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Abstract

Unusual hydrothermal native As-sulfide +native Ag + arsenide + antimonide + sulfosalt ore shoots and their co-genetic
sulfide-fluorite-barite-quartz host veins, which are common in the region and in whole Central Europe, were investigated at
three localities in the Schwarzwald, SW Germany, to understand the physico-chemical processes governing the change from a
normal (=common) hydrothermal to an exceptional ore shoot regime. Based on fluid inclusions, the formation of the gangue
minerals is the result of binary mixing between a NaCl-rich brine and a CaCl,-rich brine (both ~20 wt% NaCl aq.). This
mixing correlation, major and minor fluid composition, formation temperature (~ 150 °C), and §>*S signature are identical
(within error) in ore shoots and host veins. Thermodynamic modeling indicates that ore shoot formation must have resulted
from a change in redox conditions by a local influx of a volumetrically minor reducing agent, probably hydrocarbons. The
elemental content and the mineralogy of each ore shoot locality (Ag-As-rich: Miinstertal; Ag—Ni-As-rich: Urberg; Ag—Ni-
As-Sb-rich: Wieden) reflect the metal content of the binary mixed fluid, while mineral textures, successions, and assemblages
are thermodynamically and, regarding sulfur, kinetically controlled. The formation of vein and ore shoot sulfides requires
an addition of sulfide, most probably from the sulfide-bearing host rocks, because thermodynamic and kinetic reasons sug-
gest that the two major vein-forming and metal-bearing fluids are not the source of the sulfur. The final ore shoot textures
are influenced by later hydrothermal remobilization processes of As and Ag. This results in a number of sulfosalts, mostly
proustite-pyrargyrite. Interestingly, the greater thermodynamic stability of Sb-endmember sulfosalts enables them to form
even in As-dominated fluid systems.

Keywords Five-element association - Native arsenic - Hydrothermal ore shoot - Reduction - Native silver

Introduction

In many hydrothermal deposits, the ratio of gangue to ore
minerals varies significantly within a specific deposit (e.g.,
Lindgren 1913; Guilbert and Park 2007). Those parts which
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are or have been economically mineable are commonly
referred to as ore shoot or—in the case of economically
extremely valuable ore shoots—as bonanzas (e.g., Lindgren
1913; Guilbert and Park 2007; Squire et al. 2008).

The formation of ore shoots, in general, is closely linked
to the origin of each deposit and the spatial variability of
chemical and physical conditions during deposition (Hise
1900; Penrose 1910). Thus, reasons for the formation of
local ore concentrates are numerous, including:

e Physical segregation and accumulation (e.g., Penrose
1910; Ewers and Hudson 1972; Tomkins 2010);

e Structure and intersection of fissures as well as the physi-
cal character of the wall rock that may provide preferred
pathways, offer advantageous space, or trap the metal-
bearing solution/magma into favorable positions (e.g.,
Hulin 1929; Gough 1965; Stone and Archibald 2004;
Paez et al. 2016);
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e Local mixing or influx of a further gaseous or liquid
fluid into or phase separation of the ore-bearing solu-
tion/magma (e.g., Penrose 1910; Hulin 1929; Shepherd
et al. 1991; Markl et al. 2016);

e Chemical character of the wall rock (e.g., Hulin 1929;
Shepherd et al. 1991; Squire et al. 2008; Kreissl et al.
2018);

e Post-depositional remobilization by alteration and/or
weathering (e.g., Tomkins et al. 2004; Collins et al. 2012;
Fougerouse et al. 2016; Paez et al. 2016).

Most ore shoots are structurally controlled, for example
directly or indirectly by preferred fluid pathways, but struc-
ture alone does not promote ore formation (Penrose 1910).
Thus, not only one, but a combination of the above-named
and further factors leads to the formation of ore shoots.

In this study, three ore shoot-bearing unconformity-
related hydrothermal fluorite-quartz-barite vein systems in
the Schwarzwald, SW Germany, are investigated to under-
stand the formation of such ore shoots and the transition
from normal barite-fluorite-sulfide veins to these native ele-
ment- and arsenide-dominated ore shoots. In the following,
we chose to label the fluorite-barite-carbonate vein type with
galena, sphalerite, and chalcopyrite, which is very common
in the Schwarzwald region and over the whole of Europe,
as “normal,” knowing that there are many other vein types
which could be equally designated like this. The ore shoots
investigated here differ from many other ore shoots world-
wide in that they show not only enrichment in ore minerals
but also a significant change in ore mineralogy relative to
the larger, hosting, hydrothermal vein system. Specifically,
ore mineralogy changes from a common galena-sphalerite-
chalcopyrite assemblage to an unusual native element+ arse-
nide + sulfarsenide association, while the gangue minerals
vary only in relative mineral abundance (Otto 1967; Brill
et al. 2018; Steen 2020).

Such strongly contrasting mineral assemblages in hydro-
thermal veins are easily interpreted either to represent two
different mineralization stages operating at different times
or to represent a change in fluid composition and/or source
in combination with a change in parameters such as pH, f,,
or temperature. As in some cases most of the economic value
of a specific vein lies in bonanza-style ore shoots (Lindgren
1913; Guilbert and Park 2007; Gloyn-Jones and Kisters
2019), it is vital to understand the formation of these features
in relation to the larger hydrothermal vein system.

Hydrothermal veins generally form by either a change in
pressure, a change in temperature (mostly cooling), fluid-
host rock reaction, fluid mixing, effervescence, boiling, or a
combination of those (Barnes 1997). For the ore shoot-bear-
ing main hydrothermal stage in the localities investigated in
this study, Scharrer et al. (2021) concluded the veins to have
formed by fluid mixing which agrees with many precursor
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studies on similar veins in the region (e.g., Baatartsogt et al.
2007; Fusswinkel et al. 2013; Walter et al. 2016).

The ore shoot assemblage studied strongly resembles
typical features of hydrothermal native element-arsenide
assemblages (Kissin 1992). These consist of dendritic native
Ag and/or native Bi; zoned Ni-, Co-, and Fe-arsenides and
sulfarsenides; and late-stage native As (Bastin 1939; Kissin
1988, 1992; Markl et al. 2016; Scharrer et al. 2019; Guilcher
et al. submitted). The importance of the redox state during
the formation of native element-arsenide associations has
been assumed before (Robinson and Ohmoto 1973; Kissin
1993; Ondrus et al. 2003a), but Markl et al. (2016) first pro-
posed an integrated model explaining all textural, mineralog-
ical, and geochemical features of five-element associations.
Several studies showed their formation to be directly linked
to the process of reduction (Naumov et al. 1971a; Markl
et al. 2016; Burisch et al. 2017a; Kreissl et al. 2018; Scharrer
et al. 2019). Scharrer et al. (2019) proposed (but could not
prove unequivocally) that the sole process of reduction suf-
fices to account for the formation of native element-arsenide
associations and that the rest of the fluid chemistry could
remain unchanged. This hypothesis was based on the fact
that parameters such as elemental abundance in the ore, for-
mation temperature, salinity, and host rock can greatly vary
between all native element-arsenide associations worldwide,
while their conspicuous dendritic textures are ubiquitous and
the typical mineralogical sequence of native Ag+native
Bi— Ni-arsenides — Co-arsenides — Fe-arsenides — native
As is the same at almost all localities. Furthermore, this
mineral sequence can be thermodynamically modeled by
simple reduction (Scharrer et al. 2019).

All these studies, however, could not show that the ore
shoots formed from exactly the same fluid (or mixed fluid)
as the rest of the vein. In this respect, we are lucky, because
the main difference between our ore shoots and many other
worldwide occurrences of native element-arsenide assem-
blages is that the latter typically form as an individual ore
stage that is succeeded by a sulfide-bearing stage, while in
our study area, the normal sulfide-bearing assemblage forms
prior to, during, and subsequent to the native element-arse-
nide—bearing ore shoots. This fact renders them ideal candi-
dates to investigate the difference in physico-chemical con-
ditions between the normal and the native element-arsenide
assemblages and the geological and/or geochemical process
behind the change from one to the other.

Regional geology

The three hydrothermal veins investigated in the present
study include the former Teufelsgrund-Schindler-Herren-
wald vein system in the Miinstertal with Ag-As ore shoots,
the former Gottesehre mine with associated parallel veins
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near Urberg with Ag—Ni-As ore shoots, and the Anton
and Tannenboden veins near Wieden with Ag—Ni-As-Sb
ore shoots. These three localities are the only ones in the
Schwarzwald which show ore shoots rich in native arsenic
and native silver and are described in detail in the subse-
quent chapter. The investigated vein systems are situated
in the southern Schwarzwald, a Variscan basement area in
SW Germany (Fig. 1a). The basement consists of mostly
granitic and gneissic Variscan crystalline rocks which are
discordantly overlain by a Mesozoic terrigenous to marine
sedimentary cover (Geyer et al. 2011). This setting was dis-
turbed during the opening of the Upper Rhine Graben with
its normal fault-dominated regime (Geyer et al. 2011). Uplift

of the rift flanks led to partial erosion of the sedimentary
cover as well as part of the basement and resulted in the
present-day topography: a mountain range with an elevation
between 300 and 1500 m above sea level. Today’s outcrop-
ping surface in the southern Schwarzwald was originally
situated about 2-3 km below the former basement-cover
unconformity (Rupf and Nitsch 2008).

The preexisting geological, mineralogical, and geochemi-
cal literature on the Schwarzwald is vast and includes its
geology (Geyer et al. 2011), stable and radiogenic isotope
studies (e.g., Staude et al. 2011; Walter et al. 2015), miner-
alogical studies (e.g., Metz et al. 1957; Staude et al. 2007,
2010, 2012; Markl 2017a), geochronological studies (e.g.,
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Fig.1 a Geological map of the Southern Schwarzwald in SW Ger-
many with the investigated localities highlighted (modified from
Scharrer et al. 2021; original geological map from LRGB GUK300).
1: Teufelsgrund and Giftgrube mine, Miinstertal; 2: Gottesehre mine,
Urberg; 3: Anton and Tannenboden mine near Wieden. BLZ stands
for Badenweiler-Lenzkirch zone, which represents an east—west strik-

ing Variscan suture zone filled with low-grade metamorphic clas-
tic sediments. b Image of a typical banded vein by Matthias Zizel-
mann and ¢ image of a granitic wall rock breccia which are typically
cemented by sulfides and quartz. Both b and ¢ are modified from
Scharrer et al. (2021)
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Pfaff et al. 2009; Walter et al. 2018b), fluid inclusion studies
(e.g., Schwinn et al. 2006; Baatartsogt et al. 2007; Walter
et al. 2016; Burisch et al. 2017b), and weathering studies
(e.g., Keim et al. 2018). This solid geoscientific background
helps in constraining the boundary conditions for the present
study.

The region has a long-lasting history of hydrothermal
activity which ranges from the Variscan Orogeny to recent
times (Walter et al. 2018b). This hydrothermal activity pro-
duced more than 1000 unconformity-related, hydrothermal
veins showing a large variability of mineral associations, of
which some have been mined since pre-Roman times (Markl
2015, 2016, 2017a, 2017b). Walter et al. (2016) character-
ized five temporal maxima of hydrothermal mineralization
based on the mineralogy, fluid characteristics, and age dat-
ing. Direct dating of individual minerals of the investigated
vein systems by Walter et al. (2018b) showed that the ore
shoot-bearing major hydrothermal stage lasted from the Tri-
assic until the Early Cretaceous. This in combination with
the fluid composition and vein mineralogy lets Scharrer et al.
(2021) conclude that the investigated ore shoots and the
associated main ore stage of these veins formed during the
fourth of the five hydrothermal maxima in the Schwarzwald
(see Walter et al. 2016, for the detailed terminology). Thus,
this stage belongs to the Triassic-Cretaceous vein group
(Walter et al. 2018b), commonly labeled Jurassic-Cretaceous
fluorite-quartz-barite-carbonate vein group, which generally
formed at temperatures between ~ 50 and 200 °C and salini-
ties of 20-30 wt% NaCl + CaCl, (Walter et al. 2016, 2017).
Reactivation of these veins during the Upper Rhine Graben
rifting produced other subsequent metal occurrences and
deposits.

