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Abstract 19 

 20 

Native arsenic is an occasional ore mineral in some hydrothermal base metal deposits. Its rarity 21 

(compared to pyrite, arsenopyrite, galena, sphalerite or chalcopyrite, for example) is surprising, 22 

as arsenic is a common constituent of upper crustal fluids. Hence, the conditions of formation 23 

must be quite special to precipitate native arsenic. An ideal location to investigate the formation 24 

of native As and to explore the parameters constraining its crystallization is the Michael vein near 25 

Lahr, Schwarzwald, SW Germany. Here, galena, sphalerite and native arsenic are the most 26 

abundant ore minerals. The two important ore stages comprise 1. galena-barite and 2. sphalerite-27 

native arsenic-quartz, the latter with a general mineral succession of pyrite  sphalerite ± 28 

jordanite-gratonite solid solution  galena  native As. The native arsenic-bearing 29 

mineralization formed by cooling of at least 130 °C hot saline fluid accompanied by reduction 30 

due to admixing of a sulfide-bearing fluid.  31 

Thermodynamic calculations reveal that for the formation of native arsenic, reduced conditions in 32 

combination with very low concentrations of the transition metals Fe, Co, and Ni, as well as low 33 

sulfide concentrations, are essential. “Typical” hydrothermal fluids do not fulfill these criteria, as 34 

they typically can contain significant amounts of Fe and sulfide. This results in the formation of 35 

arsenides, sulfarsenides, or As-bearing sulfides instead of native arsenic. Very minor amounts of 36 

pyrite, sulfarsenides and arsenides record the very low concentrations of Fe, Co and Ni present in 37 

the ore-forming fluid. High concentrations of aqueous Zn and Pb lead to early saturation of 38 

sphalerite and galena which promoted native arsenic precipitation by decreasing the availability 39 

of sulfide and hence suppressing realgar formation.  40 

Interestingly, native arsenic in the Michael vein acted as a trap for uranium during supergene 41 

weathering processes. Infiltrating oxidizing, U+VI-bearing fluids from the host lithologies reacted 42 
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under ambient conditions with galena and native arsenic forming a variety of U+VI (±Pb)-bearing 43 

arsenates such as hügelite, hallimondite, zeunerite, heinrichite or novacekite together with U-free 44 

minerals like mimetite or anglesite. Some parts of the vein were enriched to U concentrations of 45 

up to 1 wt% by this supergene process. Reduced (hypogene) uranium phases like uraninite were 46 

never observed.  47 

 48 
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Introduction 58 

 59 

Although arsenic is not a rare element in soils and upper crustal waters (e.g., Dudas, 1987; 60 

Nordstrom, 2002; Peters et al., 2006; Drahota and Filippi, 2009), native arsenic is a relatively rare 61 

mineral (< 400 localities worldwide reported in mindat.org in March 2019). However, in some 62 

types of ore deposits, it occurs in large quantities and samples up to dozens of kilograms have 63 

been recovered (e.g., Hösel, 2003; Ondrus et al., 2003; Hiller and Schuppan, 2008). Arsenic is a 64 

toxic metalloid, and some of its compounds are harmful to the environment and human health 65 

(e.g., Bowell et al., 2014; Mitchell, 2014). Therefore, numerous recent publications have studied 66 

the abundance, sorption behavior, biotic and abiotic mobility, and redistribution of arsenic at 67 

ambient conditions (e.g., Pierce and Moore, 1982; Nordstrom and Young, 2000; Mandal and 68 

Suzuki, 2002; Nordstrom, 2002; Drahota and Filippi, 2009; Amend et al., 2014; Bowell et al., 69 

2014; Bowell and Craw, 2014; Mitchell, 2014; Wu et al., 2017). However, at higher temperature, 70 

the behavior of arsenic is considerably less investigated and understood, although arsenic is a 71 

common element in various hydrothermal systems (e.g., Ballantyne and Moore, 1988; Horton et 72 

al., 2001; Price and Pichler, 2005).  73 

Arsenic naturally occurs in six oxidation states (As-II, As-I, As0, As+II, As+III and As+V), and forms 74 

a variety of gaseous, aqueous, and solid species of different toxicity (e.g., Boitsov and Kaikova, 75 

1965; Sergeyeva and Khodakovskiy, 1969; Pokrovski et al., 2013; Keller et al., 2014; Nordstrom 76 

et al., 2014). Thus, redox state and redox reactions play a crucial role in processes involving 77 

arsenic. Dissolved arsenic is present as As+V under oxidized and/or basic conditions, and as As+III 78 

under more reducing and/or neutral to acidic conditions, occurring as ions or complexes. Under 79 

geothermal conditions, As+III, in the form of As(OH)3, is the most common species of dissolved 80 

As (e.g., Sergeyeva and Khodakovskiy, 1969; Ballantyne and Moore, 1988; Criaud and Fouillac, 81 
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1989; Zheng et al., 2015). The formation of oxide and hydroxide complexes (mainly arsenate and 82 

arsenite) leads to a high solubility of arsenic (e.g., Glaskova et al., 1999). This solubility is, 83 

however, greatly decreased due to enhanced mineral precipitation in the presence of transition 84 

metals such as Ni, Co, Fe, and/or under reduced conditions (e.g., Glaskova et al., 1999; Markl et 85 

al., 2016; Kreissl, 2018). In turn, this implies that the presence and redox state of arsenic is 86 

essential in defining the mobility of other elements, and thus the formation of specific minerals 87 

both in hydrothermal and near-surface processes. The source of arsenic in a specific enrichment 88 

zone (i. e., deposit, placer, weathering crust...) can be highly variable, since groundwater, 89 

metamorphic fluids, magmatic fluids, as well as brines have been proposed to form arsenic-rich 90 

mineralizations (e.g., Robinson and Ohmoto, 1973; Migdisov and Bychkov, 1998; Essarraj et al., 91 

2005; Su et al., 2009; Epp et al., 2018). The aim of the present study is to investigate the fate of 92 

arsenic in hydrothermal base-metal vein-type deposits, the relative importance of dissolved 93 

species, and the stable As-phases formed during mineral precipitation rather than the origin of the 94 

As-bearing fluid. 95 

Specifically, the present contribution will focus on the natural occurrence of native arsenic (nat. 96 

As). Where present, it generally forms as an abundant hypogene mineral under hydrothermal 97 

conditions (e.g., Vokes, 1963; Nokleberg, 2005; Voudouris et al., 2008; Radosavljević et al., 98 

2014; Zheng et al., 2015; Burisch et al., 2017a) or as a minor mineral during the breakdown of 99 

As-bearing minerals/solid solutions (Cook, 1996). It is common in five-element associations 100 

(Reuss, 1863; Hiller and Schuppan, 2008; Pekov et al., 2010; Staude et al., 2012; Burisch et al., 101 

2017a), much less common, though, in "normal" base-metal-rich veins with galena, sphalerite, 102 

and/or chalcopyrite. Mineralization types with nat. As are assembled in Table 1. 103 
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A mineralogically particularly interesting example of a native arsenic-bearing base-metal vein is 104 

the Michael mine near Lahr, Schwarzwald, SW Germany, since it operated on a hydrothermal 105 

vein comprised of a simple base metal mineralogy (galena, barite), followed by a hydrothermal 106 

phase of quartz with native arsenic and base-metal sulfides (galena, sphalerite) and a supergene 107 

enrichment of uranium by the formation of uranyl arsenates. Based on numerous studies on the 108 

geology, mineralogy, geochemistry, and conditions of formation of Schwarzwald hydrothermal 109 

veins (e.g., Burisch et al., 2016; Walter et al., 2017; Walter et al., 2018), this occurrence provides 110 

an ideal case to study the fate of arsenic in a Pb-Zn-base metal hydrothermal environment. A 111 

specific focus will be put on the conditions of formation of nat. As, in comparison to the more 112 

common arsenic-bearing hydrothermal minerals such as sulfarsenides and As-bearing 113 

sulfosalts/sulfides. 114 

 115 

Regional geology and geochemical background 116 

 117 

The Michael mine is situated in the central Schwarzwald near Lahr and on the eastern flank of the 118 

Upper-Rhine-Graben (Fig. 1). Its radioactivity led to a detailed investigation in the 1950’s, during 119 

the search for uranium in Western Europe. During this time, samples were taken underground 120 

and mineralogically investigated by Walenta and Wimmenauer (1961) and by Kirchheimer 121 

