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Abstract

Native arsenic is an occasional ore mineral in some hydrothermal base metal deposits. Its rarity
(compared to pyrite, arsenopyrite, galena, sphalerite or chalcopyrite, for example) is surprising,
as arsenic is a common constituent of upper crustal fluids. Hence, the conditions of formation
must be quite special to precipitate native arsenic. An ideal location to investigate the formation
of native As and to explore the parameters constraining its crystallization is the Michael vein near
Lahr, Schwarzwald, SW Germany. Here, galena, sphalerite and native arsenic are the most
abundant ore minerals. The two important ore stages comprise 1. galena-barite and 2. sphalerite-
native arsenic-quartz, the latter with a general mineral succession of pyrite = sphalerite +
jordanite-gratonite solid solution —> galena > native As. The native arsenic-bearing
mineralization formed by cooling of at least 130 °C hot saline fluid accompanied by reduction

due to admixing of a sulfide-bearing fluid.

Thermodynamic calculations reveal that for the formation of native arsenic, reduced conditions in
combination with very low concentrations of the transition metals Fe, Co, and Ni, as well as low
sulfide concentrations, are essential. “Typical” hydrothermal fluids do not fulfill these criteria, as
they typically can contain significant amounts of Fe and sulfide. This results in the formation of
arsenides, sulfarsenides, or As-bearing sulfides instead of native arsenic. Very minor amounts of
pyrite, sulfarsenides and arsenides record the very low concentrations of Fe, Co and Ni present in
the ore-forming fluid. High concentrations of aqueous Zn and Pb lead to early saturation of
sphalerite and galena which promoted native arsenic precipitation by decreasing the availability

of sulfide and hence suppressing realgar formation.

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

weathering processes. Infiltrating oxidizing, U""'-bearing fluids from the host lithologies reacted

2
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under ambient conditions with galena and native arsenic forming a variety of U™"" (+Pb)-bearing
arsenates such as hiigelite, hallimondite, zeunerite, heinrichite or novacekite together with U-free
minerals like mimetite or anglesite. Some parts of the vein were enriched to U concentrations of
up to 1 wt% by this supergene process. Reduced (hypogene) uranium phases like uraninite were

never observed.

Keywords:

e native arsenic

e jordanite-gratonite
e hydrothermal

e base metal

e uranylarsenates

e hallimondite
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Introduction

Although arsenic is not a rare element in soils and upper crustal waters (e.g., Dudas, 1987,
Nordstrom, 2002; Peters et al., 2006; Drahota and Filippi, 2009), native arsenic is a relatively rare
mineral (< 400 localities worldwide reported in mindat.org in March 2019). However, in some
types of ore deposits, it occurs in large quantities and samples up to dozens of kilograms have
been recovered (e.g., Hosel, 2003; Ondrus et al., 2003; Hiller and Schuppan, 2008). Arsenic is a
toxic metalloid, and some of its compounds are harmful to the environment and human health
(e.g., Bowell et al., 2014; Mitchell, 2014). Therefore, numerous recent publications have studied
the abundance, sorption behavior, biotic and abiotic mobility, and redistribution of arsenic at
ambient conditions (e.g., Pierce and Moore, 1982; Nordstrom and Young, 2000; Mandal and
Suzuki, 2002; Nordstrom, 2002; Drahota and Filippi, 2009; Amend et al., 2014; Bowell et al.,
2014; Bowell and Craw, 2014; Mitchell, 2014; Wu et al., 2017). However, at higher temperature,
the behavior of arsenic is considerably less investigated and understood, although arsenic is a
common element in various hydrothermal systems (e.g., Ballantyne and Moore, 1988; Horton et

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

Arsenic naturally occurs in six oxidation states (As™, As™, As’, As™, As™ and As™), and forms
a variety of gaseous, aqueous, and solid species of different toxicity (e.g., Boitsov and Kaikova,
1965; Sergeyeva and Khodakovskiy, 1969; Pokrovski et al., 2013; Keller et al., 2014; Nordstrom
et al., 2014). Thus, redox state and redox reactions play a crucial role in processes involving
arsenic. Dissolved arsenic is present as As™ under oxidized and/or basic conditions, and as As™"
under more reducing and/or neutral to acidic conditions, occurring as ions or complexes. Under

+III

geothermal conditions, As ", in the form of As(OH);, is the most common species of dissolved

As (e.g., Sergeyeva and Khodakovskiy, 1969; Ballantyne and Moore, 1988; Criaud and Fouillac,

Always consult and cite the final, published document. See http:/www.minsocam.org or GeoscienceWorld



82

83

84

85

86

87

88

89

90

91

92

93

94

95

96

97

98

99

100

101

102

103

This is a preprint, the final version is subject to change, of the American Mineralogist (MSA)
Cite as Authors (Year) Title. American Mineralogist, in press.
DOI: https://doi.org/10.2138/am-2020-7062

1989; Zheng et al., 2015). The formation of oxide and hydroxide complexes (mainly arsenate and
arsenite) leads to a high solubility of arsenic (e.g., Glaskova et al., 1999). This solubility is,
however, greatly decreased due to enhanced mineral precipitation in the presence of transition
metals such as Ni, Co, Fe, and/or under reduced conditions (e.g., Glaskova et al., 1999; Markl et
al., 2016; Kreissl, 2018). In turn, this implies that the presence and redox state of arsenic is
essential in defining the mobility of other elements, and thus the formation of specific minerals
both in hydrothermal and near-surface processes. The source of arsenic in a specific enrichment
zone (i. e., deposit, placer, weathering crust...) can be highly variable, since groundwater,
metamorphic fluids, magmatic fluids, as well as brines have been proposed to form arsenic-rich
mineralizations (e.g., Robinson and Ohmoto, 1973; Migdisov and Bychkov, 1998; Essarraj et al.,
2005; Su et al., 2009; Epp et al., 2018). The aim of the present study is to investigate the fate of
arsenic in hydrothermal base-metal vein-type deposits, the relative importance of dissolved
species, and the stable As-phases formed during mineral precipitation rather than the origin of the

As-bearing fluid.

