6 10.6 0.02 1.09 0.3 0.97 2.90 0.06 13.06 6 10.11 0.09 1.88 0.14 2.9 0.92 0.07 12.9 

7 10.61 0.02 1.11 0.28 1.21 2.64 0.04 13.1 7 10.09 0.08 1.86 0.16 3.01 0.93 0.06 12.81 

8 10.63 0.02 1.11 0.29 1.16 2.71 0.06 13.02   8 10.06 0.12 1.86 0.14 3.05 0.9 0.06 12.8 
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Table 3. Representative electron microprobe analyses of X-ray amorphous phases associated with tetrahedrite weathering (b.d.=below 564 
the detection limit). 565 

As2O5 CuO Fe2O3 Sb2O5 Bi2O3 Ag2O HgO PbO SO3 Total 

1 27.59 27.89 13.77 3.55 4.71 0.01 0.03 0.02 0.04 77.61 

2 27.65 28.92 12.82 3.44 2.02 0.01 b.d. b.d. 0.05 74.91 

3 28.86 30.69 13.93 3.74 3.67 0.01 0.02 0.05 0.05 81.02 

4 26.75 27.86 14.31 3.67 3.05 0.04 0.01 0.04 0.07 75.8 

5 29.34 32.11 14.31 4.20 2.98 0.01 b.d. b.d. 0.06 83.01 

6 25.70 18.67 12.8 3.30 1.92 0.02 0.07 0.02 0.04 62.54 

7 26.57 22.02 13.01 3.26 2.29 0.01 b.d. b.d. 0.06 67.22 

8 26.23 30.22 12.78 3.77 2.50 b.d. b.d. 0.05 0.01 75.56 

9 27.12 31.52 14.4 3.74 3.51 0.04 0.12 0.05 0.02 80.52 

10 30.93 31.61 14.55 4.63 3.58 0.01 0.09 0.01 0.09 85.5 
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Table 4. Selected electron microprobe analyses and refined a unit cell parameter (synchrotron µXRD)- for roméite, possibly in a 568 
mixture with the X-ray amorphous phases. 569 
 570 

As2O5 CuO Fe2O3 Sb2O5 Bi2O3 Ag2O HgO PbO CdO ZnO SeO2 SO3 Total a (Å)  
1 24.55 33.74 14.08 18.22 4.31 0.19 0.01 0.05 0.07 0.03 0.24 0.14 95.63 10. 331(9) 
2 21.49 29.81 11.99 27.26 4.66 0.10 0.00 0.00 0.08 0.08 b.d. 0.09 95.56 10.327(9) 
3 25.13 33.21 14.84 19.64 3.12 0.05 0.05 b.d. b.d. 0.06 b.d. 0.06 96.16 10.357(9) 
4 17.24 27.89 11.47 31.84 4.18 0.14 0.08 0.07 0.05 0.04 b.d. 0.10 93.10 10.35(2) 
5 22.03 31.69 12.01 26.18 3.86 0.13 0.00 0.05 0.12 0.02 b.d. 0.08 96.17 10.322(4) 
6 23.89 31.99 13.61 17.92 3.62 0.21 0.05 0.01 0.08 0.04 0.11 0.16 91.69 10.35(1) 
7 24.38 34.68 13.16 21.29 2.14 0.03 0.14 0.09 0.04 0.06 b.d. 0.08 96.09 10.35(1) 
8 23.73 31.79 16.39 20.49 2.56 0.01 0.04 0.07 b.d. 0.06 b.d. 0.09 95.23 10.31(1) 
9 15.62 40.75 10.51 20.54 0.98 1.57 0.28 0.02 0.01 0.02 0.24 0.57 91.11 10.28(1) 
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Table 5. Chemical composition of tripuhyite and roméite mixture (wt%) and refined unit cell parameters (synchrotron µXRD) for the 573 
two minerals. * The mass balance calculation: Roméite formula was calculated from EMPA analyses for single roméite phase based 574 
on 7 oxygens; in the mixture of tripuhyite and roméite all As and Cu are assumed to be hosted by roméite. 575 
 576 