(1957), without finding an economic uranium mineralization. The local geology consists of a 122 

Variscan crystalline basement discordantly overlain by a terrestrial to marine sedimentary cover, 123 

which are both tectonically uplifted and overprinted by a normal fault-dominated regime due to 124 

the opening of the Upper Rhine Graben (URG) during the Paleogene. An inclined uplift of the rift 125 

flanks led to partial erosion of the Paleozoic and Mesozoic sedimentary cover sequence resulting 126 

in the present day topography (Geyer et al., 2011 and references therein).  127 
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The Michael vein is at least 1.3 km long and up to 2 meters wide (average of 80 cm; Bliedtner 128 

and Martin, 1986). It is hosted by crystalline basement consisting of late Variscan post-collisional 129 

granites and cordierite- and graphite-bearing metasedimentary gneisses and metatexites 130 

(Kirchheimer, 1957; Metz and Richter, 1957; Walenta and Wimmenauer, 1961; Kaiser, 1983). It 131 

occurs on a rift-parallel normal fault that juxtaposes Rotliegend rhyolitic volcanics and clastic 132 

sediments, Buntsandstein and crystalline basement (Fig. 1; Geyer et al., 2011). The sedimentary 133 

units overlaying the Buntsandstein are abundant to the east, at the far side of the rift flank, and 134 

inside the graben structure, but due to long-lasting erosion and rift flank uplift, they are no longer 135 

present in the area of investigation (Geyer et al., 2011). Paleogene sediments of up to 4000 m 136 

thickness occur in the URG, including Oligocene halite-bearing evaporites (Geyer et al., 2011). 137 

The URG rifting as well as previous large scale tectonic events have resulted in five 138 

hydrothermal maxima (Pfaff et al., 2009; Staude et al., 2012; Walter et al., 2016) producing more 139 

than 1000 mineralized hydrothermal veins in the Schwarzwald mining district between Karlsruhe 140 

and Basel. These veins consist dominantly of barite, fluorite, quartz, and carbonates besides base 141 

and precious metal oxides, sulfides, and arsenides (Metz and Richter, 1957; Bliedtner and Martin, 142 

1986; Staude et al., 2009). The last hydrothermal maximum (post-Cretaceous) was related to the 143 

URG rifting; juxtaposition of different rock units in conjunction with abundant small- to large-144 

scale fracturing led to the connection of different fluid aquifers which were separated prior to this 145 

tectonic activity (Walter et al., 2018). This favored a multi-fluid mixing scenario which resulted 146 

in the formation of mineralogically diverse hydrothermal veins (Walter et al., 2018). 147 

 148 

Sample location 149 

 150 
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Samples analyzed in this study were taken from the dumps of the Michael vein, from the 151 

mineralogical collection of the University of Tübingen and the Geological Survey of Baden-152 

Württemberg (among them samples from the most comprehensive study of this vein by 153 

Kirchheimer 1957), and from the private collection of the last author. The samples cover the 154 

whole mineralogical diversity of the vein and originate from both mine dumps and (the 155 

Kirchheimer samples) from underground. The Michael vein was worked from two historic adits; 156 

the Michael mine at the southern end of the vein and the Silbereckle mine close to its northern 157 

end (Fig. 1). Samples from both mines and from dumps in between were investigated. 158 

 159 

Petrography of the mineralization 160 

 161 

Based on detailed ore microscopy and macroscopic observations in addition to observations from 162 

the literature, the mineralization consists of three hydrothermal stages, with more than 95 vol.% 163 

of the mineralization formed during the first two stages (Fig. 2). An initial, barite- and galena-164 

dominated stage (Fig. 3a) was followed by the formation of a quartz-sphalerite-native arsenic 165 

assemblage (Fig. 3b-d), which in turn was overgrown by small amounts of carbonates (calcite, 166 

dolomite). Supergene processes resulted in the formation of typical secondary Pb and Zn phases 167 

and, interestingly, in the formation of uranium minerals, although primary (=hypogene) uranium 168 

phases are missing.  169 

The vein itself is characterized by intense tectonic brecciation, partial dissolution of earlier and 170 

subsequent cementation by successive minerals. Thus, the relative ages of individual minerals 171 

have been interpreted not based on individual, but on the sum of all available textures. 172 

Interestingly, there is a gradual transition in the manifestation of the second ore stage from north 173 
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to south, with a more colloform and skeletal appearance in the north (Fig. 3c) and well-174 

crystallized minerals in the south (Fig. 3d). The mineralogical differences between these textural 175 

variations of stage 2 mineralization are shown in Fig. 2b. 176 

 177 

I. Barite stage: Quartz is the initial mineral of stage I and forms as a rim on host rock fragments. 178 

It is directly overgrown by abundant barite forming white to slightly yellow fans of slender 179 

needle crystals occasionally arranged in an unusual cauliflower-like texture (Fig. 3a). The inter-180 

crystal porosity of the barite crystals is commonly filled by quartz which intermediately forms 181 

during barite crystallization  (Walenta and Wimmenauer, 1961; Krahé, 2012). The only ore of 182 

this barite stage consists of up to several centimeters large euhedral galena crystals embedded in 183 

barite (Fig. 3a). 184 

  185 

II. Quartz stage: Intense brecciation of ore stage I is followed by precipitation of the three 186 

prevalent minerals of ore stage II, quartz, sphalerite, and nat. As (Fig. 3b). These minerals cement 187 

the clasts of ore stage I, of pyrite (brecciated relictic pyrite inclusions in sphalerite indicate a 188 

formation prior to the other stage IIa ore minerals, but after ore stage I; Fig. 4a) and of euhedral, 189 

but deformed graphite (from graphite-bearing host rocks; Fig. 4b). Partial quartz pseudomorphs 190 

after barite are abundant.  191 

The Zn sulfides of ore stage II show two textural and mineralogical manifestations: one is 192 

characterized by medium- to coarse-grained, non-colloform Zn-sulfides (mostly sphalerite; e.g., 193 

Fig. 3d) and one consists of colloform Zn-sulifdes (a mixture of both sphalerite and wurtzite, 194 

confirmed by XRD; Fig. 3c). The former is more common in the southern, the latter in the 195 
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northern part of the vein. In the following, they are designated as colloform and non-colloform, 196 

but due to their abundant similarities and irrelevance for the understanding of the behavior of 197 

arsenic, most of the discussion lumps both types of Zn-sulfides together as sphalerite (sph). Both 198 

types show a typical generalized sequence of quartz  jordanite/gratonite + gersdorffite + 199 

sphalerite/wurtzite  sphalerite/wurtzite  galena  native arsenic  quartz (Fig. 4c-h). The 200 

non-colloform variety shows a more complex mineralogy (small flakes of chalcopyrite, fahlore 201 

and native bismuth are only present in the non-colloform assemblage; see Fig. 2b), but skeletal 202 

jordanite/gratonite (Fig. 4c) is more abundant and formed over a longer precipitation interval in 203 

the colloform compared to the non-colloform type (Fig. 4e). Furthermore, galena is more 204 

common in the non-colloform ore samples (Fig. 4e, f). Small subhedral to euhedral inclusions of 205 

Ni-sulfarsenide (<20µm; gersdorffite) formed during the initiation of sphalerite crystallization, 206 

while round aggregates of Ni-rich triarsenide (<20 µm; skutterudite) formed subsequent to 207 

sphalerite, but before the precipitation of nat. As (Fig. 3g). 208 

Native As exclusively occurs in a colloform texture (irrespective of the Zn sulfide textures in the 209 

same samples), overgrows all other stage II minerals (Fig. 4e, f) and in some cases embeds 210 

brecciated clasts of these or fills cavities, e. g. in sphalerite-wurtzite clasts (Fig. 3h). Some native 211 

arsenic aggregates (e.g., Fig. 4i) resemble the characteristic elongated shapes of Pb-sulfosalts 212 

(jordanite; Fig. 4d) in sphalerite/wurzite. This texture is interpreted as native arsenic 213 

pseudomorphs after Pb-sulfosalts; the same generation of nat. As overgrows sphalerite (Fig. 4i). 214 