Specifically, the present contribution will focus on the natural occurrence of native arsenic (nat.
As). Where present, it generally forms as an abundant hypogene mineral under hydrothermal
conditions (e.g., Vokes, 1963; Nokleberg, 2005; Voudouris et al., 2008; Radosavljevi¢ et al.,
2014; Zheng et al., 2015; Burisch et al., 2017a) or as a minor mineral during the breakdown of
As-bearing minerals/solid solutions (Cook, 1996). It is common in five-element associations
(Reuss, 1863; Hiller and Schuppan, 2008; Pekov et al., 2010; Staude et al., 2012; Burisch et al.,
2017a), much less common, though, in "normal" base-metal-rich veins with galena, sphalerite,

and/or chalcopyrite. Mineralization types with nat. As are assembled in Table 1.
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A mineralogically particularly interesting example of a native arsenic-bearing base-metal vein is
the Michael mine near Lahr, Schwarzwald, SW Germany, since it operated on a hydrothermal
vein comprised of a simple base metal mineralogy (galena, barite), followed by a hydrothermal
phase of quartz with native arsenic and base-metal sulfides (galena, sphalerite) and a supergene
enrichment of uranium by the formation of uranyl arsenates. Based on numerous studies on the
geology, mineralogy, geochemistry, and conditions of formation of Schwarzwald hydrothermal
veins (e.g., Burisch et al., 2016; Walter et al., 2017; Walter et al., 2018), this occurrence provides
an ideal case to study the fate of arsenic in a Pb-Zn-base metal hydrothermal environment. A
specific focus will be put on the conditions of formation of nat. As, in comparison to the more
common arsenic-bearing hydrothermal minerals such as sulfarsenides and As-bearing

sulfosalts/sulfides.

Regional geology and geochemical background

The Michael mine is situated in the central Schwarzwald near Lahr and on the eastern flank of the
Upper-Rhine-Graben (Fig. 1). Its radioactivity led to a detailed investigation in the 1950’s, during
the search for uranium in Western Europe. During this time, samples were taken underground
and mineralogically investigated by Walenta and Wimmenauer (1961) and by Kirchheimer
(1957), without finding an economic uranium mineralization. The local geology consists of a
Variscan crystalline basement discordantly overlain by a terrestrial to marine sedimentary cover,
which are both tectonically uplifted and overprinted by a normal fault-dominated regime due to
the opening of the Upper Rhine Graben (URG) during the Paleogene. An inclined uplift of the rift
flanks led to partial erosion of the Paleozoic and Mesozoic sedimentary cover sequence resulting

in the present day topography (Geyer et al., 2011 and references therein).
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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
and Martin, 1986). It is hosted by crystalline basement consisting of late Variscan post-collisional
granites and cordierite- and graphite-bearing metasedimentary gneisses and metatexites
(Kirchheimer, 1957; Metz and Richter, 1957; Walenta and Wimmenauer, 1961; Kaiser, 1983). It
occurs on a rift-parallel normal fault that juxtaposes Rotliegend rhyolitic volcanics and clastic
sediments, Buntsandstein and crystalline basement (Fig. 1; Geyer et al., 2011). The sedimentary
units overlaying the Buntsandstein are abundant to the east, at the far side of the rift flank, and
inside the graben structure, but due to long-lasting erosion and rift flank uplift, they are no longer
present in the area of investigation (Geyer et al., 2011). Paleogene sediments of up to 4000 m

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

The URG rifting as well as previous large scale tectonic events have resulted in five
hydrothermal maxima (Pfaff et al., 2009; Staude et al., 2012; Walter et al., 2016) producing more
than 1000 mineralized hydrothermal veins in the Schwarzwald mining district between Karlsruhe
and Basel. These veins consist dominantly of barite, fluorite, quartz, and carbonates besides base
and precious metal oxides, sulfides, and arsenides (Metz and Richter, 1957; Bliedtner and Martin,
1986; Staude et al., 2009). The last hydrothermal maximum (post-Cretaceous) was related to the
URG rifting; juxtaposition of different rock units in conjunction with abundant small- to large-
scale fracturing led to the connection of different fluid aquifers which were separated prior to this
tectonic activity (Walter et al., 2018). This favored a multi-fluid mixing scenario which resulted

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

Sample location
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Samples analyzed in this study were taken from the dumps of the Michael vein, from the
mineralogical collection of the University of Tiibingen and the Geological Survey of Baden-
Wiirttemberg (among them samples from the most comprehensive study of this vein by
Kirchheimer 1957), and from the private collection of the last author. The samples cover the
whole mineralogical diversity of the vein and originate from both mine dumps and (the
Kirchheimer samples) from underground. The Michael vein was worked from two historic adits;
the Michael mine at the southern end of the vein and the Silbereckle mine close to its northern

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

Petrography of the mineralization

Based on detailed ore microscopy and macroscopic observations in addition to observations from
the literature, the mineralization consists of three hydrothermal stages, with more than 95 vol.%
of the mineralization formed during the first two stages (Fig. 2). An initial, barite- and galena-
dominated stage (Fig. 3a) was followed by the formation of a quartz-sphalerite-native arsenic
assemblage (Fig. 3b-d), which in turn was overgrown by small amounts of carbonates (calcite,
dolomite). Supergene processes resulted in the formation of typical secondary Pb and Zn phases
and, interestingly, in the formation of uranium minerals, although primary (=hypogene) uranium

phases are missing.

The vein itself is characterized by intense tectonic brecciation, partial dissolution of earlier and
subsequent cementation by successive minerals. Thus, the relative ages of individual minerals
have been interpreted not based on individual, but on the sum of all available textures.

Interestingly, there is a gradual transition in the manifestation of the second ore stage from north

Always consult and cite the final, published document. See http:/www.minsocam.org or GeoscienceWorld



174

175

176

177

178

179

180

181

182

183

184

185

186

187

188

189

190

191

192

193

194

195

This is a preprint, the final version is subject to change, of the American Mineralogist (MSA)
Cite as Authors (Year) Title. American Mineralogist, in press.
DOI: https://doi.org/10.2138/am-2020-7062

to south, with a more colloform and skeletal appearance in the north (Fig. 3c) and well-
crystallized minerals in the south (Fig. 3d). The mineralogical differences between these textural

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

I. Barite stage: Quartz is the initial mineral of stage I and forms as a rim on host rock fragments.
It is directly overgrown by abundant barite forming white to slightly yellow fans of slender
needle crystals occasionally arranged in an unusual cauliflower-like texture (Fig. 3a). The inter-
crystal porosity of the barite crystals is commonly filled by quartz which intermediately forms
during barite crystallization (Walenta and Wimmenauer, 1961; Krahé, 2012). The only ore of
this barite stage consists of up to several centimeters large euhedral galena crystals embedded in

barite (Fig. 3a).

II. Quartz stage: Intense brecciation of ore stage I is followed by precipitation of the three
prevalent minerals of ore stage II, quartz, sphalerite, and nat. As (Fig. 3b). These minerals cement
the clasts of ore stage I, of pyrite (brecciated relictic pyrite inclusions in sphalerite indicate a
formation prior to the other stage Ila ore minerals, but after ore stage I; Fig. 4a) and of euhedral,
but deformed graphite (from graphite-bearing host rocks; Fig. 4b). Partial quartz pseudomorphs

after barite are abundant.