Location of the study

Each investigated vein system comprises several veins which
are N-S and/or NE-SW striking and nearly vertically dip-
ping. Individual veins are under 1 km, up to 2 km, and up
to 5 km in length for Wieden (Zeschke 1959; Werner et al.
2020), Miinstertal (Schiirenberg 1950; Bliedtner 1978),
and Urberg (Otto 1967; Brill et al. 2018), respectively. The
veins consist of elongated, up to 100 m long lenses and vein
sections with a highly variable width between 1 and 3.5 m
(e.g., this study; Schiirenberg 1950). The width is strongly
dependent on the host rock, is wider in gneiss than in gran-
ite, and can locally decrease to only a few centimeters (this
study; Metz et al. 1957; Otto 1964, 1967; Brill et al. 2018).
On average, the veins consist of ~60 vol% fluorite, which,
together with mainly quartz and barite, forms a banded
structure (Fig. 1b) (Metz et al. 1957; Zeschke 1959; Otto
1964; Steen 2013; Markl 2017a; Brill et al. 2018). Sulfides
occur as either local aggregates within the banded structure,
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or more commonly, are bound to host rock breccias (Fig. 1c).
Each of the three vein systems hosted several ore shoots in
the mined portions of the veins, at least three in the Miinster-
tal, five at Wieden, and at least six at Urberg (Fig. 2). While
the gangue mineralogy and mineral successions are fairly
similar for the three vein systems (Metz et al. 1957), the ore
shoots show an interesting variation from Ag-poor in the
Miinstertal to Sb-rich and Ni-bearing in Wieden and to Ag-
and Ni-rich in Urberg. These ore shoots and/or vein sulfide
accumulations are commonly spatially related to wider vein
sections and brecciated zones and/or bound to the vein-host
rock boundary (Fig. Ic) (Metz et al. 1957; Zeschke 1959;
Grundmann 1971; Widemann 1988; Markl 2017a; Brill
et al. 2018). Impregnations of the ore shoot mineralogy into
the host rocks are very rare or absent (Zeschke 1959; Brill
et al. 2018). The local host rocks of the veins at the three
localities are mostly made up of gneisses with local enrich-
ments of graphite and/or sulfides (Metz et al. 1957; Bliedtner
1978; Brill et al. 2018). Locally dikes of granitic rocks occur
(Geyer et al. 2011). In addition to gneisses and granites, the
region around Urberg also comprises local occurrences of
diorites, amphibolites, and norites with associated magmatic
Ni—Fe-sulfide lenses (Otto 1964; Brill et al. 2018).

The veins in question were subject to various mining
efforts dating back to medieval silver extraction and ending
with fluorite extraction during the second half of the twenti-
eth century (Markl 2004). In the twentieth century, the fluo-
rite concentrate production totaled ~0.5 Mt and ~0.15 Mt
for the Wieden and Urberg veins over a period of ~40 years
and ~ 30 years, respectively (Markl 2017a). The calculated
remaining reserves for Wieden were another 0.4 Mt at the
time of mine closures in 1965 (Hauck 2020). Although flu-
orite concentrate was the main product, small amounts of
barite concentrate and mixed sulfide concentrate were also
recovered at Wieden in the twentieth century (Markl 2017a).
The mixed sulfide concentrate was used to extract both sil-
ver and lead as minor byproducts, but the amounts were
quite low (Markl 2017a). As an example, rough estimates
indicate that the mined vein material without the ore shoots
contained a total of ~20 t Ag at Urberg, while the ore shoots
therein contained up to twice as much Ag.

All ore shoots have been mined out between 1960 and
1982 and are inaccessible today. Hence, the structural rela-
tions between vein and ore shoot can only be inferred from
the literature (Schiirenberg 1950; Otto 1967; Grundmann
1971; Bliedtner 1978; Brill et al. 2018; Steen 2020; Werner
et al. 2020). Their mineralogical composition is based on
collection material from the senior author and from the Uni-
versity of Tiibingen, while additional microscopic images
of samples from the Wieden vein system were provided
by Giinter Grundmann (1971) who had previously worked
on the Wieden ore shoots. The hand specimens were care-
fully compared and inspected; representative samples of ore
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Fig.2 a—c Maps and cross sections of the three investigated locali-
ties showing the ore shoot distribution. Ore shoot description shows
mining date, characteristic mineralogy, and size. Depicted ore shoot
information and location have been inferred from the literature

(Grundmann 1971; Bliedtner 1978; Markl 2017a; Brill et al. 2018).
Maps and ore shoot cross sections are modified from Brill et al.
(2018) and Markl (2017a) and references therein
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«Fig. 3 Paragenetic sequence of the hydrothermal vein (a) and of the
ore shoot mineralogy (b) with the corresponding schematic textural
sketch provided in c. a & b Relative mineral abundance is indicated
by line thickness, for which ore and gangue minerals are considered
separately. Numbers in b and ¢ represent the ore shoot sequences.
The ages presented in a are taken from Walter et al. (2018b). Dotted
arrows in b represent the typical replacement reactions observed in
many samples

shoots and associated veins meters to tens of meters away
from the ore shoots were selected for further investigations.
In total, 38, 33, and 29 thick sections for microscopy and
microprobe analytical work were prepared from Miinstertal,
Urberg, and Wieden, respectively.

Petrography of the mineralization

The paragenetic sequence of both the veins and the ore
shoots is presented in Fig. 3 and augmented by literature
data in Table 1.

The hydrothermal veins

The schematic paragenetic sequence for each vein (Fig. 3a)
was taken from Metz et al. (1957) and supplemented/revised
according to own observations and to other authors, where
reasonable (Schiirenberg 1950; Zeschke 1959; Otto 1964,
1967; Bliedtner 1978; Steen 2013; Markl 2017a; Brill et al.
2018; Werner et al. 2020). The mineralization was initi-
ated by a quartz-dominated stage (I) rich in Fe-sulfides and
breccias. It shows initial pyrrhotite (not found at Urberg)
which was subsequently replaced by pyrite and marcasite
(Fig. 3a). The volumetrically most abundant stage is the
fluorite-dominated second stage (II), which also contains
variable amounts of quartz, barite, and carbonate. Barite
content increases with time (Fig. 3a). Coarse-grained, mas-
sive carbonate is generally rare in stage II and only occurs
in larger quantities in Urberg, where it formed prior to and
during the transition to the subsequent fluorite-dominated
substage of stage II. The fluorite-barite-quartz mixture forms
a banded structure with variable proportions of the three
minerals. The most abundant sulfide minerals within stage
IT of these veins are galena, sphalerite, and chalcopyrite, the
last being the least common of the three (Metz et al. 1957;
Steen 2013). The relative proportion of galena and sphalerite
within individual thin sections ranges from solely galena
to solely sphalerite and no typical sequence regarding the
relative time of formation is visible, nor is there a systematic
change from early to late within stage II. Tetrahedrite occurs
only rarely and locally. Brecciated zones show an increas-
ing abundance of sulfides and quartz—both minerals grow
around clasts (this study; Metz et al. 1957; Zeschke 1959;
Widemann 1988; Markl 2017a; Brill et al. 2018; Scharrer

et al. 2021). There is no textural evidence for sulfide dis-
solution in the host rock during vein formation. This stage
started >200 Ma ago and lasted until about 75 Ma for the
three localities studied here (Walter et al. 2018b). A less
abundant, partial repetition of this stage with small varia-
tions forms stage III. The last stage (IV) is temporally and
tectonically linked to the opening of the Upper Rhine Graben
between ~22 and 8 Ma (Walter et al. 2018b). This stage is
dominated by carbonates and forms discontinuously within
the vein, mostly within vugs or small veinlets. In the later,
generally fluorite-poorer, volumetrically minor hydrothermal
stages IIT and 1V, late-stage barite, quartz, and/or carbonates
form together with rare galena, sphalerite, euhedral pyrite,
and/or a colloform mixture of pyrite and marcasite.

As-(Ag)-ore shoots in the Miinstertal

The Teufelsgrund-Schindler-Herrenwald vein system in the
Miinstertal comprises two ore shoot sequences which are
distinctly different with respect to their gangue, but very
similar concerning their ore minerals (Fig. 3b). The initial
ore shoot (1) is characterized by the presence of abundant
native As on (Fig. 4a) or within fluorite, commonly over-
grown by fine-grained micro-crystalline quartz which suc-
cessively increases in size and sometimes forms euhedral
crystals in open spaces (Fig. 4a). The native As is also
commonly associated with co-genetic galena (Fig. 4b, c).
Less common is the association with sphalerite, which
generally forms prior to native As. Fluorite co-precipitated
with barite, quartz, galena, and native As (Fig. 4d, e), and
the subhedral to euhedral barite was subsequently partially
replaced by quartz (Fig. 4¢). This texture is a common fea-
ture in many Schwarzwald veins (Burisch et al. 2017b).
Rarely and locally confined sulfosalts such as minerals
of the proustite-pyrargyrite series (Ag;AsS;-Ag;SbS;),
freieslebenite (AgPbSbS,), argentopyrite (AgFe,S,), stern-
bergite (AgFe,S;), and boulangerite (PbsSb,S, ;) are present
(Fig. 4c). These minerals generally form as reaction products
from native As or galena either rimming galena, replacing
native As aggregates (Fig. 4c) or as independent crystals on
top of native As bands.

The later ore shoot sequence (2) was identified in the
Giftgrube mine ~ 1 km south of the Teufelsgrund mine
(Fig. 2) (Bliedtner 1978) and in the Trudpert adit of the
Teufelsgrund mine. It is characterized by the abundance of
siderite. The common mineral sequence observed in these
samples is early quartz with some fluorite overgrown by
chalcopyrite, galena, and sphalerite, with the latter being
most abundant. The base metal sulfides are, in turn, over-
grown by siderite. During siderite formation, sphalerite
and, less commonly, galena continued to form to a lesser
extent. Co-genetic with these minerals, colloform native
As (Fig. 41, g) is abundantly present and can reach up to 60
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Table 1 Ore shoot associated hydrothermal minerals

Teufelsgrund

Urberg
Wieden

sphalerite  sph + o +
galena gn ++ ++ ++
pyrite/ 9
. o o o
marcasite 2
chalcopyrite  ¢cp - - 2
acanthite act o o
argentite arg o
native A
. & Ag ++ o
(primary) o g
native As As ++ - ++ 2 g
©
native Sb Sb o c %
native Ag (wire) Ag o +
niccolite nic ++ o
gersdorffite  gdf - + o
rammelsbergite I
A ram - ++ + !
-safflorite ss R 'g
skutterudite  skut ++ o g E
v
breithauptite  brth + 5 S
ullmannite o
dyscrasite  dys o
proustite-
. prou o] + ++
pyrargyrite ss
xantocon-
- - o o
pyrostilpnite ss
stephanite - o
tennantite- o o B
tetrahedrite ss §
. u—
polybasite - o =
wv
sternbergite/ ap
: agpy - + <
argentopyrite
miargyrite o
matildite o
freieslebenite -
diaphorite o o
bismuthinite - -
2
ferberite - o 3
; o
cinnabar - - L2
2
boulangerite - s
seligmannite- E=
o o ©

bournonite ss
Relative abundance is depicted by — (rare), +(common), and + +(abundant).
No information on abundance is depicted by (o). Minerals present in the
investigated samples are shown in bold and literature additions in regular
font. Literature additions are taken from Otto (1967), Grundmann (1971),
Markl (2017a), Brill et al. (2018), and Steen (2020). Abbreviations
correspond to the rest of the manuscript
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vol% in some hand specimens (see also Bliedtner 1978).
Later carbonates such as calcite and dolomite are not
uncommon. Several repetitions of this mineral sequence
have been observed even on a small scale.