These nat. As-quartz-sphalerite associations are in some cases overgrown by another generation 215 

of sphalerite that is in turn overgrown by quartz. Later breccias of all earlier mineral stages are 216 

cemented by various barren quartz stages (Fig. 5a). During the final part of the quartz stage, 217 

native arsenic is dissolved (Fig. 5b) and/or replaced by realgar; realgar also forms euhedral 218 

crystals in cavities (Fig. 5 c, d). Rarely, the realgar crystals in cavities are in turn overgrown by 219 
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small needles of a still later second generation of nat. As (Fig. 5d). An extensive search for 220 

hydrothermal uranium-bearing minerals like uraninite or coffinite in radioactive hand specimens 221 

(as measured by a Geiger counter) produced no results, as did similar attempts by Walenta and 222 

Wimmenauer (1961). Based on the large number of fresh samples investigated by Walenta and 223 

Wimmenauer (1961) and by us (including microscopy, XRD and radiology techniques), we can 224 

exclude the presence of primary (=hydrothermal) uranium-bearing minerals in the Michael vein.  225 

 226 

III. Carbonate stage: The occurrence of late, well-crystallized carbonates is a typical feature in 227 

many hydrothermal veins in the Schwarzwald district and records erosional uplift of the vein and 228 

near-surface conditions of formation at low temperatures (Burisch et al., 2017b). They are 229 

particularly common close to the URG (see e.g., Markl, 2017). In the Michael vein, dolomite is 230 

generally overgrown by calcite, and both fill small fractures and/or voids as euhedral crystals. No 231 

ore minerals are associated. 232 

 233 

Supergene processes (uranium enrichment): During supergene weathering, first- and second-234 

stage ore minerals release mainly Pb, Zn, and As and, hence, secondary minerals mainly 235 

comprise arsenates, carbonates, and sulfates of Pb and Zn, and, to a lesser extent, also of Cu 236 

(Markl, 2017). The most common supergene phases are mimetite, anglesite and cerussite, rarer, 237 

but still common phases include adamite and minerals of the beudantite-segnitite-hidalogoite 238 

series. Furthermore, an interesting suite of supergene uranium-bearing minerals exclusively 239 

occurs on fine-grained quartz III and IV (chert) samples. These include hallimondite 240 

(microcrystalline, yellow crusts), heinrichite (yellow plates), novacekite (yellow plates), hügelite 241 

(orange needles), widenmannite (yellow tabular crystals) and zeunerite (green tabular crystals) 242 
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(Fig. 5e, f; Markl, 2017). Although these minerals are relatively rare in the investigated samples, 243 

an increased radioactivity in the mine and in hand specimens from the dumps has already been 244 

detected by Kirchheimer (1957), who determined whole-rock U contents up to almost 1 wt% in 245 

some underground samples. The supergene enrichment of U is also recorded by the occasional 246 

incorporation of U in the abundant supergene mineral mimetite (Walenta and Wimmenauer, 247 

1961). Primary U-bearing minerals are, as mentioned above, not present in the Michael vein and, 248 

hence, the uranium must have been introduced by the supergene, meteoric weathering fluids. 249 

 250 

Analytical methods 251 

 252 

Scanning electron microscope (SEM) & Electron-microprobe analyses (EMPA)  253 

For qualitative mineral analyses and texture documentation, a Hitachi TM3030 REM Plus 254 

Tabletop Microscope at the University of Tübingen was used. The quantitative analysis of the 255 

minerals was carried out on 24 thin sections using a JEOL SUPERPROBE JXA - 8900RL at the 256 

University of Tübingen. To avoid tarnishing of arsenic, the thin sections were re-polished, 257 

cleaned with ethanol and dried for half a day before being spattered with carbon. Details of the 258 

analytical conditions and choice of reference materials used are described in ESM 1. 259 

.  260 

X-ray diffraction (XRD) 261 

Minerals were identified based on XRD analyses using a Bruker AXS D8-Discover Co-Source 262 

diffractometer, equipped with a HOPG-monochromator and a VANTEC500 detector, at the 263 

University of Tübingen. Measurements with 50 and 300 µm diameter were performed between 264 

5.7° to 69-100° with 0.05° and 120 sec steps at room temperature (25 °C) with a Co- Kα beam at 265 

30 kV and 30 mA. Data evaluation was done using the DIFRACPLUSEVA software package. 266 
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Sulfur isotopes 267 

A handpicked sample of cogenetic sphalerite and galena was powdered and the S-isotopic 268 

composition was then measured with a Finnigan Delta Plus XL mass spectrometer. The resulting 269 

S-isotopic compositions are calibrated to δ34S values of several in-house standards: NBS-123 270 

(ZnS, δ34S =17.1 ‰, relative to V-CDT), NBS-127 (BaSO4, δ34S =20.31 ‰, relative to V-CDT), 271 

IAEA-S1 (δ34S = -0.30 ‰, relative to the CDT) and IAEA-S-3 (δ34S = 21.70 ‰, relative to the 272 

CDT). The long-term reproducibility of the δ34S measurements is ±0.3 ‰ (2σ) and of the sulphur 273 

content it is 5 %. 274 

Fluid inclusion analyses 275 

For fluid inclusion analyses, several 250 µm thick, double-polished sections of quartz and 276 

sphalerite crystals were prepared. Individual fluid inclusion assemblages after Goldstein and 277 

Reynolds (1994) were characterized. No primary fluid inclusions could be detected in quartz. The 278 

only primary fluid inclusions found in any sample occur in sub- to euhedral sphalerite. They are 279 

very small (seldom larger than 10 µm) and rare. The microthermometric analyses were carried 280 

out at the University of Tübingen using a Linkam THMS 600 fluid inclusion stage on a Leica 281 

DMLP microscope calibrated with synthetic H2O, H2O-NaCl and H2O-CO2 standards. For 282 

statistical purposes, each inclusion was analyzed at least 3 times. For the homogenization 283 

temperature, a variation of less than 0.5 °C, and for melting temperatures, a variation of no more 284 

than 0.1 was accepted between runs. A pressure correction was not applied, since the salinity is 285 

unknown and a very shallow depth of formation under hydrostatic pressure can be assumed (e.g., 286 

Burisch et al., 2017b).  287 

Thermodynamic modelling 288 

Thermodynamic modelling was done using the software package Geochemist's Workbench 12® 289 

(GWB; Bethke, 2007). For stability diagrams, the phase 2 and P2plot GWB application and for 290 

solubility calculations during fluid cooling, the react GWB application was used. Detailed 291 
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information on the thermodynamic modeling approach as well as the process of thermodynamic 292 

data selection for zeunerite and data estimation for jordanite and hallimondite is given in the 293 

ESM 2 and the results presented in Table 2.  294 

 295 

 296 

Results 297 

 298 

Mineral identification and composition 299 

All ore minerals of ore stage II and some supergene minerals have been analyzed by electron 300 

microprobe (crystalline sphalerite = 66 analyses, colloform sphalerite = 143, skutterudite = 7, 301 

pyrite = 11, nat. As = 12, jordanite-gratonite solid-solution = 47, gersdorffite = 11, galena = 32, 302 

fahlore = 30, chalcopyrite =2, realgar/pararealgar = 4, pyromorphite group minerals = 39) and 303 

their respective endmember formula are given in in Table 3. The analyzed mineral compositions 304 

are presented in the electronic supplementary material (ESM 3) and only some major aspects are 305 

discussed here. Selected representative analysis are given in Table 4. 306 

The close to ideal stoichiometric pyrite and chalcopyrite are nearly free of trace elements – only 307 

Ni, Co, and As have been detected in some grains. Ni and Co are, where at all detected, very 308 

close to the detection limit, but As incorporation can reach up to 0.1 wt%. 309 

As explained above, Zn-sulfides have been categorized into two texturally distinct groups, the 310 

colloform and non-colloform type. By X-ray diffraction, the colloform Zn-sulfide was identified 311 

to be a mixture of both needle-shaped sphalerite and wurtzite. The analytical totals of all Zn-312 

sulfide measurements range from 95 to 101 with an average of 100 wt% for the non-colloform 313 

and with an average of 98.5 wt% for the colloform samples. No correlation between analysis total 314 
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and stoichiometry of the calculated formula exists, the variations in totals reflect variations in 315 

porosity. However, for interpretation, only analyses with a total between 98 and 101 wt% have 316 

been considered. Elevated Pb and As concentrations in both types of sphalerites (Table 4) 317 

indicate the presence of jordanite-gratonite solid-solution microinclusions in sphalerite; they are 318 

more common in the colloform textures (Fig. 6). This compositional argument is supported by 319 

the close association of visible jordanite-gratonite solid-solution bands within the colloform 320 

sphalerite. Sub-microscopic inclusions of other sulfides in sphalerite have been previously 321 

reported from other localities (e.g., Taylor and Radtke, 1969; Kelley et al., 2004; Pfaff et al., 322 

