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Abstract Carbonate veinlets at Roter Bir, a former under-
ground mine in the polymetallic St. Andreasberg vein district
of the Harz Mountains, Germany, host selenide minerals that
are characterised as Bi—Ag-bearing clausthalite (PbSe), tie-
mannite (HgSe), guanajuatite (Bi,Se;) and a number of sele-
nides of Bi, Zn, Cu, Ag and Pd. An unnamed Bi-Pb—Ag sele-
nide species with some Hg and Cu, ideally Bi,Pb;Ag,Se,
is reported here. Specular hematite is disseminated within
the clausthalite, at the marginal zones of which other sele-
nide minerals are located. The occurrence of bohdanowiczite
(AgBiSe,) and umangite (Cu;Se,) constrains the formation
temperature to <120 °C, and the selenide-hematite assem-
blage (plus barite in the carbonate gangue) identifies highly
oxidised conditions. Selenide assemblages of Pb, Bi, Ag, with
and without Co and Ni, occur in many parts of the Variscan
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basement of central Europe (Harz, Erzgebirge, Schwarzwald
and Bohemian Massif) and represent a high-oxidation variety
of five-element (Ag—As—Bi—Co—Ni) veins.
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Introduction

Reduced selenium species have a much broader stability
range than reduced sulfur species with respect to oxidation
state of aqueous systems, a fundamental condition for the
deposition of selenide minerals (Goldschmidt and Hefter
1933; Simon et al. 1997; Xiong 2003). Chalcophile metals
in selenide minerals instead of sulfides can thus provide an
insight into the conditions of mineral formation. Bismuth
is one of such metals, often associated with the metalloids
arsenic and antimony. All three elements occur dominantly
as hydroxide or hydroxide—chloride complexes in hydro-
thermal systems and are highly soluble under oxic condi-
tions, but much less soluble under reducing conditions, with
the general solubility pattern of As > Sb > Bi. At 100 °C, for
example, the hydrothermal solubility of their oxides is on
the order of hundreds of ppm for As, tens of ppm for Sb and
for Bi on the order of ppm. Solubilities of As,S;/AsS/As,
Sb,S; and Bi,S; are orders of magnitude lower (Wood et al.
1987; Pokrovsky et al. 1996, 2006; Tooth et al. 2013).

Here, the geochemical behaviour of Bi is addressed by
describing a selenide occurrence at Roter Bér, a former
underground mine in the polymetallic veins of St. Andreas-
berg in the Harz Mountains, Germany. In addition to Ag and
base-metal sulfides, Roter Bar has selenide-mineral assem-
blages (Geilmann and Rose 1928; LieSmann and Bock 1993;
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Cabral et al. 2015). More than mineralogical curiosities,
selenide minerals can fingerprint the formation conditions
of economically significant metalliferous deposits, such as
those of the unconformity-related type. Our local observa-
tions are expanded to central Europe, indicating that selenide
veins likely represent a high-oxidation variety of sulfide-rich,
five-element (Ag—As—Bi—Co-Ni) veins.

Background information on geology
and mineralisation

Roter Bir is situated in the St. Andreasberg Ag—Pb—Zn—Cu
vein district (Fig. 1), about 1 km south of the Brocken gran-
ite in the Harz Mountains, within its contact aureole. The
local geology comprises an Early Carboniferous low-grade
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metamorphic sequence of slate, greywacke and marble,
affected by the Variscan orogeny and thermally metamor-
phosed to hornfels facies (Geilmann and Rose 1928; LieB-
mann and Bock 1993). The Brocken granite crystallised in
the late stage of the Variscan orogeny, at ca. 295 Ma (Sch-
oell 1970; Baumann et al. 1991).

The Palacozoic metasedimentary sequence of the Harz
Mountains formed the Variscan basement to Early Permian
red beds, volcanic rocks and evaporites, which are pre-
served in the Ilfeld and Meisdorf basins, south and north
of the Harz Mountains, respectively. These successions
were covered by the Zechstein Sea, the first transgression
of which deposited the Kupferschiefer. Long-lasting sub-
sidence all over the Central European Basin formed a thick
Mesozoic sequence of chemical and siliciclastic sediments.
Extensional tectonics controlled large-scale fluid movement
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Fig. 1 Upper Location of the silver-mining district of St. Andreasberg in the Harz Mountains. Lower Sketch of vein distribution at St. Andreas-
berg and location of the selenide occurrence described here (asterisk); square indicates the area of underground workings of the Roter Bér mine
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of both basinal and basement brines, which formed the
Kupferschiefer mineralisation at Sangerhausen, in the Harz
piedmont and elsewhere, and also polymetallic vein-style
mineralisation in the Variscan basement of the Harz Moun-
tains and elsewhere. The age of these hydrothermal events
is bracketed between about 130 and 260 Ma (Mertz et al.
1989; Hagedorn and Lippolt 1993; Boness et al. 1990; Sch-
neider et al. 2003; Symons et al. 2011). The 2-3-km-thick
Mesozoic cover strata were eroded from the Harz during
rapid Upper Cretaceous basin inversion and exhumation
accompanied by reactivation of Variscan and post-Variscan
NW-SE- to WNW-ESE-striking fault systems (von Eynat-
ten et al. 2008).