As-Ag-Ni-Co-ore shoots at Urberg

The Gottesehre vein system near Urberg differs from the other
two vein systems with respect to ore shoot abundance and
the presence of an early pinkish calcite as one of the gangue
minerals. Six different ore shoot pockets have been reported in
the literature (Fig. 2) (Brill et al. 2018). The largest discovered
ore shoot with dimensions of ~20 mx20 m X 1 m was mined
in 1962-1963 (Otto 1967). Five further (and smaller) ore
shoots were discovered and mined in 1965, 1968, 1970,
1978, and 1982, respectively (Brill et al. 2018). The complete
mineralogical ore shoot sequence (1-3; Fig. 3b) can only
be found in samples of the first and largest ore shoot (this
study; Otto 1967), and all later ones only show parts of the
whole sequence. Individual samples commonly show a high
variability in mineral abundance (this study; Brill et al. 2018).
As an example, the 1968 ore shoot was mainly composed
of native Ag, whereas the 1970 and 1978 ore shoots lacked
native Ag and contained abundant arsenides (Brill et al.
2018). Furthermore, the 1970 and 1982 ore shoots showed
signs of U enrichment recorded by the presence of secondary
U-bearing minerals (Brill et al. 2018). The presence of U
is also indicated by the characteristic dark purple color of
fluorite of the 1982 ore shoot (Markl 2017a) which was in
addition especially rich in niccolite. Although differences in
modal amount and presence of minerals exist between ore
shoots and samples, the overall mineral sequence (Fig. 3b) is
identical in all of them.

The investigation of samples from all ore shoots shows
three distinct mineral sequences. The earliest ore shoot
sequence was initiated by dendritic aggregates of native
Ag up to 10 cm in size and various textural forms of nicco-
lite, ranging from subhedral or euhedral individual crystals
to dendritic shapes. Interestingly, native Ag and niccolite
are not intergrown, even in samples where they occur in
close vicinity (< 1 mm). However, since native Ag is com-
monly isolated within the gangue minerals (Fig. 5a) and
only sometimes overgrown by rammelsbergite (Fig. 5b),
while niccolite is always overgrown by rammelsbergite
(Fig. 5¢), a slightly earlier formation of native Ag rela-
tive to niccolite may be inferred. The rammelsbergite is
then overgrown by abundant skutterudite (Fig. 5d); at the
transition, rammelsbergite and skutterudite zones alter-
nate repetitively. Native Bi was only found as small flakes
of less than 10 um size included within arsenides of the
first shoot sequence. These ore minerals are found in both
colorless and dark purple fluorite and abundantly in fine-
to medium-grained quartz. In these cases, the dark purple
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Fig.4 Textural images of ore
shoot sequence 1 (a—g) and

ore shoot sequence 2 (h & i).
Reflected light images (a—f &
i) and macro images (g & h).

a Early cogenetic intergrowth
of fluorite and galena with
subsequent intergrowth of
galena, native As, and fluorite.
Late-stage quartz typically
shows a coarsening from micro-
crystalline colloform quartz to
palisade quartz. b Co-genetic
intergrowth of galena and native
As in which the latter has been
dissolved during alteration.

¢ Co-genetic intergrowths of
commonly lath-shaped galena
and native As in individual
bands of the colloform native
As. These textures occasionally
show a replacement by Pb-
sulfosalts such as boulangerite
and freieslebenite. d Barite-rich
samples show a co-genetic
intergrowth between barite and
native As, in which e barite

is partially replaced by quartz
during subsequent alteration. f
& g Replacement of native As
by quartz and rare barite. h &

i Overgrowth and co-genetic
growth of native As on carbon-
ates and sulfides

Fig.5 Reflected light images
(a—d & f) and macro image (e)
of the Urberg locality. Native
Ag is commonly found in
dendritic form, either enclosed
in the gangue mineral (a) or
overgrown by arsenides (b).

¢ & d The arsenide sequence

is generally niccolite — ram-
melsbergite — skutterudite.

d Skutterudite is commonly
partially replaced by quartz. e
The arsenides are, in turn, rarely
overgrown by native As. Both
native As and skutterudite are
prone to remobilization (d &
e). f Overgrowth of ore shoot 1
by ore shoot 2 and ore shoot 3,
showing the change in mineral-
ogy with time

¥ 7, 2

2

e @]
R

- arsenides /]
& 5
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fluorite is almost exclusively associated with early-stage
pinkish calcite. Skutterudite is rarely overgrown by native
As (Fig. Se) that can also incorporate relics of native Ag.
Galena may be present at any point within this sequence
but is generally more abundant during the second sequence
(Fig. 5f) in which skutterudite is absent and fluorite is
always colorless. Hydraulic brecciation (Jébrak 1997) of
the first mineral sequence and cementation by subsequent
minerals are typical.

In the second sequence, native Ag is overgrown by ram-
melsbergite with abundant galena (Fig. 5f).

In the third sequence, dendritic niccolite is overgrown by
rammelsbergite and then by colloidal gersdorffite (Fig. 5f).
These aggregates are occasionally overgrown by galena or
colloform pyrite. Contemporaneous with and subsequent to
the gersdorffite, barite could form, which, in turn, was com-
monly replaced by later quartz (Fig. 5f).

As-Ag-(Ni)-Sb-ore shoots at Wieden

A previous descriptive study (Grundmann 1971) reported
the occurrence of two spatially separated ore shoots
with two types of mineral assemblages in the Tannen-
boden vein near Wieden: an Sb-Ag-rich one mined in
1964/1965 and an As-Ag-rich one mined in 1966 (see
Fig. 2¢). Similar ore shoots were also found in the Anton,
Spitzdobel, and Neue Hoffnung veins of the Wieden vein
system (Steen 2020). Although the mineralogy varies
between ore shoots and samples, the overall mineralogi-
cal sequence does not. Thus, for Wieden, each sample
represents only a portion of the whole ore shoot mineral-
ogical sequence. The samples investigated in this study,
in combination with a revisited textural analysis of the
original samples from the study of Grundmann (1971), let
us conclude that the two ore shoot assemblages reported
by Grundmann (1971) represent an earlier and a later
stage within a continuous mineral sequence (see types 1
and 2 in Fig. 3b, ¢). It is important to note that many of
the smaller ore shoots lacked the presence of arsenides,
antimonides, and native antimony (Markl 2017a).

The Wieden vein system ore shoots are characterized by an
abundance of native Ag, native As, and Ag-Sb-sulfosalts. The
latter formed during the replacement of the primary ore shoot
minerals. The initial and locally dominant ore mineral native Ag
(Fig. 6a, b) occurs in a variety of dendritic shapes. Rarely it is
overgrown by breithauptite (Fig. 6a, b), while rammelsbergite
(Fig. 6¢c, d) is more common. The antimonide formed prior
to the arsenide, but this sequence could be repeated several
times (Fig. 6b). Intertwined intergrowth between native Ag
and rammelsbergite occurs occasionally (Fig. 6e, f), especially
in close spatial association with native As. Skutterudite was
identified at this locality, but due to its rarity and due to the
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lack of suitable textures, its relative time of formation could not
be ascertained. The replacement of native Ag by minerals of
the pyrargyrite-proustite series and, to a lesser extent, also by
other sulfosalts (see Table 1) is ubiquitous in all samples, and
only the degree of replacement varies (Fig. 6d, f). Native As
encloses intergrowths between rammelsbergite and minerals of
the pyrargyrite-proustite series (originally native Ag+native
As) which implies a later formation of native As relative to
rammelsbergite and native Ag (Fig. 6e, f). The native As is
commonly intergrown with galena, showing a colloform-banded
structure (Fig. 6g, h). Galena commonly forms elongated needles
oriented perpendicular to the growth direction or monomineralic
bands within the colloform structure. Sphalerite does not show
these textures but more commonly forms euhedral crystals.
Individual subhedral to euhedral crystals of native As are only
visible in rare instances on the outermost zones of the native
As aggregates. Not only quartz, but also native Sb rimmed by
dyscrasite (As;Sb; Fig. 6g) can be found as primary cores within
the native As aggregates. As in the Miinstertal, native As and
barite co-exist without a reaction boundary. The native As is
overgrown by a large variety of different sulfides and sulfosalts,
which include the base metal sulfides, tetrahedrite, minerals of
the pyrargyrite-proustite series, xanthoconite, argentopyrite,
sternbergite, and late-stage stephanite and polybasite. However,
these sulfosalts more typically form as crystal aggregates
together with quartz pseudomorphic after native Ag. They also
replace individual layers or the cores of native As. The latter
are interpreted as replacement textures of dyscrasite cores by
sulfosalts (Fig. 6h, 1).

Supergene remobilization

A typical supergene alteration phenomenon in all of these
ore shoots is the gradual dissolution of the native As along
compositionally and texturally defined zones. Furthermore, the
Ag-bearing sulfosalts are successively replaced by Ag-richer
sulfides and finally by plates or wires of native Ag. The latter
are also found in vugs on carbonates or quartz as well as in
negative imprints of native As, produced by dissolution. These
reactions are typically accompanied by the formation of other
secondary minerals such as oxides, arsenates, and carbonates.
They are not considered here further.

Methods
Mineral analyses
Scanning electron microscope and electron microprobe

The Hitachi TM3030 SEM Plus Tabletop Microscope
in combination with reflected light microscopy at the
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Fig.6 Reflected light images
(a—f) of the Wieden locality. a
& b Native Ag is intergrown
with and overgrown by bre-
ithauptite and galena, partial
oscillatory repetition of these
minerals with the addition of
later rammelsbergite. ¢ & d
Common texture of dendritic
native As being directly over-
grown by rammelsbergite. e &
f More intergrown dendritic
native Ag with rammelsber-
gite, overgrown by native As.
g-i Typical layered intergrowth
between galena and native As
with discrete sphalerite grains
and seldom preserved cores of
dyscrasite. Most cores and some
native As-rich layers (h & i)

as well as native Ag (d—f) are
replaced by sulfosalts such as
argentopyrite, minerals of the
proustite-pyrargyrite series, and
sometimes sphalerite or galena.
These minerals are otherwise
found as overgrowth on the pri-
mary ore shoot minerals (g & i).
Images g and i have been kindly
made available by Dr. Giinter
Grundmann on www.mindat.
org (Photo ID: 1,038,791 and
881,932)

University of Tiibingen was used as a qualitative mineral
identification and textural visualization tool. For quantitative
mineral analysis in 31 thin sections, the JEOL SuperProbe
JXA—8900RL at the University of Tiibingen was used. To
avoid the tarnishing of arsenic, the thin sections were re-
polished, cleaned with ethanol, and dried at room tempera-
ture in a dry box for half a day before being sputtered with
carbon. Analytical condition details and reference materials
are described in ESM 1.

Special notice was given to the La line used for the
analysis of As. Using the ZAF or ¢(pz) correction method
yields vastly different results (up to~ 10 wt% difference in
As content). The latter provides acceptable results for As
contents > 70 wt%, while the ZAF correction yields accept-
able results for As contents <55 wt%. For comparability,
monoarsenide, diarsenide, and sulfarsenide were corrected
using the ZAF correction method, while the triarsenides and
native As were corrected using the ¢(pz) correction method.
To forego this problem in general, we suggest using the Ka
line instead.

Sulfur isotopes

Sulfur isotope samples were carefully handpicked and
separated into monomineralic, preferably co-genetic sam-
ples of sphalerite, galena, chalcopyrite, pyrite, gersdorf-
fite, proustite, and barite. The S isotope compositions were
measured with He carrier gas and a Carlo Erba (CE 1100)
elemental analyzer linked to a Thermo Fischer Delta V mass
spectrometer at Lausanne University, Switzerland. Samples
were reacted at 1050 °C in a stream of He carrier gas spiked
with oxygen gas. External reproducibility of standards was
better than 0.15%o, and samples were calibrated against
IAEA standards S1 and S3 (Ag,S) and NBS-127 (BaSO,)
with accepted values of —0.3%o, — 32.1%o, and 20.3%0 &°*S
(V-CDT), respectively.