2011). Besides Pb and As, the sphalerite of both textural types is generally poor in trace elements 323 

and only Cd can be present up to 3.5 wt% in a handful of analyses. Sphalerite contains generally 324 

<< 1 wt% Fe and shows the transparent reddish to brownish color typical of Fe-poor varieties. 325 

The analyzed galena has a stoichiometric formula and lacks trace elements. 326 

X-ray diffraction and compositional analyses revealed the presence of both jordanite (ideally 327 

Pb14(As,Sb)6S23) and gratonite (ideally Pb9As4S15). Both minerals are commonly intergrown and 328 

embedded within the colloform sphalerite. The only significant trace element is Zn, which can 329 

reach values of up to several wt% (but this may be due to microinclusions again, see above). Due 330 

to their small grain size, no gersdorffite and almost no skutterudite grains could be analyzed 331 

without contamination by galena and/or sphalerite. However, such mixed analyses still indicate 332 

their ternary nature with respect to Fe, Co, and Ni (0.2 : 0.15 : 1 and 0.54 : 0.3 : 1 for skutterudite 333 

and gersdorffite, respectively). Furthermore, gersdorffite is enriched in Se (ca. 0.2 wt%). The 334 

fahlore is a near endmember Cu-Zn-tennantite with an average mineral formula of 335 

Cu10.02Fe0.33Zn1.52As3.88Sb0.09S13.15. Native As incorporates up to 0.2 wt% Zn, 0.4 wt% Pb, and 336 

0.6 wt% Se and Sb each. In all these As-bearing minerals, other trace elements are close to or 337 

below the detection limit. 338 
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Realgar/pararealgar shows a similar trace element budget as nat. As, and is enriched in Sb and Se. 339 

The pyromorphite group minerals of the Michael vein are commonly close to endmember 340 

mimetites. Occasionally, however, phosphate substitution in individual crystals is high enough to 341 

reach pyromorphite composition. The Ca content rarely reaches 0.2 wt%. Uranium is generally 342 

absent, but individual analyses can reach up to 1 wt% UO2 (Table ). 343 

 344 

Temperature of formation  345 

To constrain the temperature of formation of the stage II mineralization, two independent 346 

thermometers were applied: sulfide isotope equilibrium and fluid inclusion homogenization. For 347 

the isotope analyses, the cogenetic minerals (colloform sphalerite/wurtzite mixture and galena 348 

(KS13)) were carefully isolated and hand-picked. The sphalerite has a δ34S-value (V-CDT, ‰) of 349 

-3.68(0.3) and the galena of -8.58(0.3). Applying the isotope fractionation factors of Seal (2006 350 

and references therein), and assuming the literature isotope fractionation factor for ZnS applies to 351 

both wurtzite and sphalerite, the resulting calculated equilibrium temperature is approx. 110(20) 352 

°C (Gauss uncertainty propagation). The eight primary fluid inclusions analyzed in non-353 

colloform sphalerite (100, 102, 104, 109, 110, 119, 123, 128 °C) nicely support this result: they 354 

indicate a homogenization temperature range of 100-128 °C with an average of approx. 110(10) 355 

°C (1σ).  356 

Due to the formation of metastable phases at low temperatures in the fluid inclusions, the salinity 357 

of the primary fluid inclusions in sphalerite could not be quantitatively determined – but it could 358 

still be qualitatively constrained to some degree. The approximate temperature of first melting is 359 

around -50 °C. In combination with the presence of abundant hydrohalite, this constrains the fluid 360 
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to be of high salinity with an at least ternary composition (NaCl-CaCl2-H2O). The presence of 361 

hydrohalite and the absence of Ca-chlorides documents a possible NaCl dominance over CaCl2.  362 

 363 

Thermodynamic modelling and fluid constraints 364 

 365 

The highly saline and most probably NaCl-dominated fluid  is in good agreement with typical 366 

fluid inclusion analyses from veins related to Upper-Rhine-Graben tectonics (5-25 wt% 367 

NaCl+CaCl2 Walter et al., 2018). For thermodynamic modeling, we used an intermediate salinity 368 

of 10 wt% NaCl. Based on the above temperature estimations, and because sphalerite 369 

precipitation is commonly preceded by some quartz crystallization in ore stage II, it is estimated 370 

that mineral precipitation occurred between 150 and 50 °C, with most of the ore minerals 371 

probably precipitating between 130 °C and 90 °C. 372 

The elemental fluid composition for the thermodynamic modelling is based on qualitative 373 

constraints, empirical calculations and a literature compilation/comparison. The precipitation 374 

mechanism for quartz is assumed to be fluid cooling and for the sulfides to be reduction related to 375 

the influx of a sulfide-rich fluid. At close to neutral pH (neutral ±2), 1 kg of H2O fluid cooled 376 

from 150 to 50 °C can precipitate ca. 150 mg SiO2. Based on the estimated abundance of the 377 

major minerals in ore stage II (quartz 90 vol%, sphalerite 7 vol% and nat. As 3 vol%), the amount 378 

of sphalerite and nat. As that has to precipitate from 1 kg of fluid can be calculated (ca. 20 mg 379 

and 10 mg/kg respectively). This implies that the fluid must have contained at least 10 mg/kg Zn 380 

and As, respectively. Furthermore, for the whole mineral sequence to form, Zn has to be 381 

successively depleted relative to sulfide. Thus, the calculated 10 mg/kg of Zn is not a minimum 382 

but a rough absolute estimate. Assuming the relative abundance of Zn, Pb and Ni in the 383 
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mineralization, we estimate the fluid composition to be roughly 10 mg/kg of Zn and As, 1 mg/kg 384 

of Pb, and 0.1 mg/kg of Ni. This composition is in very good agreement with naturally occurring 385 

Upper-Rhine-Graben brines which are related to the Buntsandstein aquifer: such brines contain 386 

up to 10 mg/kg Zn and As each, up to 1 mg/kg Pb and up to 0.1 mg/kg Ni (Sanjuan et al., 2010).  387 

 388 

Discussion 389 

 390 

Precipitation mechanism 391 

The first mineralization stage with barite and galena is a very common type of mineralization in 392 

the vicinity of the URG (e.g., Metz and Richter, 1957; Markl, 2015; Markl, 2017) and formed by 393 

a three component fluid mixing process involving a metal-bearing basement-derived, a sulfate-394 

bearing sedimentary cover-derived and a sulfide-bearing fluid (e.g., Walter et al., 2018). 395 

In contrast, the subsequent nat. As-sphalerite-quartz stage II is a regionally unique and worldwide 396 

rare type of mineralization. Hence, it needed very special conditions of formation, which are, 397 

obviously, only rarely fulfilled in nature. The large quantities of fine-grained crystalline quartz 398 

indicate that cooling was the dominant precipitation mechanism. This is supported by textures, 399 

i.e. the typical pseudomorphs of quartz after barite (Burisch et al., 2017c) and nat. As after 400 

jordanite/gratonite. Fluid cooling does not, however, explain the amount of sphalerite present 401 

relative to quartz, as the decrease of sphalerite solubility with temperature is minimal in the 402 

investigated temperature range of 150-50 °C (e.g., Hayashi et al., 1990; Hanor, 1996). Native 403 

arsenic precipitation has been proposed to be facilitated by a decrease in temperature, pressure, 404 

and most importantly fO2 (e.g., Su et al., 2009; Zheng et al., 2015; Markl et al., 2016; Burisch et 405 

al., 2017a; Scharrer et al., 2019). Thus, even though fluid cooling promotes some precipitation of 406 

sphalerite and nat. As, an influx of a redox agent is needed to precipitate the whole sequence of 407 
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minerals in the observed quantities. The presence of abundant nat. As (As0) and some arsenides 408 

