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Abstract 

The formation of hydrothermal ore deposits depends on both the fertility of the involved fluids 

and the precipitation mechanism. The groundwork for understanding these two aspects is best 

laid by a detailed mineralogical and geochemical investigation, and supplemented by a 

geological-framework-considering qualitative model. However, in order to fully understand the 

involved processes, and to verify the qualitative model, an at least semi-quantitative 

thermodynamic model is essential. This requires the time-consuming task of compiling, and 

estimating where appropriate, thermodynamic data for all important mineral species involved. 

In this thesis, this approach is applied to various aqueous settings from ambient to 

metamorphic conditions. The thesis is subdivided to cover four different settings: (I) 

groundwater brines, (II) the fertility and evolution of basement brines and the process of fluid 

mixing, (III) As- and Ni- bearing hydrothermal brines and the process of fluid reduction and (IV) 

metamorphic fluids and the process of hydrothermal Ni-remobilization under reducing 

conditions as well as cooling of Sb-rich fluids. 

(I) Surficial water can drastically change its fluid composition through fluid-rock interaction. 

This is an important process that occurs anywhere between surficial and deep-seated crustal 

settings. Furthermore, ligands such as Cl play a vital role in the ability of such fluids to mobilize 

elements. At Buggingen, SW Germany, groundwater partially dissolved evaporitic salts and 

subsequently reacted with mafic magmatic dikes. Progressive desiccation due to H2O 

consumption by clay mineral formation and swelling, the fluid ultimately reached the point of 

halite saturation.  

(II) Surficial fluids can infiltrate deeper into the crust and form fertile hydrothermal fluids, and if 

certain conditions are met, form hydrothermal veins. In the study area of the Black Forest, this 

occurred over the past ~300 Ma in the basinal and rift-related setting of SW Germany. The 

trace element distribution between primary and alteration mineral reveal that basement aquifer 

fluid-rock interactions can liberate both major and trace elements into the fluid during host rock 

alteration. Temporally resolved fluid inclusion analyses by microthermometry and LA-ICP-MS 

on three hydrothermal veins which, in total, formed over a period of 150 Ma, were done to 

attain a better understanding of the basement aquifer evolution. This revealed a transition with 

depth and time from a NaCl to a CaCl2-richer basement aquifer. Based on aquifer host rock 

mineralogy, Na-Ca-K thermometry, Na-K thermometry, compositional trends, and 

thermodynamic modelling, this evolution and transition with depth can be traced back to the 

preferred alteration and consumption of Ca-rich feldspar during infiltration of the basement by 

saline fluids. Fluid mixing from various depths along this transition results in the formation of 

the Triassic to Cretaceous fluorite-quartz-barite veins in the Black Forest. The formation of the 

base metal sulfides further requires an influx of sulfide into this otherwise binary mixing 

scenario. The shift in hydrothermal regime to the subsequent post-Cretaceous veins due to 
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the opening of the Upper Rhine Graben reflects a gradual transition. This has been observed 

for the siderite-chalcopyrite-gersdorffite veins in the Black Forest. 

(III) The Black Forest also presents a rare but characteristic occurrence of native As±native 

Ag±arsenide±antimonide-bearing ore shoots that formed cogenetic with the Triassic to 

Cretaceous veins. The same mineralization type, typically known as native element-arsenide, 

five element, or Bi-Co-Ni association, is also found as independent veins worldwide. Based on 

both a local study of the ore shoots and a comprehensive global literature compilation, the 

previously proposed formation mechanism by reduction is reinforced and refined. Novel 

thermodynamic modelling of the Ni-Co-Fe-As-Sb-Ag-Bi system reveals that reduction suffices 

to produce the characteristic and nearly ubiquitous general mineral sequence: native Ag / 

native Bi → Ni-arsenides → Co-arsenides → Fe-arsenides → native As. The relative 

abundance of the precipitated minerals is correlated to the fluid composition. When Sb is 

present in the fluid, the Ni-mono- and -sulfantimonide quickly become stable over their 

respective As counterpart. Textural information, sulfur isotopic investigation, and experimental 

literature data supplemented by thermodynamic modelling reveal a redox disequilibrium 

between sulfate and sulfide which enables the fluid to maintain a low sulfide activity during 

reduction. This is required for the arsenides and native As to form. The formation of native As 

is further aided by low temperatures and the presence of sulfide-binding elements such as Pb 

or Zn. Thus, a reduction of a moderately oxidized fluid (increased solubility of most elements 

involved) forms these arsenide-bearing associations.  

(IV) However, it is also possible to mobilize minor amounts of Ni in reduced, low-saline, near-

neutral fluids, if higher temperature/metamorphic conditions prevail. This was studied at 

Kambalda, Western Australia, where the Ni mobilization at these conditions from primary 

magmatic Ni-sulfide bodies resulted in the rare formation of several types of hydrothermal 

pentlandite-rich veins. The “more typical” regional metamorphic hydrothermal fluid is, however, 

not rich in Ni. A more common scenario is the presence of reduced, Sb-, Fe-, and sulfide-rich 

fluids, that occasionally are Au-bearing. The formation of hydrothermal veins from such fluids 

is found in veins all over the Black Forest. Mineralogical, textural, fluid inclusion analysis, and 

oxygen isotopes augmented by thermodynamic modelling reveal a formation of these Sb-Pb-

Ag±Au veins by cooling of a metamorphic fluid and subsequent remobilization stages due to 

the influx of new basinal brines.  

Concluding, the studies presented in this thesis show the applicability and fruitfulness of fluid-

mineral system thermodynamic modeling from ambient to metamorphic conditions. 

Specifically, when it is based on a well-founded mineralogical and geochemical groundwork. 

Although this multimethod approach is not novel, it is not commonly applied to such an extent 

as shown here. 
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Zusammenfassung 

Die Bildung von hydrothermalen Erzlagerstätten ist sowohl von der Ergiebigkeit der beteiligten 

Fluide als auch vom Ausfällungsmechanismus abhängig. Um diese beiden Aspekte zu 

untersuchen, ist ein qualitatives Modell unter Einbeziehung des geologischen Rahmens und 

einer detaillierten mineralogischen und geochemischen Studie eine essenzielle Grundlage. 

Um jedoch die beteiligten Prozesse vollständig zu verstehen und um das qualitative Modell zu 

verifizieren, ist eine thermodynamische Modellierung essenziell. Dies beinhaltet die 

zeitintensive Aufgabe, thermodynamische Daten für alle wichtigen beteiligten Spezies 

zusammenzustellen und gegebenenfalls zu extrapolieren. In dieser Arbeit wurde dieser Ansatz 

auf verschiedene wässrige Milieus angewandt, von Normalzustandsbedingungen bis hin zu 

metamorphen Bedingungen. Die Arbeit ist insgesamt  in vier verschiedene Teilaspekte 

unterteilt: (I) Grundwasser-Gestein Wechselwirkungen, (II) die Ergiebigkeit und Entwicklung 

von Grundgebirgssolen und der Prozess der Fluidmischung, (III) Erzausbildung durch 

Reduktion von As- und Ni-haltigen Fluiden (IV) metamorphe Fluide und der Prozess der 

hydrothermalen Ni-Remobilisierung unter reduzierenden Bedingungen sowie die Abkühlung 

von Sb-reichen Fluiden.  

(I) Oberflächenwasser können durch die Wechselwirkung zwischen Fluid und Gestein ihre 

Fluidzusammensetzung erheblich verändern. Dies ist ein bedeutsamer Prozess, der überall 

von oberflächlichen nah bis tief in der Kruste auftritt. Dabei spielen Liganden wie Cl eine 

wichtige Rolle verschiedene Elemente zu mobilisieren und transportieren. In Buggingen, SW-

Deutschland, führte Grundwasser zur partiellen Auflösung von Salzen und zur anschließenden 

Reaktion mit magmatischen mafischen Gängen. Die bei der Alteration fortschreitende 

Austrocknung aufgrund des H2O-Verbrauchs durch Tonmineralbildung und Quellung führte bis 

hin zur Sättigung und Ausfällung von Halit. 

(II) Oberflächenfluide können durch Infiltration der Kruste zu metallreichen hydrothermalen 

Fluiden umgewandelt werden und, wenn die Bedingungen gegeben sind, hydrothermale 

Mineralisationen bilden. Im Untersuchungsgebiet, SW Deutschland, geschah dies in den 

letzten ~300 Ma in der durch Becken- und Grabenbildung geprägten Umgebung. Die 

Spurenelementverteilung zwischen Primär- und Alterationsmineral im Grundgebirge zeigt, 

dass die Wechselwirkungen zwischen Fluid und Wirtsgestein sowohl Haupt-, als auch 

Spurenelemente in das Fluid freisetzen können. Zeitlich aufgelöste Fluideinschluss-Analysen 

mittels Mikrothermometrie und LA-ICP-MS an drei hydrothermalen Gängen, die sich 

insgesamt über einen Zeitraum von 150 Ma gebildet haben, wurden durchgeführt, um ein 

besseres Verständnis für die Entwicklung des Grundwasserleiters zu gewinnen. 

(III) Der Schwarzwald weist auch ein seltenes, aber charakteristisches Vorkommen von 

gediegenem As±gediegenem Ag±Arsenid±Antimonid-führenden Erzgängen auf, die sich 

kogenetisch mit den triassischen bis kreidezeitlichen Gängen gebildet haben. Derselbe 
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Mineralisierungstyp, der typischerweise als gediegenes Element-Arsenid, Fünf-Element oder 

Bi-Co-Ni-Assoziation bekannt ist, wird auch als unabhängige Erzgänge weltweit vorgefunden. 

Basierend sowohl auf einer lokalen Untersuchung der Erzgänge als auch auf einer 

umfassenden globalen Literaturzusammenstellung, wird der in der Literatur vorgeschlagene 

Bildungsmechanismus durch Reduktion bekräftigt und im Detail erklärt. Eine erstmalige 

thermodynamische Modellierung des Ni-Co-Fe-As-Sb-Ag-Bi-Systems zeigt, dass eine 

Reduktion ausreicht, um die charakteristische und nahezu weltweit allgegenwärtige 

Mineralsequenz zu erzeugen: natives Ag/natives Bi → Ni-Arsenide → Co-Arsenide → Fe-

Arsenide → natives As. Die relative Häufigkeit der Minerale ist dabei durch die 

Fluidzusammensetzung gesteuert. Wenn Sb in der Flüssigkeit vorhanden ist, werden die Ni-

Mono- und Ni-Sulfantimonide stabiler als ihr jeweiliges As-Äquivalent. Texturinformationen, 

Schwefelisotopenuntersuchungen und experimentelle Literaturdaten, ergänzt durch 

thermodynamische Modellierung, zeigen ein Redox-Ungleichgewicht zwischen Sulfat und 

Sulfid, das es dem Fluid ermöglicht, während der Reduktion eine niedrige Sulfidaktivität 

beizubehalten. Dies ist für die Bildung der Arsenide und des gediegen As erforderlich. Die 

Bildung von gediegenem As wird durch niedrige Temperaturen und das Vorhandensein von 

sulfidbindenden Elementen wie Pb oder Zn weiter begünstigt. So bildet die Reduktion eines 

mäßig oxidierten Fluids diese arsenidhaltigen Verbindungen.  

(IV) Es ist jedoch auch möglich, geringe Mengen an Ni schon direkt bei reduzierten 

Bedingungen und  nahezu neutralen pH zu mobilisieren, wenn höhere Temperatur- und 

Metamorphosebedingungen vorherrschen. Dies wurde in Kambalda, Westaustralien, 

untersucht, wo die Ni-Mobilisierung unter diesen Bedingungen aus primären magmatischen 

Ni-Sulfid-Körpern zur seltenen Bildung mehrerer Typen von hydrothermalen pentlanditreichen 

Gängen führte. Regional metamorphe hydrothermale Fluid sind jedoch arm an Ni. Häufiger ist 

das Vorhandensein von reduzierten, teils Sb-, Fe- und sulfidreichen Fluiden, die gelegentlich 

auch Au-haltig sein können. Die Bildung von hydrothermalen Gängen aus solchen Fluiden ist 

in Gängen im gesamten Schwarzwald zu finden. Mineralogische, texturelle, Fluid-Einschluss-

Analysen und Sauerstoff-Isotope, ergänzt durch thermodynamische Modellierung, zeigen eine 

Bildung dieser Sb-Pb-Ag±Au-Adern durch Abkühlung und anschließende 

Remobilisierungsprozesse, initiiert durch den Zufluss metallführender hochsalinarer Fluide.  

Zusammenfassend zeigen die in dieser Arbeit vorgestellten Studien die Anwendbarkeit und 

den Nutzen der thermodynamischen Modellierung von Fluid-Mineral-Systemen von 

Bedingungen nahe der Erdoberfläche bis zu metamorphen Bedingungen. Im Besonderen wird 

darauf eingegangen, wenn eine solche Modellierung mit einer detaillierten mineralogischen 

und geochemischen Untersuchung kombiniert wird. Obwohl dieser Multimethoden-Ansatz 

nicht grundsätzlich neu ist, wird er gewöhnlich nicht in so einem Umfang wie in dieser Arbeit 

angewandt. 
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1. Introduction 

Fluid-fluid and/or fluid-rock interactions are crucial processes in all types of geologic 

environments. They range from atmospheric processes, biological processes, surface 

weathering, diagenesis, and hydrothermal interactions to subduction and mantle-related 

processes (e.g., Chapin et al., 2011; Landeweert et al., 2001; Liebscher and Heinrich, 2007; 

Navon et al., 1988; Peacock, 1990; Smith et al., 2003). Furthermore, specifically concerning 

economic geology, fluids are involved in nearly all types of ore deposits worldwide. They can 

both play an essential part in the formation of the ore, and subsequently overprint the ore which 

may enrich or deplete its economic value (e.g., Cathelineau et al., 2017; Fanlo et al., 2010; 

Horton et al., 2001; Keim et al., 2019; Marshall et al., 2000).  

For most geologic fluid-involving processes, these cannot be studied in situ but have to be 

deducted from the resulting mineral assemblage. For this, mineralogical and geochemical 

investigations provide the groundwork for a, at least qualitative, model. However, to fully 

understand the fluid-involved processes, it is vital to fully characterize all involved species, 

identify the formation conditions, and to verify (or further interpret) the results using 

thermodynamic modelling (Bethke, 2007). Therefore, one needs to constrain as many 

parameters as possible, such as identifying the fluid sources, the mechanism of precipitation 

and the prevailing conditions.  

This, already widespread but not sufficiently applied multiapproach procedure is the baseline 

of this thesis. It is used to further understand various fluid-fluid and fluid-mineral processes in 

several settings over a large pressure and temperature range. These include (I) groundwater 

brine-host rock interactions, (II) the fertility and evolution of basement brines and the process 

of fluid mixing, (III) As- and Ni- bearing hydrothermal brines and the process of fluid reduction 

and (IV) metamorphic fluids and the process of hydrothermal Ni-remobilization under reducing 

conditions as well as cooling of Sb-rich systems. 

 

1.1.  Hydrothermal fundamentals 

In hydrothermal systems, the fluids involved are typically of magmatic, metamorphic, meteoric, 

seawater, connate origin, or a mixture of these (e.g., Pirajno, 2012; Robb, 2020).  They are 

originally in equilibrium with their respective host rock, and the type of fluid source can, in some 

cases, be distinguished using isotope or compositional tracers (e.g., Barnes, 1997; Robb, 

2020). Every system has an equilibrium state at each given conditions. A change in one or 

more of these parameters leads to a disequilibrium, which in turn will be compensated by 

reactions to reach a new equilibrium state (e.g., Gyftopoulos and Beretta, 2005; Henley et al., 

1984). This causes minerals to precipitate, minerals to dissolve, aqueous species to 

interchange, and/or fluids to segregate due to immiscibility (Barnes, 1997).  
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There are various geological processes that can lead to a change in one or more of the 

equilibrium-defining parameters (pressure, temperature, composition, redox state, pH). The 

most common ones are 

• fluid mixing (e.g., Bons et al., 2014; Bouch et al., 2006; Canals and Cardellach, 1993; 

Fusswinkel et al., 2013; Walter et al., 2018a; Wilkinson et al., 2005), 

• fluid rock-interaction (e.g., Einaudi and Burt, 1982; Hu et al., 2015; Kreissl et al., 2018; 

Meinert, 1992) 

• fluid cooling (e.g., Burisch et al., 2017b; Goldfarb and Groves, 2015; Wagner and Cook, 

2000) 

• fluid boiling or fluid segregation (e.g., Canet et al., 2011; Cunningham, 1978; Korges 

et al., 2018; Ruggieri et al., 1999), 

• and a sudden drop in pressure due to e.g., fracturing (lithostatic to hydrostatic) (e.g., 

Cunningham, 1978; Monecke et al., 2018; Rusk and Reed, 2002; Weis et al., 2012). 

Typically, not just one, but several of these occur at the same time. However, one is usually 

the predominating mechanism that causes a hydrothermal mineral to precipitate.  

 

1.2.  Mineralogical and geochemical approach 

To understand both the fluid source and formation process of a hydrothermal deposit, a 

detailed mineralogical study must be the foundation. A clear textural analysis and interpretation 

thereof provides information on the temporal evolution and mineral paragenetic sequence of a 

mineralization (e.g., Bastin, 1950; Ramdohr, 2013; Schwartz, 1951; Spry, 2013). Combining 

this information with geochemical and fluid inclusion analyses yields the necessary information 

to construct a qualitative, and in rare cases even a quantitative formation model (e.g., Li and 

Naldrett, 1993; Phillips and Powell, 2009; Tao et al., 2007).  

 

1.3.  Fluid compositional approach 

Although some information on the fluid may be inferred from the mineralogy and mineral 

composition, the most effective way to identify the fluid composition is by fluid inclusion 

analyses (e.g., Bodnar, 1994; Fusswinkel et al., 2018; Goldstein and Reynolds, 1994; Van den 

Kerkhof and Hein, 2001; Wilkinson, 2001). Microthermometry with the corresponding 

petrography provides homogenization temperature and other phase transition temperatures 

(Van den Kerkhof and Hein, 2001; Wilkinson, 2001). These can, given certain constrains and 

models, be used to constrain formation temperatures, pressures and major fluid compositions 

(e.g., Driesner and Heinrich, 2007; Roedder and Bodnar, 1980; Steele-MacInnis et al., 2011). 

For this, the fluid inclusions are typically classified into secondary, pseudosecondary and 

primary fluid inclusions, while only the latter two provide information on the conditions during 

mineral precipitation (e.g., Goldstein and Reynolds, 1994; Van den Kerkhof and Hein, 2001). 
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The textural correlation of the fluid inclusions relative to the mineralization can further inform 

about the temporal evolution of the fluid conditions (e.g., Catchpole et al., 2011; Evans, 1995). 

Furthermore, the gas-to-liquid ratio in the fluid inclusion can be examined to identify fluid boiling 

or post-depositional inclusion leakage (Wilkinson, 2001). Using Raman or IR spectroscopy, 

gaseous and aqueous species may be identified and, in some instances, quantified (e.g., 

Guillaume et al., 2003; Pironon et al., 2001; Seitz et al., 1987).  

To gain further insight into the fluid composition, crush leach (e.g., Banks and Yardley, 1992; 

Bottrell et al., 1988) or in situ LA-ICP-MS can be used (Allan et al., 2005; Audetat et al., 1998; 

Fusswinkel et al., 2018). The latter is superior, as individual fluid inclusions with their known 

textural relation are analyzed. Crush leach is a bulk analysis which may only provide reliable 

fluid compositions for samples containing just one type of fluid, or for samples in which the 

amount of secondary inclusions is minimal. Both of these methods provide relative 

concentrations which are normed on the major fluid composition and/or host mineral, 

commonly the NaCl and/or CaCl2 content provided by microthermometry (e.g., Guillong et al., 

2008).  

 

1.4.  Thermodynamic modelling 

Although detailed mineralogical and geochemical approaches are crucial to infer both 

qualitative and quantitative formation processes, there still exists a need for thermodynamic 

validation. Furthermore, when the mineralogy and the geochemistry do not suffice to deduce 

a formation model, thermodynamic modelling may provide further constraints and insights on 

the processes involved (e.g., Bethke, 2007). This, in combination with the increase in 

computational resources, made thermodynamic approaches more and more popular over the 

years. A wide range of thermodynamic software applications is available, specialized not only 

for hydrothermal but also for magmatic and/or metamorphic environments, such as – but not 

limited to – GEM-Selektor, The Geochemist’s Workbench (GWB), PHREEQC, OpenCalphad, 

Bingo‐Antidote, Thermo-Calc, HCh, Perple_X, and MELTS. Many of these have seen a recent 

surge in development with regard to both usability and applicability (e.g., Duesterhoeft and 

Lanari, 2020; Kulik et al., 2013; Sundman et al., 2015). These programs rely either on the 

principle of minimizing the Gibbs free energy of formation (dGf
0), or on the principle of the 

reaction constant (logK equilibria). The latter is more commonly applied to low-temperature 

fluids and hydrothermal environments (e.g., Bethke, 1998; Bethke, 2007; Parkhurst, 1995), 

whereas the principle of minimizing dGf is generally used for all settings (e.g., Duesterhoeft 

and Lanari, 2020; Kulik et al., 2013). By definition, the logK principle is merely a simplified 

variant of the dGf principle. 

The potential applications of these thermodynamic models are mostly limited by the available 

quantity and/or quality of thermodynamic data, and not by the software itself. There is a general 
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scarcity of good regularly updated, publicly-available thermodynamic data for unusual minerals 

and species, and it is a tedious task to compile these while ensuring quality control. This is 

further complicated by the problematic nature of the internal consistency of thermodynamic 

databases and data implementation (Arthur, 2001). Thus, most users refer to one of the 

precompiled thermodynamic databases available (e.g., Barin, 1995; Blanc et al., 2012; 

Gamsjäger et al., 2005; Helgeson, 1969; Holland and Powell, 2011; Naumov et al., 1971b; 

Sehmel, 1989). However, these are not always up to date, while newer, updated or novel 

thermodynamic data for specific substances may be available. This hinders many from 

applying thermodynamic modelling.  

Considering many geological processes of interest, empirically predicted/extrapolated 

thermodynamic constants can be precise enough for rough thermodynamic modelling (e.g., 

Craig and Barton, 1973). Thus, if some thermodynamic constants are lacking, they may 

reasonably be interpolated or extrapolated using a number of different empirical approaches 

(e.g., Craig and Barton, 1973; Glasser, 2013; Jenkins and Glasser, 2003; Leitner et al., 2010; 

Van Hinsberg et al., 2005). 

As the basis of this thesis, the regularly updated thermodynamic database “Thermoddem” was 

used (Blanc, 2008; Blanc, 2017; Blanc and Gaboreau, 2013; Blanc and Lassin, 2013; Blanc et 

al., 2012). In this study, in cooperation with the Bureau de recherches géologiques et minières 

(BRGM) team working on maintaining this database, several additions and changes were 

made by integrating data from other sources and/or extrapolating constants. These include the 

aqueous Sb-, Bi-, and Ni-system, several Ag- and Pb-sulfosalts, several arsenides, several 

uranyl-bearing minerals, as well as an increase in applicability up to 600 °C and higher 

pressures (up to 5 kbar). For this, in each respective study, the choice of thermodynamic data 

as well as the methods of extrapolation for missing data is well elaborated.  

 

1.5.  Stability diagrams for aqueous systems 

The focus of the individual studies in this thesis is not on the thermodynamic calculations 

themselves, but on the application of these to serve the different research questions. These 

are typically the development of novel processes or confining unknown parameters to further 

understand preexisting processes. Typical unknown or variable parameters in hydrothermal 

systems are for example, composition, temperature, pH, and redox conditions. Thus, it is 

customary to parameterize the thermodynamic model of the investigated system with regards 

to these variables. The resulting diagrams are commonly activity-activity or activity-

temperature diagrams.  

A popular method of visualization are stability diagrams that show relative stabilities of mineral 

assemblages. Common ones are log(fS2)-temperature (sulfidation state) diagrams (e.g., 

Barton Jr, 1970; Einaudi et al., 2003) and log(fO2)-temperature diagrams. For these, most 
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aqueous and gaseous species are typically not considered, but they are applied not only to 

magmatic and metamorphic but also to hydrothermal environments (Brenan, 2003; Einaudi et 

al., 2003). 

Also popular are so-called “predominance stability diagrams” based on the designation of one 

major species. Modelling programs such as GWB(Act2) and PhreeqC calculate these 

according to one major and several minor species, while all solid, gaseous, and aqueous 

species can be considered and speciated (Bethke and Yeakel, 2013; Parkhurst, 1995). The 

equations involving the major element are balanced according to that element, and not on the 

respective limiting reagent. This simplification can be problematic, especially in complex 

multicomponent fluid systems. Furthermore, a maximum of one mineral at each condition is 

allowed to be stable, and this must include the main element (Bethke and Yeakel, 2013). This 

limits the applicability of such diagrams, as for example a scenario where chalcopyrite and 

pyrite form a stable paragenesis cannot be calculated this way. The main benefit of these 

simple predominance diagrams is the reduced computing power needed, which is why these 

were the diagrams of choice throughout most of the history of thermodynamic modelling. 

A more complex approach used in this thesis, is that of true stability – here on called “true 

assemblage stability diagrams”. For these, at each condition in the activity-activity diagram, 

the abundance of all gaseous, aqueous, and solid species of all involved elements are 

considered in the calculation of the stability fields (Bethke and Yeakel, 2021). This diagram 

type eliminates some major drawbacks of the classic predominance stability diagrams, such 

as the inability of modelling mineral assemblages. Furthermore, the actual stability fields of 

minerals can be presented, and not only the predominance fields. In an assemblage stability 

diagram, the following points are considered: 

• Which elements are in excess or in short supply (concerning their activity)? 

• Which species are present at each condition? 

• What are the absolute and relative individual species activities? 

Consequently, true assemblage stability diagrams can deviate significantly from the stability 

diagrams based on one designated major species, and the resulting interpretations can also 

diverge. The benefits of these true assemblage stability diagrams are demonstrated by their 

recent implementation into GWB by the program GWB(Phase2). This implementation by the 

GWB development team occurred independently of, and in parallel to our rudimentary in-house 

development of this technique using a script and the program GWB(React).  

When enough parameters are known or can be estimated, equilibrium conditions can be fairly 

easily calculated and depicted in true assemblage stability diagrams. However, 

thermodynamic modelling only predicts how stable a phase is in one state versus another 

(Gyftopoulos and Beretta, 2005). For determining which phases do form in nature, another 

important factor is kinetics, which defines how quickly or slowly species react (Bethke, 2007; 
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Lothenbach et al., 2010; Machlin, 2010). Thus, just because a specific substance is 

thermodynamically stable, does not mean it forms at the given conditions in the time available. 

A substance for which kinetics play a crucial role is sulfur, specifically the transformation from 

an oxidized to a reduced state or vice versa (Ohmoto and Lasaga, 1982). Sulfur is of 

importance in many hydrothermal systems, and is present in most of the studied assemblages 

throughout all studies in this thesis.  
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2. Choice of study sites and site characteristics 

This thesis addresses several fluid-involving environments from ambient to metamorphic 

conditions. Thus, one study site does not suffice to investigate these. The ones selected for 

the respective studies of this thesis are described below.  

 

2.1.  Black Forest and SW Germany 

Most studies (study 1, 2, 3, 4, 5, 6 and 9) were performed within the Black Forest mining district 

or surrounding region in SW Germany. This district provides an ideal natural laboratory to 

investigate various hydrothermal processes and fluid-rock interactions. It is rich in 

hydrothermal mineralogical diversity (Markl, 2015; Markl, 2016; Markl, 2017a; Markl, 2017b), 

which can be traced back to various ore-forming events that occurred in the past > 300 Ma 

(e.g., Baatartsogt et al., 2007; Walter et al., 2016; Walter et al., 2018b). The small-scale nature 

of most hydrothermal veins enables the investigation of involved processes without the need 

of large sample sets. Furthermore, the abundant already-published research on various 

geological aspects of the region presents ideal background knowledge and boundary 

conditions for further research. These include studies on fluid inclusions (e.g., Baatartsogt et 

al., 2007; Behr et al., 1987; Fusswinkel et al., 2013; Fusswinkel et al., 2014; Schwinn et al., 

2006; Staude et al., 2012; Walter et al., 2018a; Walter et al., 2016; Walter et al., 2017), 

radiogenic and stable isotopes (e.g., Schwinn et al., 2006; Staude et al., 2011), mineral 

composition (e.g., Pfaff et al., 2011; Staude et al., 2010), paleo fluid models (e.g., Bons et al., 

2014; Staude et al., 2009) as well as leaching and alteration of the basement (Burisch et al., 

2016). 

The region comprises an exhumed Variscan basement (mainly gneisses and granites) overlain 

by Permian to Jurassic sediments, including sandstones, shales, carbonates and evaporites 

(Geyer et al., 2011). The present-day structural setting is marked by rifting to the west since 

the Paleogene, resulting in the formation of the Upper Rhine Graben (Geyer et al., 2011). 

Simultaneous lifting of the rift shoulders and consequent erosion resulted in the erosional 

window of the Black Forest (Rupf and Nitsch, 2008).  

There has been a history of long lasting (~300 Ma) continuous hydrothermal activity and vein 

formation in the region (Walter et al., 2018b). According to Walter et al. (2016) and Walter et 

al. (2018b), five hydrothermal maxima can be distinguished: (i) Carboniferous, (ii) Permian, (iii) 

Triassic to Early Jurassic, (iv) Middle Triassic to Cretaceous, and (v) post-Cretaceous. The 

first hydrothermal group (I) comprising quartz-tourmaline veins, is of carboniferous age, and is 

related to magmatic processes. The second (II) is of Permian age, quartz-dominated, rich in 

Sb±Ag±Au-sulfide ore, and related to the late Variscan orogenic regime. The third group of 

hydrothermal veins (III) formed during a period from the Triassic to the Jurassic. These quartz-

hematite veins are characterized by a low Cl/Br fluid ratio and fluid inclusion homogenization 
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temperatures of 100-200 °C. The fourth vein group (IV), formed from the Triassic to Cretaceous 

(Walter et al., 2018b), is characterized by fluorite-quartz-barite and barite-quartz veins that 

developed from fluids with a high salinity of 20-30 wt.% NaCl eq., a variable fluid Cl/Br ratio 

(< 100-1000), and fluid inclusion homogenization temperatures between 50 and 200 °C. The 

ore mineralogy is largely variable between veins, but generally rich in Pb- and Zn-sulfides 

(Metz et al., 1957) or Fe- and Mn-ores (Walter et al., 2016). In addition, some veins are 

arsenide-bearing and can be categorized either as five element associations (Staude et al., 

2007; Staude et al., 2012). The last hydrothermal maxima (IV) occurred post-Cretaceous, 

formed quartz-barite-fluorite veins with a variable sulfide mineralogy and are characterized by 

a highly variable fluid inclusion salinity (0-25 wt.% NaCl eq.) and fluid inclusion homogenization 

temperatures of 50-200 °C.  

 

2.2.  Kambalda (Western Australia) 

Hydrothermal pentlandite that formed from metamorphic fluids is of scientific interest as it is a 

rare occurrence and thus indicates very specific and unique conditions that favor the transport 

of Ni and then the precipitation of pentlandite. Since of hydrothermal pentlandite is absent in 

the Black Forest, the conditions required for its formation were studied at Kambalda, Western 

Australia. Kambalda is part of the Kalgoorlie Terrane in the Archean Yilgarn Crateon 

(Goscombe et al., 2009). It consists of a ~ 2700 Ma old sedimentary-volcanic sequence that 

includes komatiite, chert layers, and basalts (Barnes et al., 2007; Gresham and Loftus-Hills, 

1981; Kositcin et al., 2008). This sequence also includes magmatic sulfide ore bodies at the 

base of the komatiite, which represent several major Ni-deposits (Barnes et al., 2007). 

After deposition of the volcanic and sedimentary units, the whole region was intruded by 

intermediate to felsic dikes, sills, and stocks, whereas the centre of the present-day Kambalda 

Dome is made up of a trondhjemite pluton. Furthermore, regional metamorphism and folding 

at 2680 and 2665-2655 Ma overprinted the whole region (Mueller et al., 2016). However, many 

pre-metamorphic textures are still preserved and enable interpretation thereof (e.g., Staude et 

al., 2016). There are various types of pre-, syn- and post-metamorphic hydrothermal veins in 

the Kambalda region. These, among others, include gold-bearing (Neumayr et al., 2008) and 

pentlandite bearing veins.  

 

2.3.  Worldwide comparison 

The processes investigated in this thesis are meant to improve their universal understanding 

and are not focused on describing local processes. Thus, most studies also cover global aspect 

by comparison to similar, worldwide occurrences. Furthermore, study 7 is based not only on 

an individual occurrence, but on a worldwide literature review of the investigated ore 

association.   
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3. Objective 

The topic of this dissertation is fairly broad, and covers various fluid-rock- and fluid-fluid-

involving, non-magmatic processes from ambient to metamorphic conditions. The main goal 

throughout all of the sub-studies (manuscripts) is the mineralogical, textural, and geochemical 

study of specific mineral assemblages supplemented by thermodynamic modelling in order to 

investigate certain fluid evolution and mineral formation processes. Variations in settings and 

mineralogical assemblages between the studies provide unique views and additional 

information that is mutually supportive in further understanding different aspects of these 

processes.  

 

3.1.  Groundwater brines (I) 

When meteoric water or seawater starts to penetrate into the crust, the primary processes 

(excluding biological processes) that alter the fluid composition are low temperature fluid rock 

interactions (e.g., Coogan and Gillis, 2018; Musgrove and Banner, 2004). The degree of 

interaction, and the resulting fluid composition strongly depends on the pre-existing fluid 

composition, the ambient conditions, and the reacting rock. Such processes were investigated 

at the Buggingen salt deposit in the Upper Rhine Graben (study 1). There, groundwater 

reacted with the salt deposits to form a brine, which in turn reacted with the mafic volcanic 

dikes present at the locality. However, to understand the low-temperature fluid alteration 

processes, one must first characterize the primary rocks involved. Thus, the focus of this study 

was: 

• characterization of the magmatic mineralogy and magmatic textures, as well as 

possible magmatic host rock interactions 

• identifying and texturally classifying fluid-rock interactions 

• developing a qualitative formation model for the alteration of the magmatic dyke rocks 

and the halite formation in spheroidal textures previously described 

• investigating the formation of datolite, a rare boron silicate that has been found in these 

dykes 

 

3.2.  Basement brines and fluid mixing (II) 

When meteoric water, seawater, or groundwater penetrates deeper into the crust, fluid-rock 

interactions occur at elevated conditions. Such an infiltration of fluids into the underlying rocks 

of the crust is fairly typical in basinal environments (e.g., Bons et al., 2014) and present in the 

Black Forest, where we studied these processes. The heightened temperature at depth 

promotes reactions and transport of most species (e.g., Krumgalz, 2017; Krumgalz, 2018a; 

Krumgalz, 2018b), which in turn enables the formation of fertile hydrothermal fluids. The mixing 

of these fluids with each other or with surficial fluids can then lead to the formation of 
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hydrothermal veins. Several studies of this thesis, based on such hydrothermal vein samples 

of the Black Forest, and on mineralogy, texture, mineral composition, as well as fluid inclusion 

composition aim to address the following aspects: 

• brine fertility and the liberation of trace elements by fluid alteration of biotite to chlorite 

and feldspars to clay minerals (study 2) 

• temporal and spatial transition and evolution of a shallow seawater/groundwater brine 

to a deep-seated basement brine (study 3) 

• transition from a basement brine hydrothermal regime to a dominantly sedimentary 

brine hydrothermal regime due to a change in tectonic setting (study 4) 

• the temporal and spatial aspect of fluid mixing and the thus-resulting textures in the 

hydrothermal veins (study 3) 

• the difference between barren and sulfide ore-bearing veins, and the requirement for 

sulfide precipitation (study 3, 4 & 5) 

 

3.3.  As- and Ni-bearing fluids and fluid reduction (III) 

Interestingly, a few veins of the Black Forest show a cogenetic formation of fluorite-quartz-

barite-sulfide-galena veins and native As±arsenide±antimonide±native Ag-rich ore pockets 

with the same gangue mineralogy. These ore pockets are herein referred to as ore shoots, and 

are classified as native element-arsenide associations, also known as five element association 

or Bi-Co-Ni associations. The arsenides are typically Ni-, Co-, and Fe-arsenides. These have 

been attributed to a number of formation conditions (e.g., Kissin, 1993; Marshall et al., 2000; 

Ondrus et al., 2003), but the more recent literature has emphasized the importance of oxidizing 

conditions during mobility and reduction during deposition (e.g., Burisch et al., 2017a; Kreissl 

et al., 2018; Markl et al., 2016; Naumov et al., 1971a). This thesis studies such unique arsenide 

and native-element rich associations in the Black Forest (study 5 & 6) and by a comprehensive 

worldwide literature review (study 7) with a specific focus on: 

• the formation mechanism by fluid reduction (study 5 & 7) 

• the required conditions for native As formation (study 6) 

• the presence of a universally typical mineral sequence and how it is controlled (study 

7)  

• the impact of variations in fluid compositions and prevailing conditions (study 5 & 7) 

• the impact of sulfide and the sulfide-sulfate disequilibrium on the mineralogy of these 

hydrothermal associations (study 5 & 7) 

 

3.4.  Metamorphic fluids and metal mobility (IV) 

Although these native element-arsenide associations are commonly rich in Ni-arsenides, their 

global contribution to Ni-ore is negligible as most worldwide Ni-ore resources are of magmatic 
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or secondary enrichment origin (www.usgs.gov). There, it is typically bound as sulfides, mainly 

pentlandite, Ni4.5Fe4.5S8 (Mishra, 2001). Although pentlandite can also precipitate from an 

aqueous solution, its hydrothermal origin is very rare worldwide. The reasons for this must be 

related to the low solubility of Ni under most conditions and the unique conditions required for 

its mobility and/or precipitation. Thus, these conditions and involved processes have been 

investigated at a location where hydrothermal pentlandite-rich veins formed. Such a location 

is Kambalda, WA, where hydrothermal pentlandite veins formed around magmatic sulfide 

bodies (Simon, 2019; study 8). The main points of focus were:  

• source of the fluids and investigating the Ni uptake from the magmatic sulfide ore body 

• conditions favoring Ni-mobility  

• constraining conditions (pH, Temp, fluid composition) present at vein formation by 

mineral assemblage 

• the relation of these conditions to the fact that some of these veins are gold-bearing, 

while others are gold-barren  

 

The Ni-bearing reduced fluids responsible for the pentlandite vein formation at Kambalda are 

fairly atypical for most metamorphic-hydrothermal or orogenic fluids. Such fluids more typically 

form sulfide-poor, quartz- and/or carbonate-rich veins that can also be rich in silicates, Al-

phases and/or graphite (e.g., Robert et al., 1995; Rumble et al., 1986; Yardley, 1983). 

However, there are other types of sulfide-bearing, orogenically induced or metamorphic 

hydrothermal systems that even produce economically important deposits. An example for this 

are mesothermal Sb±Au-deposits (e.g., Goldfarb et al., 2005; Goldfarb and Groves, 2015; 

Lentz et al., 2002; Neiva et al., 2008). Such a mineralization type, on a smaller scale, is also 

present in many areas of exposed Variscan basement in Europe. There, they typically form 

polystage Sb-Pb-Ag±Au-bearing quartz veins. To investigate their formation and involved 

remobilization processes, the veins exposed in the Black Forest, SW Germany, are subject to 

this study (study 9). The main focus was put on: 

• the occurrence of both invisible Au and discrete native Au grains 

• refining their formation model and investigation on the thermodynamic control of the 

metamorphic-hydrothermal ore deposition and its relation to the observed mineral 

sequence 

• the impact of remobilization processes during subsequent influxes of hydrothermal 

fluids with varying composition 

• identifying the large-scale tectonic events related to each remobilization event  
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4. Individual studies 

In the following sub-sections, each individual study conducted during this thesis is 

summarized. A specific focus is put on the outcomes and conclusions of each studies. 

 

4.1.  Groundwater brines (I) 

Title of publication: Interaction between mafic dyke rocks and salt deposits in the Rhine graben 

(SW Germany). (Study 1) 

 

The mafic rocks, olivine melilitites, and monchiquites intruded into the sediment at Buggingen 

containing a potash salt deposit. Although a large chemical contrast exits between the 

magmatic and salt-hosting rocks, no primary chemical interaction occurred during dyke 

emplacement. However, a detailed mineralogical and mineral-chemical characterization 

(EPMA) revealed a low-temperature overprint of the magmatic dykes. Due to the large 

unknown impact of kinetics and sorption processes involved, regrettably thermodynamic 

modelling was not possible in the timeframe and scope of the study. 

Typical dyke rock textures are spheroids that, depending on whether they adjoin the salt rocks 

or the bituminous Fish Shale, show a contrasting mineralization. Those associated with the 

salt layers mainly consist of smectite, calcite, halite, and sometimes anhydrite, while those 

associated with the Fish Shale comprise smectite, calcite, zeolite, and analcime. Spheroidal 

textures are present independent of the host rock. Thus, the halite inclusions are interpreted 

to not illustrate salt-magma mingling, or salt-liquid immiscibility caused by intense magmatic 

assimilation with the salt rocks as one might expect. The lack of rock-melt interactions is likely 

a result of the high melting point of halite and possibly a low orthomagmatic water content of 

the primitive melts. The latter inhibited intense magmatic fluid exsolution and a consequent 

dissolution of the salt. Small-scale dykes, such as the ones investigated, presumably cooled 

too fast to reach the melting point of the salt, which would have enabled liquid mingling and/or 

assimilation processes (Knipping, 2006).  

The two types of halite-bearing textures are interpreted as amygdules and hydrothermally 

altered ocelli. Meteoric water/groundwater interacting with the salt layers formed saline, NaCl-

rich fluids. These subsequently reacted with the groundmass of the dyke rocks to form 

smectites and zeolites, thereby increasing the Na concentration of the fluid and cementing the 

fluid paths. The absence of halite in the groundmass indicates that the initial fluid could not 

have been halite-saturated. Upon entering a vesicle or an ocellus, from which the calcite-

bearing interior (Hurrle, 1973) was previously dissolved, smectite formation continues. This 

forms a clay-rich layer on the marginal areas, and traps the fluid in the vesicle. Continued water 

extraction by clay mineral formation and/or swelling finally led to the precipitation of halite.  
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Datolite, a rare boron silicate, is present in some pseudomorphs after olivine, associated with 

halite or with serpentine/smectite. The boron is most likely sourced from the clay-rich layers of 

the host rock (e.g., Garrett, 1998) and was incorporated/adsorbed into serpentine/smectite 

during alteration of olivine. The later breakdown of serpentine/smectite liberates and provides 

the Si and B needed for the formation of datolite. 

 

4.2.  Basement brines and fluid mixing (II) 

4.2.1.  Basement brine fertility and fluid mixing 

Title of publication: Chemical evolution of ore-forming brines – Basement leaching, metal 

provenance, and the redox link between barren and ore-bearing hydrothermal veins. A case 

study from the Black Forest mining district in SW-Germany. (Study 2) 

 

Over geological timeframes, surface- and groundwaters can penetrate and permeate deep into 

the crust in basinal settings (Bucher and Stober, 2010; Harrison, 1989; Stober and Bucher, 

2004). There, these are transformed into metal-bearing fertile hydrothermal fluids that can act 

as a source for hydrothermal ore deposits. This study addresses two subjects: One is the metal 

provenance of such basinal brines, and the other is to investigate the ore formation (Pb and 

Zn-sulfides) in unconformity-related hydrothermal veins. For this, the Black Forest mining 

district, SW Germany, was selected as a case study area. 

To investigate the metal provenance, LA-ICPMS trace element analyses of primary minerals 

(feldspars and biotites) and alteration products (chlorite and clay minerals) in both granites and 

paragneisses were conducted. A previous experimental study on these rocks had determined 

the release of Pb, Zn, Cu and W by felsic minerals and Ni, As, Zn and Cu by biotite during their 

alteration by aqueous fluids at elevated temperatures (Burisch et al., 2016). Our average 

values of non-altered and alteration minerals at least partially replicate these findings. 

Furthermore, the dominant provenance for Pb, Zn, As, Sb, Ba, Tl, Mo, Fe and Mn are probably 

paragneisses, while Co, Cu and Ni are probably predominantly sourced from S-type granites. 

Due to the natural variability, and since these alterations are not volume- or mass-constant, 

these results have to be treated with care. However, the elemental content of the primary 

minerals reveals the presence of abundant trace elements that, when liberated, suffice for the 

formation of the occurring hydrothermal veins in the Black Forest.  

To investigate the ore forming process (sulfide precipitation), six independent hydrothermal 

veins of Jurassic-Cretaceous and Cenozoic age in the Black Forest mining district, SW 

Germany were studied by microthermometry and LA-ICP-MS on single fluid inclusions. As 

numerous previous studies have shown, these are formed by fluid mixing of a basement brine 

and a sedimentary sourced fluid (e.g., Baatartsogt et al., 2007; Schwinn et al., 2006; Staude 

et al., 2011; Walter et al., 2016). The investigated veins include both barren and galena-
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sphalerite-bearing veins. Since these strongly overlap regarding their fluid composition, their 

mineralogical difference cannot be a cause of large variations in fluid sources. Thermodynamic 

equilibrium modelling based on the measured fluid salinity and trace element composition 

indicates the need for a reducing or sulfide rich phase. Thus, whether a barren or galena-

sphalerite-bearing vein forms is dependent on the availability of sulfide in addition to the two 

major fluids. Furthermore, mineralogical variations may also be influenced by variations in fluid 

mixing ratios between the metal-richer basement brine and the sedimentary cover. 

 

4.2.2.  Basement brine evolution and fluid mixing 

Basement aquifer evolution and the formation of unconformity-related hydrothermal vein 

deposits: LA-ICP-MS analyses of single fluid inclusions in fluorite from SW Germany. (Study 

3) 

 

The previous study has shown that a saline fluid can assimilate trace elements during alteration 

of the primary basement, and in turn is transformed into a fertile hydrothermal fluid. However, 

the temporal aspect of this uptake and the fluid evolution during penetration of a surface fluid 

into the basement was not yet investigated. This, in combination with the temporal and spatial 

aspect of hydrothermal vein formation in basinal unconformity related settings, is addressed in 

this study. Three similar unconformity-related vein systems in the Black Forest, SW Germany, 

are selected on the basis that the main ore stage of all three veins spans a ~150 Ma period of 

hydrothermal activity. 

To provide a robust statistical basis, over 1650 fluid inclusions were analyzed by 

microthermometry. Of these, a total of 108 fluid inclusions (mainly in fluorite) were successfully 

analyzed by LA-ICP-MS. The resulting fluid compositional data confirm the binary mixing as 

described by several prior publications (e.g., Baatartsogt et al., 2007; Schwinn et al., 2006; 

Staude et al., 2011; Walter et al., 2016). The source fluids for mineralization are 

• fluid A, a CaCl2-dominated, KCl-poor, deeper seated modified bittern brine with a 

salinity of ~25 wt% CaCl2+NaCl, and 

• fluid B, a NaCl-dominated and KCl-richer bittern/halite dissolution brine situated at 

shallower depths in the crystalline basement with salinities of ~22 wt% NaCl+CaCl2.  

Both fluids are transition metal-bearing (e.g., up to ~100 mg/kg Ba, Pb, Zn, Ni, and up to 

10 mg/kg Ag), show high As (up to 1000 mg/kg), and low S (below the detection limit in most 

analyses). The analyses do not suffice to provide a statistical difference between fluid A and 

B concerning the above-mentioned elements. However, Fusswinkel et al. (2013) demonstrated 

a higher transition metal content for fluid A for a different hydrothermal vein in the region.  

Both fluid A and subsequently fluid B were originally derived from seawater, and modified prior 

to and during penetration of the basement. The high Cl/Br ratios in the investigated fluid 
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inclusions indicate the influence of halite dissolution in the sedimentary cover for both fluids 

(Walter et al., 2016). To decipher further modification processes within the basement, the Na-

Ca-K and Na-K geothermometers, Rb/Cs and Cl/Br systematics, and thermodynamic 

modelling were applied. These conclude that fluid A is characterized by the presence of Na-, 

K-, and Ca-bearing feldspars. These are abundantly present in the granitic and gneissic host 

rocks (Geyer et al., 2011). Progressive alteration of predominantly Ca-rich plagioclase led to 

its consumption and clay mineral formation. Accordingly, fluid B that entered the basement 

subsequently to fluid A is mainly in equilibrium with K-rich and Na-rich feldspars and with clay 

minerals. This scenario produced a gradual shift in fluid composition from a deep, CaCl2-rich 

to a shallow NaCl-dominated aquifer. 

The fluid inclusions further indicate a change from a CaCl2-rich to an NaCl-dominated fluid 

system. This is a result of, either a change in fluid mixing ratios, or more likely, a change in 

composition of the reservoir fluid. The downward fluid flow pushes the shift from a shallow 

NaCl-dominated to a deep CaCl2-rich fluid aquifer to greater depth over time. Thus, if the 

source reservoir depth (3-7 km, depending on the assumed geothermal gradient) is fairly 

constant over time, an evolutionary shift to more NaCl rich environment is given.  

The aquifer temperature (~250 °C) and the temperature of vein formation (100-170 °C) indicate 

fluid cooling prior to fluid mixing. The latter resulted in the formation of the major gangue 

minerals fluorite, quartz, barite, and calcite. The great diversity of fluid compositions (including 

ones close to the mixing endmembers) trapped within the same crystal, as well as 

compositional variations even within individual fluid inclusion trails indicated that fluid mixing is 

a rapid and turbulent process. 

 

4.2.3.  Fluid mixing and transition of hydrothermal regimes 

Title of publication: Limited availability of sulfur promotes copper-rich mineralization in 

hydrothermal Pb-Zn veins: A case study from the Black Forest, SW Germany. (Study 4) 

 

The mixing of a deeper and a shallower basement brine, both sedimentary and/or seawater 

sourced, provides a viable way to form unconformity-related hydrothermal veins in the region 

as has been shown by Study 3 and previous authors (e.g., Baatartsogt et al., 2007; Schwinn 

et al., 2006; Staude et al., 2011; Walter et al., 2016). Through the evolution of these fluids 

(study 3) and/or the involvement of new fluids, the resulting mineralogy can also be affected. 

The galena-sphalerite-fluorite-barite veins, typical of the Black Forest region, commonly show 

a late-stage change in mineralogy of both ore and gangue minerals. An example of this is the 

occurrence of late-stage siderite-chalcopyrite-gersdorffite associations. The required change 

in parameters and processes needed for the transition from a Pb-Zn- to a Cu-Ni-stage is 

studied on 28 hydrothermal veins in the Black Forest.  
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The mineralogy, mineral abundance and mineral composition (of sphalerite, gersdorffite, 

pyrite, arsenopyrite, fahlore and galena) record a gradual transition from the Pb-Zn- to the Cu-

Ni-stage. The gradual nature is explained by systematic step-by-step variations in mixing 

ratios. However, the change in mineralogy of the Cu-Ni-stage contrasts to the Pb-Zn-stage, 

which is formed by a fluid mixing of two basement aquifers (study 3). A change in parameters 

such as fO2, pH, and temperature is either not present, or does not suffice to explain this 

change in mineralogy of both ore and gangue minerals. Thus, a further fluid source is required. 

This is most likely attributed to the opening of the Upper Rhine Graben and the therewith 

related juxtaposition of various aquifers (e.g., Walter et al., 2016). 

This transition in hydrothermal stages is also reflected by the fluid composition. Through direct 

quantitative (LA-ICP-MS) and indirect qualitative (trace element composition of minerals) 

analyses, the early-basement-derived fluid system is determined to have been rich in Pb, Zn, 

Ag, and Sb. The subsequently entrapped fluid of the Cu-Ni-stage is significantly richer in Cu. 

However, its composition still indicates a significant portion of at least one of these basement 

fluids to be involved. Ba, Pb, and Zn are still present in the mixed fluid of the Cu-Ni-stage. In 

order to form chalcopyrite without abundant barite, galena, or sphalerite, thermodynamic 

modelling constrains its formation to very low-sulfur-species activity. Furthermore, the 

formation of the observed pyrite → chalcopyrite + pyrite → chalcopyrite sequence at the given 

conditions and fluid compositional range also requires an increase in Cu/Fe ratio over time. In 

summary, the change in mineralogy from the Pb-Zn-stage to the Cu-Ni-stage reflects a gradual 

transition from a hydrothermal regime of long-term stable deep fluid reservoirs towards 

shallower and perturbed fluid reservoirs during rifting of the Upper Rhine Graben. 

 

4.3.  As- and Ni-bearing brines and fluid reduction (III) 

4.3.1.  Reduction of an As-bearing hydrothermal fluid (local study) 

Title of publication: The formation of (Ni-Co-Sb)-Ag-As ore enrichment zones in hydrothermal 

galena-sphalerite-fluorite veins. (Study 5) 

 

A sharp or gradual change in mineralogy is typically coherent with a unidirectional transition in 

hydrothermal stage and hydrothermal fluid regime, as shown in study 3. However, the main 

hydrothermal stage of three hydrothermal vein systems in the Black Forest, SW Germany, 

incorporates native As-bearing hydrothermal ore enrichment zones (here called “ore shoots”). 

Their textural occurrence implies that they formed syngenetic with their host base metal sulfide-

fluorite-barite-quartz veins with a short-termed change in mineralogy. The ore shoots are 

decimeters to tens of meters large, and classified as native element-arsenide associations, 

also known as five element association. They contain native arsenic, arsenides, antimonides, 

sulfides, and sulfosalts, which are otherwise absent in the vein. The focus of this study is (a) 
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the physical change from a “normal” hydrothermal regime to one producing ore shoots, and 

(b) the chemical pre-requisites for their formation. Furthermore, the three localities vary with 

regard to ore shoot mineralogy and composition, which is (1) Ag-As-rich in the Münstertal, (2) 

Ag-Ni-As-rich at Urberg, and (3) Ag-Ni-As-Sb-rich at Wieden.  

Based on detailed fluid inclusion investigations, the formation of the vein’s gangue minerals is 

the result of a binary mixing between a NaCl- and a CaCl2-rich brine (both ~20 wt% NaCl eq). 

This mixing correlation, major and minor fluid composition (by microthermometry and LA-ICP-

MS), formation temperature (~150 °C), pressure (< ~500 bar), and sulfur isotopic signature are 

identical (within the margin of variability) in ore shoot and host vein. As a consequence, 

supported by thermodynamic modelling, ore shoot formation must have resulted from a change 

in redox conditions by a local influx of a volumetrically minor reducing agent in an otherwise 

undisturbed hydrothermal system. The elemental content and the mineralogy of each ore shoot 

reflects the metal content of the binary mixed, hydrothermal fluid. The mineralogical textures 

and successions or assemblages are then thermodynamically and (concerning sulfur) 

kinetically controlled. The sulfide required for both the vein sulfides and the ore shoot sulfides 

is likely sourced from the host rock because of matching isotope signatures and because 

sulfide transport in the vein-forming (and metal-bearing) fluids can be disregarded based on 

thermodynamic and kinetic reasons. The same holds true for sulfate reduction. 

The final (present-day) ore shoot textures are also strongly influenced by hydrothermal 

remobilization processes of As and Ag, which formed several sulfosalts. Although the fluid 

system is As dominated, the predominant stability of the Sb-endmember sulfosalts allows them 

to form. 

 

4.3.2.  Conditions required for native As formation 

Title of publication: Formation of native arsenic in hydrothermal base metal deposits and 

related supergene U6+ enrichment: The Michael vein near Lahr, SW Germany. American 

Mineralogist. (Study 6) 

 

Some native element-arsenide associations such as the ore shoots investigated in study 5 are 

known for their massive aggregates of native As. It also forms in other unique hydrothermal 

environments, but is generally rare compared to other hydrothermal ore minerals. This is 

surprising, as arsenic is a common constituent of upper crustal fluids. Thus, the prerequisites 

required for its formation must be distinctive. To study these, the Michael vein near Lahr, SW 

Germany, has been selected because native As is a major gangue constituent and previous 

studies provide sufficient background conditions of hydrothermal activity in the region (e.g., 

Baatartsogt et al., 2007; Geyer et al., 2011; Pfaff et al., 2011; Walter et al., 2018a; Walter et 

al., 2016) to decipher favorable conditions of native As formation.  
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The native As-bearing stage (sphalerite-native arsenic-quartz stage) of the Michael vein is the 

second hydrothermal stage succeeding a galena-barite stage. Its formation comprises the 

generalized mineral succession: pyrite → sphalerite±jordanite-gratonite solid solution → 

galena → native As. Microthermometry, sulfide isotopic equilibrium, and thermodynamic 

modelling indicate that the native As-bearing stage formed by cooling of a ~130 °C hot saline 

fluid accompanied by reduction due to admixing of a sulfide- and reducing agent-bearing fluid. 

Based on thermodynamic calculations, the formation of native arsenic is constrained to 

reduced conditions in combination with very low concentrations of the transition metals Fe, Co, 

and Ni, as well as low sulfide concentrations. A “typical” hydrothermal solution does not fulfill 

these criteria, because it can contain significant amounts of at least Fe and sulfide. Thus, the 

sulfarsenides and As-bearing sulfides are considerably more common. In the case at hand, 

the scarcity of pyrite, sulfarsenides, and arsenides records the low Fe, Co, and Ni content of 

the fluid. The still available Fe is further consumed by the formation of Fe-poor but Fe-bearing 

sphalerite. Furthermore, the lack of As-sulfides (e.g. realgar) is a result of abundant Zn and Pb 

in the fluid, stabilizing sphalerite and galena. Sulfur must be the limiting agent in this 

precipitation reaction: When it is exhausted, native As can form.  

A specialty of the Michael vein is the presence of secondary uranyl-bearing arsenates without 

the presence of any primary hydrothermal uranium-bearing minerals. These are hügelite, 

hallimondite, zeunerite, heinrichite or novacekite. Sourced from the surrounding host rock, U6+-

bearing oxidized fluids infiltrated the vein structure where native As acted as a trap for uranium 

during supergene weathering processes. However, native As did not act as a reducing agent 

to the U6+, but rather as an arsenate supply to stabilize these quite unusual assemblages. 

 

4.3.3.  Reduction of As-, Ni- and Co-bearing hydrothermal fluids (global study) 

Title of publication: The mineralogical variability of hydrothermal native element-arsenide (five-

element) associations and the role of physicochemical and kinetic factors concerning sulfur 

and arsenic. (Study 7) 

 

Native element-arsenide associations, also known as five element association, do not only 

occur as locally constrained ore shoots, as is the case in study 4. They more commonly form 

as spate veins or as an individual hydrothermal stage commonly comprising Ni-, Co-, and Fe-

arsenides and -sulfarsenides. These typically form characteristic overgrowth textures on 

skeletal native silver and/or bismuth aggregates. Depending on locality, native arsenic, native 

antimony, antimony-arsenic-silver alloys, and uraninite may also be present. The most 

common associated gangue minerals are carbonates. Famous deposits of this type include 

Bou Azzer, Morocco; Cobalt, Ontario; Jáchymov, Czech Republic; Kongsberg, Norway; and 

Schneeberg, Germany.  
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To develop, or in this case refine and improve, the formation model by Markl et al. (2016) for 

native element-arsenide associations, it is vital to not only investigate individual occurrences 

but to consider the broad spectrum of both similarities and the observed mineralogical and 

textural diversity. Thus, this contribution is based on a comprehensive literature review, on 

which it builds by means of thermodynamic modelling. This includes novel calculated stability 

relations of native elements (Ag, Bi, As), Ni-, Co- and Fe-mono-, di- and -sulfarsenides, 

and -sulfides/sulfosalts. For this, missing thermodynamic data was estimated according to 

several preexisting and unique extrapolation methods, and the resulting values were weighted 

according to several parameters. 

Considering all available literature data, the physicochemical conditions of formation (e.g. p, 

T, fluid composition) and of the host rocks are variable. The only unifying features are the 

reduced conditions required for their formation, and the more oxidized conditions required for 

their aqueous transport. Thus, this study supports the theory by Markl et al. (2016) of a 

formation by a geologically fast reduction process of a Ni-, Co-, Fe-, As-bearing fluid by e.g., 

methane, graphite or Fe2+. Furthermore, the nearly ubiquitous and characteristic sequence of 

Ni- → Co- → Fe-diarsenides can be thermodynamically explained by the continuous reduction 

of a metal- and arsenic-bearing aqueous solution. This sequence is reasonably robust against 

variations in fluid composition, as three orders of magnitude differences between Fe, Co, and 

Ni concentrations in the fluid are needed to change this sequence at neutral pH. Therefore, it 

is nearly omnipresent. The mineralogical sequence is, however, not only dependent on the 

process of reduction and differences in reducing agents, but also on dissolution reactions, 

initial pH, fluid/rock ratio, and the crystallization in contained microenvironments. A 

combination of these can explain all observed local variations. At a higher pH, the typical Ni → 

Co → Fe sequence changes to Co → Ni → Fe. Such a sequence has been observed only at 

two localities worldwide. Furthermore, the prevalence of mono- versus diarsenides is also pH-

dependent.  

Although sulfide is commonly only present in minor amounts during the arsenide ore stage, 

the stability of dissolved sulfide plays a crucial role in five-element mineralogy, as Co- and Fe-

arsenides would not form in the presence of appreciable amounts of sulfide. The lack of 

abundant sulfide in the mineralogy is either a consequence of an absence of sulfur, or a 

thermodynamic disequilibrium between sulfate and sulfide; both cases occur in nature. The 

latter is explained by slow reaction kinetics for the sulfate-sulfide (Ohmoto and Lasaga, 1982) 

compared to the arsenite/arsenate-arsenide conversion (Allin, 2019). In such a case, formation 

of arsenides and native metals is kinetically controlled, which is supported by the common 

skeletal textures in this type of ore. At some occurrences of native element-arsenide 

associations, sulfarsenides and/or sulfides are present, but generally are only common in late 
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assemblages. This indicates either a late-stage sulfide influx or attainment of thermodynamic 

equilibrium with regards to sulfur. 

 

4.4.  Metamorphic fluids and metal mobility (IV) 

4.4.1. Hydrothermal Ni-remobilization under reduced metamorphic conditions 

Title of publication: Vein-type pentlandite, (Ni,Fe)9S8: formation conditions and its implication 

for orogenic gold deposits. (Study 8) 

 

Although native element-arsenide associations are typically rich in Ni, the overall occurrence 

of hydrothermal Ni-ore is not very common. Their rarity is especially puzzling, considering that 

with an average of 47 ppm in the crust (~2000 ppm in ultramafic rocks), Ni is an abundant 

trace element (González-Álvarez et al., 2013). However, its mobility is what is driving the lack 

of hydrothermal Ni-ore occurrences (González-Álvarez et al., 2013). When these do form, Ni 

is not only bound to arsenides as it is the case for native element-arsenide associations (study 

5, 6 and 7). More typically, Ni-is present as sulfides such as millerite or pentlandite. The latter 

is abundantly common in magmatic Ni-ore, whereas the worldwide hydrothermal portion of 

pentlandite is negligible. A rare case where Ni is hydrothermally mobilized and redeposited as 

pentlandite is at Kambalda, Western Australia. The aim is to further understand the conditions 

required for hydrothermal transport of Ni and for the deposition of pentlandite.  

Three distinct types of hydrothermal pentlandite occurrences have been found in Kambalda, 

all closely associated with magmatic Ni-sulfide ore bodies. These are (1) pentlandite-rich veins 

with biotite, quartz, and an albite alteration in the host rock, (2) pentlandite-bearing quartz-

scheelite veins, and (3) pentlandite-poor carbonate veins with arsenides, base metal sulfides, 

and gold associated with magnetite alteration within a magmatic sulfide body. In all of these 

cases, pentlandite is associated with pyrrhotite. The presence of hydrothermal pentlandite 

within these veins and associated alteration is constrained to a region of less than 10 m from 

the magmatic Ni-ore bodies. This is in accordance with all documented hydrothermal 

pentlandite occurrences worldwide as these are almost exclusively associated with the close 

presence of magmatic sulfides or ultramafic rocks. The mineral compositional data from 

Kambalda show that hydrothermal pentlandite can be distinguished from its neighboring 

magmatic pentlandite by a higher Fe- and lower Co-content. When present, the associated 

sulfarsenides also vary in composition to their magmatic counterparts. The hydrothermal ones 

are typically richer in Ni and poorer in Co.  

The hydrothermal pentlandite formed from a fluid originally sourced from one of the various 

host rocks in the region (felsic to ultramafic), which then interacted with the magmatic sulfide 

body and was coherently enriched in Ni, Fe, and sulfide. The high temperature, near peak 

metamorphic conditions, assumed for the vein formation enabled the mobility and transport of 
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Ni. Novel high-temperature hydrothermal modelling of pentlandite and the Ni-system (up to 

600 °C) reveals that the mobility of Ni increases with increasing temperature and salinity. 

However, metamorphic fluids that are not associated with evaporitic rocks generally have a 

low to moderate salinity (e.g., Phillips, 1993; Yardley and Graham, 2002; Yardley, 2005). Under 

such metamorphic conditions, the stability of pentlandite is confined to reduced conditions at 

a near neutral pH. The absence of pure Ni-sulfides such as millerite further restrict the system 

to reducing conditions. Thus, in a Fe-Ni-S fluid system, the mobility of abundant Ni is 

constrained to a low pH as long as reducing conditions prevail. The pentlandite-associated 

minerals thus restrict the precipitation mechanism to a process of increasing pH likely 

associated to the intense fluid-rock interaction with the felsic host rock. Fluid cooling may have 

further supported the precipitation.  

The assemblage pentlandite, pyrrhotite, and biotite is confined to a narrow stability field that 

also overlaps with a local increase (in the fO2-pH space) in Au solubility. This is due to the 

stability of Au-sulfide-complexes, which inhibits the deposition of Au in veins with this 

association. However, when pentlandite is associated with arsenides instead of biotite, their 

overlapping stability field is larger. Thus, gold can more easily precipitate. This is visible in the 

Kambalda samples, where the arsenide-bearing veins are also associated with gold. 

 

4.4.2. Cooling of Sb-rich metamorphic fluids 

Title of publication: Quartz veins with associated Sb-Pb-Ag±Au mineralization in the Black 

Forest, SW Germany: a record of metamorphic cooling, tectonic rifting, and element 

remobilization processes in the Variscan belt. (Study 9) 

 

Concerning the formation of Au-bearing hydrothermal associations, it is fairly common for 

these to form under very late to post-peak metamorphic conditions (Goldfarb and Groves, 2015 

and references therin). However, the close association of Au to Ni in a metamorphic-

hydrothermal setting, as is the case in study 8, is rather atypical. More common is the 

association with Fe- and As- or Sb-bearing sulfides such as pyrite, arsenopyrite, and stibnite 

in vein-type settings. An example of such a mineralization type is present in exposed Variscan 

basement rocks throughout Europe (e.g., Dill, 1993). In the following study, a total of 38 Au-

bearing and Au-barren, stibnite-rich quartz-veins in the Black Forest are investigated. These 

veins are classified as a polymetallic Sb-Pb-Ag±Au-W-Sn-As-Zn, multistage hydrothermal 

mineralization. Based on textural, isotopic, fluid inclusion, and compositional data 

complemented by thermodynamic modelling, the genetic model for this fairly common and 

important type of Sb-mineralization is refined. Since the veins in question also display a 

regional diversity with regard to mineralogy and mineral abundance, this study also aims to 

investigate this discrepancy between these veins 
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Four texturally distinct hydrothermal stages are distinguished: (I) an Fe-As(-Sb±Au)-stage, (II) 

a Pb-Zn-Cu-stage, (III) a Pb-Sb-stage, and (IV) an Ag-Sb-stage. During the first stage, fluid 

cooling of a Permian low-salinity metamorphic mesothermal fluid (of initially more than 400°C) 

precipitated quartz, associated with a sulfide mineral sequence of pyrrhotite → pyrite + 

arsenopyrite → berthierite → stibnite. This fluid-cooling-driven mineralogical sequence has 

been thermodynamically verified. In the model, a pure H2O fluid at neutral pH and a salinity of 

5 wt% NaCl was injected with sulfur and antimony, and equilibrated with the granitic host rock 

at 400 °C. Subsequent cooling of this fluid produced the observed mineralogy and mineral 

sequence. The relative abundance of pyrite is strongly dependent on the degree of fluid-host 

rock interaction during fluid cooling. The sulfides of this stage incorporated invisible gold (up 

to 0.2 wt%), which was partially remobilized and reprecipitated as discrete electrum grains at 

the end of stage I.  

The subsequent two stages (II & III) formed due to mixing of high-salinity, mid- and upper-

crustal fluids (up to 27 wt% NaCl+CaCl2) from the Jurassic to the Cretaceous. Typical 

homogenization temperatures are 50-250 °C. The third stage, specifically, is characterized by 

abundant Pb-sulfosalts that predominantly formed by the remobilization of preexisting stage I 

minerals. Through the estimation of the thermodynamic sulfosalt stability, their formation could 

also be thermodynamically verified.  

The last hydrothermal ore stage (IV) formed due to the opening of the Upper Rhine Graben. 

This last stage is mainly found along NE-SW-oriented veins, which reflects the tectonic setting 

during the Tertiary. The percolating fluids were specifically rich in Ag, and thus resulted in the 

formation of Ag-rich minerals such as miargyrite, pyrargyrite, and stephanite. Furthermore, the 

Ag-content of fahlore significantly increased relative to earlier-stage fahlore. The replacement 

of minerals from prior ore stages are a common feature. The mineralogical sequence present 

in the samples reveal an overall enrichment in Ag content of the minerals over time.  
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5. Conclusion and implication 

Fluid-fluid and fluid-mineral involving processes are essential in defining mineralogy, textures, 

and geochemistry over a large range of conditions. In turn, when mineralogy, textures, and 

geochemistry are studied and supplemented by thermodynamic modelling, these processes 

can be reconstructed. Although this approach is not novel, the increase in computational 

capacity and advances in modelling software enable sophisticated techniques such as the 

modelling of true assemblage stability diagrams, reaction path modelling, and reactive 

transport modelling. In prior literature, these techniques are often still not sufficiently or 

adequately applied.  

We have shown that when applied, they can provide essential input in understanding some 

geological processes. Surficial water such as meteoric or seawater penetrates into the crust, 

and fluid-mineral interactions characterize the evolution of both the host rock and aquifer. This 

occurs from shallow environments (study 1) to deeper seated upper crustal environments 

(study 2 & 3). The fluid evolution of a NaCl-bearing brine in a granitic aquifer host during crustal 

infiltration progressively leads to an increase in CaCl2 and trace element content of the fluid. 

This is related to feldspar (mainly Ca-rich plagioclase) and mica alteration. Such a fluid 

evolution during progressive fluid penetration to greater depths, results in a gradual transition 

from a shallow NaCl-rich to a deeper CaCl2-rich aquifer. Mixing of fluids from different depths 

(study 3) or with sedimentary fluids (study 4) explains the presence of hydrothermal veins in 

basinal settings such as the Black Forest. There, it is clear that for the formation of the base 

metal-sulfides, an influx of sulfide during the volumetrically mainly binary fluid mixing is 

essential. 

If instead, or in addition to, fluid mixing, such fertile metal-bearing brines are reduced, a 

texturally and mineralogically unique mineralization type – the native element-arsenide 

association – can form (study 5-7). This mineralization type incorporates a characteristic 

mineral sequence that is controlled by thermodynamic stability of the respective minerals 

during progressive reduction. Furthermore, sulfide must be largely absent from the liquid for 

its formation. This can occur due to an absence of sulfur, or due to the sulfate-sulfide 

disequilibrium present at lower epithermal conditions prohibiting a sufficiently fast reduction of 

sulfate. Besides the abundant Ni-Co- and Fe-arsenides, native As is a common mineral in 

several native element-arsenide associations worldwide. Native As, although not common, 

also forms in other unique hydrothermal environments. Reducing conditions are a prerequisite 

for its formation; low temperatures and low-sulfide environments are also advantageous.  

In an As- or S-bearing environment, the Ni mobility is mostly constrained to oxidizing, highly 

acidic, or highly alkaline conditions. However, Ni can also be transported over short distances 

at high-temperature, reducing, and near-neutral conditions (study 8). This has been shown by 

equilibrium modelling of hydrothermal pentlandite veins that are spatially confined to around 
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magmatic sulfide ore bodies at Kambalda. Locally, these metamorphic veins also comprise 

native Au. Its solubility and precipitation conditions are in accordance to the thermodynamic 

stability of the hosting vein minerals. 

There are, however, other mineralized mesothermal orogenically driven hydrothermal 

associations. Mesothermal Sb±Au-associations are one example. These typically comprise 

stibnite-rich quartz-carbonate veins and are found all over the world. Their formation in the 

Black Forest is primarily linked to fluid cooling of a metamorphic fluid. This has been verified 

by fluid inclusion microthermometry oxygen stable isotopes and thermodynamic modeling of 

the mineralogical sequence during cooling. Multiple influxes of new compositionally unique 

fluids (basement brines and formation fluids) resulted in subsequent remobilization events that 

overprinted the primary mineralization and formed numerous sulfosalts.  