Thermodynamic modeling

Thermodynamic modeling was done using the Geochemist’s
Workbench 14 software bundle (Bethke 2007). Reaction path
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Table 2 Thermodynamic data for mineral additions to the Thermoddem database

Mineral Formula A H° (kJ/mol) S° (J/mol/K) I

a (J/mol/K) bx 10> (J/mol/K?)  ¢x 1075 (J/mol/K)
Trechmannite AgAsS, —-75.69+1.6 2] 151+5 80.25%* 46.9% 1.265%* [1]
Proustite Ag;AsS; —121.4+28 [2] 283+10 145.65* 82.88* 1.265* [1]
Mirargyrite AgSbS, —135.1+0.19 [3] 182.21+0.11 141.36* 2.65% 7.565% [1]
Pyrargyrite Ag;SbS; —202.3+0.48 [3] 301.99+0.25 206.76* 38.63* 7.565% [1]
Rammelsbergite ~ NiAs, —-90.10+8 [4] 110+ 10 95.40 -5.91 5.33 [4]
Breithauptite NiSb —74.48+13 [1] 75.73+4 23.31 61.66 9.88 [1]
Dyscrasite Ag;Sb —0.190+£0.20 [6] 195.410+0.30 Only A; G(T) available [6]
Allargentum AgqSb 2.576+0.07 [6] 335.912+0.10 Only A; G(T) available [6]
Gersdorffite NiAsS Only log K(T) available [4]

Temperature-dependent c,,

function, given as c,(T)=a+bXT+cX T2, was estimated according to the Neumann—Kopp rule (indicated by a *),

assuming A,c, =0, for the following reactions: 3Ag,S +X,S;=2Ag;XS;, Ag,S +X,S;=2AgXS;, and NiAs+Sb=As+NiSb, in which X is As
or Sb. For NiSb, A, H° and S° are averaged from the compiled values by Naumov et al. (1971b) and Barin (1995) and the standard deviation
represents one sigma. References: [1] this study, [2] Gasanova et al. (2014), [3] Aspiala et al. (2016), [4] Scharrer et al. (2019), [5] Aspiala et al.

(2015)

modeling was performed using the application react and pre-
dominance, and stability diagrams were produced using the
application Phase2. The Thermoddem thermodynamic database
(version June 2017) (Blanc et al. 2012) was used, and our min-
eral additions to it are presented in Table 2. Minerals for which
A H°, $°, and ¢p(T) are known or estimated were implemented
by the Thermoddem team to keep internal consistency as high as
possible. Mineral additions include trechmannite, proustite, mir-
argyrite, pyrargyrite, rammelsbergite, dyscrasite, allargentum,
and gersdorffite. In addition to minerals, the database was also
extended to include Ni-chloride complexes and more aqueous
Sb species. NiCl*, NiCl, (aq), and NiCl;™ from Liu et al. (2012)
were implemented using the Ryzhenko parameters and the Ther-
moddem database temperature-dependent dissociation of H,O
to further increase internal consistency. The added aqueous Sb
species were taken from Obolensky et al. (2007) and augmented
by the compilation of Bessinger and Apps (2003).

Results
Mineral analysis
Scanning electron microscope and electron microprobe

Representative analyses can be found in Table 3, and the
entire dataset is presented in ESM 2. In the following,
selected compositional features of each mineral will be
discussed.

Native As has a variable composition, which can differ
distinctly between localities, samples, and individual bands
within colloform arsenic aggregates (ESM 3). These dif-
ferences mainly concern the elements Ag, Pb, Sb, S, and
Se which reach contents of up to 7.27 wt%, 7.49 wt%, 7.89
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wt%, 3.04 wt%, and 0.56 wt% with an average of 1.32 wt%,
1.14 wt%, 1.87 wt%, 0.98 wt%, and 0.35 wt%, respectively.
There is a negative correlation between As and these ele-
ments, generated by a typical gradual trend of decreasing
elemental content within individual bands from the center to
the outer margin of colloform arsenic aggregates (ESM 3).
In some bands, inhomogeneities on the um scale are visible.
These could represent co-genetic or exsolved micrograins of
Ag-S-rich minerals (ESM 3). Based on the Ag—S ratio (ESM
3), the presence of Sb, and the absence of other elements, the
microinclusions seem to represent either Ag;Sb,S, (aramay-
oit) or Ag;(As,Sb)S; (e.g., proustite-pyrargyrite). However,
these are only present in some individual bands, commonly
linked to lower Sb contents in the surrounding native As, and
it is not suggested that microinclusions are the reason for the
high contents of minor elements in native arsenic in the con-
tinuously banded regions (ESM 3). Rather, these elements
appear to represent real minor elements substituted into the
crystal structure of native arsenic. Similar contents have
been reported from other localities by George et al. (2015).

Native Ag shows a clear compositional distinction
between primary dendritic silver formed co-genetically
with the ore shoot minerals and remobilized platy or wire
silver. The latter has significantly lower trace element con-
tents, commonly below the detection limit of the electron
microprobe. Average trace element contents of the primary
silver are 0.25 wt% Sb, 0.36 wt% As, 0.10 wt% S, and 1.25
wt% Hg (ESM 3). In rare patchy zonations of native Ag of
the first ore shoot sequence at Urberg, Hg may locally reach
up to 14 wt% (ESM 3).

Due to the small size of native Bi, mixed analyses with the
surrounding rammelsbergite cannot be excluded (Table 3).
However, the analyzed compositional variation among the
six analyses is fairly low and the molar Ni/As ratio is about
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Fig.7 Compositional variations of the arsenides and antimonides. a »

Most arsenides and antimonides are Ni-dominated, with the mono-
arsenides and monoantimonides showing the least spread with respect
to Ni, Co, and Fe. b Compositional distribution with respect to sulfur
content and As/(As+ Sb) ratio within all samples and between differ-
ent ore shoot sequences of Urberg. The distribution between the As-
and Sb-endmembers shows the sole presence of arsenides for Urberg
and the presence of both with a partial solid solution for Wieden.
Arsenopyrite is excluded in this figure

8 and not 0.5 as in rammelsbergite. The Ni and As con-
tents in native Bi are 1.7 +0.3 wt% and 0.27 +0.04 wt%,
respectively.

The arsenides, sulfarsenides, antimonides, and sulfanti-
monides are mostly Ni-dominated with average molar Ni/
(Ni+ Co + Fe) ratios of 0.79 for skutterudite, 0.80 for diarse-
nides, 0.995 for niccolite, 0.92 for gersdorffite, 0.993 for
breithauptite, and 0.997 for ullmannite (Fig. 7a). Thus, the
diarsenides are almost exclusively of rammelsbergite com-
position. This excludes one outlier sample from Wieden that
contains diarsenides of the safflorite-loellingite series. These
are associated only with quartz and therefore cannot be tex-
turally correlated with the other minerals. The arsenides and
antimonides incorporate sulfur to various degrees (Fig. 7b).
This is especially visible for gersdorffite, which ranges from
0.31 to 0.95 atom per formula unit sulfur. Furthermore, the
degree of As-S exchange varies with time at the Urberg
locality, and thus, an increase in sulfur relative to arsenic is
visible with progressing ore shoot sequences (Fig. 7b). Bis-
muth was detected in niccolite and shows an average content
of ~ 1.4 wt%. Selenium is present in all arsenides and anti-
monides and reaches up to~0.4 wt%. The arsenides and sul-
farsenides typically show some degree of Sb-As exchange.
For example, arsenides of the Wieden locality, which is also
host to co-genetic antimonides, show the highest contents of
antimony, reaching up to~ 10 wt% (Fig. 7b).

Galena is the most common base metal sulfide, con-
tains up to 2 wt% of silver, and has an average formula of
Pby.99AL) 01Sb 01S0.99- Sphalerite is more variable in compo-
sition, and the molar Fe/(Fe + Zn) ratio ranges from ~(0.001
to 0.13. It is manganese-poor and the cadmium content is
below 1 wt% with an average of ~ 0.3 wt%. Analyzed pyrite
reveals a high arsenic content of on average 4.5 wt% and a
trace elemental composition of on average ~0.5 wt% Ag, 0.3
wt% Sb, and 0.06 wt% Co. The colloform pyrite variety also
contains up to 2.5 wt% Pb, which may be related to microin-
clusions of galena that could not be resolved.

Although the primary mineralogy of the ore shoots is
dominated by arsenic-rich endmembers, most sulfosalts that
form during remobilizing processes are, in fact, Sb-dom-
inated (ESM 4). This includes diaphorite, freieslebenite,
tetrahedrite, and bournonite with molar As/(As+ Sb) ratios
of less than 0.4. Minerals of the proustite-pyrargyrite solid
solution series show the presence of both As- and Sb-rich
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Fig. 8 Isotopic signature of vein and ore shoot sulfates, sulfides, and »

sulfosalts. Texturally classified co-genetic sulfate-sulfide pairs are
linked by a dashed line and the respective calculated equilibrium tem-
peratures are given in °C. Possible regional sulfate and sulfide source,
with the present-day aquifer isotopic range depicted by blue arrows
and sulfate-/sulfide-mineral isotopic ranges depicted by black arrows.
Literature data from Miiller et al. (1966), Siewers (1977), and Rick
(1990) of possible sulfate and sulfide sources reveal the large overlap
between the sedimentary sulfate for sulfate and the basement sulfides
for the sulfides

minerals, ranging from the pure As-endmember to a molar
As/(As + Sb) ratio of ~0.1. The Sb-rich pyrargyrite forms
independent of texture, even if it directly replaces native
As and no primary Sb-minerals are present. The only As-
dominated sulfosalt besides proustite is argentopyrite with
an average formula of Ag ¢,Fe, ;,As( ;S5 02 and an average
molar As/(As+ Sb) ratio of 0.997.

Sulfur isotopes

The minerals selected for sulfur isotope compositional anal-
yses were chosen to cover (I) all localities, (I) all ore shoot
mineral assemblages, (III) co-genetic barite and sulfides or
sulfarsenides at each locality, and (IV) sulfides and barite
from the hydrothermal veins far away from the ore shoots.
All analyzed samples and respective values are presented in
ESM 5 and, together with calculated equilibrium tempera-
tures for co-genetic sulfide-barite pairs, in Fig. 8.

The §°*S (V-CDT) of barite ranges from ~ 10 to 20%o,
whereas the sulfides show more negative values, below 0%o
5°*S (V-CDT). Only the late-stage colloform pyrite com-
monly associated with barite from Miinstertal and Wieden
reaches strongly depleted 53*S values of —27.8 to —36.2%o
(ESM 5), while the other sulfides are in the range from 0
to— 10%0 83*S (V-CDT). The weighted 8**S (V-CDT) aver-
age including all localities is — 6.8 %o for galena, — 3.6%o for
sphalerite, and — 5.3%o for chalcopyrite. Proustite and gers-
dorffite lie in the range of these sulfides.

Considering variations between the samples, there is no
recognizable difference between the ore shoots and the rest
of the hydrothermal system (Fig. 8): S isotope values of
sulfides in the ore shoots and in the veins, and of barite in
the ore shoots and in the veins are very similar to each other.
The only exception is one barite analysis of the first ore
shoot sequence of the Miinstertal, which is more than 5%o
lower than barite from the vein.