(As-II) in combination with the absence of graphite dissolution textures in the samples (Fig. 4b) 409 

demonstrates a strongly reduced environment during the formation of the ores. Due to the 410 

presence of abundant sulfides and the slow kinetics of sulfate to sulfide reduction in the observed 411 

temperature range (Sakai, 1968; Malinin and Khitarov, 1969; Rye and Ohmoto, 1974; Ohmoto 412 

and Lasaga, 1982), it is most likely that an influx of sulfide was essential. An abiotic in situ 413 

reduction of sulfate to sulfide can be excluded since the most abundant source of sulfate present 414 

is the partially dissolved barite, which at approx. 100 °C is in strong isotopic disequilibrium with 415 

the sphalerite (Schwinn et al., 2006; Seal, 2006). It has been proposed that colloform sphalerite 416 

can form by mixing of a fluid containing bacteriogenic sulfur and a metal-bearing hydrothermal 417 

fluid (Wilkinson et al., 2005; Barrie et al., 2009; Pfaff et al., 2011). Bacteriogenic sulfate 418 

reduction has been proven to prevail to temperatures up to 110 °C with an optimal range of 30-40 419 

°C (e.g., Jørgensen et al., 1992; Seal, 2006). Thus, groundwater sulfate reduction is a possible 420 

sulfide source for the mineralization in question. Other possible sources of sulfide are magmatic 421 

or metamorphic sulfides from the host rocks, diagenetic/sedimentary sulfides, or URG oil field 422 

brines. In summary, a combination of fluid cooling and the influx of a sulfide and/or possibly 423 

other redox agents was responsible for the formation of the sphalerite-nat. As-quartz stage II 424 

assemblage. This, however, does not explain the uniqueness of the abundance of native arsenic in 425 

this mineralization, as the combination of reducing conditions in the presence of aqueous arsenic 426 

is probably not very rare; most As-rich associations are sulfide, sulfarsenide or arsenide 427 

dominated and completely lack or are very poor in nat. As (e.g., most five element deposits, 428 

Scharrer et al., 2019 and references therein). 429 

 430 
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Conditions of formation 431 

Thermodynamic calculations show that at roughly neutral pH, the paragenetic sequence of ZnS + 432 

galena + Pb-As-sulfosalts  nat. As, the precipitation of the Ni sulfarsenide (gersdorffite) during 433 

sphalerite formation and the arsenide formation at the transition to the nat. As formation can be 434 

nicely reproduced using the element concentrations discussed above (Fig. 7). However, this only 435 

explains that it is thermodynamically possible to form this mineralization by a fluid 436 

mixing/reduction/sulfide influx scenario. It does, however, not explain the scarcity of native 437 

arsenic in base-metal mineralizations in general. Normally, arsenic is almost exclusively stored in 438 

other, significantly more common minerals such as arsenopyrite, As-rich pyrite, sulfosalts, and 439 

arsenides.  440 

The important parameters constraining a nat. As-bearing base-metal mineralization to form are 441 

summarized here (Fig. 8) and further discussed in the following sub-chapters. Obviously, it is 442 

essential for the mineralizing fluid to contain sufficient Zn, Pb, S, and As. However, for native 443 

arsenic to form, it is crucial that the transition elements Ni, Co, and Fe have very low 444 

concentrations, as otherwise sulfarsenides and/or arsenides would form instead of nat. As (see 445 

below). A lower temperature favors nat. As stability, but it also favors the formation of realgar 446 

and orpiment. The stability of these As-sulfides is, however, suppressed at roughly neutral 447 

conditions by the abundance of dissolved metals such as Zn and Pb which limit the availability of 448 

sulfide. 449 

 450 

Low concentrations of Fe, Co, and Ni. In hydrothermal systems, such as base metal 451 

mineralizations, arsenic most commonly precipitates as arsenopyrite or gersdorffite, while native 452 

arsenic is comparatively rare (approx. 10.000 vs. 400 occurrences worldwide, Mindat.org). To 453 
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promote the formation of nat. As instead of arsenopyrite, either sulfide or iron has to be limited. 454 

Since nat. As also occurs in sulfide/sulfosalt-rich mineralizations (e.g., Bailly et al., 1998; An and 455 

Zhu, 2009; Su et al., 2009; Radosavljević et al., 2014), and as this is also in the present situation 456 

the case, sulfide is most likely not the defining factor. The assumption of low concentrations of 457 

Fe, Co, and Ni in the mineralizing fluid during nat. As crystallization is in accordance with many 458 

textural observations, as native arsenic typically precipitates after the precipitation of theses 459 

transition metals (Noble, 1950; McKinstry, 1963; Bailly et al., 1998; Su et al., 2009; Zheng et al., 460 

2015; Scharrer et al., 2019). Thus, it is likely that these metals were depleted by the time the 461 

reducing conditions allowed nat. As to precipitate.  462 

Thermodynamic calculations show, in general, that for nat. As to form the fluid has to be either 463 

extremely acidic or deprived of Fe, Co, and Ni relative to As, since, otherwise, the sulfarsenides 464 

or arsenides would form (Fig. 9). Strongly acidic conditions can be excluded based on the 465 

presence of sphalerite and galena (stable at pH > approx. 3; 100 °C) and the lack of dissolution 466 

textures of these phases during nat. As precipitation. The absence of the transition elements Fe, 467 

Co, and Ni in the Michael vein is also recorded by the observed mineralogy (Fig. 2). Co-and Ni-468 

bearing minerals are very rare, their crystals are tiny and the only relevant Fe-bearing minerals in 469 

the mineralization are scarce pyrite grains and the abundant, but conspicuously Fe-poor sphalerite 470 

(commonly significantly less than 1 mol% Fe). The Fe-Zn substitution in sphalerite means that 471 

from a fluid precipitating 10 mg/kg of Zn in the form of sphalerite, less than 0.1 mg/kg of Fe is 472 

co-precipitated. Hence, the fluid was iron-poor already prior to sphalerite formation. 473 

In contrast to Ni and Co, Fe is omnipresent in all lithological units in the region and, hence, every 474 

hydrothermal fluid should contain abundant Fe (dependent on redox and pH state, however). This 475 

is recorded by the common presence of pyrite, arsenopyrite and/or chalcopyrite in most 476 
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hydrothermal veins of the region (e.g., Metz and Richter, 1957; Bliedtner and Martin, 1986), by 477 

the presence of iron in thermal spring fluids (0.01-10 mg/kg; Göb et al., 2013) and by 478 

hydrothermal fluid inclusions of the region (up to approx. 10 000 mg/kg; Walter et al., 2018). 479 

Thus, for the case at hand, either the transport of Fe is retarded by, for example, the stability of 480 

hematite and/or Fe-oxyhydroxides at neutral to basic pH or the initially present Fe had been 481 

precipitated prior to the formation of the Fe-poor mineralization of stage IIa. The latter would 482 

explain the presence of brecciated clasts of pyrite occasionally embedded in sphalerite, which 483 

could be more abundant at depth. Furthermore, the lack of trace elements (nearly all below the 484 

detection limit) indicates a low temperature formation of pyrite and not a remobilization of host 485 

rock pyrite and the lack of these clasts within stage I minerals indicates a formation after stage I 486 

but before stage IIa. However, at present we cannot distinguish whether the fluid was primarily 487 

Fe-poor or if significant pyrite precipitation occurred at greater depth which depleted the fluid in 488 

iron. It is, however, clear that if sulfarsenides are absent, very low Fe concentrations are essential 489 

for this nat. As-rich base metal mineralization to form. 490 

 491 

Temperature, sulfur abundance and the stability of nat. As. The solubility of all minerals in 492 

question decreases with decreasing temperature (Fig. 10) and, hence, the formation of mineral 493 

assemblage IIa is favored by and related to fluid cooling. Furthermore, nat. As is only stable at < 494 

approx. 300 °C (at low pressure) and becomes increasingly stable at lower temperatures. The 495 

even more significant temperature dependence of the realgar and orpiment stability field relative 496 

to nat. As (Fig. 10) explains the late-stage overprint of nat. As by realgar which is also typical of 497 

nat. As occurrences worldwide (e.g., Bailly et al., 1998; Cleverley et al., 2003). The increased 498 

stability of As-minerals at lower temperature explains the generally described correlation 499 
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between arsenic content and temperature in hydrothermal fluids and springs (e.g., Ballantyne and 500 

Moore, 1988; Aiuppa et al., 2003).  501 

Although lower temperatures favor the formation of nat. As, they also favor the formation of 502 

realgar and orpiment in the presence of sulfide. This explains the more common presence of 503 

realgar over nat. As in cooler and/or high sulfidation mineralizations (e.g., Arehart et al., 1993; 504 