Our studies have demonstrated the importance of thermodynamic modelling in a variety of 

different natural settings, from ambient to metamorphic. Commonly, the most complex aspect 

of this is the compilation or extrapolation of both thermodynamic parameters and boundary 

conditions to constrain the models. Thus, this is a research area that still requires attention in 

the future. Many of the processes investigated here could be further refined by improving the 

underlying thermodynamic data. Furthermore, experimental approaches to confirm the 

formation mechanisms or processes proposed here would be a future area of interest.  
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ABSTRACT 13 

Dykes of primitive olivine melilitites and monchiquites intruded into an Oligocene 14 

(Rupelian) potash salt deposit near Buggingen (SW Germany). Ocelli and amygdules reveal 15 

distinct mineral assemblages, depending on whether the dyke rocks are in direct contact to the 16 

potash layer or to bituminous shales (Fish Shale). Samples in contact with the potash salt layer 17 

show roundish textures that contain smectite±talc±chlorite, calcite, and in cases anhydrite and 18 

halite, while those close to the bituminous shale mainly comprising smectite, calcite, zeolites 19 

and analcime.  20 

34



No textural or mineralogical evidence for high-temperature (magmatic) interaction between the 21 

dyke rocks and the evaporites was observed. This is presumably related to (i) a very low 22 

magmatic water activity in the magma, which prevented exsolution of aqueous fluids and 23 

appreciable dissolution of the salt, and (ii) fast cooling of the magmas, inhibiting melting of the 24 

salt deposits and potential liquid mingling and/or assimilation processes. Halite formation in 25 

the dyke rocks is rather related to later, post-magmatic hydrothermal fluids that previously 26 

interacted with the salt-rich host rocks. Alteration of the initially glassy groundmass to smectites 27 

and zeolites caused an enrichment of Na in the residual fluid, but halite saturation was not 28 

reached, as recorded by the absence of groundmass halite. Only fluid rock interaction in mm-29 

sized vugs caused halite-precipitation via desiccation by swelling of previously formed clay 30 

minerals. Locally, the boron-silicate datolite formed in pseudomorphs after olivine. Its 31 

precipitation was controlled by Si and B supply provided by the breakdown of serpentine and 32 

smectite. 33 

 34 

Keywords: Oligocene potash salt deposit, Buggingen, clay minerals, hydration, olivine 35 

melilitite, monchiquite 36 

 37 

INTRODUCTION 38 

Little is known about the interaction between silicate magmas and salt rocks, where the 39 

large chemical contrast provides potential for intense magmatic and hydothermal processes. 40 

Studies on basaltic rocks that intruded into the Zechstein evaporites (Upper Permian) of the 41 

Werra-Fulda region (Central Germany) report peperite textures and glassy halite inclusions that 42 

were interpreted to indicate carnallite (KMgCl3·6H2O)-magma mingling (Schofield et al., 43 

2014) and partial melting of salts (Koch & Vogel, 1980). Hydrothermal redistribution of the 44 
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salt is demonstrated by halite-bearing amygdules (= former gas bubbles/vesicles infilled by 45 

hydrothermal mineral phases) and altered ocelli (= spherulitic mineral structures that typically 46 

form by magmatic liquid-liquid immiscibility; e.g. Koch, 1978, Knipping, 1989). Besides the 47 

Werra-Fulda region, primitive dyke rocks that contain halite-bearing amgydules/ocelli were 48 

also reported from the potash salt deposit at Buggingen in southwest Germany (e.g. 49 

Wimmenauer, 1951, Braitsch et al., 1964, Hurrle, 1973, Esslinger, 1976, Hurrle, 1976). Despite 50 

a detailed petrographic investigation of the dyke rocks by Hurrle (1973), the precipitation 51 

mechanism for such salt textures was not investigated so far. Especially intriguing and not 52 

understood is the fact that salt crystals do not occur in the groundmass but are restricted to 53 

amygdules/ocelli. We shed light on this peculiarity based on a detailed textural, mineralogical 54 

and mineral chemical characterization of monchiquitic dyke rocks (feldspar-free lamprophyres) 55 

and olivine melilititic dyke rocks (ultramafic volcanic rocks with > 10 % modal olivine, 56 

respectively melilite) at the Buggingen salt deposit.  57 

 58 

GEOLOGY 59 

The potash salt deposit near Buggingen is situated in the Upper Rhine Graben, about 25 60 

km southwest of Freiburg, southwest Germany (Fig. 1a). The Upper Rhine Graben formed as a 61 

consequence of the stress regime induced by the Alpine orogeny and led to the emplacement of 62 

alkaline rocks along deep-reaching zones of weakness (Edel et al., 1975, Dèzes et al., 2004, 63 

Edel et al., 2006). Due to the rift formation and eustatic sea level fluctuations, the 64 

paleoenvironment changed several times from continental to marine (Fig. 1b; Sissingh, 1998). 65 

The 4.5 m thick potash salt deposit formed at brackish-evaporitic conditions and was mined 66 

from 1928 to 1973 at a depth level of 800 to 1000 m below surface (Esslinger, 1976). The 67 

deposit is of Oligocene age (Rupelian, 34 to 28 Ma; Braitsch et al., 1964, Sissingh, 1998). It is 68 

situated near the base of the ~600-900 m thick Upper Saliferous Zone, which consists of sylvite, 69 
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halite, anhydrite and marl (Fig. 1b&c). It is underlain by brackish-marine calcite- and dolomite-70 

bearing marls of the ~100 m thick Middle Saliferous Zone (Zone fossilifère). A progression of 71 

the Paratethys and a subsequent regression is indicated by the uppermost layers which consist 72 

of bituminous marine marls and shales (Foraminifera Marls and Fish Shale; total thickness of 73 

~20 m), marine-brackish marls (Meletta Beds; ~300 m thick) and limnic marls (Cyrena Marls; 74 

< 100 m tick). Unconformable Quaternary sediments (sands and gravel; < 100 m thick) cover 75 

the sequence. Alkaline magmatism of the Upper Rhine Graben and outside to the east at Urach 76 

and Hegau is part of the European Cenozoic Volcanic Province (Fig. 1a; Wilson & Downes, 77 

1991). The Miocene Kaiserstuhl volcano with its broad spectrum of different rock types, such 78 

as olivine nephelinites, tephrites, phonolites, melilitites, haüynites and carbonatites (e.g. 79 

Braunger et al., 2018, Walter et al., 2018, Giebel et al., 2019) is only 20 km away. The first 80 

dyke rocks at Buggingen were discovered during underground mining in 1936 and intruded 81 

along two fault zones: The dyke system is N-S-trending and consists of several, up to 4 m thick 82 

olivine melilitites, with additional monchiquites in its western part (Esslinger, 1976). A rough 83 

estimate of the dyke rock age is given by the nearby, mineralogically similar olivine 84 

nephelinites at Eichstetten, Lehen and Mahlberg, which indicate an age of ~13-19 Ma (based 85 

on whole rock K-Ar, and U-Pb in perovskite; Baranyi et al., 1976; Binder, personal 86 

communication). 87 

 88 

SAMPLE LOCALITIES 89 

The investigated samples were provided by the Regierungspräsidium Freiburg, 90 

Landesamt für Geologie, Rohstoffe und Bergbau (Geological Survey of Baden-Württemberg) 91 

and were collected in the 1950´s and 1960´s. Samples from the western dyke zone were taken 92 

from the 793 m working horizon within the potash salt deposit and comprise olivine melilitites 93 
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and monchiquites. At the eastern dyke zone, olivine melilitites in contact to the Fish Shale Zone 94 

were sampled in the shaft Heitersheim at a depth of 185-190 meters (Fig. 1c). 95 

 96 

METHODS 97 

The investigated thin sections were prepared and polished completely dry (water-free) 98 

in order to prevent dissolution and redistribution of halite and sylvite. Mineral compositions 99 

were analyzed using a JEOL JXA8900 electron microprobe (EPMA) in wave-length dispersive 100 

mode at the Department of Geosciences, University of Tübingen (Germany) with an 101 

acceleration voltage of 15 kV (clinopyroxene, amphibole, mica) or 20 kV (olivine, spinel group 102 

minerals, garnet, titanite, perovskite), and a beam current of 20 nA (see supplementary file 1 103 

for a compilation of the WDS configurations). Peak counting times for major elements were 16 104 

s and between 30 and 60 s for minor elements while the background counting times were half 105 

as long. Natural and synthetic standards were used for calibration. Peak overlap corrections 106 

involving Ba-Ti, Ti-Ba, V-Ti, V-Cr, Al-Ba, F-Fe, Sm-Ce and Pr-La were implemented and the 107 

internal ZAF (for spinel group minerals, garnet, perovskite and titanite) or φρz correction was 108 

applied for the raw data (Armstrong, 1991). Measurements were done with a 2 µm beam spot 109 

except for olivine, clinopyroxene and spinel group minerals which were measured with a 110 

focused beam.  111 

 112 

MINERALOGY AND PETROGRAPHY 113 

According to the guidelines of the International Union of Geological Sciences, 114 

Subcommission on the Systematics of Igneous Rocks (Le Maitre et al., 2002), the two types of 115 

dyke rocks at Buggingen are monchiquites and olivine melilitites (formerly also described as 116 

ankaratrites, a biotite-bearing variety of olivine nephelinites). In the following, the general 117 
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mineral assemblages of the two dyke rock types as well as the mineralogical differences 118 

between dyke rocks associated with the Fish Shale and the potash salt layer are described in 119 

more detail. Paragenetic schemes summarize the crystallization sequence for olivine melilitites 120 

and monchiquites (Fig. 2) and representative mineral compositions for olivine, clinopyroxene, 121 

spinel group minerals, amphibole, biotite, garnet, titanite and perovskite are given in Tables 1-122 

4 (see supplementary file 2 for a compilation of all EPMA data). The composition of 123 

clinopyroxene is additionally shown in Fig. 3. 124 

 125 

General mineral assemblages 126 

Olivine melilitite Precursor olivine macrocrysts of up to 1 mm in size are 127 

completely altered (Fig. 4a) and replaced by serpentine minerals and smectites (nontronite-128 

saponite based on X-ray diffraction analyses of Hurrle, 1973). Clinopyroxene with 50-80 mol 129 

% diopside end member (Fig. 3a&b; see appendix of Marks et al. (2008) for the calculation 130 

scheme) typically forms small needles and is only rarely present as phenocrysts (Fig. 4b). 131 

Chromian spinel (up to 1.1 wt.% Cr2O3) occurs as inclusions in olivine pseudomorphs (Fig. 4c) 132 

and in the groundmass, where it commonly shows a sieve-like texture (Fig. 4d) frequently 133 

overgrown by magnetite (<0.5 apfu Ti; Fig. 4c). In sample M110 and M156, some magnetites 134 

show an atoll-shaped texture with a core of garnet (schorlomite-morimotoite-grossular solid 135 

solutions) or titanite (Fig. 4e). Groundmass melilite is completely altered to chlorite (Fig. 4f). 136 

Fresh haüyne was not observed but in some samples, purple pseudomorphs presumably after 137 

haüyne were found that consist of a very fine-grained mixture of unidentified secondary 138 

minerals (Fig. 4g). Further groundmass constituents are apatite needles and interstitial biotite 139 

(Fig. 4h). The latter can be distinguished into a Mg-rich (XMg=0.7-0.8) and a Fe-rich (XMg=0.0-140 

0.6) variety (Table 3). Much of the formerly glassy groundmass consists of very fine-grained 141 

secondary minerals including smectites, zeolites, calcite and chlorite. Based on whole-rock 142 
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analyses, Wimmenauer (1951) suggested that the fine-grained groundmass originally consisted 143 

of melilite, leucite and nepheline. 144 

Monchiquite Monchiquites contain up to 3 mm large, sub- to anhedral and partly 145 

rounded olivine macrocrysts (Fig. 5a) that are heavily altered and commonly replaced by 146 

serpentine minerals and smectites (nontronite; Hurrle, 1973). The olivine relicts tend to higher 147 

forsterite components (Fo92 to Fo83), higher Ni (0.28-0.37 wt.% NiO) and lower Ca (0.02-0.12 148 

wt.% CaO) concentrations compared to olivine microphenocrysts of the groundmass (Fo87 to 149 

Fo84; 0.17-0.32 wt.% NiO; 0.1-0.3 wt.% CaO; Fig. 5b). Diopsidic clinopyroxene (50-80 mol 150 

%; Fig. 3&b) forms several mm large, euhedral to subhedral macrocrysts, which typically 151 

consist of a bright sieved core, a plain transitional zone and a brown rim (Fig. 5c). Occasionally, 152 

there is an irregularly shaped bright clinopyroxene generation within the sieved core (Fig. 5d) 153 

which reveals the highest enstatite component (7-20 mol %; Fig. 3c) and the highest Cr 154 

concentrations (up to 1.65 wt.% Cr2O3). Green core clinopyroxenes are rare (Fig. 5e). The 155 

groundmass is dominated by brown elongated clinopyroxene grains. Chromian spinel (up to 1.1 156 

wt.% Cr2O3) occurs as inclusions in olivine, the bright sieved clinopyroxene and within the 157 

groundmass where it sometimes reveals a sieve texture. Titanomagnetite (up to 0.6 apfu Ti) 158 

only is present in the groundmass. The groundmass additionally comprises partly altered glass 159 

(fine-grained zeolites, calcite, chlorite, talc), apatite, small tabular kaersutite and biotite 160 

(XMg=0.4-0.6; Fig. 5b; Table 3). Notable are roundish areas consisting of chlorite, talc and 161 

calcite which are surrounded by a zone of amphiboles and biotite grains (Fig. 5f).  162 

 163 

Textural and mineralogical differences of the dyke rocks depending on the host rock 164 

(bituminous shales versus potash salt layers) 165 

Both olivine melilitites and monchiquites contain roundish textures (Fig. 6). In olivine 166 

melilitites, the spheroidal to sometimes lobate textures contain abundant carbonate and minor 167 
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diopside, perovskite, melilite, and nepheline (see above and Hurrle, 1973). Hence, these 168 

spheroids are interpreted as ocelli that may represent immiscible droplets of a "proto-169 

carbonatitic" melt (that is a carbonate-rich mafic silicate melt). However, some roundish 170 

textures in these rocks do not show any indication for primary magmatic mineral phases and 171 

presumably represent refilled amygdules. The spheroids in monchiquites show a concentric 172 

texture and lack evidence for magmatic mineral phases. Consequently, they are interpreted as 173 

amygdules (c.f. Hurrle, 1973, Hurrle, 1976). Other roundish areas that are surrounded by seams 174 

of biotite and amphibole resemble vitreous melt residues that have subsequently been altered.  175 

 176 

Mineralization associated with the Fish Shale At the contact to the bituminous and 177 

pyrite-bearing Fish Shale (Böcker & Littke, 2014, Eichentopf et al., 2017), the ocelli of the 178 

olivine melilitite comprise variable amounts of irregularly distributed aggregates of smectite, 179 

natrolite and small amounts of calcite (Fig. 7a&b). Biotite may additionally occur at the ocelli 180 

rim. The amygdules typically consist of a marginal zone of smectite and a centre with variable 181 

amounts of tabular or needle-shaped natrolite (Fig. 7b&c), euhedral analcime and late-stage 182 

calcite (Fig. 7d). In some amygdules, marginal smectite is missing (Fig. 7f). Pyrite may occur 183 

at the rim of the ocelli (Fig. 7e), but also replaces parts of the groundmass (Fig. 7f).  184 

 185 

Mineralization associated with the potash salt layer Ocelli of the olivine 186 

melilitite associated with the potash salt deposit consist of marginal smectite and sometimes 187 

biotite, while the central parts of the ocelli are dominated by halite (Fig. 8a). Hematite was 188 

rarely found but then typically grew on top of the smectite seam (Fig. 8b). Tabular anhydrite 189 

grains and barite are particularly common in sample M67 and M156 with the latter sample 190 

additionally comprising small amounts of celestine (Fig. 8b). Notably, the ocelli margins of 191 

sample M156 also contain isometric garnet with inclusions of small needle-shaped 192 
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clinopyroxene (Fig. 8c) and dark green aegirine needles replacing diopside (Fig. 3a&b; Fig. 193 

8a). Furthermore, sample M156 is characterized by halite pseudomorphs after olivine (Fig. 8d). 194 

Datolite grains occur in altered olivine, either associated with halite (Fig. 8d) or serpentine and 195 

smectite (Fig. 8e). Amygdules generally consist of a small rim of smectite minerals, marginal 196 

calcite, sometimes anhydrite, and a core of halite (Fig. 8f). 197 

The amygdules of the monchiquites have a concentric succession from rim to core consisting 198 

of chlorite, smectite, talc, calcite and halite. A thin seam of pyrite sometimes occurs between 199 

talc and halite (Fig. 8g). In some amygdules, halite is missing (Fig. 8h), which, however, may 200 

be a 3-D-effect. 201 

 202 

DISCUSSION 203 

Crystallization conditions 204 

The anhedral olivine macrocrysts in monchiquites (forsterite content up to 92 %) show 205 

high Ni (≥0.3 wt % NiO) and low Ca (≤0.1 wt. % CaO) concentrations that are typical of mantle 206 

xenocrysts (Foley et al., 2013, Bussweiler et al., 2015). Moreover, depth estimates were 207 

obtained by the clinopyroxene barometer of Nimis & Ulmer (1998) which was applied to the 208 

various diopsidic to augitic clinopyroxene types of the monchiquites (Fig. 3 & Fig. 9). White 209 

core clinopyroxenes demonstrate high crystallization depths roughly between 40 and 20 km 210 

(depth estimates below 10 km are based on altered clinopyroxenes) and may represent mantle 211 

xenocrysts or early magmatic crystals. Green core clinopyroxenes presumably demonstrate the 212 

involvement of percolative melts at lower crustal conditions (Pilet et al., 2002). The sieve-like 213 

textured clinopyroxenes (Fig. 5c) and spinels indicate a partial resorption of the macrocrysts 214 

during magma ascent (e.g. Qi et al., 1995, Shaw et al., 2006). Groundmass clinopyroxenes 215 

(transitional/brown clinopyroxenes) typically show values below those expected by an 216 
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overburden of ~1000 m (approximately 0.3 kbar) which may be related to the high uncertainty 217 

of the calculated values (σ=1.75 kbar) and the fact that the barometer was initially calibrated 218 

for anhydrous systems. However, groundmass amphibole and mica in the monchiquites provide 219 

prove of a considerable water concentration of the melt at late stage conditions. Pressure 220 

estimates therefore are underestimated by ~1 kbar per wt.% H2O in the melt (Nimis & Ulmer, 221 

1998). Based on coexisting olivine microphenocrysts and brown clinopyroxene, the 222 

groundmass temperature could be determined to approximately 950 °C (Andersen et al., 1993). 223 

 224 

Reason for the absence of salt rock-magma interactions 225 

The large chemical contrast between the mafic dykes and the potash salts provide 226 

potential for intense assimilation and metasomatic processes. However, no textural or chemical 227 

differences in the magmatic mineral phases could be observed between the olivine melilitites 228 

in contact to the Fish Shale and those surrounded by the potash salt layer. Note, that slightly 229 

elevated Cl concentrations in biotite associated with the salt deposit (Table 3) may be caused 230 

by Cl diffusion into magmatically formed biotite (high XMg) during interaction with the NaCl-231 

rich fluid, or may hint to a hydrothermal formation of biotite (low XMg). Sodium- and chlorine-232 

rich mineral phases such as sodalite, which could be expected to form during magmatic 233 

interaction between a silica-undersaturated magma and salt rocks, are absent. Since spheroidal 234 

textures occur in all investigated dyke rocks, independent of the surrounding host rock, we 235 

exclude the possibility that the halite textures in these spheroidal structures demonstrate a salt-236 

magma mingling, or even a salt-liquid immiscibility due to intense magmatic assimilation of 237 

the halite-bearing host rock. Since all investigated dykes crosscut salt-rich layers, we also 238 

exclude the possibility that the halite-bearing spheroids formed as a result of salt 239 

interaction/assimilation during ascent rather than during emplacement of the magma. We 240 

suggest that the absence of salt rock-melt interactions is mainly related to two facts:  241 
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i) monchiquites and olivine melilitites are characterized by the absence of OH-bearing 242 

phenocryst minerals. Thus, the melts presumably had a rather low water activity during the 243 

magmatic stage which prevented the exsolution of large amounts of fluids and a subsequent 244 

dissolution of the salt rock. Moreover, carnallite, a hydrous salt mineral that already 245 

decomposes at low temperatures <170 °C (Braitsch, 1971) is relatively rare in the salt deposit 246 

of Buggingen, and hence could not provide significant amounts of water (Braitsch & Herrmann, 247 

1964). Note that the amount of primary brines in the host rock is uncertain.  248 

ii) the dyke magma cooled rapidly. Knipping (1989) calculated the temperature for halite- and 249 

sylvite-bearing salt rocks that were intruded by basaltic magmas in the Werra Fulda region. He 250 

assumed a dyke thicknesses of 0.3, 1.0 and 1.8 m, a magma temperature of 1150 °C, and a wall 251 

rock temperature of 50 °C. These parameters can also be applied to our study, where the dike 252 

widths vary between a few cm to a maximum of 4 m (Esslinger, 1976), the magma temperature 253 

is estimated to be above 950 °C, and the reported air temperature of the mine at 1000 m depth 254 

was about 50 °C (Markl, 2017; we assume little erosion of the overburden since the intrusion 255 

of the dyke rocks). Based on these input parameters, the calculated wall-rock temperature at the 256 

contact to the dyke always remained below 790 °C, which prevented melting of halite, and 257 

presumably also of sylvite (melting point of ~804 °C and 750-790 °C, respectively; Warren, 258 

2006). Indeed, no evidence of salt melting is reported from Buggingen. At the Werra-Fulda 259 

region in Central Germany, Schofield et al. (2014) described a lot of peperite structures at the 260 

contact between salt and dyke rocks which indicate a magmatic interaction. This process was 261 

caused by heating and dehydration of carnallite, which is rare at Buggingen (Braitsch & 262 

Herrmann, 1964). Likewise, Schofield et al. (2014) suggest that the heat flow of the dyke 263 

magma was not sufficient to melt the halite layers in the Werra-Fulda region. However, at 264 

branching dykes, between (almost) contemporaneously emplaced intrusions, or if salt 265 

fragments got entrapped into the magma, heat could act from more than one side and the halite 266 

may locally have reached the melting temperature, as suggested by Koch & Vogel (1980).  267 
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 268 

Fluid conditions 269 

The minimum temperature of the fluid responsible for the precipitation of halite in 270 

amygdules and ocelli was estimated to ~50 °C based on the current temperature of the mine at 271 

~1000 m depth. Evidence for a somewhat higher minimum temperature of a hydrothermal event 272 

is shown by sample M156, where the presence of garnet and aegirine-rich clinopyroxene in the 273 

ocelli illustrates temperatures of at least 200 °C (Easton et al., 1977, Decarreau et al., 2004). 274 

Moreover, the core of atoll-shaped magnetite in sample M110 and M156 consists of garnet or 275 

titanite, and may demonstrate a replacement of Ti-rich magnetite by relatively hot fluids (>200 276 

°C) that penetrated the grain along cracks. However, a direct link between these relatively hot 277 

fluids and the halite-bearing spheroids is uncertain. While textural observations of 278 

Wimmenauer (1951) suggest that the salt layer in contact to the dyke rock is almost completely 279 

impoverished in KCl, Braitsch et al. (1964) demonstrated by chemical analyses that the contact 280 

zones still contain high KCl concentrations of up to 40 wt.%. We therefore suggest that the 281 

hydrothermal fluid contained a mixture of dissolved KCl and NaCl. Due to the high variations 282 

of the KCl concentration in the salt layers (between 3 and 40 wt.% KCl; Braitsch et al., 1964), 283 

and the high temperature dependence of the KCl solubility (Braitsch, 1971), we omit a 284 

quantitative calculation for the salt content of the fluid. Sulfate-bearing mineral phases in some 285 

ocelli (Fig. 8b) demonstrate that the fluid also passed through anhydrite-bearing layers. 286 

The hydrothermal fluid that interacted with halite-free olivine melilitites most likely 287 

equilibrated in the bituminous, pyrite-bearing and marly Fish Shale (Böcker & Littke, 2014, 288 

Eichentopf et al., 2017). This is consistent with the high amounts of zeolite, analcime and 289 

calcite in the ocelli and amygdule fillings, as well as with the presence of pyrite in the 290 

groundmass. 291 

 292 

45



The crystallization process for halite-bearing amygdules and ocelli 293 

Evaporation can be excluded as the precipitation mechanism for the hydrothermal 294 

formation of halite because the mafic dyke rocks were sampled at depth. In the following, we 295 

discuss a possible crystallization process for the halite-bearing spheroids (Fig. 10a). Due to the 296 

complex cation incorporation and adsorption capacity of smectites (e.g. Kloprogge et al., 1999), 297 

the importance of kinetics (Gysi & Stefánsson, 2011) and the large number of uncertain 298 

parameters (e.g. fluid composition; fluid/dyke rock temperature; groundmass mineralogy of 299 

pristine dyke rocks), we chose not to construct a thermodynamic model of the fluid evolution 300 

Instead, we present a qualitative approach with focus on the Na concentration, the H2O 301 

concentration and the NaCl saturation degree of the fluid (Fig. 10b). 302 

Assuming that the fine-grained groundmass of the monchiquites and the olivine melilitites 303 

mainly consisted of nepheline (as being typical of most silica-undersaturated primitive rocks), 304 

the hydrothermal alteration to clay minerals ± zeolites (Fig. 10a-1) should result in an increase 305 

of the sodium concentration of the fluid. Indeed, whole-rock analyses (after subtracting halite 306 

and anhydrite) of the heavily altered dyke rocks at Buggingen have lower Na concentrations 307 

than relatively fresh rock samples (Wimmenauer, 1951, Hurrle, 1973). In contrast, the K 308 

concentration of hydrothermally strongly overprinted rock samples is higher compared to the 309 

rather fresh dyke rocks (see also supplementary figure 3 for a compilation of the whole rock 310 

data). This also conforms with chemical analyses of the clay minerals, which typically consist 311 

of K-bearing smectites (Hurrle, 1973). Such a groundmass alteration process typically releases 312 

more Na than it consumes K, as shown in the simplified reaction 1, 313 

2.33 NaAlSiO4 (Nepheline) + 0.33 K+ + 1.34 Si4+ +2.66 H2O =  314 

  K0.33Al2Si3.67Al0.33O10(OH)2 (K-smectite) + 2.33 Na+ + 3.34 H+ (reaction 1). 315 

The uptake of sodium into a salt-saturated fluid should immediately lead to the precipitation of 316 

halite. However, as no halite was observed in the groundmass (note that the thin sections were 317 
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prepared completely dry, hence excluding a preparation-based salt dissolution), we suggest that 318 

the initial fluid (brine from the wall rock) was not saturated with halite before penetrating the 319 

dyke rock, possibly due to mixing and diluting with meteoric water. During interaction with the 320 

groundmass, the Na concentration of the fluid steadily increased (while the K concentration 321 

decreased) but obviously did not yet reach NaCl saturation. As soon as the fluid entered an 322 

amygdule, smectites formed at the rim and the fluid became trapped (Fig. 10a-2). The Na 323 

concentration of the fluid further increased during interaction with the marginal zone while the 324 

salt-rich fluids finally desiccated in the vugs due to swelling of smectites (e.g. Usuki et al., 325 

1993). Consequently, NaCl saturation was reached and halite precipitated in the vugs (Fig. 10a-326 

3). In the amygdules, the crystallization of talc additionally removed H2O from the fluid and 327 

drove it towards NaCl saturation. A similar halite precipitation process can be assumed for the 328 

ocelli. In two olivine melilitites, Hurrle (1973) found ocelli with only partly altered nepheline 329 

and a core of calcite, which possibly demonstrates the primary magmatic ocelli filling. We 330 

assume that calcite dissolved during interaction with the fluid, while smectites formed at the 331 

ocelli rim by alteration of the marginal mineral assemblage of the ocelli (Fig. 11). Subsequent 332 

desiccation of the trapped fluids by clay mineral swelling led to the crystallization of halite. 333 

Smectite and zeolite formation in the groundmass presumably cemented possible fluid paths 334 

(Fig. 10a-3), which would indicate that the salt-rich spheroids formed by a single hydrothermal 335 

event. In amygdules, halite comprises up to ~12-20 vol.%, which is in the same order of 336 

magnitude as the 16.5 vol.% halite that can precipitate from an NaCl-saturated (~30 wt.% NaCl) 337 

fluid at ~50 °C, assuming equimolar Na+ and Cl- (Driesner & Heinrich, 2007). As a 338 

consequence, we suggest that the fluid was near NaCl saturation when it got trapped in the vugs 339 

and finally desiccated by clay mineral swelling. Due to the uncertainty about the dissolved 340 

amount of former mineral phases in the ocelli, we omit similar calculations for this spheroid 341 

type. 342 
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The effect of closed-system clay mineral swelling is also illustrated by the mineral proportions 343 

in the ocelli/amygdules. Based on the simplified assumption, that the OH-bearing mineral 344 

phases of the ocelli/amygdules have an average volume of 140 cm3/mol (halite 30 cm³/mol; 345 

Blanc et al., 2012 and references therein), and only contain 1 OH-group per formula unit (no 346 

interlayer water), the observed amount of smectite in the amygdules/ocelli (~85 vol.%) that 347 

formed due to the interaction between the spheroid rim and the NaCl-saturated fluid, is 348 

approximately 9 times too low. The absence of a prominent clay rim in some amygdules (Fig. 349 

8f) implies that nearby clay minerals of the groundmass additionally bound H2O in their 350 

interlayers. Indeed, the lack of OH-bearing minerals at the amygdule rims is restricted to the 351 

olivine melilitites, which in contrast to the monchiquites, contain much more smectite minerals 352 

in the groundmass. 353 

 354 

Crystallization of datolite 355 

Datolite [CaB(SiO4)(OH)] only occurs in one olivine melilitite sample (M156) as 356 

pseudomorphs after olivine, either associated with serpentine and smectite (Fig. 8e) or halite 357 

(Fig. 8d), but it is never present within ocelli. The required boron presumably derived from 358 

ocean-related sedimentary rocks (e.g. Leeman & Sisson, 1996, Garrett, 1998). The salt rocks at 359 

Buggingen are unlikely to represent the source of the boron since the concentrations are very 360 

low (< 10 ppm; Braitsch et al., 1964), but the clay-rich layers of the salt horizon contain up to 361 

600 ppm boron. Braitsch et al. (1964) did not believe in this boron source in the country rocks 362 

and suggested a magmatic origin since they could not detect significant variations in the boron 363 

content between the clay-rich layers in contact to the dyke rocks and those further away. 364 

However, we suggest that boron-leaching of the wall rock would have too little effect to be 365 

detectable, since boron is adsorbed by clays and should have been balanced again by circulating 366 

fluids over the course of the years. The high Ca concentration of the fluid required for the 367 
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crystallization of datolite most likely derived from the anhydrite-rich parts of the host rock, 368 

which is consistent with high amounts of anhydrite in ocelli of sample M156 (Fig. 8b). 369 

The formation of datolite presumably was caused by a two-step process. This is in accordance 370 

with the restriction of datolite to only one rock sample of the present study (it has been found 371 

more often in other sample suites, though; Braitsch et al., 1964, Markl, 2017), since clay 372 

mineral and zeolite precipitation generally cement the fluid paths. However, in case of sample 373 

M156, new cracks possibly formed due to tectonic stress (Wimmenauer, 1951). The first fluid 374 

batch equilibrated with the dyke rock by the alteration of olivine to serpentine and Mg-rich 375 

smectites (e.g. saponite; Hurrle, 1973). Boron thereby was incorporated into serpentine (e.g. 376 

Pabst et al., 2011) and was adsorptively bound in the clay minerals (e.g. Gu & Lowe, 1990, 377 

Goldberg et al., 1993, Karahan et al., 2006). A second fluid batch which then was in 378 

disequilibrium with the olivine alteration phases dissolved serpentine and Mg-rich smectite. 379 

The high amounts of released boron and silica finally led to the crystallization of datolite grains. 380 

In contrast to the ocelli and amygdules, anhydrite is absent as presumably all available Ca was 381 

incorporated in datolite.  382 

 383 

SUMMARY AND CONCLUSION 384 

No evidence for a magmatic interaction between the primitive dyke magma and the salt 385 

layers at Buggingen in SW Germany was observed. This is presumably related to (i) relatively 386 

dry magmatic melt conditions which prevented a dissolution of the water-soluble salt, and to 387 

(ii) a too fast cooling of the dyke. Apparently, the heat flow of the dyke magma was not 388 

sufficient to reach the melting point of halite and sylvite (~800 °C). The hydrous salt carnallite 389 

decomposes already at 170 °C, but in contrast to the Werra-Fulda region in Central Germany, 390 

where plenty of carnallite-magma interaction structures were reported, it is very rare at 391 

Buggingen. Instead of a magmatic interaction, halite-bearing spheroids in the olivine melilitites 392 
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and the monchiquites represent amygdules, respectively hydrothermally altered ocelli. Low 393 

temperature NaCl-bearing fluids from the surrounding salt layers reacted with the dyke rock 394 

groundmass, thereby forming smectites and zeolites. During alteration of the groundmass, the 395 

NaCl concentration of the fluid steadily increased but remained below NaCl saturation. As soon 396 

as the fluid entered a vug, smectites formed at the margin and the fluid got trapped. Clay mineral 397 

swelling gradually consumed water from the fluid and finally led to the precipitation of halite. 398 

The presence of datolite is restricted to pseudomorphs after olivine. Serpentine/smectite 399 

breakdown provided the required Si and boron for its formation. 400 
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Figure captions 546 

 547 

Fig. 1: Geology of Buggingen. a) Overview map of the European Cenozoic Volcanic Province and the Cenozoic 548 

magmatic occurrences in southwest Germany (modified after Dèzes et al., 2004). Buggingen is located at the red 549 

star. b) Stratigraphic diagram showing the lithostratigraphy of the Rhine Graben (after Sissingh, 1998). c) Cross-550 

section showing the geology of Buggingen and the sample sites (modified after Esslinger, 1976). The dark grey 551 

areas represent dyke zones which consist of several smaller dykes. Colors correspond to those of the 552 

lithostratigraphic units. 553 
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 555 

Fig. 2: Paragenetic scheme for the olivine melilitites and the monchiquites from Buggingen. Alteration processes 556 

are indicated by arrows. Mineral phases of the olivine melilitite that only occur in association with the salt layer 557 

are indicated in blue. Mineral phases highlighted by the star are present in ocelli/amygdules. 558 
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 560 

Fig. 3: Clinopyroxene composition for the olivine melilitites and the monchiquites from Buggingen. a) Na-561 

pyroxene (NaFeSi2O6+NaAlSi2O6)-QUAD (CaMgSi2O6+CaFeSi2O6)-Tschermak’s pyroxene 562 

(CaFeFeSiO6+CaTiAl2O6+CaAlAlSiO6) triangles. b) Diopside–hedenbergite–aegirine triangles. c) Enstatite 563 

component (in mol %). 564 
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 566 

Fig. 4: Mineral textures in the olivine melilitites from Buggingen (transmitted light microscopy and BSE images 567 

[c,d,e]). a) Euhedral olivine macrocryst totally replaced by serpentine (srp) and smectite (sm) minerals. b) 568 

Clinopyroxene (cpx) macrocryst in a groundmass consisting of plenty clinopyroxene needles. c) Spinel (spl) at the 569 

rim of an serpentinized olivine. Those parts of the spinel that are not enclosed by former olivine are surrounded 570 

by magnetite (mag). d) Spinel showing a sieve texture. e) Atoll-shaped magnetite with a core of titanite (ttn). f) 571 

Melilite (mel) being totally altered to chlorite. g) Purple pseudomorphs after haüyne (hyn) consisting of a mixture 572 

of fine-grained secondary minerals. e) Interstitial biotite (bt).  573 
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 574 

Fig. 5: Mineral textures in the monchiquites from Buggingen (transmitted light microscopy images). a) Large, 575 

rounded olivine (ol) macrocryst partly replaced by serpentine and smectite minerals. b) Euhedral olivine, brown 576 

clinopyroxene needles and small tabular amphibole (amp) and biotite constitute the groundmass. c) Clinopyroxene 577 

consisting of a sieved white core (cpx-swc), a plain transitional zone (cpx-t) and a brown rim (cpx-b). d) 578 

Clinopyroxene with an irregularly shaped white core (cpx-wc), surrounded by sieved white clinopyroxene and 579 

olivine that is completely replaced by serpentine and smectite minerals. e) Green-core clinopyroxene (cpx-gc) 580 

rimmed by brown clinopyroxene. f) Roundish zone consisting of a fine-grained mixture of chlorite, talc and calcite, 581 

surrounded by amphiboles and biotite. 582 
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 584 

Fig. 6: Schematic overview of the spheroidal textures in the monchiquites and the olivine melilitites. 585 

 586 
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 588 

Fig. 7: Mineral textures of the ocelli in the olivine melilitites associated with the Fish Shale (transmitted light 589 

microscopy images. a) Biotite, clinopyroxene and perovskite (prv) sometimes occur at the rim of ocelli. Calcite 590 

(cal), smectite and natrolite are further common constituents. b) Ocellus with a rim mainly consisting of smectite 591 

and rare biotite, and a core of natrolite (ntr). c) Ocellus with marginal smectite minerals and a core of natrolite. d) 592 

Ocellus consisting of smectites, calcite and analcime (anl). e) Ocellus with marginal pyrite (py), analcime and 593 

calcite. f) Parts of the groundmass are replaced by pyrite.  594 
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 596 

Fig. 8: Mineral textures of the ocelli and amygdules in the olivine melilitites and the monchiquites associated with 597 

the potash salt layer (transmitted light microscopy and BSE images [b]). a) Ocellus with a rim of biotite, aegirine 598 

and smectites, and a core of halite. b) Ocellus consisting of smectites, hematite (hem), barite (brt), anhydrite (anh), 599 

celestine (cls) and halite. c) In sample M156, euhedral garnet (grt) with inclusions of clinopyroxene sometimes 600 

occur at the rim of ocelli. d) Halite and datolite (dat) pseudomorph after olivine. e) Serpentine, smectite and datolite 601 

pseudomoprh after olivine. f) Amygdule consisting of marginal calcite and a core of halite. g) Amygdule with a 602 

concentric succession of chlorite (chl), smectite, talc (tlc), calcite, pyrite (py) and halite. h) Amygdule showing a 603 

concentric succession of chlorite, smectite, talc and calcite. 604 
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 605 

Fig. 9: Crystallization depth for the various clinopyroxene types in the monchiquites from Buggingen. Pressure 606 

estimates are based on Nimis & Ulmer (1998) and indicate a minimum uncertainty of σ=1.75 kbar. The negative 607 

pressure estimates for many of the transitional/brown clinopyroxenes might additionally be caused by the fact that 608 

the barometer is calibrated for anhydrous systems (note that late-stage clinopyroxenes coexist with amphibole and 609 

mica). The line at 0.3 kbar demonstrates the expected minimum pressure during groundmass crystallization due to 610 

an overburden of ~1000 m.  611 
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 614 

Fig. 10: Precipitation mechanism for the halite-bearing amygdules/ocelli. a) Schematic evolution of the dyke rock 615 

mineral assemblage. 1) NaCl-saturated fluid (red arrow) interacts with the groundmass, thereby producing Na- and 616 

OH-bearing alteration phases (smectites and zeolites). 2.) Fluid enters a vug, forms marginal smectite minerals 617 

and gets trapped. 3) Gradual removal of H2O from the fluid by clay mineral swelling results in NaCl precipitation. 618 

The formation of smectites and zeolites cements possible fluid paths and prevents further fluids from entering the 619 

dyke rock (blue arrow). b) Schematic evolution of the fluid composition. The upper two xy-diagram demonstrate 620 

the evolution of the molar Na+, respectively H2O concentration of the fluid with respect to the initial fluid 621 

composition. The lower xy-diagram demonstrates the NaCl saturation degree during fluid evolution. 622 
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 624 

Fig. 11: Schematic diagram illustrating the mineral assemblage of amygdules and ocelli before and after the 625 

hydrothermal overprint. 626 
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A B S T R A C T

Six mineralogically exemplary barren and mineralized hydrothermal veins (with Pb and Zn ores) of Jurassic-
Cretaceous and Cenozoic age in the Schwarzwald mining district, SW Germany were chosen to shed light on the
origin of their mineralogical diversity. The selection of the veins was guided by the fact that they represent the
largest number of veins in the region, are very well known mineralogically and geochemically, and they provide
nice examples of barren and mineralized veins of similar age. Fluid inclusion data from the individual veins
overlap implying their diverse mineralogy is not caused by different fluid compositions participating during fluid
mixing. LA-ICPMS data of single fluid inclusions indicate no systematic variations in major elements, but sig-
nificant changes in fluid mixing ratios which caused variable trace element concentrations of different fluid
inclusion assemblages in one sample. We suggest that different ore-gangue-assemblages can be produced by
mixing of identical fluid endmembers, but variable mixing ratios. LA-ICPMS analyses of single fluid inclusions in
barren and mineralized veins record similar base metal and sulfur concentrations. Hence, sulfide mineralization
in the veins appears not to be controlled by metal solubility. Thermodynamic modeling based on the fluid data
indicates that the presence of a reducing phase during fluid mixing is required for sulfide mineralization to
precipitate.

LA-ICPMS trace element analyses of feldspars, biotites, chlorites and clay minerals in granites and para-
gneisses which are the source of the metal content in the ore-forming fluids demonstrate that the dominant
provenance for Pb, Zn, As, Sb, Ba, Tl, Mo, Fe and Mn are probably paragneisses, while Co, Cu and Ni are
probably sourced from S-type granite. A rough quantification indicates that< 1m3 paragneiss or granite has to
be altered (10% alteration) to supply sufficient Zn to 1 l of hydrothermal fluid reaching a concentration of 2 g/l
Zn. Hence, this study confirms that ore fluids can be produced from any lithology in the upper crust that contains
at least some trace metals (μg/g level is sufficient).

1. Introduction

In the last two decades, significant progress has been made in the
understanding of the origin of hydrothermal vein type deposits related
to the interface between sedimentary cover rocks and crystalline
basement. Typically, fluid inclusions (Wilkinson, 2010), stable and
radiogenic isotopes (Bau et al., 2003; Kessen et al., 1981; Shouakar-
Stash et al., 2007; Staude et al., 2011; Wilkinson et al., 2005), trace

element studies of fluids, ores and gangue mineralogy (Fusswinkel
et al., 2013; Pfaff et al., 2011; Fusswinkel et al., 2014) or paleo-hy-
drological modeling (Garven et al., 1999) are used as tools to decipher
ore-forming processes. Suitable field areas such as the South East Basin
in France (Aquilina et al., 2011), the Moroccan Anti Atlas district
(Essarraj et al., 2016, 2017), the Irish Midlands (Banks et al., 2002), the
Alaskan Brooke Range (Leach et al., 2004), the Athabasca Basin in
Canada (Richard et al., 2016; Martz et al., 2018), the Pyrenees
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(Crognier et al., 2018),the Massif Central in France (Boiron et al.,
2010), the Catalan Coastal Ranges in Spain (Grandia et al., 2003), the
St. Lawrence Rift System in Canada (Carignan et al., 1997), the Otavi
Mountainland in Namibia (Deane, 1995) and the Schwarzwald mining
district in SW Germany (Walter et al., 2018a, 2018b and references
therein) have been studied to decipher ore-forming processes in time
and space. Numerous authors agree that (besides cooling) fluid mixing
between hot basement brines (or basinal brines) and cooler, sediment-
derived fluids with contrasting fluid chemistry from the overburden
sequence is the dominant process for the formation of hydrothermal
vein-type base metal deposits (e.g. Hoeve and Sibbald, 1978; Duane and
De Wit, 1988; Tornos et al., 1991; Carignan et al., 1997; McCaig et al.,
2000; Wilkinson, 2010; Fusswinkel et al., 2013; Fusswinkel et al., 2014;
Bons et al., 2014; Walter et al., 2015, 2016, 2017a; Richard et al.,
2016). In numerous contributions, evidence is presented that the metals
originate from the crystalline basement by the alteration of micas and
feldspars (see also Burisch et al., 2016a and references therein). It has
remained difficult to quantify the importance of basement leaching due
to the lack of trace metal data in primary minerals and alteration
products in the source rocks. Burisch et al. (2016a) supplied such data
for the Schwarzwald mining district.

Over the last years, geomodels for deep fluid mixing processes were
significantly refined by the introduction of a two-component or multi-
component fluid “mixing from below” model (Bons et al., 2014; Walter
et al., 2018a, 2018b). The models can be applied to complex geological
settings such as the Schwarzwald and adjacent Rhinegraben rift, where
chemically different basement and sedimentary strata generate and
contain fluids of diverse compositions (Bons et al., 2014; Walter et al.,
2017b, 2018a, 2018b). Multi-component fluid mixing models may thus
help to constrain the diversity of fluid compositions and mineralization
in hydrothermal vein type deposits related to rifts and unconformities
(e.g. Athabasca Basin; Richard et al., 2016; Yukon Territory, Rio Grande
Rift, Newfoundland, Sardinia; Van Alstine, 1976).

Barren veins in numerous mining districts occur in close proximity
to mineralized (i. e., containing base-metal ores) veins (e.g. Beaudoin
et al., 1992; Hein, 1993; Sun et al., 2017 and references therein). In
hydrothermal Pb-Zn vein type deposits (Walter et al., 2018a, and re-
ferences therein), orogenic gold deposits (Naden and Shepherd, 1989;
Cox et al., 1991; Sherlock et al., 1993; Mavrogenes et al., 1995; Wilde
et al., 2001) and 5-element veins (Markl et al., 2016; Burisch et al.,
2017; Kreissl et al., 2018), the presence or absence of CH4 and H2S was
recognized as the driving force to suppress or permit ore mineralization
because a reduced environment is necessary for metal transport (gold)
and/or precipitation (e.g. galena and sphalerite). However, the process
of locally generating ore mineralization in an otherwise barren vein
(system) is still under debate (e.g. Mavrogenes et al., 1995; Wilde et al.,
2001 and references therein).

In this contribution, fluid inclusions from mineralized and barren
veins are analyzed from the Schwarzwald district to find evidence if
barren veins are either precipitated from a “barren, metal-poor fluid” or
if there is a difference in the mineralization process (e.g. presence or
absence of a reducing phase) that could explain the presence or absence
of base metal sulfides. A common observation is that hydrothermal
veins in the center of granitic complexes are typically barren, while
paragneiss-hosted veins (e. g., Schauinsland, Schwarzwaldsegen,
Wenzel or Kropbach) or veins in the vicinity of the granite-paragneiss
contacts show extensive sulfide ore mineralization.

Hence, the focus of the present contribution lies on the following
three aspects which are not sufficiently addressed in previous con-
tributions (e.g. Walter et al., 2016, 2017a, 2017b, 2018a, 2018b):

• an integrated study of ore-forming fluids using microthermometry,
Raman micro spectroscopy and Laser ablation inductively coupled
plasma mass spectrometry (LA-ICPMS) analyses of various types of
hydrothermal mineralization (barren fluorite-barite veins, barren
quartz veins, calcite veins with Pb-Zn mineralization and fluorite-

barite-quartz veins with Pb-Zn mineralization) across the
Schwarzwald mining district;

• the comparison of fluid compositions from barren and from miner-
alized veins;

• the metal budget of the country rocks and how much leached
country rock volume is required to produce an ore fluid.

The Schwarzwald mining district in SW-Germany is bordered by the
Cenozoic Rhinegraben rift and is chosen as an unusually well-studied
and typical example for a region that has vein-hosted ore deposits as-
sociated with several tectonic events (for details see below) and several
hundreds of hydrothermal veins of diverse mineralogy (e.g. Metz et al.,
1957; Bliedtner and Martin, 1986; Baatartsogt et al., 2007; Staude
et al., 2009) which occur in sedimentary (Lower Triassic sandstone) and
crystalline basement host rocks (paragneisses, orthogneisses and gran-
ites). The chemistry of hydrothermal fluids that has given rise to vein-
hosted mineral assemblages in the Schwarzwald have been related to
various types of sedimentary and basement rocks (Walter et al., 2016,
2017a, 2017b, 2018a). Hence, by the choice of this district, it is possible
to study host rock-dependent chemical variations in hydrothermal
fluids.

1.1. Regional geology

Variscan paragneisses, migmatites and granites form the crystalline
basement of the Schwarzwald mining district are covered by Permian to
Upper Jurassic terrestrial and marine sedimentary rock successions
(Fig. 1). Syn- to post-tectonic S-type granites intruded between 335 and
315Ma into the Variscan paragneisses (Altherr et al., 2000; Hann et al.,
2003; Kalt et al., 2000; Todt, 1976). During the Permian the Variscan
orogen became deeply eroded and local sedimentary basins were filled
by proximal red bed arkoses and conglomerates (Geyer and Gwinner,
2011; Jenkner, 1986; Nitsch and Zedler, 2009). In the Lower Triassic,
quartz sandstone units with a thickness up to 400m were deposited and
separated from crystalline basement rocks and Permian-aged sedi-
mentary rocks by a prominent erosional unconformity (basement-cover
unconformity). In the Middle Triassic, the area became a marine en-
vironment and limestones (Muschelkalk) and evaporites (Walter et al.,
2017a) reached a thickness of up to 220m. During the Upper Triassic
(Keuper), evaporitic units and clastic sediments reached a maximum
thickness of about 300m (Geyer and Gwinner, 2011). About 1000m of
clastic and evaporitic sediments and (mainly) limestones were de-
posited on the shallow continental Tethys shelf during the Jurassic.
Cretaceous sediments are completely lacking in SW Germany (Geyer
and Gwinner, 2011).

Since the breakup of the Upper Rhinegraben rift (Paleogene) up to
4000m of clastic sediments and evaporites (gypsum, anhydrite, dolo-
mite, Na-K-Mg halides) were deposited in the rift valley (Geyer and
Gwinner, 2011; Rupf and Nitsch, 2008). During opening of the rift,
alkaline magmatism produced several volcanic fields (e.g. Kaiserstuhl,
Hegau, Urach; Braunger et al., 2018; Walter et al., 2018c and references
therein). Contemporaneous with the ongoing rifting, the rift shoulders
were uplifted about three kilometers (Geyer and Gwinner, 2011). Uplift
of the shoulders and erosion rates were much stronger in the south
relative to the middle and northern Schwarzwald. Due to this asym-
metric exhumation the basement-cover unconformity is still preserved
in the middle and northern Schwarzwald, while the southern
Schwarzwald is exhumed to a total depth of about 3.5–4 km below the
Upper Jurassic land surface (Rupf and Nitsch, 2008; Walter et al.,
2017a).

1.2. Hydrothermal veins in the Schwarzwald

>1000 hydrothermal veins are known in the Schwarzwald mining
district. These are either mineralized with base metal sulfide ores
(Table 1) or contain sulfide-free assemblages of quartz, barite, fluorite
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or carbonate. The latter are referred to as “barren” in the context of this
contribution. Mineralized and barren veins formed in basement and
lower Triassic host rocks from lower Permian until geologically recent
times, with discrete maxima of hydrothermal activity related to the late
stages of the Variscan orogeny around 280–300Ma, the Jurassic and
Cretaceous breakup of the North Atlantic Ocean between 190 and
110Ma and during Rhinegraben formation between 40 and 0Ma (Pfaff
et al., 2009 and references therein; Staude et al., 2009; Loges et al.,
2012; Walter et al., 2016; Burisch et al., 2018; Walter et al., 2018b).
Numerous studies were done to investigate the variable vein miner-
alogy and the related physico-chemical processes through space and
time. Aspects of fluid flow and hydrothermal vein formation were in the
focus of various contributions, including studies on microthermometry
(e.g. Behr and Gerler, 1987; Behr et al., 1987; Burisch et al., 2016a;

Staude et al., 2009, 2012a; Fusswinkel et al., 2013; Bons et al., 2014;
Walter et al., 2015, 2016, 2017a, 2017b, 2018a). Stable and radiogenic
isotopes (O, C, H, S, Sr, Pb, Cu, Fe, Mg) were analyzed to decipher fluid
sources and redox conditions of the hydrothermal veins (e.g. Staude
et al., 2011, 2012b; Walter et al., 2015 and references therein). Ad-
ditionally, trace element distribution in fahlore and sphalerite (Staude
et al., 2010b; Pfaff et al., 2011), geochemical evolution of various de-
posits with specific mineralization (Staude et al., 2007, 2012b), paleo-
fluid models (Pfaff et al., 2010; Staude et al., 2011; Fusswinkel et al.,
2013; Bons et al., 2014; Walter et al., 2015, 2018a), geochemistry of
modern thermal and mineral waters from spas (Stober and Bucher,
1999; Loges et al., 2012; Göb et al., 2013) and alteration experiments
on basement and cover rocks (Bucher and Stober, 2002; Burisch et al.,
2016b) were performed to shed light on fluid sources, fluid pathways

Fig. 1. (A) Geological and structural map of the Upper Rhinegraben modified after the data of Beccaletto et al. (2010). Adopted from Walter et al. (2017b, 2018a).
(B–D) close ups of rift related mining districts with veins following the Graben structures.
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and metal sources. Microstructural studies were done on breccias in the
hydrothermal veins that provide evidence for hydraulic fracturing,
tectonic forces or a combination of both to be involved in the genera-
tion of fluid pathways (e.g. Sprengel, 2014). Moreover, numerous
contributions are available on the regional geology (Geyer and
Gwinner, 2011 and references therein). Hence, this extensive dataset of
the various geochemical parameters renders it possible to decipher the
chemical evolution of fluids responsible for the different vein formation
processes and the mechanisms of base metal sulfide ore precipitation
over the last 300Ma (Table 1).

The contributions of Behr and Gerler (1987), Behr et al. (1987),
Staude et al. (2009), Pfaff et al. (2009, 2010), Burisch et al. (2016b) and
Walter et al. (2015, 2016, 2017a, 2017b, 2018a, 2018b) reported evi-
dence for five maxima of hydrothermal activity in the Schwarzwald
mining district based on structural, mineralogical, age-dating and fluid
inclusion data (Table 1): (i) Carboniferous (ii) Permian, (iii) Triassic-
Early Jurassic, (iv) Middle Jurassic-Cretaceous and (v) post-Cretaceous.
In this contribution, only veins of stage iv and v are analyzed, as they
represent the largest number of veins in the region, are very well known
mineralogically and geochemically, and they provide nice examples of
barren and mineralized veins of similar age. The following paragraphs
explain in detail what we know about the Jurassic-Cretaceous and post-
Cretaceous veins.

Veins of Jurassic and Cretaceous age (stage iv) are mineralogically
very diverse containing variable modal amounts of fluorite, barite,
quartz and carbonates with significant Ag-Bi-Co-Ni-U, Fe-Mn or Pb-Zn-
Cu mineralization (e.g., Mertz et al., 1986; Wernicke and Lippolt, 1993,
1997; Werner et al., 2002; Pfaff et al., 2009; Staude et al., 2009, 2011,
2012a, 2012b; Werner, 2011; Walter et al., 2015, 2016, 2017a). The
formation of these veins relates to a binary fluid mixing process be-
tween a deep-seated, metal-rich, highly saline (originally surface-de-
rived) basement brine (20–28 wt% salinity) and a sulfate-rich, metal-
poor highly saline brine (20–25wt%) derived from Middle Triassic
evaporite-bearing limestone. This brine was mobilized during tectonic
activity and mixed with colder Middle Triassic formation waters with
Cl/Br and Ca/Na signatures of halite or sulfate dissolution prior to vein
formation (Staude et al., 2009, 2010a, 2010b, 2011, 2012b; Fusswinkel
et al., 2013; Walter et al., 2015, 2016, 2017a, 2017b, 2018a). Fluid
cooling was only of minor significance (Burisch et al., 2017) for mi-
neralization and no evidence for boiling was found.

During the Paleogene and Neogene, the breakup of the Upper
Rhinegraben rift and subsequent strike-slip tectonics generated or re-
activated Upper Rhinegraben-parallel NE-SW to NNE-SSW-striking fault
systems. Rift-related hydrothermal veins of group (v) formed in some of
these fault zones (Pfaff et al., 2009 and references therein; Staude et al.,
2012b and references therein). Typical of group (v) veins is the oc-
currence of large amounts of barite and quartz, only some veins contain
fluorite and carbonates with Pb and, rarely, As, Zn, Cu, Bi and Ni ore
minerals (Staude et al., 2009; Walter et al., 2017a). The fluid chemistry
(salinity 1–23 wt% NaCl+CaCl2) of these post-Cretaceous veins is
heterogeneous due to multi-component, multi-aquifer fluid mixing
processes caused by a juxtaposition of different aquifers by Neogene rift
tectonics (Walter et al., 2015, 2016, 2017b, 2018a). The last miner-
alization stages are characterized by sulfate‑carbonate assemblages that
document the transition from a deep to a shallow geothermal system
which is still active today (Burisch et al., 2018).

2. Samples and methods

2.1. Sample material

To shed light on a hydrothermal system, a holistic sample collection
based on ten country rocks (source rocks for the metals in the fluid) and
gangue minerals of representative six hydrothermal veins (which bear
the ore forming, metal rich brine in fluid inclusions) were used.Ta
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2.1.1. Country rocks
In order to investigate the metal provenance in the hydrothermal

fluids, the trace element budget of representative country rock samples
was determined. The crystalline basement of the Schwarzwald dom-
inantly consists of paragneisses, orthogneisses and S-type granites, and

hence, four paragneisses, one orthogneiss and five granite bodies were
selected. To include the trace metal budget of clay minerals formed
during hydrothermal alteration of K-feldspar, plagioclase and biotite,
samples showing various degrees of hydrothermal alteration were se-
lected.

Fig. 2. Samples (A–F) are gneisses and (F–J) granites from representative gneiss and granite bodies in the Schwarzwald (A) Sample MB2 from the Hechtsberg quarry
contains a relative unaltered paragneiss. (B) Plagioclase (Plg) is often altered to illite (Ill) and kaolinite in gneisses. Red lines indicate the contact between alteration
mineral and host rock mineral. (C) BSE image of a gneiss sample where the plagioclase is replaced by chlorite (Chl). (D) Biotite (Bt) from gneiss altered to illite. (E)
BSE image of a gneiss sample. Note replacement of biotite by illite (F) Strongly altered granite sample from the Rappenfelsen quarry (MB3). Note reddish color. (G) In
this sample the micas and feldspars are strongly affected by alteration. (H) In numerous granite samples, biotite shows alteration to illite and secondary Fe-phases
(presumably goethite or limonite) along cleavage planes. (I) Plagioclase in granite samples are altered to illite and rarely to chlorite whereas the K-feldspar (K-fsp)
remains unaffected by alteration. (J) BSE image of an altered granite sample. Note strong alteration of biotite to illite. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)
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An unaltered paragneiss and orthogneiss sample (Fig. 2A) were
taken at the Hechtsberg quarry (MB2a, MB4a; Burisch et al., 2016b).
The paragneisses in the vicinity of the Caroline mine (CK-C-2), Segen
Gottes (CK-SeG-2) and Teufelsgrund mine (CK-TG-2A) contain medium
to strongly altered feldspars and micas. Granite samples from the Tie-
fenstein quarry (LM41–1), Rappenfelsen quarry (MB3a) and from the
country rocks of the Silbergründle mine (CK-SG-2) show only a weak
hydrothermal alteration whereas granites from the Wittichen mining
district (CK-WI-1B, CK-WI-2C) are strongly hydrothermally altered.
Modal compositions (determined by petrography) of the samples and
coordinates are presented in Table 2. For details on the XRD analyses
for clay mineral identification in the paragneisses, the orthogneiss and
the granites the reader is referred to the electronic Supplement ES1.

The paragneisses contain medium-grained biotite (< 250 μm)
(Fig. 2A) with inclusions of apatite and zircon. In the strongly hydro-
thermally overprinted samples, the biotite is typically altered to illite
and kaolinite (and occasionally to chlorite) (Fig. 2B–E). Furthermore,
medium to coarse-grained quartz (< 200 μm) and plagioclase
(< 700 μm) are present, the latter often altered to chlorite (and rarely
to illite or kaolinite) to a high degree (Fig. 2B–E). Quartz may contain
micro-inclusions of apatite and garnet.

The granites are medium-grained (< 1.5 cm; Fig. 2F). The biotite
contains inclusions of apatite and zircon partially altered to illite
(Fig. 2G–J). The plagioclase commonly shows polysynthetic twinning
and often strong alteration to illite, whereas K-feldspar with Karlsbad
twins is typically only weakly altered (Fig. 2G–J). Quartz occurs as
anhedral grains, muscovite is rare and, hence, was not considered in
this study.

2.1.2. Samples used for LA-ICPMS analyses on single fluid inclusions
This section presents the description only of those samples in which

single fluid inclusions were analyzed by LA-ICPMS. Six veins were
studied to decipher the processes relevant for understanding the for-
mation of vein-hosted mineral assemblages. The six sampled veins
occur along N-S and SSW-NNE trending, vertical fractures (Fig. 3A, B)
initiated during Jurassic-Cretaceous (n=4) or post-Cretaceous times
(n=2) in the central and southern parts of the Schwarzwald mining
district. The selection of these veins was primarily guided by their
mineralogical composition - covering the most common vein mineral
assemblages in the district, their sample quality (large, euhedral crys-
tals with large fluid inclusions that allow detailed fluid petrography and
LA-ICPMS analyses, for details please refer to ES2) and their known
structural positions. The same samples were used in former studies for
fluid inclusion analyses and therefore, the authors of this contribution
were confident to find fluid inclusions that fulfill the criteria for LA-
ICPMS analyses (see Walter et al., 2017a, 2017b, 2018a). The selected
quartz, fluorite and calcite samples contain primary fluid inclusions in

macroscopically visible growth zones of centimeter-sized individual
crystals. Quartz from the Ottenhöfen locality occurs as late-stage pre-
cipitate in a barren vein. Similarly, the Nonnenmattweiher fluorite
comes from a barren (i.e., devoid of sulfides) fluorite vein. Fluorite from
the Brenden and Schwarzwaldsegen mines and calcite from the Gotte-
sehre mine are co-genetic to abundant Pb-Zn-Cu sulfides. Calcite from
the Wenzel mine occurs in close association with Ag-Sb sulfide miner-
alization.

Sample BW105 is derived from the Ottenhöfen vein (TF35) in the
sandpit “Galli” near the town of Achern. It represents one of the many
barren quartz veins (typical in terms of textures, structural position and
fluid inclusion inventory) (Fig. 3C) located on a north-south striking
fault in the sulfide-poor and weakly altered Oberkirch S-type granite,
close to the basement-cover unconformity to Lower Triassic Bunt-
sandstein sandstones.

Two samples of the calcite-barite vein in the Wenzel mine
(Oberwolfach, Fig. 3D) and from the fluorite-calcite-quartz vein in the
Gottesehre mine (Urberg, Fig. 3E) (BW90 and 270) contain large sub-
hedral to euhedral calcite crystals with Ag-Sb and Pb-Zn-Cu miner-
alization, respectively. The Wenzel mine is hosted in a strongly altered
graphite- and sulfide-rich paragneisses and orthogneisses, the Gotte-
sehre vein crosscuts medium altered graphite- and sulfide-rich mig-
matites with some amphibolite lenses.

The paragneiss-hosted fluorite-barite-quartz veins with Pb-Zn-Cu
mineralization of Brenden (near Birkendorf, GS20, Fig. 3F) and the
Schwarzwaldsegen mine (close to the town of St. Blasien, BW50,
Fig. 3G) contain large anhedral to euhedral crystals of fluorite. The
investigated ore-stage fluorite contains micro-inclusions of galena,
sphalerite and chalcopyrite. Both veins crosscut a strongly altered
graphite- and sulfide-rich paragneiss. The granite-hosted Non-
nenmattweiher fluorite-barite-quartz vein (FP19, Fig. 3H) close to the
village of Neuenweg is barren, as is the granite-hosted quartz vein from
Ottenhöfen.

2.2. Methods

2.2.1. EMPA and LA-ICPMS on minerals of the country rocks
Major elements of the host rock minerals in the paragneisses, the

orthogneiss and the granites were analyzed by EMPA using a JEOL JXA-
8900RL Superprobe at Department for Geoscience, University of
Tübingen applying a beam current of 20 nA and an acceleration voltage
of 15 kV in connection with a 10–20 μm beam. For calibration on bio-
tite, chlorite and clay minerals, diopside was used for Mg, albite for Na,
hematite for Fe, rhodonite for Mn, SrTiO3 for Ti, plagioclase for Al and
Ca, barite for Ba, sanidine for K, tugtupite for Cl, and topaz for F.
Counting times on the peak were 16 s for Ca, 30 s for Sr, Mg, Na, Fe, Mn,
Ti, Al, Ba, K, and Cl and 60 s for F. Background counting times (upper

Table 2
Modal fractions of the minerals in the source rocks. Modal amounts are presented in Vol%.

Rock Paragneiss Granite Orthogneiss Paragneiss Paragneiss Paragneiss Granite Granite Granite

Sample MB2 MB3 MB4 CK-C-2 (CK-TG-2A) (CK-SeG-2) LM41-1 CK-SG-2 CK-WI-1B
CK-WB-2C

Location Hechtsberg Rappenfelsen Hechtsberg Caroline mine Teufelsgrund Segen Gottes Tiefenstein Silbergründle Wittichen
Region Central

Schwarzwald
Central
Schwarzwald

Central
Schwarzwald

Southern
Schwarzwald

Southern
Schwarzwald

Central
Schwarzwald

Southern
Schwarzwald

Central
Schwarzwald

Central
Schwarzwald

coordinates 48°16′48.2″N
8°08′06.2″E

48°14′41.3″N
8°22′41.7″E

48°16′48.2″N
8°08′06.2″E

48°07′31.6″N
7°55′10.1″E

47°50′43.7″N
7°49′11.8″E

48°17′28.9″N
8°05′03.1″E

47°37′00.7″N
8°05′22.6″E

48°34′49.5″N
8°10′06.0″E

48°20′11.9″N
8°20′29.4″E

Plg 32% 14% 21–64% 60% 50% 48% 35% 24% 12%
Bt 42% 7% 3–23% 20% 17% 21% 14% 5% 5%
Qtz 14% 31% 12–38% 13% 18% 16% 25% 33% 30%
K-Fsp 7% 44% 0–41% 5% 3% 8% 24% 30% 42%
Amph 0–13% 3% 3% 3%
Accessory 2% 2% 2% 2% 2% 1% 4% 3%
Alteration and

clay
minerals.

3% 2% 3% 2% 7% 2% 1% 4% 8%
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and lower) where half the peak times. For the calibration on feldspars,
albite was used for Na, Si and Al, plagioclase for Ca, barite for Ba,
SrTiO3 for Sr, sanidine for K and hematite for Fe. Counting times on the
peak were 16 s for Ca, 30s for Sr, K, Na, Fe, Al, Ba and K. Data reduction
was performed using the internal ZAF matrix correction software of
JEOL (Bence and Albee, 1968; Armstrong, 1991). The results are pre-
sented in the electronic Supplement ES3 together with typical standard
deviations and detection limits for the individual elements.

LA-ICPMS microanalyses of the country rock minerals were per-
formed at the Institute for Geosciences of the Johannes Gutenberg
University Mainz using a 7500ce Agilent Technology ICP-MS quadru-
pole connected to an ESINWR 193 ArF Excimer laser ablation system.

An energy density of 3.0 J/cm2 with a laser repetition rate of 10 Hz and
a beam size of 45 μm was used. Background was recorded for ~20 s
prior to the start of the 40 s of ablation followed by 20 s wash out time.
The following isotopes were monitored: 6Li, 7Li, 29Si, 30Si, 43Ca, 44Ca,
51V, 59Co, 60Ni, 62Ni, 63Cu, 65Cu, 66Zn, 67Zn, 75As, 85Rb, 86Sr, 88Sr,
107Ag, 109Ag, 121Sb, 123Sb, 133Cs, 135Ba, 137Ba, 208Pb und 209Bi.

For calibration, the multi-element synthetic glass NIST SRM 610 is
used applying the preferred values reported in the GeoReM database
(http://georem.mpch-mainz.gwdg.de/; Application version of 21,
January 2017) (Jochum et al., 2005, 2011) as the “true” concentrations
to calculate the element concentrations of the samples. We also ana-
lyzed NIST SRM 612, USGS BCR-2G and MPI-DING StHs6/80-G during

Fig. 3. (A) The hydrothermal vein in the Brenden mine contains multiple generations of fluorite, barite and quartz. (B) The hydrothermal vein of the Wenzel mine is
discontinuous and mainly consists of carbonates and barite (C) Large euhedral quartz crystals are typical from the barren Ottenhöfen vein (sample BW105). (D) Ore-
stage calcite is overgrown from late-stage ankerite and dolomite in the Wenzel mine (sample BW90). (E) Euhedral fluorite is overgrown by late-stage dolomite and
calcite in the Gottes Ehre Urberg mine (sample 270). (F) In the Brenden mine, euhedral fluorites are overgrown by barite and carbonates (sample GS20). (G) Euhedral
quartz overgrows yellow fluorite in the Schwarzwaldsegen mine (sample BW50). (H) Green fluorite and quartz are common in the barren Nonnenmattweiher vein
(sample FP19).

100
300
500
700

0
100
200
300

400

0
200
400
600

1000

3000

5000

500
1000
1500

2000

1000

3000

5000

500
1000
1500

2000

biotite
chlorite
clay mineral
K-feldspar
plagioclase

2

6

10

14

2
4
6
8

100
200
300

400

0.2
0.3
0.4
0.5
0.6

20

60

100

400

800

1200

20

60

100

gn
ei

ss

gr
an

ite

gn
ei

ss

gr
an

ite

N
i (

µg
/g

)
Co

 (µ
g/

g)
V 

(µ
g/

g)
Ba

 (µ
g/

g)
Cs

 (µ
g/

g)
Rb

 (µ
g/

g)
Li

 (µ
g/

g)

Bi
 (µ

g/
g)

Sb
 (µ

g/
g)

Ag
 (µ

g/
g)

Pb
 (µ

g/
g)

Zn
 (µ

g/
g)

)g/gµ( s
A

)g/gµ( uC

B

100
300
500
700

100
200
300

400

200
400
600

1000

3000

5000

500
1000
1500

2000

1000

3000

5000

500
1000
1500

2000

2

6

10

14

2
4
6
8

100
200
300

400

0.2
0.3
0.4
0.5
0.6

20

60

100

400

800

1200

20

60

100

gn
ei

ss

gr
an

ite

gn
ei

ss

gr
an

ite

N
i (

µg
/g

)
Co

 (µ
g/

g)
V 

(µ
g/

g)
Ba

 (µ
g/

g)
Cs

 (µ
g/

g)
Rb

 (µ
g/

g)
Li

 (µ
g/

g)

Bi
 (µ

g/
g)

Sb
 (µ

g/
g)

Ag
 (µ

g/
g)

Pb
 (µ

g/
g)

Zn
 (µ

g/
g)

)g/gµ( s
A

)g/gµ( uC

A

0

0

0

0

00

Fig. 4. Trace element contents of the rock forming minerals in the crystalline basement determined by LA-ICPMS. (A) Box-plot illustrating the trace element
composition sorted after rock type and (B) trace element composition of individual minerals. Note: Due to the similarity in the trace element contents, the para-
gneisses and the one orthogneiss sample are summarized as gneiss.

B.F. Walter et al. Chemical Geology 506 (2019) 126–148

133 75

http://georem.mpch-mainz.gwdg.de/


each analytical session as quality control materials (QCMs) to monitor
precision and accuracy of the measurements as well as calibration
strategy. Signals were monitored in time-resolved mode and processed
using the SILLS software package (Guillong et al., 2008). Applying the
SiO2 concentration determined by electron microprobe, 29Si was used
as internal standard. Element compositions, detection limits and un-
certainties for the individual elements are presented in the electronic
Supplement ES3. Results on the QCMs are given in the electronic
Supplement ES3. For quantification of the whole rock concentrations,
the following average densities were used: Biotite 3.1 g/cm3, chlorite
3.0 g/cm3, K-feldspar 2.65 g/cm3, plagioclase 2.6 g/cm3 and clay mi-
nerals 2.8 g/cm3.

2.2.2. Microthermometry
Microthermometric analyses prior to LA-ICPMS data was carried out

using a Linkam THMS600 heating-freezing stage at the University of
Tübingen for internal standardization of the fluid inclusions. For fluid
petrographic analyses, two doubly-polished thick sections (200 to
400 μm) were prepared representing a cross-section through each vein.
The fluid inclusion petrography of each fluid inclusion assemblage was
carefully documented by optical and cathodoluminescence microscopy
following the method by Goldstein and Reynolds (1994). The observed
fluid inclusion assemblages (FIA) were genetically classified as primary
inclusions which are situated on growth zones (p), pseudo-secondary
(ps), secondary (s), isolated inclusions with no genetic relationship (iso)
or clusters of inclusions with no geometrical relation to former crystal
surfaces or fractures which, however, depict areas of a former crystal in
the host mineral (c) (Walter et al., 2015). For each analysis, three re-
peated heating and freezing cycles were conducted to measure the in-
itial and final melting temperature of ice (Tm,ice) and hydrohalite
(Tm,hh) and the homogenization temperature (Th). For interpretation
and LA-ICPMS calibration, only fluid inclusions were used, for which
triple analyses showed a variability< 0.1 °C for Tm,ice and Tm,hh

and<1 °C for Th. For some inclusions, the resulted microthermometry
data indicated a metastable absence of hydrohalite due to the system-
related phase diagram NaCl-H2O-CaCl2 (e.g. Steele-MacInnis et al.,
2011). Data of these inclusions were excluded from the interpretation
and further LA-ICPMS measurements. Synthetic quartz-hosted H2O,
H2O-NaCl and H2O-CO2 fluid inclusion reference materials (SynFlinc
Standard collection) were used for temperature correction of the mea-
sured data once a day.

Single fluid inclusions within one FIA that strongly deviate in sali-
nity and Th from the majority of the same assemblage were neglected to
exclude possible post-entrapment modifications. The salinity and molar
Ca/(Na+Ca) ratios in the ternary NaCl-CaCl2-H2O system were cal-
culated using the Excel–based calculation program of Steele-MacInnis
et al. (2011). The volume fraction of each fluid inclusion was visually

estimated based on published volume proportion tables (e.g. Shepherd
et al., 1985). For data presentation, the volume fraction notation is
used, which is based on the phase assemblage at room temperature (Lx,
numerical subscription refers to the volume percentage of aqueous li-
quid), carbonic liquid (Lc), vapor (V) and solid (S) (Shepherd et al.,
1985; Bakker and Diamond, 2006). Pressure correction of the Th values
was performed following the approach of Bodnar and Vityk (1994),
assuming hydrostatic conditions with a depth of the water column in-
ferred from the cumulated overburden lithology thicknesses and re-
sulting paleo-depth (Geyer and Gwinner, 2011; Walter et al., 2017a).
Hydrostatic conditions are assumed because of the vein geometry that
contains vertical fractures with even recent water flow in the center of
the veins and a probable connection to the surface which is indicated by
the modern geothermal system that surficially feeds the numerous
geothermal spas in the study area. The uncertainties of the method are
discussed in the Appendix of Walter et al. (2015). However, the pres-
sure correction has only a minor effect on the trapping temperature
(< 7 °C, see also Keim et al., 2018). Hence, in our study we did not
make a pressure correction and only considered Th.

2.2.3. LA-ICPMS microanalyses of single fluid inclusions
LA-ICPMS microanalyses of single fluid inclusions were performed

at the ETH Zürich using a Perkin Elmer Elan 6100DRC quadrupole ICP-
MS connected to an ETH-GeoLas 193 nm ArF Excimer laser system. An
energy density of 15–20 J/cm2 with a laser pulse frequency of 10 Hz
and a variable beam size was used. Background was recorded for ~30 s
prior to the start of the ablation. The following isotopes were mon-
itored: 7Li, 11B, 23Na, 24Mg, 32S, 35Cl, 39K, 44Ca (not quantified in
fluorite and calcite but used for matrix correction), 55Mn, 57Fe, 59Co,
60Ni, 63Cu, 66Zn, 75As, 79Br, 85Rb, 88Sr, 95Mo, 107Ag, 121Sb, 133Cs, 137Ba,
182W, 205Tl, 208Pb, 209Bi and 28Si (for the quartz host correction).

The synthetic reference material NIST SRM 610 was used for cali-
bration for all measured elements with exception of Cl and Br, for which
the scapolite reference material Sca 17 (Seo et al., 2011) was used. The
Na concentration determined by microthermometry in the CaCl2-NaCl-
H2O system (Steele-MacInnis et al., 2011) was taken as internal stan-
dard (Steele-MacInnis et al., 2017). Data reduction, background cor-
rection and signal deconvolution of the fluid inclusion signal from the
host was performed using the procedure of Heinrich et al. (2003) with
application by the SILLS software package (Guillong et al., 2008). For
quantification, it is assumed that any Si content is a contribution from
the quartz host mineral. The Ca concentration determined from mi-
crothermometry was used as a second internal standard in the case of
fluorite and calcite inclusions. Na, Cl and K were used as tracer to
identify the interval of the fluid inclusions in the time-resolved LA-
ICPMS signal. Fluid inclusions were analyzed up to 50 μm below the
sample surface. The composition of the host was determined from the

Table 3
Averages of trace elements in the host rock minerals.

Rock Biotite (in μg/g) Chlorite (in μg/g) K-feldspar (in μg/g) Plagioclase (in μg/g) Clay minerals (in μg/g)

Gneiss Granite Gneiss Granite Gneiss Granite Gneiss Granite Gneiss Granite

Li 120 850 250 1390 150 70 40 12 90 200
V 480 200 240 160 20 10 2 b.d.l. 50 100
Co 55 55 45 45 65 20 4 5 20 130
Ni 65 75 100 55 4 3 2 b.d.l. 20 200
Cu 8 7 4 75 4 20 4 b.d.l. 20 15
Zn 500 790 275 880 20 30 4 2 75 70
As 10 60 b.d.l. 20 160 20 35 b.d.l. 20 70
Rb 400 1200 20 380 240 690 15 15 380 490
Ag b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. 1 1
Sb 1 3 b.d.l. 2 4 4 1 b.d.l. 5 4
Cs 20 300 8 85 25 70 5 1 75 130
Ba 1650 540 60 10 1070 260 100 7 1010 410
Pb 3 12 1 5 50 50 15 25 8 7
Bi b.d.l. 1 b.d.l. 1 2 1 b.d.l. b.d.l. 2 2
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signal shortly before and after the inclusion signal if possible.

2.2.4. Raman micro-spectroscopy
Raman micro-spectroscopy measurements were carried out with a

confocal Raman spectrometer Renishaw InVia Reflex at the Eberhard
Karls University of Tübingen to identify volatile phases, solid phases,
and dissolved polyatomic ions (e.g. carbonate, sulfate) in selected fluid
inclusion assemblages. All measurements were carried out with a laser
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wavelength of 532 nm (green) using a laser output of 10–50%. The use
of a 50× objective results in a numerical aperture of 0.55 with an
opening angle of 66.7°. The regulation and correction of the slit dia-
phragm was done automatically. The focus diameter was approximately
2–5 μm, the measurement time was 30 s with five accumulations. For
matrix correction, analyses of the host mineral were performed under
identical orientations and conditions. For larger inclusions, both liquid
and vapor analyses were done. The Raman database for fluid inclusions
of Frezzotti et al. (2012) was used for phase determination.

2.2.5. Cathodoluminescence microscopy
Cathodoluminescence microscopy (CL) of calcite, fluorite and

quartz (in which fluid inclusions were analyzed by LA-ICPMS) was
performed to assist fluid petrography to obtain detailed textural in-
formation on the petrographic relationship and age-constraints of the
FIAs (e.g. Kolchugin et al., 2016; Walter et al., 2018a; Kreissl et al.,
2018). A ‘hot cathode’ CL microscope (type HC1-LM) at the University
of Tübingen was used with an average acceleration voltage of about
14 kV and a beam current density of approximately 9 μAmm−2 on the
sample surface (Neuser et al., 1995).

2.2.6. Thermodynamic calculations
Thermodynamic modeling was carried out using the Geochemist's

Workbench 12® (Bethke, 2007) in combination with the internally
consistent Thermoddem thermodynamic database version of 2017. Due
to the significant difference between the stability boundary and the
predominance boundary and the aim of discussing stability regions of
minerals during fluid mixing, we used the application Phase2 and
P2plot to produce real stability diagrams (and no predominance dia-
grams). All calculations were carried out at 150 °C as an approximation
of the general formation temperature; concentrations were selected to
best represent the fluids according to thermodynamics, literature data
and fluid inclusion data from this study, and no minerals or aqueous
species where suppressed during calculations.

3. Results

3.1. Mineral chemistry of minerals in country rocks

In the 9 basement rock samples (Table 2), 84 LA-ICPMS analyses
were carried out on biotite, 32 on chlorite, 57 on K-feldspar, 91 on
plagioclase and 102 on clay minerals (Table 3, ES3). Boxplots (Fig. 4)
illustrate the average and maximum trace element contents of the
paragneisses together with the orthogneisses and granites. The trace
element contents are similar in the paragneisses and the orthogneiss.
Therefore, they will be presented and discussed together as gneisses.
Ag, As, Sb and Bi are often close to or below the detection limit.

In biotite, average (gneiss/granite) trace element contents are high
for V (~480/~200 μg/g), Zn (~500/~790 μg/g), Rb (~400/
~1200 μg/g), Cs (~20/300 μg/g) and Ba (~1650/~540 μg/g), but
medium to low for Co (~55/~55 μg/g), Ni (~65/~75 μg/g), Cu (~8/
~7 μg/g), As (~10/~60 μg/g), Ag (b.d.l./b.d.l. μg/g), Sb (~1/
<~3 μg/g), Pb (~3/~12 μg/g) and Bi (b.d.l./~1 μg/g).

In chlorite (gneiss/granite), average concentrations are for high for
Ni (~100/~55 μg/g), Cu (~4/~75 μg/g) and moderate to low for V
(~240/~160 μg/g), Co (~45/~45 μg/g), Zn (~275/~ 880 μg/g), As
(b.d.l./20 μg/g), Rb (~20/~380 μg/g), Ag (b.d.l./b.d.l. μg/g), Sb
(b.d.l./~2 μg/g), Cs (~8/85 μg/g), Ba (~60/~10 μg/g), Pb (~1/
~5 μg/g) and Bi (b.d.l./~1 μg/g). As, Ag, Sb and Bi in chlorites of the
gneisses are below detection limit.

K-feldspar only occurs in granite (with exception of very rare crys-
tals in one paragneiss sample MB2a) in a significant amount. Due to the
insignificance of K-feldspar in gneisses, only data for granite are pre-
sented and used for interpretation. Trace element average contents are
high for Zn (~30 μg/g) and Rb (~690 μg/g) and moderate to low for V
(~10 μg/g), Co (~20 μg/g), Ni (~3 μg/g), Cu (~20 μg/g), As (~20 μg/
g), Sb (~4 μg/g), Cs (~70 μg/g), Ba (~260 μg/g), Pb (~50 μg/g) and Bi
(~1 μg/g). Ag is again below detection limit.

Averages of all elements in plagioclase of gneiss and granite samples
are relatively low in comparison to the other host rock minerals with V
(~2 μg/g/b.d.l.), Co (~4/~5 μg/g), Ni (~2 μg/g/b.d.l.), Cu (4/b.d.l.
μg/g), Zn (~4/~2 μg/g), As (~35 μg/g/b.d.l.), Rb (~15/~15 μg/g), Ag
(b.d.l./b.d.l.), Sb (~1 μg/g/b.d.l.), Cs (~5/~1 μg/g), Ba (~100/~7 μg/
g), Pb (~15/~25 μg/g) and Bi (b.d.l./b.d.l.). With the exception of As
and Ba in gneiss, most concentrations are close or below the detection
limit.

The trace element content of the clay minerals is typically related to
the altered precursor mineral K-feldspar, plagioclase or biotite.
Averages (gneiss/granite) of V (~50/~100 μg/g), Co (~20/~130 μg/
g), Ni (~20/~200 μg/g), Cu (~20/~15 μg/g), Zn (~75/~70 μg/g), As
(~20/~70 μg/g), Rb (~380/~490 μg/g), Ag (~1/~1 μg/g), Sb (~5/
~4 μg/g), Cs (~75/130 μg/g), Ba (~1010/~410 μg/g), Pb (~8/~7 μg/
g) and Bi (~2/~2 μg/g) were measured. K-feldspar and biotite altera-
tion results in relatively high trace element concentrations of the al-
teration minerals. If plagioclase is altered, trace element concentrations
in the associated clay mineral are lower than those of K-feldspar and
biotite alteration products. With exception of Ba in gneiss and Rb in
granite, average concentrations in clay minerals are generally lower for
all trace elements.

3.2. Fluid inclusion analyses by microthermometry

Fluid inclusion petrography was performed to classify the observed
FIAs in the context of their relative age (Fig. 5A). Primary inclusions

Table 4
Medians of the microthermometric data sorted after samples.

Location Wenzel Ottenhöfen Brenden Gottesehre Schwarzwaldsegen Nonnenmattweiher

Sample BW-90 BW-105 GS 20 270 BW50 FP19
No of inclusions 35 47 20 26 14 14
Mineral calcite quartz fluorite calcite fluorite fluorite
Tice in °C −25.4 (−24.2to

−26.0)
−25.4 (−26.7 to

−24.2)
−22.6 (−23.0 to

−22.3)
−23.8 (−24.6 to

−23.3)
−21.3 (−21.9 to −21.0) −24.6 (−24.9 to −24.0)

Thh in °C −26.4 (−25.9 to
−27.0)

−14.3 (−18.0 to
−9.8)

−24.1 (−24.5 to
−23.4)

−25.4 (−26.3 to
−22.9)

−23.9 (−24.1 to −23.2) −26 (26.5–25.8)

Th in °C 106 –(98 to 123) 129 (121 to 148) 139 (129 to 145) 158 (153 to 170) 124 (118–129) 105 (99–111)
Volume fraction 0.95 0.95 0.95 0.95 0.95 0.95
Rwt NaCl/(NaCl+CaCl2) 0.5 (0.4–0.5) 0.6 (0.5–0.7) 0.7 (0.6–0.7) 0.5 (0.5–0.6) 0.7 (0.7) 0.5 (0.5)
Swt (NaCl+CaCl2) 24.6 (23.9–24.9) 26.1 (25.6–26.7) 23.4 (23.2–23.8) 23.9 (23.5–24.7) 22.6 (22.4–23.2) 24.1 (23.8–24.4)
wt% NaCl 11.8 (10.9–12.6) 15.1 (13.7–17.9) 15.5 (14.4–17.0) 13.1 (11.4–15.8) 15.3 (14.7–17.3) 12.1 (11.4–12.4)
wt% CaCl2 12.7 (12.0–13.7) 10.9 (8.2–13.1) 7.9 (6.5–8.9) 10.7 (8.7–12.2) 7.3 (5.9–7.7) 12.0 (11.5–12.7)
Mole Ca 1.15 (1.1–1.3) 0.98 (0.7–1.2) 0.71 (0.6–0.8) 0.97 (0.8–1.1) 0.66 (0.5–0.7) 1.08 (1.0–1.2)
Mole Na 2.02 (1.9–2.2) 2.59 (2.3–3.1) 2.65 (2.5–2.9) 2.24 (2.0–2.7) 2.62 (2.5–3.0) 2.08 (2.0–2.1)
Ca/(Na+Ca) mole 0.36 (0.34–0.4) 0.27 (0.2–0.3) 0.21 (0.17–0.24) 0.30 (0.23–0.36) 0.20 (0.15–0.22) 0.34 (0.33–0.37)
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occur along crystal growth zones as inclusions with relatively small size
(< 5–40 μm). Primary inclusions (p) show irregular and angular in-
clusion shapes. Pseudosecondary (ps), secondary FIAs (s), isolated (iso)
and inclusion cluster (c) are typically larger (< 5–90 μm) and show
rounded or negative crystal shapes. S and ps inclusions are related to
healed cracks and, hence, are younger than the fluid inclusions on
primary growth zones they crosscut. Fluid inclusion data of all genetic
positions (p, s, ps, iso, c) were brought into a relative time sequence
following the approach of Goldstein and Reynolds (1994) and were
classified after Walter et al. (2015). Fluid inclusion evidence for boiling
(fluid immiscibility, heterogeneous trapping) was never observed. The

samples were studied by optical and CL-microscopy in order to un-
derstand the fluid petrography and to determine overprinting events.

Sample BW105 (Ottenhöfen) contains growth zones in a clear eu-
hedral quartz crystal (Fig. 5; ES2). On these growth zones, primary fluid
inclusions occur with variable shapes and sizes. Numerous secondary
cracks with secondary inclusions crosscut the growth zones pQtz2–4 to
pQtz2–9. A pseudosecondary trail (psQtz2-(8–9)) shows a similar di-
rection like the secondary ones, however, the trail stops at growth zone
pQtz2–9. Sample BW90 (Wenzel mine) contains euhedral calcite crys-
tals which were filled by clusters of large fluid inclusions (up to
100 μm). However, the genetic relation of these fluid inclusions is

Fig. 6. Boxplots are illustrating the range of trace element concentrations (part 1) measured by LA-ICPMS. For comparison, the previously published LA-ICPMS
results are added to the figure (data taken from Fusswinkel et al., 2013 (#); Burisch et al., 2016a (*); Walter et al., 2018a (†)).
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unclear. Only one growth zone was recognized with primary fluid in-
clusions (pCc1-1; ES2). Similarly, sample 270 from the Gottesehre mine
only contains one growth zone with primary fluid inclusions (pCc1-1).
The fluid inclusion cluster cCc1-1 is older than the primary growth
zone. Furthermore, the primary growth zone is crosscut by a pseudo-
secondary FIA (psCc1-1) and a secondary inclusion trail (sCc1-1). In the
clear fluorite 2 in sample GS20 (Brenden mine), a growth zone with
primary inclusions (pFl2-2) is crosscut by a pseudosecondary FIA
(psFl2-1; ES2). Sample BW50 contains a clear fluorite with eight growth
zones. However, only the inclusions on zone pFl1-2 were large enough

to be analyzed by LA-ICPMS. Moreover, primary fluid inclusions were
recognized on two growth zones of the green fluorite 1 and 2 generation
of sample FP19 (Nonnenmattweiher, ES2).