In samples with co-genetic sulfide and sulfate, sulfate-
sulfide equilibrium temperatures were calculated. These are
presented in Fig. 8 and result in temperatures between 270
and 480 °C (excluding pyrite) for all three localities and
independent of ore shoot or vein. In view of the fluid inclu-
sion constraints (see below), these temperatures are consid-
ered unrealistic and the S-bearing phases were obviously
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Fig.9 The binary fluid mix-

ing of fluid A and fluid B is 20
visible for both the ore shoot
(colored) and the vein-hosted
fluid inclusions (gray) for each
of the three investigated locali-
ties. Furthermore, no change
in homogenization temperature
is visible between vein and ore
shoot assemblage. Data from 5
Scharrer et al. (2021)
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not in isotopic equilibrium. This will be discussed below.
The late-stage colloform pyrite, which generally occurs as
layers within or on top of barite, indicates an equilibrium
temperature of 110 °C.

Fluid constraints
Fluid composition and temperature

Extensive fluid inclusion investigations of more than 1600
individual fluid inclusions from both the ore shoots and the
veins of all three localities are presented by Scharrer et al.
(2021). The most important aspects of this work will be
repeated here with a specific focus on the variations between
the ore shoots and the vein and the range of trace element
composition. The fluid composition was determined by
microthermometry (Fig. 9) and LA-ICP-MS (Fig. 10) on
individual fluid inclusions in fluorite, quartz, and carbonate.
Fluid inclusion assemblages were characterized as primary,
clusters, and secondary according to the classification of
Goldstein and Reynolds (1994) and Walter et al. (2015).
In addition, fluid inclusion assemblages were grouped into
those co-genetic with the primary minerals of the ore shoots
and those co-genetic with the common vein association.
The dataset by Scharrer et al. (2021) includes ~ 1650 fluid
inclusions analyzed by microthermometry that were chosen
based on both spatial and temporal coverage of the main
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hydrothermal stage of the investigated veins. Furthermore, if
available, fluid inclusion assemblages in fluorite that formed
contemporaneously with minerals, in which fluid inclusions
could not be measured, were preferentially analyzed (Schar-
rer et al. 2021). This includes early calcite for the Urberg
samples and sulfides, arsenides, and native elements for all
samples.

Both major (Fig. 9) and some minor elements (Scharrer
et al. 2021) in fluid inclusions show a linear correlation in
samples from all three localities, suggesting a mixing pro-
cess between two endmember fluids. These endmember flu-
ids both showed a high salinity (20-25 wt% NaCl aq.); fluid
A was rich in CaCl,, whereas fluid B was NaCl-dominated
and richer in KCI (Table 4). The approximate position of
endmember A’ in the NaCl-CaCl, space presented in Fig. 9
is estimated by extrapolation of the KCl content to near O.
There is no statistical difference between fluids A and B
regarding homogenization temperature and most trace ele-
ments, such as As, Bi, Sb, and S, and the transition metals.
The homogenization temperature (in °C) varies between
localities and is 90-150 (average: 122 +8), 100-170 (aver-
age: 131+ 14), and 80-150 (average: 117 +12) for the
Miinstertal, Urberg, and Wieden vein systems, respectively
(Fig. 9). Pressure-corrected, this results in formation tem-
peratures (in °C) of 110-170 (average: 140), 110-180 (aver-
age: 140), and 100-170 (average: 140), respectively. These
values perfectly agree with many earlier values in similar
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veins from the region reported in, e.g., Baatartsogt et al.
(2007) and Walter et al. (2017).

The trace elemental abundance typically shows a large
spread of commonly one or more orders of magnitude
(Fig. 10). This can be attributed to either inhomogeneities
in the primary fluid composition or, more likely, evidence
for prior mineral precipitation (Scharrer et al. 2021). Due
to the high detection limit and uncertainties of LA-ICP-MS
fluid inclusion analyses in fluorite (Scharrer et al. 2021), it is
vital to consider both the analyzed content and the detection
limit for those analyses below the detection limit (Fig. 10).

For subsequent thermodynamic modeling, rounded maxi-
mum analyzed concentrations from LA-ICP-MS analyses
were used. The Pb content was rounded up to 100 mg/kg to
represent both Pb (up to 40 mg/kg) and Zn (up to 80 mg/kg).
Such a simplification is possible due to the similar behavior
of the two elements (e.g., Barrett and Anderson 1988). To

reduce an obscuring complexity in the modeled diagrams,
the number of components was reduced during modeling. To
better depict the differences in mineralogy, Ni was assumed
to be 0 for the Miinstertal and Sb to be O for the Miinstertal
and Urberg localities. The summary of the analyzed fluid
compositions and the fluid composition used for thermody-
namic modeling is given in Table 4.

Aqueous species

The implementation of all essential and available aqueous
thermodynamic species is a vital step for thermodynamic
modeling. The aqueous species calculated for the established
fluid composition (see section above and Table 4) at the
temperature of vein formation (ca. 150 °C based on fluid
inclusion data of Scharrer et al. 2021) are depicted in ESM
6. Although the Cl content of the fluid is high, the non-metal
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Table 4 Fluid compositions

Unit of meas- Miinstertal Urberg Wieden
urement - - - - - -
Fluid A Fluid B Model Fluid A Fluid B Model Fluid A Fluid B Model

T °C 110-170 150 110-180 150 100-170 150
NaCl wt% <8 22 20 <8 >17 20 <7 >15 20
CaCl, >16 0 >18 <7 >17 <10
K <04 1.5 0.2 >1 <04 >1
Ba mg/kg 20-100 100 20-70 100 30-100 100
Pb 2-20 100 0.4-20 100 0.3-40 100
Zn 6-30 <2-60 5-80
Ag <0.09-5 10 0.2-9 10 <0.1-4 10
Fe 60400 20-400 60400
Ni <0.9-6* 0 3-200 100 <0.3-20 10
U n.a <0.03-30 n.a
As 0.02-100 1000 2-700 1000 0.6-50 50
Bi n.a <0.024 n.a
Sb <0.1-5 0 <0.09-10 0 <0.04-40
S6+ <40 50* 20*
S2 - n.a 10 n.a 10 n.a 10

Model represents the values used for thermodynamic modeling. “n.a.” represents not analyzed elements. Fluid compositional range is rounded to

one significant figure

ClI complexes for arsenic and antimony are mostly confined
to an acidic pH. Therefore, the most prominent species
are hydroxide complexes. For As and for Sb, the H;AsO,
and the H;SbO; complexes are the most prominent under
hydrothermal, moderately reduced conditions, and a roughly
neutral pH, which reflect a crustal environment. This is in
accordance with Marini and Accornero (2007) for As. At
more oxidizing conditions, arsenite complexes become more
prominent. Unfortunately, the necessary thermodynamic
data for some antimonite complexes are still lacking. The
metal species show the importance of Cl complexes that are
stable under a wide pH range, up to a pH of ~8-9.

Discussion

Gangue mineral formation (simple binary fluid
mixing)

To understand the formation of the ore shoots themselves,
it is crucial to first understand the formation of the normal
hydrothermal veins that host them. Their petrogenesis in the
Schwarzwald region was the subject of several previous con-
tributions (e.g., Schwinn et al. 2006; Baatartsogt et al. 2007,
Staude et al. 2011; Bons et al. 2014; Walter et al. 2016,
2018b, 2019). Furthermore, a recent study (Scharrer et al.
2021) focused specifically on the three vein systems of the
current contribution. The previous studies showed that the
vein stage hosting the ore shoots under consideration here
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belongs to a large group of so-called Jurassic-Cretaceous
fluorite-quartz-barite-carbonate veins that formed from
the late Triassic to the early Tertiary (Walter et al. 2016,
2018b; Scharrer et al. 2021). Gangue mineral precipitation
occurred due to mixing of fluid A, a CaCl,-dominated, KCl-
poor, deeper-seated, modified bittern brine with a salinity
of ~25 wt% CaCl,+ NaCl, and fluid B, a NaCl-dominated
and KCl-richer bittern or halite dissolution brine situated
at shallower depths in the crystalline basement with salini-
ties of ~22 wt% NaCl + CaCl, (Scharrer et al. 2021). Sim-
ple binary fluid mixing, likely in combination with various
degrees of fluid cooling, has resulted in the precipitation of
gangue minerals (e.g., Schwinn et al. 2006; Baatartsogt et al.
2007; Walter et al. 2017; Scharrer et al. 2021). The sulfides
in this normal vein type consist mainly of galena, sphaler-
ite, and chalcopyrite. Their formation will be discussed in
more below, together with the formation of sulfides in the
arsenide-dominated ore shoots.

Formation of the main ore shoot mineralogy
without the sulfides by reduction

The native As—bearing ore shoot mineral assemblage is quite
different from the mineral association in the normal hydro-
thermal veins. The ore shoots can be regarded as different
entities within the same vein structure that formed contem-
poraneously, but locally and temporally confined within the
vein.
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Fig. 11 Thermodynamic model of the redox-pH relationship of vari- »

ous minerals. For the sake of clarity, the stability region of native Ag
is not completely filled. Its shaded area is only depicted as a rim. a
The solubility of sulfur is depicted in an equilibrium system consider-
ing the rounded typical Ba and Pb content of the vein fluids. b Sim-
plified mineral relations in the Ni-Ag-Pb-As-S system considering the
typical fluid composition of Urberg as an example. Both native Ag
and Ni-minerals (such as Ni-arsenides, Ni-sulfarsenide, Ni-sulfides,
and native Ni) form at more oxidizing environments than galena. ¢
Comparison between fluid inclusion based formation temperatures
and calculated sulfide-sulfate isotopic equilibrium temperatures

Formation mechanism

In general, the stabilities of hydrothermal mineral assem-
blages are defined by parameters such as pressure, tempera-
ture, fluid composition, redox, and pH at the time of for-
mation. Hence, a change in one of these parameters should
govern the change from the normal vein assemblage to an
ore shoot assemblage.

As veins and ore shoots formed contemporaneously, a
pressure change can be ruled out. Furthermore, our com-
prehensive fluid inclusion study showed no involvement of
fluid boiling either in the veins or in the ore shoots (Schar-
rer et al. 2021). In addition, fluid inclusion homogeniza-
tion temperatures of both the ore shoots and the rest of the
vein cover the same range (Fig. 9) and, hence, also exclude
changes in temperature to be responsible for the change from
vein to ore shoot precipitation. The fluid inclusion work by
Scharrer et al. (2021) also shows no systematic difference
between the fluid mixture which formed the normal vein and
that which formed the ore shoots with respect to their major
(Fig. 9) or minor (Fig. 10) element composition. Further-
more, Fig. 9 provides clear evidence that both fluid A and
fluid B, whose mixing formed the normal vein assemblage,
were present not only during vein but also during ore shoot
formation. A change in fluid composition or the involvement
of a volumetrically major and compositionally different third
fluid involved in the formation of the ore shoots can, thus,
be excluded.

Based on the line of arguments above, the process of
fluid mixing was still present during ore shoot formation.
The fact that the normal vein assemblage is also present
in the ore shoots corroborates this statement. On the other
hand, native elements and/or arsenides exclusively formed
in the ore shoots which call for a change in redox and or
pH. Although pH is crucial in defining which aqueous and
mineral species are stable, a change in pH does not suffice
to explain the formation of these ore shoots (Fig. 11). For
example, an increase or decrease in pH from roughly neutral
starting conditions does not result in the formation of native
As, in the consecutive formation of niccolite and rammels-
bergite, or of native Ag followed by native As (see Figs. 12,
13, and 14) which are so strikingly present in our samples
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«Fig. 12 Thermodynamic modeling of (Ag)-As ore shoots of the Miin-

stertal locality. For the sake of clarity, the stability region of native
Ag is not completely filled. Their shaded area, by diagonal and hori-
zontal lines, respectively, is only depicted as a rim. Fluid composi-
tion is taken from Table 4, and a represents a sulfur-free system, b
represents a sulfur poor system with sulfate-sulfide equilibrium, and ¢
represents a sulfur-poor system with sulfate-sulfide disequilibrium as
is the case at hand

(Figs. 3, 4, 5 and 6). Based on these arguments, we conclude
that normal vein mineralization and ore shoots formed from
the same mixing process of the same two fluids, but that
an additional reducing agent must have taken part in ore
shoot formation. This is in agreement with earlier work of,
e.g., Markl et al. (2016), Burisch et al. (2017a), Kreissl et al.
(2018), and Scharrer et al. (2019), but it is a significant and
important step forward, as for the first time, it is shown that
identical fluids can produce normal veins and five-element
ore shoots, just by adding a reducing agent.