The Zn sulfides of ore stage II show two textural and mineralogical manifestations: one is
characterized by medium- to coarse-grained, non-colloform Zn-sulfides (mostly sphalerite; e.g.,
Fig. 3d) and one consists of colloform Zn-sulifdes (a mixture of both sphalerite and wurtzite,

confirmed by XRD; Fig. 3c¢). The former is more common in the southern, the latter in the
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northern part of the vein. In the following, they are designated as colloform and non-colloform,
but due to their abundant similarities and irrelevance for the understanding of the behavior of
arsenic, most of the discussion lumps both types of Zn-sulfides together as sphalerite (sph). Both
types show a typical generalized sequence of quartz = jordanite/gratonite + gersdorffite +
sphalerite/wurtzite = sphalerite/wurtzite = galena = native arsenic = quartz (Fig. 4c-h). The
non-colloform variety shows a more complex mineralogy (small flakes of chalcopyrite, fahlore
and native bismuth are only present in the non-colloform assemblage; see Fig. 2b), but skeletal
jordanite/gratonite (Fig. 4c¢) is more abundant and formed over a longer precipitation interval in
the colloform compared to the non-colloform type (Fig. 4e). Furthermore, galena is more
common in the non-colloform ore samples (Fig. 4e, f). Small subhedral to euhedral inclusions of
Ni-sulfarsenide (<20um; gersdorffite) formed during the initiation of sphalerite crystallization,
while round aggregates of Ni-rich triarsenide (<20 um; skutterudite) formed subsequent to

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

Native As exclusively occurs in a colloform texture (irrespective of the Zn sulfide textures in the
same samples), overgrows all other stage Il minerals (Fig. 4e, f) and in some cases embeds
brecciated clasts of these or fills cavities, e. g. in sphalerite-wurtzite clasts (Fig. 3h). Some native
arsenic aggregates (e.g., Fig. 41) resemble the characteristic elongated shapes of Pb-sulfosalts
(jordanite; Fig. 4d) in sphalerite/wurzite. This texture is interpreted as native arsenic
pseudomorphs after Pb-sulfosalts; the same generation of nat. As overgrows sphalerite (Fig. 41).
These nat. As-quartz-sphalerite associations are in some cases overgrown by another generation
of sphalerite that is in turn overgrown by quartz. Later breccias of all earlier mineral stages are
cemented by various barren quartz stages (Fig. 5a). During the final part of the quartz stage,
native arsenic is dissolved (Fig. 5b) and/or replaced by realgar; realgar also forms euhedral
crystals in cavities (Fig. 5 ¢, d). Rarely, the realgar crystals in cavities are in turn overgrown by

10
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small needles of a still later second generation of nat. As (Fig. 5d). An extensive search for
hydrothermal uranium-bearing minerals like uraninite or coffinite in radioactive hand specimens
(as measured by a Geiger counter) produced no results, as did similar attempts by Walenta and
Wimmenauer (1961). Based on the large number of fresh samples investigated by Walenta and
Wimmenauer (1961) and by us (including microscopy, XRD and radiology techniques), we can

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

III. Carbonate stage: The occurrence of late, well-crystallized carbonates is a typical feature in
many hydrothermal veins in the Schwarzwald district and records erosional uplift of the vein and
near-surface conditions of formation at low temperatures (Burisch et al., 2017b). They are
particularly common close to the URG (see e.g., Markl, 2017). In the Michael vein, dolomite is
generally overgrown by calcite, and both fill small fractures and/or voids as euhedral crystals. No

ore minerals are associated.

Supergene processes (uranium enrichment): During supergene weathering, first- and second-
stage ore minerals release mainly Pb, Zn, and As and, hence, secondary minerals mainly
comprise arsenates, carbonates, and sulfates of Pb and Zn, and, to a lesser extent, also of Cu
(Markl, 2017). The most common supergene phases are mimetite, anglesite and cerussite, rarer,
but still common phases include adamite and minerals of the beudantite-segnitite-hidalogoite
series. Furthermore, an interesting suite of supergene uranium-bearing minerals exclusively
occurs on fine-grained quartz III and IV (chert) samples. These include hallimondite
(microcrystalline, yellow crusts), heinrichite (yellow plates), novacekite (yellow plates), hiigelite

(orange needles), widenmannite (yellow tabular crystals) and zeunerite (green tabular crystals)
11
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(Fig. Se, f; Markl, 2017). Although these minerals are relatively rare in the investigated samples,
an increased radioactivity in the mine and in hand specimens from the dumps has already been
detected by Kirchheimer (1957), who determined whole-rock U contents up to almost 1 wt% in
some underground samples. The supergene enrichment of U is also recorded by the occasional
incorporation of U in the abundant supergene mineral mimetite (Walenta and Wimmenauer,
1961). Primary U-bearing minerals are, as mentioned above, not present in the Michael vein and,

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

Analytical methods

Scanning electron microscope (SEM) & Electron-microprobe analyses (EMPA)
For qualitative mineral analyses and texture documentation, a Hitachi TM3030 REM Plus

Tabletop Microscope at the University of Tiibingen was used. The quantitative analysis of the
minerals was carried out on 24 thin sections using a JEOL SUPERPROBE JXA - 8900RL at the
University of Tiibingen. To avoid tarnishing of arsenic, the thin sections were re-polished,
cleaned with ethanol and dried for half a day before being spattered with carbon. Details of the

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

X-ray diffraction (XRD)
Minerals were identified based on XRD analyses using a Bruker AXS D8-Discover Co-Source

diffractometer, equipped with a HOPG-monochromator and a VANTEC500 detector, at the
University of Tiibingen. Measurements with 50 and 300 pum diameter were performed between
5.7° to 69-100° with 0.05° and 120 sec steps at room temperature (25 °C) with a Co- Ka beam at

30 kV and 30 mA. Data evaluation was done using the DIFRACPLUSEVA software package.

12
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Sulfur isotopes
A handpicked sample of cogenetic sphalerite and galena was powdered and the S-isotopic

composition was then measured with a Finnigan Delta Plus XL mass spectrometer. The resulting
S-isotopic compositions are calibrated to 5°*S values of several in-house standards: NBS-123
(ZnS, 8**S =17.1 %o, relative to V-CDT), NBS-127 (BaSO4, 8°*S =20.31 %o, relative to V-CDT),
IAEA-S1 (8%*S = -0.30 %o, relative to the CDT) and IAEA-S-3 (8°*S = 21.70 %o, relative to the
CDT). The long-term reproducibility of the **S measurements is +£0.3 %o (26) and of the sulphur

content it is 5 %.