The fluid inclusions in all FIAs record the first visible/apparent
melting between −49 and− 54 °C which suggests a eutectic tempera-
ture at −52.0 °C which therefore refers to the ternary NaCl-CaCl2-H2O
system (Table 4, ES4). Ice and hydrohalite both occur as last dissolving
phases. The final melting temperature of ice is between −21.7
and− 26.7 °C and for hydrohalite in the range of −9.8 to −27.5 °C
which results in calculated salinities (after Steele-MacInnis et al., 2011)

Fig. 7. Boxplots illustrating the range of trace element concentrations (part 2) measured by LA-ICPMS. For comparison, the previously published LA-ICPMS results
are added to the figure (data taken from Fusswinkel et al., 2013(#); Burisch et al., 2016a(*); Walter et al., 2018a (†)).
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of 22.4–26.7 wt% NaCl+CaCl2. Homogenization temperatures to the
vapor are variable between 98 and 170 °C. No systematic compositional
variations were observed between p, ps, s, iso and c FIAs. Within a
defined FIA, salinity (± 1wt%) is almost constant and Th (± 10 °C)
shows minor variations, but typically vary between different assem-
blages even within a single crystal. The inclusions contain volume
fractions between L85V15 and L95V5. The new fluid inclusion data fits
well to the preexisting data of the six samples (Walter et al., 2017a,
2017b, 2018a). Raman micro-spectroscopic analysis shows only H2O as
Raman-active phase in all FIAs of the six veins. However, NaCl-de-
pendent variations of the H2O spectrum were observed (Dubessy et al.,
2002; Baumgartner and Bakker, 2009; Caumon et al., 2013, 2015).
Hence, there is no evidence for further volatile species in the gas phase
or further daughter minerals on the inclusion walls which is in agree-
ment with the microscopic observations.

3.3. LA-ICPMS on single fluid inclusions

LA-ICPMS analyses of single fluid inclusions were performed on 327
primary or pseudosecondary fluid inclusions from one quartz sample,
two calcite samples and three fluorite samples (see Section 2.2; Figs. 6
and 7, ES5). Fluids in a single FIA are homogeneous in salinity, but
trace metal concentrations show a significant spread within a given
sample and within a given FIA, respectively. A systematic variation
between trace metal content and the relative age of an FIA was not
observed. In general, the trace element variation resembles previous
data from the Schwarzwald mining district (Fusswinkel et al., 2013;
Burisch et al., 2016b; Walter et al., 2018a). The new data contributed
by this study is presented in electronic Supplement ES5.

Trace element contents of single quartz-hosted fluid inclusions show
a higher spread of Li (up to 17,600 μg/g), B (up to 5420 μg/g), S (up to
34,900 μg/g), Ni (up to 4980), Cu (up to 1010 μg/g), As (up to
12,700 μg/g), Sb (up to 860 μg/g), Cs (up to 600 μg/g), Ba (up to
47,100 μg/g), W (up to 2470 μg/g), Pb (up to 63,500 μg/g) and Bi (up
to 70 μg/g) compared to the fluid inclusions hosted in fluorite or calcite.
Highest values of Mn (up to 16,000 μg/g), Zn (up to 13,300 μg/g) and
Fe (up to 83,500 μg/g) in calcite are regarded as a contamination effect
from the carbonate host mineral. The content of Co (up to 3220 μg/g) is
relatively high, which is probably related to contamination effects due
to the common incorporation of Co into the crystal lattice of calcite. In
all other trace elements, the fluids trapped in calcite are depleted re-
lative to those trapped in quartz.

Trace element concentrations in fluorite-hosted fluid inclusions are
in the same range as the calcite-hosted ones, but show higher contents
of Sr (380–6040 μg/g), Cs (up to 59,100 μg/g) and Ba (up to 15,900 μg/
g). In all samples, the base-metal content is positively correlated with
the Cl-concentration in the fluid, similar to trends reported for other
systems by Yardley (2005) and Walter et al. (2017a, 2017b, 2018a).
Interestingly, the barren Nonnenmattweiher and Ottenhöfen veins
show similar base-metal concentrations as the other four veins that
contain sulfide mineralization.

4. Discussion

The following discussion combines the microthermometric and LA-
ICPMS results of this study with previously published data of
Fusswinkel et al. (2013), Burisch et al. (2016b) and Walter et al. (2015,
2016, 2017a, 2017b, 2018a). LA-ICPMS data from the Karl August vein
near Kropbach, a typical quartz vein with Pb-Zn mineralization (Walter
et al., 2018a) were also included to compare barren and mineralized
veins. The fluid and LA-ICPMS data of this contribution are in excellent

agreement with results of Staude et al. (2010a, 2010b, 2011, 2012a,
2012b), Fusswinkel et al. (2013), Bons et al. (2014) and Walter et al.
(2015, 2016, 2017a, 2017b, 2018a). The combination of trace element
analyses in hydrothermally altered basement rocks and in ore-forming
fluids (LA-ICPMS on single FI) renders it possible to quantify basement
leaching processes and to decode the metal provenance in a complex
hydrothermal system.

4.1. Evidence for long-term stability of fluid reservoirs and metal
provenance

Metal provenance are among the most pertinent factors to form ore
deposits. In Fig. 8A–E, the Pb+Zn, As, Sb and Fe+Mn contents from
LA-ICPMS data of single fluid inclusions are presented. This data does
not reveal any significant difference between fluids present in primary
and secondary fluid inclusions of Jurassic-Cretaceous and post-Cretac-
eous veins. All these elements are negatively correlated with the Cl/Br
mass ratio (Fig. 8A–E). This implies that the main source of these ele-
ments is the crystalline basement – because the sediment-derived fluid
has high Cl/Br ratios (Walter et al., 2015, 2016, 2017a, 2017b, 2018a;
Burisch et al., 2016b). Similarly, Cu+Ni, B and Ba (Fig. 8F–H) are
correlated with high Pb+Zn concentrations; their source is also seen in
leached feldspars and biotites of crystalline basement rocks (Burisch
et al., 2016b). Accordingly, the data indicate that all mineralogically
different types of veins can be produced by mixing from the same fluid
endmembers. Furthermore, since the earliest record of basement
leaching by a high salinity brine during the Middle Triassic (Walter
et al., 2016, 2017a) the fluid mixing ratios (and hence the element
concentrations) remain rather consistent (Fig. 8A–H). Clay-mineral K-
Ar and Ar-Ar age data suggest that major alteration of the rock-forming
minerals happened during the Jurassic (Meyer et al., 2000; Brockamp
and Clauer, 2005; Walter et al., 2016 and references therein). This
observation perfectly matches the first occurrence of hydrothermal Pb-
Zn mineralization in the investigated area (Pfaff et al., 2009; Walter
et al., 2016, 2018b). In summary, the scatter of metal concentrations in
fluid inclusions from Jurassic-Cretaceous and post-Cretaceous veins
(Fig. 8) indicate leaching of basement rocks by high salinity fluids. This
process is regarded as the dominant source of metals for hydrothermal
vein deposits in the Schwarzwald at least for the last ~200Ma (Bons
et al., 2014; Burisch et al., 2016a, 2016b, 2017, 2018; Walter et al.,
2016, 2017a, 2017b, 2018a, 2018b).

4.2. The source of Pb and Zn in the context of vein formation depth

The data presented in Fig. 9A indicates a variation in fluid inclusion
geochemistry from Jurassic-Cretaceous veins with their formation
depth. This is not observed for the studied post-Cretaceous veins which
are probably related to the complex tectonic setting of the rift. Highest
Pb and Zn concentrations with low Cl/Br mass ratios occur in veins of
the central Schwarzwald, which were emplaced at shallower depths
than those of the southern Schwarzwald (Walter et al., 2017a). Inter-
estingly, Pb and Zn concentrations in fluid inclusions are higher in the
shallow central compared to the deeper southern Schwarzwald veins,
although the latter show the higher proportion of basement fluid in
calculated mixing ratios (Staude et al., 2011; Walter et al., 2015). Ac-
cording to the arguments presented in Section 4.1, the dominant source
of Pb and Zn should be the crystalline basement rocks. This may ten-
tatively be explained by variable degrees of alteration and leaching in
the basement in combination with salinity variations. The exemplary
sampled gneisses and granites of the central Schwarzwald (e.g. MB2,
MB3, MB4, CK-SeG-2) generally show a higher clay mineral content

Fig. 8. (A-F) Cl/Br mass ratios plotted versus selected element concentrations in the fluid as determined by LA-ICPMS. Seawater ratio of Cl/Br (288) from McCaffrey
et al. (1987). The basement brine Cl/Br ratio of ~80 and the Muschelkalk Cl/Br ratio of 9900 originates from Walter et al. (2016) and references therein. (F-H)
Pb+Zn content plotted versus B, Ba and (Cu+Ni) content of the fluid.
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(Table 2) than those of the southern Schwarzwald (e.g. CK-C-2, CK-TG-
2A, LM41-1) while the trace element contents in the primary rock-
forming minerals are similar (ES3). In addition, the fluids in Jurassic-
Cretaceous veins of the central Schwarzwald are more saline than those
of the southern Schwarzwald as explained by Walter et al. (2017a).
Hence the most plausible explanation is a higher release and uptake of
metals (here specifically: Pb and Zn) by the basement brine due to their
higher salinity in areas with more strongly altered country rocks (i. e. in
the central Schwarzwald).

Pb and Zn are very similar in their geochemical behavior and the
solubility product of galena and sphalerite is similarly low (pKsp ~26.7
and pKgal ~25.6; Ball and Nordstrom, 1991). This should result in only
slight variations of Pb/Zn-ratios in response to concurrent galena and
sphalerite precipitation. However, the LA-ICPMS data of the fluids show
a significant variation in their Pb/Zn ratios and hence, imply a process
that fractionates Pb from Zn (Fig. 9B and C). Importantly, Jurassic-
Cretaceous and post-Cretaceous veins show similar scatter. The Jur-
assic-Cretaceous veins show higher Pb/Zn ratios as well as higher Pb
concentrations and higher salinity in fluid inclusions from the central
Schwarzwald (Fig. 9B and C).

The explanation for this result is similar to Section 4.2. The higher
salinity brines lead to an increasing alteration in the basement and
hence, fractionation of Pb and Zn occurred during variable alteration
rates of biotite and K-feldspar in granite. However, although the K-
feldspar (only in granite) is the major host for Pb in the basement, it is
typically not strongly affected by alteration. Also the variation of the
Pb/Zn ratio with the stratigraphic depth cannot be explained by this
process.

An alternative and more probable interpretation would involve an
additional source of Pb, which would have to be sought at shallow
depth, because the Pb content and Pb/Zn ratio in the mixed fluid in-
creases with decreasing depth (Fig. 9B). Previous studies indicated
mixing between Muschelkalk and basement fluid (Fusswinkel et al.,
2013; Bons et al., 2014; Walter et al., 2016, 2017a) as the dominant
process for mineralization in Jurassic-Cretaceous veins. The Mu-
schelkalk (and Keuper) limestones, however, are well-known for some
galena-rich layers (“Bleiglanzbank”, Walther, 1982; Geyer and
Gwinner, 2011) which could be an additional (albeit minor) source of
Pb in the mixed fluid. The Pb input would have to be enough to shift the
Pb/Zn ratio, but not the trend in Fig. 8A. This assumption is in agree-
ment with the calculated mixing ratios for the central Schwarzwald:
~70–90% basement brine and ~10–30% Muschelkalk fluid (Staude
et al., 2011; Walter et al., 2015).

Judging from the data in Fig. 4B, an element-specific fractionation
between fluid and clay minerals appears to exist, which is different in
granites and gneisses. Some elements are preferentially stored in clay
minerals (Ba, Cu, Ag, Sb and Bi in granites and gneisses, Co, Ni, As only
in granites) while Li, Zn and Pb are preferentially released into the
fluid. This feature could be an effect of element-specific adsorption on
clay mineral surfaces. In this case, leaching of the host rocks would be
no congruent process and there could be a (clay) mineralogical or a
fluid chemical control (e.g. complexation) on the trace element budget
of the leaching solution in the different rocks. This preliminary inter-
pretation, however, is only a first step in the understanding of ad-
sorption processes during host rock alteration.

4.3. Estimates on the leached volume of basement rocks

To shed light on the extent of water-rock interaction in the root zone
of the studied veins, a simplified mass balance calculation was carried
out. The host rock data (Table 2) were used as input and combined with
the highest Pb and Zn content found in fluid inclusions (ES5). The
following assumptions had to be made:

- the highest Zn content of the fluid inclusions is close to the basement
brine endmember concentration

Fig. 9. (A) Cl/Br mass ratio versus Pb+Zn concentration in the fluid. Note:
systematic variations between central and southern Schwarzwald. (B) Pb/Zn
mass ratio versus Pb content of the fluid, sorted after vein group. (C) Pb/Zn
mass ratio versus Pb content of the fluid, sorted vein group and colored after wt
% salinity.
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- no phases were precipitated from this fluid prior to trapping
- Caverage

metal in biotite + Caverage
metal in feldspar - Caverage

metal in claymineral is the amount of
metals released to the fluid (C= concentration of a trace metal in
the host mineral)

- alteration of plagioclase and biotite is ~10% (in accordance with
textural observations)

- faults and fractures are negligible
- alteration by fluids is facilitated by open porosity in the rocks

The calculation sheet is reported in the electronic Supplement ES6.
It is assumed that an average gneiss of the Schwarzwald contains ~60%
plagioclase and ~15% biotite with ~10% alteration. Based on the
above assumptions, 17 g Zn from biotite with a content of 510 μg/g (Zn
release from plagioclase is negligible) would be released from 1m3

gneiss (density 2.7 g/cm3). Accordingly, ~40m3 gneiss have to be
leached for 1 kg of precipitated sphalerite. The Schauinsland mine in
the southern Schwarzwald, which was the largest Zn mine in the area,
produced about 180.000 t of sphalerite between 1909 and 1957 (Metz
et al., 1957) for which leaching of 7.017.000.000 m3 gneiss would be
required. This would correspond to a gneiss cube with a side length of
about 2000m. This rough quantification shows that ore fluids can be
produced by (highly saline) fluid-rock interaction of almost every
country rock with trace metal concentrations in the μg/g level. Ac-
cordingly, no pre-enrichment is required and a fertile source rock can
be seen in almost all crystalline basement rocks.

4.4. Barren and ore-bearing veins: the redox potential of the country rocks

Following the previous section, it appears most likely that the for-
mation of barren vs. sulfide mineralized veins of all ages in the
Schwarzwald is not a source, but a precipitation phenomenon. This
notion is corroborated by the fact that the metal contents in the fluid
inclusions from barren and from ore-bearing veins are in the same

range (Fig. 10). Additionally, barren and ore-bearing veins may form in
close spatial and temporal proximity.

To decipher this aspect in more detail, LA-ICPMS trace element data
of single fluid inclusions from the barren Ottenhöfen quartz vein are
compared to the sphalerite-bearing Karl August quartz vein near
Kropbach/Münstertal (data for the latter are taken from Walter et al.,
2018a) where multi-component fluid mixing between a Muschelkalk
fluid, a meteoric fluid and a basement brine has been identified as the
driving force for ore formation based on Cl/Br mass ratios and Pb+Zn
concentrations (Walter et al., 2018a). Fig. 10 shows no significant dif-
ferences in base metal or Cl/Br mass ratios between the barren Otten-
höfen and the ore-bearing Kropbach fluids (Figs. 11 and 12). In both
veins, however, the trace element concentrations in different FIAs may
vary significantly (sometimes several orders of magnitude). These
variations may be related to changing mixing ratios.

In both veins, which were precipitated by fluid mixing of the same
fluid endmembers; concentrations of base metals and sulfur (probably
as SO4

2−; direct evidence is lacking in this study but indirect evidence
is discussed in Walter et al., 2017b; Walter et al., 2018a and ES7) were
evidently similar. The presence and abundance of sulfides is then de-
pendent on the concentration of sulfide and hence on the redox con-
ditions (see also Göb et al., 2013; Markl et al., 2016; Burisch et al., 2017
and Walter et al., 2017b, 2018a). As the solubility product of most
sulfides is much too low to transport aqueous sulfides with Pb, Zn or Cu
in the same fluid (Allison et al., 1991; Ball and Nordstrom, 1991; Walter
et al., 2018a), addition of a reducing phase like CH4, other hydro-
carbons, graphite or H2S (with the intermediate reaction steps of CO2

which immediately reacts to dissolved HCO3
−) is required to reduce the

sulfate present in the metal-bearing fluid. Such a process was previously
suggested for orogenic gold deposits (Naden and Shepherd, 1989; Wilde
et al., 2001; Cox et al., 1991; Bell et al., 2017 and references therein),
for MVT deposits (e.g. Liu et al., 2017 and references therein) and for 5-
element veins (Markl et al., 2016; Burisch et al., 2017; Kreissl et al.,

Fig. 10. Cl/Br mass ratios versus Pb+Zn (μg/g) content of LA-ICPMS data from the Ottenhöfen vein and Karl August mine near Kropbach (Walter et al., 2018a).
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2018 and references therein). Hence, it appears that the “natural
fracking” model developed for 5-element veins (Markl et al., 2016;
Burisch et al., 2017; Kreissl et al., 2018) can be also used to explain
nugget sulfide ore mineralization in ordinarily barren unconformity-
related vein type deposits. Interestingly, hydrocarbons were found in
crushed sphalerite from the Schauinsland mine in the southern
Schwarzwald (Werner et al., 2002), which supports their presence
during the precipitation process. Furthermore, fluid inclusion Raman
micro-spectroscopy data from further veins (not studied by LA-ICPMS
on single inclusions) provides first evidence of H2S and CH4 in some of
the Schwarzwald veins' fluid inclusions (see figure in ES7).

Unfortunately, no fluid inclusion Raman micro-spectroscopic evi-
dence was found for CH4 (and CO2) or H2S in the six samples of this
contribution. This may be explained by a complete consumption of CH4

and oxidation to CO2, which would be immediately converted to dis-
solved HCO3

– (Burisch et al., 2016b and references therein). The ne-
gative charge balance in numerous crush-leach analyses from the
Schwarzwald veins (Walter et al., 2016, 2017a, 2017b, 2018a) in-
dicates a significant HCO3

– component in the fluid, but the source of
this species remains unclear (e.g. produced by CH4 oxidation or from an
external source). The measured high metal content in our fluid data
support the assumption that the availability of the reducing agent is the

Fig. 11. Trace element variations between the different FIAs of the barren Ottenhöfen vein. Note: significant variations in base metals between the FIAs.
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limitation for sulfide precipitation. In the present high salinity fluid at
neutral conditions (e.g. pH of 5.82 at 150 °C), the dominant species are:
HCO3

−, H2S/SO4
2−, Ba2+, ZnCl+ und PbCl2. Therefore, we suggest the

following precipitation mechanism for barite without sulfide ores:

+ =
+ −Ba SO BaSO2

(aq) 4
2

(aq) 4 (1)

This process occurs due to a simple mixing of a metal-rich, oxidized
basement brine, and a sulfate-rich, metal-poor, oxidized Muschelkalk
brine (Fig. 13a). However, for the precipitation of sulfides, more

reduced conditions (Fig. 13b), i.e., a reducing agent like CH4, is re-
quired (Fig. 13a), which is to be oxidized (reaction (2)–(4)) so that
sulfate is in turn reduced to sulfide (reaction (3))

+ = + +
+oxidation of CH : CH 2 O HCO H H O4 4(g) 2(aq) 3

–
2 (2)

+ = +
− +reduction of SO : SO 2H H S 2 O4 4

2
2 (aq) 2(aq) (3)

Hence, the following precipitation mechanism for galena and
sphalerite can be assumed:

Fig. 12. Trace element variations between the different FIAs of the mineralized Karl August mine, near Kropbach. Data are taken from Walter et al. (2018a). Note:
significant variations in base metals between the FIAs.
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+ + = + + + +
− − +PbCl SO CH PbS 2Cl H HCO H O2(aq) 4

2
4(aq) 3

–
2 (4)

+ + = + + + +
+ − − +ZnCl SO CH ZnS Cl H HCO H O4

2
4(aq) 3

2–
2 (5)

If H2S is introduced instead of CH4, it can directly react with the
aqueous Pb and Zn to form sulfides. Fig. 13c shows that during the
mixing of a metal-bearing oxidized brine with a sulfate-bearing oxi-
dized brine, only small quantities (< 1 μg per 1 l fluid) of CH4 or H2S
are needed for sphalerite (equivalent to galena) supersaturation.
However, to produce significant quantities of these sulfides, as are
present in naturally occurring barite veins, H2S and/or CH4 is required
in the order of mg per 1 l metal-bearing fluid. In the case of methane as
the reducing agent, the resulting HCO3

2– content often results in late
stage carbonate precipitation (similar to the process of 5-element pre-
cipitation; Markl et al., 2016):

+ = +
+ +HCO Ca CaCO H3

– 2
3 (6)

In the Schwarzwald mining district, numerous multi-stage veins
contain carbonates as the last precipitating mineral of each stage (Metz
et al., 1957; Burisch et al., 2018).

The Ottenhöfen vein is hosted by a sulfide-poor weakly altered S-
type granite, while the Karl August vein is situated in a strongly altered
graphite- and sulfide-rich paragneisses. Hence, it seems plausible that

the alteration of graphite and/or sulfides in the paragneiss produced
H2S and/or CH4 which were released into fractures and participated
during mixing (Fig. 13a; see also Markl et al., 2016; Burisch et al., 2017
and Walter et al., 2018a). Furthermore, veins in the center of granitic
complexes are commonly barren (e. g., Ottenhöfen), while gneiss-
hosted veins (e. g., Schauinsland, Schwarzwaldsegen, Wenzel or Krop-
bach) or veins close to granite-gneiss contacts (e. g., Wittichen, Igels-
chlatt, Brenden) show extensive ore mineralization (Metz et al., 1957).
In conclusion, the question of sulfide mineralization is directly linked to
the redox potential of a vein's host and/or the fluid's source rock.
Hence, if all parameters are favorable for mineralization, ore formation
would be simply a question of reduction.

5. Conclusions

The present study sheds light on different stages of ore deposition,
specifically on element uptake during basement alteration and mineral
precipitation. Fluids in disequilibrium with the crystalline basement
alter igneous biotite and feldspars to sheet silicates. This process re-
leases metals to the fluid, especially Pb and Zn. Not yet understood
adsorption phenomena appear to retard the mobilization of elements
such as Ag, Co, Ni or Cu relative to Pb and Zn. Our new data imply that

Fig. 13. For all thermodynamic modeling, charge balancing was reached by adding Cl−. The modeled fluid composition and input parameters are presented within
each diagram. (A) Simplified model explaining the occurrence for sulfide mineralization in barren veins. Note: The alteration of graphite and sulfides could be the
driving process to generate a redox agent which is required for sulfide precipitation. (B & C) Stability field relation between sphalerite and barite at 150 °C. Galena is
not presented here due to simplification of the diagram, however, the difference between galena and sphalerite stability is negligible. Dashed lines represent variable
element composition of the fluid as indicated. (C) Mineral stability diagram of the ternary fluid mixing model between a metal bearing basement fluid, a sulfate and
metal deprived Muschelkalk fluid and a reducing agent (H2S and CH4).
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the source for almost all metals are the rocks of the crystalline base-
ment. A rough mass balance calculation shows that about 8 km3

country rock with 10% alteration is required to produce an ore deposit
containing 180.000 t of sphalerite if 50% of the metals in the fluids are
precipitated. If all parameters are favorable, ore fluids can be produced
from most basement lithologies of the upper crust because traces of
metals at the μg/g level are ubiquitous.

Precipitation of minerals in veins in the investigated area dom-
inantly occurred during fluid mixing. Fluid mixing ratios vary during
crystal growth and ore formation; this is recorded by strong variations
of trace element concentrations in analyzed fluid inclusions from the
same vein and the same FIA. Sulfide ores form only if fluid mixing and
reduction occur concurrently. This requires the addition of a reducing
agent like methane or higher hydrocarbons to the mixing aqueous
fluids. If the reducing agent is lacking veins containing little or no
sulfide will form. The presence and abundance of the reducing agent is
probably linked to redox-sensitive processes like graphite or sulfide
oxidation in the host rocks immediately adjacent to the veins.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.chemgeo.2018.12.038.
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A B S T R A C T   

The main ore stage of three similar unconformity-related vein systems in the Schwarzwald, SW Germany 
spanning a period of activity of ~150 Ma, was investigated to understand the details of fluid penetration from 
overlying sediments/marine environment into the basement, their evolution as well as the processes involved in 
vein formation. To investigate temporal and spatial variations of the hydrothermal fluids responsible for 
mineralization, over 1650 fluid inclusions were analyzed by microthermometry. Of these, a total of 108 fluid 
inclusions (mainly in fluorite) were successfully analyzed by LA-ICP-MS. The fluid inclusions reveal a binary 
mixing trend between a CaCl2- and a NaCl-rich endmember. Independent of major element composition, the 
fluids are metal-bearing (e.g., up to ~100 mg/kg Ba, Pb, Zn, Ni and up to 10 mg/kg Ag), show high As (up to 
1000 mg/kg) and low S (below the detection limit in most analyses). Over time, the mixed fluid shows a gradual 
decrease in CaCl2 and increase in NaCl with slightly decreasing total salinity. 

Based on earlier studies and geochemical arguments, the veins formed by anisothermal binary fluid mixing of 
two fluids, which both were originally derived from seawater and chemically modified through interaction with 
the basement and sedimentary rocks in different ways. This produced a gradual stratified basement fluid 
reservoir comprising a modified bittern/halite dissolution brine. The fluids involved in the vein formation are 
sourced from different depths of this modified bittern/halite dissolution basement brine reservoir: fluid A, a 
CaCl2-dominated, KCl-poor, deeper seated brine with a salinity of ~25 wt% CaCl2 + NaCl, and fluid B, an NaCl- 
dominated and KCl-richer brine situated at shallower depths in the crystalline basement with salinities of ~22 wt 
% NaCl+CaCl2. Based on the Na-Ca-K and Na–K thermometers and on Rb/Cs systematics, fluid A records 
alteration of the Na-, K- and Ca-bearing feldspars of the host rocks; progressive alteration led to consumption of 
mainly Ca-rich plagioclase in contact with these basement brines. Accordingly, fluid B that subsequently entered 
the basement was only in equilibrium with alkali feldspars and clay minerals. This scenario produced a gradual 
change of fluid composition with depth that was pushed to greater depth over time. 

The source temperatures are estimated to ~250 ◦C while vein formation occurred at 100–170 ◦C, based on 
fluid inclusion homogenization temperatures. Thus, significant fluid cooling without abundant fluid mixing (and 
without major mineralization) must have occurred during fluid ascent (3–7 km, depending on the assumed 
geothermal gradient). Fluid mixing then resulted in the formation of the major gangue minerals fluorite, quartz, 
barite and calcite, while the locally confined sulfides must have formed due to an influx of sulfide into the binary 
mixed fluid. The process of fluid mixing is a rapid and turbulent process. This is recorded by a great diversity of 
fluid compositions (including ones close to the mixing endmembers) trapped within the same crystal. Compo-
sitional variations are even visible within individual fluid inclusion trails.   
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1. Introduction 

The development of unconformity-related hydrothermal systems on 
a regional scale and their modification in the context of changing 
geological environments has been and still is the subject of a vast 
number of publications (e.g., Boiron et al., 2010; Fusswinkel et al., 2013; 
Gleeson et al., 2001; Grandia et al., 2003; Muchez et al., 2005; Piqué 
et al., 2008; Walter et al., 2016). However, most previous research was 
focused on fluid sources or on the fluid evolution between individual 
stages, which record drastic changes in physiochemical conditions, fluid 
sources or tectonic setting. The related hydrothermal fluid root zones, 
feeding systems and their evolution within one stage are not well un-
derstood and only seldom directly or indirectly investigated (e.g., Bur-
isch et al., 2016; Everett et al., 1999; Richardson et al., 1987). In this 
study, the temporal evolution of unconformity-related vein-type fluids 
within one long-lasting hydrothermal stage and the related gradual 
evolution of the fluid source reservoirs with respect to both space and 
time is addressed. 

Unconformity-related vein-type deposits typically form in basinal- 
related settings, where seawater and/or formation fluids may gradu-
ally penetrate the basement to great depth and periodically become 
remobilized during periods of increased tectonic activity (e.g., Bons 
et al., 2014; Piqué et al., 2008; Walter et al., 2018a; Walter et al., 
2018b). Mixing of such fluids typically with sedimentary formation 
waters during periods of fluid mobilization is commonly believed to be 
one major process of mineral precipitation in unconformity-related hy-
drothermal vein type deposits (e.g., Behr and Gerler, 1987; Fusswinkel 
et al., 2013; Grandia et al., 2003; Wilkinson et al., 2005). The type of 
mineralization formed is dependent on the fluid compositions and pa-
rameters such as (but not limited to) temperature, pressure and redox 
conditions. However, their compositional characteristics are not only 
defined by their seawater/formation fluid origin, but also by hydro-
geochemical processes such as water-rock interactions at shallow and 
greater depths that modify their composition. These include, among 
others, seawater evaporation, salt dissolution, albitization, clay mineral 
formation (from micas and feldspars) and dolomitization (e.g., Bozau 
et al., 2015; Davisson and Criss, 1996; Houston et al., 2011; Land and 
Prezbindowski, 1981; Lowenstein and Timofeeff, 2008; Walter et al., 
1990). 

Typically, investigations of hydrothermal vein systems do not 
distinguish between temporal and spatial variations within a vein sys-
tem. However, hydrothermal veins, especially those formed by fluid 
mixing, are typically heterogeneous, even within individual stages. This 
heterogeneity may be recorded by their mineralogy, major, minor or 
isotope geochemistry or fluid inclusion composition (e.g., Frenzel et al., 
2020; Fusswinkel et al., 2013; Schwinn et al., 2006; Staude et al., 2012; 
Walter et al., 2018a; Walter et al., 2019). Primary fluid inclusions 
represent the “freezing point” of conditions during formation in time 
and space and are thus ideal to investigate both temporal and spatial 
variations within the vein and the source reservoirs. To identify fluid 
sources and their fluid evolution, chemical tracers such as Cl, Br, K, Mg, 
Na, Ca, Rb, Cs, Sr are typically used (Burisch et al., 2016; Gleeson et al., 
2001). 

In this study, the temporal evolution of a highly saline brine pene-
trating a basement of mostly granitic composition (which includes 
feldspar- and biotite-bearing gneisses) as well as the process of fluid 
mixing from aquifers of different basement depth is investigated. Three 
representative vein systems in the Schwarzwald, SW Germany, have 
been selected for this purpose. The main hydrothermal stage in these 
veins lasted a total timespan of ~150 Ma and formed during and sub-
sequent to a marine basinal setting. Through comprehensive fluid in-
clusion analysis by microthermometry, LA-ICP-MS and Raman 
spectroscopy, the fluid endmembers involved in the vein formation and 
their evolution through time are constrained. This is supplemented by 
further geochemical data, empirical calculations and thermodynamic 
modeling in order to identify the underlying mechanism of this fluid 

evolution. 

2. Regional geology 

The regional geology of SW Germany consists of a Variscan crystal-
line basement (Fig. 1a) discordantly overlain by a post-Variscan 
terrestrial to marine sedimentary cover, including clastic, biogenic and 
evaporitic sequences. Tectonic uplift during the opening of the Upper 
Rhine Graben (URG) in the Paleogene overprinted the earlier geology by 
a normal fault-dominated regime. The uplift of the rift flanks with 
accompanying partial erosion of both the Paleozoic and Mesozoic 
sedimentary cover sequence and the basement rocks resulted in the 
present day topography (Geyer et al., 2011 and references therein). 

Hydrothermal activity in the region since the Variscan orogeny (Pfaff 
et al., 2009; Walter et al., 2018b), produced a wide variety of mineral-
ogical and compositionally distinct veins (e.g., Bliedtner and Martin, 
1986; Markl, 2017). According to (Walter et al., 2016), the evolution of 
the vein systems can be summarized by five hydrothermal temporal 
maxima: (I) Carboniferous greisen mineralization, (II) Permian quartz 
veins that formed due to cooling of a high temperature and low salinity 
metamorphic fluid, (III) Triassic-Jurassic quartz-hematite veins that 
formed from fluids with highly variable salinity, (IV) Jurassic- 
Cretaceous fluorite-quartz-barite‑carbonate veins that formed at 
~50–200 ◦C and salinities of 20–30 wt% NaCl+CaCl2 and (V) post- 
Eocene quartz-barite-fluorite or carbonate veins that formed from 
fluids of highly variable salinity related to the URG rifting (e.g. Baa-
tartsogt et al., 2007; Behr et al., 1987; Epp et al., 2018; Pfaff et al., 2011; 
Pfaff et al., 2009; Schwinn et al., 2006; Staude et al., 2009; Staude et al., 
2012; Walter et al., 2016; Walter et al., 2017). 

The main precipitation mechanism for vein stages IV and V has been 
identified to be unconformity-related fluid mixing. For stage IV, a binary 
mixing model and for stage V, a multi-fluid mixing model has been 
proposed (Staude et al., 2012; Walter et al., 2018a; Walter et al., 2016; 
Walter et al., 2017). Most veins in the region are of poly-stage nature and 
record more than one vein-opening event indicated by banding and 
various mineral generations. They mostly are situated along pre- 
existing, commonly Variscan and/or rift- related structures (Fig. 1; 
Epp et al., 2018; Walter et al., 2016; Werner and Franzke, 2001). The 
main hydrothermal phase of the veins investigated in this study belongs 
to stage IV commonly labeled Jurassic-Cretaceous fluorite-quartz-bar-
ite‑carbonate veins (indirect dating through salinity and temperature by 
e.g. Walter et al., 2016; direct dating by Walter et al., 2018b). Direct 
dating revealed that stage IV veins formed over a time period from mid/ 
late Triassic to the early Tertiary (Walter et al., 2018b). The late stage 
carbonate assemblage in these veins has been dated to be of Oligocene- 
Miocene age (Burisch et al., 2017; Walter et al., 2018b) and thus belongs 
to the stage V post-Eocene quartz-barite-fluorite or carbonate vein 
group. 

3. Characteristics of the mineralization 

The investigated three vein systems are N-S and/or NE-SW striking, 
nearly vertically dipping and up to 1, 2 and 5 km in length for Wieden 
(Zeschke, 1959), Münstertal (Bliedtner, 1978; Schürenberg, 1950) and 
Urberg (Brill et al., 2018), respectively (Fig. 1). On average, the veins are 
composed of ~60 vol% fluorite which forms a multi-stage banded 
structure with quartz and barite (Fig. 2a & b); barite is generally more 
abundant during the later stages (Brill et al., 2018; Markl, 2017; Metz 
et al., 1957; Otto, 1964; Steen, 2013; Zeschke, 1959). All investigated 
localities represent an initial quartz- and breccia-rich ore stage (I) that is 
characterized by the presence of initial pyrrhotite subsequently replaced 
by pyrite and marcasite. The volumetrically most abundant stage is the 
second stage (II), which is characterized by abundant fluorite with 
variable amounts of quartz, barite and carbonate. There is a general 
tendency of increasing barite and decreasing fluorite content with time. 
Carbonate in larger quantities is only present at the Urberg locality 
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(Fig. 2c), where it formed prior to and during the transition to the 
fluorite-dominated section of the vein. Galena, sphalerite and chalco-
pyrite (Fig. 2b & c) are the most abundant sulfide minerals within these 
veins, the last being the least common one (Metz et al., 1957; Steen, 
2013). These sulfides are more abundant in brecciated zones (Fig. 2d) 
where a complete rimming of clasts by sulfides and quartz is common 
(Fig. 2e). A less abundantly developed partial repetition of this stage 
with small variations forms the third stage (III) of these veins. Further, 
minor hydrothermal stages comprise only little fluorite, but late-stage 
barite, quartz and/or carbonates form together with galena, sphal-
erite, euhedral pyrite and/or a colloform mixture of pyrite and 
marcasite. 

A peculiarity of these three vein systems, both relative to most hy-
drothermal veins of the region with similar characteristics and inter-
nationally, is the presence of mineralogically rather unusual Ni-Sb-Ag- 
As ore shoots that texturally belong to the major ore stage (II). They 
can be classified as “five-element” or “native element-arsenide” associ-
ations (Markl et al., 2016; Scharrer et al., 2019). In the Urberg vein 
system, three distinct temporal ore shoot formation events could be 
identified. The early ore shoots are associated with purple fluorite and 
calcite whereas the later are richer in sulfides and are associated with 
colorless fluorite and sometimes barite. 

The width of the veins is highly variable between 1 and 3.5 m and 
can locally be reduced to only a few centimeters. It is strongly dependent 

Fig. 1. Geological map and selected vein cross secions. 
(a) Geological map and setting of the three investigated vein systems, 1. Teufelsgrund-Schindler-Herrenwald veins in the Münstertal, 2. Ruprecht vein system at the 
Urberg and 3. Tannenboden and Anton vein at Wieden. (b&c) Cross section and map view (kindly provided by the Landesamt für Geologie, Rohstoffe und Bergbau, 
Baden-Württemberg) of the partially still accessible mine in the Münstertal and locations of sample selection. (c) Vein width along the vein profile at different depth 
levels for the Teufelsgrund vein in the Münstertal (modified from Schürenberg, 1950). 
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on the rheology of the host rock (wider in gneiss than in granite) leading 
to a vein shape of aligned, elongated lenses (this study; Brill et al., 2018; 
Metz et al., 1957; Otto, 1964; Otto, 1967). At Wieden and Münstertal, 
gneisses, which can host significant local enrichments of graphite and/ 
or sulfides, are the most abundant host rocks, but local occurrences of 
granitic rocks are also common (Bliedtner, 1978; Brill et al., 2018; Geyer 
et al., 2011; Metz et al., 1957). The geology around Urberg is more 
complex and is characterized by additional lithologies such as diorites, 
amphibolites and norites with magmatic Ni-Fe-sulfide lenses (Brill et al., 
2018; Otto, 1964). The gneisses are anatectic and hydrothermal 
bleaching of the host rocks replaced plagioclase by sericite and rarely by 
calcite (Bliedtner, 1978; Metz et al., 1957; Walter et al., 2019). 

4. Sample selection 

This study is based on the largest collection of samples available to 
date which comprises more than thousand hand specimens (many of 
them with precise information on their underground position) from the 
private collection of the last author and from the collection of the Uni-
versity of Tübingen. These were carefully compared and inspected; 
representative samples of ore stage II were selected for further in-
vestigations. Furthermore, additional 31 hand specimens were collected 
from the Teufelsgrund mine in the Münstertal during this study to 
investigate spatial relations within an individual vein system. The 
abandoned Teufelsgrund mine (now a mining museum) provides an 
ideal sampling location as the two veins Teufelsgrund and Schindler of 
the Teufelsgrund-Schindler-Herrenwald vein system in the Münstertal 

are both accessible over a depth and length of several hundred meters 
(Fig. 1b & c). The samples were taken along the whole accessible section 
of the mine with respect to both length and depth and were taken to best 
represent the early massive fluorite of the main ore stage (II). In total, 
66, 14 and 17 thick sections for fluid inclusion work were prepared for 
Münstertal, Urberg and Wieden, respectively. To investigate the tem-
poral evolution within a vein, the Urberg vein system was selected and 
samples with early stage calcite and/or the early stage ore shoots were 
characterized as early. Furthermore, the dating of the veins by (Walter 
et al., 2018b) were also considered for the temporal evolution of ore 
stage II between the three vein systems. 

5. Methods 

5.1. Fluid inclusion analyses 

5.1.1. Microthermometry 
Approximately 400 μm thick, double-polished sections of both ore 

shoot and vein samples were prepared. Individual fluid inclusion as-
semblages were characterized as primary, clusters and secondary ac-
cording to the classification of (Goldstein and Reynolds, 1994; Walter 
et al., 2015) (Fig. 3). The category “clusters” comprises fluid inclusion 
assemblages interpreted to represent a primary syngenetic growth 
signature. Contrary to the classical primary fluid inclusion trails, these 
are not restricted to individual growth zones but form 3D clusters of 
fluid inclusions. The shape of a particular cluster commonly reflects the 
growth shape of the crystal (Fig. 3d). Clusters typically occur as fluid 

Fig. 2. Hand specimen. 
(a) Image of a typically banded fluorite dominated vein and (b) of a banded vein with the transition to the late stage barite dominated vein filling of the main 
hydrothermal stage. Images (a) and (b) have been kindly provided by Matthias Zizelmann and were taken at Brenden and Hotzenwald respectively. These veins are of 
the same type as the Urberg Ruprecht vein system but accessible. (c) Hand specimen of a typical single vein band and (d) of the early main stage fluorite-calcite 
intergrowth only found at the Urberg vein system. (e) Wall rock breccia with host rock bleaching, accumulation of sulfides and indicators for hydraulic brecciation. 
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inclusion-rich host mineral cores and therefore depict an early stage in 
crystal growth. To be on the safe side and due to interpretational diffi-
culties arising from pseudo-secondary fluid inclusions, such fluid in-
clusions are considered secondary in the current contribution. In total, 
>1400 individual fluid inclusions were analyzed. The analyses were 
carried out using a Linkam THMS 600 fluid inclusion stage on a Leica 
DMLP microscope calibrated with synthetic H2O, H2O-NaCl and H2O- 
CO2 standards (FlincSys Standard collection) at the University of 
Tübingen. The Vliquid/(Vliquid + Vvapor) ratio was visually estimated and 
verification was done by rough volume calculations on 20 inclusion. 

All fluid inclusions were carefully checked for post-entrapment 
modifications and potentially metastable lack of discrete phases. All 
data were processed by using the excel-based calculation sheet of Steele- 
MacInnis et al. (2012). Due to the fine-grained nature of most quartz 
samples and/or the general lack of larger fluid inclusions within quartz, 
only very few quartz-hosted fluid inclusions could be analyzed. Thus, 
the dominant primary host mineral is fluorite, with some fluid inclusions 
being hosted in calcite. A high percentage of the fluid inclusions (>
80%) show metastable characteristics concerning the formation of a gas 
bubble during melting or the formation of hydrohalite during freezing. 
The latter is significantly less common. Thus, these metastable phases 
were grown by repetitive re-cooling and re-heating for up to several 
hours at temperatures between the ternary eutectic and the transition 
into the three-phase stability field. This being a very time-intensive 
procedure, individual fluid inclusions could not be reanalyzed for 
quality control. However, if possible, a large number of fluid inclusions 
from each assemblage (up to ~30) was analyzed and outliers were 
disregarded. Furthermore, as a quality test, in three fluid inclusion as-
semblages showing metastable characteristics, each fluid inclusion was 
analyzed three times. The variation between the three analyses is on 
average < 0.03 ◦C. Fluid inclusions in carbonate could not be completely 
analyzed by microthermometry as the metastable behavior prevented 

hydrohalite formation. However, to be able to use this handful of fluid 
inclusions for LA-ICP-MS, the ice melting temperature was determined 
and in combination with the total salinity taken from similar fluid in-
clusions in associated fluorite, the NaCl and CaCl2 content was 
estimated. 

5.1.2. LA-ICP-MS 

5.1.2.1. Analytical procedure. Fluid inclusion LA-ICP-MS analyses were 
performed at RWTH Aachen University using a Coherent GeoLasHD 193 
nm laser ablation system coupled to an Agilent 7900 ICP-MS with high 
sensitivity s-lens ion lens configuration and Pt cone sets. Fluid inclusion 
wafers were placed inside a small-volume (1 cm3) fast-washout ablation 
cell designed at RWTH Aachen University on the basis of a model 
originally designed at ETH Zurich (See Table 1.). The ICP-MS system was 
tuned daily to maximize signal-to-background ratios while maintaining 
optimal ablation, transport and ionization conditions (U/Th = 1.00 ±
0.02) and low oxide (ThO/Th < 0.2%) and doubly charged (Ca++/Ca+

< 0.1%) production rates. Interferences to be considered in our highly 
saline samples are 40Ca–35Cl and 40Ar–35Cl that overlap with 75As. 
However, these interferences can be excluded to be significance on the 
basis that there is no correlation between 75As signal and 35Cl signal 
intensity when considering all analyzed samples, there is no correlation 
between As and CaCl2/NaCl ratio of the fluid inclusion and many fluid 
inclusions show no measurable As content (detection limit of As is as low 
as 0.2 mg/kg). This shows that the formation fractions of Ca-Cl/Cl and 
Ar-Cl/Cl are several orders of magnitude smaller than the ThO/Th ratio. 
This is linked to the lower dissociation energy of Ca–Cl and Ar–Cl 
relative to ThO (Luo, 2007). 

Instrumental accuracy and precision were monitored by using NIST 
612 as a secondary quality control standard. Refer to table XY for all 
further instrumental settings. Fluid inclusions were ablated with laser 

Fig. 3. Fluid inclusion petrography. 
Presentation of typical fluid inclusion assemblages in flourite. (a), (b) and (c) demonstrate the typically perpendicular to the growth plane elongated and angular 
primary inclusion trails, indicated by red dashed lines. (d) fluid inclusions in blue dashed area represent a fluid inclusion cluster that is interpreted to represent 
original syn-crystal formation fluid inclusion signature. Yellow dashed lines are secondary trails. These commonly have the same fluid inclusion shape type as 
primary fluid inclusions. (e) shows the characteristically rounded secondary fluid inclusion trails. (For interpretation of the references to colour in this figure legend, 
the reader is referred to the web version of this article.) 
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fluences of 10 J/cm2 at 10 Hz repetition rate. In order to avoid depth- 
dependent fractionation effects (Guillong and Pettke, 2012), the 
depth-to-diameter ratios of all ablation spots were kept well below 2. 

Data reduction, background correction, signal deconvolution and 
peak evaluation/quality control for each fluid inclusion, with regard to 
each analyzed element, was performed using the procedures of Pettke 
et al. (2012) and Fusswinkel et al. (2017) by using the Matlab-based 
SILLS software package (Guillong et al., 2008). The halogens (Cl and 
Br) were calibrated by the scapolite reference material Sca 17 (Fuss-
winkel et al., 2018; Seo et al., 2011) whereas all other elements were 
calibrated by the reference material NIST SRM 610 (Jochum et al., 
2011). Sodium and Ca determined by microthermometry in the CaCl2- 
NaCl-H2O system (Steele-MacInnis et al., 2011) were used as internal 
standards, and Ca content of the host was used as the internal standard 
for matrix correction. 

The statistical uncertainty range provided by SILLS varies between 
analysis and the percentage uncertainty is independent of absolute 
elemental content (within the analyzed range). On average, for Cl, K, Rb, 
Sr and Cs it is <5%, for Zn, Br, Ba, and Pb it is ~25% and for the rest it is 
~50%. However, this does not represent the true uncertainty range of 
the analyzed fluid inclusion. This also includes for example, both 
methods induced and sample induced problematics. The nature of the 
short-termed signal of fluid inclusion analysis in combination with a 
periodical ICP-MS analysis of each element only naturally induces a 
statistical miss of the peak intensity and thus increases the uncertainty 
(Fusswinkel et al., 2017). Furthermore, the problematic nature of 
ablation of fluid inclusions in fluorite also induces a non-quantifiable 
increase in uncertainty. Heinrich et al. (2003) has shown the analyt-
ical precision to be at around 20%, which we assume to be the case for 
Cl, K, Rb, Sr and Cs. For the rest of the elements we assume an uncer-
tainty of 50%, knowing that the true uncertainty is in fact larger, but not 
quantifiable. 

5.1.2.2. Quality control. Data evaluation was achieved by using Na, Ca, 
K and Cl as a tracer to identify the fluid inclusion signal interval and by 
using these with the addition of As, Ba, and Rb as indicators of back-
ground quality and leakage. Analyses with signs of significant fluid in-
clusion leakage were disregarded. Furthermore, the temporal overlap of 
peak positions between elements during fluid inclusion ablation was 
used as a quality control and short termed non-systematic element signal 
peaks of more than 2 orders of magnitude above the directly sur-
rounding matrix and diverging significantly from the fluid inclusion 
tracer peak position were regarded as spikes. Due to the difficult abla-
tion behavior of fluorite in most samples and due to a clear correlation of 

analyzed fluorite fragments and signal spikes for most elements, the 
spike removal tool implemented in SILLS was applied. Some trace ele-
ments are strongly influenced by this effect, especially Co, Cu and Pb. 
There is no correlation between spike occurrence and fluid composition. 
In addition, Co shows a tendency to produce spikes of up to 4 log units 
higher than the background during analysis (producing up to several wt 
% calculated Co). These spikes occur at any point in time during the 
ablation, are generally more common during fluid inclusion ablation, 
but rarely match the fluid peak; they are independent of any other 
element peaks. Thus, these cobalt peaks are either an artifact, possibly 
due to interference, or indicate solid Co- (non-As- and non-S-bearing) 
mineral inclusions. Hence, although measured, Co was not quantified 
for any fluid inclusion. Furthermore, major deviations from similarly 
composed fluid inclusions with respect to both the major elements and 
charge balance were disregarded. For each analysis, individual elements 
were not quantified, when the element peak of the fluid inclusion lies on 
the shoulder of the initiation peak of fluorite ablation, and the shoulder 
area (count-time space) in question represents more than ~5% of the 
fluid inclusion peak area. 

After disregarding all non-quantifiable analyses, the rest of the 
measurements were categorized with respect to the quality of opening of 
the fluid inclusions (due to the suboptimal ablation behavior of fluorite) 
into “bad” (very long leakage along fractures with several peaks), “ok” 
(some leakage with shoulder peaks), “good” (short leakage or minor 
shoulder peaks present) and “very good” (very short peak time and 
single peak). For major elements, all of these were considered, whereas 
for the trace elements, “bad” analyses were disregarded. A lack of a clear 
relationship between the elemental composition and the different 
qualities of fluid inclusion openings indicates that precipitation along 
fractures is insignificant. 

5.1.3. Raman micro-spectroscopy 
Raman spectra were collected using a 532 nm laser with a 1800 

grooves⋅mm − 1 grating on a Renishaw InVia confocal Raman micro- 
spectrometer equipped an Peltier-cooled CCD detector. A laser power 
of 50% with a 50 × objective with a numerical aperture of 0.75 was 
selected for analysis. Spectra were collected by a tenfold accumulation 
from 100 to 4300 cm− 1 over acquisition times of 50 s each. The laser 
power remained steady over the course of the measurements. Both 
corresponding host fluorite and fluid inclusions were analyzed. For 
qualitative distinction between the fluid and gaseous composition of the 
fluid inclusions both were analyzed. However, due to the gaseous bubble 
being mobile within the fluid inclusion during analysis, measurements 
on the gas bubble where not always successful. 

5.2. Thermodynamic modeling 

Thermodynamic calculations were preformed using X1t and depicted 
using P2Plot from the program Geochemist’s Workbench 14 (Bethke, 
2007) using the Thermoddem database of 2017 (Blanc, 2017; Blanc 
et al., 2012). To model a scenario of an originally marine fluid pene-
trating the basement and evolving over time, the Urberg vein system was 
used as an example. 

For the sake of thermodynamic modeling, the stratigraphy was 
simplified to only the basement and no overlying sedimentary cover. No 
distinction between gneiss and granites was made and the basement was 
assumed to be composed of 35 vol% quartz, 55 vol% feldspar (with 20 
vol% Na-, 15 vol% Ca- and 20 vol% K-endmember) and 10 vol% other 
minerals. Due to convergence issues during thermodynamic modeling, 
the other 10 vol% minerals, which, among others, include biotite, 
muscovite, magnetite, graphite and sulfides, were disregarded during 
modeling. Furthermore, the stability of such clay minerals is strongly 
dependent on the miscibility between several endmembers and the 
program Geochemist Workbench is not designed for modeling of solid 
solutions. Thus, typical Fe- and Mg-bearing hydrous alteration phases, 
such as illite or other clay minerals, which can be locally abundant in the 

Table 1 
Summary of instrumental parameters used in fluid inclusion LA-ICP-MS analysis.  

Laser system Coherent GeoLasHD 193 nm 

Energy density used for 
fluorite ablation 

5 to 15 J/cm2 

Repetition rate 10 Hz 
Carrier gas flow rate 

(Helium 5.6) 
1.1 l/min 

ICP-MS Agilent 7900 s 
Plasma gas flow rate 

(Argon 5.0) 
15 l/min 

Auxiliary gas flow (Argon 
5.0) 

0.75 l/min 

RF Power 1600 W 
Isotopes 23Na, 29Si, 34S, 35Cl, 39K, 43Ca, 57Fe, 59Co, 62Ni, 65Cu, 

66Zn, 75As, 81Br, 85Rb, 88Sr, 107Ag, 121Sb, 127I, 133Cs, 
137Ba, 208Pb, 209Bi, 238U 

Dwell times 10 ms: 23Na, 29Si, 35Cl, 39K, 43Ca, 65Cu, 66Zn, 85Rb, 
88Sr, 107Ag, 121Sb, 133Cs, 137Ba, 208Pb, 209Bi, 238U 
20 ms: 34S, 57Fe, 62Ni, 75As, 81Br, 127I 

U/Th 1.00 ± 0.02 
ThO/Th <0.2% 
Ca2+/Ca+ <0.1%  
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basement and would form in the presence of Fe and/or Mg, could not be 
considered. If they would have been considered, this contribution would 
have become one almost exclusively dealing with thermodynamic 
modeling, and this was not intended. 

In a basinal setting, a geothermal gradient is typical between 25 and 
50 ◦C/km (e.g., Harper, 1971; Nwankwo and Ekine, 2009; Yuan et al., 
2009). During the early onset of basin formation after the Variscan 
orogeny, the geothermal gradient was most likely relatively high. Thus, 
a geothermal gradient of 50 ◦C/km was assumed as the basis of this 
model. Selecting a temperature of 50 ◦C at the unconformity, this choice 
renders a depth of 5 km for a temperature of 300 ◦C (maximum of the 
applied database). These 5 km were subdivided into 2000 empirical 
segments. The time of marine transgression (Geyer et al., 2011) and, 
thus, the onset of fluid penetration into the basement largely overlaps 
with the dating of the Urberg vein system (Walter et al., 2018b). Since 
the basement fluid source aquifer temperature A was calculated to be 
around 250 ◦C (see discussion), relating to a depth of 4 km below the 
unconformity (50 ◦C/km assumed), the penetration of this fluid must 
have occurred within the first ~50 Ma (maybe even less). Thus, a fluid 
flow rate/basement penetration rate of 0.1 mm/yr was chosen, which is 
sufficient for the originally marine fluid to penetrate to this depth, but 
slow enough to produce a stratified basement brine reservoir and not to 
flush the whole basement with the marine brine. The marine brine must 
have been close to halite saturation and, thus, an NaCl content of 25 wt% 
and a neutral pH were assumed. Prior to this fluid penetration, the 
preexisting brine in the basement is likely of residual metamorphic and/ 
or magmatic nature and, thus, it was selected to have a salinity of 5 wt% 
NaCl eq that is in equilibrium with the host rock at the given tempera-
ture. These choices are in accordance with what is known about 
Schwarzwald basement fluids from the work of Walter et al. (2016) and 
Walter et al. (2017) and/or in accordance with findings of the current 
contribution. 

6. Results 

6.1. Fluid Composition by microthermometry 

The fluid inclusions consist of two phases (H2O-rich liquid + vapor), 
with high degrees of fill, Vliquid/(Vliquid + Vvapor) of 0.85 ± 0.05 at 
25 ◦C. No solid phases entrapped in fluid inclusions were found. As a 
parameter for quality assurance and to reject possible necking or 
leakage, individual fluid inclusions that differ by more than 0.5 Vliquid/ 
(Vliquid + Vvapor) from the rest of the assemblage are disregarded. No 
solid phases were observed at 25 ◦C. The fluid inclusion freezing tem-
perature varies between − 55 ◦C and − 90 ◦C and first melting occurs at 
approximately − 50 ◦C which indicates a ternary eutectic in the NaCl- 
CaCl2-H2O system. When frozen, both hydrohalite and ice is observed in 
all fluid inclusions. Hydrohalite final melting temperatures range from 
− 22 ◦C to − 30 ◦C and ice melting ranges from − 17 ◦C to − 29 ◦C. During 
heating, hydrohalite exclusively melts before ice in all analyzed fluid 
inclusions. The final melting temperatures of hydrohalite and ice show a 
positive correlation. 

The total salinity in wt% (NaCl+CaCl2), calculated using the method 
by (Steele-MacInnis et al., 2011), varies slightly between the localities 
and is 21.4–24.2 (22.3 ± 0.5), 20.8–25.8 (23.2 ± 0.9) and 22.2–25.7 
(24.5 ± 0.7) for the Münstertal, Urberg and Wieden vein systems, 
respectively (Fig. 4a). The microthermometric data show a continuous 
linear correlation between a CaCl2-rich and an NaCl-dominated fluid for 
each of the three localities (Fig. 4b). The NaCl:CaCl2 ratio of fluid in-
clusions within each fluid inclusion assemblage varied with an approx-
imate ratio of 1:1. This depicts mixing of two fluid endmembers during 
the formation of each fluid inclusion assemblage. However, this gradient 
with respect to all fluid inclusion analyses for each locality is signifi-
cantly steeper, approximately 1.2:1 to 1.4:1 (Fig. 4c). This shift in ratio 
considering all relative to individual fluid inclusion assemblages is 
linked to a temporal factor. For the Urberg locality, a clear trend from a 

Fig. 4. Microthermometric results. 
(a) Microthermometric data from all three investigated vein systems. (b) Within 
each individual fluid inclusion assemblage, both the melting temperature of 
hydrohalite and ice varied to some degree. This translates into a variation in 
both NaCl and CaCl2 while the total salinity is fairly constant. Each colored line 
represents the line of best fit for a single fluid inclusion assemblage; secondary 
fluid inclusions are disregarded. Dashed lines represent the average (~1:1) 
gradient from each fluid inclusion assemblage. 
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CaCl2-rich early ore stage II to an NaCl-rich mid to late ore stage II is 
visible when only considering fluid inclusions of the category primary 
and cluster. 

The fluid inclusions exclusively homogenize into the liquid phase. 
Thus, the fluid at entrapment conditions was of liquid state. The ho-
mogenization temperature (in ◦C) varies between localities and is 
90–150 (122 ± 8), 100–170 (131 ± 14) and 80–150 (117 ± 12) for the 
Münstertal, Urberg and Wieden vein systems, respectively (Fig. 4b). A 
general correlation between temperature and NaCl/(NaCl+CaCl2) could 
not be established. No significant differences could be identified be-
tween fluid inclusions from the ore shoots and the more standard barren 
or galena-sphalerite-bearing fluorite veins. 

Furthermore, no spatial trend was identified in the Münstertal vein 
system, where fluid inclusions were analyzed in samples taken over a 
vein length of ~500 m and a vein depth of ~200 m (Fig. 5). The com-
plete dataset can be found in the electronic supplement (ESM1). 

6.2. Fluid composition by LA-ICP-MS 

There are slight variations in abundance for some elements between 
the three localities. However, these variations are relatively subtle, and 
in part related to the variable NaCl/(NaCl+CaCl2) mass fraction of the 
fluids. This is presented in Fig. 6, which shows an increase in Rb, Cs, and 
K and a decrease in Sr and possibly in Br and Ba with increasing NaCl 
content of the fluid. The transition metals As, Sb and S show no corre-
lation with the NaCl content of the fluid, which may, however, be 
related to the high degree of uncertainty for these measurements. 
Although we excluded possible co-analysis of fluid inclusion and acci-
dentally trapped minerals, it is still possible that this remains a factor 
that produced the spread of the concentrations, especially for the trace 
elements. 

Due to the large number of analyses without detectable element 
concentrations by LA-ICP-MS for the trace elements, it is also vital to 
consider the detection limits to fully understand the fluid composition. 
This has been done and is depicted in Fig. 7. Due to problems accom-
panying LA-ICP-MS analyses on fluid inclusions in fluorite, we assume 
the results to be order of magnitude estimations only, especially con-
cerning the trace elements depicted in Fig. 7. The base metals Pb and Zn 
are in the range of 1–100 mg/kg, Zn commonly being slightly more 
abundant. Copper is generally less abundant (<<10 mg/kg). Iron is 
detected to be around 100 mg/kg, Ag in the range of <10 mg/kg. Nickel 
and As vary significantly between localities, with Ni <5 mg/kg, 1–100 
mg/kg and < 10 mg/kg and As <100 mg/kg, <1000 mg/kg and < 50 

mg/kg for Münstertal, Urberg and Wieden, respectively. The Sb content 
is generally quite low (<10 mg/kg) and only reaches slightly higher 
contents (50 mg/kg) for the Wieden vein system. When discarding 
outliers from previous LA-ICP-MS studies, which are compiled in 
(Walter et al., 2020), the compositions of this study are in good agree-
ment with previous studies. The transition metal content of the inves-
tigated veins seems to be somewhat lower than in other vein types of the 
region (Fusswinkel et al., 2013), but also these findings are in agreement 
with previous data (Walter et al., 2019). The complete dataset can be 
found in the electronic supplement (ESM2). 

6.3. Raman micro-spectroscopy 

Most of the 13 fluid inclusions analyzed by RAMAN spectroscopy (for 
the spectra see Fig. 8 and the EMS3) reveal the presence of H2(g) within 
the gaseous phase (Fig. 8). In the cases where H2(g) was not detected, 
the H2O peak size is larger than those in which H2(g) was detected. This 
implies a movement of the gaseous phase away from the analyzed area. 
This can occur due to the mobility of the gas bubble, the fluid inclusion 
shape and the energy input from the laser. 

Both a small N2(g) and a CO2(g) peak were present in two and three 
analyses of the fluid inclusions, respectively. In two fluid inclusions, a 
CH4(g) peak is visible: one cogenetic with galena and native arsenic in 
the Schindler vein at the Münstertal (Fig. 8b), and one with massive 
galena from the Anton vein at Wieden (EMS3). The presence of sulfate or 
sulfide species could not be detected as their peak positions overlap with 
fluorite peaks and no relevant difference in peak height from fluorite to 
fluid inclusion analyses was visible. There is no systematic difference in 
Raman-detected species related to variable NaCl/(NaCl+CaCl2) ratios. 

O2(g) in addition to H2(g) was detectable in three of the 13 analyses 
(Fig. 8). The presence of O2(g) together with H2(g) may be an indicator 
for chemical disequilibrium (Dubessy et al., 1988). Previous studies 
have suggested that they can form by radiolysis in the presence of e.g. 
uranium species (e.g., Dubessy et al., 1988; Dubessy et al., 1989). It 
could however also be a mixed analysis with the surroundings of the 
fluid inclusions such as fractures in fluorite or other broken, atmosphere 
filled, fluid inclusions. 

7. Discussion 

The focus of this contribution is on the mid/late Triassic to early 
Paleogene fluorite-quartz-barite ore stage II. According to previous fluid 
inclusion studies (Walter et al., 2019 and references therein) as well as 
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Fig. 5. Spatially depicted microthermometric results. 
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according to direct dating (Walter et al., 2018b), hydrothermal stage II 
in these veins is related to the hydrothermal maximum (IV) (see above). 
These stages/veins have been shown to have formed from a dominantly 
binary mixing of a metal-rich and an anion-bearing fluid (e.g., Fuss-
winkel et al., 2013; Staude et al., 2012; Walter et al., 2016). Walter et al. 

(2019) implies the presence of a third sulfide/reduction agent rich 
component that is involved in the formation of the sulfides. In the 
following, we will discuss the framework conditions of the veins, 
focusing on (1) the seawater/meteoric fluid origin and its penetration 
into the basement, (2) the temporal evolution of the fluids and their host 
rocks and (3 + 4) the process of upward fluid flow, constraints on vein 
formation and the physical process of fluid mixing within a vein (Fig. 9). 

7.1. Emplacement of the veins 

Today, the hydrothermal veins investigated crop out at the surface. 
During their time of formation, however, there was basement and 
sedimentary overburden on top of today’s outcrop level. The main stage 
vein formation occurred between mid-Triassic and Cretaceous times 
(Walter et al., 2018b): the Urberg vein was dated to approximately the 
mid Triassic (~251 ± 53 Ma; ~235 ± 63 Ma) while the other two vein 
systems were dated to be Jurassic-Cretaceous (~75 ± 29 Ma;; ~102 ±
73 Ma ~120 ± 56 Ma; ~136 ± 15 Ma). During this time period, the 
geologic setting was characterized by a large marine basin. At the time 
of vein formation, the sedimentary overburden was estimated to be 
>500 m for Münstertal and Wieden and about >300 m for Urberg (Rupf 
and Nitsch, 2008). The current day outcrop depth of the veins below the 
reconstructed unconformity is ~1300 m, ~500 m and ~ 900 m for 
Münstertal, Urberg and Wieden, respectively (Fig. 10). Assuming 
geothermal gradients between 25 and 50 ◦C/km that are typical for 
basin environments (e.g., Harper, 1971; Nwankwo and Ekine, 2009; 
Yuan et al., 2009) and an approximate temperature of 25 ◦C at the un-
conformity, the emplacement host rock temperatures can be estimated 
to be between ~50 and 100 ◦C. 

The complete overgrowth of host rock clasts by vein minerals, the 
common occurrence of partially fractured clasts of various sizes and 
shapes and the breccia textures indicate that vein opening occurred due 
to hydraulic fracturing (Jébrak, 1997). Hydraulic fracturing occurs 
when the trapped fluid pressure exceeds the surrounding lithostatic 
pressure. The maximum lithostatic pressure is estimated to be ~550, 
~250 and ~ 400 bars for the Münstertal, Urberg and Wieden vein sys-
tems, respectively. Pressure-corrected formation temperatures (based on 
Steele-MacInnis et al., 2012 and a pure-H2O-NaCl system) are 
110–170 ◦C (average of 140 ◦C) for the Münstertal, 110–180 ◦C (average 
of 140 ◦C) for Urberg and 100–170 ◦C (average of 140 ◦C) for Wieden 
(Fig. 10). 

7.2. Formation by mixing 

Generally, the most effective way to produce a fluorite-quartz-barite 
vein is by fluid mixing (e.g., Bouch et al., 2006; Canals and Cardellach, 
1993; Schwinn et al., 2006). The microthermometric fluid inclusion data 
for each investigated vein system clearly show a linear fluid mixing 
trend between a CaCl2-rich, from now on named fluid A, and an NaCl- 
rich fluid endmember, from now on named fluid B. It should, howev-
er, be noted that all analyzed fluid inclusions only represent already 
mixed fluids and only trends can provide information on fluid end-
member conditions. The mixing of these two fluids has been studied in 
several previous studies under different aspects (e.g., Fusswinkel et al., 
2013; Schwinn et al., 2006; Staude et al., 2012; Walter et al., 2016; 
Walter et al., 2017). For the sake of completeness, the literature data are 
compiled here and augmented with the findings of the current 
contribution. 

The vein gangue mineralogy is fluorite, quartz and barite. Fluorite, in 
general, can form due to reaction with a host rock, fluid cooling, or by 
fluid mixing (Richardson and Holland, 1979a). Fluorite deposition by 
fluid-wallrock reaction is typically linked to either an increase in pH or a 
decrease in Mg/Ca ratio in the fluid (Richardson and Holland, 1979a). 
Wall rock reaction can be ruled out as a major cause for ore deposition, 
as the initial fluids are assumed to be in equilibrium with the same type 
of hostrock (granites and gneisses). Hence, any reaction with these host 

Fig. 6. Fluid inclusion LA-ICP-MS results 
Relationship between LA-ICP-MS compositional data for selected elements and 
microthermometric Na/(Na + Ca) fraction of the fluid inclusion. Linear line of 
best fit is logarithmically depicted for Br, Sr, Rb, Cs and Ba. The uncertainty 
regarding the LA-ICP-MS analysis discussed in Chapter 4.1.3 is depicted on the 
left of each plot. 
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rocks at the location of vein formation would not significantly shift the 
pH or the Mg/Ca ratio. Furthermore, in zones of intense fluid-host rock 
interaction such as brecciated zones of the vein, fluorite is typically less 
abundant. The proven importance of fluid mixing in the investigated and 
similar veins in the Schwarzwald (Fig. 4; e.g., Baatartsogt et al., 2007; 
Schwinn et al., 2006; Walter et al., 2016) makes this effective fluorite 
precipitation mechanism (Richardson and Holland, 1979a) the most 
likely cause for fluorite formation. However, fluid cooling may also have 
aided the precipitation of fluorite. Assuming fluid mixing is responsible 
for fluorite deposition, either (1) fluid A contained both Ca and F and 
precipitation occurs due to neutralization or dilution of fluid A during 
mixing (Brooks and Steele-MacInnis, 2019; Richardson and Holland, 
1979a) or, (2) Ca was mainly transported by fluid A (Fig. 4a) and F by 
fluid B. The latter is more likely since both fluid A and fluid B are 
assumed to be in equilibrium with a roughly granitic aquifer, a large pH 
difference between the two fluids is, hence, not expected. This also 
implies that a higher F-content of fluid B was probably not linked to 

different host rocks in the fluid source aquifer, but rather a result of F- 
solubility difference between fluid A and B. Experimental and modeling- 
based studies have shown the importance of fluid composition on the 
solubility of F, for example: F is better soluble in NaCl- than in CaCl2- 
fluids (Richardson and Holland, 1979b; Zhang et al., 2015). This implies 
that the NaCl-rich fluid B had the potential to transport more F than the 
CaCl2-rich fluid A. Furthermore, F is also more soluble in the presence of 
aqueous sulfate (Zhang et al., 2015). 

The latter statement fits well with the implication that fluid B was 
richer in sulfate than fluid A. This implication is based on the fact that 
the early CaCl2-rich fluid regime is dominated by the precipitation of 
fluorite whereas the late-stage NaCl-dominated fluid regime more 
abundantly produced barite. Literature data (Fusswinkel et al., 2013) 
clearly show that fluid A is the major Ba carrier. Unfortunately, con-
cerning the present contribution, this can only be clearly seen for the 
Münstertal vein system. If fluid A is the major Ba carrier, then sulfate 
must be predominantly transported by fluid B. Hence, it is also linked to 

Fig. 7. Fluid inclusion LA-ICP-MS results (Trace elements). 
Selected transition metals and As, Sb and S trace element composition of the fluid inclusions, as measured by LA-ICP-MS. Depicted are detected elemental abundance 
(circle symbols) and the detection limit of those analyses for which quantification was not possible (line symbols). All data have been centered along the x-axis for 
each locality while making sure all symbols are visible. Blue fields represent range of fluid composition. This ranges from the maximum analyzed elemental content to 
below the lowest analyzed content or the lowest detection limit. The highest concentrations most likely represent the fluid composition prior to abundant mineral 
precipitation. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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the same process of fluid mixing as fluorite and only represents a shift in 
fluid mixing ratio and/or in fluid composition. The abundance of both 
Ca and Ba in the fluid inclusions shows that the anions, F and sulfate 
must have been the limiting agents for the formation of fluorite and 
barite. 

Quartz is found throughout the whole vein and is probably linked to 

fluid cooling by mixing or by heat diffusion into the surrounding host 
rock. Variations in the quartz/fluorite ratio of individual vein bands are 
most probably linked to variations in pH during fluid mixing or the 
varying importance of fluid mixing and fluid cooling, respectively. 

Thus, the majority of the gangue minerals formed from a binary fluid 
mixing ± fluid cooling process. However, the hydrothermal veins also 
locally contain sulfide minerals such as galena and sphalerite. Walter 
et al. (2019) linked the sulfide formation to either a change in redox 
state of the fluids or an influx of sulfide. The slow kinetics between 
sulfate and sulfide (Ohmoto and Lasaga, 1982) as well as the isotopic 
disequilibrium between coexisting sulfate and sulfide mineral pairs 
(Schwinn et al., 2006; Staude et al., 2011) strengthen the formation by 
sulfide influx into the otherwise binary fluid mixing. The formation of 
the vein sulfides in contrast to native arsenic (which is present in some 
ore shoots in the investigated hydrothermal veins) is the subject of a 
different publication. 

In a binary fluid mixing scenario, an almost barren (i.e. sulfide-free) 
hydrothermal vein would form, representing the abundant barren bands 
within the investigated veins. Completely barren veins in association 
with mineralized veins are also abundantly present in the Schwarzwald 
(e.g., Bliedtner and Martin, 1986; Walter et al., 2018a; Walter et al., 
2019) and common in many base metal hydrothermal districts world-
wide (e.g., Beaudoin et al., 1992; Hein, 1993; Sun et al., 2018). The 
almost perfect binary trend between fluid A (CaCl2-rich endmember) 
and fluid B (NaCl-rich endmember) (Fig. 4a) limits the relative volume 
of sulfide-bearing Fluid C. 

7.3. Penetration of bittern and halite dissolution brines into the basement 

7.3.1. Geological setting 
To understand the origin and the basement reservoir sources of fluid 

A and B as well as their evolution with time, the hydrological setting 
needs to be considered. Both fluid A and fluid B evolved over time from 
fluid A’ and fluid B′ to fluid A" and fluid B′′. Thus, in the following we 
will discuss general characteristics and the temporal evolution will be 
discussed in the subsequent chapter. 

The post-orogenic aqueous regime in the basement during Permian 
times was dominated by relict metamorphic/magmatic fluids (Epp et al., 
2018), with a possible partial dilution by meteoric fluids. The onset of a 
marine setting and the evaporative environment with halite precipita-
tion during the mid-Triassic (Geyer et al., 2011) enabled the formation 
of brines. These fluids continuously migrated downwards and 
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Fig. 8. Selected representative Raman spectra of a fluorite hosted fluid inclusion cogenetic with galena and native arsenic (MT05c_fl_p01_05). Depicted spectra are 
mean values from 2 fluorite measurements of the host crystal, 3 measurements of the fluid phase in the fluid inclusion and 5 measurements of the gaseous phase in 
the fluid inclusion. H2(g) is visible in nearly all fluid inclusions analyzed by Raman. N2(g), O2(g), CO2(g) and possibly CH4(g) are also present in this fluid inclusion. 

Fig. 9. Fluid flow path and vein formation. 
Schematic demonstration of the fluid flow path/fluid evolution until vein for-
mation. Downward fluid flow is illustrated by blue dashed arrow, fluid mobi-
lization from various depth and upward fluid flow by red arrows. Black lines 
depicts fractures and black ellipse indicates formation of the investigated veins. 
(For interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.) 
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penetrated the “unaltered” Variscan basement rocks, fueled for example 
by desiccation reactions and thus progressive H2O consumption during 
clay mineral formation with depth (Bons et al., 2014; Stober and Bucher, 
2004). The hydrothermal mineralogy investigated in this study exclu-
sively formed from the penetrating basement brines and thus we will not 
discuss the lower salinity preexisting metamorphic/magmatic fluids in 
the basement at greater depth further. 

7.3.2. Fluid A, characteristics and fluid reservoir 
Fluid A is characterized by a high salinity (20–25 wt% NaCl+CaCl2), 

its low NaCl/(NaCl+CaCl2) wt. ratio (down to 0.45) and low KCl content 
(<0.2 wt%). The presence of H2(g) and rarely CH4(g) in the fluid in-
clusions also indicate fairly reducing conditions. Several lines of evi-
dence indicate a marine evaporative environment as the ultimate origin 
for fluid A: Its high salinity, the for this fluid type in the whole 
Schwarzwald low Cl/Br mass ratio (typically <80) and the regional 
geological background (Epp et al., 2018; Schwinn et al., 2006; Walter 
et al., 2016; Walter et al., 2017; Walter et al., 2018b; Walter et al., 
2019). The regionally low Cl/Br ratio indicates an evaporative setting 
and the occurrence of halite precipitation before penetration into the 
basement (e.g., Alcalá and Custodio, 2008; Kesler et al., 2003; Richard 
et al., 2011). Due to the large spread of Cl/Br values in our samples, no 
clear correlation between Cl/Br and Na/(Na + Ca) mass ratio is visible. 
However, CaCl2-richest fluid inclusions show a Cl/Br mass ratio between 
30 and 110. 

The original marine fluid was in or close to halite saturation, and also 
(based on regional geology), close to or at calcite and gypsum saturation. 
A fluid at 25 ◦C at halite saturation contains about 26 wt% of dissolved 
NaCl (Driesner and Heinrich, 2007) and thermodynamic predictions 
reveal that such a fluid in equilibrium with calcite and gypsum contains 
about 0.5 wt% CaCl2. An increase in CaCl2 relative to NaCl within this 
fluid can occur due to albitization (e.g., Bozau et al., 2015 and references 
therein). Na + is exchanged by Ca2+ in the fluid while Ca-bearing 
plagioclase is exchanged by Na-rich albite. Furthermore, feldspar 
alteration to clay minerals may also exchange Ca and Na in the fluid. 

Both of these processes are abundantly observed in the Variscan base-
ment (e.g., Walter et al., 2019). Proceeding CaCl2-NaCl exchange with 
time and depth produces stratified basement fluids (Bons et al., 2014). 
This stratification occurs even if the initial fluid composition is fairly 
constant through time, but it may be further modified if the initial fluid 
is variable. 

Since the same volume of a 25 wt% CaCl2 fluid contains twice as 
many Cl ions compared to a 25 wt% NaCl fluid and since there is no 
significant Cl source in the basement, abundant H2O consumption is the 
likely mechanism to increase chlorinity during fluid-host rock in-
teractions. An effective process for this is clay mineral precipitation, 
which has also been proposed to be the driving force for the downward 
fluid flow (Bons et al., 2014). 

7.3.3. Fluid B, characteristics and fluid reservoir 
Fluid B is characterized by a high salinity (20–25 wt% NaCl+CaCl2), 

its high NaCl/(NaCl+CaCl2) wt. ratio (up to 0.95) and high KCl content 
(up to 2 wt%). The presence of H2(g) and rarely CH4(g) in the fluid in-
clusions also indicate fairly reducing conditions. It has been shown to 
have highly variable Cl/Br ratios characteristically reaching up to 
~9900, which indicates the dissolution of middle Triassic halite (Stober 
and Bucher, 2000; Walter et al., 2017). This is why the somewhat 
misleading term “Muschelkalk fluid” is commonly used for this halite 
dissolution/bittern brine, even though the middle Triassic lithological 
Muschelkalk unit is not the fluid origin, nor is it the aquifer during vein 
formation. Furthermore, at regional highs, where no halite precipitation 
and thus, dissolution occurred in the Triassic, fluid B typically has Cl/Br 
ratios similar to that of the fluid A (Walter et al., 2017). Its primary fluid 
origin is most likely meteoric or seawater that dissolved halite and 
subsequently penetrated the basement. Since the onset of halite pre-
cipitation, halite dissolution could also have occurred. The process of 
halite dissolution must have occurred locally and dependent on pa-
rameters such as fluid flow. This in combination with various degrees of 
evaporation of the most likely sea water surficial fluid produced the 
large spread in Cl/Br ratios. This spread is not only visible in the late 

Fig. 10. Spatial and temporal vein formation. 
(a) Estimates on the sedimentary overburden (based on data from Rupf and Nitsch, 2008), the absolute time of formation by dating (Walter et al., 2018b) and the 
estimated time span of vein formation for the main ore stage, which is investigated in this study. (b) Reconstructed relative depth of the vein below the unconformity 
(based on data from Rupf and Nitsch, 2008) and estimates of basement brine aquifer depth from which the fluids are sourced. These estimates are strongly dependent 
on the paleo geothermal gradients. 
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stage NaCl-richest fluid B endmembers (fluid B′′) but also in earlier fluid 
B endmembers (fluid B′). 

The halite dissolution and penetration of fluid B into the basement 
occurred subsequently to fluid A penetrating the basement, which 
further produces a stratification of the basement brine reservoir with a 
deeper-seated fluid A and a shallower seated fluid B. For fluid B, no 
significant processes of Ca enrichment could occur, as obviously, Ca-rich 
plagioclase had already been consumed during interaction with fluid A. 

7.4. Long term fluid and aquifer evolution 

7.4.1. Evolution from a CaCl2- to an NaCl-dominated system 
The Urberg locality with its, relative to the other two vein systems, 

unique mineralogical succession (early calcite) and ore shoots that are 
used as temporal indicators, enabled the distinction of early and mid to 
late stage fluorite. This reveals an early CaCl2-dominated fluid regime 
with a higher total salinity (up to 25 wt%) and a late-stage NaCl- 
dominated and KCl-richer fluid regime with a slightly lower salinity 
(down to 21 wt%). We assume this to hold also true for the other two 
vein systems. This transition could either indicate a transition in relative 
proportions during mixing or a transition in basement brine reservoir 
fluid compositions. Individual fluid inclusion assemblages depict a NaCl: 
CaCl2 mixing gradient of ~1:1, which represents a variation in mixing 
ratio. However, the shift from early to late stage indicates a gradient of 
>1:1, which implies a modification of the basement brine, from which 
the fluids are sourced. Thus, although variations in fluid mixing ratio are 
naturally still present, the change from and early CaCl2-rich to a late 
stage NaCl-rich regime is linked to a change in basement brine reservoir 
composition. 

This can be explained by the fact that not only is the fluid altered in 
the basement, but also the basement host rock is modified with time, as 
Ca (mainly residing in plagioclase in gneissic and granitic basement 
rocks) is preferably leached during hydration reaction. Continuous 
alteration and depletion of Ca leads to a gradual absolute and/or relative 
enrichment of Na and K in the host rock. The preferred alteration of the 
anorthite-rich zones in plagioclase by clay minerals and the albitization 
of plagioclase is a common phenomenon in the Schwarzwald (Brockamp 
et al., 2003; Bucher and Stober, 2010; Kizler, 2011; Moeller et al., 2005) 
and albitization has been commonly linked to an increase in Ca in brines 
all over the world (e.g., Bozau et al., 2015; Davisson and Criss, 1996; 
Frape and Fritz, 1987; Fritz and Frape, 1982; Yuan et al., 2019). This 
process has also been shown experimentally (e.g., Hövelmann et al., 
2010; O’Neill, 1948). Equilibration of Na, Ca and K with the host rock 
occurs easily at geologic timescales, as the reservoir fluid must lie 
somewhere within the temperature range of 150–500 ◦C and equili-
bration at these temperatures would take one hundred years to tens of 
hours, respectively (Henley et al., 1984). Due to the continuous down-
ward fluid flow of fresh NaCl-rich fluids and the depletion of Ca in the 
host rock over time, the new fluid in equilibrium with the already 
altered host rock will be NaCl-richer if the availability of Ca is limited. 
This would also explain the common nature of current day Na-rich and 
Ca-poor ground waters within the granitic basement (Bucher and Stober, 
2016; Göb et al., 2013) as well as the common mixing of NaCl- 
dominated basement brines with meteoric and/or sedimentary forma-
tion waters during the Tertiary (Walter et al., 2018a). The progression of 
this process produces a scenario, where the Ca-rich fluid is successively 
pushed to greater depths. 