Type and source of the reducing agent

In the following, possible reducing agents for the investi-
gated ore shoot assemblages will be discussed. Solid reduc-
ing agents such as Fe?*-bearing minerals or graphite have
been proposed as reducing agents for native element-arse-
nide associations (Robinson and Ohmoto 1973; Kissin 1993;
Ondrus et al. 2003a; Kreissl et al. 2018). However, they are
unlikely to have been involved here, because neither relics of
such phases nor reaction textures involving such phases were
observed in our samples. Instead, both graphite and Fe**
minerals like biotite are present in the host rocks and there is
no spatial correlation between them and the ore shoots. Fur-
thermore, they are distributed throughout most of the host
rocks (graphite only in the gneiss) which would not explain
the very localized occurrence of the ore shoots.

This leaves as possible agents mobile species such as
gases, liquids, or aqueous compounds, and specifically
mobile hydrocarbons or possibly H,. Scharrer et al. (2021)
did indeed find H, and rarely minor amounts of hydrocarbons
in the gaseous phase of the fluid inclusions by Raman spec-
troscopy at room temperature. The small amounts of such
gases are not surprising, because as long as the reducing
agent is the limiting factor, it will be completely consumed,
while the oxidant, e.g., arsenite or arsenate, would only
be partially consumed. Thus, it is very rare to find mobile

Fig. 13 Thermodynamic modeling of Ag-Ni-As ore shoots of the »
Urberg locality. For the sake of clarity, the stability region of native
Ag is not completely filled. Their shaded area, by diagonal and hori-
zontal lines, respectively, is only depicted as a rim. Fluid composi-
tion is taken from Table 4, and a represents a sulfur-free system, b
represents a sulfur poor system with sulfate-sulfide equilibrium, and ¢
represents a sulfur-poor system with sulfate-sulfide disequilibrium as
is the case at hand
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<« Fig. 14 Thermodynamic modeling of Ag-Ni-Sb-As ore shoots of the
Wieden locality. For the sake of clarity, the stability region of native Ag
is not completely filled. Their shaded area, by diagonal and horizontal
lines, respectively, is only depicted as a rim. Fluid composition is taken
from Table 4, and a represents a sulfur-free system, b represents a sulfur
poor system with sulfate-sulfide equilibrium, and ¢ represents a sulfur-
poor system with sulfate-sulfide disequilibrium as is the case at hand

reducing agents as they typically completely react as long as
oxidized aqueous arsenic species are present. Kerrich et al.
(1986), Essarraj et al. (2005), Levresse et al. (2016), and
Burisch et al. (2017a) report such findings, which proves that
hydrocarbons are viable reducing agents to produce native
element-arsenide assemblages.

The source of such hydrocarbons, however, remains
somewhat enigmatic. One potential source of hydrocarbons
are rocks of the paleo subduction zone of the Badenweiler-
Lenzkirch (BLZ) suture, which today outcrops ~ 5 km south
of the Miinstertal and Wieden localities and which dips
towards the north (Huth and Zedler 2019). The rocks of this
suture zone comprise, among others, greywackes and marine
clay stones metamorphosed only at very low grades (Huth
and Zedler 2019) which contain small coal occurrences
(Geyer et al. 2011) and, hence, potentially also hydrocar-
bons. On the other hand, the Urberg vein system is south of
the BLZ and, hence, cannot be related to it.

Other hydrocarbon-bearing lithologies in the region are,
for example, organic-rich shales in the (partially eroded)
sedimentary cover. If the sedimentary cover units acted as
a hydrocarbon source, these buoyant substances must have
migrated into the underlying basement to depths of several
kilometers. Burisch et al. (2017a) described a reasonable
scenario based on the model of Bons et al. (2014) and how
sedimentary brines are sucked into the crust (Stober and
Bucher 2004) and thus can transport hydrocarbons dis-
solved in aqueous fluids to greater depths. This process
could explain the presence of hydrocarbons at all three
localities.

The overlying sedimentary cover being the origin of the
reducing agent requires the hydrocarbons to be present in
an aqueous solution; gaseous or liquid hydrocarbons would
be too buoyant. A mass balance calculation shows that in
order to precipitate all of the 100-1000 mg/kg aqueous As
as native As according to.

As(OH); (aq)+0.375 CH, (aq) <> As (s)+2.25
H,0+0.375 CO, (aq) (1).

A total amount of only 0.5-5.0 mmol CH, (aq) per kg
fluid would be required. This amount is in agreement with
the influx of ~ 1.5-1.9 mmol/l CH, (aq) determined for the
ore shoots of the Wittichen locality in the central Schwar-
zwald by Markl et al. (2016). An aqueous fluid at 150 °C at a
lithostatic formation pressure of 250-550 bar (Scharrer et al.
2021) can transport up to~60-100 mmol/kg CH, (aq) (Duan
and Mao 2006). The near-linear mixing between fluids A

and B during ore shoot formation (Fig. 9) limits the relative
amount of the reducing agent—bearing aqueous fluid which
could take part in the mixing process without disturbing the
linear binary mixing trend. If the reducing fluid was less
than 5% of (fluid A + fluid B), a maximum of 3—5 mmol of
CH, (aq) would have been available for reduction of 1 kg
(fluid A +fluid B), which is in good agreement with what
is required.

Mineralogical variability and fluid composition

The mineralogical differences between the three investigated
localities are attributed to a difference in the respective flu-
id’s metal content. This hypothesis is supported by LA-ICP-
MS fluid inclusion analyses which show variations between
the localities (Fig. 10) (Scharrer et al. 2021). The different
ore shoot mineral assemblages at Miinstertal (Fig. 12), Urb-
erg (Fig. 13), and Wieden (Fig. 14) can be nicely modeled
using these different metal contents (Table 4).

Before discussing the calculated diagrams, it is impor-
tant to note that these thermodynamic models also show the
importance of pH in defining the mineralogy. Hence, pH and
other minor, local fluid variations are sufficient to explain
the differences in mineralogy between various ore shoots at
one specific locality.

In the simple Ag-As fluid system, as is present at the
Miinstertal, the only two minerals stable at moderate to
reduced epithermal conditions are native Ag and native As.
Under all but lower than slightly acidic pH conditions, two
pH units below the neutral pH, they form at different redox
states (Fig. 12a). During a fluid reduction of a neutral fluid,
native Ag would precipitate first and would therefore form
inclusions in native As (Fig. 12a). This is in accordance with
our observations and with many observations worldwide:
dendritic native Ag occurs within typically collomorphic
native As (e.g., Hosel 2003; Ondrus et al. 2003b; Hiller and
Schuppan 2008; Pekov et al. 2010).

In the case of Urberg, the availability of Ni in addition
to As and Ag stabilizes Ni-arsenides. Due to the abundance
of As relative to Ni, the reduction sequence at neutral pH is
as follows: native Ag — niccolite — rammelsbergite — skut-
terudite — native As (Fig. 13a). This finding is congruent
with that of Scharrer et al. (2019). Due to the lack of ther-
modynamic data, the stability field of NiAs; could not be
empirically modeled. However, a predicted NiAs,-NiAs;
stability boundary field is shown in Fig. 13a. The exact posi-
tion of this and, thus, the formation of either NiAs, or NiAs;
are strongly dependent on the As/Ni ratio of the fluid, the
pH, and the redox conditions. At higher As/Ni ratios, lower
pH, and more reducing conditions, the triarsenide is more
stable than the diarsenide. One of these factors is most likely
the reason for the abundance of triarsenides in ore shoot
sequence 1 and the increased abundance of diarsenide in
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ore shoot sequence 2 at Urberg. The abundance of Ni in the
Urberg fluids can be explained by the spatially close occur-
rence of mafic rocks and magmatic Ni—sulfide deposits in
the region around Urberg (Otto 1964; Geyer et al. 2011;
Markl 2017a; Brill et al. 2018); these rocks are very likely
the source of the Ni in the Urberg fluids.

The Wieden ore shoots show Sb-bearing phases in addi-
tion to As phases. Based on both textural and thermody-
namic evidence, the Sb-equivalent of niccolite, breithaup-
tite, becomes thermodynamically stable over niccolite in
the presence of additional aqueous Sb (Fig. 14a). This even
occurs at fluid compositions, in which As is more abun-
dant than Sb (see Wieden fluid composition; Fig. 10). In
addition, allargentum, dyscrasite, and native Sb form over
a large pH range at a redox state similar to that of native
As (Fig. 14a). Their stability is strongly dependent on both
the availability of Sb and Ag. During reduction of a fluid
with a composition of, for example, the Ag—Ni-As-Sb ore
shoot at Wieden (Table 4), allargentum and dyscrasite form
after breithauptite and rammelsbergite, but prior to native
As during fluid reduction. This is in accordance with the
paragenetic sequence.

Formation of sulfides in normal vein and ore shoot
assemblages

As shown above, gangue minerals form by simple binary
fluid mixing, the typical native element-arsenide assemblage
of the ore shoots by the same fluid mixing process accom-
panied by reduction. However, the presence of clustered
and disseminated base metal sulfides (mainly galena and
sphalerite) in the vein as well as the presence of sulfides in
some and the absence of sulfides in other ore shoots have not
been discussed and explained yet. Based on the lack of sta-
tistically significant differences between their sulfur isotope
signatures (Fig. 8), sulfides in the ore shoots and sulfides in
the normal veins are believed to have the same source and
the same formation mechanism. We propose that the sulfide
was added to the fluid discontinuously and locally during the
mixing process, most likely by interaction with the surround-
ing host rock. The line of arguments is as follows:

(1) Textures: The sulfides are not evenly distributed
throughout the veins, but they occur as local accumu-
lations such as bands or directly overgrowing host rock
clasts in breccias (e.g., Fig. 1c; Metz et al. 1957; Markl
2017a). The brecciated clasts are typically overgrown
by sulfide- and quartz-rich material which implies a
formation process different from (or at least: additional
to) the other normal vein minerals.

(2) Fluid thermodynamics: Fluids A and B contain some
metals such as Ba, Pb, and Zn (Fusswinkel et al. 2013;
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Scharrer et al. 2021) and thus cannot transport sig-
nificant amounts of sulfur at the temperature range in
question (e.g., Allison et al. 1991; Ball and Nordstrom
1991). Depending on redox conditions, thermody-
namic modeling predicts that a maximum of 10 mg/
kg of sulfate or a maximum of 0.05 mg/kg of sulfide
can be transported at a neutral pH (Fig. 11a) for the
fluid compositions of the three localities (Table 4).
LA-ICP-MS measurements of Scharrer et al. (2021)
showed detectable sulfur only in two fluid inclusions,
namely 20+ 10 mg/kg and 50 +25 mg/kg, which are
in the same order of magnitude as values of thermo-
dynamically possible dissolved sulfate. This implies
that the sulfur in the fluid A or B (or both) was likely
present as sulfate species.