Fluid inclusion analyses
For fluid inclusion analyses, several 250 pum thick, double-polished sections of quartz and

sphalerite crystals were prepared. Individual fluid inclusion assemblages after Goldstein and
Reynolds (1994) were characterized. No primary fluid inclusions could be detected in quartz. The
only primary fluid inclusions found in any sample occur in sub- to euhedral sphalerite. They are
very small (seldom larger than 10 um) and rare. The microthermometric analyses were carried
out at the University of Tiibingen using a Linkam THMS 600 fluid inclusion stage on a Leica
DMLP microscope calibrated with synthetic H,O, H>O-NaCl and H,O-CO, standards. For
statistical purposes, each inclusion was analyzed at least 3 times. For the homogenization
temperature, a variation of less than 0.5 °C, and for melting temperatures, a variation of no more
than 0.1 was accepted between runs. A pressure correction was not applied, since the salinity is
unknown and a very shallow depth of formation under hydrostatic pressure can be assumed (e.g.,

Burisch et al., 2017b).

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

(GWB; Bethke, 2007). For stability diagrams, the phase 2 and P2plot GWB application and for
solubility calculations during fluid cooling, the react GWB application was used. Detailed
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information on the thermodynamic modeling approach as well as the process of thermodynamic
data selection for zeunerite and data estimation for jordanite and hallimondite is given in the

ESM 2 and the results presented in Table 2.

Results

Mineral identification and composition
All ore minerals of ore stage Il and some supergene minerals have been analyzed by electron

microprobe (crystalline sphalerite = 66 analyses, colloform sphalerite = 143, skutterudite = 7,
pyrite = 11, nat. As = 12, jordanite-gratonite solid-solution = 47, gersdorffite = 11, galena = 32,
fahlore = 30, chalcopyrite =2, realgar/pararealgar = 4, pyromorphite group minerals = 39) and
their respective endmember formula are given in in Table 3. The analyzed mineral compositions
are presented in the electronic supplementary material (ESM 3) and only some major aspects are

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

The close to ideal stoichiometric pyrite and chalcopyrite are nearly free of trace elements — only
Ni, Co, and As have been detected in some grains. Ni and Co are, where at all detected, very

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

As explained above, Zn-sulfides have been categorized into two texturally distinct groups, the
colloform and non-colloform type. By X-ray diffraction, the colloform Zn-sulfide was identified
to be a mixture of both needle-shaped sphalerite and wurtzite. The analytical totals of all Zn-
sulfide measurements range from 95 to 101 with an average of 100 wt% for the non-colloform

and with an average of 98.5 wt% for the colloform samples. No correlation between analysis total

14

Always consult and cite the final, published document. See http:/www.minsocam.org or GeoscienceWorld



315

316

317

318

319

320

321

322

323

324

325

326

327

328

329

330

331

332

333

334

335

336

337

338

This is a preprint, the final version is subject to change, of the American Mineralogist (MSA)
Cite as Authors (Year) Title. American Mineralogist, in press.
DOI: https://doi.org/10.2138/am-2020-7062

and stoichiometry of the calculated formula exists, the variations in totals reflect variations in
porosity. However, for interpretation, only analyses with a total between 98 and 101 wt% have
been considered. Elevated Pb and As concentrations in both types of sphalerites (Table 4)
indicate the presence of jordanite-gratonite solid-solution microinclusions in sphalerite; they are
more common in the colloform textures (Fig. 6). This compositional argument is supported by
the close association of visible jordanite-gratonite solid-solution bands within the colloform
sphalerite. Sub-microscopic inclusions of other sulfides in sphalerite have been previously
reported from other localities (e.g., Taylor and Radtke, 1969; Kelley et al., 2004; Pfaff et al.,
2011). Besides Pb and As, the sphalerite of both textural types is generally poor in trace elements
and only Cd can be present up to 3.5 wt% in a handful of analyses. Sphalerite contains generally
<< 1 wt% Fe and shows the transparent reddish to brownish color typical of Fe-poor varieties.

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

X-ray diffraction and compositional analyses revealed the presence of both jordanite (ideally
Pb14(As,Sb)sS,3) and gratonite (ideally PbgAssSs). Both minerals are commonly intergrown and
embedded within the colloform sphalerite. The only significant trace element is Zn, which can
reach values of up to several wt% (but this may be due to microinclusions again, see above). Due
to their small grain size, no gersdorffite and almost no skutterudite grains could be analyzed
without contamination by galena and/or sphalerite. However, such mixed analyses still indicate
their ternary nature with respect to Fe, Co, and Ni (0.2 : 0.15: 1 and 0.54 : 0.3 : 1 for skutterudite
and gersdorftite, respectively). Furthermore, gersdorffite is enriched in Se (ca. 0.2 wt%). The
fahlore is a near endmember Cu-Zn-tennantite with an average mineral formula of
Cujo.02Feo.33Zn 50As3.88Sbg.09S13.15. Native As incorporates up to 0.2 wt% Zn, 0.4 wt% Pb, and
0.6 wt% Se and Sb each. In all these As-bearing minerals, other trace elements are close to or
below the detection limit.
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Realgar/pararealgar shows a similar trace element budget as nat. As, and is enriched in Sb and Se.
The pyromorphite group minerals of the Michael vein are commonly close to endmember
mimetites. Occasionally, however, phosphate substitution in individual crystals is high enough to
reach pyromorphite composition. The Ca content rarely reaches 0.2 wt%. Uranium is generally

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

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

thermometers were applied: sulfide isotope equilibrium and fluid inclusion homogenization. For
the isotope analyses, the cogenetic minerals (colloform sphalerite/wurtzite mixture and galena
(KS13)) were carefully isolated and hand-picked. The sphalerite has a §**S-value (V-CDT, %o) of
-3.68(0.3) and the galena of -8.58(0.3). Applying the isotope fractionation factors of Seal (2006
and references therein), and assuming the literature isotope fractionation factor for ZnS applies to
both wurtzite and sphalerite, the resulting calculated equilibrium temperature is approx. 110(20)
°C (Gauss uncertainty propagation). The eight primary fluid inclusions analyzed in non-
colloform sphalerite (100, 102, 104, 109, 110, 119, 123, 128 °C) nicely support this result: they
indicate a homogenization temperature range of 100-128 °C with an average of approx. 110(10)

°C (10).

Due to the formation of metastable phases at low temperatures in the fluid inclusions, the salinity
of the primary fluid inclusions in sphalerite could not be quantitatively determined — but it could
still be qualitatively constrained to some degree. The approximate temperature of first melting is

around -50 °C. In combination with the presence of abundant hydrohalite, this constrains the fluid
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to be of high salinity with an at least ternary composition (NaCl-CaCl,-H,0). The presence of

hydrohalite and the absence of Ca-chlorides documents a possible NaCl dominance over CaCl,.