7.4.2. Evolution of the trace elements 
The trend of decreasing Ca in the fluid coincides with the trend of 

decreasing Sr and increasing Rb (Fig. 6) as Sr is preferentially incorpo-
rated for Ca in plagioclase and Rb for K in alkali feldspar and mica 
during their magmatic/metamorphic formation (e.g., Heier, 1962). Less 
obvious, but still statistically present are these trends for Ba and Cs 
(Fig. 6). Although both Rb and Cs increase from fluid A to fluid B, Cs 
increases to a lesser degree, resulting in an increase of Rb/Cs ratio 

(Fig. 11a). It should be noted that not only the presence of K, Na, Ca, Rb, 
Sr and Cs within the feldspars and/or mica limits their availability to the 
fluid, but also their possible retention by incorporation in and sorption 
to the alteration minerals (e.g., Cherian et al., 2018; Deng et al., 2017; 
Mohamed et al., 2016). This process is essential in understanding the 
change in Rb/Cs. The Rb/Cs is approximately 2 for the NaCl-rich fluid B, 
which is a signature for a fluid in equilibrium with clay minerals of the 
altered granitic rock (Göb et al., 2013). Furthermore, fluid A has a Rb/Cs 
ratio of <0.8 which has been proposed to be a signature related to the 
process of host rock alteration and clay mineral formation (Burisch et al., 
2016; Göb et al., 2013). This hypothesis is in agreement with the 
preferred uptake of Cs relative to Rb in alteration minerals such as clays, 
zeolites and chlorite (Berger et al., 1988). Thus, the Rb/Cs ratios are also 
in agreement with a general evolution of the basement derived fluids 
and hence also the expected stratification of the basement fluids, with a 
Ca- and Sr-rich fluid A at depths with a Rb/Cs < 1 and a more Na- and 
Rb-rich fluid B with a Rb/Cs ~ 2 at more shallow levels. Renewed 
fracturing of the host rock (due to brecciation, for example) may, 

Fig. 11. Geochemical indicators. 
(a) LA-ICP-MS analyses trace element ratios with respect to the Na/(Ca + Na) 
ratio of individual fluid inclusions and (b) equilibration temperatures based on 
Giggenbach (1988) and Fournier (1979). Lines represent line of best fit. The 
fluid endmembers A’ and B′′ are calculated based on K, Ca and Na composition, 
assuming a K-content of ~0 for fluid A’ and a Ca-content of 0 for B′′. The fluid 
endmember composition of A" and B′ are however, unknown, and can thus, not 
be depicted in this figure. However, fluid B′ must have had a lower basement 
brine aquifer temperature than fluid A’ and fluid A" must have had a higher 
basement brine aquifer temperature than fluid B′′. This shows that fluid A’ can 
be assumed to have been in equilibrium with K-, Na- and Ca-bearing feldspars, 
whereas fluid B′′ was only in equilibrium with K- and Na-bearing feldspars. 
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however, locally decrease the Rb/Cs ratio and thus overprint the base-
ment brine fluid aquifer signature. Such a scenario may be the case in 
the study of Burisch et al. (2016). 

7.4.3. Temporal and spatial evolution of the basement brine aquifer 
temperature 

The model “mixing from below” by Bons et al. (2014) implies that 
the fluids forming the hydrothermal veins must have originated at 
greater depth. Based on the host rock temperature estimate, the highest 
vein formation temperature and assuming no cooling due to heat 
diffusion prior to mixing, the basement brine aquifers, from which the 
vein forming fluids are sourced, are situated at least 1.5–3 km or 2.5–5 
km below the investigated veins assuming a geothermal gradient of 
50 ◦C/km or 25 ◦C/km, respectively. 

Our interpretation of decreasing availability of Ca-rich feldspar with 
time and with decreasing depth is further strengthened by the use of 
empirical Na-K-Ca thermometers (Fournier and Truesdell, 1973; Gig-
genbach, 1988 and references therein) that are readily applied to show 
the equilibrium temperatures of a fluid that is hosted by rocks with 
abundant Na-, K- and Ca-rich feldspars (e.g., Kharaka and Mariner, 
1989; Kolesar and Degraff, 1977; Mimi et al., 1998). In our case, these 
calculated equilibrium temperatures produce realistic results for the Ca- 
rich fluid endmember A’ (Fig. 11b; ~250 ◦C), for which the Ca-rich 
feldspar is assumed to still be abundantly present. However, the later 
Na-rich fluid B endmember produces Na-K-Ca equilibrium temperatures 
of >400 ◦C (Fig. 11b), which would have to be sourced from depths of 
~8–16 km assuming a geothermal gradient of 50–25 ◦C/km. These 
temperatures and depths are not realistic as they would indicate a fluid 
source from down to below the brittle-ductile transition and would be 
sourced from below fluid A, which is contrary to the Cl/Br indicator 
(Walter et al., 2016 and references therein). If, in the absence of avail-
able Ca-rich feldspar, the empirical Ca–K thermometer from (Fournier, 
1979) is used, which assumes an equilibrium between the fluid, albite 
and K-feldspar, a reservoir temperature of ~250 ◦C for fluid B′′ is 
calculated (Fig. 11b). This is significantly lower than the previously 
described >350 ◦C basement brine source aquifer temperature, that was 
based on sulfide-sulfate isotopic equilibrium, which assumed that all 
sulfur is derived from the same basement source (Schwinn et al., 2006; 
Walter et al., 2017); this, however, was shown above, not to be the case.. 
The temperature of 250 ◦C and a geothermal gradient of 25–50 ◦C/km 
results in a depth of 6.5–8.5 km or 3.5–4.5 km, respectively (Fig. 10). 
This means that, both fluids A and B must have been situated somewhere 
at this depth. 

The Ca–Na exchange in the fluid due to preferred Ca-rich feldspar 
alteration over the Na-rich counterparts is in accordance to thermody-
namic predictions that are based parameters and boundary conditions 
present for the investigated veins (Fig. 12). It also shows that a fairly 
sharp boundary forms between the deeper, Ca-rich fluid A and slightly 
shallower, Na-rich fluid B. This implies only a small temperature dif-
ference between these two fluids and would explain the lack of tem-
perature dependence of NaCl/(NaCl+CaCl2) (Fig. 4b). It is however 
important to note that a basement environment that forms such a 
stratified aqueous system requires certain boundary conditions. For 
instance, the flow rate/downward movement of the fluid strongly de-
fines the outcome of the model. Too fast and the basement is flushed by 
NaCl rich fluids, too slow and the NaCl fluid does not penetrate deep 
enough into the basement over the required timeframe. 

Thus, it is important to understand the temporal evolution of the 
basement brine source aquifer temperature. Both the earlier fluid A’ and 
the late stage fluid B′′ have the same basement brine source aquifer 
temperature of 250 ◦C. This implies that fluid B′ must have had a tem-
perature of <250 ◦C and fluid A" must have had a temperature of 
>250 ◦C. Assuming a rather constant geothermal gradient, this implies 
that, over time, the stratification is pushed to greater depth, so that, late 
stage fluid B′′ is at the same depth as early stage fluid A’. The downward 
movement of the brines must have been most rapid at the initiation and 

slowed down over time, as the stratification was present for the early 
Urberg system and the investigated ore stage considering all three veins 
and uncertainties, has been dated to be active somewhere between 50 
and 200 Ma (Walter et al., 2018b). This slowdown of fluid penetration 
may be explained by the sealing of fluid pathways by mineral (e.g. clay) 
formation and/or a lack of original marine fluid availability which is 

Fig. 12. Thermodynamic model. 
(a) Conceptual model of the brine penetration into the basement that is based 
on all to us available data with (b&c) the corresponding thermodynamic model 
concerning fluid composition and feldspar abundance. The model shows the 
spatial and temporal fluid evolution from an NaCl-dominated to a CaCl2-rich 
fluid by host rock alteration, mainly albitization of Ca-rich plagioclase. 
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transformed into the basement brine aquifer through basement 
alteration. 

7.4.4. Decrease in salinity over time 
Individual fluid inclusion assemblages show an approximately 1:1 

mass mixing ratio between the CaCl2-rich fluid A and the NaCl-rich fluid 
B. However, considering all assemblages for each locality, this ratio 
increases up to 1.4:1 (Fig. 4c). This in context with the trend from a 
CaCl2-rich to an NaCl-dominated fluid regime shows a decrease in 
salinity from fluid A’ to A" and fluid B′ to B′′ from ~25 wt% to ~22 wt% 
(NaCl+CaCl2) over time (Fig. 4c). This could be attributed to the ma-
rine/sedimentary primary fluid origin being increasingly further away 
from halite saturation (as a consequence of a marine transgression, for 
example) the increasing influence of non-saline groundwater and/or the 
depletion of evaporate layers within the Muschelkalk sequence that can 
be dissolved. Such changes in the primary marine/meteoric fluid origin 
will still to some degree be reflected after transition of the surficial fluid 
into the basement brine reservoir composition. However, the exact 
reason remains unclear and the current data remains insufficient to 
further interpret this phenomenon. 

7.5. Fluid upflow 

Based on the above described comprehensive fluid inclusion study, 
supplemented by empirical and thermodynamic calculations, the tem-
poral and spatial evolution of the basement aquifer and the modified 
bittern/halite dissolution basement brine has been deduced. This 
reservoir represents a single large aquifer with a gradual change in fluid 
composition and aquifer mineralogy with depth and over time. Thus, the 
fluids A and B involved in the formation of the hydrothermal vein do not 
represent two distinct fluid reservoirs but rather two different depths of 
the same reservoir from which the fluids are sourced. Through the 
temporal evolution of the reservoir, the fluids A and B change in fluid 
composition over time. 

Both major fluids are sourced from several kilometer depths (Figs. 6 
& 7). For this to occur, independent fluid conduits are necessary to 
transport the two fluids over such distances without mixing. On a 
regional scale, vein clusters are commonly associated large scale 

intersections of fault zones (e.g., Staude et al., 2012). It is likely that 
these regional zones provided the required (hydraulically separated) 
fluid conduits and enabled fluid mixing. 

Considering the sedimentary overburden (Fig. 10) and a resulting 
approximate temperature estimate of 25 ◦C at the unconformity for all 
three vein systems, the host rock temperatures at the timing of the main 
vein stage can be estimated to be around 60–100 ◦C for Münstertal, 
30–40 ◦C for Urberg and 50–70 ◦C for Wieden. Since the basement brine 
reservoir fluids, from which fluid A and B are sourced, had a tempera-
ture of 250 ◦C and the fluid inclusions show formation temperatures of 
approximately 130 ◦C, the fluid must have cooled down significantly 
prior to fluid mixing at the investigated sites. The silica content of the 
fluid must have been in equilibrium with the granitic-gneissic host rock 
at 250 ◦C and due to the cooling of ~100 ◦C must have resulted in quartz 
precipitation at depth. Thus, at depth fluid cooling is expected to be the 
major vein forming process, and abundant quartz formation is expected, 
while trapping of the fluids and an increasing importance of fluid mixing 
occurred at shallower levels, where fluid cooling still continued. 

7.6. Spatial and temporal variations within a vein 

To understand the spatial variations of banded hydrothermal veins, it 
is crucial to first discuss the temporal aspect of vein formation. The 
formation of these veins can be categorized in different spatial and 
temporal scales (Fig. 13). Each fluid pulse forms at least one growth zone 
on the mineral-fluid interface within a very short period of time (less 
than minutes; Walter et al., 2018a). It is normally assumed that a pri-
mary growth zone resembles an exposed surface during its formation, 
and thus, all fluid inclusions on each trail record the same fluid event 
(Van den Kerkhof and Hein, 2001 and references therein). Thus, the 
turbulent nature of fluid mixing is best depicted within individual 
growth zones, where compositional and temperature variations are 
recorded by contemporary fluid inclusions (e.g., this study; Fusswinkel 
et al., 2013; Walter et al., 2018a). In our case, the observed variations 
within individual fluid inclusion assemblages is large enough to be 
visible in the major elemental composition (microthermometry) 
(Fig. 4c). 

Since a fluid pulse produces at least one growth zone, a batch of 

Fig. 13. Variable textures with scale. 
Schematic illustration of how temporal and spatial timescales relate with respect to the commonly observed textures in unconformity related veins. 
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similar pulses produces a mineral zone with many individual fluid in-
clusion trails on growth zones on the millimeter scale. In our samples, 
the mass ratio of NaCl/(NaCl+CaCl2) varies up to 0.3 between subse-
quent growth zones only several hundred micrometers away from each 
other within the same crystal. This either records fluid mixing ratio 
variations between fluid pulses or variations of the basement brine 
reservoir fluid compositions. 

A periodic repetition of such fluid pulse batches under slightly 
different conditions of formation produces a banded structure (milli-
meter to meter scale) which is a typical feature of unconformity-related 
veins. Due to the periodic nature of the fluid pulses, it is difficult to 
determine the time elapsing between pulses. However, this process may 
last over more than tens of millions of years if the tectonic setting is 
fairly constant as was the case for the investigated veins (Triassic to 
Cretaceous). The changes between fluid pulses and batches over such a 
time period with variations from close to the CaCl2-rich fluid A to close 
to the NaCl-dominated fluid B endmember almost match the observed 
changes in mixed fluid composition within the vein on a scale of several 
hundred meters (Figs. 4 & 5). This is part of the reason why a spatial 
change in mixed fluid composition within the vein could not be resolved. 

7.7. Mixing ratio 

The NaCl-CaCl2 mixing line (Fig. 4) reveals analyses close to 

containing negligible CaCl2 that lie on a linear mixing line. This means 
that these fluid inclusions represent close to fluid B′′ endmember com-
positions. However, these close to endmember conditions can only be 
applied to the major element composition since the trace elements are 
more prone to other factors. Also considering the NaCl-CaCl2-KCl mixing 
line (Fig. 6), close to fluid A’ fluids were also analyzed as they contain 
very little KCl. This is in accordance to findings of Walter et al. (2015) 
that have shown that the early stage calcite of the Urberg vein system 
mainly derives its Mg signature from fluid A, the CaCl2-dominated fluid. 
Previous studies in the region have determined rough estimations of 
typical fluid mixing proportions of 75–95% fluid A for the whole vein for 
similar mid/late Triassic to the early Tertiary veins in the Schwarzwald 
(Staude et al., 2011). However, their estimations are based on bulk 
analyses of S- and Sr-isotopes of barite. As we have shown in this current 
contribution, mixing ratios may vary greatly within only several hun-
dreds of micrometers. Thus, the previously calculated mixing ratios of 
Staude et al. (2011) may only represent averaged mixing ratios. 
Furthermore, barite may only be oversaturated at specific mixing ratios, 
which may not be the case for fluorite (investigated here). This in turn 
implies that fluid mixing is a chaotic process and that, as long as the host 
rock minerals are oversaturated, near endmember fluid conditions may 
actually be trapped during fluid mixing. However, to identify these, a 
large quantity of samples and analyses are required. 

Fig. 14. Concluding figure. 
Schematic conclusion of the fluid evolution and the basement brine fluid environment evolution over time. (b) modified from Bons et al. (2014). 
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8. Conclusions 

Fluid reservoirs and aquifers are often viewed as being rather con-
stant over one hydrothermal stage and changes in mineralization to be 
an effect of either new reservoirs being involved or the conditions of 
formation changing. We clearly show that an in depth micro-
thermometric study, where spatial and temporal variations within the 
vein as well as the fluid reservoir and aquifer are considered and 
distinguished, reveals information to further understand unconformity- 
related veins. The same also applies to other types of hydrothermal 
deposits as both the reservoir fluid and the aquifer mineralogy are not 
necessarily constant, especially on a timescale of tens of millions of 
years. 

The penetration of an originally marine bittern and/or halite disso-
lution brines into the basement and the associated alteration of the 
basement minerals (e.g. albitization and clay mineral formation) su-
perimposes a new fluid composition on these brines and changes the 
composition of the host rock (Fig. 14). Continuous downward fluid flow 
in combination with the consumption of primary Ca-rich feldspar pro-
duces a stratified basement fluid aquifer that gradually changes from Na- 
and K-rich shallower-seated basement bittern/halite dissolution brine 
(fluid B) to a Ca-rich deep-seated basement bittern brine (fluid A; 
Fig. 14) with depth. Over time, this transition is pushed to greater and 
greater depths which results in a continuous increase in the NaCl/ 
NaCl+CaCl2 fluid fraction recorded within the hydrothermal vein in 
time. 

Prior to anisothermal binary fluid mixing, the fluids must have 
ascended from their various depth of the bittern/halite dissolution 
basement brine aquifer environment. Ascension must have occurred 
over several kilometers without abundant fluid mixing as close to end-
member fluid compositions have been analyzed in fluid inclusions. This 
further proves that fluid mixing in such an environment is a chaotic and 
inhomogeneous process where, if the host gangue mineral is over-
saturated, close to endmember fluids can be trapped. This, however, in 
combination with a long-term repetition of fluid pulses and batches and 
a gradually changing basement brine fluid reservoir, makes it difficult to 
identify spatial gradients in fluid composition over a scale of several 
hundred meters of the vein. 
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A B S T R A C T

Mixing of compositionally contrasting fluids is widely accepted as the major ore-forming process in un-
conformity-related hydrothermal Pb-Zn-fluorite-barite veins. Although the general process is relatively well
understood, the temporal evolution of such fluid systems which may result in distinct mineralogical changes of
the ore and gangue minerals precipitating are insufficiently constrained. One specific example is the occurrence
of late-stage siderite-chalcopyrite-gersdorffite mineralization in 28 hydrothermal veins of the Schwarzwald, SW
Germany post-dating the major fluorite-barite-galena-sphalerite phase which is very common in the whole area.
To investigate the underlying process for this late-stage Cu-Ni-stage, published fluid inclusion data have been
complemented by detailed confocal Raman micro-spectroscopy of fluid inclusions, petrographic observations
and electron microprobe analyses.

Petrography as well as mineral compositions of sphalerite, gersdorffite, pyrite, arsenopyrite, fahlore and
galena record a gradual, but significant influx of Cu and Ni into a prevailing Pb-Zn hydrothermal system. This
influx caused a distinct shift towards lower fO2 and Pb + Zn + Sb + Ag (+ S) in the hydrothermal system at the
transition from the Pb-Zn to the Cu-Ni mineralization stage. This transition in mineralogy and the related gradual
change of the hydrothermal fluid can be explained by changes in the relative proportion of involved fluid
components. However, the transition to the Cu-Ni mineralization stage by fluid influx is significantly different
compared to the common rapid fluid mixing from below (which is thought to be responsible for the typical Pb-Zn
veins) and probably records the gradual transition from long-term stable deep fluid reservoirs with constant
chemical compositions towards more shallow and perturbed fluid reservoirs during rifting and exhumation.

1. Introduction

Hydrothermal fluorite-barite-Pb-Zn veins are widespread in Europe
(Bauer et al., 2019; Muchez et al., 2005; Boiron et al., 2010; Lüders and
Möller, 1992; Walter et al., 2016; Sośnicka and Lüders, 2019) and are
an important resource for fluorite, barite and to lesser degree Pb, Zn, Cu
and Ag. Besides the economic interest, such veins represent archives
that conserve valuable information on ancient upper crustal fluid sys-
tems associated with rift zones (Carignan et al., 1997; Muchez et al.,
2005; Piqué et al., 2008; Walter et al., 2018a). They may be basement-
hosted or sediment-hosted and occur in relative proximity to un-
conformities below sedimentary basins. The fundamental ore-forming
process is mixing of two (or more) chemically contrasting fluids (e.g.

Duane and de Wit, 1988; Wilkinson, 2001; Fusswinkel et al., 2013).
These fluids usually include a hot, deep-seated brine and a shallower,
colder fluid of sedimentary origin. Highly saline basement brines have
typically low concentrations of reduced sulfur (also often low total
sulfur; Frape et al., 1984; Stober and Bucher, 2004; Fusswinkel et al.,
2013, 2014), and have consequently a high capacity to transport base
metals (e.g. Yardley, 2005; Walter et al., 2019; Burisch et al., 2016a).
Leaching of large rock volumes at the source of the basement fluids
enriches them in base metals (Burisch et al., 2016a; Burisch et al.,
2016b) and fluorine (e.g. de Graaf et al., 2019). Fluids of sedimentary
origin are very variable in their fluid composition (Stober and Bucher,
1999, 2004; Burisch et al., 2018; Walter et al., 2017a, b) and more than
one sedimentary fluid may be involved in the mixing process (Walter
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et al., 2017b; Burisch et al., 2017). Precipitation related to fluid mixing
may be initiated by a change in T, pH, log fO2 and/or the inflow of
aqueous species by one of the involved fluids (e.g. H2SO4

2−, HS-). Al-
though all parameters change concomitantly upon mixing, the key
parameter for the precipitation of base metal sulfides and barite is the
inflow of sulfur species by the sedimentary fluid(s) (Burisch et al.,
2017).

Numerous districts with hydrothermal vein type mineralization
worldwide contain a Pb-Zn dominated mineralization stage (e.g. Zhou
et al., 2017; Cugerone et al., 2018 and references therein). Previous
studies showed that Pb-Zn-fluorite-barite veins form due to mixing of
two chemically contrasting fluids, namely a deep-seated basement brine
and a sediment-derived fluid (Fußwinkel et al. 2013, Walter et al.,
2017a, b, 2018a, and Burisch et al., 2016b). For precipitation, either
the second fluid endmember has to contain reduced sulfur or a third
fluid containing the reducing agent participates in the fluid mixing
process (e.g. Markl et al., 2016; Burisch et al., 2017; Walter et al., 2019
and references therein). The precipitation mechanism of a para-
genetically late Cu-rich mineralization stage, however, is not ade-
quately understood.

The exceptionally well-studied Schwarzwald mining district offers
the opportunity to investigate the transition from the Pb-Zn to the Cu-
Ni-rich mineralization stage (Staude et al., 2009; Walter et al., 2019 and
references therein). Hydrothermal veins of the Schwarzwald are poly-
stadial and distinct temporal changes of the mineralogy of the vein can
be recognized (Walter et al., 2016; Burisch et al., 2018; Staude et al.,
2012a, b), which are most probably related to the geodynamic evolu-
tion of the province. Besides these systematic temporal changes be-
tween the observed mineralization stages (Walter et al., 2016; Burisch
et al., 2018), distinct mineralogical changes within each stage may be
related to compositional differences in the sedimentary cover sequence
(Walter et al., 2016) or to different proportions of fluids involved in
mixing (Walter et al., 2017a).

Conspicuous chalcopyrite-siderite mineralization occurs at nu-
merous localities (e.g. Gabler vein, Riggenbach, Felsenkeller,
Böschlisgrund, Immisberg) within the southwestern part of the
Schwarzwald district. Chalcopyrite and siderite occur as late stage vein
infill in Pb-Zn-fluorite-barite veins. This sub-economic, but nonetheless
interesting Cu mineralization has not yet been investigated in detail.

Detailed microscopy and electron microprobe analyses in combi-
nation with confocal Microraman measurements of fluid inclusions
have been carried out to understand the process responsible for the
district-scale occurrence of late-stage Cu-Ni mineralization in Pb-Zn
veins. This in turn can be used to include this as of yet poorly under-
stood mineralization stage into existing hydrochemical models.
Furthermore, this provides new insight into the behavior of Cu, Ni, Pb
and Zn in low-temperature hydrothermal environments in general.

1.1. Geological setting

The Schwarzwald is composed of Variscan paragneisses, migmatites
and granites covered by Permian to Upper Jurassic terrestrial and
marine sediments (Fig. 1). Within the paragneiss and migmatite units,
small bodies of orthogneisses, granulites and amphibolites may occur.
Syn- and post-tectonic S-type granites intruded the Variscan meta-
morphic units between 335 and 315 Ma (Altherr et al., 2000; Hann
et al., 2003; Kalt et al., 2000; Todt, 1976). During the Permian, the
Variscan rocks were eroded, resulting in local, small-scale sediment
basins filled by proximal clastic sediments, i.e. red bed arkoses and
conglomerates (Geyer and Gwinner, 2011; Jenkner, 1986; Nitsch and
Zedler, 2009). Subsequently, Lower Triassic sandstones were deposited
on top of the Permian or directly on the Variscan basement units (as in
the case for the study area). A marine transgression resulted in the
deposition of limestones (Muschelkalk) and evaporites (Walter et al.,
2017a). In the Upper Triassic (Keuper), evaporitic units and clastic
sediments reached a maximum thickness of about 300 m (Geyer and

Gwinner, 2011), which were followed by thick (up to 1000 m) Jurassic
limestones. After the Jurassic subsidence, uplift prevailed and inhibited
the deposition of Cretaceous sediments in the Schwarzwald area (Geyer
and Gwinner, 2011). Since the initial opening of the Upper Rhinegraben
rift in the Paleogene, up to 4000 m of clastic sediments and evaporites
were deposited on top of the Mesozoic sediments (Geyer and Gwinner,
2011; Rupf and Nitsch, 2008). Simultaneous with the subsidence and
rifting in the center of the graben, the rift shoulders were uplifted by up
to three kilometers (Geyer and Gwinner, 2011). Due to an asymmetric
exhumation of the area, the basement-cover unconformity is still pre-
served in the middle and northern Schwarzwald, while the southern
Schwarzwald is exhumed to a total depth of about 3.5–4 km below the
Upper Jurassic surface (Rupf and Nitsch, 2008; Walter et al., 2017a).
During the rifting alkaline magmatism was common (Lustrino and
Wilson, 2007; Braunger et al., 2018; Walter et al., 2018c; Giebel et al.,
2019)

1.2. Hydrothermal veins in SW Germany

About 1000 hydrothermal veins are known in the Schwarzwald
mining district (Metz et al., 1957; Behr et al., 1987; Keim et al., 2018;
Epp et al., 2018). Five distinct stages related to maxima of hydro-
thermal activity in the Schwarzwald mining district can be recognized:
(i) Carboniferous (ii) Permian, (iii) Triassic-Early Jurassic, (iv) Middle
Jurassic-Cretaceous and (v) post-Cretaceous. The Carboniferous veins
(i) are mostly barren quartz-tourmaline veins with very minor amounts
of scheelite, wolframite and cassiterite (Marks et al., 2013; Walter et al.,
2016). These veins are related to Variscan magmatic activity (Marks
et al., 2013) and their fluid chemistry and temperatures (< 550 °C)
indicate a cooling of a magmatic fluid as major precipitation process
(Marks et al., 2013; Walter et al., 2016). The Permian group (ii) com-
prises mainly very weakly mineralized Sb ± Ag ± Au-bearing quartz
veins. Precipitation happened by cooling of a low salinity, high tem-
perature late-Variscan metamorphic basement fluid (Staude et al., 2009
and references therein; Wagner and Cook, 2000). Veins from the
Triassic-Jurassic boundary (iii) are barren quartz-chalcedony-hematite
veins (Brander, 2000). Cooling of metamorphic low to high salinity
fluids is probably the major precipitation process (Walter et al., 2016).
The Jurassic-Cretaceous group (iv) contain variable modal amounts of
fluorite, barite, quartz and carbonates with Ag-Bi-Co-Ni-U, Fe-Mn or Pb-
Zn-Cu ores (e.g., Staude et al., 2009; Walter et al., 2019). Their for-
mation is triggered by fluid mixing of a deep seated highly saline brine
(20–28 wt% salinity), which mixed with also highly saline colder for-
mation waters in extensional basin-related fault systems under presence
of a redox agent (Staude et al., 2009; Fusswinkel et al., 2013, Walter
et al., 2019). Since late-stage Cu mineralization is invariably associated
with post-Cretaceous veins (v), we only focus on a detailed description
of this mineralization stage (see Walter et al. (2016) for more details on
mineralization stages i to iv).

During the Tertiary breakup of the Upper Rhinegraben rift and the
associated strike-slip tectonics, numerous Upper Rhinegraben-parallel
NE-SW to NNE-SSW-striking fault systems were reactivated or newly
established. The hydrothermal veins of group (v) are related to these
fault zones (Pfaff et al., 2009 and references therein; Staude et al.
2012b; and references therein) and were cyclically reactivated during
active rifting. Commonly, the veins are characterized by large amounts
of barite and quartz (Metz et al., 1957; Staude et al., 2009; Walter et al.,
2018a, b). Only a minority of the veins contains also fluorite and var-
ious carbonates with Pb-Zn mineralization and, rarely in the sense of
numbers of veins, As, U, Cu, Co, Bi and Ni mineralization (Staude et al.,
2009; Walter et al., 2017a). The fluid chemistry of the rift related veins
is highly variable (salinity 1–30 wt% NaCl + CaCl2) and heterogeneous
due to multi-component, multi-aquifer fluid mixing processes caused by
a juxtaposition of different aquifers during Neogene rift tectonics (e.g.
Walter et al., 2015, 2018a). In many veins, mineralogy changes with
time (Metz et al., 1957), but the physico-chemical reasons for these
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changes have never been investigated (Table 1).
Typically, the sequence starts with a silification of the host rock

followed by a quartz-barite stage with galena and sphalerite ± fahlore.
This stage may repeatedly crystallize several times. Subsequently, at
many localities distinctively different mineral assemblages include na-
tive As ± NiAs mineralization, U-Bi-Co-Ni-Ag or Cu + Ni mineraliza-
tion. In many cases, this stage is followed by a remobilization stage. The
last mineralization stages (post-mineralization stages) are again more
or less homogeneous and are characterized by barren sulfate-carbonate
assemblages that document the transition from a deep to a shallow
geothermal system which is still active today (Burisch et al., 2018).
These barren sulfate-carbonate assemblages also post-date the chalco-
pyrite + gersdorffite + siderite mineralization stage of this contribu-
tion on several of the studied veins (Metz et al., 1957; Burisch et al.,
2018; Walter et al., 2018a). In the following chapter, petrographic
observations are presented in detail. Absolute ages of the veins (on
siderite of the Cu-Ni mineralization stage) scatter between 4 and 20 Ma
(with a few ages going back to 68 Ma) and hence indicate precipitation
in Cenozoic times (Walter et al., 2018c).

2. Sample material and petrography

For this study, 54 samples from 28 hydrothermal veins were studied
petrographically to obtain a paragenetic sequence (for details on the
individual veins and the samples please see Table 2). It is important to
note that the complete paragenetic sequence is only present in the
larger veins like Riggenbach, Böschlisgrund, Süßenbrunn, Gabler vein
and Knappengrund, while smaller veins exhibit an incomplete para-
genetic sequence. Furthermore, in the veins Böschlisgrund and Rig-
genbach, the age-dated siderite texturally post-dates the typical Meso-
zoic Pb-Zn mineralization, but pre-dates the late-stage carbonate-sulfate
assemblages investigated and age-dated by Burisch et al (2018).

All veins show an early silification of the host rock (mainly para-
gneisses, Fig. 2A, B), often associated with brecciation. Rock fragments
are cemented by a second generation of quartz (chalcedony and he-
matite flakes) followed by crustiform chalcedony with anhedral pyrite
(< 100 μm), arsenopyrite (Fig. 2B) and rare barite (Brt I).

Mineralization stage I starts with euhedral grains of pyrite II, ar-
senopyrite II, sphalerite I and galena I (all < 200 μm; Figs. 3–6B, C).
Mineralization stage II begins with the precipitation of arsenopyrite II
which only occurs associated with pyrite II (Fig. 6D, E, F) as small nests

Fig. 1. Geological map of the Upper Rhinegraben modified after Walter et al. (2019); and references therein).
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(< 5 mm). Sphalerite I and galena I can be observed as anhedral to
euhedral nests (< 1 cm) in quartz II with crystal sizes up to several cm.
Rarely, chalcopyrite I (< 500 μm) overgrows galena I, sphalerite I and
oscillatory zoned fahlore I (with sizes below 1 mm; Figs. 4C, 6 A). At
Gabler Vein, Süßenbrunn, Rammelsbacher Eck and Schlossberg W and
E, minor amounts of euhedral fluorite I occur (< 800 μm), but are often
replaced by quartz II.

Mineralization stage III is dominated by sphalerite II, galena II and
minor amounts of chalcopyrite II and fahlore II. Chalcopyrite III is very
rare and only occurs at Wogenbrunn. The sequence is overgrown by
massive and tabular barite II and very minor amounts of siderite III
(only present at Felsenkeller). At Mooswaldsattel and Wogenbrunn, tiny
hematite II flakes can be observed on the rims of euhedral siderite II and
III crystals. Hence, this stage can also be summarized as a Pb-Zn mi-
neralization stage.

An intense silification and replacement (Figs. 3A-H, 5 A, B) of the
previous precipitates initiates mineralization stage IV (quartz II). Minor
amounts of sphalerite III, galena III and fahlore III crystals can be ob-
served at Finkerstal, Amalie near Grunern, Gabler Vein, Schlossberg E
and W, Süßenbrunn and Riggenbach (Fig. 4A, B, D, E, F, H). However,
at most locations, a massive chalcopyrite generation (< 30 cm thick-
ness; Figs. 2C, D; 3 D, 4 A, B, D, F) directly overgrows euhedral pyrite III
and gersdorffite crystals on top of quartz II (Fig. 6G, H). If present,
sphalerite III, galena III and fahlore III crystals are also overgrown by
pyrite III, gersdorffite and chalcopyrite (Fig. 6G, H). At Süßenbrunn, a
second brecciation produces clasts of the older material (Figs. 2C, 3 G).
Only at Süßenbrunn and Finkerstal, rare euhedral barite III and galena
IV crystals were observed. Large quantities of pure siderite IV occur at
the end of mineralization stage III and cements clasts of host rock and
previous mineralization stages (Fig. 3E).

In mineralization stages V and VI, galena and sphalerite form tiny
crystals in vugs (< 1 mm), but the modal amount of this Pb-Zn mi-
neralization stages are negligible compared to stages I and II
(Fig. 5E–H). At Süßenbrunn, a third brecciation event occurred be-
tween mineralization stage IV and V. The post-mineralization stage is
only present in vugs of the older precipitates and is dominated by
various generations of carbonates and sulfates, a fluorite generation and
collomorph FeOOH aggregates. All these textural observations are
summarized in the paragenetic sequence diagram of Fig. 7.

3. Methods

3.1. Electron microprobe

Electron microprobe analyses were performed on polished thin
sections. After an optical texture analysis, the samples were carefully
selected for their representative character. A JEOL SUPERPROBE JXA-
8900RL at the Institute for Geosciences at the Eberhard Karls University
Tübingen was used for wavelength dispersive analyses. Acceleration
voltage was 25 kV and the beam current was set to 20 nA for sulfides
and carbonates. The sulfides were analyzed with a focused beam. For
major elements, the counting time was set to 16 s and 8 s on the peak
and background, respectively, for minor elements to 30 s and 15 s.
Natural and synthetic standards were used for calibration (ASTIMEX
SCIENTIFIC LIMITED, Toronto, Canada; Micro-Analysis Consultants
Limited, St. Ives, UK). The detection limits and standard deviations,
given in the electronic supplement, were estimated as average based on
all measurements. The Kβ line was used for Cu quantification on a LIF
crystal, thus making it unnecessary to change the analyzing crystal
during the measurements and hence to reduce measurement time. All
routines were carefully checked for peak overlaps. No peak overlap
corrections were necessary for the analyses performed. Details on the
individual routines are presented in the electronic supplement. Data
reduction was done for all routines using the internal ZAF matrix cor-
rection software of JEOL (Bence and Albee, 1968; Armstrong, 1991).Ta
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3.2. Confocal microraman spectroscopy

Raman micro spectroscopy measurements were done on single
aqueous two-phase fluid inclusions of representative fluid inclusion
assemblages in the selected veins with a confocal Raman spectrometer
Renishaw InVia Reflex at the Eberhard Karls University of Tübingen to
identify invisible volatile phases, solid phases, and dissolved polya-
tomic ions (e.g. carbonate, sulfate). Fluid inclusion textures, assem-
blages and analyses of the samples were previously published in Walter
et al. (2017b, 2018, 2019) and are therefore not repeated here. A laser

wavelength of 532 nm (green) was used with a laser output energy of
10–50 % for all analyses. The use of a 50x objective causes a numerical
aperture of 0.55 with an opening angle of 66.7°. The correction and
regulation of the slit diaphragm was done automatically. The focus
diameter was approximately 3–5 μm, the measurement time was 50 s
with six accumulations. For matrix Raman band identification, analyses
of the host mineral were done under identical crystal orientations and
conditions. For larger inclusions (> 50 μm), liquid and vapor analyses
were done separately to identify species in the liquid and vapor phase.
The Raman database for fluid inclusions of Frezzotti et al. (2012) was

Table 2
Summary on the studied locations in SW Germany.

map location coordinates Ore
stage I

Ore
stage II

Ore
stage
III

Ore
stage
IV

Ore
stage V

Age in Ma Th salinity LA-ICPMS
on single
FI

Microscopy
(n = samples)

Mineral
chemistry
(this study)

1 Kirchengrund 47.881461
7.792658

X X XXX 1 x

2 Aschbächlekamm 47.884789
7.798478

X XX 1

3 Erzgründlekamm 47.888142
7.796139

X XX 1

4 Finkerstal 47.899134
7.771334

X X X 9.8 ± 0.56 1

5 Felsenkeller 47°52'35.60
7°44'6.01

X XX 3 x

6 Dietzelbach E 47.862638
7.767815

X X XX X 1 x

7 Dietzelbach W 47.863674
7.767579

X X X 117-210 17.86-30.1 1 x

8 Riggenbach 47°51'52.6
7°46'54.03

X X XXX X X 8.7 ± 1.8 90-200 9.6-24.6 X 4 x

9 Hirzenbühl 47.870944
7.790496

X X 1

10 Mooswaldsattel 47.864769
7.788951

X X 1

11 Laisacker 47.858952
7.784402

X X 1

12 Breitmatt 47.859269
7.779960

X X 1

13 Süßenbrunn 47.839873
7.774253

X X XXX X X 102-153 26.8-30.7 3 x

14 Wogenbrunn 47.849178
7.772002

X X 1

15 Köpfle auf der
Viehwiese

47.849911
7.781466

X X 1

16 Wildsbach S 47.851023
7.765435

X X 2

17 Karl Ausgust vein II 47.863079
7.752314

X X X X X 3 x

18 Karl Ausgust vein III 47.863079
7.752314

X X 1 x

19 Amalie near Grunern 47.860654
7.717445

X X XX X 2 x

20 Böschlisgrund 47°49'42.03
7°44'14.31

X XXX 4 ± 5.7
68.4 ± 2.4

101-158 23.6-27.9 X 4 x

21 Kapuzinergrund/
Ludwig Heinrich near
Kropbach

47.854567
7.743093

X X 2 x

22 Schlossberg E 47.821571
7.774778

X XXX 2

23 Schlossberg W 47.821758
7.773689

X XX 148-153 2.3-23.1 2

24 Große Gabel 47.833960
7.778343

X XXX 3 x

25 Knappengrund 47.841729
7.824541

X X 138-230 10.7-18.2 2 x

26 Silbereck 47°53'39.97
7°57'21.05

X X 14 ± 11
20 ± 8.3
28 ± 16

147-338 1.6-4.1 3 x

27 Fuchsdobel 47°53'43.43
7°57'15.19

X X 21.9 ± 4.9
32.3 ± 2
34 ± 4.7

111-354 1.6-22.7 3

28 Katzensteig 47.888405
7.957728

X X 93-146 19.9-20.3 3

B.F. Walter, et al. Chemical Geology 532 (2020) 119358

5116



used for qualitative phase discrimination.

3.3. Cathodoluminescence microscopy

Cathodoluminescence microscopy (CL) of the gangue and associated
sulfide minerals was done to assist the optical petrography and to ob-
tain detailed textural information on the petrographic relationship and
relative timing of the investigated phases (e.g. Kolchugin et al., 2016;

Walter et al., 2018a, 2018b; Kreissl et al., 2018). For imaging, a ‘hot
cathode’ CL microscope (type HC1-LM) at the University of Tübingen
was used with an average acceleration voltage of ∼14 kV and a beam
current density of approximately 9 μA mm-2.

3.4. Thermodynamic calculations

Thermodynamic modeling was done using The Geochemist's

Fig. 2. A–D) Outcrop pictures from the Knappengrund I vein (photo by S. Staude), the Schlossberg West mine (photo by S. Staude) and the Riggenbach mine.
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Workbench 12® (Bethke, 2007) software package including the pre-
implemented thermos.tdat thermodynamic database. The application
Phase2 and P2plot were used to produce solubility diagrams (which
depict the mineral stability in contrast to the more common approach of

mineral predominance), due to the significantly different topology be-
tween the stability boundary and the predominance boundary. It was
the aim to discuss stability regions of minerals during fluid mixing. If
not noted otherwise, all calculations were done at a temperature of

Fig. 3. A) Sample from Riggenbach mine
containing silificated barite, galena and
sphalerite of mineralization stage I. B).
Sample from Böschlisgrund contains chal-
copyrite and quartz of mineralization stage
III, which is overgrown by siderite (partly
altered to FeOOH-phases). C) Sample from
Riggenbach shows the mineralization stage
I assemblage which is penetrated by mi-
neralization stage III veins. D) Sample from
Riggenbach contains massive pyrite-chal-
copyrite aggregates. E) At the Süßenbrunn
vein, a late stage euhedral quartz genera-
tion overgrows mineralization stage III
siderite. F) A mineralization stage IV vein
crosscuts the mineralization stage III as-
semblages in the Felsenkeller vein. G) At
Süßenbrunn, massive chalcopyrite crosscut
silificated barite and is overgrown by late
stage quartz. H) The Laitschenbach vein
shows a massive silification of barite. Note
pseudomorphic replacement of quartz by
galena.
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Fig. 4. A) Anhedral pyrite II is partly dissolved. Euhedral pyrite III is overgrown by fahlore III and chalcopyrite IV. B) Euhedral pyrite III is overgrown by zoned
fahlore III and quartz II. C) Chalcopyrite I and fahlore I is overgrown by marcasite and arsenopyrite. D) Pyrite III shows overgrows of chalcopyrite IV, fahlore III and
galena IV. E) Massive zoned pyrite aggregates show overgrows by large aggregates of unzoned chalcopyrite IV. F) Pyrite I and III is overgrown by chalcopyrite IV,
galena IV and fahlore III. G) Quartz I is overgrown by sphalerite I which is followed by fahlore I and galena II. Quartz II overgrows all previous assemblages. H)
Fahlore II occasionally show chalcopyrite disease.
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150 °C and a salinity of 20eq wt.% (NaCl + CaCl2) with a molar ratio of
1:1, which is in good agreement with fluid compositions reported in
Walter et al. (2018a; 2018b). The ore formation model, among others,
consists of a sulfide influx into a metal-bearing solution. Due to the vast
difference in solubility of the involved transition metals between a
sulfur free and a sulfur bearing solution, this variation has been con-
sidered in our calculations. For quantification of the sulfur-free system,
the charge balance was obtained by Na+ to maintain constant Cl ac-
tivities, since they would affect calculated base metal sulfide solubi-
lities. Elemental concentrations (presented for each model in the top
left corner of the diagram) were selected to best represent the fluids
according to literature data and fluid inclusion data from Walter et al
(2018a) and thermodynamic constraints stated in the discussion. Mi-
nerals considered in the thermodynamic calculations are: bornite,
chalcocite, chalcopyrite, cuprite, hematite, magnetite, native Cu, pyrite,

tenorite and wüstite. It should be noted that the thermodynamic models
are only a rough order of magnitude estimation, as the ionic strengths
exceed the boundaries of the Expanded Debye Hückel coefficients im-
plemented in GWB.

4. Results

4.1. Mineral chemistry

In the following sections, mineral compositions are presented in
alphabetical order. The individual analyses are presented in the elec-
tronic supplement (ES).

4.1.1. Arsenopyrite
Arsenopyrite of mineralization stage I was analyzed on 21 spots in 3

Fig. 5. A and B) Optical microscopy and CL image is illustrating barite plates replaced by quartz and a perimorphic overgrowth of sphalerite in mineralization stage I.
C and D) Optical microscopy and CL image illustrating complex zoning in some of late siderite assemblages. E and F) Optical microscopy and CL image showing
overgrowth of the siderite by late-stage carbonates.
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Fig. 6. BSE images (COMPO mode) for A) Sphalerite I, fahlore I and quartz I. B) Galena I which is overgrown by sphalerite I. C) Complex zoned galena I which is
overgrown by quartz I. D) Pyrite I is partly resorbed and overgrown by pyrite III. Massive chalcopyrite IV overgrows pyrite III. E) Often pyrite I is altered to FeOOH
phases along cracks. F) Rare euhedral pyrite II in quartz typically contain zoning. G) Gersdorffite typically shows an oscillatory zoning. H) Galena I is overgrown by
aggregates of chalcopyrite II.
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samples (BO66b, BO76, BO59A). On average a formula of
(Fe1.01As0.92Sb0.02)S1.05 can be calculated (Fig. 8). Moreover, trace
element concentrations of Bi (up to 900 mg/kg), Hg (up to 880 mg/kg),
Zn (up to 1100 mg/kg), Cu (up to 2350 mg/kg), Ni (up to 500 mg/kg)
und Au (up to 560 mg/kg) were recognized. Ag is always below de-
tection limit. All analyses show significant Sb and Se incorporation up
to 5 wt% and 2060 mg/kg, respectively.

4.1.2. Fahlore
The mineral chemistry of fahlore was investigated with 100 ana-

lyses in 14 samples from 11 veins (Fig. 9). The analyzed compositions
resulted in an average formula of (Cu5.06Ag0.85)Cu4(Fe0.70Zn1.33)
[(Sb2.47As1.58)S13]. Almost all analyses bear Se-contents up to 1200 mg/
kg. Exceptional analyses contain Co up to 190 mg/kg and Au below
820 mg/kg. Furthermore, some analyses show Hg-concentrations up to
1300 mg/kg whereas Bi is variable between b.d.l. (below detection
limit) and 1780 mg/kg. Ag and Sb are enriched in mineralization stage I
fahlores. In contrast, mineralization stage III fahlores show a higher As-,
Au- and Se-concentration. All analyses form a solid solution series be-
tween the tennantite and tetraedrite endmember compositions, but
mineralization stage III fahlores form a significant wider compositional
range and mineralization stage I fahlores (Fig. 9A, B). Cu is enriched in

fahlores of mineralization stage III (Fig. 9B).

4.1.3. Galena
Galena was studied in 14 samples from 12 veins with 172 analyses

(Fig. 10). The average formula is Pb0.99S0.99. With a few exceptions, Fe
was above detection limit with concentrations up to 840 mg/kg.
Commonly, Ag and Sb are also above detection limit with concentra-
tions up to 1.5 wt.% and 1.7 wt%, respectively. Rarely, Hg
(< 1740 mg/kg) and Tl (< 4890 mg/kg) were detected. Only in one
sample each, As (BO66) and Bi (BO43) were significantly above de-
tection limit (< 1230 mg/kg;< 1.04 wt%). The most significant dif-
ference between mineralization stage I (core) and mineralization stage I
(rim)/core stage III galena is an enrichment of Ag and Sb and a de-
pletion in Hg in mineralization stage I (core areas).

4.1.4. Gersdorffite
Gersdorffite (only present in mineralization stage III) was analyzed

in 4 samples comprising 43 analyses (Fig. 8A). All analyses plot in the
gersdorffite field of Fig. 8A with a chemical evolution towards higher
Co and Fe concentrations. The average formula is
(Ni0.80Co0.13Fe0.08)As0.96S1.02. In all analyses, Se was above detection
limit with up 2420 mg/kg. With the exception of two measurements, Sb

Fig. 7. The paragenetic sequence summarizes all textural observations.

Fig. 8. A) Figure is illustrating the chemical evolution of the gersdorffites which are exclusively present in mineralization stage III. B) Figure is illustrating the
mineral chemical evolution of pyrite between stage II and IV.

B.F. Walter, et al. Chemical Geology 532 (2020) 119358

11122



was detected with concentrations up 8500 mg/kg. Furthermore, in
about half of the data, a significant amount of Bi (< 1.76 wt%) was
recognized. However, only in a few analyses Au (< 600 mg/kg), Ag
(< 1260 mg/kg), Hg (< 850 mg/kg), Zn (< 700 mg/kg) und Cu
(< 8850 mg/kg) were detected.

4.1.5. Pyrite
Pyrite was analyzed in 15 samples from 9 veins comprising crystals

of mineralization stages I and III (Fig. 8B). The average formula is
(Fe0.98As0.01Cu0.01)S2 for both mineralization stages, the pyrite com-
positions show only minor variability. The major difference is the Ni-
content with< 1 wt.% in mineralization stage I pyrites and between 1
and 2.05 wt% in mineralization stage III (Fig. 8B). One third of the
analyses in both mineralization stages contain Cu and Sb-concentra-
tions up to 1.33 wt.% and 1.21 wt.%, respectively. In about two thirds
of the measurements, variable As-contents up to 4.11 wt.% were de-
tected. However, only in a few analyses Bi (< 1300 mg/kg), Ag
(< 8300 mg/kg), Se (< 510 mg/kg), Hg (< 970 mg/kg) and Zn
(< 1500 mg/kg) were above detection limit. Au was invariably below
detection limit.

4.1.6. Sphalerite
Sphalerite of mineralization stages I and III was analyzed 145 times

in 12 samples from 10 veins (Fig. 11). The average formula is
(Zn0.93Fe0.06)S1.00. Rarely Mn (< 230 mg/kg), Cl (< 690 mg/kg), As
(< 4210 mg/kg), Ag (< 3210 mg/kg), Sb (< 1.02 wt.-%) and Cu
(< 2.02 wt.-%) were above the detection limit. More common, Cd was

detected with concentrations up to 1.7 wt.%. Mineralization stage I
sphalerite shows a higher Fe-content whereas Ag and Sb are enriched in
mineralization stage III sphalerites (Fig. 11A, B). The zoning of the
sphalerite in BSE images is mainly related to variable Fe-concentra-
tions. Fig. 11B shows a relative enrichment of Cu in mineralization
stage III sphalerites.

4.1.7. Chalcopyrite
Chalcopyrite was analyzed 54 times in 11 samples. However, no

Fig. 9. A) Image is showing a trend towards Zn and Fe enrichment in mineralization stage IV. D) Fahlores in mineralization stage IV show a clear enrichment in Cu
compared to those of mineralization stage II.

Fig. 10. Figure shows a clear depletion in mineralization stage IV in Sb and Ag.

Fig. 11. A) No significant variation between Sb, Ag and Cd is visible whereas in
B) a clear enrichment of Cu in mineralization stage IV sphalerite can be seen in
sphalerite of stage II are depleted in Cu but enriched in As and Ag.
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Fig. 12. A) Raman spectra of a Riggenbach sample shows SO4
2−, CO2 and H2S bands in the fluid inclusions. B) In fluid inclusions of the Knappengrund I mine, CH4

was detected whereas at Böschlisgrund C) SO4
2− without CO2 and H2S bands was detected.
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variation on the mineral chemistry was observed. Only in three ana-
lyses As and Zn was above detection limit.

4.2. Confocal microraman spectroscopy

Primary and secondary fluid inclusions from quartz crystals of the
(Pb + Zn) mineralization stages (from Riggenbach, Böschlisgrund,
Süßenbrunn, Karl August mine, Knappengrund and Gabler vein) con-
tain only H2O and rarely CH4. According to Raman results, FI of all FIAs
in siderite host no volatiles other than H2O. However, primary and
secondary quartz hosted fluid inclusions of the Cu-Ni stage commonly
contain SO4

2− at 980 cm-1 and H2S at 2611 cm-1 (Fig. 12A–C), in ad-
dition to characteristic Raman bands of quartz (e.g. Frezzotti et al.,
2012). In some rare cases, bands at 1387 cm-1 and 1284 cm-1 record
CO2 in the vapor phase (Fig. 12A; Frezzotti et al., 2012).

5. Discussion

5.1. Interpretation of mineral chemistry and mineralogy

Post-Cretaceous base metal mineralization comprises three stages
with base metal sulfides (II, III and IV). Although all stages contain the
same sulfide minerals, they show distinct differences in their modal
abundance within each stage. Since the overall systematic of each stage
is recurring, it is most likely that each stage reflects one distinct fluid
mixing event (Burisch et al., 2016a, 2018). A successive decrease of the
amount of galena and sphalerite from stage II to IV indicates a gradual
temporal evolution (e.g. systematic variations in fluid mixing ratios),
but on the other hand, the sudden occurrence of large quantities of
chalcopyrite at the beginning of stage IV marks an abrupt change in this
evolutionary trend. The high amount of chalcopyrite indicates an in-
crease in Cu + activity, which is further supported by an increase of Cu
content in fahlore, sphalerite and pyrite from stage II to IV. Small
amounts of gersdorffite may indicate an increase in the Ni activity, but
also changes in fO2 could cause gersdorffite precipitation (Markl et al.,
2016). Higher Ni contents in pyrite related to stage IV compared to
pyrite of stage II, however, are an argument for an increase in the ab-
solute Ni concentration of the fluid in stage IV. Gersdorffite composi-
tion shows a systematic trend from Ni-rich cores towards Co-richer
rims. This trend from Ni to Co is known from many Ni-Co-Fe-arsenide
occurrences (Markl et al., 2016; Burisch et al., 2017; Kreissl et al.,
2018), although the underlying reason remains unconstrained.

Silver and Sb become successively depleted in fahlore and galena
from stage II to IV. Previous studies from the Schwarzwald area show,
that these elements are enriched in the basement fluid, while they are
depleted (or even absent) in the sedimentary fluids of that region (Pfaff
et al., 2009, Staude et al., 2012a). Consequently, their absence in stage
IV minerals may indicate a lower proportion of basement fluid involved
in the mixing process.

5.2. Formation conditions of the chalcopyrite-siderite stage

Fluid inclusions help to constrain fluid compositions and thereby
the aquifers involved in mixing. Walter et al. (2018) reported variably
high salinities (10–25 wt.% NaCl + CaCl2) and variable homogeniza-
tion temperatures between 50 and 230 °C of the fluids, which is within
the range of all overserved post-Cretaceous veins of the district (Walter
et al., 2016). Low Cl/Br ratios and high concentrations of Pb and Zn in
primary fluid inclusions related to the Cu-stage indicates the involve-
ment of basement brines (data taken from Walter et al., 2018a). How-
ever, Burisch et al (2018) could demonstrate that such basement brines
were no longer involved in late stage carbonate-sulfate assemblages,
which follow the Cu-stage (Fig. 13A, B, C). The general absence of
sulfur in these fluid inclusions (only 5% of all analyses show S above the
detection limit, which is interpreted as an artefact by contamination,
Fig. 13B) in combination with the absence of barite and a low Cl/Br

mass ratio is interpreted to show the lack of involvement of a sulfate-
rich fluid reservoir (such as the evaporitic Middle Triassic Mu-
schelkalk). This observation probably indicates that the Muschelkalk
strata were already eroded at the time of mineralization. The massive
occurrence of chalcopyrite in stage IV and high Cu in associated fluid
inclusions (Walter et al., 2018b) indicates a drastic change in the metal
budget of the ore fluid composition. However, the successive increasing
Cu and Ni enrichment in stage IV indicates no sudden change, but ra-
ther a continuous transition of the involved fluid systems.

5.3. Genesis of chalcopyrite-siderite stage at low sulfur activities

Besides mineralogical and mineral chemical arguments, the pre-
sence of up to 1000 mg/kg Cu (∅ 140 mg/kg) in fluid inclusions re-
lated to Cu-rich stage IV (Walter et al., 2018a) indicates a significant
change in fluid composition. The analyzed fluid inclusions capture
fluids after the mixing process and therefore reflect mixtures of at least
two fluid components. Copper and Ni concentration in fluids related to
stage III are significantly higher than those in the Pb-Zn-Ag-rich base-
ment fluid, which has been captured in fluid inclusions related to stage
II and III (Walter et al., 2018a, 2019). This indicates that substantial Cu
and Ni are mainly introduced by the sedimentary fluid. Still, the ore
fluid of stage IV contains a significant basement component, and thus,
Pb, Zn and Ba are also present in significant quantities. If this sedi-
mentary fluid would have also contained significant amounts of sulfur –
such as the sedimentary fluid involved in stage I-III – galena, sphalerite
and barite should precipitate along with the chalcopyrite. This is,
however, not the case. For the given metal concentrations, chalcopyrite
has a significantly lower solubility at low sulfur concentrations com-
pared to galena and sphalerite (see Fig. 14/Blanc et al., 2012). Conse-
quently, mixing of a basement fluid with a fluid with anomalously low
sulfur (and high Cu) concentrations could initiate chalcopyrite pre-
cipitation, while other base metals remain in solution. Sulfur con-
centrations below detection limit in stage IV fluid inclusions and the
absence of barite during chalcopyrite precipitation further support that
assumption.

Besides S and Cu, Fe is another important factor that must be con-
sidered, since thermodynamic computations reveal, that the observed
paragenetic sequence (pyrite - pyrite + chalcopyrite – chalcopyrite)
requires a systematic increase of the Cu/Fe ratio of the fluid. Fluid in-
clusions reported by Walter et al. (2018a) show very high Cu and Fe
concentrations (1–1000 and 100–5000 mg/kg, respectively). Such high
amounts of Fe and Cu in the fluid require slightly acidic and relatively
reduced conditions, as the solubility of hematite and native copper
would limit metal mobilities under reducing conditions. Furthermore,
magnetite would prohibit high Fe concentrations in the fluid at more
neutral and basic pH (Fig. 14A); the pH of natural aquifers of SW
Germany are in the range of 5–8 (Fig. 14A; Sanjuan et al., 2016; Stober
and Bucher, 2004; Pauwels et al., 1993; Göb et al., 2013) and therefore,
moderate pH conditions seem reasonable. The presence of CH4 in some
fluid inclusions (Fig. 14A) supports the reducing character of the ore
fluid. This in combination with the neutral pH being at ca. 6.8 at 150 °C
and the pH-fO2 constraints by Cu and Fe in solution allows us to assume
a realistic initial pH of ca. 5 and an initial logfO2 of ca. -50, before
sulfide influx.

A fluid with abundant Cu and Fe (as indicated by fluid inclusion
analyses) in a reduced environment with sufficient sulfide does not
form the typically observed pyrite to chalcopyrite sequence, but a
bornite- and chalcocite-dominated mineralogy (Fig. 14B). This se-
quence is largely independent of the initial pH of the fluid as a decrease
in initial pH from 5 to 3 only increases the required amount of sulfur
but does not affect the overall paragenetic sequence. To reproduce the
observed mineralogy in a geochemical model, a successive titration of a
Cu-rich into an Fe-dominated fluid (Fe/Cu > ca. 1000) is necessary
(see Fig. 14B). Based on this consideration, Fe and Cu have to be in-
troduced by different fluids. This assumption includes that linear
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correlations between the elemental compositions of Pb, Zn, Fe, Ni, As
and Cu, which are recognized in the fluid inclusions, do not record
mixing lines, but rather reflect precipitation vectors that follow the
main mixing event (Fig. 13D, E).

The absence of sulfur (Fig. 13B, F) in combination with the occur-
rence of the observed minerals as massive shoots indicates, however, a
continuous precipitation and therefore excludes simple cooling as a key
parameter in the S-poor fluid mixture. Furthermore, to explain the
observed textures, an influx of sulfur is needed to precipitate the sul-
fides as the mixed fluid is depleted in sulfur. However, the kinetically
hindered redox reactions among the sulfur species (sulfate-sulfide) at
temperatures below 200 °C (Ohmoto and Lasaga, 1982) suggest that the
formation of the massive pyrite-chalcopyrite aggregates requires an
influx of sulfide. There are several possible sources of aqueous sulfide
such as: oil field brines from the graben (for CH4), formation fluids from
Jurassic shales or reduced fluids in the crystalline gneisses that dis-
solved (for H2S) primary sulfides (Stober and Bucher, 1999; Degueldre
et al., 2003; Göb et al., 2013; Walter et al., 2018a). The source of the
observed redox agents CH4 and H2S is not clear (see discussion in
Walter et al., 2018a).

Siderite precipitation as typically observed after brecciation event 2
and after chalcopyrite mineralization is probably related to an

incomplete consumption of Fe during chalcopyrite precipitation. The
remaining Fe-content of the fluid probably reacts with the H2CO3

content of the sediment-derived fluid which lead to siderite miner-
alization under reduced conditions. Late-stage barites probably reflect
the influence of SO4-rich sediment-derived fluids which mix under
oxidized conditions with a Ba-carrier fluid, i. e. with the continental
basement brine.

5.4. Fluid sources

Recent work by Fusswinkel et al. (2013); Bons et al. (2014) and
Walter et al. (2016, 2017a, b, 2018a, 2019) suggested that the modified
bittern brine supplies Pb, Zn and Ba, but can also transport significant
Fe. As these elements are abundantly present in the fluid inclusions and
as the Cl/Br fluid inclusion mass ratios of ca. 80 correlate with litera-
ture values for a continental basement brine (Yardley, 2005; Walter
et al., 2016, 2017a; Fig. 13A), the Fe-bearing fluid needed for the
chalcopyrite mineralization stage is still the modified bittern brine.

The low sulfur content is a strong argument against the Lower
Triassic Buntsandstein reservoir (Göb et al., 2013) which is deposited
below the Muschelkalk and which was probably not completely eroded
at the time of mineralization. As modern Buntsandstein-derived fluids

Fig. 13. Fluid inclusion data taken from Walter et al. (2018a). A) Cl/Br versus Cu and Ni + Zn content of the fluid showing a scatter in the same interval. B) Content
of S and Cu. Note the majority of the analyses are below detection limit for S. The analyses above detection limit are interpreted as contaminated because of a slight
shift between the Na, Cl and S signals. C) Pb + Zn and Ba content versus Cu indicate a common source of Ba and Pb + Zn. D) Ni and As versus Cu plot illustrates
metal depletion during precipitation. E) Same argumentation fits for Fe. F) Less than 5% of the analyses show S-contents above detection limit.
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are typically enriched in Cu and Ni (Göb et al., 2013), mineralization
stage IV therefore suggest that Buntsandstein fluid participated in a
significant proportion. The correlation of Cu + Ni (which is typically
not enriched in basement brines but in redbed-derived fluids; e.g. Göb
et al., 2013) with the metals typically being carried by the basement
brine (Pb, Zn, Sb, As) is best explained by trapping of the already mixed
fluids in a “post-mixing” quartz (Fig. 13).

5.5. Mineralogy as a function of uplift and formation depth in continental
rift systems

A key for interpretation of the observed mineralogical, mineral
chemical and fluid inclusion results is the concept of a fluid stratified
upper crust, where fluids of different reservoirs are stored even if the
source lithology is eroded (Stober and Bucher, 2004; Bons et al., 2014;
Walter et al., 2016, 2017; Burisch et al., 2018). The work of Bons et al.
(2014) and Walter et al (2016) discussed the evolution of the fluid
stratification whereas modern deep-drillings prove their existence
(Pauwels et al., 1993; Stober and Bucher, 2004). Based on these ob-
servations, the continental basement brine is overlain by redbed-de-
rived fluids (Buntsandstein and Permian redbeds, if present). These
fluid strata are equivalent to lithological strata (in the southern

Schwarzwald, Rotliegend and Zechstein is missing), however fluids may
be decoupled from their original aquifers without changing their che-
mical properties for relatively long geological time spans (Bons et al.,
2014; Walter et al., 2016; Burisch et al., 2018).

In the context of shoulder-uplift and erosion of the sedimentary
cover, it seems plausible that the transition of the fluid regimes (Pb-Zn
stage towards Cu-Ni stage) is related to a continuous downwards mi-
gration of the root zones (Burisch et al., 2016b) of the veins within the
fluid stratification. This interpretation fits nicely to the observation of a
continuous transition (indicated by Cu-enrichment of the minerals, see
above) and to the discussed fluid data, which also indicates a down-
wards shift from the shallower Muschelkalk reservoir towards the
deeper Buntsandstein reservoir (see also Bons et al., 2014; Walter et al.,
2016). Moreover, the typically occurring brecciations indicate hy-
draulic fracturing which fit well to the interpretation of a fluid aquifer
getting overpressured and dewatered by exhumation. Hence, the mi-
neralogical and mineral chemical variations observed in the veins of
this contribution probably reflect a successive exhumation of the study
site in an active rift.

Additionally, the interpretation presented above fits very well to the
intensively studied late stage carbonate-sulphate assemblages which
form the late stage precipitates of the veins. After successive uplift of

Fig. 14. Thermodynamic model based on literature, analytical and theoretical constrains. Considering a realistic formation environment, the stability field relations
are to some degree independent temperature. A) The solubility of Fe and Cu are determined by the stability fields of the native Cu and the respective oxides, where a
high solubility is reached at basic conditions. Natural aquifer pH* represents modern aquifer fluids from Baden-Württemberg, Germany (e.g., Stober and Bucher,
2004; Pauwels et al., 1993; Göb et al., 2013) B) The initial fluid pH and logfO2 is constrained in Fig. 14A which, with respect to various Cu content is reacted with
variable amounts of H2S for sulfide precipitation. Variable initial fO2 and/or pH does not alter the general stability sequence with respect to H2S and Cu abundance.
C) schematic scheme for the formation of the pyrite-chalcopyrite sequence observed in the mineralization.
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the area, the final transition from the deep to the shallow (and still
active) system took place within the last 20 Ma (Burisch et al., 2018);
during this time, physicochemical conditions (hydraulic properties,
temperature, mixing ratio) changed significantly. The shallow, modern
geothermal system is therefore mainly characterized by continuous
fluid flow upwards to surficial wells and precipitation of sulphates and
carbonates as sinters (e.g. spas in Baden-Baden with 66 °C or Wiesbaden
with 65–70 °C hot hydrothermal water; Loges et al., 2012; Göb et al.,
2013).

In summary, the Cu-Ni-rich mineralization stage in the Pb-Zn veins
records the first step from an episodically active deep hydrothermal
system (Fig. 15A) towards a shallow, barren, continuously active geo-
thermal system (Fig. 15B, C). Moreover, the influx of a Cu-rich fluid
indicates a significant change of the involved sedimentary aquifers
(from a Muschelkalk fluid towards a redbed-derived Buntsandstein
fluid) and a change in the mixing ratio between basement brine and
sedimentary aquifer. The last stage of this transition can be observed
still today in the numerous thermal wells and spas along the Rhine-
graben.

6. Conclusions

This study provides evidence that a changing mineralogy in a hy-
drothermal vein is related to chemically contrasting fluid endmembers
which successively replaced the fluids generating a common Pb-Zn
mineralization in a hydrothermal vein. This change of fluid composition
between the different mineralization stages are also manifested in the
composition of sphalerite, fahlore, pyrite, gersdorffite and galena. In
the case of the Schwarzwald, exhumation and fracturing of the different
reservoirs leads to a transition from a deep mineralized geothermal
system to a shallow barren one and, hence, vein mineralogy appears to
be a function of erosion and uplift. This study provides an interpretation
of the missing link between short living mixing events of the Jurassic-
Cretaceous time and the still active geothermal system.
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Abstract 30 

Unusual hydrothermal native As-sulfide ± native Ag ± arsenide ± antimonide ± sulfosalt ore shoots and 31 

their cogenetic sulfide-fluorite-barite-quartz host veins, which are common in the region and in whole 32 

Central Europe, were investigated at three localities in the Schwarzwald, SW Germany, to understand the 33 

physico-chemical processes governing the change from a normal (= common) hydrothermal to an 34 

exceptional ore-shoot regime.  35 

Based on fluid inclusions, the formation of the gangue minerals is the result of binary mixing between a 36 

NaCl- and a CaCl2-rich brine (both ~20 wt% NaCl eq). This mixing correlation, major and minor fluid 37 

composition, formation temperature (~150 °C), and δ34S signature are identical (within error) in ore shoots 38 

and host veins. Thermodynamic modeling indicates that ore shoot formation must have resulted from a 39 

change in redox conditions by a local influx of a volumetrically minor reducing agent, probably 40 

hydrocarbons. The elemental content and the mineralogy of each ore shoot locality (Ag-As-rich: 41 

Münstertal; Ag-Ni-As-rich: Urberg; Ag-Ni-As-Sb-rich: Wieden) reflect the metal content of the binary 42 

mixed fluid, while mineral textures, successions, and assemblages are thermodynamically and, regarding 43 

sulfur, kinetically controlled. The formation of vein and ore shoot sulfides requires an addition of sulfide, 44 

most probably from the sulfide-bearing host rocks, because thermodynamic and kinetic reasons suggest that 45 

the two major vein-forming and metal-bearing fluids are not the source of the sulfur. The final ore shoot 46 

textures are influenced by later hydrothermal remobilization processes of As and Ag. This results in a 47 

number of sulfosalts, mostly proustite-pyrargyrite. Interestingly, the greater thermodynamic stability of Sb-48 

endmember sulfosalts enables them to form even in As-dominated fluid systems.   49 
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Introduction 50 

In many hydrothermal deposits, the ratio of gangue to ore minerals varies significantly within a specific 51 

deposit (e.g., Lindgren 1913; Guilbert and Park 2007). Those parts which are or have been economically 52 

mineable are commonly referred to as ore shoot or - in the case of economically extremely valuable ore 53 

shoots - as bonanzas (e.g., Lindgren 1913; Guilbert and Park 2007; Squire et al. 2008).  54 

The formation of ore shoots, in general, is closely linked to the origin of each deposit and the spatial 55 

variability of chemical and physical conditions during deposition (Hise 1900; Penrose 1910). Thus, reasons 56 

for the formation of local ore concentrates are numerous, including:  57 

• Physical segregation and accumulation (e.g., Penrose 1910; Ewers and Hudson 1972; Tomkins 58 

2010); 59 

• Structure and intersection of fissures as well as the physical character of the wall rock that may 60 

provide preferred pathways, offer advantageous space, or trap the metal-bearing solution/magma 61 

into favorable positions (e.g., Hulin 1929; Gough 1965; Stone and Archibald 2004; Páez et al. 62 

2016); 63 

• Local mixing or influx of a further gaseous or liquid fluid into or phase separation of the ore-bearing 64 

solution/magma (e.g., Penrose 1910; Hulin 1929; Shepherd et al. 1991; Markl et al. 2016); 65 

• Chemical character of the wall rock (e.g., Hulin 1929; Shepherd et al. 1991; Squire et al. 2008; 66 

Kreissl et al. 2018); 67 

• Post-depositional remobilization by alteration and/or weathering (e.g., Tomkins et al. 2004; Collins 68 

et al. 2012; Fougerouse et al. 2016; Páez et al. 2016). 69 

Most ore shoots are structurally controlled, for example directly or indirectly by preferred fluid pathways, 70 

but structure alone does not promote ore formation (Penrose 1910). Thus, not only one, but a combination 71 

of the above-named and further factors leads to the formation of ore shoots.  72 

In this study, three ore shoot-bearing unconformity-related hydrothermal fluorite-quartz-barite vein systems 73 

in the Schwarzwald, SW Germany, are investigated to understand the formation of such ore shoots and the 74 
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transition from normal barite-fluorite-sulfide veins to these native element- and arsenide-dominated ore 75 

shoots. In the following, we chose to label the fluorite-barite-carbonate vein type with galena, sphalerite 76 

and chalcopyrite, which is very common in the Schwarzwald region and over the whole of Europe, as 77 

"normal", knowing, that there are many other vein types which could be equally designated like this. The 78 

ore shoots investigated here differ from many other ore shoots worldwide in that they not only show an 79 

enrichment in ore minerals but also a significant change in ore mineralogy relative to the larger, hosting, 80 

hydrothermal vein system. Specifically, ore mineralogy changes from a common galena-sphalerite-81 

chalcopyrite assemblage to an unusual native element + arsenide + sulfarsenide association, while the 82 

gangue minerals vary only in relative mineral abundance (Otto 1967; Brill et al. 2018; Steen 2020).  83 

Such strongly contrasting mineral assemblages in hydrothermal veins are easily interpreted either to 84 

represent two different mineralization stages operating at different times or to represent a change in fluid 85 

composition and/or source in combination with a change in parameters such as pH, fO2 or temperature. As 86 

in some cases, most of the economic value of a specific vein lies in bonanza-style ore shoots (Lindgren 87 

1913; Guilbert and Park 2007; Gloyn-Jones and Kisters 2019), it is vital to understand the formation of 88 

these features in relation to the larger hydrothermal vein system.  89 

Hydrothermal veins generally form by either a change in pressure, a change in temperature (mostly 90 

cooling), fluid-host rock reaction, fluid mixing, effervescence, boiling or a combination of those (Barnes 91 

1997). For the ore shoot-bearing main hydrothermal stage in the localities investigated in this study, 92 

Scharrer et al. (2021) concluded the veins to have formed by fluid mixing which agrees with many precursor 93 

studies on similar veins in the region (e.g., Baatartsogt et al. 2007; Fusswinkel et al. 2013; Walter et al. 94 

2016). 95 

The ore shoot assemblage studied strongly resembles typical features of hydrothermal native element-96 

arsenide assemblages (Kissin 1992). These consist of dendritic native Ag and/or native Bi, zoned Ni-, Co- 97 

and Fe-arsenides and sulfarsenides and late-stage native As (Bastin 1939; Kissin 1988; Kissin 1992; Markl 98 

et al. 2016; Scharrer et al. 2019; Guilcher et al. submitted). The importance of the redox state during the 99 

formation of native element-arsenide associations has been assumed before (Robinson and Ohmoto 1973; 100 
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Kissin 1993; Ondrus et al. 2003a), but Markl et al. (2016) first proposed an integrated model explaining all 101 

textural, mineralogical and geochemical features of five-element associations. Since then, several studies 102 

showed their formation to be directly linked to the process of reduction (Naumov et al. 1971a; Markl et al. 103 

2016; Burisch et al. 2017a; Kreissl et al. 2018; Scharrer et al. 2019). Scharrer et al. (2019) proposed (but 104 

could not prove unequivocally) that the sole process of reduction suffices to account for the formation of 105 

native element-arsenide associations and that the rest of the fluid chemistry could remain unchanged. This 106 

hypothesis was based on the fact, that parameters such as elemental abundance in the ore, formation 107 

temperature, salinity and host rock can greatly vary between all native element-arsenide associations 108 

worldwide, while their conspicuous dendritic textures are ubiquitous and the typical mineralogical sequence 109 

of native Ag ± native Bi → Ni-arsenides → Co-arsenides → Fe-arsenides → native As is the same at almost 110 

all localities. Furthermore, this mineral sequence can be thermodynamically modelled by simple reduction 111 

(Scharrer et al. 2019).  112 

All these studies, however, could not show that the ore shoots formed from exactly the same fluid (or mixed 113 

fluid) as the rest of the vein. In this respect, we are lucky, because the main difference between our ore 114 

shoots and many other worldwide occurrences of native element-arsenide assemblages is that the latter 115 

typically form as an individual ore stage that is succeeded by a sulfide-bearing stage, while in our study 116 

area, the normal sulfide-bearing assemblage forms prior to, during, and subsequent to the native element-117 

arsenide-bearing ore shoots. This fact renders them ideal candidates to investigate the difference in physico-118 

chemical conditions between the normal and the native element-arsenide assemblages and the geological 119 

and/or geochemical process behind the change from one to the other.  120 

 121 

Regional geology 122 

The three hydrothermal veins investigated in the present study include the former Teufelsgrund-Schindler-123 

Herrenwald vein system in the Münstertal with Ag-As ore shoots, the former Gottesehre mine with 124 

associated parallel veins near Urberg with Ag-Ni-As ore shoots and the Anton and Tannenboden veins near 125 

Wieden with Ag-Ni-As-Sb ore shoots. These three localities are the only ones in the Schwarzwald which 126 
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show ore shoots rich in native arsenic and native silver and are described in detail in the subsequent chapter. 127 

The investigated vein systems are situated in the southern Schwarzwald, a Variscan basement area in SW 128 

Germany (Fig. 1a). The basement consists of mostly granitic and gneissic Variscan crystalline rocks which 129 

are discordantly overlain by a Mesozoic terrigenous to marine sedimentary cover (Geyer et al. 2011). This 130 

setting was disturbed during the opening of the Upper Rhine Graben with its normal fault-dominated regime 131 

(Geyer et al. 2011). Uplift of the rift flanks led to partial erosion of the sedimentary cover as well as part of 132 

the basement and resulted in the present-day topography: a mountain range with an elevation between 300 133 

and 1500 meters above sea level. Today's outcropping surface in the southern Schwarzwald was originally 134 

situated about 2-3 km below the former basement-cover unconformity (Rupf and Nitsch 2008).  135 

The preexisting geological, mineralogical and geochemical literature on the Schwarzwald is vast and 136 

includes its geology (Geyer et al. 2011), stable and radiogenic isotope studies (e.g., Staude et al. 2011; 137 

Walter et al. 2015), mineralogical studies (e.g., Metz et al. 1957; Staude et al. 2007; Staude et al. 2010; 138 

Staude et al. 2012; Markl 2017a), geochronological studies (e.g., Pfaff et al. 2009; Walter et al. 2018b), 139 

fluid inclusion studies (e.g., Schwinn et al. 2006; Baatartsogt et al. 2007; Walter et al. 2016; Burisch et al. 140 

2017b) and weathering studies (e.g., Keim et al. 2018). This solid geoscientific background helps in 141 

constraining the boundary conditions for the present study.  142 

The region has a long lasting history of hydrothermal activity which ranges from the Variscan Orogeny to 143 

recent times (Walter et al. 2018b). This hydrothermal activity produced more than 1000 unconformity-144 

related, hydrothermal veins showing a large variability of mineral associations, of which some have been 145 

mined since pre-Roman times (Markl 2015; Markl 2016; Markl 2017a; Markl 2017b). Walter et al. (2016) 146 

characterized five temporal maxima of hydrothermal mineralization based on the mineralogy, fluid 147 

characteristics and age dating. Direct dating of individual minerals of the investigated vein systems by 148 

Walter et al. (2018b) showed that the ore shoot-bearing major hydrothermal stage lasted from the Triassic 149 

until the early Cretaceous. This in combination with the fluid composition and vein mineralogy lets Scharrer 150 

et al. (2021) conclude that the investigated ore shoots and the associated main ore stage of these veins 151 

formed during the fourth of the five hydrothermal maxima in the Schwarzwald (see Walter et al. 2016, for 152 
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the detailed terminology). Thus, this stage belongs to the Triassic-Cretaceous vein group (Walter et al. 153 

2018b), commonly labeled Jurassic-Cretaceous fluorite-quartz-barite-carbonate vein group, which 154 

generally formed at temperatures between ~50 and 200 °C and salinities of 20-30 wt% NaCl+CaCl2 (Walter 155 

et al. 2016; Walter et al. 2017). Reactivation of these veins during the Upper Rhine Graben rifting produced 156 

other subsequent metal occurrences and deposits.  157 

 158 

 159 

Fig. 1 (a) Geological map of the Southern Schwarzwald in SW Germany with the investigated localities highlighted 160 

(modified from Scharrer et al. 2021; original geological map from LRGB GÜK300). 1: Teufelsgrund and Giftgrube 161 

mine, Münstertal; 2: Gottesehre mine, Urberg; 3: Anton and Tannenboden mine near Wieden. BLZ stands for 162 

Badenweiler-Lenzkirch-Zone, which represents an east-west striking Variscan suture zone filled with low-grade 163 

metamorphic clastic sediments. (b) Image of a typical banded vein by Matthias Zizelmann and (c) image of a granitic 164 

wall rock breccia which are typically cemented by sulfides and quartz. Both (b) and (c) are modified from Scharrer et 165 

al. (2021) 166 

138



Location of study 167 

 168 

Fig. 2 Maps and cross sections of the three investigated localities showing the ore shoot distribution. Ore shoot 169 

description shows mining date, characteristic mineralogy and size. Depicted ore shoot information and location has 170 

been inferred from literature (Grundmann 1971; Bliedtner 1978; Markl 2017a; Brill et al. 2018). Maps and ore shoot 171 

cross sections are modified from Brill et al. (2018) and Markl (2017a) and references therein 172 

 173 
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 174 

Each investigated vein system comprises several veins which are N-S and/or NE-SW striking and nearly 175 

vertically dipping. Individual veins are under 1 km, up to 2 km and up to 5 km in length for Wieden (Zeschke 176 

1959; Werner et al. 2020), Münstertal (Schürenberg 1950; Bliedtner 1978) and Urberg (Otto 1967; Brill et 177 

al. 2018), respectively. The veins consist of elongated, up to 100 m long lenses and vein sections with a 178 

highly variable width between 1 and 3.5 m (e.g., this study; Schürenberg 1950). The width is strongly 179 

dependent on the host rock, it is wider in gneiss than in granite, and can locally decrease to only a few 180 

centimeters (this study; Metz et al. 1957; Otto 1964; Otto 1967; Brill et al. 2018). On average, the veins 181 

consist of ~60 vol% fluorite, which together with mainly quartz and barite forms a banded structure (Fig. 182 

1b; Metz et al. 1957; Zeschke 1959; Otto 1964; Steen 2013; Markl 2017a; Brill et al. 2018). Sulfides occur 183 

as either local aggregates within the banded structure, or more commonly, are bound to host rock breccias 184 

(Fig. 1c). Each of the three vein systems hosted several ore shoots in the mined portions of the veins, at 185 

least three in the Münstertal, five at Wieden and at least six at Urberg (Fig. 2). While the gangue mineralogy 186 

and mineral successions are fairly similar for the three vein systems (Metz et al. 1957), the ore shoots show 187 

an interesting variation from Ag-poor in the Münstertal to Sb-rich and Ni-bearing in Wieden and to Ag- 188 

and Ni-rich in Urberg. These ore shoots and/or vein sulfide accumulations are commonly spatially related 189 

to wider vein sections, brecciated zones and/or bound to the vein-host rock boundary (Fig. 1c; Metz et al. 190 

1957; Zeschke 1959; Grundmann 1971; Widemann 1988; Markl 2017a; Brill et al. 2018). Impregnations 191 

of the ore shoot mineralogy into the host rocks are very rare or absent (Zeschke 1959; Brill et al. 2018). 192 