(3) Mineral thermodynamics: Based on the disagreement
between thermodynamic phase stability fields and the
observed mineralogy, a thermodynamic disequilibrium
between a few minerals must be assumed both in the
veins and in the ore shoots. The most striking exam-
ple is the apparently stable assemblage of oxidized
and reduced minerals such as barite and native As.
Under equilibrium conditions, this assemblage would
not form, as the sulfate in barite would be reduced to
sulfide under the redox state of native As stability.
Furthermore, fluids containing Ni, As, Pb, and Zn, as
the ones investigated here (Fig. 10) cannot precipitate
the base metal sulfides galena and sphalerite without
the contemporaneous formation of Ni-sulfides and/
or arsenides under equilibrium conditions (Fig. 11b).
This is not only at odds with the observations from
the three veins investigated here, but with thousands of
hydrothermal veins in the Schwarzwald (Markl 2015,
2016, 2017a, 2017b), in Central Europe and worldwide
(e.g., Baumann et al. 2000; Sangster 2009), where Ni-
minerals are rather rare.

(4) Kinetics: Experimentally determined kinetic rates
of sulfate-sulfide equilibration (Ohmoto and Lasaga
(1982) are insufficiently slow to allow sulfate reduc-
tion during short-lived mixing processes in hydro-
thermal systems below 200 °C. The formation of
individual growth zones during such mixing processes
takes less than minutes (Walter et al. 2018a), while
the minimum time required for the attainment of a
90% equilibrium between aqueous sulfide and sulfate
requires ~4000 years at 150 °C at roughly neutral con-
ditions (Ohmoto and Lasaga 1982).

All these arguments imply that sulfide was not trans-
ported in fluid A or fluid B in sufficient quantities, but that
it had to be added from outside. Also sulfate reduction can
be ruled out for kinetic reasons.
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Sulfate-sulfide disequilibrium based on §**S

The kinetic disequilibrium between sulfate and sulfide dis-
cussed in the preceding chapter is corroborated by the 5**S
signature of both sulfates and sulfides from ore shoots and
normal vein assemblages (Fig. 8). The calculated equilib-
rium temperatures between sulfides and co-genetic sulfates
from the three investigated localities seem to record tem-
peratures of formation between 270 and 470 °C (Fig. 12c¢),
while the pressure-corrected fluid inclusions record tem-
peratures of about 150 °C (Scharrer et al. 2021) which are
in agreement with many other fluid inclusion studies in the
region (see above). Hence, the apparently co-genetic sulfate-
sulfide textures do not prove sulfate-sulfide isotope equi-
librium; rather, sulfides and sulfates are in textural equilib-
rium, but in sulfur isotope disequilibrium. This agrees with
a sulfur isotope study from the whole Schwarzwald show-
ing unrealistic equilibrium temperatures ranging from ~200
to~500 °C (Schwinn et al. 2006). There is no evidence for
a post-formational isotopic equilibration of barite or the
sulfides with each other or a further sulfur source. This is
because there is no correlation between the barite, galena,
and sphalerite 5°*S value and the sampled crystal size or
mineral paragenesis. Furthermore, the sulfides and barite
from this Jurassic-Cretaceous hydrothermal stage from all
over the Schwarzwald show a similar disequilibrium isotopic
range (Gehlen et al. 1962; Schwinn et al. 2006; Staude et al.
2011). A full equilibration of all sulfides or sulfates with
a subsequent fluid is disregarded since these are systems
governed by localized fluid pathways.

In summary, we interpret the sulfur isotope values of bar-
ite and sulfides to reflect a sulfate-sulfide isotopic disequi-
librium during vein formation. Therefore, sulfate and sulfide
must have originated from different sources, and for sulfide,
this source was not fluid A or fluid B. This finding is in sharp
contrast to the results and interpretations of previous studies
(Walter et al. 2016, 2018a, 2020).

Sulfide source

This chapter discusses the potential sources of the exter-
nally derived sulfide. The regional geology permits the
sulfide to be sourced either from the surrounding host rock
or from the (at the time of ore formation) overlying sedi-
mentary lithologies. The latter would require sulfide from
the organic-rich and/or sulfide-rich layers in the sedimen-
tary cover penetrating the basement during downward fluid
flow as was, e.g., suggested by Bons et al. (2014). How-
ever, sedimentary, mostly organically or diagenetically
sourced, sulfide generally shows strongly negative 8*S
values, mostly between —5 and — 50 (Marowsky 1969;
Maynard 1980; Gautier 1987) as does the most likely sedi-
mentary sulfide source candidate in the region, the Lower

Jurassic Posidonian shale (Geyer et al. 2011), namely 8**S
values between — 15 and — 40 (Brumsack 1991; Raiswell
et al. 1993). This is significantly lighter than our analyzed
sulfides (Fig. 8). Thus, a major organic sulfide source com-
ponent can, in all probability, be excluded.

The most likely sulfide source is, hence, the surround-
ing basement rock sulfides. Remobilization of this sulfide
during hydraulic fracturing is a viable mechanism of
sulfide addition to the mixing hydrothermal fluids. It is
well known that the Schwarzwald basement rocks, specifi-
cally the gneisses, bear high amounts of sulfides, includ-
ing pyrite, pyrrhotite, and arsenopyrite (e.g., Wager 1935;
Otto 1964; Hofmann 1989; Geyer et al. 2011; Staude et al.
2011; Driippel et al. 2020). We also observed them in our
host rock samples. The importance of the host rock char-
acteristics on the occurrence of sulfides in Schwarzwald
hydrothermal veins has also been described by Walter
et al. (2019) who found that gneiss-hosted veins contain
a higher modal abundance of sulfides compared to gran-
ite-hosted veins. Furthermore, galena and sphalerite are
mostly abundant in hydraulic breccia zones (this study;
Metz et al. 1957; Widemann 1988; Markl 2017a), where
interactions between the hydrothermal fluid and the fresh,
non-leached host rock are strongest. As the new fractures
typically occur in the center of a vein or at the marginal
selvages, which are covered and thereby sealed by clay
minerals (Metz et al. 1957; Burisch et al. 2016; Walter
et al. 2016), repetitive opening of the same fractures nicely
explains the typical banded gangue textures (e.g., Keim
et al. 2019) and the general rarity of sulfides. The latter are
distributed unevenly reflecting the rare addition of sulfide
to the hydrothermal fluid. This is related to the preexisting
vein being a structurally inherited weak zone (Virgo et al.
2014) which is a typical feature in many hydrothermal
systems (e.g., Cathelineau et al. 2017). The sulfide isotope
signature of both ore shoots and vein sulfides (5**S~0
to — 12) overlaps with the range of the basement sulfides
(634S ~ +2 to—9%o0; Siewers 1977) which corroborates
our inference that sulfide was derived from the gneissic
host rocks.

This concludes the sulfide, which is the prerequisite for
sulfide formation, and the reducing agent, which is required
for the ore shoot formation, having two separate origins.
Which of these fluids, a sulfide-bearing or a reducing
agent—bearing fluid, is tapped, results in the formation of the
normal vein sulfides or an ore shoot assemblage, respectively.

The mineralogical consequences of sulfide addition
and sulfate-sulfide disequilibrium on the ore shoot

assemblage

The ore shoots show a highly variable sulfide content, from
absent to abundant, which implies that the availability of
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sulfide and reducing agent may have been variable between
ore shoots. Thus, it is vital to consider the effect sulfide has
on the ore shoot mineralogy. In the following, the conse-
quences of sulfide addition under equilibrium (Figs. 12b,
13b and 14b) and under sulfate-sulfide disequilibrium
(Figs. 12c, 13c and 14c) conditions on the ore shoot miner-
alogy will be discussed.

In a simplified As-S system and under equilibrium
conditions, realgar and orpiment would form at acidic
to neutral conditions. Their stability field is increased to
more oxidized environments under sulfate-sulfide disequi-
librium conditions. Only when the available sulfide is used
up, native arsenic would form. However, realgar and orpi-
ment were not found in any of the investigated samples.
This is attributed to their stability strongly depending on
the availability of reduced sulfur, which, in turn, is also
dependent on the stability of other sulfides and, thus, on
the availability of, for example, Pb and Zn in the fluid
(Scharrer et al. 2020). As Pb and Zn are very abundant in
the mixture of fluid A with fluid B, nearly all LA-ICP-MS
analyses show them in a similar range of 1 to 100 ppm,
and as galena and sphalerite have very low solubilities,
their formation uses up the reduced aqueous sulfide which
is the ultimate reason for the stability of native As over
realgar and orpiment.

During reduction of a sulfide-bearing Ag-As-Pb fluid
under equilibrium conditions and at neutral pH, galena pre-
cipitation is succeeded by native As formation (Fig. 12b). In
our samples, although galena does also form prior and sub-
sequent to native As, it also forms simultaneously to native
As (e.g., Fig. 4b). As an example, in an equilibrium system
with the fluid condition at Miinstertal (Table 4), the amount
of galena that can precipitate simultaneously with native As
during reduction is several orders of magnitude less than
native As. A co-precipitation is however possible, when
sulfide influx occurs contemporaneous with the reduction,
as is the case at hand. Thus, the simultaneous precipitation
of these two minerals at a neutral pH reflects the sulfide
influx during reduction under sulfate-sulfide disequilibrium
conditions. At these conditions, the stability and forma-
tion of galena is independent of the redox state of the fluid
(Fig. 12¢) and whether galena or native As forms depends on
the relative abundance of sulfide and reducing agent. Tem-
poral variations in redox state and/or sulfide influx nicely
explain the commonly observed banded onion-layer texture
between native As and galena and the lath-shaped oriented
galena crystals in native As (Fig. 6e).

In the presence of dissolved Ni, the thermodynamic mod-
eling predicts the formation of gersdorffite under slightly
basic to strongly acidic conditions (Fig. 13b). Under sulfate-
sulfide disequilibrium conditions, the stability of gersdorffite
increases, based on the availability of sulfide, to more oxi-
dizing and more basic conditions (Fig. 13c). Due to the As-S
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exchange in the arsenides and sulfarsenides (Fig. 7b), we
assume that S-rich rammelsbergite forms at low sulfide, As-
rich gersdorffite at moderate sulfide, and stoichiometric ger-
sdorffite at high sulfide availability. This would explain the
mineralogical differences in the three ore shoot sequences
at Urberg, in which a steady increase in sulfur content in the
Ni(As, S), and NiAs; minerals can be witnessed from ore
shoot sequences 1 to 3 (Fig. 7b). It is important to note that
under moderately reduced conditions, only a few mg/kg of
sulfide are needed to increase the stability of even stoichio-
metric gersdorffite to form over a large pH range. The non-
stoichiometric gersdorffite would form at even lower sulfide
contents. The availability of sulfide is, however, not only
constrained by the absolute sulfide content, but (as already
described above) also by the content of other elements such
as Pb or Zn that contest for the sulfide due to the low solubil-
ity of their respective sulfides (Scharrer et al. 2020). The fact
that both Pb and Zn were detected in most fluid inclusions
(i.e., in the mixed fluids after mineral precipitation) indicates
a high metal/sulfide ratio.

The presence of Sb in addition to Ni, As, Pb, and sulfide
in the fluid stabilizes some Sb-minerals at the expense of
their respective As counterparts, even if the fluid is richer
in As than in Sb (Fig. 14b). This explains the formation of
breithauptite (Fig. 14b) and possibly ullmannite in As-domi-
nated ore shoots, although the stability of the latter could not
be modeled due to the lack of suitable thermodynamic data.

The mineralogical consequences of sulfate-sulfide
disequilibrium on the normal vein assemblage

Although the sulfate-sulfide disequilibrium does influ-
ence the mineralogy of the ore shoots (Figs. 12¢, 13c and
14c), with minor changes in mineral abundance and min-
eral succession, similar ore shoots could also form under
sulfate-sulfide equilibrium conditions (Figs. 12b, 13b and
14b). However, the normal sulfide assemblage of the vein
observed here could not have formed under equilibrium
conditions. The sulfate-sulfide disequilibrium does not only
stabilize mineral assemblages that would not form other-
wise, but it also prevents the formation of some equilibrium
assemblages or textural successions which would usually be
expected to form. For example, under equilibrium conditions
(Figs. 12b, 13b, and 14b), the base metal sulfides should
always form after native Ag (Fig. 12c), arsenides (Fig. 13c¢),
or antimonides (Fig. 14c), but the typical vein sulfide assem-
blage completely lacks native Ag, arsenides, and antimon-
ides. This is identical in almost all other hydrothermal veins
of the same hydrothermal stage in the Schwarzwald (Markl
2015, 2016, 2017a, 2017b) and can be explained by the
disequilibrium conditions, which (1) prevent sulfide from
acting as a reducing agent for, e.g., Ag*, aqueous arsen-
ite, or aqueous antimonite and (2) increase the stability of
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sulfide-bearing minerals such as base metal sulfides to oxi-
dizing conditions.