Migdisov and Bychkov, 1998; Cleverley et al., 2003; Su et al., 2009; Zhu et al., 2011). It is 505 

essential to understand the stability of realgar and orpiment, since these are absent during the 506 

precipitation of the main ore phases of stage II, and their lack of stability promotes the formation 507 

of nat. As. The stability of realgar/orpiment is confined to low temperatures, an acidic to neutral 508 

pH, and by the availability of both As and sulfide (e.g., Sergeyeva and Khodakovskiy, 1969; 509 

Ballantyne and Moore, 1988, Fig. 10, Fig. 11). The availability of sulfide is, however, not only 510 

defined by the absolute abundance of S or kinetic disequilibrium between sulfate and sulfide 511 

(Scharrer et al., 2019) in the fluid, but also by the abundance of metals. The presence of transition 512 

metals such as Pb and Zn limits the availability of sulfur at reducing conditions by the 513 

precipitation of sulfides (Fig. 11). This interdependence, variable affinity of different elements to 514 

sulfur (Shcherbina, 1978), enables the precipitation of nat. As in the presence of sulfide; e.g. in 515 

roughly neutral fluids at 100 °C containing approx. 10 mg/kg or 100 mg/kg of Zn or Pb at least 5-516 

15 mg/kg (depending on As content) or 50 mg/kg of sulfur is needed, respectively, for 517 

realgar/orpiment to form instead of nat. As (e.g., Fig. 11). A fluid containing >1000 mg/kg of 518 

these base metals would need an unrealistically high amount of sulfur (>>1000 mg/kg) to form 519 

realgar, even at high arsenic contents (>1000 mg/kg). Thus, the availability of abundant Zn or Pb 520 

in a sulfide-rich environment, as is the case for the Michael vein, decreases the stability of the 521 

As-sulfides and thus promotes nat. As formation. 522 
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 523 

Native arsenic as a trap for uranium during supergene processes 524 

Generally, low temperature uranium deposits/ enrichments form by either by reduction of 525 

dissolved U+VI to U+IV or by sorption at strongly acidic pH, where U+VI may also be subsequently 526 

reduced (Langmuir, 1978; Dahlkamp, 2009; Dahlkamp, 2013). Typical reducing agents are for 527 

example organic material, sulfide, or pyrite (Andreev and Chumachenko, 1964; Sharp et al., 528 

2011; Dahlkamp, 2013). During supergene overprinting of such primary uranium bearing 529 

associations, U+IV is re-oxidized, during which, uranyl-bearing minerals form (e.g., Finch and 530 

Ewing, 1991; Gorman-Lewis et al., 2008). This is however not the case for the Michael vein. The 531 

Michael vein is quite unique as it contains a wealth of supergene uranium-bearing minerals 532 

(including rare Pb- bearing uranylarsenates, while primary uranium minerals such as uraninite are 533 

missing entirely (this study, Walenta and Wimmenauer, 1961). Thus, uranium is present 534 

exclusively as U+VI both in Ba-, Pb-, Cu-, and Mg-uranyl arsenates and as a minor constituent in 535 

mimetite. In some places along the vein, the accumulations of supergene uranium-bearing 536 

minerals result in significant whole-rock uranium contents up to 1 wt% (Kirchheimer, 1957).  537 

Due to the lack of primary, U+IV-bearing uranium bearing minerals, the supergene uranyl 538 

minerals must have directly precipitated from a U+VI-bearing fluid where the mineralized vein 539 

acted as the uranium trap (Fig. 12a).  The most likely source of uranium is the granitic host rock, 540 

which is slightly enriched in uranium (Martin, 2009; Dahlkamp, 2013). The release of uranium 541 

from such rocks to the fluid by weathering is indicated by the presence of uranium in granitic 542 

formation waters from southwest Germany (occasionally up to 30 µg/kg; Käß and Käß, 2008; 543 

Göb et al., 2013) and the lower uranium concentration in altered granite compared to fresh 544 

granite in the Schwarzwald (e.g., Hofmann, 1989). Although nat. As has a strong reduction 545 

potential, it did not directly act as a uranium immobilization agent by U+VI reduction. However, 546 
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during weathering and oxidation of the vein system, the arsenic in the nat. As is oxidized, which 547 

can then react with the uranyl bearing fluid to form the uranylarsenates. The, for the 548 

uranylarsenates also needed, metal ions (e.g., Cu, Pb, Ba) are provided by weathering and 549 

dissolution of gangue minerals such as galena, chalcopyrite and barite. It has been argued that 550 

U+VI sorption can limit the solubility of uranium even though the stabilities of uranyl arsenates 551 

are not reached (Langmuir, 1978) and that sorption may be a precursor step to the local 552 

enrichment of uranium/formation of uranyl minerals (Barton, 1956). This, however, seems not to 553 

be the case in the Michael vein, since the uranyl-bearing minerals form exclusively in quartz vugs 554 

and on fractures independent of typical adsorbents such as ferric oxides, hydroxides or organic 555 

material. Thus, we assume a direct precipitation from the fluid due to oversaturation of the 556 

respective uranyl arsenates by small-scale fluid mixing of compositionally contrasting fluids that 557 

reacted with variable amounts of the host rock and gangue minerals, etc. (Fig. 12a).  558 

The dominance of uranyl arsenates over phosphates or silicates can be explained by the relatively 559 

high solubility of the latter two (Langmuir, 1978). Still, the formation of such an abundance of 560 

uranyl arsenates is an abnormal scenario, as dissolved phosphate and silicate is naturally much 561 

more common than arsenate under supergene conditions in "common" surface waters (e.g., 562 

Johnson, 1971; Göb et al., 2013). In the present case, though, arsenates are stabilized by the high 563 

arsenate concentrations released during supergene weathering of native arsenic, from which 564 

several orders of magnitude more is needed than phosphor to produce arsenates instead of 565 

phosphate (Fig. 12). The formation of the uranyl minerals is further promoted by other 566 

parameters, such as pH and temperature. The typical weathering fluids and mine drainage fluids 567 

in the Schwarzwald have an ideal pH (average of pH 6; Göb et al., 2013) for uranyl mineral 568 

formation as it coincides with the pH of lowest uranyl solubility and the stability of most 569 
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important uranyl minerals (pH range from 5 to 8.5 Langmuir, 1978).  This pH rang is also 570 

roughly the stability boundary for both zeunerite and hallimondite at the given conditions.  571 

 Although uranyl arsenates are generally less common than, for example, uranyl phosphates or 572 

silicates, their general occurrence is nothing unusual. Extremely rare, however, is the formation 573 

of Pb-bearing uranyl arsenates such as hallimondite and hügelite. Both have less than 10 574 

occurrences worldwide (mindat.org) and their type locality is the Michael vein. Their stability is 575 

normally limited by the highly insoluble Pb-arsenate mimetite which is an extremely common 576 

mineral with thousands of occurrences worldwide. The stability of mimetite, however, is strongly 577 

dependent on the Cl-content of the fluid (Fig. 12c). Accordingly, the Pb-uranyl arsenates form 578 

due to the presence of sufficient Pb and As (supplied by the weathered hypogene minerals galena 579 

and nat. As) combined with the depletion of Cl.  The initial Cl-content of mine waters is 580 

commonly in the range of 0.5-50 mg/kg (Göb et al., 2013).  Due to the abundance of nat. As and 581 

galena in the vein, mimetite is the most abundant supergene mineral of the Michael vein. The 582 

precipitation of mimetite successively depletes the fluid in Cl, which enables the formation of Pb-583 

uranyl arsenates (Fig. 12c). Finally, the quite common occurrence of the Cu uranyl arsenate 584 

zeunerite in the almost Cu-free Michael vein needs some explanation. Primary Cu-bearing 585 

minerals such as chalcopyrite are not absent, but very rare in the Michael vein, and hence, 586 

zeunerite was not expected to form in such an environment. However, due to the significantly 587 

lower solubility of zeunerite relative to Pb-uranyl arsenates (clearly visible, even when 588 

considering the large solubility uncertainty of hallimondite), zeunerite forms at a very low Cu 589 

content, if the arsenate content of a fluid is high (Fig. 12d).  590 

 591 
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Implications 592 

 593 

The nat. As-bearing mineralization stage of the Michael vein is a prime example to study the 594 

mobility and precipitation mechanism of arsenic not only in hydrothermal base metal veins, but 595 

many other types of hydrothermal environments. The requirements for nat. As formation can be 596 

summarized as follows: 597 

1. the availability of abundant aqueous arsenic,  598 

2. reduced conditions,  599 

3. very low concentrations of the transition metals Fe, Co and Ni,  600 

4. very low sulfide concentrations (which can be reached by a lack of sulfide or presence of 601 

significant amounts of transition elements such as Pb and Zn). 602 

If these requirements are met (which rarely occurs in nature), nat. As can form in large masses 603 

and can become a substantial part of a mineralization. These conditions not only provide insight 604 

on the formation of nat. As, but also on the absence of nat. As and presence of other As-bearing 605 

minerals which is important to understand the fate of (toxic) arsenic in natural environments. If 606 

for example condition 3 is not fulfilled, the resulting mineralization is arsenide-dominated, which 607 

is typical of the native element-arsenide (five element) type of deposit (Bastin, 1939; Kissin, 608 