The local host rocks of the veins at the three localities are mostly made up of gneisses with local enrichments 193 

of graphite and/or sulfides (Metz et al. 1957; Bliedtner 1978; Brill et al. 2018). Locally dikes of granitic 194 

rocks occur (Geyer et al. 2011). In addition to gneisses and granites, the region around Urberg also 195 

comprises local occurrences of diorites, amphibolites and norites with associated magmatic Ni-Fe-sulfide 196 

lenses (Otto 1964; Brill et al. 2018).  197 

The veins in question were subject to various mining efforts dating back to medieval silver extraction and 198 

ending with fluorite extraction during the second half of the 20th century (Markl 2004). In the 20th century 199 
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the fluorite concentrate production totaled ~0.5 Mt and ~0.15 Mt for the Wieden and Urberg veins over a 200 

period of ~40 and ~30 years, respectively (Markl 2017a). The calculated remaining reserves for Wieden 201 

were another 0.4 Mt at the time of mine closures at 1965 (Hauck 2020). Although fluorite concentrate was 202 

the main product, small amounts of barite concentrate and mixed sulfide concentrate were also recovered 203 

at Wieden in the 20th century (Markl 2017a). The mixed sulfide concentrate was used to extract both silver 204 

and lead as minor byproducts, but the amounts were quite low (Markl 2017a). As an example, rough 205 

estimates indicate that the mined vein material without the ore shoots contained a total of ~20 t Ag at 206 

Urberg, while the ore shoots therein contained up to twice as much Ag. 207 

All ore shoots have been mined out between 1960 and 1982 and are inaccessible today. Hence, the structural 208 

relations between vein and ore shoot can only be inferred from the literature (Schürenberg 1950; Otto 1967; 209 

Grundmann 1971; Bliedtner 1978; Brill et al. 2018; Steen 2020; Werner et al. 2020). Their mineralogical 210 

composition is based on collection material from the senior author and from the University of Tübingen, 211 

while additional microscopic images of samples from the Wieden vein system were provided by Günter 212 

Grundmann who had previously worked on the Wieden ore shoots (Grundmann 1971). The hand specimens 213 

were carefully compared and inspected; representative samples of ore shoots and associated veins meters 214 

to tens of meters away from the ore shoots were selected for further investigations. In total, 38, 33 and 29 215 

thick sections for microscopy and microprobe analytical work were prepared from Münstertal, Urberg and 216 

Wieden, respectively.  217 

 218 

Petrography of the mineralization 219 

The paragenetic sequence of both the veins and the ore shoots is presented in Fig. 3 and augmented by 220 

literature data in Table 1. 221 

  222 
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Table 1: 

Header: Ore shoot associated hydrothermal minerals 

Table footnote: 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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 225 

Fig. 3 Paragenetic sequence of the hydrothermal vein (a) and of the ore shoot mineralogy (b) with the corresponding 226 

schematic textural sketch provided in (c). (a & b) Relative mineral abundance is indicated by line thickness, for which 227 

ore and gangue minerals are considered separately. Numbers in (b) and (c) represent the ore shoot sequences. The 228 

ages presented in (a) are taken from (Walter et al. 2018b). Dotted arrows in (b) represent typical replacement reactions 229 

observed in many samples 230 
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The hydrothermal veins 231 

The schematic paragenetic sequence for each vein (Fig. 3a) was taken from Metz et al. (1957) and 232 

supplemented/revised according to own observations and to other authors, where reasonable (Schürenberg 233 

1950; Zeschke 1959; Otto 1964; Otto 1967; Bliedtner 1978; Steen 2013; Markl 2017a; Brill et al. 2018; 234 

Werner et al. 2020). The mineralization was initiated by a quartz-dominated stage (I) rich in Fe-sulfides 235 

and breccias. It shows initial pyrrhotite (not found at Urberg) which was subsequently replaced by pyrite 236 

and marcasite (Fig. 3a). The volumetrically most abundant stage is the fluorite-dominated second stage (II), 237 

which also contains variable amounts of quartz, barite and carbonate. Barite content increases with time 238 

(Fig. 3a). Coarse-grained, massive carbonate is generally rare in stage II and only occurs in larger quantities 239 

in Urberg, where it formed prior to and during the transition to the subsequent fluorite-dominated substage 240 

of stage II. The fluorite-barite-quartz mixture forms a banded structure with variable proportions of the 241 

three minerals. The most abundant sulfide minerals within stage II of these veins are galena, sphalerite and 242 

chalcopyrite, the last being the least common of the three (Metz et al. 1957; Steen 2013). The relative 243 

proportion of galena and sphalerite within individual thin sections ranges from solely galena to solely 244 

sphalerite and no typical sequence regarding the relative time of formation is visible, nor is there a 245 

systematic change from early to late within stage II. Tetrahedrite occurs only rarely and locally. Brecciated 246 

zones show an increasing abundance of sulfides and quartz – both minerals grow around clasts (this study; 247 

Metz et al. 1957; Zeschke 1959; Widemann 1988; Markl 2017a; Brill et al. 2018; Scharrer et al. 2021). 248 

There is no textural evidence for sulfide dissolution in the host rock during vein formation. This stage 249 

started > 200 Ma ago and lasted until about 75 Ma for the three localities studied here (Walter et al. 2018b). 250 

A less abundant, partial repetition of this stage with small variations forms stage III. The last stage IV is 251 

temporally and tectonically linked to the opening of the Upper Rhine Graben between ~22 and 8 Ma (Walter 252 

et al. 2018b). This stage is dominated by carbonates and forms discontinuously within the vein, mostly 253 

within vugs or small veinlets. In the later, generally fluorite-poorer, volumetrically minor hydrothermal 254 

stages III and IV, late-stage barite, quartz and/or carbonates form together with rare galena, sphalerite, 255 

euhedral pyrite and/or a colloform mixture of pyrite and marcasite.  256 
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As-(Ag)-ore shoots in the Münstertal 257 

The Teufelsgrund-Schindler-Herrenwald vein system in the Münstertal comprises two ore shoot sequences 258 

which are distinctly different with respect to their gangue, but very similar concerning their ore minerals 259 

(Fig. 3b). The initial ore shoot (1) is characterized by the presence of abundant native As on (Fig. 4a) or 260 

within fluorite, commonly overgrown by fine-grained micro-crystalline quartz which successively 261 

increases in size and sometimes forms euhedral crystals in open spaces (Fig. 4a). The native As is also 262 

commonly associated with co-genetic galena (Fig. 4b & c). Less common is the association with sphalerite, 263 

which generally forms prior to native As. Fluorite co-precipitated with barite, quartz, galena and native As 264 

(Fig. 4d & e), the sub- to euhedral barite was subsequently partially replaced by quartz (Fig. 4e). This 265 

texture is a common feature in many Schwarzwald veins (Burisch et al. 2017b). Rarely and locally confined 266 

sulfosalts such as minerals of the proustite-pyrargyrite series (Ag₃AsS₃-Ag₃SbS₃), freieslebenite 267 

(AgPbSbS₃), argentopyrite (AgFe₂S₃), sternbergite (AgFe₂S₃) and boulangerite (Pb₅Sb₄S₁₁) are present 268 

(Fig. 4c). These minerals generally form as reaction products from native As or galena either rimming 269 

galena in replaced native As aggregates (Fig. 4c) or as independent crystals on top of native As bands.  270 

The later ore shoot sequence (2) was identified in the Giftgrube mine ~1 km south of the Teufelsgrund mine 271 

(Fig. 2; Bliedtner 1978) and in the Trudpert adit of the Teufelsgrund mine. It is characterized by the 272 

abundance of siderite. The common mineral sequence observed in these samples is early quartz with some 273 

fluorite overgrown by chalcopyrite, galena and sphalerite, with the latter being most abundant. The base 274 

metal sulfides are in turn overgrown by siderite. During siderite formation, sphalerite, and less commonly 275 

galena, continued to form to a lesser extent. Co-genetic with these minerals, colloform native As (Fig. 4f 276 

& g) is abundantly present and can reach up to 60 vol% in some hand specimens (see also Bliedtner 1978). 277 

Later carbonates such as calcite and dolomite are not uncommon. Several repetitions of this mineral 278 

sequence have been observed even on a small scale.  279 

 280 
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 281 

Fig. 4 Textural images of ore shoot sequence 1 (a-g) and ore shoot sequence 2 (h & i). Reflected light images (a-f & 282 

i) and macro images (g & h). (a) Early cogenetic intergrowth of fluorite and galena with subsequent intergrowth of 283 

galena, native As and fluorite. Late-stage quartz typically shows a coarsening from microcrystalline colloform quartz 284 

to palisade quartz. (b) Co-genetic intergrowth of galena and native As in which the latter has been dissolved during 285 

alteration. (c) Co-genetic intergrowths of commonly lath-shaped galena and native As in individual bands of the 286 

colloform native As. These textures occasionally show a replacement by Pb-sulfosalts such as boulangerite and 287 

freieslebenite. (d) Barite rich samples show a co-genetic intergrowth between barite and native As, in which (e) barite 288 

is partially replaced by quartz during subsequent alteration. (f & g) Replacement of native As by quartz and rare barite. 289 

(h & i) Overgrowth and co-genetic growth of native As on carbonates and sulfides 290 

 291 
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As-Ag-Ni-Co-ore shoots at Urberg 292 

The Gottesehre vein system near Urberg differs from the other two vein systems with respect to ore shoot 293 

abundance and the presence of an early pinkish calcite as one of the gangue minerals. Six different ore 294 

shoot pockets have been reported in the literature (Fig. 2; Brill et al. 2018). The largest discovered ore shoot 295 

with dimensions of ~20 m x 20 m x 1 m, was mined in 1962–1963 (Otto 1967). Five further (and smaller) 296 

ore shoots were discovered and mined in 1965, 1968, 1970, 1978 and 1982, respectively (Brill et al. 2018). 297 

The complete mineralogical ore shoot sequence (1-3; Fig. 3b) can only be found in samples of the first and 298 

largest ore shoot (this study; Otto 1967), all later ones only show parts of the whole sequence. Individual 299 

samples commonly show a high variability in mineral abundance (this study; Brill et al. 2018). As an 300 

example, the 1968 ore shoot was mainly composed of native Ag, whereas the 1970 and 1978 ore shoots 301 

lacked native Ag and contained abundant arsenides (Brill et al. 2018). Furthermore, the 1970 and 1982 ore 302 

shoots showed signs of U enrichment recorded by the presence of secondary U-bearing minerals (Brill et 303 

al. 2018). The presence of U is also indicated by the characteristic dark purple color of fluorite of the 1982 304 

ore shoot (Markl 2017a) which was in addition especially rich in niccolite. Although differences in modal 305 

amount and presence of minerals exist between ore shoots and samples, the overall mineral sequence (Fig. 306 

3b) is identical in all of them.  307 

The investigation of samples from all ore shoots shows three distinct mineral sequences. The earliest ore 308 

shoot sequence was initiated by dendritic aggregates of native Ag up to 10 cm in size and various textural 309 

forms of niccolite, ranging from sub- or euhedral individual crystals to dendritic shapes. Interestingly, 310 

native Ag and niccolite are not intergrown, even in samples where they occur in close vicinity (< 1 mm). 311 

However, since native Ag is commonly isolated within the gangue minerals (Fig. 5a) and only sometimes 312 

overgrown by rammelsbergite (Fig. 5b), while niccolite is always overgrown by rammelsbergite (Fig. 5c), 313 

a slightly earlier formation of native Ag relative to niccolite may be inferred. The rammelsbergite is then 314 

overgrown by abundant skutterudite (Fig. 5d); at the transition, rammelsbergite and skutterudite zones 315 

alternate repetitively. Native Bi was only found as small flakes of less than 10 µm size included within 316 

arsenides of the first shoot sequence. These ore minerals are found in both colorless and dark purple fluorite 317 
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and abundantly in fine- to medium-grained quartz. In these cases, the dark purple fluorite is almost 318 

exclusively associated with early-stage pinkish calcite. Skutterudite is rarely overgrown by native As (Fig. 319 

5e), that can also incorporate relics of native Ag. Galena may be present at any point within this sequence 320 

but is generally more abundant during the second sequence (Fig. 5f) in which skutterudite is absent and 321 

fluorite is always colorless. Hydraulic brecciation (Jébrak 1997) of the first mineral sequence and 322 

cementation by subsequent minerals are typical.  323 

 324 

 325 

Fig. 5 Reflected light images (a-d & f) and macro image (e) of the Urberg locality. Native Ag is commonly found in 326 

dendritic form, either enclosed in the gangue mineral (a) or overgrown by arsenides (b). (c & d) The arsenide sequence 327 

is generally niccolite → rammelsbergite → skutterudite. (d) Skutterudite is commonly partially replaced by quartz. 328 

(e) The arsenides are in turn rarely overgrown by native As. Both native As and skutterudite are prone to remobilization 329 

(d & e). (f) Overgrowth of ore shoot 1 by ore shoot 2 and ore shoot 3, showing the change in mineralogy with time 330 

 331 

In the second sequence, native Ag is overgrown by rammelsbergite with abundant galena (Fig. 5f). In the 332 

third sequence, dendritic niccolite is overgrown by rammelsbergite and then by colloidal gersdorffite (Fig. 333 
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5f). These aggregates are occasionally overgrown by galena or colloform pyrite. Contemporaneous with 334 

and subsequent to the gersdorffite, barite could form, which in turn was commonly replaced by later quartz 335 

(Fig. 5f).  336 

 337 

 338 

Fig. 6 Reflected light images (a-f) of the Wieden locality. (a & b) Native Ag is intergrown with and overgrown by 339 

breithauptite and galena, partial oscillatory repetition of these minerals with the addition of later rammelsbergite. (c 340 

& d) Common texture of dendritic native As being directly overgrown by rammelsbergite. (e & f) More intergrown 341 

dendritic native Ag with rammelsbergite, overgrown by native As. (g-i) Typical layered intergrowth between galena 342 

and native As with discrete sphalerite grains and seldom preserved cores of dyscrasite. Most cores and some native 343 

As rich layers (h & i) as well as native Ag (d-f) are replaced by sulfosalts such as argentopyrite, minerals of the 344 

proustite-pyrargyrite series and sometimes sphalerite or galena. These minerals are otherwise found as overgrowth on 345 

the primary ore shoot minerals (g & i). Images (g) and (i) have been kindly made available by Dr. Günter Grundmann 346 

on www.mindat.org (Photo ID: 1038791 and 881932) 347 
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As-Ag-(Ni)-Sb-ore shoots at Wieden 348 

A previous descriptive study (Grundmann 1971) reported the occurrence of two spatially separated ore 349 

shoots with two types of mineral assemblages in the Tannenboden vein near Wieden: an Sb-Ag-rich one 350 

mined in 1964/65 and an As-Ag-rich one mined in 1966 (see Fig. 2c). Similar ore shoots were also found 351 

in the Anton, Spitzdobel and Neue Hoffnung veins of the Wieden vein system (Steen 2020). Although the 352 

mineralogy varies between ore shoots and samples, the overall mineralogical sequence does not. Thus, for 353 

Wieden, each sample represents only a portion of the whole ore shoot mineralogical sequence. The samples 354 

investigated in this study, in combination with a revisited textural analysis of the original samples from the 355 

Grundmann (1971) study, let us conclude that the two ore shoot assemblages reported by Grundmann 356 

(1971) represent an earlier and a later stage within a continuous mineral sequence (see type 1 and 2 in Fig. 357 

3b & c). It is important to note that many of the smaller ore shoots lacked the presence of arsenides, 358 

antimonides and native antimony (Markl 2017a). 359 

The Wieden vein system ore shoots are characterized by an abundance of native Ag, native As and Ag-Sb-360 

sulfosalts. The latter formed during the replacement of the primary ore shoot minerals. The initial and 361 

locally dominant ore mineral native Ag (Fig. 6a & b) occurs in a variety of dendritic shapes. Rarely it is 362 

overgrown by breithauptite (Fig. 6a & b), while rammelsbergite (Fig. 6c & d) is more common. The 363 

antimonide formed prior to the arsenide, but this sequence could be repeated several times (Fig. 6b). 364 

Intertwined intergrowth between native Ag and rammelsbergite occurs occasionally (Fig. 6e & f), especially 365 

in close spatial association with native As. Skutterudite was identified at this locality, but due to its rarity 366 

and due to the lack of suitable textures, its relative time of formation could not be ascertained. The 367 

replacement of native Ag by minerals of the pyrargyrite-proustite series and to a lesser extent also by other 368 

sulfosalts (see table 1) is ubiquitous in all samples, only the degree of replacement varies (Fig. 6d & f). 369 

Native As encloses intergrowths between rammelsbergite and minerals of the pyrargyrite-proustite series 370 

(originally native Ag ± native As) which implies a later formation of native As relative to rammelsbergite 371 

and native Ag (Fig. 6e & f). The native As is commonly intergrown with galena, showing a colloform 372 

banded structure (Fig. 6g & h). Galena commonly forms elongated needles oriented perpendicular to the 373 
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growth direction or monomineralic bands within the colloform structure. Sphalerite does not show these 374 

textures, but more commonly forms euhedral crystals. Individual sub- to euhedral crystals of native As are 375 

only visible in rare instances on the outermost zones of the native As aggregates. Not only quartz, but also 376 

native Sb rimmed by dyscrasite (As3Sb; Fig. 6g) can be found as primary cores within the native As 377 

aggregates. As in the Münstertal, native As and barite coexist without a reaction boundary. The native As 378 

is overgrown by a large variety of different sulfides and sulfosalts, which include the base metal sulfides, 379 

tetrahedrite, minerals of the pyrargyrite-proustite series, xanthoconite, argentopyrite, sternbergite and late-380 

stage stephanite and polybasite. However, these sulfosalts more typically form as crystal aggregates 381 

together with quartz pseudomorphic after native Ag. They also replace individual layers or the cores of 382 

native As. The latter are interpreted as replacement textures of dyscrasite cores by sulfosalts (Fig. 6h & i).  383 

 384 

Supergene remobilization 385 

A typical supergene alteration phenomenon in all of these ore shoots is the gradual dissolution of the native 386 

As along compositionally and texturally defined zones. Furthermore, the Ag-bearing sulfosalts are 387 

successively replaced by Ag-richer sulfides and finally by plates or wires of native Ag. The latter are also 388 

found in vugs on carbonates or quartz as well as in negative imprints of native As, produced by dissolution. 389 

These reactions are typically accompanied by the formation of other secondary minerals such as oxides, 390 

arsenates and carbonates. They are not considered here further. 391 

 392 

Methods 393 

Mineral Analyses 394 

Scanning Electron Microscope (SEM) and Electron Microprobe (EMP) 395 

The Hitachi TM3030 SEM Plus Tabletop Microscope in combination with reflected light microscopy at the 396 

University of Tübingen was used as a qualitative mineral identification and textural visualization tool. For 397 

quantitative mineral analysis in 31 thin-sections, the JEOL SUPERPROBE JXA - 8900RL at the University 398 

of Tübingen was used. To avoid the tarnishing of arsenic, the thin sections were re-polished, cleaned with 399 
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ethanol and dried at room temperature in a dry-box for half a day before being sputtered with carbon. 400 

Analytical condition details and reference materials are described in ESM 1.  401 

Special notice was given to the Lα line used for the analysis of As. Using the ZAF or φ(ρz) correction 402 

method yields vastly different results (up to ~10 wt% difference in As content). The latter provides 403 

acceptable results for As contents > 70 wt%, while the ZAF correction yields acceptable results for As 404 

contents < 55 wt%. For comparability, mono-, di- and sulfarsenides were corrected using the ZAF 405 

correction method, while the triarsenides and native As were corrected using the φ(ρz) correction method. 406 

To forego this problem in general, we suggest using the Kα line instead. 407 

 408 

Sulfur Isotopes 409 

Sulfur isotope samples were carefully handpicked and separated into monomineralic, preferably cogenetic  410 

samples of sphalerite, galena, chalcopyrite, pyrite, gersdorffite, proustite and barite. The S isotope 411 

compositions were measured with He carrier gas and a Carlo Erba (CE 1100) elemental analyzer linked to 412 

a Thermo Fischer Delta V mass spectrometer at Lausanne University, Switzerland. Samples were reacted 413 

at 1050 ºC in a stream of He-carrier gas spiked with oxygen gas. External reproducibility of standards was 414 

better than 0.15 ‰ and samples were calibrated against IAEA standards S1 and S3 (Ag2S) and NBS-127 415 

(BaSO4) with accepted values of –0.3, –32.1 and 20.3 ‰ δ34S (V-CDT), respectively. 416 

 417 

Thermodynamic modelling 418 

Thermodynamic modelling was done using the Geochemist’s Workbench 14 software bundle (Bethke 419 

2007). Reaction path modelling was performed using the application react and predominance, stability 420 

diagrams were produced using the application phase2. The Thermoddem thermodynamic database version 421 

June 2017 (Blanc et al. 2012) was used and our mineral additions to it are presented in Table 2. Minerals 422 

for which Δ f H0, S0 and cp(T) are known or estimated, were implemented by the Thermoddem team to keep 423 

internal consistency as high as possible. Mineral additions include trechmannite, proustite, mirargyrite, 424 

pyrargyrite, rammelsbergite, dyscrasite, allargentum and gersdorffite. In addition to minerals, the database 425 
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was also extended to include Ni-chloride complexes and more aqueous Sb species. NiCl+, NiCl2 (aq) and 426 

NiCl3
- from Liu et al. (2012) were implemented using the Ryzhenko parameters and the Thermoddem 427 

database temperature-dependent dissociation of H2O to further increase internal consistency. The added 428 

aqueous Sb species were taken from Obolensky et al. (2007) and augmented by the compilation of 429 

Bessinger and Apps (2003). 430 

 431 

Table 2:  432 

Header: Thermodynamic data for mineral additions to the Thermoddem database 433 

Mineral Formula 

Δ f H
0 

(kJ/mol) 

S0 

(J/mol.K) 

 Cp 

 a 

(J/mol.K) 

b*103 

(J/mol.K²) 

c*10-5 

(J/mol/K) 
 

trechmannite AgAsS2 -75.69 ±1.6 [2] 151 ±5 [2]  80.25* 46.9* 1.265* [1] 

proustite Ag3AsS3 -121.4 ±2.8 [2] 283 ±10 [2]  145.65* 82.88* 1.265* [1] 

mirargyrite AgSbS2 -135.1 ±0.19 [3] 182.21 ±0.11 [3]  141.36* 2.65* 7.565* [1] 

pyrargyrite Ag3SbS3 -202.3 ±0.48 [3] 301.99 ±0.25 [3]  206.76* 38.63* 7.565* [1] 

rammelsbergite NiAs2 -90.10 ±8 [4] 110 ±10 [4]  95.40 -5.91 5.33 [4] 

breithauptite NiSb -74.48 ±13 [1] 75.73 ±4 [1]  23.31 61.66 9.88 [1] 

dyscrasite Ag3Sb -0.190 ±0.20 [6] 195.410 ±0.30 [5]  only Δ f G(T) available [6]  

allargentum Ag6Sb 2.576 ±0.07 [6] 335.912 ±0.10 [5]  only Δ f G(T) available [6]  

gersdorffite NiAsS only log K(T) available [4]      

        

Table footnote: Temperature-dependent cp function, given as cp(T) = a + b*T + c*T-2, was estimated according to the 434 

Neumann-Kopp rule, assuming Δrcp = 0, for the following reactions: 3Ag2S + X2S3 = 2Ag3XS3, Ag2S + X2S3 = 435 

2AgXS3, NiAs + Sb = As + NiSb, in which X is As or Sb. For NiSb, Δ f H0 and S0 are averaged from the compiled 436 

values by Naumov et al. (1971b) and Barin (1995) and the standard deviation represents one sigma. References: [1] 437 

this study, [2] Gasanova et al. (2014), [3] Aspiala et al. (2016), [4] Scharrer et al. (2019), [5] Aspiala et al. (2015) 438 

 439 

Results 440 

Mineral Analysis 441 

Scanning Electron Microscope (SEM) and Electron Microprobe (EMPA) 442 

Representative analyses can be found in Table 3, the entire dataset is presented in ESM 2. In the following, 443 

selected compositional features of each mineral will be discussed.  444 
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 445 

Table 3:  446 

Header: Chemical composition of selected ore minerals (EMPA) 447 

Footnote: Compositional values presented as wt%. Timing represents the shoot sequence described in Fig. 3b. "late" 448 

represents remobilization processes. Mineral abbreviations: tet=tetrahedrite, prou=proustite, pyra=pyrargyrite, 449 

brn=bournonite, dia=diaphorite, frl=freieslebenite, agp=argentopyrite, Ag=native Ag, As=native As, Bi=native 450 

bismuth, skut=skutterudite, ram=rammelsbergite, gdf=gersdorffite, ulm=ullmannite, nic=niccolite, brh=breithauptite, 451 

asp=arsenopyrite. Locality abbreviations: M=Münstertal, U=Urberg, W=Wieden 452 
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Native As has a variable composition, which can differ distinctly between localities, samples and individual 453 

bands within colloform arsenic aggregates (ESM 3). These differences mainly concern the elements Ag, 454 

Pb, Sb, S and Se which reach contents of up to 7.27, 7.49, 7.89, 3.04 and 0.56 wt% with an average of 1.32, 455 

1.14, 1.87, 0.98 and 0.35 wt%, respectively. There is a negative correlation between As and these elements, 456 

generated by a typical gradual trend of decreasing elemental content within individual bands from the center 457 

to the outer margin of colloform arsenic aggregates (ESM 3). In some bands, inhomogeneities on the µm 458 

scale are visible. These could represent cogenetic or exsolved micrograins of Ag-S-rich minerals (ESM 3). 459 

Based on the Ag-S ratio (ESM 3), the presence of Sb and the absence of other elements, the microinclusions 460 

seem to represent either Ag3Sb4S6 (aramayoit) or Ag3(As,Sb)S3 (e.g. proustite-pyrargyrite). However, these 461 

are only present in some individual bands, commonly linked to lower Sb contents in the surrounding native 462 

As, and it is not suggested that microinclusions are the reason for the high contents of minor elements in 463 

native arsenic in the continuously banded regions (ESM3). Rather, these elements appear to represent real 464 

minor elements substituted into the crystal structure of native arsenic. Similar contents have been reported 465 

from other localities by George et al. (2015).  466 

Native Ag shows a clear compositional distinction between primary dendritic silver formed cogenetically 467 

with the ore shoot minerals and remobilized platy or wire silver. The latter has significantly lower trace 468 

element contents, commonly below the detection limit of the electron microprobe. Average trace element 469 

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 470 

rare patchy zonations of native Ag of the first ore shoot sequence at Urberg, Hg may locally reach up to 14 471 

wt% (ESM 3).  472 

Due to the small size of native Bi, mixed analyses with the surrounding rammelsbergite cannot be excluded 473 

(Table 3). However, the analyzed compositional variation among the six analyses is fairly low and the molar 474 

Ni/As ratio is about 8 and not 0.5 as in rammelsbergite. The Ni and As contents in native Bi are 1.7 ± 0.3 475 

wt% and 0.27 ± 0.04 wt%, respectively.  476 

155



 477 

Fig. 7 Compositional variations of the arsenides and 

antimonides. (a) Most arsenides and antimonides are 

Ni-dominated, with the monoarsenides 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 

different 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  
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The arsenides, sulfarsenides, antimonides and sulfantimonides are mostly Ni-dominated with average molar 478 

Ni/(Ni+Co+Fe) ratios of 0.79 for skutterudite, 0.80 for diarsenides, 0.995 for niccolite, 0.92 for gersdorffite, 479 

0.993 for breithauptite and 0.997 for ullmannite (Fig. 7a). Thus, the diarsenides are almost exclusively of 480 

rammelsbergite composition. This excludes one outlier sample from Wieden that contains diarsenides of 481 

the safflorite-loellingite series. These are associated only with quartz and therefore cannot be texturally 482 

correlated with the other minerals. The arsenides and antimonides incorporate sulfur to various degrees 483 

(Fig. 7b). This is especially visible for gersdorffite, which ranges from 0.31 to 0.95 atoms per formula unit 484 

sulfur. Furthermore, the degree of As-S exchange varies with time at the Urberg locality and thus, an 485 

increase in sulfur relative to arsenic is visible with progressing ore shoot sequences (Fig. 7b). Bismuth was 486 

detected in niccolite and shows an average content of ~1.4 wt%. Selenium is present in all arsenides and 487 

antimonides and reaches up to ~0.4 wt%. The arsenides and sulfarsenides typically show some degree of 488 

Sb-As exchange. For example, arsenides of the Wieden locality, which is also host to cogenetic 489 

antimonides, show the highest contents of antimony, reaching up to ~10 wt% (Fig. 7b). 490 

Galena is the most common base metal sulfide, contains up to 2 wt% of silver and has an average formula 491 

of Pb0.99Ag0.01Sb0.01S0.99. Sphalerite is more variable in composition and the molar Fe/(Fe+Zn) ratio ranges 492 

from ~0.001 to 0.13. It is manganese-poor and the cadmium content is below 1 wt% with an average of 493 

~0.3 wt%. Analyzed pyrite reveals a high arsenic content of on average 4.5 wt% and a trace elemental 494 

composition of on average ~0.5 wt% Ag, 0.3 wt% Sb and 0.06 wt% Co. The colloform pyrite variety also 495 

contains up to 2.5 wt% Pb, which may be related to microinclusions of galena that could not be resolved.  496 

Although the primary mineralogy of the ore shoots is dominated by arsenic-rich endmembers, most 497 

sulfosalts that form during remobilizing processes are in fact Sb-dominated (ESM 4). This includes 498 

diaphorite, freieslebenite, tetrahedrite and bournonite with molar As/(As+Sb) ratios of less than 0.4. 499 

Minerals of the proustite-pyrargyrite solid solution series show the presence of both As- and Sb-rich 500 

minerals, ranging from the pure As-endmember to a molar As/(As+Sb) ratio of ~0.1. The Sb-rich 501 

pyrargyrite forms independent of texture, even if it directly replaces native As and no primary Sb-minerals 502 
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are present. The only As-dominated sulfosalt besides proustite is argentopyrite with an average formula of 503 

Ag0.94Fe2.02As0.01S3.02 and an average molar As/(As+Sb) ratio of 0.997.  504 

 505 

 506 

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 temperatures 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 Müller 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 
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Sulfur Isotopes 507 

The minerals selected for sulfur isotope compositional analyses were chosen to cover (I) all localities, (II) 508 

all ore shoot mineral assemblages, (III) cogenetic barite and sulfides or sulfarsenides at each locality and 509 

(IV) sulfides and barite from the hydrothermal veins far away from the ore shoots. All analyzed samples 510 

and respective values are presented in ESM 5 and, together with calculated equilibrium temperatures for 511 

cogenetic sulfide-barite pairs, in Fig. 8. 512 

The δ34S (V-CDT) of barite ranges from ~10 to 20 ‰, whereas the sulfides show more negative values, 513 

below 0 ‰ δ34S (V-CDT). Only the late-stage colloform pyrite commonly associated with barite from 514 

Münstertal and Wieden reaches strongly depleted δ34S values of –27.8 to –36.2 ‰ (ESM 5), while the other 515 

sulfides are in the range from 0 to –10 ‰ δ34S (V-CDT). The weighted δ34S (V-CDT) average including all 516 

localities is –6.8 ‰ for galena, –3.6 ‰ for sphalerite and –5.3‰ for chalcopyrite. Proustite and gersdorffite 517 

lie in the range of these sulfides.  518 

Considering variations between the samples, there is no recognizable difference between the ore shoots and 519 

the rest of the hydrothermal system (Fig. 8): S isotope values of sulfides in the ore shoots and in the veins, 520 

and of barite in the ore shoots and in the veins are very similar to each other. The only exception is one 521 

barite analysis of the first ore shoot sequence of the Münstertal, which is more than 5 ‰ lower than barite 522 

from the vein.  523 

In samples with co-genetic sulfide and sulfate, sulfate-sulfide equilibrium temperatures were calculated. 524 

These are presented in Fig. 8 and result in temperatures between 270 and 480 °C (excluding pyrite) for all 525 

three localities and independent of ore shoot or vein. In view of the fluid inclusion constraints (see below), 526 

these temperatures are considered unrealistic and the S-bearing phases were obviously not in isotopic 527 

equilibrium. This will be discussed below. The late-stage colloform pyrite, which generally occurs as layers 528 

within or on top of barite, indicates an equilibrium temperature of 110 °C.  529 

 530 

Fluid constraints 531 

Fluid composition and temperature 532 
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Extensive fluid inclusion investigations of more than 1600 individual fluid inclusions from both the ore 533 

shoots and the veins of all three localities are presented by Scharrer et al. (2021). The most important aspects 534 

of this work will be repeated here with a specific focus on the variations between the ore shoots and the 535 

vein and the range of trace element composition. The fluid composition was determined by 536 

microthermometry (Fig. 9) and LA-ICP-MS (Fig. 10) on individual fluid inclusions in fluorite, quartz and 537 

carbonate. Fluid inclusion assemblages were characterized as primary, clusters and secondary according to 538 

the classification of (Goldstein and Reynolds 1994; Walter et al. 2015). In addition, fluid inclusion 539 

assemblages were grouped into those co-genetic with the primary minerals of the ore shoots and those 540 

co-genetic with the common vein association. The dataset by Scharrer et al. (2021) includes ~1650 fluid 541 

inclusions analyzed by microthermometry that were chosen based on both spatial and temporal coverage 542 

of the main hydrothermal stage of the investigated veins. Furthermore, if available, fluid inclusion 543 

assemblages in fluorite that formed contemporaneously with minerals, in which fluid inclusions could not 544 

be measured, were preferentially analyzed (Scharrer et al. 2021). This includes early calcite for the Urberg 545 

samples and sulfides, arsenides and native elements for all samples.  546 

Both major (Fig. 9) and some minor elements (Scharrer et al. 2021) in fluid inclusions show a linear 547 

correlation in samples from all three localities, suggesting a mixing process between two endmember fluids. 548 

These endmember fluids both showed a high salinity (20-25 wt% NaCl eq.); fluid A was rich in CaCl2, 549 

whereas fluid B was NaCl-dominated and richer in KCl (Table 4). The approximate position of endmember 550 

A’ in the NaCl-CaCl2-space presented in Fig. 9 is estimated by extrapolation of the KCl content to near 0. 551 

There is no statistical difference between fluids A and B regarding homogenization temperature and most 552 

trace elements such as As, Bi, Sb, S and the transition metals. The homogenization temperature (in °C) 553 

varies between localities and is 90-150 (average: 122 ± 8), 100-170 (average: 131 ± 14) and 80-150 554 

(average: 117 ± 12) for the Münstertal, Urberg and Wieden vein systems, respectively (Fig. 9). Pressure-555 

corrected, this results in formation temperatures (in °C) of 110-170 (average: 140), 110-180 (average: 140) 556 

and 100-170 (average: 140) respectively. These values perfectly agree with many earlier values in similar 557 

veins from the region reported in e.g., Baatartsogt et al. (2007) and Walter et al. (2017). 558 
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 559 

Fig. 9 The binary fluid mixing of fluid A and fluid B is visible for both the ore shoot (colored) and the vein-hosted 560 

fluid inclusions (grey) for each of the three investigated localities. Furthermore, no change in homogenization 561 

temperature is visible between vein and ore shoot assemblage. Data from Scharrer et al. (2021) 562 

 563 

The trace elemental abundance typically shows a large spread of commonly one or more orders of 564 

magnitude (Fig. 10). This can be attributed to either inhomogeneities in the primary fluid composition, or 565 

more likely, evidence for prior mineral precipitation (Scharrer et al. 2021). Due to the high detection limit 566 

and uncertainties of LA-ICP-MS fluid inclusion analyses in fluorite (Scharrer et al. 2021), it is vital to 567 

consider both the analyzed content as well as the detection limit for those analyses below the detection limit 568 

(Fig. 10).  569 

 570 
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 571 

Fig. 10 Selected transition metals and As, Sb and S trace element composition of fluid inclusions of both the vein and 572 

the ore shoots, as measured by LA-ICP-MS. Blue fields are estimated realistic ranges of the fluid composition. These 573 

estimations are based on detected elemental abundance (circle symbols), detection limit of those analyses for which 574 

the analysis was below the detection limit and thus quantification was not possible (line symbols). Number of analyses 575 

(in brackets) does not always reflect number of symbols, as some elements could not be quantified for some analyses. 576 

Data from Scharrer et al. (2021). No significant difference between vein and ore shoot could be identified 577 

 578 
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For subsequent thermodynamic modelling, rounded maximum analyzed concentrations from LA-ICP-MS 579 

analyses were used. The Pb content was rounded up to 100 mg/kg to represent both Pb (up to 40 mg/kg) 580 

and Zn (up to 80 mg/kg). Such a simplification is possible due to the similar behavior of the two elements 581 

(e.g., Barrett and Anderson 1988). To reduce an obscuring complexity in the modeled diagrams, the number 582 

of components was reduced during modeling. To better depict the differences in mineralogy, Ni was 583 

assumed to be 0 for the Münstertal and Sb to be 0 for the Münstertal and Urberg localities. The summary 584 

of the analyzed fluid compositions and the fluid composition used for thermodynamic modeling is given in 585 

Table 4. 586 

 587 

Table 4: Fluid compositions 588 

   Münstertal  Urberg  Wieden 

   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 [w
t%

] 

 <8 22 20  <8 >17 20  <7 >15 20 

CaCl2  >16 0   >18 <7   >17 <10  

K  <0.4 1.5   0.2 >1   <0.4 >1  

              

              

Ba 
[m

g/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  60-400   20-400   60-400  

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.   <0.02-4   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 

Table Footnote: Model represents the values used for thermodynamic modeling. ”n.a.” represents not analyzed 589 

elements. Fluid compositional range is rounded to one significant figure 590 
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Aqueous species 591 

The implementation of all essential and available aqueous thermodynamic species is a vital step for 592 

thermodynamic modeling. The aqueous species calculated for the established fluid composition (see section 593 

above and Table 4) at the temperature of vein formation (ca. 150 °C based on fluid inclusion data of Scharrer 594 

et al. 2021) are depicted in ESM 6. Although the Cl-content of the fluid is high, the non-metal Cl-complexes 595 

for arsenic and antimony are mostly confined to an acidic pH. Therefore, the most prominent species are 596 

hydroxide complexes. For As and for Sb, the H3AsO3 and the H3SbO3 complexes are the most prominent 597 

under hydrothermal, moderately reduced conditions and a roughly neutral pH, which reflect a crustal 598 

environment. This is in accordance with Marini and Accornero (2007) for As. At more oxidizing conditions, 599 

arsenite complexes become more prominent. Unfortunately, the necessary thermodynamic data for some 600 

antimonite-complexes are still lacking. The metal species show the importance of Cl-complexes that are 601 

stable under a wide pH range, up to a pH of ~8-9. 602 

 603 

Discussion 604 

Gangue mineral formation (simple binary fluid mixing) 605 

To understand the formation of the ore shoots themselves, it is crucial to first understand the formation of 606 

the normal hydrothermal veins that host them. Their petrogenesis in the Schwarzwald region was the subject 607 

of several previous contributions (e.g., Schwinn et al. 2006; Baatartsogt et al. 2007; Staude et al. 2011; 608 

Bons et al. 2014; Walter et al. 2016; Walter et al. 2018b; Walter et al. 2019). Furthermore, a recent study 609 

(Scharrer et al. 2021) focused specifically on the three vein systems of the current contribution. The 610 

previous studies showed that the vein stage hosting the ore shoots under consideration here belongs to a 611 

large group of so-called Jurassic-Cretaceous fluorite-quartz-barite-carbonate veins that formed from the 612 

late Triassic to the early Tertiary (Walter et al. 2016; Walter et al. 2018b; Scharrer et al. 2021). Gangue 613 

mineral precipitation occurred due to mixing of fluid A, a CaCl2-dominated, KCl-poor, deeper seated 614 

modified bittern brine with a salinity of ~25 wt% CaCl2 + NaCl, and fluid B, a NaCl-dominated and KCl-615 

richer bittern or halite dissolution brine situated at shallower depths in the crystalline basement with 616 
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salinities of ~22 wt% NaCl + CaCl2 (Scharrer et al. 2021). Simple binary fluid mixing, likely in combination 617 

with various degrees of fluid cooling, has resulted in the precipitation of gangue minerals (e.g., Schwinn et 618 

al. 2006; Baatartsogt et al. 2007; Walter et al. 2017; Scharrer et al. 2021). The sulfides in this normal vein 619 

type consist mainly of galena, sphalerite and chalcopyrite. Their formation will be discussed in more below, 620 

together with the formation of sulfides in the arsenide-dominated ore shoots. 621 

 622 

Formation of the main ore shoot mineralogy without the sulfides by reduction  623 

The native As-bearing ore shoot mineral assemblage is quite different from the mineral association in the 624 

normal hydrothermal veins. The ore shoots can be regarded as different entities within the same vein 625 

structure that formed contemporaneously, but locally and temporally confined within the vein.  626 

 627 

Formation mechanism 628 

In general, the stabilities of hydrothermal mineral assemblages are defined by parameters such as pressure, 629 

temperature, fluid composition, redox and pH at the time of formation. Hence, a change in one of these 630 

parameters should govern the change from the normal vein assemblage to an ore shoot assemblage.  631 

As veins and ore shoots formed contemporaneously, a pressure change can be ruled out. Furthermore, our 632 

comprehensive fluid inclusion study showed no involvement of fluid boiling either in the veins or in the 633 

ore shoots (Scharrer et al. 2021). In addition, fluid inclusion homogenization temperatures of both the ore 634 

shoots and the rest of the vein cover the same range (Fig. 9) and, hence, also exclude changes in temperature 635 

to be responsible for the change from vein to ore shoot precipitation. The fluid inclusion work by Scharrer 636 

et al. (2021) also shows no systematic difference between the fluid mixture that formed the normal vein 637 

and that, which formed the ore shoots with respect to their major (Fig. 9) or minor (Fig. 10) element 638 

composition. Furthermore, Figure 9 provides clear evidence that both fluid A and fluid B, whose mixing 639 

formed the normal vein assemblage, were present not only during vein, but also during ore shoot formation. 640 

A change in fluid composition or the involvement of a volumetrically major and compositionally different 641 

third fluid involved in the formation of the ore shoots can, thus, be excluded.  642 
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 643 

Fig. 11 Thermodynamic model of the redox-pH relationship of various minerals. For the sake of clarity, the stability 644 

region of native Ag is not completely filled. Its shaded area is only depicted as a rim. (a) The solubility of sulfur is 645 

depicted in an equilibrium system considering the rounded typical Ba- and Pb-content of the vein fluids. (b) Simplified 646 

mineral relations in the Ni-Ag-Pb-As-S system considering the typical fluid composition of Urberg as an example. 647 

Both native Ag and Ni-minerals (such as Ni-arsenides, Ni-sulfarsenide, Ni-sulfides and native Ni) form at more 648 

oxidizing environments than galena 649 

 650 
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 651 

 652 

Fig. 12 Thermodynamic modeling of (Ag)-As ore shoots of the Münstertal locality. For the sake of clarity, the stability 653 

region of native Ag is not completely filled. Their shaded area, by diagonal and horizontal lines respective, is only 654 

depicted as a rim. Fluid composition is taken from Table 4 and (a) represents a sulfur-free system, (b) represents a 655 

sulfur poor system with a sulfate-sulfide equilibrium and (c) represents a sulfur-poor system with a sulfate-sulfide 656 

disequilibrium as is the case at hand 657 
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 658 

Fig. 13 Thermodynamic modeling of Ag-Ni-As ore shoots of the Urberg locality. For the sake of clarity, the stability 659 

region of native Ag is not completely filled. Their shaded area, by diagonal and horizontal lines respective, is only 660 

depicted as a rim. Fluid composition is taken from Table 4 and (a) represents a sulfur-free system, (b) represents a 661 

sulfur poor system with a sulfate-sulfide equilibrium and (c) represents a sulfur-poor system with a sulfate-sulfide 662 

disequilibrium as is the case at hand 663 

168



 664 

Fig. 14 Thermodynamic modeling of Ag-Ni-Sb-As ore shoots of the Wieden locality. For the sake of clarity, the 665 

stability region of native Ag is not completely filled. Their shaded area, by diagonal and horizontal lines respective, 666 

is only depicted as a rim. Fluid composition is taken from Table 4 and (a) represents a sulfur-free system, (b) represents 667 

a sulfur poor system with a sulfate-sulfide equilibrium and (c) represents a sulfur-poor system with a sulfate-sulfide 668 

disequilibrium as is the case at hand 669 
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 670 

Based on the line of arguments above, the process of fluid mixing was still present during ore shoot 671 

formation. The fact, that the normal vein assemblage is also present in the ore shoots, corroborates this 672 

statement. On the other hand, native elements and/or arsenides exclusively formed in the ore shoots which 673 

calls for a change in redox and or pH. Although pH is crucial in defining which aqueous and mineral species 674 

are stable, a change in pH does not suffice to explain the formation of these ore shoots (Fig. 11). For 675 

example, an increase or decrease in pH from roughly neutral starting conditions does not result in the 676 

formation of native As, in the consecutive formation of niccolite and rammelsbergite, or of native Ag 677 

followed by native As (see Fig. 12, 13 & 14) which are so strikingly present in our samples (Fig. 3, Fig. 4, 678 

Fig. 5 and Fig. 6). Based on these arguments, we conclude that normal vein mineralization and ore shoots 679 

formed from the same mixing process of the same two fluids, but that an additional reducing agent must 680 

have taken part in ore shoot formation. This is in agreement with earlier work of e.g., Markl et al. (2016), 681 

Burisch et al. (2017a), Kreissl et al. (2018) and Scharrer et al. (2019), but it is a significant and important 682 

step forward, as for the first time, it is shown that identical fluids can produce normal veins and five-element 683 

ore shoots, just by adding a reducing agent.  684 

 685 

Type and source of the reducing agent 686 

In the following, possible reducing agents for the investigated ore shoot assemblages will be discussed. 687 

Solid reducing agents such as Fe2+-bearing minerals or graphite have been proposed as reducing agents for 688 

native element-arsenide associations (Robinson and Ohmoto 1973; Kissin 1993; Ondrus et al. 2003a; 689 

Kreissl et al. 2018). However, they are unlikely to have been involved here, because neither relics of such 690 

phases nor reaction textures involving such phases were observed in our samples. Instead, both graphite 691 

and Fe2+-minerals like biotite are present in the host rocks and there is no spatial correlation between them 692 

and the ore shoots. Furthermore, they are distributed throughout most of the host rocks (graphite only in 693 

the gneiss) which would not explain the very localized occurrence of the ore shoots.  694 
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This leaves as possible agents mobile species such as gases, liquids or aqueous compounds, and specifically 695 

mobile hydrocarbons or possibly H2. Scharrer et al. (2021) did indeed find H2 and rarely minor amounts of 696 

hydrocarbons in the gaseous phase of the fluid inclusions by Raman spectroscopy at room temperature. The 697 

small amounts of such gases are not surprising, because as long as the reducing agent is the limiting factor, 698 

it will be completely consumed, while the oxidant, e.g., arsenite or arsenate, would only be partially 699 

consumed. Thus, it is very rare to find mobile reducing agents as they typically completely react as long as 700 

oxidized aqueous arsenic species are present. Kerrich et al. (1986), Essarraj et al. (2005), Levresse et al. 701 

(2016) and Burisch et al. (2017a) report such findings, which proves that hydrocarbons are viable reducing 702 

agents to produce native element-arsenide assemblages.  703 

The source of such hydrocarbons, however, remains somewhat enigmatic. One potential source of 704 

hydrocarbons are rocks of the paleo subduction zone of the Badenweiler–Lenzkirch suture (BLZ), which 705 

today outcrops ~5 km south of the Münstertal and Wieden localities and which dips towards the north (Huth 706 

and Zedler 2019). The rocks of this suture zone comprise, among others, greywackes and marine clay stones 707 

metamorphosed only at very low grades (Huth and Zedler 2019) which contain small coal occurrences 708 

(Geyer et al. 2011) and, hence, potentially also hydrocarbons. On the other hand, the Urberg vein system is 709 

south of the BLZ and, hence, cannot be related to it.  710 

Other hydrocarbon-bearing lithologies in the region are, for example, organic-rich shales in the (partially 711 

eroded) sedimentary cover. If the sedimentary cover units acted as a hydrocarbon source, these buoyant 712 

substances must have migrated into the underlying basement to depths of several kilometers. Burisch et al. 713 

(2017) described a reasonable scenario based on the model of Bons et al. (2014), how sedimentary brines 714 

are sucked into the crust (Stober and Bucher 2004) and thus can transport hydrocarbons dissolved in 715 

aqueous fluids to greater depths. This process could explain the presence of hydrocarbons at all three 716 

localities.  717 

The overlying sedimentary cover being the origin of the reducing agent requires the hydrocarbons to be 718 

present in an aqueous solution; gaseous or liquid hydrocarbons would be too buoyant. A mass balance 719 
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calculation shows that in order to precipitate all of the 100-1000 mg/kg aqueous As as native As according 720 

to  721 

As(OH)3 (aq) + 0.375 CH4 (aq) ↔ As (s) + 2.25 H2O + 0.375 CO2 (aq)    (Eq. 1), 722 

a total amount of only 0.5-5.0 mmol CH4 (aq) per kg fluid would be required. This amount is in agreement 723 

with the influx of ~1.5-1.9 mmol/l CH4 (aq) determined for the ore shoots of the Wittichen locality in the 724 

central Schwarzwald by Markl et al. (2016). An aqueous fluid at 150 °C at a lithostatic formation pressure 725 

of 250-550 bar (Scharrer et al. 2021) can transport up to ~60-100 mmol/kg CH4 (aq) (Duan and Mao 2006). 726 

The near linear mixing between fluids A and B during ore shoot formation (Fig. 9) limits the relative amount 727 

of the reducing agent-bearing aqueous fluid which could take part in the mixing process without disturbing 728 

the linear binary mixing trend. If the reducing fluid was less than 5 % of (fluid A + fluid B), a maximum of 729 

3-5 mmol of CH4 (aq) would have been available for reduction of 1 kg (fluid A + fluid B), which is in good 730 

agreement with what is required. 731 

 732 

Mineralogical variability and fluid composition 733 

The mineralogical differences between the three investigated localities are attributed to a difference in the 734 

respective fluid's metal content. This hypothesis is supported by LA-ICP-MS fluid inclusion analyses which 735 

show variations between the localities (Fig. 10; Scharrer et al. 2021). The different ore shoot mineral 736 

assemblages at Münstertal (Fig. 12), Urberg (Fig. 13) and Wieden (Fig. 14) can be nicely modelled using 737 

these different metal contents (Table 4).  738 

Before discussing the calculated diagrams, it is important to note that these thermodynamic models also 739 

show the importance of pH in defining the mineralogy. Hence, pH and other minor, local fluid variations 740 

are sufficient to explain the differences in mineralogy between various ore shoots at one specific locality.  741 

In the simple Ag-As fluid system, as is present at the Münstertal, the only two minerals stable at moderate 742 

to reduced epithermal conditions are native Ag and native As. Under all but lower than slightly acidic pH 743 

conditions, two pH units below the neutral pH, they form at different redox states (Fig. 12a). During a fluid 744 

reduction of a neutral fluid, native Ag would precipitate first and would therefore form inclusions in native 745 
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As (Fig. 12a). This is in accordance with our observations and with many observations worldwide: dendritic 746 

native Ag occurs within typically collomorphic native As (e.g., Hösel 2003; Ondrus et al. 2003b; Hiller and 747 

Schuppan 2008; Pekov et al. 2010).  748 

In the case of Urberg, the availability of Ni in addition to an As and Ag stabilizes Ni-arsenides. Due to the 749 

abundance of As relative to Ni, the reduction sequence at neutral pH is native Ag → niccolite → 750 

rammelsbergite → skutterudite → native As (Fig. 13a). This finding is congruent with that of Scharrer et 751 

al. (2019). Due to the lack of thermodynamic data, the stability field of NiAs3 could not be empirically 752 

modeled. However, a predicted NiAs2-NiAs3 stability boundary field is shown in Fig. 13a. The exact 753 

position of this and, thus, the formation of either NiAs2 or NiAs3 are strongly dependent on the As/Ni ratio 754 

of the fluid, the pH and the redox conditions. At higher As/Ni ratios, lower pH and more reducing 755 

conditions, the triarsenide is more stable than the diarsenide. One of these factors is most likely the reason 756 

for the abundance of triarsenides in ore shoot sequence 1 and the increased abundance of diarsenide in ore 757 

shoot sequence 2 at Urberg. The abundance of Ni in the Urberg fluids can be explained by the spatially 758 

close occurrence of mafic rocks and magmatic Ni-sulfide deposits in the region around Urberg (Otto 1964; 759 

Geyer et al. 2011; Markl 2017a; Brill et al. 2018); these rocks are very likely the source of the Ni in the 760 

Urberg fluids.  761 

The Wieden ore shoots show Sb-bearing phases in addition to As phases. Based on both textural and 762 

thermodynamic evidence, the Sb-equivalent of niccolite, breithauptite, becomes thermodynamically stable 763 

over niccolite in the presence of additional aqueous Sb (Fig. 14a). This even occurs at fluid compositions, 764 

in which As is more abundant than Sb (see Wieden fluid composition; Fig. 10). In addition, allargentum, 765 

dyscrasite, and native Sb form over a large pH range at a redox state similar to that of native As (Fig. 14a). 766 

Their stability is strongly dependent on both the availability of Sb and Ag. During reduction of a fluid with 767 

a composition of, for example, the Ag-Ni-As-Sb ore shoot at Wieden (Table 4), allargentum and dyscrasite 768 

form after breithauptite and rammelsbergite, but prior to native As during fluid reduction. This is in 769 

accordance with the paragenetic sequence.  770 

 771 
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Formation of sulfides in normal vein and ore shoot assemblages  772 

As shown above, gangue minerals form by simple binary fluid mixing, the typical native element-arsenide 773 

assemblage of the ore shoots by the same fluid mixing process accompanied by reduction. However, the 774 

presence of clustered and disseminated base metal sulfides (mainly galena and sphalerite) in the vein as 775 

well as the presence of sulfides in some and the absence of sulfides in other ore shoots has not been 776 

discussed and explained yet. Based on the lack of statistically significant differences between their sulfur 777 

isotope signatures (Fig. 8), sulfides in the ore shoots and sulfides in the normal veins are believed to have 778 

the same source and the same formation mechanism. We propose that the sulfide was added to the fluid 779 

discontinuously and locally during the mixing process, most likely by interaction with the surrounding host 780 

rock. The line of arguments is as follows:  781 

(1) Textures: The sulfides are not evenly distributed throughout the veins, but they occur as local 782 

accumulations such as bands or directly overgrowing host rock clasts in breccias (e.g., Fig. 1c; Metz et 783 

al. 1957; Markl 2017a). The brecciated clasts are typically overgrown by sulfide- and quartz-rich 784 

material which implies a formation process different from (or at least: additional to) the other normal 785 

vein minerals.  786 

(2) Fluid thermodynamics: Fluids A and B contain some metals such as Ba, Pb and Zn (Fusswinkel et al. 787 

2013; Scharrer et al. 2021) and thus cannot transport significant amounts of sulfur at the temperature 788 

range in question (e.g., Allison et al. 1991; Ball and Nordstrom 1991). Depending on redox conditions, 789 

thermodynamic modelling predicts that a maximum of 10 mg/kg of sulfate or a maximum of 0.05 mg/kg 790 

of sulfide can be transported at a neutral pH (Fig. 11a) for the fluid compositions of the three localities 791 

(Table 4). LA-ICP-MS measurements of Scharrer et al. (2021) showed detectable sulfur only in two 792 

fluid inclusions, namely 20 ± 10 mg/kg and 50 ± 25 mg/kg, which are in the same order of magnitude 793 

as values of thermodynamically possible dissolved sulfate. This implies that the sulfur in the fluid A or 794 

B (or both) was likely present as sulfate species.  795 

(3) Mineral thermodynamics: Based on the disagreement between thermodynamic phase stability fields 796 

and the observed mineralogy, a thermodynamic disequilibrium between a few minerals must be 797 
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assumed both in the veins and in the ore shoots. The most striking example is the apparently stable 798 

assemblage of oxidized and reduced minerals such as barite and native As. Under equilibrium 799 

conditions, this assemblage would not form, as the sulfate in barite would be reduced to sulfide under 800 

the redox state of native As stability. Furthermore, fluids containing Ni, As, Pb and Zn, as the ones 801 

investigated here (Fig. 10) cannot precipitate the base metal sulfides galena and sphalerite without the 802 

contemporaneous formation of Ni-sulfides and/or arsenides under equilibrium conditions (Fig. 11b). 803 

This is not only at odds with the observations from the three veins investigated here, but with thousands 804 

of hydrothermal veins in the Schwarzwald (Markl 2015; Markl 2016; Markl 2017a; Markl 2017b), in 805 

Central Europe and world-wide (e.g., Baumann et al. 2000; Sangster 2009), where Ni-minerals are 806 

rather rare.  807 

(4) Kinetics: Experimentally determined kinetic rates of sulfate-sulfide equilibration (Ohmoto and Lasaga 808 

(1982) are insufficiently slow to allow sulfate reduction during short-lived mixing processes in 809 

hydrothermal systems below 200 °C. The formation of individual growth zones during such mixing 810 

processes takes less than minutes (Walter et al. 2018a), while the minimum time required for the 811 

attainment of a 90 % equilibrium between aqueous sulfide and sulfate requires ~4000 years at 150 °C 812 

at roughly neutral conditions (Ohmoto and Lasaga 1982).  813 

All these arguments imply that sulfide was not transported in fluid A or fluid B in sufficient quantities, but 814 

that it had to be added from outside. Also sulfate reduction can be ruled out for kinetic reasons. 815 

 816 

Sulfate-sulfide disequilibrium based on δ34S 817 

The kinetic disequilibrium between sulfate and sulfide discussed in the preceding chapter is corroborated 818 

by the δ34S-signature of both sulfates and sulfides from ore shoots and normal vein assemblages (Fig. 8). 819 

The calculated equilibrium temperatures between sulfides and cogenetic sulfates from the three investigated 820 

localities seem to record temperatures of formation between 270 and 470 °C (Fig. 12c), while the pressure-821 

corrected fluid inclusions record temperatures of about 150 °C (Scharrer et al. 2021) which are in agreement 822 

with many other fluid inclusion studies in the region (see above). Hence, the apparently cogenetic sulfate-823 
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sulfide textures do not prove sulfate-sulfide isotope equilibrium; rather, sulfides and sulfates are in textural 824 

equilibrium, but in sulfur isotope disequilibrium. This agrees with a sulfur isotope study from the whole 825 

Schwarzwald showing unrealistic equilibrium temperatures ranging from ~200 to ~500 °C (Schwinn et al. 826 

2006). There is no evidence for a post-formational isotopic equilibration of barite or the sulfides with each 827 

other or a further sulfur source. This is because there is no correlation between the barite, galena and 828 

sphalerite δ34S-value and the sampled crystal size or mineral paragenesis. Furthermore, the sulfides and 829 

barite from this Jurassic-Cretaceous hydrothermal stage from all over the Schwarzwald show a similar 830 

disequilibrium isotopic range (Gehlen et al. 1962; Schwinn et al. 2006; Staude et al. 2011). A full 831 

equilibration of all sulfides or sulfates with a subsequent fluid is disregarded since these are systems 832 

governed by localized fluid pathways.  833 

In summary, we interpret the sulfur isotope values of barite and sulfides to reflect a sulfate-sulfide isotopic 834 

disequilibrium during vein formation. Therefore, sulfate and sulfide must have originated from different 835 

sources and for sulfide, this source was not fluid A or B. This finding is in sharp contrast to the results and 836 

interpretations of previous studies (Walter et al. 2016; Walter et al. 2018a; Walter et al. 2020).  837 

 838 

Sulfide source  839 

This chapter discusses the potential sources of the externally derived sulfide. The regional geology permits 840 

the sulfide to either be sourced from the surrounding host rock or from the (at the time of ore formation) 841 

overlying sedimentary lithologies. The latter would require sulfide from the organic-rich and/or sulfide-842 

rich layers in the sedimentary cover penetrating the basement during downward fluid flow as was e.g. 843 

suggested by Bons et al. (2014). However, sedimentary, mostly organically- or diagenetically-sourced 844 

sulfide generally shows strongly negative δ34S values, most between –5 and –50 (Marowsky 1969; Maynard 845 

1980; Gautier 1987) as does the most likely sedimentary sulfide source candidate in the region, the lower 846 

Jurassic Posidonian shale (Geyer et al. 2011), namely δ34S values between –15 and –40 (Brumsack 1991; 847 

Raiswell et al. 1993). This is significantly lighter than our analyzed sulfides (Fig. 8). Thus, a major organic 848 

sulfide source component can, in all probability, be excluded.  849 
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The most likely sulfide source is, hence, the surrounding basement rock sulfides. Remobilization of this 850 

sulfide during hydraulic fracturing is a viable mechanism of sulfide addition to the mixing hydrothermal 851 

fluids. It is well known that the Schwarzwald basement rocks, specifically the gneisses, bear high amounts 852 

of sulfides, including pyrite, pyrrhotite and arsenopyrite (e.g., Wager 1935; Otto 1964; Hofmann 1989; 853 

Geyer et al. 2011; Staude et al. 2011; Drüppel et al. 2020). We also observed them in our host rock samples. 854 

The importance of the host rock characteristics on the occurrence of sulfides in Schwarzwald hydrothermal 855 

veins has also been described by Walter et al. (2019) who found that gneiss-hosted veins contain a higher 856 

modal abundance of sulfides compared to granite-hosted veins. Furthermore, galena and sphalerite are most 857 

abundant in hydraulic breccia zones (this study; Metz et al. 1957; Widemann 1988; Markl 2017a), where 858 

interactions between the hydrothermal fluid and the fresh, non-leached host rock are strongest. As the new 859 

fractures typically occur in the center of a vein or at the marginal selvages, which are covered and thereby 860 

sealed by clay minerals (Metz et al. 1957; Burisch et al. 2016; Walter et al. 2016), repetitive opening of the 861 

same fractures nicely explains the typical banded gangue textures (e.g., Keim et al. 2019) and the general 862 

rarity of sulfides. The latter are distributed unevenly reflecting the rare addition of sulfide to the 863 

hydrothermal fluid. This is related to the preexisting vein being a structurally inherited weak zone (Virgo 864 

et al. 2014) which is a typical feature in many hydrothermal systems (e.g., Cathelineau et al. 2017). The 865 

sulfide isotope signature of both ore shoots and vein sulfides (δ34S ~ 0 to –12) overlaps with the range of 866 

the basement sulfides (δ34S ~ +2 to –9 ‰; Siewers 1977) which corroborates our inference that sulfide was 867 

derived from the gneissic host rocks. 868 

This concludes the sulfide, which is the prerequisite for sulfide formation, and the reducing agent, which is 869 

required for the ore shoot formation, having two separate origins. Which of these fluids, a sulfide-bearing 870 

or a reducing agent-bearing fluid, is tapped, results in the formation of the normal vein sulfides or an ore 871 

shoot assemblage, respectively.  872 

 873 

The mineralogical consequences of sulfide addition and sulfate-sulfide disequilibrium on the ore shoot 874 

assemblage 875 
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The ore shoots show a highly variable sulfide content, from absent to abundant, which implies that the 876 

availability of sulfide and reducing agent may have been variable between ore shoots. Thus, it is vital to 877 

consider the effect sulfide has on the ore shoot mineralogy. In the following, the consequences of sulfide 878 

addition under equilibrium (Fig. 12b, Fig. 13b and Fig. 14b) and under sulfate-sulfide disequilibrium 879 

conditions (Fig. 12c, Fig. 13c and Fig. 14c) on the ore shoot mineralogy will be discussed.  880 

In a simplified As-S system and under equilibrium conditions, realgar and orpiment would form at acidic 881 

to neutral conditions. Their stability field is increased to more oxidized environments under sulfate-sulfide 882 

disequilibrium conditions. Only when the available sulfide is used up, native arsenic would form. However, 883 

realgar and orpiment were not found in any of the investigated samples. This is attributed to their stability 884 

strongly depending on the availability of reduced sulfur, which in turn is also dependent on the stability of 885 

other sulfides and, thus, on the availability of, for example, Pb and Zn in the fluid (Scharrer et al. 2020). As 886 

Pb and Zn are very abundant in the mixture of fluid A with fluid B, nearly all LA-ICP-MS analyses show 887 

them in a similar range of 1 to 100 ppm, and as galena and sphalerite have very low solubilities, their 888 

formation uses up the reduced aqueous sulfide which is the ultimate reason for the stability of native As 889 

over realgar and orpiment.  890 

During reduction of a sulfide-bearing Ag-As-Pb fluid under equilibrium conditions and at neutral pH, 891 

galena precipitation is succeeded by native As formation (Fig. 12b). In our samples, although galena does 892 

also form prior and subsequent to native As, it also forms simultaneously to native As (e.g., Fig. 4b). As an 893 

example, in an equilibrium system with the fluid condition at Münstertal (Table 4), the amount of galena 894 

that can precipitate simultaneously with native As during reduction is several orders of magnitude less than 895 

native As. A co-precipitation is however possible, when sulfide influx occurs contemporaneous with the 896 

reduction, as is the case at hand. Thus, the simultaneous precipitation of these two minerals at a neutral pH 897 

reflects the sulfide influx during reduction under sulfate-sulfide disequilibrium conditions. At these 898 

conditions, the stability and formation of galena is independent of the redox state of the fluid (Fig. 12c) and 899 

whether galena or native As forms depends on the relative abundance of sulfide and reducing agent. 900 

Temporal variations in redox state and/or sulfide influx nicely explain the commonly observed banded 901 
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onion-layer texture between native As and galena and the lath-shaped oriented galena crystals in native As 902 

(Fig. 6e).  903 

In the presence of dissolved Ni, the thermodynamic modeling predicts the formation of gersdorffite under 904 

slightly basic to strongly acidic conditions (Fig. 13b). Under sulfate-sulfide disequilibrium conditions, the 905 

stability of gersdorffite increases, based on the availability of sulfide, to more oxidizing and more basic 906 

conditions (Fig. 13c). Due to the As-S exchange in the arsenides and sulfarsenides (Fig. 7b), we assume 907 

that S-rich rammelsbergite forms at low sulfide, As-rich gersdorffite at moderate sulfide and stoichiometric 908 

gersdorffite at high sulfide availability. This would explain the mineralogical differences in the three ore 909 

shoot sequences at Urberg, in which a steady increase in sulfur content in the Ni(As, S)2 and NiAs3 minerals 910 

can be witnessed from ore shoot sequence 1 to 3 (Fig. 7b). It is important to note that under moderately 911 

reduced conditions, only a few mg/kg of sulfide are needed to increase the stability of even stoichiometric 912 

gersdorffite to form over a large pH range. The non-stoichiometric gersdorffite would form at even lower 913 

sulfide contents. The availability of sulfide is, however, not only constrained by the absolute sulfide content, 914 

but (as already described above) also by the content of other elements such as Pb or Zn that contest for the 915 

sulfide due to the low solubility of their respective sulfides (Scharrer et al. 2020). The fact, that both Pb and 916 

Zn were detected in most fluid inclusions (i.e. in the mixed fluids after mineral precipitation) indicates a 917 

high metal/sulfide ratio.  918 

The presence of Sb in addition to Ni, As, Pb and sulfide in the fluid stabilizes some Sb-minerals at the 919 

expense of their respective As-counterparts, even if the fluid is richer in As than in Sb (Fig. 14b). This 920 

explains the formation of breithauptite (Fig. 14b) and possibly ullmannite in As-dominated ore shoots, 921 

although the stability of the latter could not be modeled due to the lack of suitable thermodynamic data.  922 

 923 

The mineralogical consequences of sulfate-sulfide disequilibrium on the normal vein assemblage 924 

Although the sulfate-sulfide disequilibrium does influence the mineralogy of the ore shoots (Fig 12c, Fig. 925 

13c and Fig. 14c), with minor changes in mineral abundance and mineral succession, similar ore shoots 926 

could also form under sulfate-sulfide equilibrium conditions (Fig 12b, Fig. 13b and Fig. 14b). However, 927 
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the normal sulfide assemblage of the vein observed here could not have formed under equilibrium 928 

conditions. The sulfate-sulfide disequilibrium does not only stabilize mineral assemblages that would not 929 

form otherwise, but it also prevents the formation of some equilibrium assemblages or textural successions 930 

which would usually be expected to form. For example, under equilibrium conditions (Fig. 12b, 13b & 931 

14b), the base metal sulfides should always form after native Ag (Fig. 12c), arsenides (Fig. 13c) or 932 

antimonides (Fig. 14c), but the typical vein sulfide assemblage completely lacks native Ag, arsenides and 933 

antimonides. This is identical in almost all other hydrothermal veins of the same hydrothermal stage in the 934 

Schwarzwald (Markl 2015; Markl 2016; Markl 2017a; Markl 2017b) and can be explained by the 935 

disequilibrium conditions, which (1) prevent sulfide from acting as a reducing agent for e.g. Ag+, aqueous 936 

arsenite or aqueous antimonite and (2) increase the stability of sulfide-bearing minerals such as base metal 937 

sulfides to oxidizing conditions.  938 

Finally, under sulfate-sulfide disequilibrium conditions, an influx of sulfide into a fluid of variable redox 939 

state invariably either co-precipitates galena and Ag-sulfides/Ag-sulfosalts (Fig. 12c, Fig. 13c and 14c) or 940 

Ag is incorporated into galena via coupled substitution. The latter could not be modelled due to the lack of 941 

thermodynamic miscibility data. However, extrapolation from higher temperature experiments to below 942 

200 °C of the coupled substitution of Ag(As, Sb, Bi)S2 into galena reveals that up to ~ 3 mol% of ∑(Ag, 943 

As, Sb, Bi) can be incorporated into galena (Chutas et al. 2008; Renock and Becker 2011). Thus, the 944 

observed elevated contents of Ag, As, Sb and Bi in galena which are both present in the ore shoots and the 945 

vein sulfide assemblages could only form due to the sulfate-sulfide disequilibrium, which prohibits native 946 

Ag to form. Hence, the main medieval Ag-source, argentiferous galena, is a direct result of the sulfate-947 

sulfide disequilibrium during the formation of these veins (Markl 2017a).  948 

 949 

Alternative formation mechanisms for ore shoot and vein sulfides 950 

The model presented here suggests that the vein formed by mixing of fluid A and fluid B, the vein sulfides 951 

precipitated due to an influx of host rock-sourced sulfide and the ore shoot assemblages formed by a local 952 

influx of a mobile reducing agent, most likely hydrocarbons. Although we have provided abundant textural, 953 
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mineralogical, geochemical, fluid inclusion and modeling data to support the hypothesis of such a three 954 

fluid ± host rock interaction model, possible alternatives should also be mentioned. Alternative models to 955 

explain the presence of both vein sulfides and ore shoots are, for example, that the change from vein sulfides 956 

to ore shoots may be governed by (a) a different magnitude of external (rock) vs. internal (fluid) buffering 957 

and (b) differences in the magnitude of the net fluid flux.  958 

We do not consider both alternatives as viable, because, concerning (a), the internal buffering of fluids A+B 959 

forms only the gangue minerals, while the external (rock) buffering is, in principle, the mechanism that we 960 

suggest forming the vein sulfides. A stronger interaction with the surrounding host rocks produces a higher 961 

sulfide ore content in the vein, but not an arsenide-bearing ore shoot. This statement is even texturally 962 

supported by the increased sulfide concentrations at places where host rock breccias are present in the 963 

banded vein (see vein sulfide formation chapter). Alternative (b) proposes that a different degree of reaction 964 

progress of the overall fluid system is responsible for the shift between the normal vein sulfide and the ore 965 

shoot assemblage. However, our modeling clearly shows that variations in magnitude of net fluid flux of 966 

fluids A+B or the sulfide- and reducing agent-bearing fluid do not suffice to explain the mineralogical 967 

difference between the vein sulfides and the ore shoots. A single fluid with a given sulfide/reducing agent 968 

ratio cannot thermodynamically result in the formation of sulfide-free ore shoots, sulfide-bearing ore shoots 969 

and normal vein sulfides.  970 

 971 

Hydrothermal overprint, sulfosalt assemblage and worldwide comparison to other occurrences 972 

The previous models nicely explained the formation of the native element-arsenide-sulfarsenide 973 

assemblages, with or without the base-metal sulfides, but they did not discuss the silver sulfides and 974 

sulfosalts, mainly proustite-pyrargyrite solid solutions, which are abundant. These minerals formed in a 975 

later process by hydrothermal remobilization of the primary ore assemblages. Similar processes have been 976 

described for other Ag-rich hydrothermal systems in the region (Keim et al. 2019). To understand their 977 

formation is of vital importance since remobilization processes can increase or decrease the economic value 978 
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of many types of deposit dramatically (e.g., Hobbs 1987; Marshall et al. 2000; van Dongen et al. 2010; 979 

Hastie et al. 2020).  980 

In the deposits investigated in the present contribution, the most common consequence of hydrothermal 981 

overprint of the primary ore shoot assemblages is the formation of minerals of the proustite (Ag3AsS3) - 982 

pyrargyrite (Ag3SbS3) solid solution series at the cost of mainly native Ag and sometimes native As. 983 

Depending on sample and locality, they form in association with other sulfosalts and sulfides (Table 1). As 984 

is the case in our samples, these Ag-sulfosalts generally form during a later stage or at the end of an ore 985 

stage in many Ag-rich hydrothermal associations worldwide (Ryall 1979; Ruvalcaba-Ruiz and Thompson 986 

1988; Mladenova et al. 2004; Camprubí et al. 2006; Staude et al. 2007; Fanlo et al. 2010; Kallstrom 2012; 987 

Yesares et al. 2017; Epp et al. 2018). The formation of sulfosalts has been linked both to a primary 988 

hydrothermal fluid (Foley 1984), but more commonly to exsolution and/or remobilization processes (e.g., 989 

Boni and Koeppel 1985; Loucks and Petersen 1988; Mladenova et al. 2004; Takahashi et al. 2006; Epp et 990 

al. 2018). 991 

The formation of proustite-pyrargyrite series minerals must have started after the ore shoot formation, but 992 

during the same hydrothermal stage II (Fig. 3a) since euhedral sulfosalts are found imbedded in gangue 993 

minerals of this stage. As the sulfosalts do not just replace, but also overgrow the primary minerals, an 994 

elemental flux at constant volume during remobilization cannot be calculated. However, the observation 995 

that native arsenic and native silver are replaced by proustite clearly shows, that an influx of sulfide is a 996 

necessary pre-requisite for their formation. It is suggested that the replacement processes involved batches 997 

of either fluid A or fluid B, both of which are not in equilibrium with and more oxidized than the ore shoot, 998 

plus sulfide. 999 

The sulfide isotope signature of proustite ranges from the same as that of the primary ore shoot and main 1000 

stage vein sulfides to significantly lower. The same isotopic signature as the rest of the vein sulfides 1001 

suggests that the sulfide originated from the same sulfide fluid source or remobilization of sulfides within 1002 

the vein. The significantly lower isotopic signature can be explained by a subsequent fluid, or sulfate 1003 
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reduction being involved. Such reaction processes are not temporally confined to a short process such as 1004 

fluid mixing. Thus, sulfate reduction may play a role for these remobilization processes. 1005 

For the investigated samples at hand, the large variety of sulfosalts forming during the replacement process 1006 

can be traced back to local, small scale variations in preexisting mineralogy and, possibly, fluid 1007 

composition. Although minerals of the proustite-pyrargyrite series (Ag3(As,Sb)S3) are abundantly present, 1008 

minerals of the smithite-miargyrite series (Ag(As,Sb)S2) are rare or absent. This is a common feature at 1009 

many Ag-sulfosalt-bearing localities worldwide (e.g., Gillerman and Whitebread 1953; Gemmell et al. 1010 

1989; Chutas and Sack 2004; Camprubí et al. 2006). The formation of either of these minerals is defined 1011 

by the elemental abundance (Chutas and Sack 2004), specifically of Ag, Sb, As and S, and by prevailing 1012 

formation conditions, specifically pH. The proustite-pyrargyrite series preferably forms at more neutral to 1013 

slightly basic conditions and at higher Ag and S activities relative to miargyrite (Fig. 14c). A high Ag 1014 

activity was provided by the dissolution of native Ag. The favorable neutral to basic pH was given if the 1015 

involved initial fluid was at roughly neutral pH, moderately reduced to moderately oxidized and As-bearing. 1016 

Local variations in fluid composition and primary ore shoot mineralogy then determined, which sulfosalt 1017 

formed during this hydrothermal overprint (see also Keim et al. 2019).  1018 

These required initial fluid conditions are met by fluids A and B. At initially roughly neutral pH and under 1019 

moderately reduced to moderately oxidized conditions, both arsenite and arsenate are present in the fluid 1020 

(ESM 6). During dissolution of native Ag or native As, arsenate is progressively reduced to arsenite 1021 

(Scharrer et al. 2019), which in turn increases the fluids pH (Eq. 2 and 3) 1022 

As (s) + 1.5 H+ + 1.5 H2O + 1.5 H2AsO4
- ↔ 2.5 As(OH)3  (aq)   (Eq. 2) 1023 

Ag (s) + 1.5 H+ + 0.5 H2AsO4
- + 2Cl- ↔ 0.5 H2O + 0.5 As(OH)3 (aq) + AgCl2

-  (Eq. 3) 1024 

Hence, the sulfosalts form in the presence of a sulfide influx during ore shoot remobilization and the 1025 

sulfosalt mineralogy is defined by the elemental availability and formation conditions. Interestingly, if 1026 

fluids A and B react with the ore shoots in the absence of sulfide, the primary mineralogy is only dissolved 1027 

and replaced by gangue minerals, without the formation of secondary ore minerals. This has also been 1028 
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observed in several samples, in which preferably native As and native Ag were dissolved, while their 1029 

colloform and dendritic shapes are still preserved in the replacing gangue minerals (Fig. 4f & g). 1030 

In some samples from Wieden, minerals of the proustite-pyrargyrite series are occasionally replaced by 1031 

acanthite (Ag2S) and in turn by native Ag. This formation of secondary native Ag by the dissolution of 1032 

acanthite is a typical reaction which has been described from many localities worldwide (e.g., Fanlo et al. 1033 

2010; Arribas et al. 2020). The secondary native Ag commonly forms wires in open vugs. This process 1034 

shows a progressive enrichment of Ag relative to As, Sb and S. While the primary native Ag contains 1035 

significant amounts of Sb, Hg and As, the process of remobilization, first to proustite and then to secondary 1036 

native silver, preferably removes Sb, Hg and As and, hence, purifies the native silver. The whole process 1037 

is most likely related to weathering fluids of different composition than fluid A or B.  1038 

 1039 

Conclusions 1040 

Although drastic mineralogical changes in a hydrothermal vein are commonly interpreted to indicate a new 1041 

hydrothermal stage with the influx of a new fluid of different composition, this study shows that such 1042 

changes can simply reflect a spatially and temporally restricted change in redox conditions. In this case, a 1043 

local influx of a reducing agent can result in the formation of Ag- and As-rich ore shoots. The mineralogy 1044 

of these ore shoots is strongly dependent on the presence of the metals in the fluid, as the mineralogy reflects 1045 

the maximum elemental fluid composition analyzed by LA-ICP-MS in single fluid inclusions. This in turn 1046 

implies that the elemental composition of the ore, at least to some degree, reflects the source fluid and, thus, 1047 

the source rock.  1048 

The mineralogy of the ore shoots is further influenced by the redox state, the pH, the availability of sulfide 1049 

and the already precipitated mineralogy. The presence of sulfide during reduction results in the formation 1050 

of sulfide-bearing minerals such as base metal sulfides, sulfarsenides and sulfantimonides. The influx of 1051 

sulfide and lack of reduction of sulfate is due to a thermodynamic disequilibrium between sulfate and 1052 

sulfide, which stem from two different sources and which could not equilibrate due to slow reaction kinetics 1053 

(Ohmoto and Lasaga 1982). In the presence of a sulfide influx without a reducing agent, only normal base 1054 
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metal sulfides such as galena, sphalerite or chalcopyrite form. This sulfide influx also promotes the 1055 

incorporation of Ag, Sb, As and Bi into galena. The most likely sulfide source is the sulfide-bearing gneisses 1056 

(= host rocks), while the reducing agent was most probably represented by hydrocarbons from the 1057 

sedimentary cover.  1058 

The final ore shoot textures found in the samples are strongly influenced by post-depositional 1059 

remobilization processes. These include the typical hydrothermal dissolution of native Ag and native As 1060 

and reprecipitation as sulfosalts as well as later reaction processes that re-remobilize the Ag-bearing 1061 

sulfosalts and form secondary native Ag. Thermodynamic calculations show that the larger stability of Ag-1062 

Sb-sulfosalts such as pyrargyrite compared to their respective Ag-As-endmembers (in this case: proustite) 1063 

enables their formation even in As-dominated hydrothermal systems.  1064 
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Formation of native arsenic in hydrothermal base metal deposits and related supergene 
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aBStract

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

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

Interestingly, native arsenic in the Michael vein acted as a trap for uranium during supergene 
weathering processes. Infiltrating oxidizing, U+VI-bearing fluids from the host lithologies reacted under 
ambient conditions with galena and native arsenic, forming a variety of U+VI (±Pb)-bearing arsenates 
such as hügelite, hallimondite, zeunerite, heinrichite, or novacekite together with U-free minerals 
like mimetite or anglesite. Some parts of the vein were enriched to U concentrations of up to 1 wt% 
by this supergene process. Reduced (hypogene) uranium phases like uraninite were never observed.

Keywords: Native arsenic, jordanite-gratonite, hydrothermal, base metal, uranylarsenates, hal-
limondite

introduction

Although arsenic is not a rare element in soils and upper 
crustal waters (e.g., Dudas 1987; Nordstrom 2002; Peters et al. 
2006; Drahota and Filippi 2009), native arsenic is a relatively 
rare mineral (<400 localities worldwide reported in https://
www.mindat.org in March 2019). However, in some types of 
ore deposits, it occurs in large quantities and samples up to 
dozens of kilograms have been recovered (e.g., Hösel 2003; 
Ondrus et al. 2003; Hiller and Schuppan 2008). Arsenic is a 
toxic metalloid, and some of its compounds are harmful to the 
environment and human health (e.g., Bowell et al. 2014; Mitchell 
2014). Therefore, numerous recent publications have studied the 
abundance, sorption behavior, biotic and abiotic mobility, and 

redistribution of arsenic at ambient conditions (e.g., Pierce and 
Moore 1982; Nordstrom and Young 2000; Mandal and Suzuki 
2002; Nordstrom 2002; Drahota and Filippi 2009; Amend et al. 
2014; Bowell et al. 2014; Bowell and Craw 2014; Mitchell 2014; 
Wu et al. 2017). However, at higher temperature, the behavior 
of arsenic is considerably less investigated and understood, 
although arsenic is a common element in various hydrothermal 
systems (e.g., Ballantyne and Moore 1988; Horton et al. 2001; 
Price and Pichler 2005).