Finally, under sulfate-sulfide disequilibrium condi-
tions, an influx of sulfide into a fluid of variable redox state
invariably either co-precipitates galena and Ag-sulfides/
Ag-sulfosalts (Figs. 12c, 13c and 14c) or Ag is incorpo-
rated into galena via coupled substitution. The latter could
not be modeled due to the lack of thermodynamic miscibil-
ity data. However, extrapolation from higher temperature
experiments to below 200 °C of the coupled substitution of
Ag(As, Sb, Bi)S, into galena reveals that up to~3 mol% of
Y'(Ag, As, Sb, Bi) can be incorporated into galena (Chutas
et al. 2008; Renock and Becker 2011). Thus, the observed
elevated contents of Ag, As, Sb, and Bi in galena which are
both present in the ore shoots and the vein sulfide assem-
blages could only form due to the sulfate-sulfide disequilib-
rium, which prohibits native Ag to form. Hence, the main
medieval Ag source, argentiferous galena, is a direct result
of the sulfate-sulfide disequilibrium during the formation of
these veins (Markl 2017a).

Alternative formation mechanisms for ore shoot
and vein sulfides

The model presented here suggests that the vein formed by
mixing of fluid A and fluid B, the vein sulfides precipitated
due to an influx of host rock-sourced sulfide, and the ore
shoot assemblages formed by a local influx of a mobile
reducing agent, most likely hydrocarbons. Although we have
provided abundant textural, mineralogical, geochemical,
fluid inclusion, and modeling data to support the hypothesis
of such a three fluid + host rock interaction model, possible
alternatives should also be mentioned. Alternative models to
explain the presence of both vein sulfides and ore shoots are,
for example, that the change from vein sulfides to ore shoots
may be governed by (a) a different magnitude of external
(rock) vs. internal (fluid) buffering and (b) differences in the
magnitude of the net fluid flux.

We do not consider both alternatives as viable, because,
concerning (a), the internal buffering of fluids A+ B forms
only the gangue minerals, while the external (rock) buffering
is, in principle, the mechanism that we suggest forming the
vein sulfides. A stronger interaction with the surrounding
host rocks produces a higher sulfide ore content in the vein,
but not an arsenide-bearing ore shoot. This statement is even
texturally supported by the increased sulfide concentrations
at places where host rock breccias are present in the banded
vein (see vein sulfide formation chapter). Alternative (b)
proposes that a different degree of reaction progress of the
overall fluid system is responsible for the shift between the
normal vein sulfide and the ore shoot assemblage. However,
our modeling clearly shows that variations in magnitude of
net fluid flux of fluids A+ B or the sulfide- and reducing

agent-—bearing fluid do not suffice to explain the mineralogi-
cal difference between the vein sulfides and the ore shoots. A
single fluid with a given sulfide/reducing agent ratio cannot
thermodynamically result in the formation of sulfide-free ore
shoots, sulfide-bearing ore shoots, and normal vein sulfides.

Hydrothermal overprint, sulfosalt assemblage,
and worldwide comparison to other occurrences

The previous models nicely explained the formation of the
native element-arsenide-sulfarsenide assemblages, with or
without the base-metal sulfides, but they did not discuss
the silver sulfides and sulfosalts, mainly proustite-pyrar-
gyrite solid solutions, which are abundant. These minerals
formed in a later process by hydrothermal remobilization of
the primary ore assemblages. Similar processes have been
described for other Ag-rich hydrothermal systems in the
region (Keim et al. 2019). To understand their formation
is of vital importance since remobilization processes can
increase or decrease the economic value of many types of
deposit dramatically (e.g., Hobbs 1987; Marshall et al. 2000;
van Dongen et al. 2010; Hastie et al. 2020).

In the deposits investigated in the present contribution,
the most common consequence of hydrothermal overprint
of the primary ore shoot assemblages is the formation of
minerals of the proustite (Ag;AsS;)-pyrargyrite (Ag;SbS;)
solid solution series at the cost of mainly native Ag and
sometimes native As. Depending on sample and locality,
they form in association with other sulfosalts and sulfides
(Table 1). As is the case in our samples, these Ag-sulfosalts
generally form during a later stage or at the end of an ore
stage in many Ag-rich hydrothermal associations worldwide
(Ryall 1979; Ruvalcaba-Ruiz and Thompson 1988; Mlad-
enova et al. 2004; Camprubi et al. 2006; Staude et al. 2007,
Fanlo et al. 2010; Kallstrom 2012; Yesares et al. 2017; Epp
et al. 2018). The formation of sulfosalts has been linked both
to a primary hydrothermal fluid (Foley 1984), but more com-
monly to exsolution and/or remobilization processes (e.g.,
Boni and Koeppel 1985; Loucks and Petersen 1988; Mlad-
enova et al. 2004; Takahashi et al. 2006; Epp et al. 2018).

The formation of proustite-pyrargyrite series minerals
must have started after the ore shoot formation, but dur-
ing the same hydrothermal stage II (Fig. 3a) since euhedral
sulfosalts are found imbedded in gangue minerals of this
stage. As the sulfosalts do not just replace, but also overgrow
the primary minerals, an elemental flux at constant volume
during remobilization cannot be calculated. However, the
observation that native arsenic and native silver are replaced
by proustite clearly shows that an influx of sulfide is a neces-
sary prerequisite for their formation. It is suggested that the
replacement processes involved batches of either fluid A or
fluid B, both of which are not in equilibrium with and more
oxidized than the ore shoot, plus sulfide.
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The sulfide isotope signature of proustite ranges from the
same as that of the primary ore shoot and main stage vein
sulfides to significantly lower. The same isotopic signature as
the rest of the vein sulfides suggests that the sulfide originated
from the same sulfide fluid source or remobilization of sulfides
within the vein. The significantly lower isotopic signature can
be explained by a subsequent fluid, or sulfate reduction being
involved. Such reaction processes are not temporally confined
to a short process such as fluid mixing. Thus, sulfate reduction
may play a role for these remobilization processes.

For the investigated samples at hand, the large variety of
sulfosalts forming during the replacement process can be traced
back to local, small-scale variations in preexisting mineralogy
and, possibly, fluid composition. Although minerals of the
proustite-pyrargyrite series (Ags;(As,Sb)S;) are abundantly
present, minerals of the smithite-miargyrite series (Ag(As,Sb)
S,) are rare or absent. This is a common feature at many Ag-
sulfosalt—bearing localities worldwide (e.g., Gillerman and
Whitebread 1953; Gemmell et al. 1989; Chutas and Sack 2004,
Camprubi et al. 2006). The formation of either of these miner-
als is defined by the elemental abundance (Chutas and Sack
2004), specifically of Ag, Sb, As, and S, and by prevailing for-
mation conditions, specifically pH. The proustite-pyrargyrite
series preferably forms at more neutral to slightly basic condi-
tions and at higher Ag and S activities relative to miargyrite
(Fig. 14c¢). A high Ag activity was provided by the dissolution
of native Ag. The favorable neutral to basic pH was given if
the involved initial fluid was at roughly neutral pH, moderately
reduced to moderately oxidized and As-bearing. Local varia-
tions in fluid composition and primary ore shoot mineralogy
then determined, which sulfosalt formed during this hydrother-
mal overprint (see also Keim et al. 2019).

These required initial fluid conditions are met by fluids A
and B. At initially roughly neutral pH and under moderately
reduced to moderately oxidized conditions, both arsenite and
arsenate are present in the fluid (ESM 6). During dissolution
of native Ag or native As, arsenate is progressively reduced
to arsenite (Scharrer et al. 2019), which, in turn, increases
the fluids pH (Egs. 2 and 3).

As (s)+1.5 H" +1.5 H,0+ 1.5 H,AsO,~ < 2.5
As(OH); (ag) (2).

Ag (s)+1.5H" +0.5 H,AsO,” +2CI~ <>0.5H,0+0.5
As(OH); (aq)+AgCl,™ (3).

Hence, the sulfosalts form in the presence of a sulfide influx
during ore shoot remobilization and the sulfosalt mineralogy is
defined by the elemental availability and formation conditions.
Interestingly, if fluids A and B react with the ore shoots in the
absence of sulfide, the primary mineralogy is only dissolved
and replaced by gangue minerals, without the formation of
secondary ore minerals. This has also been observed in several
samples, in which preferably native As and native Ag were
dissolved, while their colloform and dendritic shapes are still
preserved in the replacing gangue minerals (Fig. 4f, g).
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In some samples from Wieden, minerals of the proustite-
pyrargyrite series are occasionally replaced by acanthite
(Ag,S) and, in turn, by native Ag. This formation of sec-
ondary native Ag by the dissolution of acanthite is a typi-
cal reaction which has been described from many localities
worldwide (e.g., Fanlo et al. 2010; Arribas et al. 2020). The
secondary native Ag commonly forms wires in open vugs.
This process shows a progressive enrichment of Ag relative
to As, Sb, and S. While the primary native Ag contains sig-
nificant amounts of Sb, Hg, and As, the process of remobili-
zation, first to proustite and then to secondary native silver,
preferably removes Sb, Hg, and As and, hence, purifies the
native silver. The whole process is most likely related to
weathering fluids of different compositions than fluid A or B.

Conclusions

Although drastic mineralogical changes in a hydrothermal
vein are commonly interpreted to indicate a new hydrother-
mal stage with the influx of a new fluid of different composi-
tion, this study shows that such changes can simply reflect
a spatially and temporally restricted change in redox condi-
tions. In this case, a local influx of a reducing agent can
result in the formation of Ag- and As-rich ore shoots. The
mineralogy of these ore shoots is strongly dependent on the
presence of the metals in the fluid, as the mineralogy reflects
the maximum elemental fluid composition analyzed by LA-
ICP-MS in single-fluid inclusions. This, in turn, implies
that the elemental composition of the ore, at least to some
degree, reflects the source fluid and, thus, the source rock.

The mineralogy of the ore shoots is further influenced
by the redox state, the pH, the availability of sulfide, and
the already precipitated mineralogy. The presence of sulfide
during reduction results in the formation of sulfide-bearing
minerals such as base metal sulfides, sulfarsenides, and sul-
fantimonides. The influx of sulfide and lack of reduction of
sulfate is due to a thermodynamic disequilibrium between
sulfate and sulfide, which stem from two different sources
and which could not equilibrate due to slow reaction kinet-
ics (Ohmoto and Lasaga 1982). In the presence of a sulfide
influx without a reducing agent, only normal base metal
sulfides such as galena, sphalerite, or chalcopyrite form.
This sulfide influx also promotes the incorporation of Ag,
Sb, As, and Bi into galena. The most likely sulfide source is
the sulfide-bearing gneisses (=host rocks), while the reduc-
ing agent was most probably represented by hydrocarbons
from the sedimentary cover.

The final ore shoot textures found in the samples are
strongly influenced by post-depositional remobilization
processes. These include the typical hydrothermal dissolu-
tion of native Ag and native As and reprecipitation as sul-
fosalts as well as later reaction processes that re-remobilize
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the Ag-bearing sulfosalts and form secondary native Ag.
Thermodynamic calculations show that the larger stability
of Ag-Sb-sulfosalts such as pyrargyrite compared to their
respective Ag-As-endmembers (in this case, proustite) ena-
bles their formation even in As-dominated hydrothermal
systems.
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