Thermodynamic modelling and fluid constraints

The highly saline and most probably NaCl-dominated fluid 1is in good agreement with typical
fluid inclusion analyses from veins related to Upper-Rhine-Graben tectonics (5-25 wt%
NaCl+CaCl, Walter et al., 2018). For thermodynamic modeling, we used an intermediate salinity
of 10 wt% NaCl. Based on the above temperature estimations, and because sphalerite
precipitation is commonly preceded by some quartz crystallization in ore stage II, it is estimated
that mineral precipitation occurred between 150 and 50 °C, with most of the ore minerals

probably precipitating between 130 °C and 90 °C.

The elemental fluid composition for the thermodynamic modelling is based on qualitative
constraints, empirical calculations and a literature compilation/comparison. The precipitation
mechanism for quartz is assumed to be fluid cooling and for the sulfides to be reduction related to
the influx of a sulfide-rich fluid. At close to neutral pH (neutral +2), 1 kg of H,O fluid cooled
from 150 to 50 °C can precipitate ca. 150 mg SiO,. Based on the estimated abundance of the
major minerals in ore stage Il (quartz 90 vol%, sphalerite 7 vol% and nat. As 3 vol%), the amount
of sphalerite and nat. As that has to precipitate from 1 kg of fluid can be calculated (ca. 20 mg
and 10 mg/kg respectively). This implies that the fluid must have contained at least 10 mg/kg Zn
and As, respectively. Furthermore, for the whole mineral sequence to form, Zn has to be
successively depleted relative to sulfide. Thus, the calculated 10 mg/kg of Zn is not a minimum

but a rough absolute estimate. Assuming the relative abundance of Zn, Pb and Ni in the
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mineralization, we estimate the fluid composition to be roughly 10 mg/kg of Zn and As, 1 mg/kg
of Pb, and 0.1 mg/kg of Ni. This composition is in very good agreement with naturally occurring
Upper-Rhine-Graben brines which are related to the Buntsandstein aquifer: such brines contain

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).

Discussion

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

the vicinity of the URG (e.g., Metz and Richter, 1957; Markl, 2015; Markl, 2017) and formed by
a three component fluid mixing process involving a metal-bearing basement-derived, a sulfate-

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

In contrast, the subsequent nat. As-sphalerite-quartz stage II is a regionally unique and worldwide
rare type of mineralization. Hence, it needed very special conditions of formation, which are,
obviously, only rarely fulfilled in nature. The large quantities of fine-grained crystalline quartz
indicate that cooling was the dominant precipitation mechanism. This is supported by textures,
1.e. the typical pseudomorphs of quartz after barite (Burisch et al., 2017c) and nat. As after
jordanite/gratonite. Fluid cooling does not, however, explain the amount of sphalerite present
relative to quartz, as the decrease of sphalerite solubility with temperature is minimal in the
investigated temperature range of 150-50 °C (e.g., Hayashi et al., 1990; Hanor, 1996). Native
arsenic precipitation has been proposed to be facilitated by a decrease in temperature, pressure,
and most importantly fO; (e.g., Su et al., 2009; Zheng et al., 2015; Markl et al., 2016; Burisch et
al., 2017a; Scharrer et al., 2019). Thus, even though fluid cooling promotes some precipitation of

sphalerite and nat. As, an influx of a redox agent is needed to precipitate the whole sequence of
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minerals in the observed quantities. The presence of abundant nat. As (As’) and some arsenides
(As™) in combination with the absence of graphite dissolution textures in the samples (Fig. 4b)
demonstrates a strongly reduced environment during the formation of the ores. Due to the
presence of abundant sulfides and the slow kinetics of sulfate to sulfide reduction in the observed
temperature range (Sakai, 1968; Malinin and Khitarov, 1969; Rye and Ohmoto, 1974; Ohmoto
and Lasaga, 1982), it is most likely that an influx of sulfide was essential. An abiotic in situ
reduction of sulfate to sulfide can be excluded since the most abundant source of sulfate present
is the partially dissolved barite, which at approx. 100 °C is in strong isotopic disequilibrium with
the sphalerite (Schwinn et al., 2006; Seal, 2006). It has been proposed that colloform sphalerite
can form by mixing of a fluid containing bacteriogenic sulfur and a metal-bearing hydrothermal
fluid (Wilkinson et al., 2005; Barrie et al., 2009; Pfaff et al., 2011). Bacteriogenic sulfate
reduction has been proven to prevail to temperatures up to 110 °C with an optimal range of 30-40
°C (e.g., Jorgensen et al., 1992; Seal, 2006). Thus, groundwater sulfate reduction is a possible
sulfide source for the mineralization in question. Other possible sources of sulfide are magmatic
or metamorphic sulfides from the host rocks, diagenetic/sedimentary sulfides, or URG oil field
brines. In summary, a combination of fluid cooling and the influx of a sulfide and/or possibly
other redox agents was responsible for the formation of the sphalerite-nat. As-quartz stage II
assemblage. This, however, does not explain the uniqueness of the abundance of native arsenic in
this mineralization, as the combination of reducing conditions in the presence of aqueous arsenic
is probably not very rare; most As-rich associations are sulfide, sulfarsenide or arsenide
dominated and completely lack or are very poor in nat. As (e.g., most five element deposits,

Scharrer et al., 2019 and references therein).
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Conditions of formation
Thermodynamic calculations show that at roughly neutral pH, the paragenetic sequence of ZnS +

galena + Pb-As-sulfosalts = nat. As, the precipitation of the Ni sulfarsenide (gersdorffite) during
sphalerite formation and the arsenide formation at the transition to the nat. As formation can be
nicely reproduced using the element concentrations discussed above (Fig. 7). However, this only
explains that it is thermodynamically possible to form this mineralization by a fluid
mixing/reduction/sulfide influx scenario. It does, however, not explain the scarcity of native
arsenic in base-metal mineralizations in general. Normally, arsenic is almost exclusively stored in
other, significantly more common minerals such as arsenopyrite, As-rich pyrite, sulfosalts, and

arsenides.

The important parameters constraining a nat. As-bearing base-metal mineralization to form are
summarized here (Fig. 8) and further discussed in the following sub-chapters. Obviously, it is
essential for the mineralizing fluid to contain sufficient Zn, Pb, S, and As. However, for native
arsenic to form, it is crucial that the transition elements Ni, Co, and Fe have very low
concentrations, as otherwise sulfarsenides and/or arsenides would form instead of nat. As (see
below). A lower temperature favors nat. As stability, but it also favors the formation of realgar
and orpiment. The stability of these As-sulfides is, however, suppressed at roughly neutral
conditions by the abundance of dissolved metals such as Zn and Pb which limit the availability of

sulfide.