Arsenic naturally occurs in six oxidation states (As-II, As-I, 
As0, As+II, As+III, and As+V), and forms various gaseous, aque-
ous, and solid species of different toxicity (e.g., Boitsov and 
Kaikova 1965; Sergeyeva and Khodakovskiy 1969; Pokrovski 
et al. 2013; Keller et al. 2014; Nordstrom et al. 2014). Thus, 
redox state and redox reactions play a crucial role in processes 
involving arsenic. Dissolved arsenic is present as As+V under 
oxidized and/or basic conditions, and as As+III under more 
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reducing and/or neutral to acidic conditions, occurring as ions 
or complexes. Under geothermal conditions, As+III, in the form 
of As(OH)3, is the most common species of dissolved As (e.g., 
Sergeyeva and Khodakovskiy 1969; Ballantyne and Moore 
1988; Criaud and Fouillac 1989; Zheng et al. 2015). The forma-
tion of oxide and hydroxide complexes (mainly arsenate and 
arsenite) leads to a high solubility of arsenic (e.g., Glaskova 
et al. 1999). This solubility is, however, greatly decreased due 
to enhanced mineral precipitation in the presence of transition 
metals such as Ni, Co, Fe, and/or under reduced conditions 
(e.g., Glaskova et al. 1999; Markl et al. 2016; Kreissl 2018). In 
turn, this implies that the presence and redox state of arsenic 
are essential in defining the mobility of other elements, and 
thus the formation of specific minerals both in hydrothermal 
and near-surface processes. The source of arsenic in a specific 
enrichment zone (i.e., deposit, placer, weathering crust) can 
be highly variable, since groundwater, metamorphic fluids, 
magmatic fluids, as well as brines have been proposed to form 
arsenic-rich mineralizations (e.g., Robinson and Ohmoto 1973; 
Migdisov and Bychkov 1998; Essarraj et al. 2005; Su et al. 2009; 
Epp et al. 2018). The aim of the present study is to investigate 
the fate of arsenic in hydrothermal base-metal vein-type depos-
its, the relative importance of dissolved species, and the stable 
As-phases formed during mineral precipitation rather than the 
origin of the As-bearing fluid.

Specifically, the present contribution will focus on the natural 
occurrence of native arsenic (native As). Where present, it gener-
ally forms as an abundant hypogene mineral under hydrothermal 
conditions (e.g., Vokes 1963; Nokleberg 2005; Voudouris et al. 
2008; Radosavljević et al. 2014; Zheng et al. 2015; Burisch et 
al. 2017a) or as a minor mineral during the breakdown of As-
bearing minerals/solid solutions (Cook 1996). It is common in 
five-element associations (Reuss 1863; Hiller and Schuppan 
2008; Pekov et al. 2010; Staude et al. 2012; Burisch et al. 2017a), 
much less common, though, in “normal” base-metal-rich veins 
with galena, sphalerite, and/or chalcopyrite. Mineralization types 
with native As are assembled in Table 1.

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

reGional GeoloGy and GeocheMical BacKGround

The Michael mine is situated in the central Schwarzwald near 
Lahr and on the eastern flank of the Upper-Rhine-Graben (Fig. 1). 
Its radioactivity led to a detailed investigation in the 1950s, 

during the search for uranium in Western Europe. During this 
time, samples were taken underground and mineralogically in-
vestigated by Walenta and Wimmenauer (1961) and Kirchheimer 
(1957), without finding an economic uranium mineralization. 
The local geology consists of a Variscan crystalline basement 
discordantly overlain by a terrestrial to marine sedimentary cover, 
which are both tectonically uplifted and overprinted by a normal 
fault-dominated regime due to the opening of the Upper Rhine 
Graben (URG) during the Paleogene. An inclined uplift of the 
rift flanks led to partial erosion of the Paleozoic and Mesozoic 
sedimentary cover sequence resulting in the present-day topog-
raphy (Geyer et al. 2011 and references therein).

The Michael vein is at least 1.3 km long and up to 2 m wide 
(average of 80 cm; Bliedtner and Martin 1986). It is hosted by a 
crystalline basement consisting of late Variscan post-collisional 
granites and cordierite- and graphite-bearing metasedimentary 
gneisses and metatexites (Kirchheimer 1957; Metz and Richter 
1957; Walenta and Wimmenauer 1961; Kaiser 1983). It oc-
curs on a rift-parallel normal fault that juxtaposes Rotliegend 
rhyolitic volcanics and clastic sediments with Buntsandstein 
and crystalline basement (Fig. 1; Geyer et al. 2011). The sedi-
mentary units overlaying the Buntsandstein are abundant to 
the east, at the far side of the rift flank, and inside the graben 
structure, but due to long-lasting erosion and rift flank uplift, 
they are no longer present in the area of investigation (Geyer 
et al. 2011). Paleogene sediments of up to 4000 m thickness 
occur in the URG, including Oligocene halite-bearing evapo-
rites (Geyer et al. 2011).

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

SaMple location

Samples analyzed in this study were taken from the dumps 
of the Michael vein, from the mineralogical collection of the 
University of Tübingen and the Geological Survey of Baden-
Württemberg (among them samples from the most compre-
hensive study of this vein by Kirchheimer 1957), and from the 
private collection of the last author. The samples cover the whole 
mineralogical diversity of the vein and originate from both mine 
dumps and (the Kirchheimer samples) from underground. The 
Michael vein was worked from two historic adits; the Michael 
mine at the southern end of the vein and the Silbereckle mine 
close to its northern end (Fig. 1). Samples from both mines and 
from dumps in between were investigated.
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petroGraphy oF the Mineralization
Based on detailed ore microscopy and macroscopic observa-

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

The vein itself is characterized by intense tectonic brecciation, 
partial dissolution of earlier and subsequent cementation by suc-
cessive minerals. Thus, the relative ages of individual minerals 
have been interpreted not based on individual, but on the sum 
of all available textures. Interestingly, there is a gradual transi-
tion in the manifestation of the second ore stage from north to 
south, with a more colloform and skeletal appearance in the north 
(Fig. 3c) and well-crystallized minerals in the south (Fig. 3d). 
The mineralogical differences between these textural variations 
of stage 2 mineralization are shown in Figure 2b.

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

II. Quartz stage: Intense brecciation of ore stage I is followed 
by precipitation of the three prevalent minerals of ore stage II, 
quartz, sphalerite, and native As (Fig. 3b). These minerals cement 
the clasts of ore stage I, of pyrite (brecciated relictic pyrite inclu-
sions in sphalerite indicate a formation prior to the other stage IIa 
ore minerals but after ore stage I; Fig. 4a) and of euhedral, but 
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FiGure 1. Geological map (after the 1:50 000 LGRB map of Baden-
Wuerttemberg) and cross-section presenting the horst-graben type 
structural control of the mineralization of the Michael vein. (Color online.)

FiGure 2. (a) Generalized paragenetic sequence of important ore, gangue, and supergene minerals. (b) Detailed mineralogical sequence of ore 
stage IIa with respect to the two texturally occurring types.
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deformed graphite (from graphite-bearing host rocks; Fig. 4b). 
Partial quartz pseudomorphs after barite are abundant.

The Zn sulfides of ore stage II show two textural and min-
eralogical manifestations: one is characterized by medium- to 
coarse-grained, non-colloform Zn-sulfides (mostly sphalerite; 
e.g., Fig. 3d) and the other consists of colloform Zn-sulifdes 
(a mixture of both sphalerite and wurtzite, confirmed by XRD; 
Fig. 3c). The former is more common in the southern, the lat-
ter in the northern part of the vein. In the following, they are 
designated as colloform and non-colloform, but due to their 
abundant similarities and irrelevance for the understanding of 
the behavior of arsenic, most of the discussion lumps both types 
of Zn-sulfides together as sphalerite (sph). Both types show a 
typical generalized sequence of quartz → jordanite/gratonite + 
gersdorffite + sphalerite/wurtzite → sphalerite/wurtzite → galena 
→ native arsenic → quartz (Figs. 4c–h). The non-colloform variety 
shows a more complex mineralogy (small flakes of chalcopyrite, 
fahlore, and native bismuth are only present in the non-colloform 
assemblage; see Fig. 2b), but skeletal jordanite/gratonite (Fig. 4c) 
is more abundant and formed over a longer precipitation interval 
in the colloform compared to the non-colloform type (Fig. 4e). 
Furthermore, galena is more common in the non-colloform ore 
samples (Figs. 4e and 4f). Small subhedral to euhedral inclusions 
of Ni-sulfarsenide (<20 mm; gersdorffite) formed during the 

initiation of sphalerite crystallization, while round aggregates of 
Ni-rich triarsenide (<20 mm; skutterudite) formed subsequently 
to sphalerite, but before the precipitation of native As (Fig. 3g).

Native As exclusively occurs in a colloform texture 
(irrespective of the Zn sulfide textures in the same samples), 
overgrows all other stage II minerals (Figs. 4e and 4f) and in 
some cases embeds brecciated clasts of these or fills cavities, 
e.g., in sphalerite-wurtzite clasts (Fig. 3h). Some native arsenic 
aggregates (e.g., Fig. 4i) resemble the characteristic elongated 
shapes of Pb-sulfosalts (jordanite; Fig. 4d) in sphalerite/wurz-
ite. This texture is interpreted as native arsenic pseudomorphs 
after Pb-sulfosalts; the same generation of native As overgrows 
sphalerite (Fig. 4i). These native As-quartz-sphalerite asso-
ciations are in some cases overgrown by another generation of 
sphalerite that is in turn overgrown by quartz. Later breccias of 
all earlier mineral stages are cemented by various barren quartz 
stages (Fig. 5a). During the final part of the quartz stage, native 
arsenic is dissolved (Fig. 5b) and/or replaced by realgar; realgar 
also forms euhedral crystals in cavities (Figs. 5c and 5d). Rarely, 
the realgar crystals in cavities are in turn overgrown by small 
needles of a still later second generation of native As (Fig. 5d). 
An extensive search for hydrothermal uranium-bearing miner-
als like uraninite or coffinite in radioactive hand specimens 
(as measured by a Geiger counter) produced no results, as did 

FiGure 3. Images of hand specimen that depict the typical occurrence of stage I (a) and stage II (b–d). (b) Characteristic brecciation of the 
vein and subsequent cementing by stage II minerals, in this case arsenic. The Zn-sulfides occur as either colloform textured aggregates of sphalerite 
and wurzite (c) or as aggregates of sub- to euhedral crystals of sphalerite (d). (Color online.)
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FiGure 4. Pyrite (a) and graphite (b) are enclosed in sphalerite. Jordanite-gratonite solid solution minerals formed prior to/during sphalerite 
precipitation (c and d). Galena can also be found as small grains in individual native As bands (e), but typically forms before/during the initiation of 
native As, and is thus found as inclusions in native As (f). The triarsenide, skutterudide, is rare and mostly occurs at the transition between sphalerite 
and native As formation (g). Mineral aggregates are characteristically brecciated and cemented by subsequent minerals, where jordanite crystals 
are commonly pseudomorphed by native As (h and i). (c, g, h, and i) represent colloform samples and (a, b, d, e, and f) represent non-colloform 
samples. Image types: (c) BSE image, (a, b, d–h) reflected light and (h and i) slightly adjusted but crossed polarized reflected light. (Color online.)
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similar attempts by Walenta and Wimmenauer (1961). Based on 
the large number of fresh samples investigated by Walenta and 
Wimmenauer (1961) and by us (including microscopy, XRD, and 
radiology techniques), we can exclude the presence of primary 
(= hydrothermal) uranium-bearing minerals in the Michael vein.

III. Carbonate stage: The occurrence of late, well-crystallized 
carbonates is a typical feature in many hydrothermal veins in 
the Schwarzwald district and records erosional uplift of the vein 
and near-surface conditions of formation at low temperatures 

(Burisch et al. 2017b). They are particularly common close to 
the URG (see e.g., Markl 2017). In the Michael vein, dolomite 
is generally overgrown by calcite, and both fill small fractures 
and/or voids as euhedral crystals. No ore minerals are associated.

Supergene processes (uranium enrichment): During super-
gene weathering, first- and second-stage ore minerals release 
mainly Pb, Zn, and As and, hence, secondary minerals mainly 
comprise arsenates, carbonates, and sulfates of Pb and Zn, and, 
to a lesser extent, also of Cu (Markl 2017). The most common 

FiGure 5. Ore stage IIa minerals are commonly brecciated and cemented by fine-grained quartz (a), partially dissolved (b), or replaced (c). (d) A 
rare second generation of native As can form remarkable overgrowths on realgar crystals. (e and f) Supergene druse fillings sometimes incorporate 
uranyl arsenates. Image types: (a) reflected light, (b and c) crossed polarized reflected light, and (d, e, and f) hand specimen images. (Color online.)
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supergene phases are mimetite, anglesite, and cerussite, rarer, 
but still common phases include adamite and minerals of the 
beudantite-segnitite-hidalogoite series. Furthermore, an inter-
esting suite of supergene uranium-bearing minerals exclusively 
occurs on fine-grained quartz III and IV (chert) samples. These 
include hallimondite (microcrystalline, yellow crusts), heinrich-
ite (yellow plates), novacekite (yellow plates), hügelite (orange 
needles), widenmannite (yellow tabular crystals), and zeunerite 
(green tabular crystals) (Figs. 5e and 5f; Markl 2017). Although 
these minerals are relatively rare in the investigated samples, an 
increased radioactivity in the mine and in hand specimens from 
the dumps has already been detected by Kirchheimer (1957), who 
determined whole-rock U contents up to almost 1 wt% in some 
underground samples. The supergene enrichment of U is also 
recorded by the occasional incorporation of U in the abundant 
supergene mineral mimetite (Walenta and Wimmenauer 1961). 
Primary U-bearing minerals are, as mentioned above, not pres-
ent in the Michael vein and, hence, the uranium must have been 
introduced by the supergene, meteoric weathering fluids.

analytical MethodS

Scanning electron microscope (SEM) and electron 
microprobe analyses (EMPA)

For qualitative mineral analyses and texture documentation, a Hitachi TM3030 
REM Plus Tabletop Microscope at the University of Tübingen was used. The quan-
titative analysis of the minerals was carried out on 24 thin sections using a JEOL 
SUPERPROBE JXA-8900RL at the University of Tübingen. To avoid tarnishing of 
arsenic, the thin sections were re-polished, cleaned with ethanol, and dried for half a day 
before being spattered with carbon. Details of the analytical conditions and choice of 
reference materials used are described in Electronic Supplemental Materials1 (ESM) 1.

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

Discover Co-Source diffractometer, equipped with a HOPG-monochromator and 
a VANTEC500 detector, at the University of Tübingen. Measurements with 50 and 
300 mm diameter were performed between 5.7° to 69–100° with 0.05° steps and a col-
lection time of 120 s per step at room temperature (25 °C) with a CoKa beam at 30 kV 
and 30 mA. Data evaluation was done using the DIFRACPLUSEVA software package.

Sulfur isotopes
A handpicked sample of cogenetic sphalerite and galena was powdered and 

the S-isotopic composition was then measured with a Finnigan Delta Plus XL mass 
spectrometer. The resulting S-isotopic compositions are calibrated to d34S values of 
several in-house standards: NBS-123 (ZnS, d34S = 17.1‰, relative to V-CDT), NBS-
127 (BaSO4, d34S = 20.31‰, relative to V-CDT), IAEA-S1 (d34S = –0.30‰, relative to 
the CDT), and IAEA-S-3 (d34S = 21.70‰, relative to the CDT). The long-term repro-
ducibility of the d34S measurements are ±0.3‰ (2s) and of the sulfur content are 5%.

Fluid inclusion analyses
For fluid inclusion analyses, several 250 mm thick, double-polished sections of 

quartz and sphalerite crystals were prepared. Individual fluid inclusion assemblages 
after Goldstein and Reynolds (1994) were characterized. No primary fluid inclusions 
could be detected in quartz. The only primary fluid inclusions found in any sample 
occur in sub- to euhedral sphalerite. They are very small (seldom larger than 10 mm) 
and rare. The microthermometric analyses were carried out at the University of Tübin-
gen using a Linkam THMS 600 fluid inclusion stage on a Leica DMLP microscope 
calibrated with synthetic H2O, H2O-NaCl, and H2O-CO2 standards. For statistical 

purposes, each inclusion was analyzed at least 3 times. For the homogenization 
temperature, a variation of less than 0.5 °C, and for melting temperatures, a variation 
of no more than 0.1 °C was accepted between runs. A pressure correction was not 
applied since the salinity is unknown and a very shallow depth of formation under 
hydrostatic pressure can be assumed (e.g., Burisch et al. 2017b).

Thermodynamic modeling
Thermodynamic modeling was done using the software package Geochem-

ist’s Workbench 12 (GWB; Bethke 2007). For stability diagrams, the phase 2 and 
P2plot GWB application and for solubility calculations during fluid cooling, the 
react GWB application was used. Detailed information on the thermodynamic 
modeling approach as well as the process of thermodynamic data selection for 
zeunerite and data estimation for jordanite and hallimondite is given in the ESM1 2 
and the results presented in Table 2.

reSultS

Mineral identification and composition
All ore minerals of ore stage II and some supergene minerals 

have been analyzed by electron microprobe (crystalline sphalerite 
= 66 analyses, colloform sphalerite = 143, skutterudite = 7, pyrite 
= 11, native As = 12, jordanite-gratonite solid-solution = 47,  
gersdorffite = 11, galena = 32, fahlore = 30, chalcopyrite = 2, 
realgar/pararealgar = 4, pyromorphite group minerals = 39) and 
their respective end-member formula are given in Table 3. The 
analyzed mineral compositions are presented in the ESM1 3 and 
only some major aspects are discussed here. Selected representa-
tive analysis are given in Table 4.

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

Table 2.  Thermodynamic data (ΔfG in kJ/mol) estimated or selected and incorporated into the preexisting thermodynamic databases used 
in this study

 0 °C 25 °C 60 °C 100 °C 150 °C 200 °C 250 °C 300 °C Source
Pb14As6S23 –1670 –1679 –1693 –1710 –1736 –1765 –1798 –1834 Estimated
Pb2UO2(AsO4)2·2H2O –3012±15        Estimated
Cu(UO2)2(AsO4)2·8H2O –5315        [1]
Note: [1] represents Vochten and Goeminne (1984). 

Table 3.  Compilation of minerals discussed in this manuscript
 Mineral Formula

Sulfosalts, sulfarsenides, and arsenides
 Chalcopyrite CuFeS2

 Galena PbS
 Gersdorffite NiAsS
 Gratonite Pb9As4S15

 Jordanite-geocronite Pb14(As,Sb)6S23

 Orpiment As2S3

 Pyrite FeS2

 Realgar As4S4

 Skutterudite (Ni,Co,Fe)As3

 Sphalerite/wurzite ZnS
 Tennantite Cu6[Cu4(Fe,Zn)2]As4S13

  
Native elements

 Graphite C
 Native arsenic As
  

Supergene minerals
 Adamite Zn2AsO4OH
 Anglesite PbSO4

 Cerussite PbCO3

 Goethite FeO(OH)
 Hallimondite Pb2(UO2)(AsO4)2·2H2O
 Heinrichite Ba(UO2)2(AsO4)2·8–10H2O
 Hügelit Pb2(UO2)3(AsO4)2O2·5H2O
 Malachite Cu2CO3(OH)2

 Meta-zeunerite Cu(UO2)2(AsO4)2·8H2O
 Mimetite Pb5(AsO4)3Cl
 Parsonsite Pb2(UO2)(PO4)2·2H2O

199



SCHARRER ET AL.: NATIVE ARSENIC IN HYDROTHERMAL BASE METAL DEPOSITS 735

American Mineralogist, vol. 105, 2020

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

As explained above, Zn-sulfides have been categorized into 
two texturally distinct groups, the colloform and non-colloform 
type. By X-ray diffraction, the colloform Zn-sulfide was identi-
fied to be a mixture of both needle-shaped sphalerite and wurtzite. 
The analytical totals of all Zn-sulfide measurements range from 
95 to 101 with an average of 100 wt% for the non-colloform and 
with an average of 98.5 wt% for the colloform samples. No corre-
lation between analysis total and stoichiometry of the calculated 
formula exists, and the variations in totals reflect variations in 
porosity. However, for interpretation, only analyses with a total 
between 98 and 101 wt% have been considered. Elevated Pb and 
As concentrations in both types of sphalerites (Table 4) indicate 
the presence of jordanite-gratonite solid-solution microinclusions 
in sphalerite; they are more common in the colloform textures 
(Fig. 6). This compositional argument is supported by the close 
association of visible jordanite-gratonite solid-solution bands 
within the colloform sphalerite. Sub-microscopic inclusions of 
other sulfides in sphalerite have been previously reported from 
other localities (e.g., Taylor and Radtke 1969; Kelley et al. 2004; 
Pfaff et al. 2011). Besides Pb and As, the sphalerite of both tex-
tural types is generally poor in trace elements and only Cd can 
be present up to 3.5 wt% in a handful of analyses. Sphalerite 
contains generally <<1 wt% Fe and shows the transparent red-
dish to brownish color typical of Fe-poor varieties. The analyzed 
galena has a stoichiometric formula and lacks trace elements.

X-ray diffraction and compositional analyses revealed the 
presence of both jordanite [ideally Pb14(As,Sb)6S23] and gratonite 
(ideally Pb9As4S15). Both minerals are commonly intergrown and 
embedded within the colloform sphalerite. The only significant 
trace element is Zn, which can reach values of up to several wt% 
(but this may be due to microinclusions again, see above). Due to 
their small grain size, no gersdorffite and almost no skutterudite 
grains could be analyzed without contamination by galena and/or Ta
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FiGure 6. Compositional analyses of Zn-sulfides, classified 
according to their textural occurrence, plotted to visualize potential 
micro-intergrowth with other minerals. Mineral abbreviations: 
chalcopyrite (cp), fahlore (fhl), galena (gn), gersdorffite (gdf), jordanite-
gratonite solid-solution (jdn-gtn), and skutterudite (skut). (Color online.)
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sphalerite. However, such mixed analyses still indicate their ternary 
nature with respect to Fe, Co, and Ni (0.2:0.15:1 and 0.54:0.3:1 
for skutterudite and gersdorffite, respectively). Furthermore, 
gersdorffite is enriched in Se (ca. 0.2 wt%). The fahlore is a near 
end-member Cu-Zn-tennantite with an average mineral formula 
of Cu10.02Fe0.33Zn1.52As3.88Sb0.09S13.15. Native As incorporates up to 
0.2 wt% Zn, 0.4 wt% Pb, and 0.6 wt% Se and Sb each. In all these 
As-bearing minerals, other trace elements are close to or below 
the detection limit.

Realgar/pararealgar shows a similar trace element budget as 
native As and is enriched in Sb and Se. The pyromorphite group 
minerals of the Michael vein are commonly close to end-member 
mimetites. Occasionally, however, phosphate substitution in indi-
vidual crystals is high enough to reach pyromorphite composition. 
The Ca content rarely reaches 0.2 wt%. Uranium is generally ab-
sent, but individual analyses can reach up to 1 wt% UO2 (Table 4).

Temperature of formation
To constrain the temperature of formation of the stage II min-

eralization, two independent thermometers were applied: sulfide 
isotope equilibrium and fluid inclusion homogenization. For the 
isotope analyses, the cogenetic minerals (colloform sphalerite/
wurtzite mixture and galena (KS13)) were carefully isolated 
and hand-picked. The sphalerite has a d34S-value (V-CDT, ‰) 
of –3.68(0.3) and the galena of –8.58(0.3). Applying the isotope 
fractionation factors of Seal (2006 and references therein), and 
assuming the literature isotope fractionation factor for ZnS applies 
to both wurtzite and sphalerite, the resulting calculated equilibrium 
temperature is ~110(20) °C (Gauss uncertainty propagation). The 
eight primary fluid inclusions analyzed in non-colloform sphal-
erite (100, 102, 104, 109, 110, 119, 123, 128 °C) nicely support 
this result: they indicate a homogenization temperature range of 
100–128 °C with an average of ~110(10) °C (1s).

Due to the formation of metastable phases at low temperatures 
in the fluid inclusions, the salinity of the primary fluid inclusions 
in sphalerite could not be quantitatively determined—but it could 
still be qualitatively constrained to some degree. The approximate 
temperature of first melting is around –50 °C. In combination 
with the presence of abundant hydrohalite, this constrains the 
fluid to be of high salinity with an at least ternary composition 
(NaCl-CaCl2-H2O). The presence of hydrohalite and the absence 
of Ca-chlorides suggest a possible NaCl dominance over CaCl2.

Thermodynamic modeling and fluid constraints
The highly saline and most probably NaCl-dominated fluid is 

in good agreement with typical fluid inclusion analyses from veins 
related to Upper-Rhine-Graben tectonics (5–25 wt% NaCl+CaCl2 
Walter et al. 2018). For thermodynamic modeling, we used 
an intermediate salinity of 10 wt% NaCl. Based on the above 
temperature estimations, and because sphalerite precipitation is 
commonly preceded by some quartz crystallization in ore stage II, 
it is estimated that mineral precipitation occurred between 150 
and 50 °C, with most of the ore minerals probably precipitating 
between 130 and 90 °C.

The elemental fluid composition for the thermodynamic model-
ing is based on qualitative constraints, empirical calculations, and 
a literature compilation/comparison. The precipitation mechanism 
for quartz is assumed to be fluid cooling and for the sulfides to 

be reduction related to the influx of a sulfide-rich fluid. At close 
to neutral pH (neutral ±2), 1 kg of H2O fluid cooled from 150 to 
50 °C can precipitate ca. 150 mg SiO2. Based on the estimated 
abundance of the major minerals in ore stage II (quartz 90 vol%, 
sphalerite 7 vol%, and native As 3 vol%), the amounts of sphal-
erite and native As that have to precipitate from 1 kg of fluid can 
be calculated (ca. 20 and 10 mg/kg, respectively). This implies 
that the fluid must have contained at least 10 mg/kg Zn and As, 
respectively. Furthermore, for the whole mineral sequence to form, 
Zn has to be successively depleted relative to sulfide. Thus, the 
calculated 10 mg/kg of Zn is not a minimum but a rough absolute 
estimate. Assuming the relative abundance of Zn, Pb, and Ni in the 
mineralization, we estimate the fluid composition to be roughly 
10 mg/kg of Zn and As, 1 mg/kg of Pb, and 0.1 mg/kg of Ni. This 
composition is in very good agreement with naturally occurring 
Upper-Rhine-Graben brines that are related to the Buntsandstein 
aquifer: such brines contain up to 10 mg/kg Zn and As each, up to 
1 mg/kg Pb and up to 0.1 mg/kg Ni (Sanjuan et al. 2010).

diScuSSion
Precipitation mechanism

The first mineralization stage with barite and galena is a very 
common type of mineralization in the vicinity of the URG (e.g., 
Metz and Richter 1957; Markl 2015, 2017) and formed by a 
three component fluid mixing process involving a metal-bearing 
basement-derived, a sulfate-bearing sedimentary cover-derived 
and a sulfide-bearing fluid (e.g., Walter et al. 2018).

In contrast, the subsequent native As-sphalerite-quartz stage II 
is a regionally unique and worldwide rare type of mineralization. 
Hence, it needed very special conditions of formation, which 
are, obviously, only rarely fulfilled in nature. The large quantities 
of fine-grained crystalline quartz indicate that cooling was the 
dominant precipitation mechanism. This is supported by textures, 
i.e., the typical pseudomorphs of quartz after barite (Burisch et 
al. 2017c) and native As after jordanite/gratonite. Fluid cooling 
does not, however, explain the amount of sphalerite present 
relative to quartz, as the decrease of sphalerite solubility with 
temperature is minimal in the investigated temperature range of 
150–50 °C (e.g., Hayashi et al. 1990; Hanor 1996). Native arsenic 
precipitation has been proposed to be facilitated by a decrease in 
temperature, pressure, and most importantly fO2 (e.g., Su et al. 
2009; Zheng et al. 2015; Markl et al. 2016; Burisch et al. 2017a; 
Scharrer et al. 2019). Thus, even though fluid cooling promotes 
some precipitation of sphalerite and native As, an influx of a redox 
agent is needed to precipitate the whole sequence of minerals 
in the observed quantities. The presence of abundant native As 
(As0) and some arsenides (As-II) in combination with the absence 
of graphite dissolution textures in the samples (Fig. 4b) demon-
strates a strongly reduced environment during the formation of 
the ores. Due to the presence of abundant sulfides and the slow 
kinetics of sulfate to sulfide reduction in the observed temperature 
range (Sakai 1968; Malinin and Khitarov 1969; Rye and Ohmoto 
1974; Ohmoto and Lasaga 1982), it is most likely that an influx 
of sulfide was essential. An abiotic in situ reduction of sulfate to 
sulfide can be excluded since the most abundant source of sulfate 
present is the partially dissolved barite, which at ~100 °C is in 
strong isotopic disequilibrium with the sphalerite (Schwinn et al. 
2006; Seal 2006). It has been proposed that colloform sphalerite 
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can form by mixing of a fluid containing bacteriogenic sulfur 
and a metal-bearing hydrothermal fluid (Wilkinson et al. 2005; 
Barrie et al. 2009; Pfaff et al. 2011). Bacteriogenic sulfate reduc-
tion has been proven to prevail to temperatures up to 110 °C with 
an optimal range of 30–40 °C (e.g., Jørgensen et al. 1992; Seal 
2006). Thus, groundwater sulfate reduction is a possible sulfide 
source for the mineralization in question. Other possible sources 
of sulfide are magmatic or metamorphic sulfides from the host 
rocks, diagenetic/sedimentary sulfides, or URG oil field brines. 
In summary, a combination of fluid cooling and the influx of a 
sulfide and redox agents was responsible for the formation of the 
sphalerite-native As-quartz stage II assemblage. This, however, 
does not explain the uniqueness of the abundance of native arsenic 
in this mineralization, as the combination of reducing conditions 

in the presence of aqueous arsenic is probably not very rare; most 
As-rich associations are sulfide, sulfarsenide or arsenide dominated 
and completely lack of or very poor in native As (e.g., most five 
element deposits, Scharrer et al. 2019).

Conditions of formation
Thermodynamic calculations show that at roughly neutral pH, 

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

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

Low concentrations of Fe, Co, and Ni. In hydrothermal sys-
tems, such as base metal mineralizations, arsenic most commonly 
precipitates as arsenopyrite or gersdorffite, while native arsenic 
is comparatively rare (~10 000 vs. 400 occurrences worldwide, 
Mindat.org). To promote the formation of native As instead of ar-
senopyrite, either sulfide or iron has to be limited. Since native As 
also occurs in sulfide/sulfosalt-rich mineralizations (e.g., Bailly 
et al. 1998; An and Zhu 2009; Su et al. 2009; Radosavljević et al. 

2014), and as this is also in the present situation, sulfide is most 
likely not the defining factor. The assumption of low concentra-
tions of Fe, Co, and Ni in the mineralizing fluid during native As 
crystallization is in accordance with many textural observations, 
as native arsenic typically precipitates after the precipitation of 
theses transition metals (Noble 1950; McKinstry 1963; Bailly et 
al. 1998; Su et al. 2009; Zheng et al. 2015; Scharrer et al. 2019). 
Thus, it is likely that these metals were depleted by the time the 
reducing conditions allowed native As to precipitate.

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

In contrast to Ni and Co, Fe is omnipresent in all lithological 
units in the region and, hence, every hydrothermal fluid should 
contain abundant Fe (dependent on redox and pH state, however). 
This is recorded by the common presence of pyrite, arsenopyrite 
and/or chalcopyrite in most hydrothermal veins of the region 
(e.g., Metz and Richter 1957; Bliedtner and Martin 1986), by the 
presence of iron in thermal spring fluids (0.01–10 mg/kg; Göb et 
al. 2013) and by hydrothermal fluid inclusions of the region (up 
to ~10 000 mg/kg; Walter et al. 2018). Thus, for the case at hand, 
either the transport of Fe is retarded by, for example, the stability 
of hematite and/or Fe-oxyhydroxides at neutral to basic pH or 
the initially present Fe had been precipitated prior to the forma-
tion of the Fe-poor mineralization of stage IIa. The latter would 
explain the presence of brecciated clasts of pyrite occasionally 
embedded in sphalerite, which could be more abundant at depth. 
Furthermore, the lack of trace elements (nearly all below the 
detection limit) indicates a low-temperature formation of pyrite 
and not a remobilization of host rock pyrite, and the lack of these 
clasts within stage I minerals indicates a formation after stage I 
but before stage IIa. However, at present we cannot distinguish 
whether the fluid was primarily Fe-poor or if significant pyrite 
precipitation occurred at greater depth that depleted the fluid in 
iron. It is, however, clear that if sulfarsenides are absent, very 
low Fe concentrations are essential for this native As-rich base 
metal mineralization to form.

Temperature, sulfur abundance and the stability of 
native As. The solubility of all minerals in question decreases 
with decreasing temperature (Fig. 10) and, hence, the forma-
tion of mineral assemblage IIa is favored by and related to fluid 
cooling. Furthermore, native As is only stable at < ~300 °C (at 
low pressure) and becomes increasingly stable at lower tem-
peratures. The even more significant temperature dependence 
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of the realgar and orpiment stability field relative to native As 
(Fig. 10) explains the late-stage overprint of native As by realgar, 
which is also typical of native As occurrences worldwide (e.g., 
Bailly et al. 1998; Cleverley et al. 2003). The increased stabil-
ity of As-minerals at lower temperatures explains the generally 
described correlation between arsenic content and temperature 
in hydrothermal fluids and springs (e.g., Ballantyne and Moore 
1988; Aiuppa et al. 2003).

Although lower temperatures favor the formation of native 
As, they also favor the formation of realgar and orpiment in the 
presence of sulfide. This explains the more common presence 
of realgar over native As in cooler and/or high sulfidation min-
eralizations (e.g., Arehart et al. 1993; Migdisov and Bychkov 
1998; Cleverley et al. 2003; Su et al. 2009; Zhu et al. 2011). It is 
essential to understand the stability of realgar and orpiment, since 
these are absent during the precipitation of the main ore phases 

of stage II, and their lack of stability promotes the formation of 
native As. The stability of realgar/orpiment is confined to low 
temperatures, an acidic to neutral pH, and by the availability of 
both As and sulfide (e.g., Sergeyeva and Khodakovskiy 1969; 
Ballantyne and Moore 1988, Figs. 10 and 11). The availability of 
sulfide is, however, not only defined by the absolute abundance of 
S or kinetic disequilibrium between sulfate and sulfide (Scharrer 
et al. 2019) in the fluid, but also by the abundance of metals. 
The presence of transition metals such as Pb and Zn limits the 
availability of sulfur at reducing conditions by the precipitation 
of sulfides (Fig. 11). This interdependence, variable affinity of 
different elements to sulfur (Shcherbina 1978), enables the pre-
cipitation of native As in the presence of sulfide; e.g., in roughly 
neutral fluids at 100 °C containing ~10 mg/kg or 100 mg/kg 
of Zn or Pb at least 5–15 mg/kg (depending on As content) or 
50 mg/kg of sulfur is needed, respectively, for realgar/orpiment 
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to form instead of native As (e.g., Fig. 11). A fluid containing 
>1000 mg/kg of these base metals would need an unrealistically 
high amount of sulfur (>>1000 mg/kg) to form realgar, even at 
high arsenic contents (>1000 mg/kg). Thus, the availability of 
abundant Zn or Pb in a sulfide-rich environment, as is the case 
for the Michael vein, decreases the stability of the As-sulfides 
and thus promotes native As formation.

Native arsenic as a trap for uranium during supergene 
processes

Generally, low-temperature uranium deposits/enrichments 
form either by reduction of dissolved U+VI to U+IV or by sorption at 
strongly acidic pH, where U+VI may also be subsequently reduced 
(Langmuir 1978; Dahlkamp 2009; Dahlkamp 2013). Typical re-
ducing agents are for example organic material, sulfide, or pyrite 
(Andreev and Chumachenko 1964; Sharp et al. 2011; Dahlkamp 
2013). During supergene overprinting of such primary uranium 
bearing associations, U+IV is re-oxidized, during which uranyl-
bearing minerals form (e.g., Finch and Ewing 1991; Gorman-
Lewis et al. 2008). This is however not the case for the Michael 
vein. The Michael vein is quite unique as it contains a wealth of 
supergene uranium-bearing minerals (including rare Pb- bearing 
uranylarsenates), while primary uranium minerals such as uraninite 
are missing entirely (this study, Walenta and Wimmenauer 1961). 
Thus, uranium is present exclusively as U+VI both in Ba-, Pb-, Cu-, 
and Mg-uranyl arsenates and as a minor constituent in mimetite. 
In some places along the vein, the accumulations of supergene 
uranium-bearing minerals result in significant whole-rock uranium 
contents up to 1 wt% (Kirchheimer 1957).

Due to the lack of primary U+IV-bearing minerals, the super-
gene uranyl minerals must have directly precipitated from a U+VI-

bearing fluid where the mineralized vein acted as the uranium 
trap (Fig. 12a). The most likely source of uranium is the granitic 
host rock, which is slightly enriched in uranium (Martin 2009; 
Dahlkamp 2013). The release of uranium from such rocks to the 
fluid by weathering is indicated by the presence of uranium in 
granitic formation waters from southwest Germany (occasion-
ally up to 30 mg/kg; Käß and Käß 2008; Göb et al. 2013) and 
the lower uranium concentration in altered granite compared to 
fresh granite in the Schwarzwald (e.g., Hofmann 1989). Although 
native As has a strong reduction potential, it did not directly act 
as a uranium immobilization agent by U+VI reduction. However, 
during weathering and oxidation of the vein system, the arsenic 
in the native As is oxidized, which can then react with the uranyl 
bearing fluid to form the uranylarsenates. The uranylarsenates 
also needed metal ions (e.g., Cu, Pb, Ba) that are provided by 
weathering and dissolution of minerals such as galena, chalco-
pyrite, and barite. It has been argued that U+VI sorption can limit 
the solubility of uranium even though the stabilities of uranyl 
arsenates are not reached (Langmuir 1978) and that sorption may 
be a precursor step to the local enrichment of uranium/formation 
of uranyl minerals (Barton 1956). This, however, seems not to be 
the case in the Michael vein, since the uranyl-bearing minerals 
form exclusively in quartz vugs and on fractures independent 
of typical adsorbents such as ferric oxides, hydroxides or or-
ganic material. Thus, we assume a direct precipitation from the 
fluid due to oversaturation of the respective uranyl arsenates by 
small-scale fluid mixing of compositionally contrasting fluids 
that reacted with variable amounts of the host rock and gangue 
minerals, etc. (Fig. 12a).

The dominance of uranyl arsenates over phosphates or 
silicates can be explained by the relatively high solubility of 
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the latter two (Langmuir 1978). Still, the formation of such an 
abundance of uranyl arsenates is an abnormal scenario, as dis-
solved phosphate and silicate are naturally much more common 
than arsenate under supergene conditions in “common” surface 
waters (e.g., Johnson 1971; Göb et al. 2013). In the present case, 
though, arsenates are stabilized by the high arsenate concentra-
tions released during supergene weathering of native arsenic 
from which several orders of magnitude more is needed than 
phosphor to produce arsenates instead of phosphate (Fig. 12). 
The formation of the uranyl minerals is further promoted by other 
parameters, such as pH and temperature. The typical weather-
ing fluids and mine drainage fluids in the Schwarzwald have an 
ideal pH (average of pH 6; Göb et al. 2013) for uranyl mineral 
formation as it coincides with the pH of lowest uranyl solubility 
and the stability of most important uranyl minerals (pH range 
from 5 to 8.5, Langmuir 1978). This pH range is also roughly 

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

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

iMplicationS

The native As-bearing mineralization stage of the Michael 
vein is a prime example to study the mobility and precipitation 
mechanism of arsenic not only in hydrothermal base metal veins 
but many other types of hydrothermal environments. The require-
ments for native As formation can be summarized as follows: 

• the availability of abundant aqueous arsenic; 
• reduced conditions; 
• very low concentrations of the transition metals Fe, 

Co, and Ni; 
• very low sulfide concentrations (which can be reached 

by a lack of sulfide or presence of significant amounts 
of transition elements such as Pb and Zn).

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

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

If condition two (reduced environment) is not given, the min-
eralization is dominated by highly insoluble arsenate minerals. 
Such an environment is, for example, produced by weathering 

of native As-bearing mineralizations. The presence of native As 
and its highly reactive nature under oxidized conditions can act 
as a natural barrier for uranium (U+VI) dissolved in groundwater 
where native arsenic becomes oxidized to arsenate and forms 
various different uranyl arsenates, depending on the availability 
of metals such as Pb, Cu, or Ba. The insoluble nature of these 
uranyl arsenates enables them to form at even low uranium 
concentrations (~1 mg/kg) as are typical of the granitic aquifers 
of the region (Käß and Käß 2008; Göb et al. 2013). This shows 
that native As-rich mineralizations can act as a natural trap for 
U from groundwater.
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A B S T R A C T

The hydrothermal native element-arsenide mineralization comprises Ni-, Co-, and Fe-arsenides and -sulfarse-
nides, which typically form characteristic overgrowth textures on skeletal native silver and/or bismuth ag-
gregates. Native arsenic, native antimony, antimony-arsenic-silver alloys, and uraninite are present in some of
these deposits. Famous deposits of this type include Cobalt, Ontario; Bou Azzer, Morocco; Kongsberg, Norway;
Jáchymov, Czech Republic; and Schneeberg, Germany. As the physico-chemical conditions of formation (e.g., p,
T, fluid composition) and the host rocks are variable, the only unifying feature for their crystallization is a
geologically fast reduction process of a Ni-, Co-, Fe-, As bearing fluid e.g., by methane, graphite or Fe2+-bearing
minerals. The present contribution combines a comprehensive literature review with novel calculated stability
relations of native elements (Ag, Bi, As), Ni-, Co- and Fe-mono-, di- and sulfarsenides, and sulfides/sulfosalts to
understand the details of this formation mechanism and to explain the mineralogical and textural diversity
observed in five-element assemblages.

The characteristic sequence of Ni-→ Co-→ Fe-diarsenides is ubiquitous and can be explained by continuous
reduction of an arsenic- and metal-bearing aqueous solution. This unique succession is largely independent of the
metal ratios in the fluid, as three orders of magnitude differences between Fe, Co, and Ni concentrations are
needed to change this sequence at neutral pH. At more basic conditions, the diarsenide sequence changes to
Co→Ni→Fe, which has been observed at only two localities (Valais and Pirineos). Also, the prevalence of
mono- vs. diarsenides is mainly pH-dependent. Furthermore, differences in reduction agent, initial pH, fluid/
rock ratio, and the crystallization in contained microenvironments all produce visible differences in mineralogy
and/or textures that record the details of the formation processes. The stability of dissolved sulfide plays a
crucial role in five-element mineralogy, as Co- and Fe-arsenides would not form in the presence of appreciable
amounts of sulfide. The absence of large quantities of sulfide in the arsenide stage can be attributed to a lack of
sulfur or a thermodynamic disequilibrium between sulfate and sulfide; both cases occur in nature. While the
fluid prior to reduction must have been oxidized, slow reaction kinetics for the sulfate-sulfide compared to the
arsenite/arsenate-arsenide conversion favor the formation of arsenides and native metals. Their formation is,
hence, kinetically controlled, which is supported by the commonly skeletal textures. Sulfarsenides and/or sul-
fides of Co, Ni, Fe, Pb, and Cu appear only late in the five-element assemblages, when sulfide reduction pro-
gresses, and the system re-attains thermodynamic equilibrium or sufficient influx of sulfide has occurred.

1. Introduction

Hydrothermal ore deposits dominated by Ni-Co-arsenides ± native
elements have been called “five-element vein type”, “five element as-
sociation”, “nickel-cobalt-native silver ore type”, “Bi-Co-Ni-As-U-Ag-
Formation”, and “Ag-Co-Ni-As-Bi type” (e.g., Müller, 1860, Bastin,

1939, Kissin, 1988, 1992, Baumann et al., 2000, Markl et al., 2016).
The name “five-element veins” was originally proposed by Halls and
Stumpfl (1972), who mainly focused on the occurrence of Ni, Co, As,
Ag, and Bi and who, for the first time, compiled the various hypotheses
on the genesis of this type of deposit, which were then modified or
augmented later on. This mineralization type is of hydrothermal origin,
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generally occur as veins but can also be stratabound and/or replace the
host rock, and ore-rich sections generally occur in the form of ore
shoots. Their characteristic textural association and mineralogical suc-
cession with variable elemental content can be found in ore deposits
scattered all over the world and found in various types of geological
settings and host rocks (Fig. 1, Table 1 and references therein). The
mineralogy and mineralogical sequence seems not to correlate with the
host rock or geological setting. Furthermore, these deposits have been
and in parts still are of economic importance (Table 2), which varies
between deposits and has been strongly variable over time for in-
dividual deposits (Bastin, 1939). The abundant occurrences in the
Erzgebirge, for example, were rich silver deposits since medieval times,
were exploited for Co in the 16th to 18th century, but were exclusively
mined for uranium after 1950, even though thousands of tonnes of Co,
Ni, and Ag could have been extracted (Runge and Wolf, 2010).

Although the name “five-element veins” implies a certain restriction
on the number of elements involved, that is not actually the case, and
this type of ore should better be termed “Ni-Co-Fe-arsenide type” or
“native element-arsenide mineralization”, as it invariably contains hy-
drothermal Ni-, Co-, and Fe-arsenides and/or sulfarsenides together
with variable quantities of native elements such as silver, bismuth,
arsenic, antimony, metal alloys (such as dyscrasite, allargentum, or
allemontite), and in rare cases gold as well as uraninite and Cu ar-
senides (Table 1 and references therein). In addition, antimonides occur
in a few of the deposits, such as St. Andreasberg/central Germany or the
Wenzel mine in SW Germany (Schnorrer-Köhler, 1983, Staude et al.,
2007). The relative abundance and occurrence of the native elements,
uranium- and Cu-arsenides, as well as the arsenide/sulfarsenide ratio
varies strongly between localities and one can distinguish Ag-, Bi-, Sb-,
As-, S-, and/or Cu-dominated subtypes (see Table 1).

This native element-arsenide mineralization represents an inter-
mediate stage within a hydrothermal polymetallic multistage sequence,
where the native element-arsenide stage succeeds earlier oxide (e.g.,
uraninite) and/or minor sulfide-bearing quartz stages and is succeeded
by a later sulfide-rich and commonly carbonate-dominated stage (e.g.,
Kissin, 1992). The native element-arsenide mineralization stage is

characterized by dendritic native elements, alloys and/or niccolite
overgrown by a succession of arsenides and sulfarsenides (e.g., Kissin,
1992, Markl et al., 2016). For some localities, a general arsenide suc-
cession from Ni→Co→Fe, a transition from mono-→ di-→ triarse-
nide, and a transition from arsenides to sulfarsenides has been observed
(e.g., Ondrus et al., 2003a, Markl et al., 2016, Burisch et al., 2017). This
general arsenide to sulfarsenide transition in combination with the
unambiguous presence of a subsequent sulfide dominated ore stage
(e.g. Markl et al., 2016) indicates a gradual importance of sulfide
during the successive development of this mineralization, which has not
yet been investigated in detail.

1.1. Metal provenance and formation mechanism

Due to the long-lasting and intensive research of native element-
arsenide assemblages worldwide, several theories about their formation
have been proposed. The fluid origin and metal provenance has been
speculated to be:

(i) introduction of juvenile solutions from the crust-mantle boundary
(Halls and Stumpfl, 1972);

(ii) hydrothermal exolution from magmatic intrusions (e.g. Bastin,
1939, Sampson and Hriskevich, 1957, Jambor, 1971a);

(iii) connate brine circulation in continental rifts (Kissin, 1988);
(iv) leaching (reaction) of the basement by sedimentary halite-satu-

rated brines (e.g. Boyle and Dass, 1971, Kerrich et al., 1986, Smyk
and Watkinson, 1990, Essarraj et al., 2005, Kreissl et al., 2018);

while ore and gangue precipitation was attributed to:

(i) dilution and cooling through mixing of hyper-saline brines with
meteoric water (Kissin, 1993, Marshall et al., 1993, Marshall and
Watkinson, 2000, Essarraj et al., 2005);

(ii) a single process of successive increase in CO2 partial pressure in
combination with host rock leaching which produces the carbo-
nates during reducing and sulfide free conditions that favor ar-
senide precipitation, which are possibly produced by reducing
agents such as hydrocarbons, graphite, hydrogen or sulfide
(Naumov et al., 1971a);

(iii) fluid reduction by oxidation of Fe2+-bearing minerals to pre-
cipitate precious metals and changes in pressure and temperature
with subsequent back-oxidation (e.g., by Fe3+ or UO2

2+ influx) to
produce the Ni-Co-Fe-arsenide sequence (Ondrus et al., 2003a);

(iv) simple and continuous fluid reduction by reaction with ferrous
(Fe2+) minerals to precipitate the precious metals and Ni-Co-Fe-
arsenide sequence (Robinson and Ohmoto, 1973, Kreissl et al.,
2018);

(v) progressive fluid reduction by sulfides and/or organic carbon to
precipitate the succession of the uraninite-, arsenide-native ele-
ment- and the sulfide assemblage (Kissin, 1993).

(vi) Markl et al. (2016) quantified the process of reduction and ex-
clusively relate these types of ores and their specific textures to
reduction, and the sequence of the Ni-Co-Fe-arsenides to sub-
sequent host rock pH re-equilibration,

(vii) and Burisch et al. (2017) developed this process further and pro-
poses that the native element-arsenide mineralization forms by
influx of hydrocarbons (e.g. methane) into a simple fluid mixing
scenario that would otherwise form base-metal sulfide veins.

The formation temperature of the arsenide stage varies greatly be-
tween localities (50–400 °C; e.g. Bouabdellah et al., 2016, Markl et al.,
2016; and references in both), which indicates a principally tempera-
ture-independent mechanism of formation. This temperature range is
based on fluid inclusion evidence, and not on the problematic appli-
cations of phase stabilities in dry, experimental sulfarsenide systems, as
the latter results in unrealistically high temperatures (e.g., Misra and
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Fleet, 1975, Kiefer et al., 2017), which are however, still being applied.
Not only the absolute temperature is variable, but also the temperature
change during mineralization: While at most localities, the temperature
decreases systematically from the arsenide to the later sulfide stage
(e.g., Bouabdellah et al., 2016 and references therein), other localities
such as those at the Great Bear Lake show a temperature increase from
the arsenide to the later sulfide stage (Robinson and Ohmoto, 1973).
Furthermore, due to a lack of systematic temperature study within the
arsenide stage and due to a complex ore forming history for many of the
localities, including possible interruptions in depositions between the
arsenide and sulfide stage, no generalized temperature trend from the
arsenide to the sulfide stage for this assemblage type can be specified.

Fluid inclusion data from gangue minerals co-genetic with the ar-
senide stage record salinities up to 50 wt% NaCl equivalent containing
dominantly NaCl and CaCl2 (e.g., Bouabdellah et al., 2016, Markl et al.,
2016; and references in both). The source of the salinity and the origin
of the highly saline ore-forming fluids is under debate for most localities
(e.g., Cobalt-Gowganda, Petruk, 1968; Echo-Bay, Robinson and
Ohmoto, 1973; Bou Azzer Bouabdellah et al., 2016). Generally, it is
proposed that the saline brines developed from sedimentary brines,
which migrated through the basement rocks and further evolved by
desiccation and fluid-mineral reactions. A magmatic origin has been
excluded (e.g., Robinson and Ohmoto, 1973, Markl et al., 2016, Kreissl,
2018), although, due to the close spatial relation to magmatic bodies at
some localities, at least a partially magmatic origin has been discussed
in the past (granitic and mafic; e.g. Bastin, 1939, Petruk, 1968). The
temporal hiatus between magmatism and ore formation for several
occurrences (e.g. Odenwald: Burisch et al., 2017, Valais: Kreissl, 2018),
however, excludes this interpretation.

Since the arsenides, sulfarsenides, and native elements are stable
under reduced conditions relative to to the dissolved species typically
present in such hydrothermal, highly saline brines (arsenic: As0,I−,II−

vs. [AsV+O4]3−, AsIII+(OH)3; sulfur: SII− vs. [SVI+O4]2−; silver: Ag0 vs.
[AgI+Cl2]−; bismuth: Bi0 vs. [BiIII+Cl4]−), Markl et al. (2016) related
the formation of native element-arsenide assemblages to a process of
strong and rapid reduction. Furthermore, the redox potential succes-
sively decreases from AsV+ [H3As04] to AsIII+ [As(OH)3] to As0 [native
As] to AsIII− [AsH3] (Haynes, 2016), where the more reduced aqueous
As species (AsIII−) is present only at significantly more reducing con-
ditions than the solid arsenic species. The spatial association of ore
suites with reducing agents such as siderite, sulfide, and/or graphite-
rich host rocks and organic-rich shales (e.g., Kissin, 1993 and references
therein, Cheilletz et al., 2002, Lipp and Flach, 2003, Kreissl, 2018) and
the identification of hydrocarbons in fluid inclusions from the Oden-
wald (Burisch et al., 2017), Cobalt-Gowganda (Kerrich et al., 1986),
Bou Azzer (e.g., Essarraj et al., 2005, Essarraj et al., 2016) and Imiter
(Levresse et al., 2016) support this argument.

1.2. Objectives

The aim of this study is to compile available literature data on
worldwide occurrences of this mineralization type to identify typical
characteristics, to produce a generalized mineral sequence and to test
by thermodynamic modelling, if the formation hypothesis of reduction,
which is abundantly suggested in the literature and discussed above,
can explain the development of these textural characteristics. During
the compilation, extra attention was given to:

• parameters such as host rock, formation temperature and relative
mineral abundance
• the commonly described Ni→Co→Fe diarsenide sequence
• whether a characteristic di-, tri- and sulfarsenide sequence is present
with respect to Ni-Co-Fe
• the proposed mono-→ di-→ triarsenide and the arsenide→ sulfar-
senide sequence
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In the thermodynamic modelling part, we focused on:

• The influence of variable fluid composition and physiochemical
conditions (pH, T, P, redox conditions (logfO2), metal contents, ar-
senic/sulfur activities)
• the process of reduction and whether it suffices to explain the ob-
served mineralogical sequences
• the effect of variable reducing agents
• the effect of sulfur and the transition from the arsenide to the sulfide
stage

2. Compositional and mineralogical data compilation

To investigate these open questions, it is of vital importance to form
a fundamental understanding of the mineralogical and compositional
variability as well as the mineral succession, based on a large quantity
of localities. The following section presents a general review style de-
scription of these native element-arsenide assemblages, where all lo-
calities considered are reported in Table 1. A compilation of all litera-
ture compositional data of the arsenides and sulfarsenides is given in
Appendix A, electronic supplement.

2.1. Typical succession of stages

The defining native element-arsenide assemblage commonly occurs
as an intermediate stage within a polymetallic mineralization, preceded
by quartz-rich oxide bearing stages and succeeded by base-metal sul-
fide- and sulfosalt-bearing mineralization stages (Fig. 2a-d). At some
occurrences, a base metal-bearing quartz assemblage is present before
or instead of the quartz-rich oxide stage. In detail, the typical succession
is as follows:

(i) The quartz-rich oxide-bearing stage can comprise botryoidal ur-
aninite as the dominant ore mineral at individual occurrences
(Fig. 2b), but uraninite may be completely lacking at others. The
sulfides, arsenides, and sulfarsenides present in these assemblages
are found along fractures and replacement textures and thus be-
long to the later stages (e.g., Ondrus et al., 2003a; Bailey, 2017).

(ii) The transition towards the subsequent native element-arsenide
stage is characterized by fracturing of the earlier assemblages and
the initial formation of native elements (commonly bismuth and
silver) as well as niccolite (Fig. 2e–g). All of them follow dendritic
growth patterns and act as crystallization nuclei for consecutive
di-, tri-, and sulfarsenide formation (Fig. 2c, f). At localities where
a prior uraninite-bearing stage is present, thin bands of uraninite
that most likely formed due to remobilization, are sometimes
present around these cores (Fig. 2c). In most cases, the arsenide

minerals occur in a gangue of carbonates (typically calcite, dolo-
mite, ankerite or more rarely siderite; Markl et al., 2016), where
fluorite, barite, and quartz may be present, but are much rarer
(Bastin, 1939).

(iii) The characteristic transition towards the succeeding sulfide stage is
gradual, where both replacement and overgrowth textures (Fig. 2c
and f) as well as the formation of new veins (Fig. 2d and h) is
common. Indicative minerals of this stage are Ag-, Sb-, As-bearing
sulfosalts together with native arsenic and base-metal sulfides.
Although native silver and bismuth from the arsenide stage are
commonly replaced by sulfosalts, sulfides, and gangue minerals
(Fig. 2d and f), in some cases new generations of these native
elements form. Furthermore, the minerals in this stage are heavily
intergrown and reaction textures are typical, producing a complex
mineral succession (Fig. 2d).

This typical succession of stages implies similar, long-lived, multi-
stage hydrothermal systems. The similarity of this mineralization type
between different localities is even more pronounced when the ob-
served mineralogy and textures are compared. A similar paragenetic
sequence that commonly contains crystalline arsenide crusts and ro-
settes successively overgrowing skeletal aggregates of native bismuth
and silver. The abundance of carbonates during and after the arsenide
stage, indicates an influx or relative enrichment of carbonate of the ore-
forming fluids.

2.2. The arsenide stage

To supplement the general understanding of the arsenide stage, a
thorough review is compiled, for which all literature stated in Table 1
was considered, but specific focus was given to 15 localities that were
chosen based on their historic or present economic importance, the
availability of sufficient published mineral composition data, and the
quality of available textural observations (Fig. 3a–c). We specifically
compiled data on the paragenetic sequence and arsenide/sulfarsenide
composition and compositional evolution. Some compositional data
was augmented by EDX analyses (arsenides and sulfarsenides from
Schneeberg, Germany and Schladming, Austria; sulfarsenides from the
Odenwald; see Appendix A). In some cases, where no or only limited
information on paragenetic sequences is available (e.g., Jáchymov), the
sequences shown in Fig. 3 were constructed carefully from literature
descriptions of mineral intergrowths, textural images, and figures of
incomplete paragenetic sequences. Note that some localities involve
various mines, veins, or small deposits, which may show small differ-
ences on the local scale. This was neglected in the effort to produce a
general mineralization sequence for each investigated district. We did,
however, make sure that no published or investigated individual sample

Table 2
Past and present economic significance of native element-arsenide assemblage examples.

locality produced [t] total ore [kt] grade [wt %] source

Ag Co U-salt Ag Co Ni U

5 Camsell River 404 28 0.1 Silke (2009); Gov. of NWT (2016)
6 Echo Bay 793
7 Eldorado mine 379 250 750

8 Cobalt 12,546 11,346 5331 0.3 0.1 Sergiades (1968); Rogers (1996)
9 Gowganda 1659 614 1276 0.1 0.05
10 South Lorrain 662 1583 322 0.2 0.3
15 Thunder Bay 113

49 Bou Azzer 5700 1.5 Slack et al. (2017)

65 Grand Praz 0.28 8 14 Schmidt (1920); Meisser (2003)
66 Kaltenberg 0.05 8 2
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element assemblages. (b–d) Schematic sketches of typical textures of assemblages (compiled from the abundant literature stated in Table 1) that are found within the
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show some of the textures present in (b–d).
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or sub-locality (e.g. vein or mine) contradicts this general paragenetic
sequence for each locality. In cases where the paragenetic sequences
implied a crystallization sequence among Ni, Co, and Fe or a general
trend was described in the respective literature, the general trend is
shown as grey arrows in the ternary diagrams of Fig. 3. The relative
quantity and the textural occurrence of the arsenides, sulfarsenides, and
native metals may vary between individual samples in a specific de-
posit, and thus, a complete paragenetic sequence can only be deduced
from a large sample set. Furthermore, the relative abundance of Ni-
mono- vs. -diarsenides, native metals vs. arsenides, and Ni- vs. Co- vs.
Fe-diarsenides can vary greatly between different localities or in dif-
ferent samples of a single deposit (Fig. 1 and Table 1 and references
therein). As a textural summary of the arsenide stage ore minerals, the
schematic sketches, images and wave length dispersive maps of Fig. 4
were produced to reflect the general trend in the paragenetic sequence.

2.2.1. Initial ore minerals: native silver, native bismuth, and niccolite
Typically, mineral aggregates can be subdivided into a core ag-

gregate, which governs the habit of the overall texture, and subsequent
overgrowths or perimorphs of later-formed sub- to euhedral aggregates
of Ni-, Co- and Fe-arsenides and/or sulfarsenides. The core crystal ag-
gregates are typically either niccolite, native silver, or native bismuth.
Niccolite shows a fern-like, broccoli-amoeboid shape (Fig. 4) or rarely
euhedral crystals, and the native metals show skeletal, dendritic, grid-
like or wire-shaped growth (Fig. 4). Besides these zoned textures, the

arsenides may also form individual euhedral crystals and disseminated
or massive ores (Fig. 4).

An interesting phenomenon is the extreme rarity of intergrowths
between native silver and native bismuth (as far as we know, only
observed in a few samples from Wittichen, south-west Germany).
Furthermore, in some districts where both native metals were observed,
native silver is associated with Ni-rich and native bismuth with Co- and
Fe-rich arsenide assemblages (e.g., Keil, 1933, Ondrus et al., 2003a,
Heimig, 2015). In the Erzgebirge, on the other hand, aggregates of
native silver and native bismuth are confined to different ore shoots
which sometimes are correlated with different host rocks (Keil, 1933).
However, other occurrences show silver with an assemblage of both Ni-
and Co-arsenides (Cobalt Gowganda, Petruk et al., 1971). The primary
native silver of the arsenide stage may be enriched in Hg up to 30wt%
(e.g., Burisch et al., 2017, Kotková et al., 2017).

2.2.2. Mono-, di-, and triarsenide sequence
In the native element-arsenide mineralization type, niccolite is the

only monoarsenide, where mono-, di-, and triarsenides generally occur,
and niccolite only forms during the initial phase of the arsenide se-
quence. In some occurrences, a general trend of increasing As/
(Ni+Co+Fe) ratio within the arsenide sequence produces a succes-
sion of monoarsenide→diarsenide→ triarsenide (e.g., Ondrus et al.,
2003a; Dolníček et al., 2009). However, although this can be the case
for some localities, in general the temporal appearance of the

Fig. 3. Detailed presentation of selected native element-arsenide assemblages. (a–c) Environmental parameters, mineral sequences, and di-, tri-, and sulfarsenide
composition for selected localities compiled from literature data. The environmental conditions represent only the native metal – arsenide – sulfarsenide stages within
these multistage systems. Mineral sequences are compiled from literature and are supplemented by own interpretation from available textures. Composition is
presented as molar composition. Additionally, qualitative analyses were carried out by EDX, where insufficient compositional data was available. Note that skut-
terudite represents all triarsenides and cobaltite all Co-sulfarsenides. References are given at the bottom of each locality. (See above-mentioned references for further
information.).
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triarsenides in the mineralization sequence is variable and can coincide
with the whole crystallization interval of the other arsenides (Fig. 3 and
references therein). Several generations of skutterudite are common,
and a coprecipitation of skutterudite with native bismuth and/or Ni-,
Co- and Fe-diarsenides is characteristic (Fig. 3; e.g., Petruk, 1968,
Heimig, 2015), which involves individual growth zones spanning over
the tri-diarsenide boundary. A lack of information in most of the
available literature on the exact correlation between temporal position
within the arsenide stage and composition, renders it hard to identify a
general compositional evolution within the triarsenides. In general,
most triarsenides are Co-dominated with a ternary composition, and
some are Ni-dominated with a complete solid solution between Co and
Ni. Iron-dominated triarsenides are rare, and near-Fe-endmember
triarsenides are absent.

2.2.3. Diarsenides
At most localities, all three diarsenides (Ni-, Co- and Fe-dominated)

are present and only their relative abundance varies. The diarsenides
occur as rosettes of zoned aggregates around the core aggregate, and
commonly show the trend Ni→Co→Fe which has been described for
most localities with the exception of the Pirineos and Valais which show
a trend from Co→Ni (Fig. 3 and references therein). It has to be noted
that this general trend is not always present in individual samples,
where more complex sequence repetitions are typical. Furthermore,
some stages of the sequence may be locally lacking or the degree of
development of these trends is variable (Fig. 4e). The most detailed
information on mineral successions in single aggregates, which reflect
the complete chemical evolution of a distinct hydrothermal pulse, were
documented for the Bieber deposit, Spessart (Wagner and Lorenz, 2002)

and the Nieder-Beerbach deposit, Odenwald (Heimig, 2015) and were
thus used as templates for Fig. 4. The transition between different
diarsenides (e.g., between rammelsbergite and safflorite or between
safflorite and loellingite) is in part gradual, but a compositional gap in
individual textures as well as an oscillatory transition is common. The
combination of all compositional data of diarsenides shows a complete
ternary solid solution between Ni, Co, and Fe (dataset in the electronic
supplement). Based on a comparison of this data set with the respective
formation temperatures estimated by fluid inclusion studies, a small
immiscibility gap between loellingite (FeAs2) and the Ni-Co diarsenide
solid solution appears to be present only in veins that formed at tem-
peratures below ca. 200 °C. Thus, the diarsenides are much more mis-
cible in hydrothermal ores than predicted by experimental data from
Roseboom (1963). It should however be noted that other factors such as
presence of mixtures due to nano-scaled intergrowths or re-equilibra-
tion cannot be excluded.

2.2.4. Sulfarsenides
With the exception of a few sulfarsenide-dominated occurrences,

the Co- and Ni- sulfarsenides are typically less abundant than the di-
and triarsenides. The temporal position of the sulfarsenides within the
paragenetic sequence varies, and they may form prior to, during, or
after diarsenide precipitation (Fig. 3a, b, and c). They form as reaction
products around preexisting sulfides and thus as inclusions in the cores
of zoned aggregates (e.g., Petruk et al., 1971; Fanlo et al., 2004; Fanlo
et al., 2006; Heimig, 2015), as individual oscillatory layers within
diarsenides (e.g., Petruk, 1971b; Petruk et al., 1971; Heimig, 2015), as
replacements of niccolite (Fanlo et al., 2004; Fanlo et al., 2006), or as
individual, commonly euhedral grains (e.g., Petruk, 1971b). Ni- and Co-

Fig. 3. (continued)
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sulfarsenides such as gersdorffite and cobaltite show a complete solid
solution which can also incorporate large quantities of Fe (up to a molar
Fe/(Ni+Co) ratio of 2:1). The Fe-sulfarsenide (arsenopyrite) seems to
be more compositionally limited with respect to substitution of Ni and
Co. It is typically only found during later stages of arsenide miner-
alization (e.g., Kissin, 1993) or in Fe-dominated localities such as Va-
lais, where arsenopyrite is intergrown with loellingite (Kreissl et al.,
2018). In the less abundant latter case, it is predominantly the initial
phase that is overgrown by loellingite rosettes (Fig. 5 and references
therein).

2.2.5. Native arsenic
Native arsenic is relatively common at some localities (e.g.,

Schneeberg; Lipp, 2013 and Odenwald; Heimig, 2015), but can be
completely lacking at others (e.g., Bou Azzer). It forms as colloidal
masses during the transition from the arsenide to the sulfide stage.
Common inclusions in native arsenic are galena and/or dendritic native
silver (most likely a second silver generation), and this native arsenic is
overgrown by Ag-bearing sulfosalts and base-metal sulfides (Fig. 4 and
Fig. 3 and references therein), or in rare occurrences by loellingite
(Burisch et al., 2017).

2.2.6. Complexity of the assemblages
A few of these arsenide assemblages contain not only Ni-, Co-, and

Fe-arsenides, but also Cu-arsenides, e. g. in Anārak, Iran (Fig. 3c; e.g.,
Tarkian et al., 1983; Bagheri et al., 2007) and the Mlakva polymetallic
deposit in Serbia (Fig. 3c; e.g., Radosavljević et al., 2015,
Radosavljević-Mihajlović et al., 2017). These occurrences contain do-
meykite (Cu3As) and/or koutekite (Cu5As2), that precipitated subse-
quently to the other arsenides (e.g., Bagheri et al., 2007; Radosavljević-

Mihajlović et al., 2017). Interestingly, Cu-sulfides form simultaneously
with the Ni- and Co-arsenides (Bagheri et al., 2007), which may in-
dicate that Cu-sulfides are more stable than Cu-sulfarsenides.

The arsenide stages of most localities shown in Table 1 contain
antimony to a variable degree, but there are assemblages such as
Wenzel, Příbram and Allemont that contain large quantities of Sb mi-
nerals such as breithauptite, ullmannite, native antimony, allemontite,
dyscrasite and allargentum (Fig. 3c; e.g., Ypma, 1963; Staude et al.,
2007; Hiller and Schuppan, 2008). Breithauptite commonly occurs to-
gether with niccolite, and ullmannite with gersdorffite (Fig. 3c and
references therein). Due to the lack thermodynamic data for the Cu-
arsenides and for the antimonides, these interesting ores, unfortunately,
cannot be addressed further here.

3. Application of thermodynamic modelling

The work of Markl et al. (2016) reported thermodynamic calcula-
tions only on some Co phases, native silver, and rough estimations on
native bismuth. Hence, the detailed evolution of the fluid and the tex-
tural variation of the arsenide-bearing assemblages could not be con-
strained in sufficient detail to understand the variability observed in
nature. By compiling and estimating thermodynamic data, a new,
comprehensive (albeit rough) thermodynamic database of Co, Ni, and
Fe-bearing phases relevant for the understanding of native element-
bearing arsenide-assemblages is presented and discussed in the present
contribution. This enables us to model the observed mineralogical
variability of the dominant minerals in native element-arsenide occur-
rences and to compare it to carefully compiled mineralogical, mineral
compositional, and fluid data from all well-documented native element-
arsenide type occurrences worldwide.

Fig. 3. (continued)
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Fig. 4. Representative ore textures with respect to the arsenide ore stage. (a–d) Schematically illustrated typical textures of native metal – arsenide – sulfarsenide ores
of the five-element type that have been compiled from all publications given in Table 1 and from samples of the mineralogical collection at the University of
Tübingen. The textures show niccolite (NiAs; nic) and/or native metals (native silver and native bismuth) overgrown by a general sequence of rammelsbergite (NiAs2;
ram, par), safflorite (CoAs2; saf) and loellingite (FeAs2; loe). Sulfarsenides such as cobaltite (CoAsS; cob) or gersdorffite (NiAsS; gdf) commonly occur as intermediate
zones within arsenide rosettes and skutterudite ((Ni,Co,Fe)As3; skut) precipitates contemporaneously together with the diarsenides. (e, f) Note, that these sequences
are only partially present in most samples and seldom show the whole evolution of such a system and/or the trend is oscillatory and complex. WDX maps of two
samples from the Odenwald where generated with the JOEL Superprobe JXA-8900RL at the Eberhard Karls Universität, Tübingen, and the monochrome qualitative
elemental peak intensity maps where colored, overlain and edited for best representation of the arsenide sequence.
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In order to calculate mineral stabilities, thermodynamic data of
relevant minerals and aqueous species in the system Ag-Bi-Fe-Co-Ni-As-
S-Na-Ca-Cl have been compiled (Section 3.1) and, where lacking, in-
tegrated into the existing Thermoddem database of 2017 (Blanc et al.,
2012) while keeping the internal consistency of the database intact
(Section 3.1). As demonstrated by Kinniburgh and Cooper (2004),
multicomponent systems need a consideration of the complete fluid
composition and all resulting aqueous species. For this purpose and to
prevent misleading interpretation based on simplistic models, the fluid
composition is constrained (Section 3.2) and an adequate thermo-
dynamic modelling tool chosen and applied (Sections 3.3–3.5).

3.1. Thermodynamic data estimation and integration

As the fundamental thermodynamic database, the internally con-
sistent Thermoddem version of 2017 was used, which already includes,
among others, FeAs2, FeAs, FeAsS, NiAs, native arsenic, native silver,
FeS2, CoS2, and NiS2 and is applicable up to 300 °C (Blanc et al., 2012).
It is comprised of well evaluated and revised thermodynamic data for
the species of interest (Blanc, 2008, Blanc and Gaboreau, 2013, Blanc
and Lassin, 2013) that is updated regularly (Blanc, 2017). Further
thermodynamic data for Co- and Ni-arsenides are sparse and possibly
imprecisely determined, which is why we cannot differentiate between
isochemical minerals (for example, rammelsbergite and para-
rammelsbergite). Even though a large compositional variability is pre-
sent in natural arsenide samples, all minerals are only referred to by
their respective endmember formula and solid solutions are thermo-
dynamically neglected. It is true that this is a significant simplification.
However, after careful consideration, this has been done, as available
and estimated thermodynamic data are not precise, thermodynamic
solid solution parameters are lacking, and as only the general mineral
successions are investigated for which an endmember scenario suffices.
If in future publications, small scale processes of individual samples or
aggregates are investigated in more detail, a consideration of solid

solutions may be crucial and a thermodynamic solid solution model
would be adequate. However, before this can be done, the thermo-
dynamic data for all arsenides involved has to be determined experi-
mentally, by techniques yielding internally consistent data.

In the following section, the thermodynamic data for these addi-
tional solid phases are critically discussed and selected. Due to the
experimental complexity of producing thermodynamic arsenide data
and due to the compositional variability of natural samples, we are
compelled to use the sparse literature values and supplement these by
estimation methods. Minerals incorporated into the thermoddem da-
tabase and their respective selected thermodynamic properties, are
presented in Tables 3 and 4, and were implemented by Philippe Blanc,
the creator of the data base (Blanc et al., 2012) in order to maintain
internal consistency.

The compilations of Naumov et al. (1971b) and Kubaschewski and
Alcock (1979) both contain enthalpy of formation (ΔHf

0) and standard
state entropy (S0) values for CoAs and CoAs2. The average of these
values is used, which lies within the uncertainty of the individual
measurements and resulted in a general trend Ni→Co→Fe for both
ΔHf

0 and S0 for diarsenides and monoarsenides (Fig. 5a). This trend
coincides, for example, with the crystallographic structure of the dia-
rsenides, which has a continuous decrease in M-As-M angle and M-M
distance and a continuous As-As distance increase from Ni to Fe (Yang
et al., 2008). A general Ni-Co-Fe trend is also in accordance with ΔHf

0

and S0 as well as the Gibbs energy of formation (ΔGf
0) of many aqueous

and mineral phases among these elements (Fig. 5a). A nearly linear
relationship between Ni, Co and Fe is visible in several fundamental
parameters such as electronegativity (Haynes, 2016), the ligand field
stabilizing energy of Fe, Co, and Ni, (Kissin, 1993), and the inverse ionic
radius (Fig. 5a; Haynes, 2016) of these transition metals in their diva-
lent octahedral state (present for the MeAs2 minerals; Tossell et al.,
1981). The temperature-dependent specific heat capacity (cp) was es-
timated by assuming Δcpreaction= 0, according to the Neumann-Kopp
rule, for the following reaction:

Table 3
Compiled and estimated thermodynamic properties of arsenides, native bismuth, and sulfosalts at 298.15 K and 1 bar.

Formula ΔHf
0 S0 cp

kJ/mol J/mol K J/mol K

a b c d

NiAs −70.820 [1] 50.76 [1] 36.60 41.70 1.57 [1]
NiAs2 −90.10 ±8 [3] 110.00 ± 10 [2] 95.40 −5.91 5.33 [2]
CoAs −53.97 [2] 61.92 [2] 21.13 68.40 13.25 [2]
CoAs2 −87.65 [2] 96.65 [2] 69.87 25.00 −0.38 [2]
FeAs −43.512 [1] 62.50 [1] 27.95 46.50 7.60 [1]
FeAs2 −85.776 [1] 80.10 [1] 76.69 3.10 −6.03 [1]
FeAsS −144.370 [1] 68.50 [1] 75.51 4.78 −7.54 [1]
Bi 56.74 [4] 26.85 17.289 4.1802 [5]
Bi2S3 −135.19 [6] 200.40 [6] 119.60 15.280 9.464 [6]
Ag3AsS3 −121.4 ±2.8 [7] 283 ±10 [7] 145.65 82.88 1.265 [2]
AgAsS2 −75.69 ±1.6 [7] 151 ±5 [7] 80.25 46.90 1.265 [2]

Note: ΔfH0 and S0 for CoAs are not recommended for use. Specific heat capacity is given in the form of: cp(T)= a+b*10−3*T+ c*105*T−2+d*10−5*T2.
References: [1] Thermoddem database and references therein; [2] estimated in this study; [3] Gamsjäger et al. (2005); [4] Barin (1995); [5] Robie and Hemingway
(1995); [6] Tooth et al. (2013); [7] Gasanova et al. (2014).

Table 4
Compiled and estimated thermodynamic properties of sulfarsenides. logK corresponds to the reaction Ass+ Ss+Ms=MAsSs.

logK of As(s)+ S(alpha)+M(s)=MAsS(s)

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

NiAsS 23.94 21.93 19.64 17.56 15.53 13.94 12.66 11.61 [1]
CoAsS 25.33 23.17 20.68 18.41 16.17 14.41 12.99 11.82 [1]
FeAsS 26.2190 23.9050 21.2466 18.8167 16.4223 14.5313 12.9993 11.7328 [2]

[1] Estimated solubility, logK values, of stoichiometric Ni- and Co sulfarsenide and [2] literature solubility values for arsenopyrite from the Thermoddem database.
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+ = +FeS MAs FeAs MSx x2 2 (1)

where M is either Ni or Co and x is 1 or 2 and the literature values from
the Thermoddem database were used (Table 3).

The thorough thermodynamic compilation of Ni phases by
Gamsjäger et al. (2005) states that there is only one ΔHf

0 for NiAs2
available in the literature (Stolyrova, 1982) where a second one (Skeaff
et al., 1985), although experimental thermodynamic equilibrium was
not achieved, suggests a similar value. Thus, the recommended value
and uncertainty of 90,1 ± 8 kJ/mol by Gamsjäger et al. (2005) is used
in this study. Traditionally, the missing value of S0NiAs2 would be esti-
mated by [1] linear correlation to volume, [2] the ionic additive
method, or [3] difference rules (Glasser, 2013) or by other correlations
[4]. [1] The method by molar volume (Jenkins and Glasser, 2003),
produces a significantly lower entropy for NiAs2 than other estimates
(81 J/K mol compared to up to 110 J/K mol). Considering that this
volume-based estimate is less than that of CoAs2, even though there is a
steady increase in individual molar volume between FeAs2, CoAs2 and
NiAs2 from 27,44 cm3/mol, 27.92 cm3/mol to 28,79 cm3/mol, respec-
tively (Robie and Bethke, 1962), and as there is a common linear re-
lation between molar volume and entropy (Jenkins and Glasser, 2003),
this computed entropy seems to underestimate the true value. This
underestimation can be attributed to the uncertainty margin since,
when considering all sulfide- and arsenide-bearing minerals from the
Thermoddem database, their true S0 value commonly varies up to 50%
from estimations made by this method. Thus, we only consider minerals
of a similar structure type to that of rammelsbergite (NiAs2 with mar-
casite structure) to calculate a linear correlation between molar volume
and entropy. Minerals fulfilling these requirements are marcasite
[FeS2], arsenopyrite [FeAsS], safflorite [CoAs2] and loellingite [FeAs2]
and the molar volume is taken from Tossell et al. (1981) and the

entropy from the Thermoddem database. The resulting entropy for
NiAs2 (rammelsbergite) is 108 J/K mol (rough linear correlation with
only 4 values; R2= 0.92). [2] The use of the additive single-ion method
(e.g., Glasser, 2013) has also been considered. However, there is no
literature available for arsenide ions. In addition, the single ion entropy
values of Fe2+, Co2+ and Ni2+ are strongly dependent on which mi-
nerals were used during their computation, as some mineral types such
as MAs2 and MS2 have a negative entropy correlation between Ni, Co
and Fe whereas others such as MAs, MS, MF2 and MCl2 have a positive
one with respect to S0. Considering that the diarsenides, disulfides and
arsenopyrite are similar, this enables us to calculate single ion entropies
specific for this mineral group (equivalent to the method used by
Glasser and Jenkins 2009) with which we can estimate the entropy of
formation of NiAs2. Computing the single ion entropies, a specific ion is
commonly fixed on a literature value. Depending on the selected
transition metal, single-ion the entropy is fixed based on the values
provided by Glasser (2013), the resulting estimated entropy of forma-
tion of NiAs2 results in the range of 100–110 J/K mol. [3] Furthermore,
S0NiAs2 can be estimated to be equal to the sum of the elements (101 J/K
mol) or by ΔSreaction being zero for the exchange reaction of CoAs2 and
NiS2 (Reaction (1); 102 J/K mol). [4] Since an approximately linear
relationship between Ni, Co and Fe is visible in several fundamental
parameters, the transition metals (Ni, Co and Fe) of the diarsenides are
all octahedrally coordinated and divalent in mineral structures that are
very similar (Tossell et al., 1981), S0NiAs2 can be estimated by extra-
polation from S0FeAs2 and S0CoAs2 with respect to the atomic number of the
transition elements, resulting in a value of 113 J/K mol. Summarizing
all the estimation methods described above we selected an S0NiAs2 value
of 110 ± 10 J/K mol for our thermodynamic modelling (Fig. 5a). This
results in a stability diagram where both NiAs and NiAs2 are present at

Fig. 5. Thermodynamic compilation. (a) Compilation of thermodynamic properties, enthalpy of formation (ΔfH0), standard state entropy (S0), and Gibbs energy of
formation (ΔfG0), of solid and some aqueous species of the elements Fe, Co, and Ni relevant for this study at standard state conditions, where a general trend between
Fe, Co, and Ni is present. The entropy of formation for NiAs2 is extrapolated to lie within the red oval (between 110 and 115 J/K mol). (b) Due to the lack of
thermodynamic data of Co- and Ni-sulfarsenides, their Gibbs energy of formation was estimated by the assumption that the difference between the actual Gibbs
energy of formation from the elements and that of a stoichiometric linear estimation between the disulfides and the diarsenides is equal to that of the Fe system.
Lower half of the diagram shows an equiareal cumulative frequency distribution of the di- and sulfarsenides, of literature compositional data (Petruk et al., 1971,
Misra and Fleet, 1975, Watkinson et al., 1975, Paar and Chen, 1979, Tarkian et al., 1983, Choi and Imai, 1985, Changkakoti and Morton, 1986, Borisenko et al.,
1999, Hem et al., 2001, Wagner and Lorenz, 2002, Ondrus et al., 2003c, Fanlo et al., 2004, Fanlo et al., 2006, Dolansky, 2007, Staude et al., 2007, Ahmed et al., 2009,
Gervilla et al., 2012, Staude et al., 2012, Heimig, 2015, Maacha et al., 2015, Radosavljević et al., 2015, Zajzon et al., 2015, Scharrer and Vaudrin, 2016, Kiefer et al.,
2017, Radosavljević-Mihajlović et al., 2017, Kreissl et al., 2018), with respect to As per formula unit. The Ni-sulfarsenide is commonly of non-stoichiometric nature
and can incorporate large quantities of As (complete solubility between NiAsS and NiAs2). (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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approximately neutral pH, which is expected from the common natural
assemblage of both minerals.