The St. Andreasberg mining district consists of a num-
ber of WNW-ESE- and NW-SE-striking quartz—carbon-
ate veins with the typical polymetallic main-phase min-
eral assemblage of the Harz Mountains: galena, sphalerite,
chalcopyrite and tetrahedrite. However, locally, a carbon-
ate phase with elevated silver contents (‘Edle Kalkspat-
Formation’) and the unusual mineral assemblage of native
arsenic, antimony, bismuth and silver, plus pyrargyrite—
proustite, dyscrasite and various base-metal sulfides/sulfos-
alts/arsenides, produced irregular bonanza-style silver min-
eralisation. This peculiar mineralisation style is worldwide
known as the ‘five-element vein-style mineralisation’ (Ag—
As—Bi—Co-Ni; Kissin 1992; Markl et al. 2016), which was
first observed in the Erzgebirge and there became known
as the ‘Bi—Co-Ni—Formation’ (Oelsner 1958). In the St.
Andreasberg district, these silver-rich ore shoots occur over
the full mining depth of about 800 m (in the Samson mine,
the deepest mine in the district). The total mine production
from 1521 to 1910 is estimated at 313 t Ag, 12,500 t Pb
and 2500 t Cu (Wilke 1952), but the total silver produc-
tion from the Harz Mountains is about 5000 t Ag, of which
about half came from the main-phase sulfide assemblage in
the Bad Grund mine (Stedingk and Stoppel 1993).

At the Roter Bir mine in the easternmost part of the St.
Andreasberg mining district, previous microscopic inves-
tigation indicated a number of selenide minerals in thin
hematite-bearing calcite veinlets, a few centimetres in
thickness, hosted in thermally metamorphosed greywacke
(Geilmann and Rose 1928). Chemical analysis of the bulk
ore (after separation of the carbonate—quartz gangue), in
combination with mineralogical work, allowed Geilmann
and Rose (1928) to identify the representative ore compo-
nents as: clausthalite (PbSe) (80 vol%), tiemannite (HgSe)
(15 vol%), guanajuatite (Bi,Se;) (2.5 vol%), zinc selenide
(today: stilleite) (ZnSe) (0.8 vol%), naumannite (Ag,Se)
(0.5 vol%), umangite (Cu;Se,) and berzelianite (Cu,Se)
(0.7 vol%), chalcopyrite (CuFeS,) (0.3 vol%), cobaltite
(CoAsS) (0.3 vol%), native gold (traces). The presence
of umangite is noteworthy because it decomposes above
about 110 °C (Chakrabarti and Laughlin 1981). Further

investigation led LiefBmann and Bock (1993) to recognise
adularia and the following selenide minerals: klockmannite
(CuSe), bohdanowiczite (AgBiSe,), eucairite (CuAgSe)
and ferroselite (FeSe,), as well as an unnamed Bi-Pb-Ag
selenide. Recent work on the historical sample material
from Rose (1927) identified mertieite-II [Pdg(Sb,As);] and
empirical PdCuBiSe; intergrown with clausthalite and gold
(Cabral et al. 2015). According to the paragenetic sequence
of Wilke (1952), the selenide occurrence belongs to the lat-
est stage of vein mineralisation in the St. Andreasberg dis-
trict, after the main sulfide mineralisation. However, else-
where in the Harz Mountains, main-stage sulfide veins are
considered to have been preceded by a hematite—carbon-
ate overprint, locally with selenide minerals (Tischendorf
1959; Kuschka and Franzke 1974).