1992; Markl et al., 2016; Scharrer et al., 2019). If condition 4 is not achieved, the result is a 609 

realgar-orpiment mineralization, such as the geothermal fields of Uzon, Russia (Migdisov and 610 

Bychkov, 1998; Cleverley et al., 2003) or the As-mineralization at Saualp, Austria (Göd and 611 

Zemann, 2000). If both Fe and sulfide are abundantly present, the resulting dominant As-mineral 612 

is arsenopyrite, which is common in most other As-bearing hydrothermal mineralizations.  613 
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The initial lack of nat. As stability during ore formation by a predominating stability of other As-614 

bearing minerals does not exclude the late stage formation of nat. As. A relative abundance of 615 

dissolved arsenic over dissolved Fe, Co, Ni and S and their depletion during ore precipitation can 616 

lead to a saturation of nat. As. This explains the general late-stage occurrence of nat. As (e.g., Su 617 

et al., 2009; Zheng et al., 2015; Scharrer et al., 2019). This late-stage nat. As formation is further 618 

facilitated by lower temperatures.  619 

If condition two (reduced environment) is not given, the mineralization is dominated by highly 620 

insoluble arsenate minerals. Such an environment is, for example, produced by weathering of nat. 621 

As-bearing mineralizations. The presence of nat. As and its highly reactive nature under oxidized 622 

conditions can act as a natural barrier for uranium (U+VI) dissolved in ground water where native 623 

arsenic becomes oxidized to arsenate and forms a variety of different uranyl arsenates, depending 624 

on the availability of metals such as Pb, Cu, or Ba. The insoluble nature of these uranyl arsenates 625 

enables them to form at even low uranium concentrations (approx. 1 µg/kg) as are typical of the 626 

granitic aquifers of the region (Käß and Käß, 2008; Göb et al., 2013). This shows that nat. As-627 

rich mineralizations can act as a natural trap for U from groundwater.  628 
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 917 

Table Footnotes 918 

 919 

1. Compilation of mineralizations that are nat. As bearing. Mineral abbreviations: asp = 920 

arsenopyrite, gn = galena, nat. As = native arsenic, nat. Bi = native bismuth, orp = orpiment, py = 921 

pyrite, rg = realgar, sbn = stibnite, sph = sphalerite,  922 

 923 

2. Thermodynamic data (ΔfG in kJ/mol) estimated or selected and incorporated into the 924 

preexisting thermodynamic databases used in this study. [1] represents Vochten and Goeminne 925 

(1984) 926 

 927 

3. Compilation of minerals discussed in this manuscript. 928 

 929 

4. Representative EPMA analyses. 930 

 931 

 932 

 933 

 934 

Figure captions 935 

 936 



36 
 

Figure 1. Geological map and cross-section presenting the horst-graben type structural control of 937 

the mineralization of the Michael vein.  938 

 939 

Figure 2. (a) Generalized paragenetic sequence of important ore, gangue and supergene minerals. 940 

(b) Detailed mineralogical sequence of ore stage IIa with respect to the two texturally occurring 941 

types. 942 

 943 

Figure 3. Images of hand specimen that depict the typical occurrence of stage I (a) and stage II 944 

(b-d). (b) Characteristic brecciation of the vein and subsequent cementing by stage II minerals, in 945 

this case arsenic. The Zn-sulfides occur as either colloform textured aggregates of sphalerite and 946 

wurzite (c) or as aggregates of sub- to euhedral crystals of sphalerite (d). 947 

 948 

Figure 4. Pyrite (a) and graphite (b) are enclosed in sphalerite. Jordanite-gratonite solid solution 949 

minerals formed prior to/ during sphalerite precipitation (c,d). Galena can also be found as small 950 

grains in individual nat. As bands (e), but typically forms before/ during the initiation of nat. As, 951 

and is thus found as inclusions in nat. As (f). The triarsenide, skutterudide is rather rare and 952 

mostly occurs at the transition between sphalerite and nat. As formation (g). Mineral aggregates 953 

are characteristically brecciated and cemented by subsequent minerals, where jordanite crystals 954 

are commonly pseudomorphed by nat. As (h,i). (c,gh, i) represent colloform samples and 955 

(a,b,d,e,f) represent non-colloform samples. Image types: (c) BSE image, (a,b,d-h) reflected 956 

light and (h,i) slightly dejusted but crossed polarized reflected light.  957 

 958 
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Figure 5. Ore stage IIa minerals are commonly brecciated and cemented by fine grained quartz 959 

(a), partially dissolved (b) or replaced (c). (d) A rare second generation of nat. As can form 960 

remarkable overgrowths on realgar crystals. (e,f) Supergene druse fillings sometimes incorporate 961 

uranyl arsenates. Image types: (a) reflected light, (b,c) crossed polarized reflected light and 962 

(d,e,f) hand specimen images.  963 

 964 

Figure 6. Compositional analyses of Zn-sulfides, classified according to their textural 965 

occurrence, plotted to visualize potential micro-intergrowth with other minerals. Mineral 966 

abbreviations: chalcopyrite (cp), fahlore (fhl), galena (gn), gersdorffite (gdf), jordanite-gratonite 967 

solid-solution (jdn-gtn) and skutterudite (skut). 968 

 969 

Figure 7. pH-logfO2 diagrams depicting mineral stabilities. Note stabilities may overlap, e.g., at 970 

the stability conditions of galena, sphalerite is also stable. Diagrams (a,b) show the 971 

thermodynamic stability of the Michael vein mineralogy at roughly neutral conditions. (c,d) 972 

Striped-shaded region in represents the stability fields of As-sulfides, sphalerite, galena and 973 

jordanite and is identical to (a). The bottom diagrams (c,d) show the impact of even slight 974 

amounts of Ni or Fe on the stability of Ni- and Fe-minerals.  975 

 976 

Figure 8. (a) Qualitative formation model of the Michael vein, nat. As-base metal mineralization. 977 

(b) Qualitative diagrams depicting the impact of abundant Zn in stabilizing nat. As at higher 978 

sulfidation states.  979 

 980 
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Figure 9. pH-logfO2 diagrams depicting mineral stabilities at higher Fe concentrations. Note 981 

stabilities may overlap, e.g., at the stability conditions of galena, sphalerite is also stable. The 982 

stability of arsenopyrite suppresses the stability of nat. As and thus preventing it from forming at 983 

a neutral pH, even at reduced conditions.  984 

 985 

Figure 10. Temp.-logfO2 diagram at neutral conditions showing the impact of temperature on the 986 

stabilities of the minerals from the Michael vein. Fluid conditions are identical to Fig. 7a. 987 

 988 

Figure 11. As- and S- logfO2 diagrams depicting the impact of variable As and S content on the 989 

stability of the minerals from the Michael vein at neutral conditions. Both, As and S increase the 990 

stability of the As-sulfides. Thus, to form nat. As from a fluid with abundant As, sulfide must be 991 

absent. 992 

 993 

Figure 12. (a) Qualitative formation model for the uranyl arsenates presented by the example of 994 

the Pb-uranyl arsenates hügelite and hallimondite. Fluid-mineral reaction stability diagrams for 995 

(b) an arsenic-bearing fluid reacting with galena in the presence of various amounts of phosphor, 996 

(c) and the stability of Pb-arsenate, uranylarsenate and sulfate in the presence of various amount 997 

of chlorine (d) an arsenic-bearing fluid reacting with galena in the presence of various amounts of 998 

chalcopyrite. The uncertainty introduced by estimation of the solubility estimation of 999 

hallimondite is given by the striped area and dashed lines. The diagrams show that even at low U 1000 

content of the fluid, uranyl arsenates can form. Furthermore, the Cu-uranyl arsenates are 1001 

significantly more stable than the predicted Pb-uranyl arsenates.  1002 
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mineralization type examples major ore minerals major arsenic mineral  
(with sequence) 

nat. A
s 

abundance 

formation mechanism 
of the mineralization 

Tem
p [°C

] 

sal [N
aC

l 
eq. W

t %
] 

fluid 
composition 
of As 
paragenesis 

 

Sediment hosted replacement 
(Carlin-type) gold deposits 

Guizhou, China  
Betze, USA 
Vorontsovskoe, Russia 

asp, py asp, (nat. As)  rg, orp 
(after py formation) 

- sulfidation of the host 
rock (and reduction of 
the fluid) 

150-
220 

 ca. 50-350 
mg/kg As, Fe 
is b.d.l. 