The implementation of CoAs using the mean S0CoAs of both available
literature values (Naumov et al., 1971b, Kubaschewski and Alcock,
1979) into the database resulted in stability diagrams in which the
extremely rare mineral CoAs (langisite) is stable over a wide pH range
from strongly basic to nearly neutral conditions. Reducing the stability
field by applying the lower S0CoAs from Naumov et al. (1971b) does not
sufficiently diminish it. As CoAs (langisite) is extremely rare in nature
(only six localities worldwide; www.mindat.org) and has been de-
scribed from just one native element-arsenide assemblage (Cobalt-
Gowganda; Petruk et al., 1969), we suppressed CoAs in further calcu-
lations. The discrepancy between model results and natural occurrence
could be due to either kinetic inhibition of its precipitation or due to
erroneous data of Naumov et al. (1971b) and Kubaschewski and Alcock
(1979).

Data from natural native element-arsenide assemblages shows that
cobaltite (CoAsS) and arsenopyrite (FeAsS) are close to stoichiometric
(As/S ratios of± <1.2 a.p.f.u; Fig. 5b and references therein), in-
dicating a lack of stability of these sulfarsenides at higher As contents.
At some localities, the Fe-dominant sulfarsenide shows a slightly lower
As/S ratio than the Co counterpart. The Ni-sulfarsenide gersdorffite,
however, can incorporate such large quantities of As that a distinction
between the sulfarsenide and the diarsenide based on microprobe
analyses alone is not always possible (Fig. 5b; e.g., Ondrus et al.,
2003c). Thus, the structural formula for gersdorffite should accurately
be stated as Ni(As,S)2, but will from now on be labeled as NiAsS. The
ΔGf

0 of stoichiometric sulfarsenides can be roughly estimated by a two-
step process. Firstly, linear estimate of ΔGf, MAsS

0 is calculated by the
sum of polyhedral contributions (MS2 and MAs2)/linear mixing. Sec-
ondly, it is assumed that the difference in ΔGf

0 between the stoichio-
metric linear mixing of MAs2 and MS2 and the true sulfarsenide is equal
for the Fe, Co, and Ni system (Δlinear-trueGf, FeAsS

0= Δlinear-trueGf, MAsS
0;

Fig. 5b) where Δlinear-trueGf, FeAsS
0 is known and M is either Ni or Co. In

principle, this is a variant of the general method provided by Craig and
Barton (1973), which has been modified to better represent the sul-
farsenides. The resulting rough estimate log K values are presented in
Table 4. If the aqueous Fe-, Co-, and Ni-complexes such as oxo-, hy-
droxo-, or chloride-complexes are considered, the stability field se-
quence with decreasing fO2 is NiAsS→CoAsS→FeAsS. Considering
that the environment is rich in As relative to S and the nonstoichio-
metric nature of the Ni-sulfarsenide with higher arsenic content, the
stability field of the Ni-sulfarsenide would be even larger.

Due to the common occurrence of native bismuth, we implemented
native bismuth according to the S0native bismuth data from Barin (1995)
and data for the cp polynomial terms from Robie and Hemingway
(1995). Since the fluids of interest are of highly saline nature, BiCl3(aq),
BiCl4−(aq), BiCl52−(aq), and BiCl63−(aq) from Etschmann et al. (2016) are also
incorporated into our database. It must be noted, however, that these
Bi-Cl complexes are based on experimental ΔGf

0 estimates that are not
internally consistent with the rest of the database.

Since the thermodynamic input parameters of the estimated species
are afflicted with a high uncertainty, the results shown here semi-
quantitatively predict the phase stabilities and resulting textural fea-
tures of the native element-arsenide assemblages, but one cannot pre-
dict the exact pH, fO2, and elemental composition needed for a specific
situation. It should, however, be noted that the stability field trend, Ni-
→ Co-→ Fe-arsenides is not only a result of the ΔGf

0 of these minerals,
but also of the aqueous complexes, for which this trend is even more
pronounced (Fig. 5a). Thus, the interpretations made here based on our
thermodynamic model are robust.

3.2. Constraining the input parameters

Unfortunately, only limited data constrain the elemental composi-
tion (As, Fe, Co, Ni) of natural fluids related to native element-arsenide

assemblages. These few studies are from the Odenwald (Burisch et al.,
2017), Bou Azzer (Maacha et al., 2015), and Wittichen (Markl et al.,
2016). The concentrations of the transition metals are 50–100mg/kg,
slightly below 1000mg/kg, and 100mg/kg in the respective studies,
while the arsenic content is reported as about 5000mg/kg, up to
100mg/kg, and 300mg/kg, respectively. It has to be noted that crush
leach analyses were used in the Wittichen and Odenwald studies, which
may be prone to produce excessively high metal contents, and that a Ni
content of nearly 0.1 wt% at Bou Azzer appears unrealistically high.

However, the fluid can be qualitatively constrained to some degree
by theoretical restrictions. If a two- or multiple-component fluid mixing
between a metal-bearing brine and a reducing fluid (hydrous or non-
hydrous such as gaseous methane; e.g. Markl et al., 2016, Burisch et al.,
2017) is considered, the arsenic content of the fluid must be sig-
nificantly higher than the content of (Fe+Co+Ni). If this were not
the case, As would be depleted for example during the Ni-arsenide
precipitation and no Co- or Fe-arsenides would form after the Ni-ar-
senides. The lack of sufficient arsenic would also increase the stability
fields of the monoarsenides, so that CoAs and FeAs could become stable
at basic to slightly acidic conditions instead of the respective diarse-
nides. For example, a composition of 250mg/kg As and 50mg/kg of
each Ni, Co, and Fe produces a stability diagram in which FeAs2 is not
stable and is substituted by FeAs. Furthermore, native arsenic only
precipitates from a Ni-, Co-, and Fe-bearing fluid at a realistic pH and
after the Fe-, Co-, and Ni-arsenides, if arsenic is present in excess. Thus,
the arsenic content is mineralogically limited to at least one order of
magnitude larger than that of the individual transition metals. Fur-
thermore, native element-arsenide assemblages typically encompass
large quantities of ore minerals that formed at a rapid pace, as can be
seen by dendritic crystallization (Markl et al., 2016). Thus, either an
immense amount of ore forming fluid is needed, or the elemental
concentrations of the ore forming fluids are high; probably no less than
in the range of mg/kg. This, however, does not exclude small scale
assemblages of the native element-arsenide assemblage, such as ore
shoots in base metal deposits (e.g., Otto, 1964), to have formed from
fluids with lower concentrations. An upper boundary for a realistic
concentration ranges can be somewhat constraint by also considering
hydrothermal fluids from other ore deposit types. The highest con-
centration measured in hydrothermal solutions are approximately
104 mg/kg for S and As, 102 mg/kg for Ni and Co and 105mg/kg for Fe
(e.g., Karpov, 1991, Ulrich et al., 2002, Yardley, 2005, Fusswinkel
et al., 2014, Goryachev et al., 2014, Walter et al., 2018).

Thus, by combining these theoretical arguments with the con-
sideration that some of the measured literature values may be partially
erroneous, the elemental fluid content is assumed to be somewhere in
the order of 50mg/kg for each transition metals and 1000mg/kg for
arsenic, which is in accordance with other types of sulfarsenide-bearing
assemblages studied by LA-ICP-MS (Goryachev et al., 2014). Con-
centrations of Ag and Bi were assumed to be about 10mg/kg, which is
in rough accordance with literature data from basement-hosted hy-
drothermal systems (e.g., Bortnikov et al., 2007, Fusswinkel et al.,
2013, Markl et al., 2016). This only represents a rough estimation for
these elements as they may strongly vary for/between localities,
probably in the range of plus/minus one order of magnitude. Thus, in
the generic model section, the effect of elemental availability on ar-
senide and native element formation are considered.

The salinity of fluid inclusions from native element-arsenide as-
semblages may reach exceptionally high values varying between a few
and 50wt% (Table 1). Typical values range from 20 to 50 wt% with Ca/
(Ca+Na) ratios from 0 to 0.7 (Table 1 and references therein). Un-
fortunately, no activity model exists for such high ionic strengths, and
insufficient data are available for calculating activity coefficients for all
species at elevated temperatures. Thus, we are forced to use the ex-
tended Debye-Hückel activity model implemented in the Thermoddem
database and the GWB software, which is only valid up to 1 molal ionic
strength (ca. 3 wt% NaCl). However, for a model created to explore only
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the general behavior and evolution of a fluid system and not to predict
exact conditions/concentrations, an extrapolation to higher ionic
strengths appears justified (Bethke, 2007). In reality, for high ionic
strengths, the activity coefficients decrease and then increase, while in
the extended Debye-Hückel model they decreases towards higher ionic
strength and then nearly stagnate. Thus, by using a concentration of
10 wt% NaCl and 10wt% CaCl2 in our calculations, we essentially use
activity coefficients corresponding to a lower salinity with the heighten
activity of Na, Ca, and Cl, which is important for complexes to form.
The underestimated activity coefficients imply that the stability fields of
all minerals are slightly larger than represented in the figures. However,
the difference in activity coefficients between Ni, Co, and Fe species are
minimal and often not even considered (Geochemist's Workbench 12),
demonstrating that the relative mineral sequence will not be affected by
this uncertainty.

Due to the general temperature independence of this mineralization
type, and given the fact that, although the temperature range varies
between localities, the formation temperature commonly ranges from
up to 400 °C down to 200 °C or from as low as 100 °C up to 200 °C, a
temperature of 200 °C is chosen as our model parameter. Note that
different localities, for example Wittichen and Odenwald, which formed
at 150 and 240 °C, respectively, show nearly identical textural features
as well as mineralogical and chemical successions (cf. Fig. 3a). The
pressure of formation is generally low, both lithostatic and hydrostatic
pressures can prevail (e.g., Kissin, 1992), and a pressure-dependence of
the mineral stability is within the uncertainty of the thermodynamic
data, which is why the pressure along the water–vapor saturation curve
at 200 °C is applied.

3.3. Phase diagrams: assemblage vs. predominance

There are several ways how stability fields of minerals are calcu-
lated and presented in activity-activity diagrams. Popular are simple
predominance stability diagrams, which only consider one predominant
species of each element being present on each side of every stability
boundary. The drawback of these predominance stability diagrams is
that the calculations prohibit an assemblage of several solids and
commonly also aqueous species of the same element at the same con-
ditions. Furthermore, a predominance stability diagram is calculated
for one specific element (diagram species) in the presence of other
speciated elements. This simplification can be problematic, especially
in complex multicomponent fluid systems as is the case for native ele-
ment- arsenide assemblages. For example, in the case at hand, com-
pletely different diagrams result depending on whether a transition
metal or arsenic is chosen as the diagram species. Specifically, the
boundary between the monoarsenide and the diarsenide field has a
positive gradient for As and a negative one for Ni as the main species
(Fig. 6a). Nevertheless, there are numerous recent papers (including
also authors of the present contribution) that interpret ore and gangue
mineralogy with respect to parameters such as T, pH, fO2, fS2, or ele-
ment activities based on such predominance stability diagrams.

A more complex approach is that of assemblage stability diagrams,
where at each situation in the activity-activity diagram, the abundance
of all species of all involved elements is considered in the calculation of
the stability fields, and the stability fields of minerals commonly re-
present the saturation surface instead of the predominance boundary.
This diagram type eliminates some of the major drawbacks of pre-
dominance stability diagrams. In an assemblage stability diagram, the
following points are considered:

(i) Which elements are in excess or in short supply?
(ii) Which and how many aqueous species are present at each pH and
fO2?

(iii) What are the absolute and relative individual species activities?

Consequently, assemblage stability diagrams can deviate

significantly from the predominance stability diagrams (Fig. 6a). Since
recent literature on native element-arsenide assemblages (Staude et al.,
2012, Markl et al., 2016, Kreissl et al., 2018) applied predominance
stability diagrams based on the transition metals as the diagram species
and the assemblage stability diagram is calculated for a fluid with
abundant As compared to Ni, this difference is even more significant.
Moreover, since the mineral precipitation starts prior to the fluid path
hitting the predominance boundary, the saturation surface in the as-
semblage stability diagrams is larger than that of the predominance
stability field (Fig. 6a).

3.4. Phase diagrams: modelling procedure

For the calculation of assemblage stability diagrams, the Phase2
application of the software package Geochemist's Workbench 12®
(Bethke, 2007) is used with a linear stepsize of 0.001 and back-react
enabled. The species Cl− was selected as for charge balancing, gen-
erally resulting in Cl content shift of less than 0.2 wt% (pH 1–9) and a
maximum shift of 2 wt% of the total initial Cl content which is only
present at very high and low pH. Thus, no mass balancing was done, as,
over the range of the modelled diagrams, the variations in total mass of
the system is negligible. The reaction paths and fluid evolutionary paths
have been calculated using the React application of the software
package Geochemist's Workbench 12® (Bethke, 2007) and overlain on
the assemblage stability fields calculated using Phase 2 for the same
conditions. The React application was used with a linear stepsize of
0.0001, back-react enabled and flush disabled to represent a closed
system.

3.5. Solid and aqueous species

Due to the high salinity of the fluid, the transition metals Ni, Co, Fe
and Ag are transported mainly as chloride complexes, and only under
more basic conditions, O and OH complexes become more relevant.
Furthermore, under modelled conditions, Ni and Co predominantly
occur in their divalent aqueous state whereas both divalent and triva-
lent Fe can be predominant. The trivalent state becomes more sig-
nificant under more oxidized and basic conditions, where Fe-OH com-
plexes are stable.

The two most important elements, with respect to oxidation state, to
consider for understanding the formation of native element-arsenide
assemblages (and also of other hydrothermal systems), are sulfur and
arsenic, which have aqueous species of different oxidation and pH state
(Fig. 6b). The thermodynamic fO2 and pH buffer capacity of such
aqueous species at their transition reactions depends on the abundance
of the respective element and the specific reaction equation. Due to the
slow reaction kinetics of sulfur in low-temperature hydrothermal fluids
(Ohmoto and Lasaga, 1982), it is only of importance in high tempera-
ture native element-arsenide assemblages or where longer retention
times of the reducing agent are present. In other words, for the for-
mation of native element-arsenide assemblages, the arsenate-arsenite
reaction plays a crucial role in buffering the reduction path to more
basic conditions (Fig. 6b). This buffer capacity of arsenate-arsenite is
especially of importance when considering the fluid evolution with
respect to fO2-pH reaction path modelling such as reduction.

It should be noted that at the sulfate-sulfide transition, several in-
termediately reduced dissolved sulfur species such as thiosulfates and
sulfites may be present. These intermediate species have been in-
vestigated in great detail for low temperature environments (e.g.,
Jørgensen and Bak, 1991, Habicht et al., 1998). Thermodynamic data
for these intermediate species is discussed in Shock et al. (1997), Blanc
et al. (2006) and Chivot (2004) are implemented in the Thermoddem
database. They predict that these intermediate species are not the
predominant sulfur species at the conditions of interest. However, their
presence has been considered during thermodynamic calculations.
Furthermore, dissolved arsenic-sulfur species (Bessinger and Apps,
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2003), which form at reduced conditions in the presence of both sulfide
and arsenide, are also considered but are not the predominant dissolved
sulfur or arsenic species throughout the whole investigated fO2-pH
range. Their abundance is limited by the formation of sulfide-bearing
minerals and the general absence of dissolved sulfide in hydrothermal
solutions that form native element-arsenide assemblages.

Marini and Accornero (2007) showed that in typical fluid compo-
sitions, metal arsenate complexes may play a major role. According to
their thermodynamic parameter estimates of M-AsO3 and M-AsO4

complexes in highly saline, oxidized, and neutral-to-basic fluids con-
taining both CaCl2 and NaCl, the Ca and Na arsenate complexes become
the dominant arsenic species. Therefore, these species, which were al-
ready present in the Thermoddem database, are considered in our
thermodynamic modelling. In more reduced and/or more acidic en-
vironments, undissociated arsenious acid (As(OH)3) is by far the pre-
vailing dissolved species of arsenic (Marini and Accornero, 2007). Only
at significantly more oxidized and/or basic conditions, arsenate species
are predominant (Fig. 6b). The stability of the arsenide minerals is not
limited to the dissolved arsenide stability. Thus, Ni-, Co- and Fe ar-
senides form by reduction of an arsenite/arsenate bearing solution.

Since the aim of this study is to produce a generalized formation
model of the native element-arsenide mineralization, we cannot in-
corporate the vast mineralogical complexity into our thermodynamic
models. Thus our focus is on the most important mineral occurrences
and those that constrain their stabilities. Only the following solid
phases are present in our models: NiAs2 (rammelsbergite or para-
rammelsbergite), CoAs2 (safflorite), FeAs2 (loellingite), NiAs (niccolite),
FeAs (westerveldite), NiAsS (gersdorffite), CoAsS (cobaltite), FeAsS
(arsenopyrite), NiS2 (vaesite), CoS2 (cattierite), FeS2 (pyrite and mar-
casite), NiS (millerite), CoS (jaipurite), FeS (troilite), Bi (native bis-
muth), Ag (native silver), As (native arsenic), PbS (galena), Bi2S3 (bis-
muthinite), Ag3AsS3 (proustite), Ag2S (acanthite), AgAsS2
(trechmannite or smithite). It should however be noted that other
phases, which are not incorporated in the models and not depicted in

the figures, such as arsenates and oxides, especially magnetite and
hematite, have, to some degree, been considered during the develop-
ment and interpretation of the models.

The stability fields of the solid sulfides are largely constrained by
the stability of aqueous sulfide species, whereas those of the solid ar-
senides overlie that of the aqueous arsenites. Thus, the Ni-, Co- and Fe-
arsenides are stable at much more oxidizing conditions relative to the
aqueous arsenide species. Consequently, at roughly equal concentra-
tions of sulfur and arsenic in the fluid, the Ni-arsenides are more stable
than the respective sulfides at higher fO2 values. The thermodynamic
modelling reveals that all arsenide, sulfarsenide or sulfide species are
only stable under more reduced conditions, relative to the respective
aqueous species which are predominant under more oxidizing condi-
tions. This in turn strengthens the process of reduction being essential
for the formation of these ores.

4. Genetic model

The following section represents the discussion and implementation
of the fundamental formation process of reduction that has been pro-
posed by previous publications (e.g. Markl et al., 2016, Burisch et al.,
2017) into a reformed and novel thermodynamic model that is based on
all available mineralogical (Section 2) and thermodynamic data
(Section 3.1) in combination with empirically and theoretically con-
strained controlling factors (Sections 3.2–3.4). During the development
of the thermodynamic model, specific focus was attributed to the in-
volvement of sulfur during the precipitation of native element-arsenide
assemblages Due to major revisions and additions applied, the en-
hanced and reworked model presented here is only congruent with the
previous first order thermodynamic approach by Markl et al. (2016)
with respect to the importance of pH and the reduction precipitation
sequence of native elements and subsequent arsenides.

Fig. 6. Stability and predominance diagrams for the Ni-, Co-, and Fe arsenides calculated at 200 °C along the vapour-saturated water pressure curve. (a) log fO2-pH
predominance diagrams, where As (left) and Ni (right) were chosen as the main species for the predominance diagrams. Activities are calculated using GSS. In
contrast, the calculation of the stability fields simultaneously considers all aqueous species/complexes and solids that are present at each given fO2 and pH condition.
(b) During fO2 decrease, the effect of aqueous-aqueous buffers plays a major role in altering the pH of the fluid, shown by this reduction diagram where all mineral
species have been suppressed. The arrow magnitude is of no significance but the degree of pH buffering is dependent on the quantity of the specific element being
present in the fluid. Red arrows indicate that the fluid path is mainly affected by As-species conversion and blue arrows by S-species conversion. Lines represent
predominance boundaries between aqueous species of sulfur (solid and blue) and arsenic (dashed and red). (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
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4.1. Initial conditions and reduction method

Thermodynamic modelling shows that variable ore textures can be
produced at different pH conditions during reduction. The initial pH
and redox state of a fluid is generally defined by equilibration with the
host rock. During ore formation and subsequent fluid flow, this initial
fO2-pH state changes due to contact with other host rocks (fluid-rock
interaction), dissolution of earlier formed minerals, precipitation of
new minerals, or by mixing with another fluid. Due to the presence of
aqueous buffers such as arsenate-arsenite, both initial pH and initial fO2

constrain the fluid evolution path. Considering these aqueous buffers,
initially more oxidized fluids generally reach a higher pH during re-
duction (Fig. 6b). Due to the highly variable and unknown degree of
involvement of other factors influencing pH and redox conditions
during reduction, such as host rock re-equilibration, which could not be
incorporated into our models, the fluid evolutionary paths presented
here (Fig. 6b and 7) should be considered with care when applied to
natural systems. They do however show that the specifics of the fO2-pH
paths also depend on the reduction method, since different reduction
agents influence pH differently congruent with the fO2 decrease
(Fig. 7). Several mechanisms have been proposed to be responsible for
fluid reduction (Naumov et al., 1971a, Robinson and Ohmoto, 1973,
Kissin, 1993, Ondrus et al., 2003a, Markl et al., 2016, Kreissl et al.,
2018):

(i) The influx of hydrocarbons or dissolution of graphite;
(ii) Dissolution of Fe2+-bearing minerals such as siderite or Fe2+-

bearing silicates;
(iii) The influx of H2S or the dissolution of sulfides.

4.1.1. Reduction by hydrocarbons or graphite vs. Fe2+-mineral dissolution
As shown by Markl et al. (2016) and Kreissl et al. (2018), the influx

of hydrocarbons and the dissolution of graphite or siderite would ex-
plain the typical occurrence of carbonates at the end of the arsenide
stage by a steady increase of carbon in the fluid. This is in accordance to
the findings of Naumov et al. (1971a) who measured an increase in CO2

partial pressure with successive precipitation. The effect of either rising
acidity (methane, graphite) or basicity (siderite) of the fluid is shown by
reactions (2)–(5):

+ = + + +CH 2O (aq) H O HCO H4 2 2 3 (2a)

+ = +CH 2 O (aq) 2 H O CO (aq)4 2 2 2 (2b)

+ + = = +C O (aq) H O HCO H2 2 3 (3a)

+ =C O (aq) CO (aq)2 2 (3b)

+ + = + ++ +4 FeCO 8 H O (aq) 4 Fe 4 HCO 2 H O3 2
3

3 2 (4a)

+ + = + ++ +4 FeCO 12 H O (aq) 4 Fe 6 H O 4 CO (aq)3 2
3

2 2 (4b)

Since these reactions occur under reduced conditions where H2(aq)
is more abundant than O2(aq), it should be noted that in the reactions
above, O2(aq) is tied to H2(aq) by:

= +2H O 2H (aq) O (aq)2 2 2 (5)

However, no direct spatial correlation between arsenides and the
dissolution of pre-existing graphite could be found in individual sam-
ples, indicating that graphite is probably not the immediate reducing
agent, but acts (if at all) through an intermediate volatile hydrocarbon
species produced during fluid-rock interaction distant from the site of
reduction. Furthermore, the fluid path of graphite dissolution is very
similar to that of CH4. The defining factor controlling the reduction
path, is how much H+ is consumed or produced relative to O2 being
depleted. The results show that the reduction paths of siderite dis-
solution and CH4 influx differ greatly, especially at neutral to acidic pH.
The pH-dependence of the mineralization is further amplified by the
fact that, at slightly basic conditions, a precipitation of the complete
mineralization sequence requires the least quantity of reducing agent.

The process of reduction by Fe2+ to Fe3+ oxidation is only shown
for the example of siderite dissolution (reactions (4a) and (4b)). How-
ever, the involvement of Fe2+-silicates is also possible and reactions
involving these are for example Fe2+-bearing biotite, amphibole, or
pyroxene to Fe3+-bearing epidote, serpentine, or chlorite. These

Fig. 7. Reduction mechanisms. Fluid path calculations at 200 °C along the vapour-saturated water pressure curve. Arsenide, but no native metal, precipitation has
been considered in these diagrams. Shaded and colored stability fields represent those of Fig. 9a (NiAs2, green; CoAs2, blue; FeAs2 red; NiAs, orange). (a) In red, fluid
paths calculated for various initial pH and fO2 during CH4 influx and for siderite dissolution. Higher initial fO2 and pH lead to more basic precipitation conditions due
to aqueous species conversion. (b) Comparison of the amount of reducing agent needed between H2S (blue), CH4 (green), and siderite (red), and which minerals
precipitate. Initial conditions are log fO2= -30 and neutral pH. (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)
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reactions are typical host rock alteration phenomena for at least some
native element-arsenide assemblages (e.g., Jambor, 1971b; Kreissl
et al., 2018).

4.1.2. Reduction by sulfide oxidation
A further reduction method is the dissolution of sulfides (Kissin,

1993) or the direct influx of H2S:

+ = ++H S(aq) 2 O (aq) 2H SO2 2 4
2 (6a)

+ = ++H S(aq) 2 O (aq) H HSO2 2 4 (6b)

It should be noted that intermediately reduced sulfur species may
form as an intermediate step between sulfate and sulfide, but these are
not predominantly present in our cases (see Section 3.5). These reac-
tions result in the most acidic fluid evolution (reaction (6a) and (6b);
Fig. 7b). However, a reduction due to a sole influx of H2S seems un-
likely, since the predicted precipitation sequence would produce large
quantities of sulfides instead of the respective diarsenides (Fig. 7b),
which is in contrast to most textural observations. This evolution would
not precipitate CoAs2 and FeAs2, which are indicative of most occur-
rences of this ore type.

An exception may be Kongsberg, which represents a relatively S-rich
assemblage where H2S might be an important reducing agent. This is
indicated by the native silver mineralization almost exclusively occur-
ring at the intersections of the calcite veins and the sulfide-enriched
fahlbands, the abundance of sulfarsenides and sulfides, and the lack of
diarsenides (Kotková et al., 2017 and references therein). In such a
case, where H2S is the reducing agent, base-metal sulfides, sulfosalts
and/or Cu-sulfides may be present cogenetic to sulfarsenides. This can
also be seen at Kongsberg, where pyrargyrite forms simultaneously with
cobaltite and gersdorffite (Kotková et al., 2017). In Ni-, Co-, and Fe-rich
hydrothermal systems with an even higher S/As ratio, Ni-, Co-, and/or
Fe-sulfides occur together with sulfarsenides (e.g., Zimmerlake area,
Northern Saskatchewan; Watkinson et al., 1975). Such Ni-, Co-, and/or
Fe-sulfides are, however, even though still rare, more common as minor
occurrences in the subsequent sulfide stage due to remobilization
(Petruk, 1968).

4.2. Native elements

4.2.1. Native silver and bismuth
Whether the native element part of an assemblage is dominated by

native bismuth or native silver, and which of the elements precipitates
first in the textural sequence, is not only defined by the metal activity in
the fluid, but also by the pH of the solution (Fig. 8). However, con-
sidering a roughly neutral pH, as is common for hydrothermal fluid
systems, whether a locality is arsenide- or native-metal-dominated is
primarily defined by the composition of the fluid (i.e. Ag and Bi vs. Ni,
Co, Fe, and As concentration). In highly saline solutions, bismuth forms
according to the experimental thermodynamic data (Etschmann et al.,
2016) hydroxo- and oxy-complexes at neutral to basic conditions and
Cl-complexes at more acidic conditions, whereas silver only forms Cl-
complexes within the relevant pH range (< 10). This leads to a dif-
ferentiation of the stability fields relative to pH; native silver pre-
cipitates initially at more basic, native bismuth at more neutral to acidic
conditions.

This pH dependence is probably a reason why native bismuth and
native silver are rarely intergrown or occur in separate vein systems,
which are often characterized by different host rock lithologies (e.g.,
Keil, 1933, Lipp and Flach, 2003, Ondrus et al., 2003c, Heimig, 2015).
It seems unlikely that the intergrowth between Ag and Bi is more
common than previously described by various authors. Since both na-
tive elements are overgrown by a complete subsequent arsenide se-
quence (Ni-, Co-, and Fe-arsenides) where the Ni-rich arsenides are
more abundant around native silver, while Co-rich arsenides are more
abundant around native bismuth (e.g., Keil, 1933, Heimig, 2015); this

phenomenon cannot be explained by a reduction of a single homo-
geneous metal-bearing fluid. Due to this and the fact that the two types
of native element occurrences are commonly found in separate veins or
ore shoots, within different host rocks (e.g., Keil, 1933, Lipp and Flach,
2003, Heimig, 2015), we propose this to be an effect of locally variable
composition of the fluid, where the fluid batch rich in Ag is also more
enriched in Ni and the batch rich in Bi is also more enriched in Co. A
compositional variability of less than one order of magnitude between
Co and Ni suffices to explain the variable abundance between the ar-
senides, and such a difference can easily be related to variable source
rocks or water-rock interaction during ascent. The presence of compo-
sitionally variable fluids is however not the case for all localities, as, for
example, at Wittichen, intergrowths of both silver and bismuth are
present.

4.2.2. Native arsenic
Native arsenic does not form as the initial phase from a realistic

fluid containing Ni, Co, or Fe. According to the model in Fig. 8, only
unrealistically acidic fluids (pH < 4.5,< 1.8, and< 0 at 50mg/kg Fe,
Co, and Ni, respectively) are able to precipitate native arsenic prior to
the diarsenides upon reduction. The pH-dependence of native arsenic
has previously been shown in an FeAsS saturated environment, where
native arsenic formed at highly acidic conditions and FeAs2 at more
alkaline conditions (Vilor et al., 2014). In accordance with the ob-
servations from nature, native arsenic typically forms after/during the
late stages of the arsenide mineralization (Fig. 8). Native arsenic is a
typical mineral in the post-arsenide, sulfide stage (e.g., Ondrus et al.,
2003c; Staude et al., 2012; Heimig, 2015). In special cases, such as in
the Odenwald, native arsenic is overgrown by loellingite and thus forms
during the final arsenide sequence (Heimig, 2015; Burisch et al., 2017).
This implies that either (i) native arsenic precipitated from an initially
transition metal-poor fluid; (ii) kinetics permitted native arsenic to form
while suppressing arsenide precipitation; or (iii) the native arsenic
formed after safflorite and before loellingite by an acidic fluid (Fig. 9).
We interpret the reported data as suggesting the latter.

4.3. Arsenides & sulfarsenides

4.3.1. Arsenides: mono- vs. di- vs triarsenides
The only monoarsenide commonly occurring in native element-ar-

senide assemblages is the Ni-monoarsenide, niccolite. At neutral to

Fig. 8. Stability diagram of the native metals. Calculations are done with re-
spect to variable concentrations in the fluid, at 200 °C along the vapour-satu-
rated water pressure curve. “M” represents the transition metals Ni, Co, and Fe.
Shaded area represents arsenide stability of Fig. 9a.
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basic conditions, NiAs is the earliest arsenide, whereas at more acidic
and more reducing conditions, NiAs2 (rammelsbergite or para-
rammelsbergite) forms (Fig. 9a). The position of the boundary between
the mono- and diarsenide stability fields relative to fO2 and pH is de-
fined by the As content of the fluid, whereas the Ni content only affects
the overall stability of the Ni-arsenides (Fig. 9b). This can be used to
understand the stability relations of the triarsenides (e.g., skutterudite),
for which thermodynamic data are lacking. Its stability field must lie at
more reducing and more acidic conditions than that of the diarsenide,
and the position of the di- and triarsenide boundary is defined by the
equilibrium constant as well as the arsenic activity of the fluid. The
reaction that defines this boundary is:

+ + = +4 NiAs 6 H O 3 O (aq) 4 NiAs 4 As(OH) (aq)3 2 2 2 3 (7)

which is contrary to the suggestions made by Markl et al. (2016)
and Kreissl et al. (2018). This is due to the discrepancy as to whether
arsenic or the transition metals are the limiting agents within the fluids
(Fig. 6a).

4.3.2. Diarsenides: the Ni-Co-Fe sequence
The overall precipitation sequence of arsenides in most occurrences

is Ni→Co→ Fe. This general trend has been described for the arsenides
and/or sulfarsenides at most occurrences and has been explained by a
genetic model where the geochemical trend reflects the temporal evo-
lution of a hydrothermal system that is depleted in specific elements in

Fig. 9. The stability of the arsenide. Stability diagrams for the Ni-, Co-, and Fe arsenides calculated at 200 °C along the vapour-saturated water pressure curve. (a) log
fO2-pH stability diagram at equal Ni, Co, and Fe content with two cross sections (one at neutral pH and one at pH 8) show the pH dependent diarsenide sequence. The
monoarsenide is favored over the diarsenide at higher pH and fO2. (b) The effects of the fluid composition on the arsenide stability fields by the example of the nickel
system. A lower As and Ni content alters the overall stability boundary to lower fO2 values where the location of the stability boundary between the mono- and
diarsenide is only dependent on the As content. (c) log fO2-pH stability diagram for a fluid strongly depleted in Ni and slightly enriched in Fe relative to the
concentrations of Fig. 5a. The results show that Ni has to be depleted so strongly relative to Co to alter the transition metal sequence, so that no independent NiAs2
would form.
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the hydrothermal fluid due to precipitation (e.g., Bouabdellah et al.,
2016). Markl et al. (2016) proposed that this chemical trend could be
achieved by re-equilibration of the pH due to host rock buffering. Our
model, however, shows that a simple reduction is sufficient to produce
this sequence. At mildly basic to acidic conditions, the sequence is
NiAs2→CoAs2→ FeAs2, whereas at strongly basic conditions the se-
quence changes to CoAs2→NiAs2→ FeAs2 (Fig. 9a). This change de-
pends on the fact that the stability boundaries between NiAs2-NiAs and
CoAs2-CoO(aq) have different fO2-pH gradients, and CoO(aq) is the
most relevant Co species at pH > 6.5. As long as the fluid contains Ni,
the transitional pH is primarily dependent on the As and Co content of
the fluid. A CoAs2→NiAs2→ FeAs2 trend at neutral to acidic pH is not
possible since it would require Co:Ni ratios in the fluid to be> 1000,
which considering the presence of solid solutions, would result in pre-
cipitation of nearly pure Co-arsenides and no Ni-arsenides (Fig. 9b, c).
Thus, explaining why the first sequence is the most common (e.g.,
Erzgebirge, Odenwald, Bou Azzer, and Ontario) and the second one
only rarely occurs in nature (e.g., Pirineos and Valais). The necessary
basic environment for the latter at the Valais locality is related to
siderite dissolution (Kreissl et al., 2018), and in the Pirineos might be
attributed to the presence of abundant carbonates in the host rock.
Other diarsenide sequences deviating from the common evolution, such
as those from Dôbsína (mostly NiAs2→ FeAs2; Kiefer et al., 2017)
compensate the lack of intermediate CoAs2 by the abundant pre-
cipitation of Co-dominated triarsenides and/or sulfarsenides or the re-
lative lack of either Ni, Co, or Fe in the primary hydrothermal fluid.

The model implies that the main precipitation stage of each dia-
rsenide is a narrow region at slightly lower fO2 than the stability field
boundary (see the log fO2 profiles in Fig. 9). This, however, reflects the
lack of thermodynamic data for the solid solutions and does not re-
present the actual ore formation process. The natural occurrences show
a gradual chemical transition among the end members. If all three
elements (Ni, Co, and Fe) are not present in approximately the same
order of magnitude, the arsenides of those elements with the least
abundance will be incorporated into a solid solution of the other ar-
senides and not form individual minerals. These solid solutions, how-
ever, still represent the overall geochemical trends as has been shown
for Valais and for individual samples of the Odenwald (Heimig, 2015;
Kreissl, 2018).

Due to the stability of hematite and magnetite at neutral to basic
conditions, Fe would be relatively insoluble and only minor amounts of
Fe-arsenides would form from such solutions. Magnetite is, however,
only present at very few occurrences within the arsenide stage, and
hematite is only present in small quantities (e.g., Oen et al., 1984; von
Bargen, 1993; Staude et al., 2012; Kreissl, 2018). Thus, due to the large
quantities of loellingite present in some veins and due to the rapid
formation of these ores (Markl et al., 2016), the typical native element-
arsenide assemblage fluid must carry large quantities of Fe. This could
be explained by the presence of abundant carbon and the stability of
aqueous Fe-CO3 complexes instead of the Fe-oxides at neutral to basic
pH, as is predicted by the thermodynamic data from (Chivot, 2004). Fe-
arsenate complexes further promote the mobility of Fe (Marini and
Accornero, 2007; Chai et al., 2017). Furthermore, a deviation and sig-
nificantly higher solubility of Fe than is predicted by Fe-oxide and Fe
hydroxide stability was also experimentally present in Fe-As solutions
(Pokrovski et al., 2002).

4.3.3. Diarsenides: microenvironments
The complete arsenide-sequence Ni→Co→ Fe is not always visible

in individual samples and aggregates, especially on a scale of several
tens to hundreds of µm, where partial repetitions or more complex
trends are common (Fig. 4d–f). An ideal example of such small-scale
compositional variations in contrast to the overall trend is given by the
assemblages in the Cobalt-Gowganda region (Fig. 10): The paragenetic
sequence of the ore minerals (Fig. 3b) and the spatial and temporal
transition of distinct ore zones within the veins (Ni-As→Ni-Co-As→

Co-As→Co-Fe-As→ Fe-As; Fig. 10) demonstrates the evolution from Ni
to Co to Fe, which is not represented in all small-scale profiles of in-
dividual aggregates (Fig. 10b).

This apparent discrepancy may be explained by considering the
hydrothermal arsenide system not as a homogenous fluid batch, but as a
sum of individual small-scale fluid systems that have locally slightly
variable conditions. These variabilities in elemental composition, pH,
and/or redox state can be caused for example by mineral precipitation
linked to the local influx of a reducing agent. The kinetically controlled
skeletal textures and the typical occurrence of ore shoots rather than of
homogeneously distributed ores in a vein system (Markl et al., 2016)
provide evidence of local changes in reduction potential.

4.3.4. Sulfarsenides
Some occurrences (e.g., Dobšiná, Kiefer et al., 2017, Kongsberg,

Kotková et al., 2017, , Valais, Kreissl et al., 2018; Fig. 3c) are char-
acterized by the predominance of sulfarsenides over arsenides. The
estimated thermodynamic data of the sulfarsenides indicate that the
formation sequence of the sulfarsenides with progressive reduction is
NiAsS→CoAsS→FeAsS (Fig. 11a). The exact sulfarsenide composition
is determined by the stage during which the sulfide influx occurs (and
thus, which of the metals have been depleted and which are still pre-
sent), as well as by the mineral that is being replaced. Furthermore,
secondary sulfarsenides typically show replacement textures (e.g.,
Fanlo et al., 2006; Kiefer et al., 2017; Kreissl et al., 2018), which
probably correspond to circulating fluids of the post-native element-
arsenide assemblage, sulfide, or the late arsenide stage. Gersdorffite
occurs at more reducing conditions than niccolite and thus forms sub-
sequent to it, which is in agreement with textural observations from
sulfarsenide-dominated deposits such as Pirineos, Kongsberg and Valais
(Fanlo et al., 2004; Kotková et al., 2017; Kreissl, 2018, respectively).

The solubility of the arsenides is several orders of magnitudes
higher than that of the sulfarsenide, as was experimentally shown for
the Fe system by Perfetti et al. (2008). Thus, even if small quantities of
sulfide are present (e.g., 1 mg/kg), the sulfarsenide stability fields cover
those of the arsenides, and NiAsS, CoAsS, or FeAsS crystalize with the
diarsenides (Fig. 11a). At higher sulfide content, the sulfarsenides form
instead of the respective diarsenides. Since the arsenides dominate over
the sulfarsenides at most localities, the ore-forming solution must be
generally poor in reduced sulfur (Kissin, 1992). Due to the common
occurrence of sulfarsenides as layers within zoned aggregates, it is
likely that these textures represent a local and short-lived increase of
the sulfide activity in an otherwise sulfide-deficient solution. An in-
crease in aqueous sulfide that results in the formation of sulfarsenides
and/or sulfides may be due to remobilization of sulfide from the host
rock (sulfide-rich fahlbands are a common feature at several localities
(e.g., Petruk, 1968; Kotková et al., 2017; Kreissl et al., 2018), due to an
influx of a sulfide-rich fluid into the system, or due to dissolution of
earlier (pre-native element-arsenide mineralization) sulfides in the
vein.

An example of such an increase in sulfide activity by minor dis-
solution of earlier pyrite in the vein (Fig. 11b) has been documented
from the Odenwald deposit (Heimig, 2015). By the incorporation of
large quantities of As into the Ni-sulfarsenide, it becomes stable at
much lower sulfide content than the Co-sulfarsenide, which can be seen
by the example of Fig. 11b where the Co-diarsenide forms instead of the
Co-sulfarsenide after the Ni-sulfarsenide, during a continuous sulfur
increase. Thus, the variation in the As content of gersdorffite can pro-
vide qualitative information about the sulfide content in the fluid; a
higher As content in gersdorffite correlates with a lower sulfide content
in the fluid.

4.4. The sulfide enigma

The common presence of arsenides, sulfarsenides, sulfides and sul-
fosalts in combination with a gradual transition from an arsenide to
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sulfide dominated assemblage provides a key process in understanding
the formation of hydrothermal native element-arsenide assemblages.
This temporal skew between arsenide and sulfide is explained by the
novel approach, combining thermodynamic and kinetic effects.

To understand the gradual transition of the arsenide-native element
stage to the subsequent sulfide stage, one has to keep in mind that the
stability of sulfides depends on the stability of aqueous sulfide in so-
lution. However, the aqueous sulfate-sulfide transition is at more re-
duced conditions than the typical formation conditions of the Ni-ar-
senides. As shown in Fig. 12, the stability fields of the representative
sulfides (e.g. galena, bismuthinite, and proustite) overlie those of the
arsenides and sulfarsenides. This also holds true for native arsenic and
realgar or orpiment (Vilor et al., 2014). This shows that a complete
arsenide sequence (Ni→Co→Fe) with native metals and without sul-
fides cannot form under equilibrium conditions if sulfur is present, since
only sulfarsenides and base-metal sulfides as well as Ag-, Ni-, Co-
bearing sulfides would form instead of the Co- and Fe-arsenides and
native elements (Fig. 12). It has been proposed that a short-termed
introduction of hydrocarbons into an normal mixing scenario between a
metal bearing fluid and a sulfide bearing fluid, which would otherwise
form a base metal assemblage, produces the five element assemblages

with a subsequent re-equilibration to the base metal assemblage
(Burisch et al., 2017). This would however, thermodynamically, result
in an absence of Co- and Fe arsenides and instead a presence of sul-
farsenides and sulfides. Thus, the sulfide activity is limited during the
arsenide stage and has to increase towards the sulfide stage.

In some native element-arsenide systems, such as Wittichen and
Schneeberg, the fluid must have been rich in sulfur, specifically in
sulfate, due to the occurrence of large quantities of barite together with
and overgrowing the arsenides (Lipp and Flach, 2003; Staude et al.,
2012). This can only be explained by the kinetically controlled process
of sulfate to sulfide reduction, which occurs at a relatively low rate in
low-temperature hydrothermal systems (< 200 °C; Ohmoto and Lasaga,
1982) as is the case for these localities. Due to the fast process of pre-
cipitation by reduction, indicated by the typical dendritic growth tex-
tures (Markl et al., 2016), the kinetics of sulfate reduction are important
up to temperatures well above 200 °C. This is in agreement with the
sulfur isotope study of Robinson and Ohmoto (1973) on native element-
arsenide occurrences near the Great Bear Lake, which concluded that
sulfur was present in the initial fluid and was successively reduced
during the arsenide and sulfide stage.

We propose that the kinetics of arsenite or arsenate to arsenide

Fig. 10. Small scale complexities revealed. (a) Sketch of a vein profile of the Silverfields deposit in Ontario, modified after Petruk (1968). The resulting Ni→Co→Fe
trend is in accordance with the paragenetic sequence, indicating a general progressive precipitation from East to West (Fig. 3b). (b) This general trend from Ni→
Co→Fe is not always present in small-scale trends of individual aggregates of samples from the Cobalt-Gowganda region as shown by Petruk et al. (1971).

Fig. 11. Local influx of sulfur. (a) Calculated stability fields of sulfur-bearing species at 200 °C along the vapour-saturated water pressure curve. Shaded area
represents the diarsenide stability. (b) Shown is an example of a small-scale sulfide influx into the otherwise arsenide-dominated and sulfide-barren system from a
sample of Heimig (2015) with additional EDX analysis.
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reduction is much faster than the sulfate to sulfide reduction, and that
the typical native element-arsenide mineralogy is stabilized by a com-
bination of kinetic and thermodynamic effects. The slower reduction
kinetics for oxidized sulfur species relative to oxidized arsenic species
may be attributed to the significantly more stable intermediately re-
duced species for arsenic, arsenite, than for sulfur, e.g. sulfite and
thiosulfate, and the resulting predominance of arsenite at inter-
mediately reduced conditions (Fig. 6b). Thus, the reduction of arsenic
occurs with an intermediate step and the difference in oxidation state is
less. Native element-arsenide assemblages formed at higher tempera-
tures (e.g., 400 °C), may, however, require a primarily sulfur-free fluid.

Even at low temperatures, sulfate will be reduced to sulfide in time,
and, hence, sulfarsenides commonly appear in larger quantities at the
final phase of the arsenide stage and in the succeeding sulfide stage.
Increasing sulfide activities in the fluid also stabilize Ag- and Bi-sulfides
and -sulfosalts relative to native silver and Bi, which is why these ele-
ments are commonly dissolved (see Fig. 2f) and reprecipitated as sul-
fosalts and sulfides in the late stages of the native element-arsenide
evolution (see Fig. 2d). Also, the stability field of millerite (NiS) in-
creases with increasing sulfide activity, and this phase occurs in sulfide-
rich, basic localities such as the Valais (Kreissl et al., 2018). For most
other localities, Ni- and Co-sulfides are commonly lacking since these
elements have been depleted by arsenide precipitation before sufficient

sulfide is present. Finally, elements that do not or rarely form arsenides
in nature, such as Cu, Pb and Zn (Markl et al., 2016), precipitate as
sulfides, only after sufficient sulfur is reduced or after sulfide influx
occurred.

5. Conclusions

A comprehensive review of textural and mineral chemical ob-
servations from dozens of hydrothermal native element-arsenide (i.e.
five-element) assemblages worldwide, combined with revised and novel
thermodynamic calculations, allowed us to identify the key aspects of
the formation and textural evolution of these hydrothermal Ni-Co-Fe
arsenide bearing deposits. The mineralization sequences present in all
localities form by simple reduction of fluids quite variable in salinity,
metal content, initial pH/fO2, and reducing agents. Other processes
besides reduction, such as dilution of salinity of the metal-bearing fluid
by mixing, cooling, boiling, or fluid-rock interaction, are not essential
for the formation of these ores. A key factor to suppress the precipita-
tion of sulfides or sulfarsenides, however, appears to be the more
sluggish reaction kinetics of the sulfate to sulfide reduction compared to
the arsenate/arsenite to arsenide reduction. Hence, the formation of
native element-arsenide assemblages depends on both kinetic and
thermodynamic effects, where the arsenide and native element

Fig. 12. The effect of sulfide. Stability diagram for the Ag-Bi-Fe-Co-Ni-As-S-Pb-Na-Ca-Cl system calculated at 200 °C along the vapour-saturated water pressure curve.
The diagram has been subdivided into 4 subplots for a clearer representation. However, the 4 subplots are to be overlain to understand the complex system since the
mineral stability fields overlap. Galena (PbS; hatched field) is presented as a representative mineral stability field for other base-metal sulfides.

M. Scharrer, et al. Ore Geology Reviews 113 (2019) 103025

23234



sequence is defined by the thermodynamics, and the absence of sulfides
and transition towards the sulfide stage by kinetics. The textural evo-
lution in a sulfide-deficient system can, however, be thermo-
dynamically modelled since we can partially restrict the availability of
sulfide, which is the kinetically controlled factor (Fig. 13a).

The mineral sequence of a native element-arsenide assemblage de-
pends primarily on the pH during reduction (Fig. 13b), which is defined
by

• the initial pH and fO2 of the fluid, and
• the type of reducing agent,

while the variable abundance of different arsenides, sulfarsenides,
and native elements depends on:

• the relative and absolute elemental abundances in the ore forming
fluids.

When considering the reduction paths, not only aqueous-solid buf-
fers but also aqueous-aqueous buffers have to be considered. Therefore,
an arsenic-rich, initially oxidized fluid is forced towards more basic
conditions during reduction.

The compositional sequence of the diarsenides is generally Ni→
Co→Fe; only under strongly basic conditions is the sequence Co→
Ni→Fe observed. Small-scale variations of these sequences as well as
oscillatory mineralogical repetitions are attributed to microenviron-
ments and the spatially restricted influx of the reducing agents. The
initial formation of either NiAs or NiAs2 is determined by pH and the
arsenic activity of the fluid. Furthermore, the pH also defines the pre-
cipitation sequence of native bismuth and native silver relative to that
of the arsenides. If the fluid contains large enough quantities of Bi and
Ag, native silver initially precipitates under more basic, native bismuth
under neutral to acidic conditions. The preferred association of native
silver with Ni-arsenides and of native bismuth with Co-arsenides ob-
served at some localities is attributed to variable initial fluid compo-
sitions, probably imposed by variable host or source rocks.

Sulfarsenides are stable over most of the relevant pH range, and
their presence generally indicates an increase of the sulfide activity in
the metal-bearing solution. The composition of the sulfarsenides is a
result of the relative timing of this sulfide activity increase, as this
determines which elements have already been depleted and which are
still present in the fluid. The stability field sequence Ni→Co→Fe ob-
served for the diarsenides during reduction is also valid for the sulfar-
senides. The Ni-sulfarsenide gersdorffite can incorporate large quan-
tities of As and forms a continuous solid solution towards the Ni-
diarsenides, whereas the other sulfarsenides are close to stoichiometric
(As/S=1).

The general predominance of arsenides relative to sulfarsenides and
the lack of sulfides in the arsenide stage of native element-arsenide
assemblages, in conjunction with the thermodynamic argument that
sulfarsenides and sulfides form together and/or instead of arsenides if
sulfide is present, indicates the general absence of aqueous sulfide in
the fluid, thus implying that sulfur is either absent or only present in an
oxidized state during the arsenide stage. The evolution from the ar-
senide stage towards the subsequent sulfosalt stage is related to either
an influx of sulfide, or the gradual reduction of sulfate to sulfide during
the precipitation of the arsenides. Due to the increase in sulfide activity,
base-metal sulfides such as sphalerite and galena can form, and ar-
senides as well as native metals are partially dissolved and redistributed
into sulfarsenides and sulfosalts. This, in turn, implies that the native
element-arsenide mineralization stage did not evolve from a fluid that
previously formed base-metal sulfide-bearing veins, but rather formed
from a Ni-, Co-, Fe-, and As-rich oxidized fluid batch.
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Appendix A

A.1. Mineral analyses

The present contribution mostly relies on the compilation of lit-
erature data on all five-element-type occurrences where chemical
compositions are available (Table 1). In some cases, where no compo-
sitional data are available, but the paragenetic sequence was well
documented, and thin sections existed at Tübingen University (ar-
senides and sulfarsenides from Schneeberg/Germany and Schladming/
Austria; sulfarsenides from the Odenwald). About 250 mineral analyses
were performed using the EDX system of a HITACHI TM3030 Plus SEM
at the Fachbereich Geowissenschaften, University Tübingen. Analyses
are in wt% and normalized to 100%. For the ternary diagrams, the
composition was calculated on total atoms per formula unit (2 for
monoarsenides, 3 for di- and sulfarsenides and 4 for triarsenides).

Appendix B. Supplementary data

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.oregeorev.2019.103025.
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Abstract 15 

Pentandite, (NixFey)9S8 that formed from a hydrothermal fluid as opposed to magmatic processes is rare. 16 

In Kambalda (Western Australia), hydrothermal pentlandite has been identified occurring in three 17 

different assemblages: (1) pentlandite-rich veins with biotite, quartz, and an albite alteration halo in the 18 

host rock, (2) pentlandite-bearing quartz-carbonate-scheelite veins and biotite-epidote host-rock 19 

alteration, and (3) pentlandite-poor carbonate veins with arsenides, base metal sulfides, and gold and 20 

magnetite replacement of magmatic sulfides. All pentlandite at Kambalda is associated with pyrrhotite. 21 

Hydrothermal pentlandite can only be found in close proximity (less than 10 m) to magmatic Ni 22 

sulphides, while distal portions of the same structures are barren of pentlandite. Similarly, a literature 23 

review shows that hydrothermal pentlandite is found mostly near older magmatic sulfides or ultramafic 24 

rocks. 25 

Hydrothermal pentlandite has higher Fe- and lower Co-contents compared to neighbouring magmatic 26 

pentlandite. Sulfarsenides also show bimodal characteristics in their chemistry. While magmatic 27 

sulfarsenides are rich in Co, hydrothermal sulfarsenides are dominated by Ni. Intermediate compositions 28 

are found where hydrothermal sulfarsenides directly overgrow magmatic sulfides. 29 

Thermodynamic calculations show that hydrothermal pentlandite can form from very reduced fluids, 30 

relative to the hematite/magnetite fluid buffer, at near neutral pH by an increase in pH and/or by decrease 31 

in temperatures. Associated silicates such as biotite, feldspars and quartz were precipitated due to 32 

concomitant fluid-rock interaction at the site of deposition. High temperatures (>450-500 °C) favour 33 

pentlandite formation due to an increase in Ni solubility. The pentlandite-pyrrhotite-biotite assemblage 34 

has a narrow stability field coinciding with a field of higher Au solubility leading to the absence of gold 35 

in association with this mineral assemblage. The pentlandite-arsenide assemblage shows a larger 36 

stability field which overlaps with stability fields that allow for potential Au precipitation. Arsenic and 37 

subordinately pentlandite is often associated with orogenic gold deposits and hence, an assemblage of 38 

pentlandite with arsenides can be used as pathfinder minerals for orogenic gold deposits. 39 

1. Introduction 40 
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Pentlandite ((NixFey)9S8) is a mineral that typically forms from a mafic to ultramafic magmatic sulfide 41 

melt (Naldrett, 2004; Kitakaze et al., 2016; Mansur et al., 2019; Barnes et al., in press). High-form 42 

pentlandite, a precursor to pentlandite, crystallizes from a peritectic reaction of mono-sulfide solid-43 

solution (MSS) with interstitial higher fractionated sulfide melt (Mansur et al., 2019; Barnes et al., in 44 

press). Pentlandite can also form from the exsolution from MSS or pyrrhotite during cooling (Durazzo 45 

and Taylor, 1982). Hydrothermal vein-style pentlandite, the topic of this contribution, forms through 46 

precipitation from an aqueous solution and is distinct from magmatic sulfide veins or physically 47 

mobilized magmatic pentlandite-bearing sulfides. Hydrothermal vein-style pentlandite is rare since Ni 48 

is typically incorporated into As- or Sb-bearing minerals (e.g. Staude et al., 2007; 2012; Scharrer et al., 49 

2019), into pyrite; (Fe,Ni)S2, (Harms, 2009), precipitates as millerite, NiS (Pirajno and González-50 

Álvarez, 2013), or is minor constituent in chlorite and serpentine (González-Álvarez et al., 2013). 51 

Further, hydrothermal Ni-sulfides such as heazlewoodite (Ni3S2) are typically formed in reduced low-S 52 

serpentinized environments (Tzamos et al., 2016) or are weathering products of magmatic pentlandite 53 

(violarite; FeNi2S4, Tenailleau et al., 2006). 54 

Only two non-magmatic pentlandite-rich occurrences have been reported in the literature so far. (1) 55 

Avebury (Tasmania; Keays and Jowitt, 2013) is hosted in serpentinites and adjacent skarns which are 56 

interpreted to be hydrothermal in origin and (II) the iron-oxide copper gold (IOCG)  GT-34 deposit 57 

(Brazil, Garcia et al., 2020), which formed through metasomatic crystallization at high temperatures 58 

(>700 °C). While hydrothermal pentlandite is rare and has only been reported to occur in very few 59 

mineral association types worldwide, orogenic gold deposits (Pitcairn et al., 2006; Tomkins and Grundy, 60 

2009; Bath et al., 2013; Lawrence et al., 2013; Molnár et al., 2017; El Monsef et al., 2018) as well as 61 

some IOCG deposits (Garcia et al., 2020; Veloso et al., 2020) frequently contain small amounts of 62 

pentlandite (Table 1). Physiochemical conditions of the fluids forming pentlandite and the formation 63 

processes in general are poorly understood and thus, a better understanding of pentlandite formation 64 

from aqueous fluids can help to understand and better characterize these types of gold deposits. 65 

Kambalda (Western Australia; WA) is host to world class orogenic gold (Bath et al., 2013; McGoldrick, 66 

et al., 2013) and magmatic nickel deposits (Gresham and Loftus-Hills, 1981; Marston, 1984; Naldrett, 67 

2011, Staude et al., 2017a). In addition to magmatic pentlandite, hydrothermal veins containing 68 
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pentlandite were observed and are the topic of this study. On the eastern limb of the Kambalda Dome 69 

(Fig. 1) three contrasting types of pentlandite-hosting veins occur: (1) Pentlandite-rich, pyrrhotite- and 70 

biotite-bearing veins, (2) quartz-rich scheelite-bearing veins with frequent pentlandite, and (3) 71 

carbonate-rich veins with significant Ni-arsenides and minor pentlandite. Interestingly, no gold was 72 

observed in type (1) and (2) veins, whereas type (3) veins contain gold in association with Ni minerals. 73 

Therefore, these veins in Kambalda will be used to decipher fluid conditions favourable for pentlandite 74 

formation – with and without associated gold.  75 

 76 

2. Occurrences of hydrothermal vein-style pentlandite 77 

Hydrothermal vein-style pentlandite occurrences are summarized in Table 1. They are typically spatially 78 

close to either a magmatic Ni sulfide body and/or mafic to ultramafic rocks (e.g., Avebury in Tasmania; 79 

Keays and Jowitt, 2013). The only exception to this are porphyry Cu systems (e.g., Thrace in Greece; 80 

Melfos et al., 2002). Major hydrothermal pentlandite is only reported in the Avebury deposit (Tasmania, 81 

Keays and Jowitt, 2013), the GT-34 deposit (Brazil, Garcia et al., 2020), and in type (1) veins described 82 

here from Kambalda. In all other occurrences, it is a minor or accessory mineral that forms together with 83 

more frequent and abundant base-metal sulfides and/or (Ni-) arsenides and sulfarsenides - similar to 84 

type (3) vein described here from Kambalda. Gold is associated with some of the reported pentlandite 85 

occurrences, but is more frequent in occurrences where hydrothermal veins cut through magmatic 86 

sulfide deposits and re-precipitate Ni-arsenides (Table 1). 87 

 88 

3. Geology of Kambalda and formation of hydrothermal veins 89 

The volcanic-sedimentary succession of the Kambalda Dome is part of the Kalgoorlie Terrane in the 90 

Archean Yilgarn Craton (Goscombe et al., 2009). The oldest rocks form the lava flows of the tholeiitic 91 

Lunnon Basalt which is followed by thin (<10 m) chert-rich sediments and the up to 1 km thick sequence 92 

of the 2710-2700 Ma Kambalda Komatiite (Kositcin et al., 2008). The magmatic Ni-sulfide deposits are 93 

found at the base of these komatiites and contained >3,000,000 tonnes of Ni prior to mining (Gresham 94 

and Loftus-Hills, 1981; Lesher et al., 1981; Barnes, 2006; Staude et al., 2017a). The komatiite is 95 
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followed by the komatiitic Devon Consols and Paringa Basalts and further volcanic and sedimentary 96 

units. A sedimentary layer (Kapai Slate) between the two basalts was dated at 2692±4 Ma (Claoué-Long 97 

et al., 1988). The sequence was intruded by felsic to intermediate dykes, sills and stocks, with a 98 

trondhjemite pluton at the centre of the Kambalda Dome. Hill et al. (1992) reported the age of the 99 

trondhejemite pluton to be 2662±6 Ma. The rocks were subsequently metamorphosed, but despite this 100 

overprint, many igneous textures in the sulphides and surrounding lithologies are still preserved (Staude 101 

et al. 2016, 2017b, 2020a, 2020b; Barnes et al. 2018; Staude and Markl, 2019) and hence the prefix 102 

‘meta’ is omitted in literature. Regional metamorphism around 2680 Ma and again between 2665-2655 103 

Ma caused folding and greenschist facies conditions (Mueller et al., 2016). Based on mineral 104 

assemblages, regional peak metamorphic conditions were reported to be 510 °C ±20 °C at 2.5±1 kbar 105 

(Bavinton, 1979). 106 

The Kambalda St. Ives Au district, directly to the south of the Kambalda Dome, is related to the NNW-107 

SSE striking Boulder-Lefroy Fault which is connected to the Kalgoorlie Au district by the Golden Mile 108 

fault system; both combined are host to >2200 tonnes of Au (Mueller et al., 2020). Two contrasting Au 109 

deposits occur along the faults, telluride-bearing epithermal deposits (e.g., Golden Mile; Mueller et al., 110 

2020) and orogenic gold deposits (e.g., St. Ives; Neumayr et al., 2008). The orogenic gold is associated 111 

with biotite-sericite alteration and is thought to have formed during orogenic deformation in 11±4 km 112 

depth during sinistral strike-slip tectonics at 2678-2663 Ma and folding at 2665-2655 Ma (Mueller et 113 

al., 2016). A dextral strike-slip event at 2655-2640 Ma that controls Au formation in Kalgoorlie barren 114 

in Kambalda (Mueller et al., 2016). 115 

The fluid, responsible for Au deposition in Kambalda-St. Ives, was investigated by several studies. Neall 116 

and Phillips (1987) investigated alteration profiles at the Hunt mine in Kambalda, which is only 3 km 117 

(Moran) to 8 km (Long North) south of the samples investigated in this study. Their studies showed an 118 

increase in sulfidation of host rock magnetite (forming pyrrhotite) with increasing Au contents in 119 

associated quartz veins and biotite-ankerite-chlorite alteration halos. Ho et al. (1992) investigated fluid 120 

inclusions from several orogenic gold deposits in the Yilgarn Craton and from the Hunt mine reporting 121 

homogenization temperatures of 280-325°C, salinities <3 wt.%, XCO2 of 0.15-0.25, and ore deposition 122 
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from a near neutral reducing fluid. For Hunt, they assume a fluid/rock ratio of only 10 to 100, whereas 123 

for the Mt. Charlotte deposit (Kalgoorlie) they give a ratio of 5,000-10,000. 124 

In the St. Ives Camp, 10-30 km to the south of Kambalda, Polito et al. (2001) differentiate between three 125 

different vein systems that formed during three distinct time periods. (1) Pre-gold molybdenite-bearing 126 

quartz veins with fluid inclusion representing mixing of a >340°C brine with a low-saline 150°C fluid. 127 

(2) Syn-gold fluid inclusions are 400°C and CO2-bearing in the centre and are CH4-bearing at the vein 128 

margin, where the Au content is highest. Polito et al. (2001) explain the different carbon species with 129 

either introduction of CH4 into the vein or with reduction of CO2. Neumayr et al. (2008) suggests 130 

contrasting redox conditions to be responsible for gold deposition. A reduced alteration assemblage with 131 

pyrrhotite, arsenopyrite and pyrite prevails in the southwest of the camp, whereas a more oxidized 132 

assemblage with magnetite-pyrite or hematite-pyrite occurs in the central area and the northeast. In the 133 

early assemblage, hydrothermal magnetite is synchronous with early gold and albite-carbonate-pyrite-134 

biotite-chlorite alteration. Later-stage assemblage comprise pyrite associate with gold is in equilibrium 135 

with hematite. Neumayr et al. (2008) proposed that the highest gold grades are found where the redox 136 

state of the alteration assemblage switches from reduced leading to the interpretation that gold 137 

precipitation is due to mixing of contrasting fluids. 138 

Bath et al. (2013) used biotite-apatite thermometry to estimate the gold-ore forming fluid temperature 139 

at the St. Ives Camp resulting in 480±60 °C, which represents a minimum re-equilibrium temperature. 140 

They differentiate between three alteration stages; an early albite-carbonate, main-stage biotite-141 

amphibole-carbonate, and late-stage carbonate alteration. Interestingly, the biotite alteration is 142 

accompanied by trace pentlandite in the hangingwall of the ore zone, whereas sulfates (anhydrite, barite, 143 

celestine) and scheelite accompany biotite in the ore zone and in the footwall. 144 

 145 

4. Description of hydrothermal vein-style pentlandite in Kambalda 146 

Different types of pentlandite-hosting veins have been observed on the eastern limb of the Kambalda 147 

Dome. Type (1) occurs in the trondhjemite adjacent (3-10 m) to the Long North magmatic Ni deposit 148 

(Fig. 1; Staude et al., 2017a), type (2) occurs along a subparallel structure to the Boulder-Lefroy Fault 149 
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cutting through the McLeay magmatic Ni deposit (Fig. 1; Staude et al., 2017a), and type (3) is cutting 150 

through and along the Moran magmatic Ni deposit (Fig. 1; Staude et al., 2016; 2017b). 151 

 152 

Figure 1 153 

Map of Kambalda area including sample locations (Long North, McLeay, Moran) and gold deposits mentioned in the text. 154 

 155 
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Vein type (1): Thin (<2 cm) veins cut through the trondhjemite and exhibit an up to 5 cm thick alteration 156 

halo (Fig. 2a,b). Characteristic are 1-2 cm euhedral biotite crystals which are intergrown with 157 

pentlandite, pyrrhotite, other sulfides, calcite and quartz (Fig. 3a,b). The distribution of a sulfide-158 

dominated assemblage and a quartz-dominated part in type (1) veins is irregular. Fig. 3 a shows a second 159 

order veinlet branching off and terminating within a few centimetres. In this area the largest area of 160 

alteration was observed. 161 

 162 

Figure 2 163 
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Photos of the pentlandite-bearing veins. (a) Vein type (1) Sulfide-quartz vein cutting through the trondhjemite. The widest 164 

alteration zone is observed where a second order structure branches off in the right of the photo. (b) Patchy sulfide distribution 165 

in an albite-biotite-altered trodnhjemite. (c) Multiple thin veinlets, Vein type (2), forming a scheelite-bearing structure cutting 166 

through the McLeay orebody. The inlet shows a large scheelite-sulfide aggregate from this vein network. (d) The same part 167 

under short-wave UV light highlighting the scheelite. (e) Lenses of pentlandite- and arsenide-bearing carbonate, Vein type (3), 168 

cutting through the Moran orebody. (f) Close-up photo of the pentlandite- and arsenide-bearing carbonate cutting through older 169 

magmatic sulfides. 170 

 171 

Figure 3 172 
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Photos of hand specimen of the pentlandite-bearing veins. (a) Contact of a biotite-rich sulfide vein to the alteration halo. (b) A 173 

similar hand specimen to (a), but the sulfide vein is here in irregular contact to massive quartz and calcite is visible in the 174 

sulfides. (c) Calcite-rich sample of the scheelite-bearing structure. Scheelite is here associated with large biotite and epidote 175 

alteration of the basalt. (d) Crystals of scheelite, highlighted with short-wave UV light, is associated with quartz, calcite 176 

(dissolved in acid), and sulfides. (e) Arsenide-bearing carbonate vein cutting through basalt originating from the footwall of 177 

the Moran orebody. (f) Polished slab of the arsenide-carbonate vein contact to the magmatic sulfides of Moran. 178 

 179 

Vein type (2): Individual quartz-carbonate thin veinlets (<1 cm) and lenses, that are typically <1 cm in 180 

width can sometimes reach up to 50 cm. They form a vein network structure that can locally be up to 5 181 

m wide cutting through Victor South-McLeay (Fig. 2c,d). The veins are characterized by their scheelite 182 

occurrence, which forms up to 10 cm large irregular masses and small (<0.5 cm) euhedral crystals. 183 

Associated minerals are pyrrhotite, epidote and biotite, with the latter representing the predominant 184 

alteration phase in the host basalt. The whole scheelite-bearing structure can be traced over 2 kilometres 185 

in NW-SE direction and is sub-parallel to the Boulder-Lefroy Fault (Fig. 1). Pentlandite was only 186 

observed in veins close to magmatic sulfides (<10 m), whereas samples further away do not contain 187 

pentlandite or other Ni-bearing phases. 188 

Vein type (3): Carbonate-tremolite-chlorite veins hosted in the older magmatic Moran deposit occur as 189 

relic boudinaged and folded lenses of up to 10 cm thickness in massive sulfides and the neighbouring 190 

basalt in the NE of the deposit (Fig. 2e,f). They were also observed as thin (<2 cm) veins running parallel 191 

to the pinchout (where massive sulfides occur with older basalt underneath and above due to 192 

thermomechanical erosion during the formation of the magmatic deposit; Staude et al., 2016; 2017b) 193 

and in an area in the NE of Moran. The vein relics are bound by a diffuse zone of magnetite alteration 194 

in the magmatic sulfide orebody, whereas no alteration is visible where the vein is hosted in basalt. 195 

Pentlandite that is associated with carbonates occurs together with base metal sulfides, Ni-arsenides, 196 

and gold. 197 

Physically mobilized pentlandite: In addition to hydrothermal pentlandite, samples from physically 198 

mobilized magmatic sulfides of Moran were investigated to compositionally compare them to 199 

hydrothermally formed pentlandite. The physically mobilized occurrences are mostly associated with 200 
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quartz veins, which are partly brecciated and cemented by the mobilized sulfides. Sulfides in non-201 

brecciated quartz usually fill the central part of the vein (Fig. 4). 202 

 203 

Figure 4 204 

Photo of physically mobilized sulfides into the footwall of Moran. The mechanically mobilized sulfides cut through an older 205 

quartz vein. 206 

 207 

5. Analytical methods 208 

5.1. Electron microprobe analyses 209 

Hydrothermal pentlandite, pyrrhotite and sulfarsenides have been analysed by electron microprobe 210 

analyses and compared to their magmatic counterparts. Analyses were carried out on a JEOL 8900 probe 211 

at the University of Tübingen (Germany) using wavelength-dispersive (WD) mode at an acceleration 212 

voltage of 25 kV, a probe current of 20 nA, and a focused beam. Biotite and feldspar were analysed 213 

using the same microprobe in WD mode with an acceleration voltage of 15 kV, a probe current of 20 214 

nA, and a defocused beam of 2 µm. Counting time for sulfides and silicates was 15 s for major elements 215 

and 30 s for trace elements. The analysed elements with their respective energy line, detection limits, 216 

and results are listed in the electronic supplementary material (ESM) 1. 217 

 218 

Field-Emission Scanning Electron Microscopy (FE-SEM) 219 
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Back Scattered Electron (BSE) images and semi-quantitative EDS analyses were collected with a 220 

TESCAN MIRA3 LMH Schottky Field Emission Scanning Electron Microscope (FE-SEM) in the 221 

Mineral and Materials Characterization (MMC) Facility in the Department of Geology and Geological 222 

Engineering at the Colorado School of Mines in Golden, Colorado, USA. The FE-SEM is equipped with 223 

a TESCAN motorized retractable annular, single-crystal YAG backscatter electron detector and a 224 

Bruker XFlash® 6/30 silicon drift detector for energy-dispersive x-ray (EDX) spectrometer, allowing 225 

for spectra acquisition and consequent mineral identification. BSE imaging and EDX analyses were 226 

performed at 15 keV and at 20keV acceleration voltage, respectively, a beam intensity of 11, and a 227 

working distance of 10 mm. 228 

 229 

Optical Cathodoluminescence Microscopy  (Katha/Isaac to write) 230 

Cathodoluminescence (CL) imaging of samples was performed using a HC5-LM hot-stage CL 231 

microscope by Lumic Special Microscopes at Colorado School of Mines. The CL system is equipped 232 

with a high sensitivity, double-stage Peltier cooled Kappa DX40C CCD camera allowing for 233 

photographic acquisition of optical luminescence. The system was operated at an acceleration voltage 234 

of 14 kV and a current density of about 10 A/mm2 (Neuser, 1995). 235 

 236 

Automated Mineralogy 237 

False-colour mineral maps of samples were acquired using automated scanning electron microscopy. 238 

Automated mineralogy was performed at the Colorado School of Mines’ Mineral and Materials 239 

Characterization (MMC) Facility, using a TESCAN-VEGA-3 Model LMU VP-SEM platform which is 240 

equipped with the TIMA3 control software program. Four energy dispersive X-ray spectrometers 241 

acquire spectra from each point or particle with a user defined beam stepping interval (i.e., spacing 242 

between acquisition points) of 15 m, an acceleration voltage of 25 keV, a beam intensity of 14 and a 243 

working distance of 15mm. Interactions between the beam and the sample are modelled through Monte 244 

Carlo simulation. The EDX spectra are compared with spectra held in a look-up table allowing a mineral 245 
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or phase assignment to be made at each acquisition point without making a distinction between mineral 246 

species and amorphous grains of similar composition. Results are output by the TIMA software as a 247 

spreadsheet giving the area percent of each composition in the look-up table. This procedure allows a 248 

compositional map to be generated. Composition assignments will be grouped appropriately.  249 

5.2. Thermodynamic modelling 250 

Thermodynamic modelling was done using Geochemist’s Workbench software package version 12 and 251 

14. The application React was used for reaction path calculations and Phase2 for stability, predominance 252 

and solubility diagrams. The applied thermodynamic database is the Thermoddem database that was 253 

extrapolated from 0-300 °C (Blanc et al., 2012) to 0-600 °C and 2.5 kbar. This extrapolation and the 254 

added minerals where integrated into the database by Philippe Blanc, the creator and maintainer of the 255 

data base (Blanc et al., 2012) to keep internal consistency. The list of minerals considered in 256 

thermodynamic calculations are for silicates: actinolite, aegerine, albite, almandine, andalusite, 257 

andradite, annite, anorthite, antigorite, brucite, chlorite, diopside, eastonite, epidote, hedenbergite, 258 

jadeite, kyanite, microcline, muscovite (ordered), paragonite, phlogopite, quartz(alpha), quartz(betha), 259 

sanidine, sillimanite, staurolite, tremolite; oxides: bunsenite, corundum, hematite, magnetite, spinel, 260 

wustite; Native elements: nickel, arsenic, gold, graphite, iron, sulfur(alpha); sulfates: anhydrite, gypsum; 261 

sulfides and arsenides: arsenopyrite, löllingite, nickeline, millerite, vaesite, pyrite, pyrrhotite, troilite; 262 

carbonates: aragonite, calcite, dolomite, siderite. 263 

Unfortunately, thermodynamic data for the main mineral of interest, pentlandite, is sparse in the 264 

literature. Both Gamsjäger (2005) and Robie and Hemingway (1995) suggest the use of the experimental 265 

enthalpy value by Cemič and Kleppa (1987) of -837.37 ± 14.59 kJ/mol, which is selected here. However, 266 

experimental values for the entropy of pentlandite of the composition Ni4.5Fe4.5S8 (this study) is lacking. 267 

Thus, we have tried to estimate the entropy using several methods shown in Table 2. Four out of five 268 

methods are in good agreement with each other whereas one deviates significantly and thus is excluded. 269 

As a result, the value of 490 ± 20 kJ/mol K is selected for thermodynamic modelling. The temperature-270 

dependent specific heat capacity (cp) was estimated by assuming Δcp reaction=0, according to the 271 

Neumann-Kopp rule for the reaction III in Table 2. The resulting temperature-dependent cp is: a = -272 
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1956.6 J/molK, b = 4.9729 J/molK2, c =80204000 J/mol/K. It is in good agreement with that of reaction 273 

IV at temperatures above 100 °C and with the experimental value of 442.7 J/mol K by Berezovskii et 274 

al. (2001) for Ni4.6Fe4. 4S8 at standard state conditions. The selected thermodynamic properties and 275 

sources are presented in Table 3. 276 

 277 

Table 2: Estimation methodology for the entropy of pentlandite 278 

 Resulting S0 in J/mol K 

(I) Ideal mixing on both octahedral and tetrahedral Fe/Ni 

position using entropy values from Waldner & Sitte (2008).  

502,35 

(II) Single ion method of Glasser (2013).  

Note that Fe2+ and S2- ions where used, resulting  in a charge 

imbalance. 