The argentiferous, main-stage sulfide-vein mineralisa-
tion of the St. Andreasberg district has been considered
genetically related to the Brocken granite (Wilke 1952;
Moller et al. 1979). This view, nonetheless, has not been
held by some authors (e.g. Tischendorf 1959; Baumann and
Werner 1968; Kuschka and Franzke 1974). Dating of vein
adularia from St. Andreasberg constrains the end of the
main-stage sulfide mineralisation to 136 + 3 Ma (Ar-Ar
age; Mertz et al. 1989), which is younger than the Trias-
sic age ascribed to the sulfide mineralisation at Bad Grund
(238 &+ 20 Ma, Rb-Sr dating of illite; Boness et al. 1990)
and elsewhere in the eastern Harz (226 + 1 Ma, Rb-Sr dat-
ing of illite; Schneider et al. 2003). These ages and a simi-
lar broad spectrum of ages for post-Variscan hydrothermal
systems in central and western Europe indicate repeated
brittle deformation and fluid activity related to large-scale
geotectonic processes (Romer et al. 2010).

Sample material and analytical methods

The sample location is in the north-easternmost part of the
district (Fig. 1). There, selenide mineralisation was found in
1924 during exploration work carried out by the mining com-
pany Ilseder Hiitte. An adit, the Neuer Birener Querschlag,
was driven perpendicular to the Wennsgliickt vein at 170 m
from the entrance of the Sieberstollen adit in the NE direc-
tion about 200 m below the surface. The mineralisation com-
prised three NW-SE-striking carbonate-rich veins (dipping
60°-85°NE) in tourmalinised greywacke hornfels with seric-
ite—quartz—carbonate alteration, at 678, 681 and 700 m NE
of the Wennsgliickt vein in the Sieberstollen (Geilmann and
Rose 1928). These sites are no longer accessible. The sam-
ple material investigated here was recovered from a 3—8-cm-
thick veinlet located at 678 m (Fig. 2a). The specimen is a
3-cm-thick fragment of ankerite-rich vein. The ankerite-rich
vein does not cut the main-stage sulfide-vein mineralisation
and no selenide minerals occur in the host rock. Aggregates
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of ore minerals, here characterised as selenide minerals (see
below), form pockets in the host vein carbonate (ankerite and
calcite).

Reflected-light microscopy was followed by electron-
microprobe work using a Cameca SX 100 instrument at the
Technische Universitit Clausthal (TUC), Germany. Semi-
quantitative analyses were carried out in the energy-dispersive
mode to recognise major and minor elements, which were
selected for quantitative measurements in the wavelength-dis-
persive mode. Selenide minerals were analysed at 20 kV and
20 nA, with a beam diameter of 2 um. Reference materials
and X-ray lines were as follows: PbS for SKa and PbMo; HgS
for HgMa; and pure metals for BiMa, AgLa, CuLa and SeLa.

Results

Clausthalite is the main selenide mineral in the ore sample
studied, making up a massive matrix in which other min-
erals are hosted (Fig. 2b). The clausthalite is argentifer-
ous, with Ag contents between 1.1 and 1.3 wt% (Table 1).
The mineral also contains Bi in amounts between 2.5
and 3.3 wt% (Table 1). The clausthalite has inclusions of
hematite, which manifests itself as subhedral to euhedral,
tabular crystals (Figs. 2b, 3a). Yellowish crystals of strong
anisotropy are concentrated at marginal zones within the
clausthalite matrix (Fig. 3b).

a

Fig. 2 a Photograph of selenide-rich pockets (metallic grey) within a
3-cm-thick ankerite-rich veinlet (white). The specimen was sampled at
678 m north of the Wennsgliickt vein in the former Roter Bér mine
(Geilmann and Rose 1928). b Typical mineral assemblage of the vein-
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The anisotropic aggregates consist of a Pb—Bi—Ag sele-
nide with some Hg and Cu and, subordinately, a Ag—Bi
selenide. They are best distinguished from each other under
backscattered-electron imaging (Fig. 4), where the light-grey
and dark-grey domains are richer in Bi and Ag, respectively
(Fig. 4, X-ray maps). The less abundant Ag—Bi selenide has
21.9 wt% Ag and 42.4 wt% Bi (Table 2), corresponding to
bohdanowiczite (AgBiSe,), with some Pb (1.5-3.7 wt%).

The Hg—Cu-bearing Ag-Pb-Bi selenide has 31.2-
34.2 wt% Bi, 29.6-30.7 wt% Se, 21.7-26.1 wt% Pb and
6.1-7.9 wt% Ag, with 4.2-5.5 wt% Hg and minor, but
noticeable, contents of 0.7—-1.0 wt% S and 0.5-0.9 wt% Cu
(Table 2). Its average composition is 32.5 wt% Bi, 30.3 wt%
Se, 24.1 wt% Pb, 6.8 wt% Ag, 4.8 wt% Hg, 0.8 wt% S,
0.7 wt% Cu, amounting to 100.0 wt% (n = 16). Atomic
ratios of Y_ metal:(Se+S) show narrow variations, between
0.89 and 0.92, with a mean value of 0.91. Using the aver-
age chemical composition and 19 atoms per formula unit
[apfu; to comply with the ratio Y metal:(Se+S) = 9:10], an
empirical formula is obtained:

(Bis.79, Pb2.s3, Agy 55, Hgo 50, Cl0.27) g 5
(Se9.36, S0.61)9.97 Or, ideally, BisPb3Ag,Seio.