As2O5 CuO Fe2O3 Sb2O5 Bi2O3 Ag2O HgO PbO CdO ZnO SeO2 SO3 Total 
Tripuhyite Roméite Mass balance 

a/ Å c/ Å a/ Å Tripuhyite % Roméite % 

1 6.96 9.99 15.00 54.34 2.64 b.d. b.d. 0.01 0.05 0.07 b.d. 0.12 89.18 4.56(1) 3.13(2) 10.235(8) 43 57 
2 6.94 9.85 16.13 52.74 0.21 0.01 0.08 0.00 0.11 0.06 b.d. 0.03 86.16 4.671(3) 3.036(3) 10.261(4) 44 56 
3 7.36 10.15 17.90 51.09 1.07 b.d. 0.02 0.14 0.02 0.05 0.24 0.03 88.07 4.611(8) 3.087(9) 10.28(1) 43 57 
4 6.48 10.21 15.91 53.05 b.d. 0.03 0.05 b.d. 0.07 0.04 0.14 0.10 86.08 4.591(8) 3.09(1) 10.266(8) 43 57 
5 5.65 8.88 14.37 55.82 1.57 0.04 0.03 0.02 0.13 0.07 b.d. 0.05 86.63 4.586(9) 3.16(1) 10.33(1) 48 52 
6 8.06 11.39 18.43 50.65 1.54 0.04 b.d. 0.03 b.d. 0.04 0.05 0.13 90.36 4.59(1) 3.09(2) 10.267(8) 40 60 
7 6.60 9.57 14.38 55.48 0.54 0.01 0.03 b.d. b.d. 0.05 0.25 0.03 86.94 4.55(2) 3.13(2) 10.269(8) 45 55 
8 6.07 9.30 13.74 55.97 0.41 0.04 0.02 b.d. 0.07 0.06 0.17 b.d. 85.85 4.573(9) 3.19(1) 10.308(5) 46 54 
9 10.34 14.46 24.18 42.77 0.89 0.01 0.01 0.04 0.05 0.08 0.06 0.06 92.95 4.586(2) 3.049(3) 10.201(5) 32 68 
 577 
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Table 6. Results of the LC fits of Sb XANES spectra for the tripuhyite-roméite mixtures resulting from tetrahedrite weathering 579 
(analyses 1-6) together with statistical evaluation of goodness of fits. Sum of the components was normalized to 100%. 580 

Analysis Tripuhyite (Sb5+- O) % Sb2O3 (Sb3+- O)% R-factor Chi-square 
1 84 16 0.028272 0.00533 
2 88 12 0.004928 0.0009 
3 90 10 0.005666 0.00102 
4 88 12 0.004495 0.00082 
5 100 0 0.053702 0.00922 
6 79 21 0.040014 0.0063 
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Table 7. Chemical composition of X-ray amorphous oxidation products associated with tennantite relics (wt%). 583 

As2O5 SiO2 Fe2O3 ZnO Bi2O3 CuO SO3 Sb2O5 MgO CaO Ag2O Total 
1 31.04 0.24 14.91 0.06 2.14 34.28 0.36 5.69 0.02 0.13 0.06 88.93 
2 31.01 0.27 16.28 0.06 2.15 32.66 0.45 5.74 0.03 0.15 0.03 88.83 
3 27.68 0.27 15.16 0.09 1.94 33.69 0.42 5.54 0.03 0.15 0.09 85.06 
4 27.74 0.27 12.11 0.09 1.67 39.96 0.55 6.13 0.00 0.07 0.06 88.65 
5 29.86 0.25 13.29 0.13 2.06 36.95 0.49 5.86 0.01 0.07 0.00 88.97 
6 26.17 0.35 12.26 0.16 1.54 42.97 1.27 6.33 0.03 0.16 0.02 91.26 
7 30.41 0.08 14.09 0.07 1.56 35.73 1.90 1.09 0.00 0.15 4.79 89.87 
8 30.35 0.17 16.75 0.08 1.97 34.29 0.61 4.69 0.00 0.11 0.03 89.05 

 584 

  585 



36 
 

Figure 1: 586 
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Figure 2 590 
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Figure 3: 593 
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Figure 4: 596 
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Figure 5: 599 
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Figure 6: 602 
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Figure 7: 604 
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Figure 8: 608 
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Figure 9: 614 
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Figure 10: 617 
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