Low concentrations of Fe, Co, and Ni. In hydrothermal systems, such as base metal
mineralizations, arsenic most commonly precipitates as arsenopyrite or gersdorffite, while native

arsenic is comparatively rare (approx. 10.000 vs. 400 occurrences worldwide, Mindat.org). To
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promote the formation of nat. As instead of arsenopyrite, either sulfide or iron has to be limited.
Since nat. As also occurs in sulfide/sulfosalt-rich mineralizations (e.g., Bailly et al., 1998; An and
Zhu, 2009; Su et al., 2009; Radosavljevi¢ et al., 2014), and as this is also in the present situation
the case, sulfide is most likely not the defining factor. The assumption of low concentrations of
Fe, Co, and Ni in the mineralizing fluid during nat. As crystallization is in accordance with many
textural observations, as native arsenic typically precipitates after the precipitation of theses
transition metals (Noble, 1950; McKinstry, 1963; Bailly et al., 1998; Su et al., 2009; Zheng et al.,
2015; Scharrer et al., 2019). Thus, it is likely that these metals were depleted by the time the

reducing conditions allowed nat. As to precipitate.

Thermodynamic calculations show, in general, that for nat. As to form the fluid has to be either
extremely acidic or deprived of Fe, Co, and Ni relative to As, since, otherwise, the sulfarsenides
or arsenides would form (Fig. 9). Strongly acidic conditions can be excluded based on the
presence of sphalerite and galena (stable at pH > approx. 3; 100 °C) and the lack of dissolution
textures of these phases during nat. As precipitation. The absence of the transition elements Fe,
Co, and Ni in the Michael vein is also recorded by the observed mineralogy (Fig. 2). Co-and Ni-
bearing minerals are very rare, their crystals are tiny and the only relevant Fe-bearing minerals in
the mineralization are scarce pyrite grains and the abundant, but conspicuously Fe-poor sphalerite
(commonly significantly less than 1 mol% Fe). The Fe-Zn substitution in sphalerite means that
from a fluid precipitating 10 mg/kg of Zn in the form of sphalerite, less than 0.1 mg/kg of Fe is

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

In contrast to Ni and Co, Fe is omnipresent in all lithological units in the region and, hence, every
hydrothermal fluid should contain abundant Fe (dependent on redox and pH state, however). This

is recorded by the common presence of pyrite, arsenopyrite and/or chalcopyrite in most

21

Always consult and cite the final, published document. See http:/www.minsocam.org or GeoscienceWorld



477

478

479

480

481

482

483

484

485

486

487

488

489

490

491

492

493

494

495

496

497

498

499

This is a preprint, the final version is subject to change, of the American Mineralogist (MSA)
Cite as Authors (Year) Title. American Mineralogist, in press.
DOI: https://doi.org/10.2138/am-2020-7062

hydrothermal veins of the region (e.g., Metz and Richter, 1957; Bliedtner and Martin, 1986), by
the presence of iron in thermal spring fluids (0.01-10 mg/kg; Gob et al., 2013) and by
hydrothermal fluid inclusions of the region (up to approx. 10 000 mg/kg; Walter et al., 2018).
Thus, for the case at hand, either the transport of Fe is retarded by, for example, the stability of
hematite and/or Fe-oxyhydroxides at neutral to basic pH or the initially present Fe had been
precipitated prior to the formation of the Fe-poor mineralization of stage Ila. The latter would
explain the presence of brecciated clasts of pyrite occasionally embedded in sphalerite, which
could be more abundant at depth. Furthermore, the lack of trace elements (nearly all below the
detection limit) indicates a low temperature formation of pyrite and not a remobilization of host
rock pyrite and the lack of these clasts within stage I minerals indicates a formation after stage I
but before stage Ila. However, at present we cannot distinguish whether the fluid was primarily
Fe-poor or if significant pyrite precipitation occurred at greater depth which depleted the fluid in
iron. It is, however, clear that if sulfarsenides are absent, very low Fe concentrations are essential

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

Temperature, sulfur abundance and the stability of nat. As. The solubility of all minerals in
question decreases with decreasing temperature (Fig. 10) and, hence, the formation of mineral
assemblage Ila is favored by and related to fluid cooling. Furthermore, nat. As is only stable at <
approx. 300 °C (at low pressure) and becomes increasingly stable at lower temperatures. The
even more significant temperature dependence of the realgar and orpiment stability field relative
to nat. As (Fig. 10) explains the late-stage overprint of nat. As by realgar which is also typical of
nat. As occurrences worldwide (e.g., Bailly et al., 1998; Cleverley et al., 2003). The increased

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

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

Although lower temperatures favor the formation of nat. As, they also favor the formation of
realgar and orpiment in the presence of sulfide. This explains the more common presence of
realgar over nat. As in cooler and/or high sulfidation mineralizations (e.g., Arehart et al., 1993;
Migdisov and Bychkov, 1998; Cleverley et al., 2003; Su et al., 2009; Zhu et al., 2011). It is
essential to understand the stability of realgar and orpiment, since these are absent during the
precipitation of the main ore phases of stage II, and their lack of stability promotes the formation
of nat. As. The stability of realgar/orpiment is confined to low temperatures, an acidic to neutral
pH, and by the availability of both As and sulfide (e.g., Sergeyeva and Khodakovskiy, 1969;
Ballantyne and Moore, 1988, Fig. 10, Fig. 11). The availability of sulfide is, however, not only
defined by the absolute abundance of S or kinetic disequilibrium between sulfate and sulfide
(Scharrer et al., 2019) in the fluid, but also by the abundance of metals. The presence of transition
metals such as Pb and Zn limits the availability of sulfur at reducing conditions by the
precipitation of sulfides (Fig. 11). This interdependence, variable affinity of different elements to
sulfur (Shcherbina, 1978), enables the precipitation of nat. As in the presence of sulfide; e.g. in
roughly neutral fluids at 100 °C containing approx. 10 mg/kg or 100 mg/kg of Zn or Pb at least 5-
15 mg/kg (depending on As content) or 50 mg/kg of sulfur is needed, respectively, for
realgar/orpiment to form instead of nat. As (e.g., Fig. 11). A fluid containing >1000 mg/kg of
these base metals would need an unrealistically high amount of sulfur (>>1000 mg/kg) to form
realgar, even at high arsenic contents (>1000 mg/kg). Thus, the availability of abundant Zn or Pb
in a sulfide-rich environment, as is the case for the Michael vein, decreases the stability of the