Besides hematite, present as inclusions in the massive
clausthalite, some chalcopyrite occurs in contact with, or
close to, the surface of the clausthalite. The distribution of

let with euhedral, tabular hematite (medium grey) and xenomorphic
tiemannite (medium grey) in clausthalite matrix (light grey). Interstitial
spaces (dark grey) consist of ankerite and calcite. Aggregates of tiny
needles (black) are probably illite. Reflected light, oil immersion
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Table 1 Electron-microprobe Wi% 1 2 3 4 5 6 7 8 9 10

analyses of clausthalite from

Roter Bir, St. Andreasberg Ag 116 131 121 1.12 121 128 LIl 1.05 1.19 1.15
Bi 2.56 3.28 2.69 2.51 2.74 2.68 2.59 2.46 2.45 2.55
Pb 68.53 67.51 68.23 69.21 68.59 68.08 67.92 68.60 68.83 69.09
S 0.33 0.49 0.50 0.42 0.53 0.45 0.31 0.34 0.28 0.42
Se 27.32 2722 2720 27.42 26.99 2724 2772 27.40 27.52 27.29
Total 9990 99.81 99.83 100.68 100.06 99.73 99.65 99.85 100.27  100.50
afpu
Ag 0.030 0.034 0.031 0.029 0.031 0.033 0.029 0.027 0.031 0.030
Bi 0.035 0.044 0.036 0.034 0.037 0.036 0.035 0.033 0.033 0.034
Pb 0.932 0913 0923 0.932 0.928 0923 0922 0.932 0.933 0.933
3 metals 1.00 0.99 0.99 0.99 1.00 0.99 0.99 0.99 1.00 1.00
S 0.029 0.043 0.044 0.037 0.046  0.039 0.027 0.030 0.025 0.037
Se 0.975 0.966 0.966 0.969 0.958 0969 0987 0.977 0.979 0.967
(Se+S) 1.00 1.01 1.01 1.01 1.00 1.01 1.01 1.01 1.00 1.00

Measurements for Cu and Hg were below the detection limits of 0.4 wt% for both metals

apfu atoms per formula unit

Fig. 3 Reflected-light

photomicrographs
clausthalite (white) with inclusions of hematite (grey) and gangue
(black). Pale-yellowish selenide minerals occur at the margin of

(oil  immersion) of

ore minerals suggests a paragenetic sequence from early
clausthalite and hematite, followed by bohdanowiczite and
the empirical BiyPbs;Ag,Se,, together with clausthalite, to
late chalcopyrite that was deposited on top of the hematite—
selenide aggregate.

Discussion
The Roter Bir selenide occurrence has a distinctive Bi

signature that is expressed as Ag—Bi-bearing clausthalite
and a number of Bi-bearing selenides (bohdanowiczite,

clausthalite. Chalcopyrite (vellow) is located on (a), or close to (b),
the surface of the clausthalite aggregate. Rectangle delineated in b
defines the area investigated in Fig. 4

guanajuatite, empirical Bi,Pb;Ag,Se;, and PdCuBiSe;).
Clausthalite with about 1 wt% Bi and bohdanowiczite
occur at Niederschlema—Alberoda, an unconformity-related
vein-type U deposit in the western Erzgebirge, Germany
(Forster 2005). Niederschlema—Alberoda contains a variety
of Bi selenides (Forster et al. 2005), being the type locality
of schlemaite, a Cu—Pb-Bi selenide (Forster et al. 2003).
The Bi-selenide mineralogy links Roter Bir not only to
Niederschlema—Alberoda, but also to other unconformity-
related vein-type deposits in central Europe. A pertinent
case is the Zalesi vein-type U deposit in the northern mar-
gin of the Bohemian Massif, Czech Republic (Dolnicek
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Fig. 4 Backscattered-electron (BSE) image of the area marked in
Fig. 3b. The pale-yellowish minerals of the latter are now resolved
as dark- and light-grey phases in the white matrix of clausthalite.
X-ray maps show the distribution of Ag, Bi, Pb and Se. The dark- and
light-grey phases in the BSE image are quantitatively characterised
in Table 2 as, respectively, bohdanowiczite (AgBiSe,) and empirical
Bi,Pb;Ag,Seq