Kesler et al. 2005, Su et al. 2009, 
Woitsekhowskaya & Peters 2015, 
Murzin et al. 2017 
 

vein-type Orogenic/ 
magmatic gold deposits 

Baia Mare, Romania  
Baogutu, China  

asp, py, sbn asp  nat. As 
(after py formation) 

- fluid cooling 150-
300 

0-5 

 Bailly et al. 1998, Grancea et al. 
2002, Zheng et al. 2015 
 

nat. element-arsenide ("five-
element") 

Erzgebirge, Germany 
Schwarzwald, Germany 
Odenwald, Germany 

arsenides, nat. Ag, nat. 
Bi 

arsenides  nat. As ++ reduction 100-
500 

0-50 

 Markl et al 2016, Scharrer et al. in 
review, Burisch et al 2017 
 
 

epithermal ore shoots in base 
metal veins 

Schwarzwald, Germany gn, sph nat. As, arsenides 0     Schürenberg 1950, Metz et al. 1957 
 

polymetallic veins Rujevac, Serbia  
Schwarzwald, Germany 

gn, sph, py, Pb-
sulfosalts 

asp/py  nat. As  rg, orp 0  100-
230 

  Radosavljević et al. 2014, this study 
 
 

stratabound As 
mineralizations in fractured 
Karbonates 
 

Saualpe, Austria  
Binntal, Switzerland 

rg, nat. As rg, orp  nat. As +     Göd & Zemann 2000, Hofmann & 
Knill 1996 
 

fracture controlled As-
mineralization in rhyolitic 
rocks 

Sailauf, Germany nat. As nat. As +     Fusswinkel et al. 2014 
 
 
 

disseminated ore in 
pegmatites 

Bernic lake, Canada  nat. Bi, gn, stibarsen, 
nat. As 

nat. As, stibarsen -  <300 

  Cerny & Harris 1978, Pieczka 2010 

active geothermal fields 
(hotsprings) 

Uzon, Russia sbn, rg, orp nat. As  rg  orp, 
(alacranite, uzonite) 

0 boiling, cooling and 
mixing 

75-
85 

 pH 3-6, ca 
130 mg/l S, 
0.2-9 mg/l As 

Migdisov & Bychkov 1998; 
Cleverley et al. 2003 
 

metamorphosed Au deposit Hemlo Au-deposit, Canada  nat. As, rg, orp - exolution from 
metamorpic solid 
solution 

<600 

  Tomkins et al 2014, Muir 1993, 
Powell & Pattison 1997 

coal combustion Kladno, Czech Republic 
St. Etiene, France 

 nat. As, rg, orp +     Majzlan et al 2014  

 



 0 °C 25 °C 60 °C 100 °C 150 °C 200 °C 250 °C 300 °C source 

Pb14As6S23 -1670 -1679 -1693 -1710 -1736 -1765 -1798 -1834 estimated 

Pb2UO2(AsO4)2:2H2O -3012±15        estimated 

Cu(UO2)2(AsO4)2*8H2O -5315        [1] 

 



Mineral Formula 

sulfosalts, sulfarsenides and arsenides 
 chalcopyrite CuFeS2 
 galena PbS 
 gersdorffite NiAsS 
 gratonite Pb9As4S15 
 jordanite-geocronite Pb14(As,Sb)6S23 
 orpiment As2S3 
 pyrite FeS2 
 realgar As4S4 
 skutterudite (Ni,Co,Fe)As3 
 sphalerite/ wurzite ZnS 
 tennantite Cu6[Cu4(Fe,Zn)2]As4S13 
   
native elements:  
 graphite C 
 native arsenic As 
   
supergene minerals 
 adamite Zn2AsO4OH 
 anglesite PbSO4 
 cerussite PbCO3 
 goethite FeO(OH) 
 hallimondite Pb2(UO2)(AsO4)2 · 2H2O 
 heinrichite Ba(UO2)2(AsO4)2 · 8-10H2O 
 hügelit Pb2(UO2)3(AsO4)2O2 · 5H2O 
 malachite Cu2CO3(OH)2 
 meta-zeunerite Cu(UO2)2(AsO4)2 · 8H2O 
 mimetite Pb5(AsO4)3Cl 
 parsonsite Pb2(UO2)(PO4)2 · 2H2O 
 



mineral pyrite sphalerite 
coll. 

sphalerite 
coll. 
 

sphalerite 
non-coll. 

sphalerite 
non-coll. 

jordanite jordanite galena fahlore chalco-
pyrite 

skutteru-
dite 

nat. 
arsenic 

nat. 
arsenic 

para-
realgar 

  mimetite mimetite 

sample LK11  BW95  BW95  KS8 LK11 1376 LK2 KS5a Fhl L4 L4 BW100 LK2  BW102   KS1 KS3 
                    
                    

EP
M

A
 a

na
ly

si
s 

[w
t%

] 

Mn  b.d.l. b.d.l. 0,011 b.d.l.           PbO 78.831 74.931 
Fe 46,390 0,047 0,247 0,034 0,909 0,011 0,044 0,043 1,340 30,127 5,195 b.d.l. 0,009 b.d.l.  CaO b.d.l. b.d.l. 
Co b.d.l.     b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. 3,444 b.d.l. b.d.l. b.d.l.  BaO b.d.l. b.d.l. 
Ni b.d.l.     b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. 12,618 b.d.l. b.d.l. b.d.l.  ZnO b.d.l. b.d.l. 
Cu b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. 42,807 33,102 b.d.l. b.d.l. b.d.l. b.d.l.  CuO b.d.l. b.d.l. 
Ag b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. 0,035 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.  FeO b.d.l. b.d.l. 
Cd  0,401 b.d.l. b.d.l. b.d.l.           SiO2 b.d.l. b.d.l. 
Zn b.d.l. 65,781 64,905 66,693 66,127 0,140 0,253 0,019 6,859 b.d.l. b.d.l. b.d.l. 0,167 0,017  SO2 b.d.l. b.d.l. 
Pb b.d.l. 0,299 1,311 0,041 b.d.l. 67,596 69,355 86,274 b.d.l. b.d.l. b.d.l. b.d.l. 0,132 b.d.l.  P2O5 6.439 b.d.l. 
Se b.d.l.     0,018 0,031 b.d.l. b.d.l. b.d.l. b.d.l. 0,578 0,597 0,180  As2O5 14.173 23.499 
Hg b.d.l.     0,083 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.  V2O3 b.d.l. b.d.l. 
S 53,779 32,696 32,397 33,193 32,768 17,103 17,933 13,561 28,710 35,002 5,520 0,341 0,446 29,036  UO2 b.d.l. 0.812 
Bi b.d.l.     b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.  Cl 2.37 2.02 
As 0,137 0,128 0,205 0,035 0,066 5,223 8,226 0,074 19,534 0,173 73,529 98,134 98,691 70,655  F b.d.l. b.d.l. 
Sb b.d.l. 0,187 0,424 b.d.l. b.d.l. 8,144 4,154 b.d.l. 0,830 b.d.l. b.d.l. 0,354 0,253 0,266     
∑ 100,31 99,61 99,58 100,01 99,87 98,32 100,00 100,01 100,08 98,40 100,31 99,41 100,30 100,15     
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