As-sulfides and thus promotes nat. As formation.
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Native arsenic as a trap for uranium during supergene processes
Generally, low temperature uranium deposits/ enrichments form by either by reduction of

dissolved U™! to U™ or by sorption at strongly acidic pH, where U™ may also be subsequently
reduced (Langmuir, 1978; Dahlkamp, 2009; Dahlkamp, 2013). Typical reducing agents are for
example organic material, sulfide, or pyrite (Andreev and Chumachenko, 1964; Sharp et al.,
2011; Dahlkamp, 2013). During supergene overprinting of such primary uranium bearing
associations, U™ is re-oxidized, during which, uranyl-bearing minerals form (e.g., Finch and
Ewing, 1991; Gorman-Lewis et al., 2008). This is however not the case for the Michael vein. The
Michael vein is quite unique as it contains a wealth of supergene uranium-bearing minerals
(including rare Pb- bearing uranylarsenates, while primary uranium minerals such as uraninite are
missing entirely (this study, Walenta and Wimmenauer, 1961). Thus, uranium is present
exclusively as U™! both in Ba-, Pb-, Cu-, and Mg-uranyl arsenates and as a minor constituent in
mimetite. In some places along the vein, the accumulations of supergene uranium-bearing

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

Due to the lack of primary, U"V-bearing uranium bearing minerals, the supergene uranyl
minerals must have directly precipitated from a U™ '-bearing fluid where the mineralized vein
acted as the uranium trap (Fig. 12a). The most likely source of uranium is the granitic host rock,
which is slightly enriched in uranium (Martin, 2009; Dahlkamp, 2013). The release of uranium
from such rocks to the fluid by weathering is indicated by the presence of uranium in granitic
formation waters from southwest Germany (occasionally up to 30 pg/kg; Kéaf and KéB, 2008;
Gob et al., 2013) and the lower uranium concentration in altered granite compared to fresh
granite in the Schwarzwald (e.g., Hofmann, 1989). Although nat. As has a strong reduction

potential, it did not directly act as a uranium immobilization agent by U™ reduction. However,
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during weathering and oxidation of the vein system, the arsenic in the nat. As is oxidized, which
can then react with the uranyl bearing fluid to form the uranylarsenates. The, for the
uranylarsenates also needed, metal ions (e.g., Cu, Pb, Ba) are provided by weathering and
dissolution of gangue minerals such as galena, chalcopyrite and barite. It has been argued that
U™ sorption can limit the solubility of uranium even though the stabilities of uranyl arsenates
are not reached (Langmuir, 1978) and that sorption may be a precursor step to the local
enrichment of uranium/formation of uranyl minerals (Barton, 1956). This, however, seems not to
be the case in the Michael vein, since the uranyl-bearing minerals form exclusively in quartz vugs
and on fractures independent of typical adsorbents such as ferric oxides, hydroxides or organic
material. Thus, we assume a direct precipitation from the fluid due to oversaturation of the
respective uranyl arsenates by small-scale fluid mixing of compositionally contrasting fluids that

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

The dominance of uranyl arsenates over phosphates or silicates can be explained by the relatively
high solubility of the latter two (Langmuir, 1978). Still, the formation of such an abundance of
uranyl arsenates is an abnormal scenario, as dissolved phosphate and silicate is naturally much
more common than arsenate under supergene conditions in "common" surface waters (e.g.,
Johnson, 1971; Gob et al., 2013). In the present case, though, arsenates are stabilized by the high
arsenate concentrations released during supergene weathering of native arsenic, from which
several orders of magnitude more is needed than phosphor to produce arsenates instead of
phosphate (Fig. 12). The formation of the uranyl minerals is further promoted by other
parameters, such as pH and temperature. The typical weathering fluids and mine drainage fluids
in the Schwarzwald have an ideal pH (average of pH 6; Gob et al., 2013) for uranyl mineral

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

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

Although uranyl arsenates are generally less common than, for example, uranyl phosphates or
silicates, their general occurrence is nothing unusual. Extremely rare, however, is the formation
of Pb-bearing uranyl arsenates such as hallimondite and hiigelite. Both have less than 10
occurrences worldwide (mindat.org) and their type locality is the Michael vein. Their stability is
normally limited by the highly insoluble Pb-arsenate mimetite which is an extremely common
mineral with thousands of occurrences worldwide. The stability of mimetite, however, is strongly
dependent on the Cl-content of the fluid (Fig. 12¢). Accordingly, the Pb-uranyl arsenates form
due to the presence of sufficient Pb and As (supplied by the weathered hypogene minerals galena
and nat. As) combined with the depletion of Cl. The initial Cl-content of mine waters is
commonly in the range of 0.5-50 mg/kg (G6b et al., 2013). Due to the abundance of nat. As and
galena in the vein, mimetite is the most abundant supergene mineral of the Michael vein. The
precipitation of mimetite successively depletes the fluid in Cl, which enables the formation of Pb-
uranyl arsenates (Fig. 12c¢). Finally, the quite common occurrence of the Cu uranyl arsenate
zeunerite in the almost Cu-free Michael vein needs some explanation. Primary Cu-bearing
minerals such as chalcopyrite are not absent, but very rare in the Michael vein, and hence,
zeunerite was not expected to form in such an environment. However, due to the significantly
lower solubility of zeunerite relative to Pb-uranyl arsenates (clearly visible, even when
considering the large solubility uncertainty of hallimondite), zeunerite forms at a very low Cu

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

The nat. As-bearing mineralization stage of the Michael vein is a prime example to study the
mobility and precipitation mechanism of arsenic not only in hydrothermal base metal veins, but
many other types of hydrothermal environments. The requirements for nat. As formation can be

summarized as follows:

—_—

the availability of abundant aqueous arsenic,

2. reduced conditions,

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

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

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

If these requirements are met (which rarely occurs in nature), nat. As can form in large masses
and can become a substantial part of a mineralization. These conditions not only provide insight
on the formation of nat. As, but also on the absence of nat. As and presence of other As-bearing
minerals which is important to understand the fate of (toxic) arsenic in natural environments. If
for example condition 3 is not fulfilled, the resulting mineralization is arsenide-dominated, which
is typical of the native element-arsenide (five element) type of deposit (Bastin, 1939; Kissin,
1992; Markl et al., 2016; Scharrer et al., 2019). If condition 4 is not achieved, the result is a
realgar-orpiment mineralization, such as the geothermal fields of Uzon, Russia (Migdisov and
Bychkov, 1998; Cleverley et al., 2003) or the As-mineralization at Saualp, Austria (God and
Zemann, 2000). If both Fe and sulfide are abundantly present, the resulting dominant As-mineral

is arsenopyrite, which is common in most other As-bearing hydrothermal mineralizations.
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The initial lack of nat. As stability during ore formation by a predominating stability of other As-
bearing minerals does not exclude the late stage formation of nat. As. A relative abundance of
dissolved arsenic over dissolved Fe, Co, Ni and S and their depletion during ore precipitation can
lead to a saturation of nat. As. This explains the general late-stage occurrence of nat. As (e.g., Su
et al., 2009; Zheng et al., 2015; Scharrer et al., 2019). This late-stage nat. As formation is further

facilitated by lower temperatures.