et al. 2009). Zilesi is the type locality of litochlebite
(Sejkora et al. 2011), a Bi-Pb—Ag selenide, the com-
position of which is the one best approaching that of the
empirical Bi,Pbs;Ag,Se,, from Roter Bér. All three depos-
its, Roter Bir, Niederschlema—Alberoda and Zalesi, have
umangite and hematite associated with their Bi-selenide
species, indicating high-oxidation conditions at tempera-
tures of up to about 110 °C. We note that umangite has not
been observed in our sample material, but it was identified
at Roter Bér by Geilmann and Rose (1928). Umangite has
commonly been reported from other selenide occurrences
of the Harz Mountains (Table 3).

Uranium typically occurs in the five-element vein-style
mineralisation—that is, Ag—As—Bi—Co-Ni (Kissin 1992)—
which also includes Se. Although the Harz vein systems
have little U, it should be noted that uraninite is part of the

@ Springer

Roter Bér mineral paragenesis (Wilke 1952), as well as that
of Tilkerode in the eastern Harz, where bohdanowiczite and
a variety of selenide minerals are found (Table 3; Tischen-
dorf 1959; Stanley et al. 2002; Stedingk et al. 2016). Roter
Bir, Tilkerode and other selenide occurrences of the Harz
Mountains (Table 3), together with the aforementioned
examples in the Erzgebirge and Bohemian Massif, do gen-
erally present a spectrum of metals, such as Bi, Ag, Co and
Ni, which form sulfide—arsenide associations that are typi-
cal of the five-element vein-style mineralisation. Another
example of this mineralisation style is the Clara mine,
Schwarzwald, the Bi—Se component of which is mineralog-
ically expressed as bohdanowiczite in fluorite veins (Markl
2015).

The Bi—Se component and the ubiquitous hematite,
nonetheless, diverge from the classic five-element vein-
style mineralisation, which has metallic silver, bismuth and
arsenic followed by Co-Ni-Fe arsenides (e.g. Markl et al.
2016). Such a divergence can be explained by different oxi-
dation states: selenide minerals and hematite precipitate at
higher fO, than those at which metallic silver and bismuth,
and arsenides form (Fig. 5; see also Staude et al. 2012). In
much of the hematite stability field, ratios of total reduced
selenium to total reduced sulfur, ¥H,Se/>H,S, are >100
(Xiong 2003). Under such conditions, any late sulfide min-
eral eventually present—as is the case of the late chalco-
pyrite recorded in the Rote Bir hematite—selenide assem-
blage—represents exhaustion of XH,Se.

Another divergence arises from mechanisms of metal
precipitation. Whereas abrupt changes in redox are thought
to play a major role in metal precipitation in five-element
veins (e.g. Markl et al. 2016), high Se concentrations in
combination with high-oxidation fluids are required to
form selenide minerals (Simon et al. 1997). Such differ-
ences are reflected in sulfide—arsenide assemblages that are
either preceded or followed by selenide assemblages, as
encountered in unconformity-related deposits. For exam-
ple, selenide assemblages followed sulfide—arsenide min-
erals at Chaméane, in the Massif Central of France (Johan
et al. 1982). It may therefore be valid to regard the selenide
occurrences of the Harz Mountains as part of the five-ele-
ment vein spectrum.

Bohdanowiczite as temperature-constraining mineral

Bohdanowiczite has commonly been reported together with
umangite (Bana$ et al. 1979; Pringle and Thorpe 1980;
Forster et al. 2005; Sejkora et al. 2011). Both minerals
have stability temperatures that are independent from each
other; therefore, textural equilibrium between umangite
and bohdanowiczite is not a sine-qua-non requirement for
temperature constraining. In the Cu—Se system, the mineral
umangite is stable below about 110 °C (Chakrabarti and
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Table 2 Electron-microprobe analyses of Ag—Bi selenides from Roter Bér, St. Andreasberg

wt% 1 2 3 4 5 6 7 8 9

Ag 22.27 21.51 21.77 6.91 6.25 6.61 6.41 6.45 6.43
Bi 43.15 42.34 41.78 31.91 32.36 31.75 3221 32.38 31.34
Cu <0.4 <0.4 <0.4 0.62 0.69 0.60 0.54 0.82 0.87
Hg 0.43 0.45 <0.4 4.58 5.00 4.62 4.83 5.23 4.54
Pb 1.53 2.00 3.71 24.84 24.19 2545 24.79 24.32 26.11
S 0.37 0.22 0.22 0.71 0.95 0.88 0.95 0.78 0.85
Se 32.58 32.61 32.95 30.44 29.78 29.64 30.20 30.33 30.04
Total 100.33 99.13 100.43 100.01 99.22 99.55 99.93 100.31 100.18
afpu

Ag 0.975 0.957 0.957 1.567 1.426 1.509 1.451 1.457 1.454
Bi 0.976 0.972 0.948 3.734 3.811 3.742 3.765 3.777 3.658
Cu 0.239 0.267 0.233 0.208 0.315 0.334
Hg 0.010 0.011 0.558 0.613 0.567 0.588 0.635 0.552
Pb 0.035 0.046 0.085 2.932 2.873 3.026 2.922 2.861 3.074
% metals 2.00 1.99 1.99 9.03 8.99 9.08 8.93 9.04 9.07
S 0.055 0.033 0.033 0.542 0.729 0.676 0.724 0.593 0.647
Se 1.949 1.981 1.978 9.428 9.281 9.247 9.342 9.362 9.281
(Se+S) 2.00 2.01 2.01 9.97 10.01 9.92 10.07 9.96 9.93
wt% 10 11 12 13 14 15 16 17 18 19

Ag 6.83 6.99 6.13 7.86 6.97 6.54 7.57 7.68 7.06 6.71
Bi 31.24 3331 31.24 33.66 32.81 32.53 33.84 34.15 32.07 32.60
Cu 0.75 0.75 0.51 0.61 0.82 0.73 0.92 0.74 0.58 0.80
Hg 4.87 5.23 5.49 4.23 4.80 4.96 4.73 4.76 4.94 4.65
Pb 25.93 22.60 25.63 22.36 23.59 23.85 21.73 21.87 24.52 23.57
S 0.74 0.84 0.73 0.75 0.85 0.81 0.78 0.68 0.84 0.74
Se 30.29 30.52 29.95 30.69 30.07 30.66 30.68 30.68 30.31 30.50
Total 100.65 100.24 99.68 100.16 99.91 100.08 100.25 100.56 100.32 99.57
afpu

Ag 1.541 1.571 1.407 1.765 1.575 1.475 1.692 1.723 1.592 1.521
Bi 3.638 3.864 3.701 3.900 3.826 3.786 3.905 3.954 3.733 3.814
Cu 0.287 0.286 0.199 0.232 0.314 0.279 0.349 0.282 0.222 0.308
Hg 0.591 0.632 0.678 0.511 0.583 0.601 0.569 0.574 0.599 0.567
Pb 3.046 2.644 3.062 2.613 2.775 2.800 2.529 2.554 2.879 2.781
> metals 9.10 9.00 9.05 9.02 9.07 8.94 9.04 9.09 9.02 8.99
S 0.562 0.635 0.564 0.566 0.646 0.614 0.587 0.513 0.637 0.564
Se 9.336 9.369 9.390 9.412 9.281 9.444 9.370 9.401 9.338 9.445
(Se+S) 9.90 10.00 9.95 9.98 9.93 10.06 9.96 9.91 9.98 10.01

1-3 bohdanowiczite, 4-19 Hg—Cu-bearing Bi-Pb—Ag selenide

apfu atoms per formula unit

Laughlin 1981). In the AgBiS,~AgBiSe, system, hexagonal
AgBiSe, transforms to a rhombohedral form above 120 °C
(Wernick 1960). Since natural AgBiSe, is the hexagonal
mineral bohdanowiczite, the occurrence of bohdanowiczite
indicates formation temperatures of <120 °C. Such low
temperatures are supported by the finding of bohdanow-
iczite as an authigenic mineral, formed below 100 °C, in
the cores of reduction spheroids from Permian red beds of

northern Switzerland (Hofmann 1990; vide below discus-
sion on metallogenetic implications).

Bismuth as brine fingerprint
Direct evidence for the involvement of brines at Roter Bir is

lacking; no fluid-inclusion studies are available. Neverthe-
less, the empirical phase Bi,Pb;Ag,Se,, contains Pb and Ag,
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Table 3 Main characteristics of selenide occurrences of the Harz Mountains

Locality Host rock (age) Mineralisation style Selenide minerals

Clausthal
Frische Lutter (Bad Lauterberg)
Henriette (Sieber)

Greywacke (Early Carboniferous) Quartz vein cl, na, tie and Co selenide

Greywacke (Early Carboniferous) Quartz—barite vein boh, cl, gua

Greywacke (Early Carboniferous) Quartz—barite vein cl, boh, nev, kl, um

Lerbach Slate and metabasite (Middle Devo- Quartz—ankerite vein be, cl, kl, kr, tie, um and Tl-bearing
nian) selenides (cr, sa)
Rieder (Gernrode) Greywacke (Early Carboniferous) Ankerite-hematite vein  be, cl, eu, kl, na, tie, um and Co-Ni

selenides (tro, ty)