If condition two (reduced environment) is not given, the mineralization is dominated by highly
insoluble arsenate minerals. Such an environment is, for example, produced by weathering of nat.
As-bearing mineralizations. The presence of nat. As and its highly reactive nature under oxidized
conditions can act as a natural barrier for uranium (U™"") dissolved in ground water where native
arsenic becomes oxidized to arsenate and forms a variety of different uranyl arsenates, depending
on the availability of metals such as Pb, Cu, or Ba. The insoluble nature of these uranyl arsenates
enables them to form at even low uranium concentrations (approx. 1 pg/kg) as are typical of the
granitic aquifers of the region (KB and KéB, 2008; Gob et al., 2013). This shows that nat. As-

rich mineralizations can act as a natural trap for U from groundwater.
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Table Footnotes

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

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

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

2. Thermodynamic data (A:G in kJ/mol) estimated or selected and incorporated into the
preexisting thermodynamic databases used in this study. [1] represents Vochten and Goeminne

(1984)

3. Compilation of minerals discussed in this manuscript.

4. Representative EPMA analyses.

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

the mineralization of the Michael vein.

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

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

types.

Figure 3. Images of hand specimen that depict the typical occurrence of stage I (a) and stage 11
(b-d). (b) Characteristic brecciation of the vein and subsequent cementing by stage II minerals, in
this case arsenic. The Zn-sulfides occur as either colloform textured aggregates of sphalerite and

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

Figure 4. Pyrite (a) and graphite (b) are enclosed in sphalerite. Jordanite-gratonite solid solution
minerals formed prior to/ during sphalerite precipitation (¢,d). Galena can also be found as small
grains in individual nat. As bands (€), but typically forms before/ during the initiation of nat. As,
and is thus found as inclusions in nat. As (). The triarsenide, skutterudide is rather rare and
mostly occurs at the transition between sphalerite and nat. As formation (g). Mineral aggregates
are characteristically brecciated and cemented by subsequent minerals, where jordanite crystals
are commonly pseudomorphed by nat. As (h,i). (c,gh, i) represent colloform samples and
(a,b,d,e,f) represent non-colloform samples. Image types: (C) BSE image, (a,b,d-h) reflected

light and (h,i) slightly dejusted but crossed polarized reflected light.
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Figure 5. Ore stage Ila minerals are commonly brecciated and cemented by fine grained quartz
(@), partially dissolved (b) or replaced (c). (d) A rare second generation of nat. As can form
remarkable overgrowths on realgar crystals. (e,f) Supergene druse fillings sometimes incorporate
uranyl arsenates. Image types: (@) reflected light, (b,c) crossed polarized reflected light and

(d,e,f) hand specimen images.

Figure 6. Compositional analyses of Zn-sulfides, classified according to their textural
occurrence, plotted to visualize potential micro-intergrowth with other minerals. Mineral
abbreviations: chalcopyrite (cp), fahlore (fhl), galena (gn), gersdorffite (gdf), jordanite-gratonite

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

Figure 7. pH-logfO, diagrams depicting mineral stabilities. Note stabilities may overlap, e.g., at
the stability conditions of galena, sphalerite is also stable. Diagrams (a,b) show the
thermodynamic stability of the Michael vein mineralogy at roughly neutral conditions. (c,d)
Striped-shaded region in represents the stability fields of As-sulfides, sphalerite, galena and
jordanite and is identical to (a). The bottom diagrams (c,d) show the impact of even slight

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

Figure 8. (a) Qualitative formation model of the Michael vein, nat. As-base metal mineralization.
(b) Qualitative diagrams depicting the impact of abundant Zn in stabilizing nat. As at higher

sulfidation states.
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Figure 9. pH-logfO, diagrams depicting mineral stabilities at higher Fe concentrations. Note
stabilities may overlap, e.g., at the stability conditions of galena, sphalerite is also stable. The
stability of arsenopyrite suppresses the stability of nat. As and thus preventing it from forming at

a neutral pH, even at reduced conditions.

Figure 10. Temp.-logfO, diagram at neutral conditions showing the impact of temperature on the

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

Figure 11. As- and S- logfO, diagrams depicting the impact of variable As and S content on the
stability of the minerals from the Michael vein at neutral conditions. Both, As and S increase the
stability of the As-sulfides. Thus, to form nat. As from a fluid with abundant As, sulfide must be

absent.

Figure 12. (a) Qualitative formation model for the uranyl arsenates presented by the example of
the Pb-uranyl arsenates hiigelite and hallimondite. Fluid-mineral reaction stability diagrams for
(b) an arsenic-bearing fluid reacting with galena in the presence of various amounts of phosphor,
(c) and the stability of Pb-arsenate, uranylarsenate and sulfate in the presence of various amount
of chlorine (d) an arsenic-bearing fluid reacting with galena in the presence of various amounts of
chalcopyrite. The uncertainty introduced by estimation of the solubility estimation of
hallimondite is given by the striped area and dashed lines. The diagrams show that even at low U
content of the fluid, uranyl arsenates can form. Furthermore, the Cu-uranyl arsenates are

significantly more stable than the predicted Pb-uranyl arsenates.
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Mineral Formula
sulfosalts, sulfarsenides and arsenides
chalcopyrite CuFeS;
galena PbS
gersdorffite NiAsS
gratonite PboAs4Sis
jordanite-geocronite Pb14(As,Sb)sS23
orpiment As;S3
pyrite FeS,
realgar As,S,
skutterudite (Ni,Co,Fe)As;
sphalerite/ wurzite ZnS
tennantite Cug[Cu4(Fe,Zn),]As4S13
native elements:
graphite C
native arsenic As

supergene minerals

adamite Zn,AsO,OH

anglesite PbSO,

cerussite PbCO;

goethite FeO(OH)

hallimondite sz(UOz)(ASO4)2 . 2H20
heinrichite Ba(UO,),(AsO,), - 8-10H,0
hugellt sz(UOz)3(ASO4)zOz . 5Hzo
malachite Cu,CO3(0OH),
meta-zeunerite Cu(U0O,),(As0O,), - 8H,0
mimetite Pbs(AsQ,)sCl

parsonsite Pb,(UO,)(PO4); - 2H,0
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