Roter Bir (St. Andreasberg) Greywacke (Early Carboniferous) Ankerite vein be, boh, cl, eu, fe, gua, ki, na, st, tie, um,

unnamed minerals Bi,Pb;Ag,Se (this
work) and PdCuBiSe;

Tilkerode Graptolite shale (Wenlockian) and Ankerite-hematite vein  at, be, boh, ch, cl, ge, kl, na, tie, tis, um
metabasite and Co—Ni selenides (bor, fr, pe, tro,
tri, ty)
Trogtal Greywacke (Early Carboniferous) Dolomite-hematite vein  cl, eu, fe, tie and Co—Ni selenides (bor,
fr, pe, tro)
Zorge Slate and metabasite (Middle Devo- Quartz—ankerite vein at, be, cl, kl, na, tie, um and Tl-bearing

nian) selenides (cr, sa)

Localities are indicated in Fig. 1. Mineral abbreviations: at athabascaite, be berzelianite, boh bohdanowiczite, bor bornhardtite, ch chrisstanley-
ite, cl clausthalite, cr crookesite, eu eucairite, fe ferroselite, fr freboldite, ge geffroyite, gua guanajuatite, k/ klockmannite, kr krutaite, na nau-
mannite, pe penroseite, sa sabatierite, st stilleite, fie tiemannite, tis tischendorfite, tro trogtalite, trii tristedtite, ty tyrrellite, um umangite

Data source Belendorff (1997), Cabral et al. (2012, 2015), Frebold (1927), Geilmann and Rose (1928), Heider (2014), Heider and Siemroth
(2012), Keutsch et al. (2009), Koch (2008), LieBmann and Bock (1993), Ramdohr and Schmitt (1955), Stanley et al. (2002), Stedingk et al.

(2016), Tischendorf (1959), Wallis (1994)

-25 1

log fo,

Fig. 5 Diagram of pH versus log fO, at 200 °C for iron minerals
(dotted lines) and aqueous selenium species (dashed lines)—data
from Xiong (2003)—superimposed on the predominance fields of
metallic silver and bismuth and arsenides (skutterudite and safflorite),
as calculated by Markl et al. (2016). The field where selenide miner-
als form is schematically depicted (arrowed). The Bi-Ag—Se mineral
assemblage of Roter Bir can be regarded as an oxidised variant of the
five-element vein-style mineralisation. Hm hematite, Mt magnetite,
Po pyrrhotite, Py pyrite
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which are efficiently transported as chloride complexes in a
wide spectrum of hydrothermal environments (e.g. Wood et al.
1987; Wood and Samson 1998), particularly in oxidised solu-
tions poor in reduced sulfur, a necessary condition to deposit
selenide minerals. Therefore, it is reasonable to propose that
empirical Bi,Pbs;Ag,Se,, was deposited from oxidised brines
in which Bi, Pb and Ag were soluble as chloride complexes.
Evidence for high-salinity Na—Ca—Cl brines at relatively
low temperatures of 100-180 °C comes from fluid-inclu-
sion microthermometry of minerals from several post-Vari-
scan hydrothermal fluid systems in the Harz Mountains,
such as hematite—carbonate veins and main-stage sulfide
mineralisation (Liiders and Moller 1992). Further evidence
for oxidised brines is available from other occurrences
of Bi selenides in post-Variscan veins. In the Erzgebirge,
hydrothermal solutions responsible for the polymetallic
and U mineralisation, which includes Bi-selenide miner-
als, were brines trapped at homogenisation temperatures
below 200 °C (e.g. Thomas and Tischendorf 1987). At
Zalesi, trapped brines have highly variable halogen ratios
that indicate derivation from evaporated sea water, possibly
from the overlying Permian—Triassic evaporitic sequences
(Dolnicek et al. 2009). Such a Zechstein-derived origin for
fluid salinities found in the post-Variscan vein-type depos-
its has also been suggested by S-isotope data of sulfide
minerals from the Harz Mountains (e.g. Zheng and Hoefs
1993), the Spessart (Wagner et al. 2010) and regional
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studies in western Europe (Dill 1994; Schmidt Mumm and
Wolfgramm 2004), as well as by CI/Br ratios of fluid inclu-
sions from various post-Variscan vein systems in central
and western Europe (e.g. Fusswinkel et al. 2013; Burisch
et al. 2016; Walter et al. 2016).

Age of selenide minerals at Roter Bir

According to Wilke (1952), the Roter Bir selenide minerals
belong to the latest hydrothermal stage. In contrast, Kuschka
and Franzke (1974) consider the hematite-bearing overprint,
locally with selenide minerals, as the oldest hydrothermal
stage, younger than the Early Permian (Ilfeld basin). A precise
age for the hematite—selenide assemblage at Roter Bér remains
uncertain. It is pertinent, nonetheless, to note that hematite-
impregnated adularia from the Hasserode vein system near Wer-
nigerode, which is similar to the St. Andreasberg vein system
(Wilke 1952), formed at about 140 Ma (142 + 2 Ma, K-Ar;
136 £ 3 and 138 & 3 Ma, Ar—Ar; Hagedorn and Lippolt 1993).
This age coincides with that obtained for the St. Andreasberg
adularia (136 £ 3 Ma, K-Ar; Mertz et al. 1989), indicating that
both ages are geologically meaningful. Consequently, a hema-
tite-forming event could have taken place at ca. 135-140 Ma,
which is temporally close to the Kupferschiefer metalliferous
mineralisation at Sangerhausen, with which Late Jurassic hem-
atite-rich (Rote Faule) alteration is spatially associated (Symons
et al. 2011). The temporal proximity of the above-mentioned
ages and the specular hematite within the Roter Bér clausthal-
ite could link the oxidising overprint at Roter Bar with the Rote
Fiule at Sangerhausen. Such a temporal linkage, however,
requires confirmation. Even if the Roter Bér hematite and the
Rote Fiule hematite are not contemporaneous, their fluids could
have had a common source—that is, fluids sourced from the
sedimentary cover. In this regard, high-oxidation fluids from the
Permo-Triassic red-bed sedimentary cover have been recorded
in basement rocks immediately underneath the Variscan uncon-
formity in the Spessart district (Fusswinkel et al. 2014).

Metallogenetic implications

The Roter Bir selenide occurrence has a Bi-Pb—Ag—(Au—
Pd) metal association similar to post-Variscan, unconform-
ity-related vein-type deposits, not only in central Europe,
but also in the UK (Shepherd et al. 2005). Further similari-
ties come from the oxic interface zone (equivalent to the
Rote Fiule at Sangerhausen) immediately below the Kup-
ferschiefer orebody in the Lubin mining district of Poland
(Piestrzynski et al. 2002; Pieczonka and Piestrzyniski 2005).
This basin-wide oxic zone within the uppermost part of
the Weissliegend sandstone is dominated by hydrothermal
hematite and has gold contents up to the ppm range, and
PGE contents in the 100-ppb range. The mineral associa-
tion exhibits a great variety of selenides and arsenides of

Cu, Pb, Bi, Pd, Ag, Au and Pd (Pieczonka and Piestrzyriski
2005). Analogous metal and mineral assemblages, with
clausthalite and klockmannite as the dominant selenides,
have also been reported from the Rote Féule zone at the
Kupferschiefer deposit of Spremberg in Lower Lusatia,
SE Germany (Kopp et al. 2012). Similar metal signatures,
but lacking economic significance, have been observed in
the cores of reduction spheroids in Permo-Triassic conti-
nental red beds of northern Switzerland (Hofmann 1990).
The most common selenides in such reduction spheroids
are clausthalite and bohdanowiczite. As pointed out by
Hofmann (1990), during diagenesis of the red beds, met-
als were mobilised by brines at temperatures below 100 °C.
The point to be made here is that oxidised brines led to the
deposition of Bi selenides both in the Permian red beds and
in the Variscan basement in the Harz (Roter Bér), as well as
in other localities. This point implies that rocks of the Vari-
scan basement and the Permo-Triassic sedimentary cover
were affected by large-scale overprint by oxidised brines.

Conclusions

The Roter Bir mineral assemblage of hematite, clausthal-
ite, bohdanowiczite and empirical Bi,Pb;Ag,Se,, precipi-
tated at high oxidation. The deposit can be described as an
oxidised variant of the five-element vein-style mineralisa-
tion. Comparison with natural occurrences and experimen-
tal work suggests that bohdanowiczite constrains the tem-
perature of mineral formation to <120 °C. The selenide
minerals at Roter Biér likely resulted from oxidised brines,
the salinity of which was instrumental in transporting Bi
and other metals. Bismuth, particularly as Bi-bearing sele-
nides, seems to be typical of unconformity-related vein-
type deposits in the Variscan orogen of central Europe.
Identification of Bi—Se minerals can be used as evidence
for metal transport by oxidised brines.
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