483,70 

(III) Additive method (ΔS=0):  

Ni3S2 + 1.5 NiS + 4.5FeS = Ni4.5Fe4.5S8 

484,35 

(IV) Difference method (ΔS=0): 

Ni9S8 +4.5Fe = Ni4.5Fe4.5S8 +4.5Ni 

469,53 

(V) Difference method using ΔS=0 for the following reaction: 

Ni9S8 +4.5FeS = Ni4.5Fe4.5S8 +4.5NiS  

514,03 

(VI) Linear correlation with volume (Jenkins & Glasser 2003)  

Molar volume for Ni4.5Fe4.5S8 from Robie & Hemingway (1995) 

365,94 

NiS = millerite, Ni2S3 = haezelwoodite, FeS = troilite, Ni4.5Fe4.5S8 = pentlandite, Ni9S8 = Godlevskite, Fe = native 279 
iron 280 

 281 

Table 3: Thermodynamic properties used in this study. 282 

Mineral 
H0

f S0 a b*103 c*10-5 

(kJ/mol) (J/mol.K) (J/mol.K) (J/mol.K²) (J/mol/K) 

Ni4.5Fe4.5S8 

(pentlandite) 
-837.37 ±14.59

(1)
 490 ±20

(2)
 -1956.6

(2)
 4972.9

(2)
 802.0

(2)
 

References: (1)Cemic & Keppla (1987), (2) this study 283 

 284 

 285 

The extrapolation to higher temperature and pressure was achieved by coupling the Thermoddem 286 

database with the calculation tool ThermoZNS developed by Lassin et al. (2005). The latter allows 287 

calculating LogK(T) functions for T and P, based on the H2O vapour curve, overcoming the H2O critical 288 

point limit (Lassin et al. 2005). Within the course of the Geowell European project (http://geowell-289 

h2020.eu/), this calculation process was applied successfully to the hydrothermal alteration of granite 290 
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based on calculations presented by Dolejš and Wagner (2008), and to phase relations in the CaO-SiO2-291 

Al2O3-H2O chemical system, up to 600°C and 2 kbars (Lach et al., 2018). Using the HKF formalism for 292 

aqueous species (Helgeson et al., 1981), logK (T) calculations could theoretically reach 5 kbars and 293 

1000°C. The database is formatted using the Thermobridge code to be compliant with the geochemical 294 

code of interest (Blanc et al., 2012) which provides the database for the Geochemist Workbench (Bethke, 295 

2004) application.  296 

The aqueous higher-order Ni-Cl complexes that are increasingly important at higher temperature were 297 

integrated from Liu et al. (2012) using the modified Ryzhenko–Bryzgalin model (Ryzhenko et al., 1985) 298 

for a pressure of 2.5 kbar. Introduced deviations from an internally consistent database is minimal since 299 

the fitting calculations from Liu et al. (2012) are based on the same thermodynamic data of HCl (Tagirov 300 

et al., 1997) that is also implemented into Thermoddem database.  301 

 302 

6. Results 303 

6.1. Petrography of hydrothermal veins 304 

6.1.1. Petrography of vein type (1) 305 

The alteration zone next to the vein is mostly composed of albite, replacing and overgrowing 306 

plagioclase, and a network of sulfides. In unaltered samples the trondhjemite contains about 30 % quartz, 307 

5 % orthoclase, and 5 % biotite (Fig. 5). In the alteration zone these minerals are only found in traces 308 

(1-4 % quartz, 1-2 % orthoclase and <0.2 % biotite; Fig. 5). Pentlandite forms about 25-40 % of the 309 

sulfides in the alteration zone, whereas it represents 65-75 % of the sulfides in the vein. 310 
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 311 

Figure 5 312 

Mineral map of the contact of quartz with sulfide rich portion of the vein and the surrounding alteration. The mineral maps 313 

were used to quantify the modal mineral abundance with digital image processing. The fresh trondhjemite contains abundant 314 

quartz which is nearly absent in the alteration zone. Sulfide vein refers to the part of the vein where biotite and sulfides are 315 

intergrown; not including the irregular patches of quartz. 316 

 317 

The vein is composed of euhedral biotite within pentlandite-dominated sulfides (Fig. 6). The sulfides 318 

also host anhedral calcite with minor amounts of albite, quartz and orthoclase. Quartz occurs as large 319 

patches in the vein (Fig. 5). It commonly overgrows the sulfides and biotite, but sometimes also shows 320 

contemporaneous growth. Vein-quartz overgrows euhedral calcite where it is in contact with altered 321 
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trondhjemite. Accessory phases are chalcopyrite, melonite, tetradymite, galena, a TiO2 phase, apatite, 322 

chlorite, and muscovite. 323 

 324 

Figure 6 325 

Photomicrographs of the pentlandite-bearing veins. (a) BSE image of a contact of quartz bearing part of the vein with biotite- 326 

and sulfide-rich part. Quartz overgrows the biotite-sulfide assemblage. (b) Cathodoluminescence image of the alteration zone 327 

in the trondhjemite showing three generations of albite. (c) Reflected light image (in air) of a poikilitic-like scheelite that 328 

overgrows sulfides and is overgrown by pentlandite-bearing sulfides. This sample originates from the vicinity of the McLeay 329 

deposit. (d) Reflected light image (in oil) of pyrite and pyrrhotite that are ovegrown by scheelite which is overgrown by 330 
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pyrrhotite and calcite. No pentlandite is observed in this sample from >100 m distance to a magmatic orebody. (e) and (f) 331 

Reflected light images (in oil) of the pentlandite-bearing arsenide assemblage cutting through Moran. Note the recrystallization 332 

of gersdorffite in the inlet in (e) (BSE image) where a S-rich gersdorffite is surrounded by a S-poor gersdorffite. 333 

 334 

Evidence for a metamorphic overprint is common as many of the minerals show kinking and twinning 335 

and quartz has undulose extinction, a uniform cathodoluminescence signature and shows dynamic 336 

recrystallization. Furthermore, pyrrhotite is replaced by micrometre-sized pyrite-chalcopyrite 337 

symplectites, which has previously been interpreted to be a metamorphic phenomenon in the Moran 338 

deposit (Staude et al., 2017b). 339 

 340 

6.1.2. Petrography of vein type (2) 341 

Quartz-dominated veins of this type are accompanied by biotite, epidote, scheelite, sulfide, albite, 342 

carbonate and apatite alteration of the basalt, whereas it shows talc, carbonate and scheelite alteration in 343 

the komatiite. There are at least two generations of scheelite; one predating the felsic dykes and one 344 

being coeval or younger than the dykes. Scheelite is either <1 mm and disseminated in basalt, forms 345 

euhedral crystals (<5 mm) on the veins selvedge, or forms irregular masses (<10 cm) in veins and in the 346 

adjacent basalt. Disseminated scheelite and euhedral crystals are colourless to grey, whereas the masses 347 

are orange (Fig. 2c). In samples near the magmatic McLeay deposit, poikilitic-like scheelite overgrows 348 

an older hydrothermal sulfide assemblage which overgrows euhedral (but now recrystallized) quartz. 349 

This poikilitic-like scheelite is overgrown by younger hydrothermal sulfides. Both sulfide assemblages 350 

consist of euhedral pyrite, anhedral pyrrhotite, pentlandite, and chalcopyrite. However, due to 351 

recrystallization, the age relations between them are not possible to determine. Pentlandite is found only 352 

in samples close to older magmatic sulfides (<10 m). In samples further away from magmatic deposits 353 

(approximately 100 m to McLeay and 200 m to Moran South along strike of the scheelite-bearing 354 

structure) no pentlandite is observed and the sulfide assemblage consists only of pyrite, pyrrhotite, and 355 

chalcopyrite. Accessory minerals are muscovite, melonite, and molybdenite. 356 

 357 
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6.1.3. Petrography of vein type (3) 358 

This type is characterized by a pervasive magnetite alteration of the magmatic sulfides next to the vein, 359 

as well as within the vein. On the direct contact to the vein the magmatic sulfides are partly replaced by 360 

gersdorffite and nickeline or are overgrown by hydrothermal calcite if not replaced by arsenides. 361 

Sometimes nickeline is overgrown by maucherite. Gersdorffite is the youngest arsenide phase, 362 

overgrowing nickeline/maucherite. Nickeline-gersdorffite associations have been observed in two 363 

generations. The first generation of nickeline-I (with maucherite) and gersdorffite-I is anhedral and show 364 

recrystallization with grain contact angles of 120°. The younger generation is euhedral, partly overgrows 365 

older arsenides, and does not show recrystallization. Gold is intergrown with nickeline-I and with 366 

gersdorffite-II, which it partly overgrows (Fig. 6e). 367 

Hydrothermal pentlandite, in association with pyrrhotite and chalcopyrite, is generally anhedral and 368 

occurs in two generations. The first generation overgrows arsenides-I and is overgrown by the second 369 

arsenide generation. The larger proportion of pyrrhotite-pentlandite-chalcopyrite overgrows both 370 

arsenide generations. 371 

Calcite is the dominant gangue mineral which occasionally hosts tremolite and chlorite causing a green 372 

colour of the samples (Fig. 2f). Distinctly contrasting to type (1) and (2), biotite is absent within this 373 

association. All calcite shows signs of strain and has grain boundaries of 120° and the arsenide-sulfide 374 

assemblage I is partly replaced by chalcopyrite-pyrite symplectite. Other rare symplectites are nickeline-375 

chalcopyrite next to gersdorffite, nickeline-pyrrhotite between chalcopyrite and gersdorffite, and 376 

nickeline-gersdorffite within pyrrhotite. The relative ages of these symplectites are unclear. Other 377 

observed accessory minerals, without relative age determination, are bornite, arsenopyrite, löllingite, 378 

galena, sphalerite, argentopentlandite, nat. Ag, nat. Bi, undetermined Pd-Te and Bi-Pd-Te phases, 379 

famatinite, greenockite, mackinawite (as exsolution in chalcopyrite), tungstenite and ilmenite. 380 

 381 

6.1.4. Petrography of physically mobilized sulfides 382 
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The mineral assemblage of physically mobilized sulphide orebodies are identical to the magmatic 383 

mineral assemblage with the exception that magnetite is missing. Several sub-grains form larger clusters 384 

of pyrrhotite and pentlandite, respectively, with the sub-grains having grain boundaries of about 120°. 385 

The sulfides are overprinted by a symplectic pyrite-chalcopyrite assemblage. Trace amounts of 386 

melonite, molybdenite and sphalerite are present. 387 

 388 

6.2. Mineral composition of sulfides and silicates 389 

Hydrothermal pentlandite generally differs in its Fe and Ni content relative to the neighbouring 390 

magmatic pentlandite, although compositional overlapping is common (Fig. 7). This overlap is 391 

especially pronounced for type (1) where the hydrothermal pentlandite shows a larger variation in Fe 392 

and Ni and overlaps with the magmatic pentlandite. However, type (2) and (3) pentlandite display a 393 

clearly higher Fe content at constant Ni compared to their magmatic counterpart (Fig. 7a). The average 394 

molar Fe/Ni ratio for hydrothermal type (2) pentlandite is 0.92 and for magmatic pentlandite as well as 395 

for the physically mobilized pentlandite it is 0.88. For type (3) hydrothermal pentlandite the average 396 

molar Fe/Ni ratio is 0.89 and for the neighbouring magmatic pentlandite of McLeay it is 0.85. 397 

Pentlandite of vein type (3) has a lower Co content (2000-2500 ppm) compared to most of the adjacent 398 

magmatic pentlandite (4000-5500 ppm, but this is dependent on the spatial occurrence within the 399 

orebody; Staude et al., (in press) as well as the physically mobilized pentlandite (3000-5000 ppm Co). 400 

The other hydrothermal pentlandite types do not differ significantly with respect to trace element 401 

concentrations relative to the respective magmatic pentlandite (Fig. 7b). 402 
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 403 

Figure 7 404 

Chemical variation of pyrrhotite and pentlandite. (a) Fe versus Ni in atoms per formula unit (apfu) of magmatic and 405 

hydrothermal pentlandite. There is no clear variation between magmatic and hydrothermal at Long North, but for Moran and 406 

McLeay the hydrothermal pentlandite displays a higher Fe content. Note the similar composition of magmatic and physically 407 

mobilized pentlandite. (b) Molar Fe/S ratio versus Co concentration in pentlandite. Magmatic (from Moran and McLeay) and 408 

physically mobilized pentlandite show a higher Co content compared to hydrothermal pentlandite. There is no clear variation 409 

between magmatic and hydrothermal at Long North. (c) Molar Fe/S ratio versus Co concentration in pyrrhotite. With the 410 

exception of Long North display hydrothermal pyrrhotites a higher Fe/S ratio. 411 
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 412 

A similar variation between hydrothermal and magmatic is visible in the molar Fe/S ratio of pyrrhotite 413 

(Fig. 7c). Type (1) again largely overlap with magmatic pyrrhotite, whereas the other hydrothermal 414 

pyrrhotite types have characteristically higher molar Fe/S ratios compared to their magmatic pyrrhotite 415 

counterparts. Type (2) pyrrhotite has an average ratio of 0.864 whereas for the neighbouring magmatic 416 

it is 0.857. Type (3) pyrrhotite has an average molar Fe/S ratio of 0.892, whereas for the magmatic 417 

pyrrhotite and the physically mobilized pyrrhotite it is 0.860 and 0.864 respectively. In type (3) 418 

pyrrhotite, which occurs together with arsenides, the As content is always above the detection limit of 419 

300 ppm and ranges between 900 and 2000 ppm, whereas in all the other hydrothermal pyrrhotite types 420 

as well as the magmatic pyrrhotite it is below the detection limit. 421 

The composition of the sulfarsenides also depend on their origin (Fig. 8a). Magmatic cobaltite 422 

commonly is euhedral, overgrows sperrylite and is overgrown by tellurides (Staude et al., in press). It 423 

contains up to 14.5 wt.% Ni and 7.0 wt.% Fe as well as up to 5000 ppm Bi, which is not detected in 424 

hydrothermal sulfarsenides. The major elemental composition of the magmatic sulfarsenide in the 425 

investigated ore bodies is similar to magmatic sulfarsenides reported from other komatiite-hosted sulfide 426 

deposits (Fig. 8b) deposits. The composition of hydrothermal gersdorffite of type (3) is spatially 427 

dependent and two groups can be classified, independently of the observed two generations. A high Co- 428 

and Fe-bearing gersdorffite occurs on the direct contact to magmatic sulfides. In this gersdorffite the 429 

highest Co concentration is located on grain boundaries and where the gersdorffite replaces the 430 

magmatic sulfide (Fig. 8). A low Co- and Fe-bearing gersdoffite occurs everywhere in the vein which 431 

is not in contact with magmatic sulfides. This phenomenon has previously been reported in similar cases 432 

where Au-bearing mineralization cuts through the komatiitic sulfide deposit (Fig. 8c). 433 
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 434 

Figure 8 435 

Gersdorffite (Ni)-cobaltite (Co)-arsenopyrite (Fe) triangle to discriminate between magmatic and hydrothermal sulfarsenides. 436 

(a) Magmatic sulfarsenide display the highest Co content, hydrothermal sulfarsenides on contact with magmatic sulfides an 437 

intermediate Co content, and hydrothermal sulfarsenide within the vein the lowest Co content. The inset shows magmatic 438 

sulfides overgrown by hydrothermal sulfarsenides. Cobalt is concentrated on the rim and on the contact to the magmatic 439 

sulfides. (b) Magmatic sulfarsenides from other komatiite-hosted sulfide deposits. They are similar to the composition of the 440 

Moran sulfarsendies with the exception of Spotted Quoll, which could be due to a hydrothermal overprint. (c) Composition of 441 

sulfarsenides from other komatiite-hosted deposits which formed from a hydrothermal overprint. They exhibit the same trend 442 

as observed for hydrothermal sulfarsenides from the Moran hydrothermal veins. O’Toole: Marchetto (1990), Rosie: Godel et 443 

al. (2012), Sarah’s Find: (Le Vaillant et al., 2016), Perseverance: (Le Vaillant et al., 2018), Spotted Quoll: (Prichard et al., 444 

2013), Mariners: Goodgame (1997), Miitel: (Le Vaillant et al., 2015). 445 

 446 

Biotite of vein type (1) and (2) is similar in its composition (ESM 1). Magnesium varies between 1.4 447 

and 1.9 atoms per formula unit (apfu) and Fe between 0.8 and 1.2 apfu. All biotite associated with 448 
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hydrothermal mineralization contain between 0.01 and 0.03 apfu Ni. Fluorine was only detected in 449 

biotite of vein type (1) with up to 0.16 apfu. Plagioclase in the alteration zone of vein type (1) is near 450 

end-member albite, independent of the observed generation, with a maximum Ca content of 0.02 apfu. 451 

 452 

7. Discussion 453 

7.1. Comparison of hydrothermal and magmatic mineralization 454 

The mineralogy of the vein-type sulfides is distinct different to the magmatic sulfides. In the vein-type 455 

sulfides, chromite and magnetite are absent (except in type 3 vein) and minerals such as biotite, quartz 456 

and carbonate (type 1), quartz, biotite and scheelite (type 2), and carbonate, arsenides, base metal 457 

sulfides and gold (type 3) are common. Thus, they are easily to distinguish from the primary magmatic 458 

sulfides. 459 

Hydrothermal pentlandite tends to be enriched in Fe compared to magmatic pentlandite (Fig. 7). 460 

However, there is a large overlap between both. A distinct difference between hydrothermal and 461 

magmatic pentlandite is also visible in the Co content (Fig. 7). Magmatic, and importantly physically 462 

mobilized pentlandite show a large variation (depending on its position within the orebody; Staude et 463 

al., in press), whereas hydrothermal pentlandites of all vein types have a low Co content. Therefore, the 464 

Fe and Co content of pentlandite can be used to discriminate between magmatic and hydrothermal origin 465 

if the typical indicator minerals for the respective vein type are absent. Similarly, the Fe/S ratio and the 466 

As content of pyrrhotite further helps to differentiate them. 467 

In hydrothermal mineralization with arsenides the sulfarsenide habit and composition can be used to 468 

discriminate between hydrothermal and magmatic origin. Magmatic sulfarsenides from Moran, and 469 

from other reported occurrences, are euhedral and rich in Co (up to cobaltite composition). Contrarily, 470 

hydrothermally formed sulfarsenides, replacing magmatic sulfides, are anhedral and rich in Ni 471 

(gersdorffite; or rarely Fe: arsenopyrite) and are therefore easily to distinguish. 472 

 473 

7.2. Timing of vein formation and fluid origin 474 
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The pentlandite-bearing vein type (1) in Long North cuts the 2662±6 Ma trondhjemite. The 475 

mineralization shows intense deformation (kinking of minerals, twinning, 120° grain boundaries) and is 476 

overprinted by chalcopyrite-pyrite symplectite and thus, has been metamorphically overprinted. This 477 

leaves only a short time gap for the vein formation between 2662 and 2655 Ma, considering the lower 478 

boundary of the youngest metamorphic event at Kambalda occurred at 2655 Ma. Vein types (2) and (3) 479 

cut through the basalt and komatiite and are metamorphically overprinted, which results in a formation 480 

period between 2700 and 2655 Ma. In addition, vein type (3) has an overgrowth of euhedral minerals 481 

without the indication of a metamorphic overprint. Thus, the late stage of vein type (3) formed past the 482 

peak metamorphism, but due to the similar mineralogy compared to orogenic gold deposits, most likely 483 

from the same fluid system as this deposit type. The quartz-carbonate-biotite-albite mineral assemblage 484 

in type (1) and quartz-carbonate- biotite-epidote assemblage in type (2) further indicate a metamorphic 485 

fluid origin. In summary, mineralogy and textures indicate that all three mineralization types formed in 486 

a narrow time period, during or after peak metamorphism, from metamorphic fluids. Hence, 487 

metamorphic temperatures and pressures of 500°C and 2.5 kbar are assumed to have prevailed during 488 

vein formation and thus these were chosen for thermodynamic calculations. In addition to the peak 489 

metamorphic conditions reported by Bavinton (1979), a similar temperature (480±60 °C) was found in 490 

biotite- and hydrothermal pentlandite-bearing mineralization in the St. Ives gold district (Bath et al., 491 

2013). 492 

 493 

7.3. Fluid conditions to form pentlandite-bearing veins 494 

The structural setting and spatial occurrences of the pentlandite-rich vein type (1) as well as their mineral 495 

assemblages leads to the assumption that the veins formed by a fluid, probably in equilibrium with 496 

serpentinite, interacted with the massive sulfide orebody and precipitated the veins within the felsic host 497 

rock. Thus, it can be assumed that the Ni in the vein is largely sourced and remobilized from the older 498 

magmatic orebody. However, the exact nature of the fluid origin or composition, prior to reacting with 499 

the magmatic massive sulfide body is not well constrained. Furthermore, the fact that the komatiitic rock 500 

is highly variable with respect to mineralogy (variable proportions of serpentine, chlorite, magnetite, 501 

tremolite, talc and carbonates, depending on the degree of metamorphic-hydrothermal overprint; Arndt 502 
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et al., 2008) and the local presence of felsic to intermediate dikes makes the determination of an original 503 

fluid composition prior to reacting with the magmatic sulfide orebody difficult. Thus, we have selected 504 

several host rock endmember compositions that exist in the vicinity of the sulfide orebody and let a 505 

neutral ± 2 pH fluid at several steps along the whole lower redox range equilibrate with serpentinite as 506 

possible initial fluids. These fluids were then equilibrated with the sulfide orebody (Fig. 9a). The 507 

maximum fO2 of the equilibrated fluid is defined by the magnetite stability of the serpentinite and the 508 

orebody. The resulting fluid compositions show an Fe:Ni ratio of >10 with the relative and absolute Fe- 509 

and Ni-content being strongly pH dependent and the S-content reaching up to ~1000mg/kg, which 510 

decreases with more reduced conditions. The highest Ni content of the fluids are in the order of 10 511 

mg/kg, which is why the composition of 10, 100 and 1000 mg/kg of Ni, Fe and S, respectively, was 512 

chosen as a basis for further thermodynamic modeling.  513 

 514 

Figure 9 515 
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(a) Thermodynamic predictions at 500 °C of various possible initial fluid endmembers that resided in the region of the orebody 516 

(various types of serpentinites and a granite equilibrium fluid) and their resulting fluid conditions (with the contours for the log 517 

Ni ppm in solution) at equilibration with the orebody. (b) Temperature and fO2 dependent Ni-solubility at neutral pH and a 518 

fluid composition estimation based on the maximum soluble Ni and the relative contents of Fe and S, according to (a). Wüstite 519 

is disregarded. Abbreviations: mt=magnetite, hem=hematite, po=pyrhottite, pnt=pentlandite, Ni-sulfides=millerite and NiS2. 520 

 521 

With increasing fluid temperature, the stability of aqueous Ni-Cl species increases, conjointly with an 522 

increase in Ni coordination by Cl (Liu eta al. 2012; Fig. 9b). The higher temperatures facilitate the 523 

transport of Ni, even at reduced and roughly neutral conditions, for which Ni is fairly immobile. To 524 

enable the transport of significant amounts of Ni with these conditions, the metal bearing fluid must 525 

have been as acidic and/or as high in temperature as possible (Fig. 9b and 10). Thus, it is most likely 526 

that the initial fluid did not strongly interact with carbonate-rich regions of the serpentinite, but is more 527 

profoundly influenced by antigorite or talc rich sections (Fig. 9a). This enables a lower pH, and thus, a 528 

more pronounced ability to transport Ni at reduced conditions. 529 

 530 

 531 

Figure 10 532 

Thermodynamic calculations of the redox and pH dependence of the Ni-Fe-S-Na-Cl system at 500 °C for the fluid composition 533 

of calculated by modeling of Fig. 9. Hatched area represents overlapping stability field of pentlandite and pyrhottite which is 534 
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the mineral assemblage visible in the veins and host rock alteration zone. Abbreviations: mt=magnetite, hem=hematite, 535 

wue=wüstite, po=pyrhottite, pnt=pentlandite, mil=millerite, Ni=native Ni. 536 

 537 

The most effective precipitation mechanism of a pentlandite and pyrrhotite assemblage without the 538 

formation of abundant pyrite, hematite and millerite (which are stable at slightly more oxidizing 539 

conditions) is by pH increase to slightly basic conditions of a reduced fluid. Additionally, fluid cooling 540 

favours the precipitation of the observed minerals. This can be achieved by neutralization of a slightly 541 

acidic and reduced Ni-bearing fluid by mixing (e.g. see active hydrothermal vents on the ocean floor; 542 

Table 1) or by interaction with, for example, the host rock. Due to the pentlandite-bearing alteration 543 

zone of the host rock next to the veins, a reaction-based precipitation mechanism is most likely for the 544 

granitoid-hosted pentlandite-bearing veins. The reaction of the pentlandite-forming fluid with the felsic 545 

host rock is strongly dependent on the fluid composition, especially with respect to pH and elemental 546 

composition such as, but not limited to Al, Si and K. However, the exact fluid composition is unknown 547 

and due to the high number of unknown variables, thermodynamic modelling of this replacement 548 

reaction was not possible. Mass balance calculations show that Al has to be introduced into the alteration 549 

halos around pentlandite veins by the fluid as the absolute albite content increases at the cost of mainly 550 

quartz and biotite (Fig. 5). The source of Al in the initial fluid may have been felsic dikes within the 551 

serpentinite.  552 

Quartz dissolution in the alteration zones around the pentlandite-bearing veins in question shows an 553 

initial under-saturation of quartz and/or an increase in pH, where the latter is in accordance to the 554 

proposed pentlandite precipitation mechanism. Re-precipitation of quartz within the vein itself can be 555 

attributed to a decline in temperature and/or pressure as this is the most effective precipitation 556 

mechanism for quartz (Li et al., 2020). However, the importance of fluid mixing cannot be excluded. A 557 

high K concentration is needed for the stability of biotite to prevail over that of antigorite at neutral to 558 

slightly basic conditions (Fig. 11). If one assumes that the primary fluid originated from the serpentinite, 559 

it is expected to be rich in Mg but poor in K and thus significant granitic host rock alteration is needed 560 

before biotite formation can occur within the vein (Fig. 11). Thus, we suggest that K-enrichment of the 561 
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fluid during mica and alkali feldspar dissolution in the alteration zone of the host rock enables biotite 562 

formation within the vein.  563 

 564 

Fix 11. Thermodynamic modelling of the pentlandite-veins in the Ni-Fe-S-Na-K-Mg-Si-Cl system. Input variables for salinity, 565 

Ni, Fe, S are taken from Fig. 8 & 9. Magnesium concentration is taken from the serpentinite equilibrated fluid at neutral pH 566 

and Potassium from the granitic equilibrated fluid at near neutral conditions. This enables this diagram to represent the 567 

maximum pH-stability range of biotite, as Mg and K are not expected to be higher (more likely lower) than the concentrations 568 

shown here. The Silica is set by the fluid being in equilibrium with 1g of quartz, as the veins host abundant quartz and quartz 569 

saturation is achieved at roughly neutral pH. Mineral stabilities below the Al-dependent graph are only pH dependent and are 570 

not in the graph due to illustration purposes. Abbreviations: qtz=quartz, plag= albite, msc=muscovite, bt=phlogopite, 571 

ant=antigorite, crn=corundum, mt=magnetite, po=pyrhottite, pnt=pentlandite, mil=millerite, Ni=native Ni.  572 

 573 

 574 

The stability of both the sulfide and silicate assemblage within the veins clearly indicates reduced 575 

formation conditions at neutral to slightly basic pH (Figs. 10 & 11). The silicate assemblage within the 576 

veins, as well as the alteration halo, show a strong interaction with the host rock, congruent with a K 577 

and Si increase within the fluid and thus enabling oversaturation of quartz and biotite. 578 
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In vein-type (2) a textural age relation between the minerals is mostly not possible. Due to the 579 

mineralogical similarity to vein-type (1) (e.g., quartz-biotite-carbonate-sulfide mineralization), with the 580 

exception of scheelite, thermodynamic modelling has not been separately preformed for these veins. 581 

 582 

7.4. Fluid conditions to form pentlandite in arsenide-bearing veins 583 

Type (3) veins have been frequently reported in literature (e.g., Prichard et al., 2013; Le Vaillant et al., 584 

2015, 2018) and thermodynamic calculations have been performed for various arsenide minerals (e.g., 585 

Scharrer et al., 2019), and thus, type (3) veins are modelled to discriminate the differences to type (1) 586 

veins. 587 

The reaction of an arsenic-bearing fluid with the magmatic sulfide body enables the oversaturation of 588 

initially nickeline, followed by millerite and/or pentlandite and pyrrhotite (Fig. 12). The formation of 589 

nickeline is however constrained to reducing conditions (depending on the As content of the fluid; Fig. 590 

12). Although insufficient thermodynamic data exists for gersdorffite, preventing it to be quantitatively 591 

considered during modeling, its stability is bound to the transition between nickeline and millerite 592 

(qualitatively shown in Fig. 12). It is expected to form after nickeline, during successive sulfur 593 

enrichment of the fluid. As soon as pentlandite and pyrrhotite are saturated, the reaction with the host 594 

magmatic sulfides is halted. Subsequent fluid cooling and/or local variabilities in parameters such as pH 595 

will then continue to promote precipitation of these two minerals. Thus, the mineral sequence preserved 596 

in these veins (nickeline → gersdorffite → pentlandite + pyrrhotite) can be thermodynamically 597 

explained. Furthermore, the relative abundance of magnetite within and around these arsenide-bearing 598 

veins is congruent with thermodynamic predictions. If we assume a scenario, where Au is near saturation 599 

in the initial As-rich fluid prior to the reaction with the host rock, Au precipitation is expected to occur 600 

in association with the arsenide/sulfarsenide, as observed (Fig. 12). During progressing sulfur 601 

enrichment of the fluid, the stability of aqueous Au-sulfide complexes prohibits the formation of later 602 

Au.  603 
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 604 

 605 

Fig. 12 606 

Thermodynamic model of the reaction of an As bearing, Au saturated (max 0.1 mg/kg Au) fluid with the magmatic sulfide 607 

orebody. Variabilities concerning the initial redox (a), initial As content (b) and initial (pH) show the mineral sequence present 608 

in the arsenide veins formed from an initially roughly neutral pH fluid with reduced conditions where the exact redox state 609 

needed depends on the availability of As. Stability field diagrams are generated from reacted mass - mineral in system diagrams 610 

at logfO2 and pH steps of at least 0.5 with successive interpolation. The stability field of gersdorffite is qualitatively predicted 611 

and not thermodynamically modelled. mt=magnetite, hem=hematite, wue=wüstite, po=pyrhottite, pnt=pentlandite, 612 

mil=millerite, Ni=native Ni, nic=nickeline, loe=löllingite, Au=native Au. 613 

 614 
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7.5. Pentlandite in gold ore 615 

Pentlandite often occurs as accessory mineral in orogenic gold deposits and have also been described 616 

from IOCG deposits (Table 1). There are several large gold deposits along the Boulder-Lefroy Fault 617 

which are thought to originate from either metamorphic (Phillips et al., 2017) or magmatic fluids (Bath 618 

et al., 2013; Mueller et al., 2020). In a recently published model, it is proposed that the metamorphic 619 

fluids forming orogenic gold deposits originate from the devolatilization of a subducted oceanic slab 620 

containing Au- and As-bearing sulfide-rich sediments (Groves et al., 2020). Some of the investigated 621 

veins also contain gold in combination with a contrasting mineralogy relative to the others. Since all 622 

these veins are interpreted to have formed from metamorphic fluids (see section 7.2), it needs to be 623 

discussed why similar fluids form differing vein types (minor pentlandite with gold vs. major pentlandite 624 

without gold). 625 

Textures of all three types suggest they formed in a narrow time period during syn- to late-626 

metamorphism, the mineralization is found in comparable small fluid pathways (cm-sized veinlets rather 627 

m-sized veins) and all fluids had to interact with magmatic sulfides to pick up Ni. Additionally, textures 628 

and the calculations in section 7.3. suggest that type (1) and probably type (2) fluids interacted with the 629 

local lithology (i.e., dissolve biotite in the alteration zone and re-precipitate it in the vein) and are 630 

probably sourced from the regional metamorphic reservoir. There are three possibilities to explain the 631 

absence of As and Au in type (1) veins, the lack of precipitation, different fluid and metal sources or 632 

that these veins represent different stages of an evolving fluid.  633 

The lack of precipitation can be thermodynamically explained by the stability of pentlandite together 634 

with pyrrhotite and biotite, which spans a small field in which gold has a high solubility (Fig. 13a). 635 

Considering the fluid source, it is suggested that subducted sediments are the source of arsenic and gold 636 

in many orogenic gold deposits, whereas the regional lithology’s are poor in arsenic and gold (Groves 637 

et al., 2020). However, a potential regional gold source may be present, as the metamorphically 638 

overprinted magmatic sulfides can contain gold (Figs. 13b and c). Although the theoretically possible 639 

pH range of formation of the type (3) veins is wider than the other veins as they are arsenide bearing 640 

and lack biotite (Fig. 11), a simple pH shift is not sufficient in explaining the mineralogical differences. 641 
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This is because if arsenic were present in the non-arsenide-bearing vein type (1) and (2) fluids, they 642 

would also have formed during vein precipitation. Thus, vein type (1) or (2) and (3) could not have 643 

formed from compositionally identical fluids at the time of formation.  644 

This leaves the possibility of either two differently sourced fluids or a fluid evolution with type 3 veins 645 

forming prior to type 1 and 2 veins. Vein type (3) could represent the stage where the As- and Au-646 

bearing fluid interact with the magmatic sulfides to form arsenides and gold, which become exhausted 647 

in the fluid during this stage and are not present in later mineralizing events. However, an evolutionary 648 

scenario would also have to explain the contrasting gangue mineralogy as vein type (3) is dominated by 649 

carbonate (>90 %; Figs. 2, 3) whereas vein type (1) is dominated by sulfides (>70 %) and quartz, and 650 

only minor carbonate, within the vein and albite (80 %) in the alteration zone (Fig. 5). Therefore, 651 

different fluids are most likely the reason for the contrasting mineralogy, although in all mineralization 652 

types metamorphic fluids formed the veins. Type (3) veins must have been hydraulically connected to 653 

larger deep-reaching structures, as the Boulder-Lefroy Fault, whereas this fluid pathway was not 654 

available for the formation of type (1) and (2), although at least type (2) vein is sub-parallel to the 655 

Boulder-Lefroy Fault. 656 

 657 

Fig. 13 658 
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(a) Modelled redox- and pH-dependencies of native Au and aqueous Au species for the fluid composition of Figure 9 and the 659 

solubility of up to 1 mg/kg Au. (b) Microphotograph of disseminated sulfides containing gold from McLeay. (c) 660 

Microphotograph of massive sulfides from long North containing gold. Both, (b) and (c), magmatic sulfides have been 661 

overprinted to form pyrite. 662 

 663 

8. Summary 664 

Pentlandite-bearing hydrothermal veins in Kambalda are found in close distance to older magmatic Ni-665 

sulfide deposits. Three different types of pentlandite-bearing veins were identified: (1) pentlandite-rich 666 

biotite-bearing veins with albite alteration, (2) pentlandite- and scheelite-bearing quartz veins, and (3) 667 

pentlandite-poor arsenide and gold-bearing carbonate veins. All of them were formed from fluids during 668 

syn- to late regional metamorphism. Thermodynamic calculations show that a high temperature and a 669 

pH as low as possible are necessary to transport large quantities of Ni in these low-salinity reduced 670 

fluids. The formation of pentlandite requires reduced conditions around a neutral pH. Precipitation of 671 

pentlandite occurs due to an increase in pH and/or decrease in temperature and the precipitation of the 672 

associated silicates most likely occurred due to fluid-rock interaction. The occurrence of hydrothermal 673 

pentlandite points towards a proximal Ni source. An assemblage of pentlandite, pyrrhotite and biotite is 674 

stable where Au has a higher solubility and hence are unlikely to be associated with a gold deposit. The 675 

occurrence of arsenides with minor pentlandite on the other hand can be associated with Au deposits 676 

and hence may be useful as pathfinder minerals in conditions. 677 
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Abstract
A combination of textural observations from 38 Permian Sb-Pb-Ag±Au-bearing quartz veins in the Schwarzwald (SWGermany)
with isotopic, fluid inclusion, and geochemical data allows to refine genetic models for this common type of mineralization, to
understand the origin of mineralogical diversity and the correlation with large scale tectonic events. Textures record four main
mineralization stages: (I) Fe-As(-Sb±Au), (II) Pb-Zn-Cu, (III) Pb-Sb, and (IV) Ag-Sb. Stage I sulfides, dominated by pyrite and
arsenopyrite, formed due to cooling of low-salinity metamorphic fluids during the Permian with maximum homogenization
temperatures of 400 °C. Invisible gold in arsenopyrite, pyrite, marcasite, and stibnite was remobilized and locally precipitated as
electrum at the end of stage I. Minerals of stages II and III comprise a rich diversity of Sb-bearing sulfosalts including, e.g.,
bournonite, zinkenite, and jamesonite. This assemblage formed during Jurassic times due to mixing of high-salinity, mid- and
upper-crustal fluids (up to 27 wt% NaCl+CaCl2) with homogenization temperatures between 50 and 250 °C. Stage III is marked
by a rich variety of Pb-Sb sulfosalts. Its local abundance is directly related to the presence of stage I mineralization and its extent
of remobilization during a significant influx of Pb in the Jurassic-Cretaceous. The formation of the Upper Rhine Graben during
the Tertiary reactivated especially NE-SW-oriented veins. Percolating Ag-rich fluids reacted with earlier stage III Pb-Sb sulfosalts
forming Ag-rich minerals (stage IV) such as miargyrite, pyrargyrite, and stephanite. The transition from metamorphic fluids to
basinal, saline (e.g., Pb-bearing) brines over hundreds of millions of years as is shown in this study and present in other Variscan
occurrences indicates a possibly typical poly-stage characteristic of Sb deposits worldwide, which has, however, not been
investigated in detail so far.

Keywords Stibnite . Gold . Remobilization . Fluid cooling . Fluid mixing

Introduction

Shear zone-hosted, mesothermal (Au-)Sb vein deposits are
arguably the most important source for Sb. Such Sb deposits
occur worldwide and comprise either monotonous stibnite
deposits (e.g., Lake George deposit, Canada, Lentz et al.
2002; Sentachan and Sarylakh deposits, Russian Federation,
Baltukhaev and Solozhenkin 2009; Schwarz-Schampera
2014) or polymetallic Sb-(Pb-Ag±Au-W-Sn-As-Zn) deposits
(e.g., Dúrico-Beirã region, Portugal, Neiva et al. 2008;
Bournac deposit, France, Munoz and Shepherd 1987). The
quartz vein associated with Sb-Pb-Ag±Au deposit type is
common in Europe, where it is strongly associated with the
Variscan Orogen. Examples of former (more or less) important
European mining districts are Rheinisches Schiefergebirge,
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Harz, Schwarzwald, and Erzgebirge in Germany, Massif
Central and Vosges mountains (France), Lombardy,
Piemont, and Sardinia (Italy), and some regions in Slovakia,
Czech Republic, Spain, Portugal, Austria, and Great Britain
(e.g., Walenta 1957; Clayton et al. 1990; Ortega et al. 1991;
Munoz et al. 1992; Dill 1993; Wagner and Cook 2000; Cidu
et al. 2014; Burisch et al. 2018, this issue).

Previous studies dealt with the structural history and fluid
evolution in the context of the Variscan Orogen of Sb(±Au)-
quartz veins (Behr et al. 1984; Matte 1991; Schroyen and
Muchez 2000; Kroner and Romer 2013; Chicharro et al.
2016). These studies clearly relate these veins to late-
Orogenic, post-compressive brittle tectonic events which ex-
plains why they are commonly situated within late-Variscan
extensional shear zones (Bril 1982; Munoz et al. 1992;
Ortega and Vindel 1995; Wagner and Cook 2000). They
formed during the transition from the Variscan compressive
stress regime to post-Variscan strike slip tectonics (Arthaud
and Matte 1977; Malavieille et al. 1990; Doblas et al. 1994;
Wagner and Cook 2000). Several models have been proposed
for stibnite precipitation in these vein-type deposits of the
European Variscan belt and these comprise convective fluid
cooling (Bril and Beaufort 1989; Munoz et al. 1992), segre-
gation of H2O-NaCl-CO2-CH4-N2 fluids (Clayton et al. 1990;
Ortega et al. 1991; Ortega and Vindel 1995), fluid boiling
(Ortega et al. 1991), and dilution of CO2-rich metamorphic
fluids by near-surface H2O-NaCl fluids (Bril 1982; Boiron
et al. 1990; Couto et al. 1990). It is, however, generally as-
sumed that the precipitation process is dominantly triggered
by fluid cooling, either conductively or by fluid mixing with a
low temperature fluid (Wagner and Cook 2000). The salinity
of the hydrothermal fluid has no apparent influence on the
solubility and the precipitation, because, in contrast to Pb and
Ag, which are mostly transported as Cl complexes in hydro-
thermal solutions, the dominant Sb species in reduced hydro-
thermal fluids presumably is Sb(OH)3 (Wood et al. 1987).
However, the common polystadial mineral assemblage is
generally not considered when these formation mechanisms
were proposed and is therefore investigated more in detail in
this study. Furthermore, this study comprehensively investi-
gates the details of ore mineral associations and their evolu-
tion over a 300-Ma time span, using 38 localities in the
Schwarzwald, a well-known mining district in the Variscan
Orogen. Interestingly, the otherwise spatially separated Sb-
Ag-sulfide and Sb-sulfide assemblages typical of such veins
(Burisch et al. 2018, this issue) are intimately intergrown in
the localities investigated in the Schwarzwald. The careful
textural analysis of these ores sheds further light on the
temporal evolution and major formation mechanisms of
four distinct mineralization stages. Stages I and II do not
only occur in the Variscan Orogen but worldwide (e.g.,
Guillemette and Williams-Jones 1993; Dill et al. 1995;
Baltukhaev and Solozhenkin 2009). Due to the similarities

between this mineralization type in Europe and other
worldwide Sb-Au localities, the process of formation in-
vestigated in this study is pertinent also to larger, econom-
ically significant deposits.

Geological setting

The Schwarzwald in SW Germany (Fig. 1 and ESM Table 1)
is part of the Central European Variscan Orogen and domi-
nated by partially migmatized ortho- and paragneisses (Kalt
et al. 2000). Variscan crystalline basement units are separated
by the Baden-Baden-Zone (BBZ) in the north and the
Badenweiler-Lenzkirch-Zone (BLZ) in the south, containing
metamorphosed greywackes and conglomerates. The meta-
morphic rock units were intruded by post-collisional granites
between 335 and 315 Ma (e.g., Todt 1976; Altherr et al.
2000; Hann et al. 2003). This crystalline basement was then
covered by a Palaeozoic and Mesozoic sedimentary sequence
on top of a prominent erosion surface of Permian age (Geyer
et al. 2011 and references therein). During the Middle
Triassic (Muschelkalk), limestones, shales, and evaporites
(carbonates, anhydrite, gypsum and halite; Geyer et al.
2011) were deposited. Clastic and gypsum-bearing sediments
followed during the Upper Triassic (Keuper) and further car-
bonates and shales were deposited during the Jurassic (Geyer
et al. 2011). Cretaceous sedimentary rocks are lacking in the
region. Since the initiation of rifting in the Upper Rhine
Graben and the uplift of the Schwarzwald, Paleogene to
Quaternary sediments of up to 4000 m thickness filled the
graben structure, including Oligocene halite-sylvite-bearing
evaporites, anhydrite, gypsum, and organic-rich claystones
(Geyer et al. 2011).

Peaks of hydrothermal activity
in the Schwarzwald

In general, most hydrothermal mineralizations in the
Schwarzwald are hosted by veins. Most veins are gneiss-
hosted, due to pre-existing deep tectonic fault patterns, which,
in case of reactivation, offer sufficient pathways for fluid cir-
culation (Knipe 1993; Werner and Franzke 2001). Repeated
Permian and Tertiary volcanic activity and the ongoing base-
ment subsidence during the Jurassic due to far-field effects of
the opening of the North Atlantic promoted hydrothermal ac-
tivity and the formation of mineralized veins (e.g., Wetzel
et al. 2003; Staude et al. 2007, 2009, 2010a; Walter et al.
2016, 2017, 2018a). Numerous aspects of fluid flow and hy-
drothermal vein formation in the Schwarzwald are well doc-
umented in the published literature: this includes studies on
fluid inclusion microthermometry (e.g., Behr and Gerler
1987; Staude et al. 2009; Walter et al. 2015), stable and
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Fig. 1 a Geological overview of the Schwarzwald (SW Germany).
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Pfaff et al. (2011)
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radiogenic isotopes of O, C, H, S, Sr, Pb, Cu, Fe, and Mg
(Staude et al. 2010b; Walter et al. 2015), paleo- and modern
fluid models and aquifer data (e.g., Stober and Bucher 1999;
Pfaff et al. 2010; Bons et al. 2014;Walter et al. 2016), leaching
experiments on basement and cover rocks (Bucher and Stober
2002; Burisch et al. 2016), and regional geological setting
(Geyer et al. 2011). This comprehensive knowledge provides
a suitable framework to decipher the complex history of vein-
type Sb-quartz mineralization.

Hydrothermal veins in the Variscan crystalline basement
formed continuously between about 310 Ma and today, but
certain peaks in hydrothermal activity exist (e.g., Pfaff
et al. 2009; Staude et al. 2009; Walter et al. 2016). Five
formation stages are distinguished based on structural,
mineralogical, and microthermometric arguments (e.g.,
Behr and Gerler 1987; Pfaff et al. 2009; Staude et al.
2009; Walter et al. 2016); these are in accordance with
observations from other central European districts (e.g.,
Bril 1982; Chovan et al. 1995; Krolop et al. 2018;
Burisch et al. 2018, this issue):

1. Late Carboniferous quartz-tourmaline veins with small
amounts of wolframite, scheelite, and cassiterite precipi-
tated from magmatic low-salinity fluids (< 4.5 wt%, up to
550 °C; Marks et al. 2013; Walter et al. 2016).

2. Permian Sb±Ag±Au-bearing quartz veins (277.6 Ma;
Walter et al. 2018c, submitted) precipitated from a low-
salinity, high-temperature (up to 440 °C) late-Variscan
metamorphic basement fluid (Wagner and Cook 2000;
Baatartsogt et al. 2007; Staude et al. 2009). This is the
group the current contribution is concerned with.

3. Triassic-Jurassic quartz-hematite±barite veins precipitat-
ed from medium temperature, high- and low-salinity
fluids (Brander 2000; Walter et al. 2016).

4. Jurassic-Cretaceous veins with variable amounts of fluo-
rite, barite, quartz, and carbonates. This complex miner-
alization type contains either Ag-Bi-Co-Ni-U, Fe-Mn, or
Pb-Zn-Cu ores. In contrast to (1)–(3), a deep-seated high-
ly saline brine (20–28 wt% NaCl+CaCl2) was mobilized
and precipitation occurred due to binary fluid mixing be-
tween deep-seated and shallow brines (e.g., Metz and
Richter 1957; Meyer et al. 2000; Werner 2002; Pfaff
et al. 2009; Staude et al. 2010a; Walter et al. 2015).
Moreover, the formation of fractures in this stage was
probably linked to far-field effects from the opening of
the North Atlantic (Wetzel et al. 2003; Pfaff et al. 2009;
Staude et al. 2009).

5. Post-Cretaceous veins with variable amounts of barite,
quartz, fluorite, and carbonates, which were mainly asso-
ciated with Pb and less commonly Zn and Ag mineraliza-
tion (Staude et al. 2009), showing large mineralogical and
fluid compositional heterogeneities (1–23 wt% NaCl+
CaCl2) (Walter et al. 2015, 2016).

Sample description

The following sections give an overview of the local geolog-
ical setting and also shortly introduce different occurring vein
types in the investigated area. Furthermore, the sample loca-
tions and a detailed petrographic description were given.

Local geological setting

Antimony-bearing veins in the Schwarzwald exclusively oc-
cur in crystalline basement rocks and meta-conglomerates.
Currently, the Clara barite-fluorite mine (ESM Table 1) is
the only ore deposit exploited in the Schwarzwald, whereas
most of our sampling sites were mined during medieval and
early modern times (800 AC to 17th century; Dennert 1993).
From 17th to the 20th century, minor exploitation took place
but ended in the middle of the 20th century (Dennert 1993).
Based on field evidence, the veins investigated in this study
can be divided into three groups:

1. Veins of the areas A–C (Fig. 1) are a few centimeters to
1 m thick and consist of several massive quartz genera-
tions of various crystal sizes with minor amounts of ore
minerals. The (outcropping) length of these veins varies
between tens and hundreds of meters, and in rare cases
(such as the Baberast locality), the mineralized structure
can be traced for up to 3 km. The strike orientation is
bimodal, either NW-SE or NE-SW, and the dip is near
vertical (see ESM Table 1). In direct contact to the veins,
the host rock is strongly silicified and host rock clasts are
commonly embedded. Bleached zones around the sam-
pled veins are commonly observed in the field and pyrite
impregnation of the host rock is typical. Small occur-
rences of this vein type are located in the vicinity of the
Elztal fault in the central Schwarzwald, the Kinzigtal area
(area A, Fig. 1), and the area around Freiburg (area B,
Fig. 1). Paragneisses, migmatites, and rarely granites are
the host rocks in this region (see Fig. 1 and ESM Table 1).

2. The up to 1-m-thick Segen Gottes vein in the Kinzigtal
area (area A, Fig. 1) takes a special position, as it com-
prises various vein generations of different gangue min-
erals. The (15 cm thick) Sb-bearing quartz veins (identical
to group 1, see above) are locally brecciated and the clasts
are cemented by successive fluorite-barite-bearing
assemblages.

3. The veins of area D (Fig. 1) are part of the longest Sb-
bearing mineralized zone in the Schwarzwald, ranging
from the Holderpfad in the west to the Kälbelescheuer in
the east. The whole set of structures comprises a total
length of 5 km. Generally, the veins have a NW-SE-
striking orientation and are frequently displaced by
Upper Rhine Graben-parallel faults (Markl 2017). The
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mineralogy of the veins changes from east to west. In the
east, veins with Fe-As-Zn-Cu-bearing assemblages (i.e.,
arsenopyrite, marcasite, pyrite, sphalerite, chalcopyrite)
dominate, whereas in the west, the assemblage is domi-
nated by more Pb-Sb-rich minerals including stibnite,
zinkenite, jamesonite, boulangerite, fülöppite, and
semseyite. Interestingly, Cu-rich Sb sulfosalts such as
chalcostibite and meneghinite and Ag-bearing andorite
only occur in the central and western part; bournonite
becomes progressively more common towards the east.
The minerals contain invisible gold (see below), and one
grain of native gold/electrum was found in the central part
of the zone. In the same area (particularly in the central
and eastern part), a gold-enriched zone (reaching up to
5 ppm in some outcrops) with small native gold-bearing
quartz veinlets (together with pyrite/marcasite, galena,
sphalerite, arsenopyrite) strikes subparallel to the Sb-
bearing quartz veins. Both gold-bearing vein systems are
about 200 m apart from each other and can be traced over
a few kilometers between Bad Sulzburg and Weiherkopf/
Münsterhalden. The conspicuous co-occurrence of the
Sb-dominated and the Au-rich mineralization is consid-
ered in the present study.

Sample locations and petrographic
observations

For this study, 148 representative samples from 38 veins, in-
cluding both recently sampled and collection specimens, were
investigated (Fig. 1 and ESM Table 1). The samples were
chosen for their representative character (e.g., textures, miner-
alogy, structural position in the host rocks, and crystal size for
fluid inclusions and isotopes). A specific focus was placed on
the eastern Sulzburg Sb-veins in the BLZ (group 3, area D,
Fig. 1), hosted by Devonian meta-conglomerates. In this area,
the Sb-Au mineralization is found over a large area (about 20
by 5 to 10 km).

Petrographic description

Tangible petrographic attributes of the studied Sb-Pb-Ag±Au-
quartz veins are collated below:

Not all investigated veins display the entire paragenetic
sequence in samples. Therefore, the detailed petrographic de-
scription of the vein mineralogy focuses on veins and samples
that show the most complete mineralogical succession to pro-
duce a generalized paragenetic scheme (Fig. 2). The detailed
mineral assemblage of all investigated localities is reported in
ESM Table 1.

In general, the evolution of the veins can, by combining the
variable mineral sequence of all veins, be classified into four
successive mineralization stages, according to mineral assem-
blages and textural relations:

Stage I: Fe-As (-Sb±Au) mineralization
Stage II: Pb-Zn-Cu mineralization
Stage III: Pb-Sb mineralization
Stage IV: Ag-Sb mineralization

Stage I was found at all localities, whereas stage II was
identified only very locally. Stages III and IVare, in contrast,
rather dominant. Quartz, either gray and coarse-grained
(quartz I) or white and microcrystalline (quartz II–V, ESM
3a), is the dominant gangue mineral throughout. The ore min-
erals are intergrown with or grown into voids within the
quartz. Locally, lath-shaped pyrrhotite crystals initiate miner-
alization stage I; these are followed by euhedral Au-bearing
arsenopyrite, pyrite, and marcasite (Fig. 3a, b), which form
aggregates in quartz I (Fig. 3a, b and ESM 3 1a-c) and often
show porous grain surfaces. This association is followed by a
succession of berthierite, stibnite (Fig. 3c), and electrum.
Electrum (with a maximum diameter of 24 μm) is present as
small inclusions in minerals of stage II or around marcasite
(Figs. 3b, d and 4d–f). Some samples show that electrum is
partially dissolved due to weathering. At the end of this stage,
calcite occurs in minor quantities, surrounding stibnite and, at
few localities, electrum. Numerous sub-generations of barren,
white microcrystalline quartz are recognized.

Stage II is typically initiated by tetrahedrite (I) and galena
(I), followed by chalcopyrite and sphalerite (I) (Fig. 3d–f and
ESM 3 1d-f). Small electrum grains or stibnite (stage I) are
locally found as inclusions in tetrahedrite (I) (Fig. 3d, e).
Tetrahedrite I may also be replaced by tetrahedrite II
(Fig. 4d, f) and is often very porous. Galena (I) is less abun-
dant in stage II but occurs as anhedral masses (ESM 3 1d) or
tiny inclusions in chalcopyrite, sphalerite, or tetrahedrite
(freibergite) II. Sphalerite (I) commonly appears as reddish
to brownish anhedral crystals (ESM 3 1e). Stage II is predom-
inantly accompanied by fine crystalline quartz.

More variable and complex Sb mineralization marks min-
eralization stage III. The whole mineral succession was not
observed (and is probably not present) at any of the sampling
sites. The stage typically commences with the crystallization
of bournonite (PbCuSbS3), locally needle-shaped zinkenite
(Pb9Sb22S42) which is mostly pseudomorph after stibnite
(stage I, Fig. 4a), and jamesonite (Pb4FeSb6S14). This is
followed by the crystallization of andorite (AgPbSb3S6) and
chalcostibite (CuSbS2), which is intergrown with zinkenite
and partly replaced by meneghinite (Pb13CuSb7S24).
Boulangerite (Pb5Sb4S11) replaces zinkenite and locally
fizélyite (Pb14Ag5Sb21S48) was observed, replacing andorite.
Fülöppite (Pb3Sb8S15) replaces stibnite and is replaced by
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plagionite (Pb5Sb8S17), which in turn is replaced by veenite
(Pb2(Sb,As)2S5). Heteromorphite (Pb7Sb8S18) and semseyite
(Pb9Sb8S21) mark the end of this stage (Fig. 4b). Distinctive
replacement reactions between these minerals are common
(Figs. 2 and 4a, b). During this stage, quartz is the only gangue
mineral.

The silver-dominated assemblage of mineralization
stage IV starts with the crystallization of diaphorite
(Pb2Ag3Sb3S8) (Fig. 4 d) and freieslebenite (AgPbSbS3).
Subsequently, miargyrite (AgSbS2) (ESM 3 2c-e),
cuboargyrite (AgSbS2), and pyrargyrite (Ag3SbS3) (Fig. 4c,
d) form due to variable replacement reactions (i.e., diaphorite
➔ miargyrite, miargyrite ➔ pyrargyrite, tetrahedrite I (stage
II) ➔ tetrahedrite/freibergite II (stage IV, Figs. 3f and 4d),
pyrargyrite➔ allargentum, Fig. 4c): pyrargyrite grows around
miargyrite, tetrahedrite (II, freibergite) replaces tetrahedrite (I)
from stage II and contains inclusions of miargyrite, chalcopy-
rite, and galena. Furthermore, jamesonite (stage III) grains are
enclosed by tetrahedrite II (stage IV). These replacement tex-
tures show clearly that Pb-Sb-dominated minerals of stages II
and III are replaced by Ag-Sb-rich minerals of stage IV. Stage
IV ends with the precipitation of stephanite (Ag5SbS4),
polybasite ((Ag,Cu)16Sb2S11), allargentum ((Ag,Sb),
Fig. 4c), dyscrasite (Ag3Sb), and native silver (ESM 3 2f).

Transparent quartz with pyrite II, berthierite II, and stibnite
II is overgrown by a sequence of calcite, ankerite, and less
frequently very late quartz during stage IV.

The petrography of the Au-rich impregnations and dissem-
inations near Bad Sulzburg were considered separately, since
these form no macroscopically distinct mineralization but oc-
cur rather as microscopic veinlets. However, the mineralogy
of these veinlets is the same as the stage I mineralization of the
Sb-Pb-Ag±Au-quartz veins (described above) and thus are
assumed to have formed contemporaneously. Gold grains
contain a significant amount of Ag and are, therefore, referred
to as electrum. Generally, two associations of electrum with
sulfides are observed (Fig. 4e, f; see also Krützfeldt 1985).
The first association shows electrum either in pores/free space
of weathered pyrite and/or quartz or on altered and silicified
host rock minerals (e.g., feldspar, clay minerals, iron (hydro-)
oxide mixture, Fig. 4e). This association was found at the
Weiherkopf southeast of Bad Sulzburg and is interpreted to
be of supergene origin, formed during oxidation of Au-
bearing pyrite. Grain sizes of electrum range between 0.2
and 0.6 mm. The second association, found in the
Felsengrund southeast of Bad Sulzburg, shows primary, hy-
drothermally formed electrum within sulfides (especially ga-
lena and marcasite) in quartz veinlets (Fig. 4f). Late barite is a
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Fig. 2 Paragenetic sequence of all studied Sb-Ag±Au-quartz
mineralization in the Schwarzwald with four mineralization stages.
Note, not every vein shows the complete sequence. Various gray shades

separate different mineralization stages (I to IV). Red dashed arrows
indicate replacement reactions
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rare member of this assemblage. Electrum from the other in-
vestigated veins in the Schwarzwald is either associated with
altered marcasite, which fits with the first association of the
Sulzburg veinlets, or occurs as inclusions in sulfides, mainly
in tetrahedrite I and II of stage II.

Methods

Electron microprobe analysis

The chemical composition of the ore minerals was determined
using a JEOL Superprobe JXA-8900RL at the University of
Tübingen. Acceleration voltage of the focused beam was
25 kV at a beam current of 20 nA. Counting times for major
elements were 16 s for the element peak and 8 s for each
background and for minor elements 30 and 15 s, respectively.

A detailed description of the method, detection limits (2σ) and
standard deviation are provided in ESM 5.

Fluid inclusion analyses by optical, IR, CL microscopy,
and micro-Raman

Relative chronological sequences of fluid inclusions (fluid in-
clusion assemblages (FIAs)) after Goldstein and Reynolds
(1994) were investigated by optical microscopy. A Bhot
cathode^ CL microscope (type HC1–LM) with an acceleration
voltage of 14 kVand a beam current density of ~ 9μAmm−2 on
the sample surface was applied at the University of Tübingen to
retain additional information on the fluid inclusion petrography
(Kolchugin et al. 2016).

Microthermometric investigations on quartz were performed
using a Linkham (THMS 600) fluid inclusion stage on a Leica
DMLP microscope with an optical CCD camera at the
University of Tübingen. For the analysis of fluid inclusions in
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sphalerite and stibnite, the same setup with an IR camera Retiga
2000R (λ up to 1000 μm) was used at the TU Bergakademie
Freiberg. For each inclusion, the ice melting temperature (Tm,
ice), the hydrohalite melting temperature (Tm, hh), and the ho-
mogenization temperature (Th) were measured.

For the calculation of salinity in the ternary NaCl-CaCl2-
H2O system, the Excel-based program of Steele-MacInnis
et al. (2011) was used. Pressure correction was done using
the program HOKIEFLINCS_H2O-NACL (Steele-MacInnis
et al. 2012) in combination with estimates on basement and
sedimentary overburden based on Geyer et al. (2011 and
references therein). A maximum overburden of 1000 m, cor-
responding to 300 bar, was estimated. For the correction of the
homogenization temperature, this maximum pressure results
in maximum temperature differences of + 45 °C, the median
of all analyses being 15 °C. Further interpretation was done
with the raw data to avoid estimation errors. The uncertainties
of this approach are discussed by Walter et al. (2015).

Micro-Raman measurements were conducted using a con-
focal Raman spectrometer Renishaw InVia Reflex at the
University of Tübingen. A laser wavelength of 532 nm, with
a laser output of 50%, was a numerical aperture of 0.55 and an
opening angle of 66.7° was used. With a three-rate accumula-
tion, the measurement time was set to 30 s, a beam diameter of
2 μm, and the slit diaphragm was automatically adjusted and
corrected.

Oxygen isotope chemistry

A suite of 50 quartz samples from 30 sites was analyzed for
oxygen isotope compositions. Oxygen isotope analyses were
performed using a laser extraction procedure that follows the
techniques described by Sharp (1990) and Rumble and
Hoering (1994) and the 18O/16O isotope ratio was measured
on a Finnigan MAT-252 gas source mass spectrometer at the
University of Tübingen. By combining oxygen isotope
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analyses of quartz samples and homogenization temperatures
from fluid inclusion studies of primary inclusions, the oxygen
isotope composition of the fluid was determined according to
the equation of Ligang et al. (1989). ESM 6 reports all mini-
mum and maximum homogenization temperatures, δ18O
quartz, and the calculated δ18O H2O values of each sample.

Thermodynamic modelling

For thermodynamic modelling, BThe Geochemist’s work-
bench (GWB)^ package was used with a tailor-made thermo-
dynamic database for a uniform pressure of 50 MPa and tem-
peratures between 0 and 400 °C. Information about the data-
base is detailed in Burisch et al. (2018, this issue) and in the
electronic supplement ESM 4.

Results

In the following section, the results of all applied methods in
this study will be presented, within the context of the different
mineralization stages described above.

Mineral chemistry

Representative chemical compositions of all analyzed min-
erals are listed in ESM Table 2. Individual analyses are pro-
vided in the ESM 7.

Stage I: Fe-As (-Sb±Au)

Arsenopyrite has a non-stoichiometric composition, which
can be explained by varying Sb and As concentrations, where-
as the other minerals (marcasite, pyrite, and stibnite) of this
stage show almost ideal compositions. Of particular impor-
tance are noble metal contents of ore minerals of this stage.
Arsenopyrite, marcasite, and pyrite contain invisible gold with
maximum values of 3100, 2100, and 710 ppm, respectively
(Fig. 5a and ESM Table 2). Some berthierite grains show
maximum Au concentrations of 730 ppm. The dominant min-
eral stibnite contains up to 1800 ppm Au and 1000 ppm Ag.
Electrum grains range between 50 and 85 wt% Au (Fig. 5b)
and contain up to 2 wt% Pb and 1500 ppm Hg (ESMTable 2).
Compositions below the 1:1 line have lower totals and
cannot be explained by exchange with other elements such
as Cu, Bi, or Hg, overlap corrections or reference material,
but by variable porosities. Furthermore, analyses from areas in
the central Schwarzwald (i.e., Freiburg, Kinzigtal) show a
distinctly higher Ag content of up to 50 wt%, whereas analy-
ses from Bad Sulzburg and Badenweiler have maximum Ag
values of 35 wt%.

Stage II: Pb-Zn-Cu

The minerals of this stage show compositions close to their
stoichiometric formulae, with the only exception of chalcopy-
rite, which shows a minor Cu deficit. Tetrahedrite I is the most
common mineral in this stage with Cu contents between 15
and 30 wt% (average 23 wt%), whereas the Ag content ranges
from 11 to 30 wt% with an average value of 19 wt%.
Chalcopyrite incorporates significant amounts of As (up to
3.7 wt%) and Sb (up to 1400 ppm). Galena has Ag concen-
trations up to 1.2 wt% and Sb up to 2.7 wt%. Important minor
elements in sphalerite are Cd and Ag, with maximum amounts
of 7700 ppm and 1.7 wt%, respectively. High amounts of Ag
have previously been attributed to nano-inclusions of fahlore
solid solution (Pfaff et al. 2010).

Stage III: Pb-Sb

Different to the previous two mineralization stages, ore
minerals of stage III usually have non-stoichiometric com-
positions. Highest Ag and Au concentrations were ob-
served in zinkenite with maximum Ag values of
3700 ppm and in jamesonite, with up to 3300 ppm Ag
and 1 wt% Au. Andorite and bournonite show exception-
ally high Se concentrations of up to 2 and 1.5 wt%, respec-
tively. High Cu concentrations were measured in zinkenite
(< 7000 ppm) and jamesonite (< 1 wt%). Besides, andorite
and semseyite show the highest Fe content (up to
1600 ppm), whereas only up to 550 ppm were measured
in fizélyite, heteromorphite, plagionite, and zinkenite.
Highest As concentrations were detected in bournonite
(up to 1 wt%), jamesonite (up to 1200 ppm), and zinkenite
(up to 1000 ppm).

Stage IV: Ag-Sb

All minerals of this stage contain large amounts of As (up to
4700 ppm), Se (up to 2000 ppm), and Fe (up to 3.3 wt%). Au
was detected with maximum amounts of 850 ppm in
diaphorite, miargyrite, and pyrargyrite. Tetrahedrite/
freibergite II shows Cu concentrations between 12 and
18 wt% (average 15 wt%), whereas the Ag content ranges
from 26 to 37 wt% with an average value of 32 wt%.
Diaphorite and freieslebenite show a non-ideal Pb site oc-
cupancy, with not fully occupied Pb (1.87 a.p.f.u. instead
of 2 and 0.61 a.p.f.u. instead of 1, respectively), whereas
the Ag and Sb contents are close to ideal. The opposite
holds true for pyrargyrite, where the Ag site is not
completely filled (2.85 a.p.f.u. instead of 3). Miargyrite
and stephanite analyses result in compositions close to
their ideal formulae.
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Fluid compositions

Considering the salinity and homogenization temperature
of fluid inclusion analyses from both ore and gangue min-
erals in all stages of the mineralization, three clusters were
identified. These are briefly described in the following sec-
tion. Detailed results are provided in ESM 8. The sum of
all presented fluid inclusion analyses records the whole
range of fluids involved, as they are composed of fluid
inclusions from various quartz generations throughout the
entire succession of mineral assemblages (Fig. 6). For tem-
poral interpretation, only primary and pseudo-secondary
inclusions were considered and the analyzed secondary
inclusions serve only a statistical purpose in fluid
composition-homogenization temperature space. Due to
the polyphase nature of mineralization (e.g., multistage re-
action and overgrowth textures), we were only in rare in-
stances able to directly correlate individual fluid inclusions
to ore mineral assemblages (Fig. 6a–d). These include (1)
quartz-ore mineral-quartz with a clear temporal succession
(Fig. 6c), (2) quartz-ore mineral clusters with a paragenetic
association (Fig. 6d), and (3) fluid inclusions in stibnite
and sphalerite with a direct age correlation.

Fluid type A: low salinity, high to medium
temperature

This fluid type was found in quartz and stibnite from min-
eralization stage I. Primary, secondary, or pseudo-
secondary inclusions of this type are in most cases irregu-
larly shaped; pseudo-secondary ones typically occur in

healed cracks in quartz and stibnite. Measured homogeni-
zation temperatures (Th) range from 100 to 400 °C
(Fig. 7a), but most analyses show temperatures above
250 °C. Fluids freeze in the range of − 30 to − 45 °C and
the first melting can be observed above − 20 °C, providing
evidence for a binary NaCl-H2O system (Steele-MacInnis
et al. 2011, Fig. 7b). The final melting temperature of ice is
between 0 and 5 °C, resulting in calculated salinities of 0 to
5 wt% (NaCl+CaCl2, Steele-MacInnis et al. 2011). Only
H2O, HCO3

−, or CO3
2−, but no SO4

2− was detected in
micro-Raman analyses.

Fluid type B: high salinity, moderate to low
temperature

Fluid type B was recognized in sphalerite from and quartz
associated with mineralization stage II and in quartz from
stage III. Similar to fluid type A, most primary (Fig. 6f), sec-
ondary, or pseudo-secondary inclusions are irregularly shaped
(Fig. 6f), but they occur on primary growth zones and well-
healed fractures in quartz and sphalerite. Homogenization
temperatures vary between 50 and 250 °C into the liquid
(Fig. 7a). Above − 50 °C, a first melting is visible, indicating
a ternary NaCl-CaCl2-H2O system (Fig. 7b). Last dissolving
phases are ice and hydrohalite. Observations show that the
final melting temperature of ice ranges between − 29 and
18.5 °C and of hydrohalite between − 28.5 and − 17.5 °C,
which results in calculated salinities of 20 to 26 wt% (NaCl+
CaCl2, Steele-MacInnis et al. 2011). The molar Ca/(Ca+Na)
ratio ranges between 0.00 and 0.80. In all FIAs, H2O (Raman
bands between 2750 and 3900 nm) was the only Raman-
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active species detected in all analyses. Further, minor NaCl-
dependent modifications of the H2O-bands were recognized
(Frezzotti et al. 2012).

Fluid type C: variable salinity, moderate to low
temperature

This fluid type was found in inclusions in quartz, associated
with stage IV sulfide mineral assemblages. Inclusions of this
fluid type have variable sizes and shapes and occur along trails
and in clusters. Homogenization temperatures vary between
50 and 200 °C (Fig. 7a). Compared to fluid types A and B, two
different clusters of fluid compositions can be distinguished:
one with a eutectic temperature of − 21.2 °C and another one
with a eutectic temperature of − 52 °C. Final melting temper-
atures of ice range between − 2.6 and − 18 °C, and hydrohalite
melts between − 20.9 and − 25.8 °C. The calculated salinity
ranges between 7.5 and 20 wt% (NaCl+CaCl2, Fig. 7a, Steele-
MacInnis et al. 2011) and the molar Ca/(Ca+Na) ratio ranges
from 0.00 to 0.80. In all FIA, H2O was the only Raman-active

species detected in all analyses with significant NaCl-
dependent H2O-band modifications.

Oxygen isotope data

All oxygen isotope data is reported relative to the SMOW
standard. The δ18O values of quartz vary greatly, quartz
(stage I–III) from the Bad Sulzburg area (area D, Fig. 1)
showing a range from − 1 to + 18‰, from Ehrenkirchen
(area C, Fig. 1) a range from + 12 to + 18‰, and from
Münstertal a range from − 3.5 to + 19‰ (area C, Fig. 1).
The analyzed range of δ18O values greatly exceeds the
range reported by Baatartsogt et al. (2007) who related
δ18O values of quartz to Variscan (− 12.5 to + 4.4‰) and
post-Variscan fluids (− 7.1 to + 2.1‰).

The large dataset of formation temperatures was combined
with oxygen isotope data of quartz to calculate δ18O values of
the fluid responsible for vein formation (according to Ligang
et al. 1989). For analyses from samples, where no respective
fluid inclusion data was available, the δ18O fluid values were
calculated at 50 and 400 °C, representing the minimum and
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Fig. 6 Photomicrographs
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maximum homogenization temperatures observed in all veins.
Unfortunately, the large number of intergrown quartz genera-
tions and the commonly lacking textural evidence prevented
an exact temporal correlation of a specific quartz generation
from one locality to a specific quartz generation from other
localities and/or mineralization stages. However, relative
trends from initial quartz (I) to successive quartz (II, III) gen-
erations are visible within individual localities from which
several, temporally distinguished quartz generations were an-
alyzed; also, the overall range of the isotopic ratios serves as a
solid base for interpretation. The analyses illustrate that the
calculated δ18O values of fluids associated with Sb-Pb-Ag
±Au veins overlap with magmatic/metamorphic and meteoric

fluids, with peaks at ca. − 5‰ and + 6 to + 11‰. Metamorphic
fluids typically have δ18O values of ~ + 3 to + 20‰, magmatic
fluids + 5.5 to + 9.5‰, and meteoric water shows variations
from − 25 to 0‰ (e.g., Craig 1961; Sheppard 1986; Taylor
and Barnes 1997; Kendall and Coplen 2001). The evolution-
ary trend for a specific locality with several quartz generations
indicates an increasing importance of meteoric fluids for suc-
cessively younger quartz generations. For example, at the
Wonnen locality (Münstertal, Area C Fig. 1), the fluid which
formed the early quartz I shows a typical magmatic/
metamorphic signature (max. +13‰), whereas the subsequent
quartz generations (II + III) indicate a meteoric fluid compo-
sition (on average − 2.4‰).
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Discussion

The discussion section is subdivided into two parts. The first
part deals with fluid compositions and age constraints for Sb-
Pb-Ag±Au-quartz veins in the Schwarzwald. In the second
part, the mineralogical and chemical evolution of the different
mineralization stages is discussed in detail, as well as the
occurrence of gold and the comparison to other Sb- (Au) oc-
currences in the Variscan Orogen and worldwide.

Fluid compositions and age constraints

Textural observations correlated to fluid inclusion data, fluid
salinities, and oxygen isotopes can be used here to invoke a
Permian age for mineralization stage I, whereas stage II and III
formed during Jurassic and stage IV during Tertiary times.

With an age of 277.6 Ma (Walter et al. 2018c, submitted),
Permian veins are significantly younger than the last magmat-
ic event in the Schwarzwald, which was the intrusion of post-
collisional granites between 335 and 315 Ma (e.g., Todt 1976;
Altherr et al. 2000; Hann et al. 2003). The rare and local
occurrence of ferberite (FeWO4; at the Segen Gottes locality)
in the Permian veins is tentatively attributed to the proximity
of this locality to the Nordrach pluton from which W-bearing
minerals are well-known (Walenta et al. 1970) and which may
have been remobilized. Such post-Variscan mobilization pro-
cesses are common in the Schwarzwald and were described in
detail by Werner et al. (1990). Oxygen isotope analyses for
quartz from stage I mineralization point to a magmatic/
metamorphic fluid signature. Very variable homogenization
temperatures (100 to 400 °C, Fig. 7a) and low salinities (0 to
5 wt%NaCl + CaCl2, Fig. 7a) show fluid compositions typical
for Permian veins in the Schwarzwald (e.g.,Wagner and Cook
2000; Baatartsogt et al. 2007; Walter et al. 2016). The temper-
ature fluctuation is due to fluid cooling and not due to evalu-
ating primary vs. secondary inclusions. This large temperature
(cooling) range is similarly observed in many large Sb de-
posits worldwide, e.g., in Australia, Bolivia, Russian
Federation, or China (e.g., Comsti and Taylor 1984; Ashley
et al. 1990; Dill et al. 1995; Bortnikov et al. 2010; Zhai et al.
2014). However, individual localities from all over the world
generally do not show such a broad temperature range (com-
monly < 200 °C), which may be linked to factors such as the
difference in tectonic setting and/or size of the mineralization
(fluids in small fractures in the Schwarzwald may cool down
faster than larger volumes of fluids in the large deposits).

The intensive brecciation of stage I minerals and the over-
growth by minerals of stage II indicates significant tectonic
processes during the initiation of stage II. In combination with
a strong change in fluid composition and formation tempera-
ture, this suggests the presence of a significantly different fluid
reservoir during stages II and III. During Late Permian to
Triassic times, the central European basin was flooded by

seawater and evaporites were deposited (e.g., Roscher and
Schneider 2006; Geyer et al. 2011). This marine influence is
reflected in the fluid composition of the successive stages,
which contains increased salinities up to 27 wt% NaCl+
CaCl2 (Fig. 7a, b), compared to Permian low-salinity fluids
(max. 5 wt%). Furthermore, the recorded fluid composition is
in agreement with fluids from other Jurassic-Cretaceous veins
that typically show salinities between 20 and 28 wt% (Walter
et al. 2016). The presence of significant Pb in the mineralized
system is probably related to the high chlorinity of these fluids
(as Pb is transported als Cl complexes, Yardley 2005; Wagner
et al. 2016), since the sudden increase in Pb is directly corre-
lated with a significant salinity increase, whereas the possible
source rocks have remained constant. Moreover, the calculat-
ed oxygen isotope values of the fluid show (at some localities)
that the younger quartz generations formed from a fluid with
increasing influx of meteoric water and/or seawater (Weissert
and Erba 2004).

A second significant change in fluid composition is visible
for the transition to stage IV, which is also recorded by a
change in tectonic regime. Fluid inclusion analyses of quartz
directly associated with the Ag-bearing minerals of stage IV
show variable salinities ranging between 7.5 and 20 wt%
(NaCl+CaCl2). These values are typical of post-Cretaceous
fluids in veins of the Schwarzwald district (Walter et al.
2016). This stage and the newly formed Ag-bearing minerals
are only locally present, especially in the Central
Schwarzwald district, and are generally lacking in the
Southern Schwarzwald. Interestingly, stages I to III occur in
all veins independent of their strike direction (ESM 3 3),
whereas predominantly NE-SW striking veins (i.e., parallel
to the Rhine Graben rift) contain a large variety of Agminerals
(ESM 3 3). Thus, there is a correlation between vein orienta-
tion and the presence of stage IV. Because it is regarded as
unlikely that the tectonic regime changed significantly during
a single mineralization event, it is assumed that the Ag min-
eralization is related to a separate tectonic setting and fluid
influx. The orientation of these veins parallel to the Rhine
Graben is thus thought to be related to a reactivation of pre-
existing Permian veins during the course of the Upper Rhine
Graben opening, and hence, a Tertiary age of the Ag-rich stage
IV mineralization is deemed very likely.

Mineralogical and chemical evolution

Fe-As(-Sb±Au) stage (stage I)

Initially, this stage is strongly dominated by Fe- and As-
bearing minerals, but this transitions to an abundance of Sb-
rich sulfides. The initial minerals do, however, contain Sb (as
well as Au and Ag) as a minor or trace element. The best
example is the As-Sb zoning of arsenopyrite (ESM 3 1b).
Antimony was, hence, present in the fluid from the beginning
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and this mineral sequence does not record a compositional
evolution from an Fe-As- to a Sb-dominated fluid. Rather,
the mineral succession records a decrease in temperature
(e.g., Wagner and Cook 2000; Krolop et al. 2018; Burisch
et al. 2018, this issue).

The fluid inclusions of the first stage (in quartz and in
stibnite) record a large temperature range from 400 to
100 °C (Fig. 7a), which further strengthens the argument of
fluid cooling. The process of fluid cooling can be thermody-
namically modelled by using a fluid of low salinity (5 wt%

NaCl) in equilibrium with a granitic host rock (assumed com-
position, comprised of 5 wt% muscovite, 5 wt% annite,
10 wt% anorthite, 10 wt% albite, 35 wt% quartz, and
35 wt% K-feldspar) at neutral pH (6.55 at 400 °C). Granitic
host rocks buffer a fluid at near-neutral conditions (Bucher
and Stober 2002; Bucher and Stober 2010; Fig. 8c, d).
Starting at 400 °C, the minimum temperature estimate of the
source fluid produces a sequence of early pyrite and later
stibnite during simple cooling (Fig. 8a, b). However, without
additional water-rock interaction during cooling, the quantity
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of pyrite relative to stibnite and quartz would be too low to
match the observed relative phase volumes, since only minor
amounts of Fe can be transported at near-neutral conditions.
We thus assume that additional Fe was derived near the place
of pyrite precipitation from the host rocks. Bleached zones
around the veins support this notion. However, in our model,
water-rock interaction was only assumed to happen between
400 and 300 °C, as quartz precipitation seals the veins and
prevents further reactions. Still, relatively little fluid-rock in-
teraction suffices to explain the observed amounts of pyrite.

The hydrothermal fluid must initially have been relatively
reduced and sulfur-rich, otherwise, hematite and/or magnetite
would form and deplete the fluid of Fe before pyrite saturation
is reached. Graphite- and sulfide-bearing host rocks favor re-
duced fluids (Kontny et al. 1997) and the Schwarzwald
gneisses contain both (e.g., Bucher et al. 2009; Markl et al.
2016; Walter et al. 2018b). Further, the formation of arseno-
pyrite together with pyrite during the initial fluid stage re-
quires an As/Sb ratio of 10 (Fig. 8c, d). This is at first glance
surprising since we are dealing with an Sb-dominated miner-
alization, but it is thermodynamically essential.

Finally, the mineral berthierite, which based on the ob-
served textures precipitated between pyrite and stibnite, is
not thermodynamically stable (data from Seal et al. 1992) in
our calculations with a realistic fluid composition (see
Fig. 8a–d). It only becomes stable if the stability of berthierite
is increased by 2 logK values, which represents twice the
estimated uncertainty given by Seal et al. (1992). We have
no conclusive explanation of the non-stability of berthierte
in our calculations.

Pb-Zn-Cu stage (stage II)

The chemical variability increases during this second stage,
where Pb-, Zn-, and Cu-bearing minerals dominate.
Tetrahedrite (I) is the only Sb- and Ag-bearing (up to 30 wt%
Ag but prevalently < 20 wt%) mineral in this stage. The forma-
tion of galena instead of Pb-Sb sulfides (in contrast to stage III)
indicates a higher S/Sb activity ratio of the fluid. Mineral tex-
tures show that some stibnite of stage I is replaced by tetrahedrite
(I) of stage II, indicating a remobilization of stibnite (Fig. 3e).
Available aqueous Sb is incorporated in tetrahedrite (I) and, thus,
basemetal sulfides (i.e., sphalerite, galena, and chalcopyrite) can
precipitate. This implies that only minor amounts of stibnite
were dissolved and re-precipitated and thus the ore-forming flu-
id only contained minor Sb, which fits with textural observa-
tions. Furthermore, to form tetrahedrite and chalcopyrite in the
large quantities observed, increased amounts of Cu in the fluid
or more effective precipitation mechanisms need to be invoked.
We speculate that rather an increased amount of Cu is probable
since no Cu-bearing minerals are present before the occurrence
of these minerals and besides, Cu can be more effectively

transported in highly saline fluids (Yardley 2005; Wagner et al.
2016), which formed stage II.

Pb-Sb stage (mineralization stage III)

This mineralization stage is characterized by a large variety of
chemically very similar minerals. Interestingly, textures show
a clear inverse relationship: samples with large modal
amounts of stage I-stibnite typically do not show a well-
developed stage III and the mineral assemblage ends with
the Pb-Zn-Cu stage II; samples with a distinct stage III Pb-
Sb mineralization, on the other hand, do not show any or only
minor amounts of stage I-stibnite. If it occurs at all, it is present
as small relics (stage III minerals intensively replace stibnite,
Fig. 4a). Hence, formation of the stage III minerals depends on
the existence of an earlier Sb mineralization and remobiliza-
tion especially of stibnite by Pb±Fe-Ag-bearing fluids (Fig. 9).
Locally, these reaction textures are preserved (e.g., stibnite➔
zinkenite, zinkenite ➔ plagionite, Fig. 2). Thermodynamic
calculations show that the Pb-Sb sulfides can precipitate
from fluids of variable composition and pH, as long as
sufficient Pb is present (Fig. 9). Some reactions (e.g., stib-
nite ➔ zinkenite) show approximately volume constant
textures (Fig. 4a) which indicates a steady Pb increase with
simultaneous Sb and S decrease during the evolution of
this stage. Although these calculations hold an uncertainty
since a constant volume cannot be guaranteed in most
cases, it is the only method to investigate the mobility of
elements (influx vs. discharge), as the fluid composition
(relative elemental content) is unknown. Concluding, an
additional Pb influx and replacement of pre-existing stib-
nite has been essential for ore stage III (Fig. 9).

Apart from Pb, Ag is a conspicuous element in stage III, as
shown by the occurrence of the Ag-rich minerals andorite and
fizélyite in all investigated occurrences. Ag may have been
added by the Pb-rich stage III fluid, or it was remobilized from
stage II tetrahedrite and stage I electrum. As there is no tex-
tural evidence for tetrahedrite and electrum dissolution, it is
plausible that the stage III fluid must have transported some
Ag besides Pb.

Ag-Sb stage (stage IV)

Mineral composition and mineral sequence in stage IV record a
successive Ag enrichment (Fig. 10): the minerals with the
highest Ag contents precipitate at the end of this stage.
Textures record abundant replacement processes of stages II
and III Pb-Sbminerals byminerals of stage IV (e.g., tetrahedrite
I ➔ tetrahedrite II (freibergite), andorite ➔ tetrahedrite II
(freibergite), galena ➔ pyrargyrite, andorite ➔ miargyrite,
Fig. 2). Stage IV Pb-bearing minerals (i.e., diaphorite and
freieslebenite, Fig. 2) only crystallize at the beginning of stage
IV. Common reaction textures show that the strongly porous
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tetrahedrite I is replaced irregularly by tetrahedrite II
(freibergite; Fig. 3d, f). Tetrahedrite I of the Pb-Zn-Cu stage II
(Figs. 10 and 11) is obviously remobilized and re-precipitated
with a Ag-enriched composition (tetrahedrite II (freibergite);
Figs. 10 and 11). During this reaction, excessive Cu could not
be removed from the system, and hence, local oversaturation

leads to the precipitation of chalcopyrite inclusions in
tetrahedrite II (freibergite).Moreover, small grains ofmiargyrite
form locally during this process due to the high Ag content of
the fluid. Interestingly, there is a correlation of Ag content in
tetrahedrite and homogenization temperature of fluid inclu-
sions (Fig. 12): higher homogenization temperatures are
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associated with lower Ag content in tetrahedrite, i.e., this is
due to a higher Ag content in later stage fluids and not due
to crystallographic effects. Precipitation mechanisms for
this stage are fluid mixing (indicated by the large spread
in salinities even for individual samples) as well as reaction
with pre-existing sulfides.

The occurrence of gold

Gold is rather widespread in the studied Sb-quartz vein type
mineralization in the Schwarzwald either as invisible gold and/
or as native gold/electrum. Invisible gold is present in signifi-
cant concentrations in minerals of stage I, in pyrite, arsenopy-
rite, marcasite, and stibnite. Invisible Au concentrations of
some samples in this study (up to 3100 ppm) are similar to
concentrations commonly observed in large economically sig-
nificant structurally controlled Au-Sb deposits (~ 100–
5000 ppm; e.g., Dill et al. 1995; Ashley et al. 2000;
Baltukhaev and Solozhenkin 2009; Kovalev et al. 2011).
Generally, changes of physicochemical parameters such as
pressure, temperature, Cl concentration, pH, oxygen, or sulfur
fugacity provide effective mechanisms for gold precipitation
(e.g., Williams-Jones et al. 2009; Zhu et al. 2011).

Due to the intimate correlation between gold and sulfide
abundances (i.e., Au as invisible gold in sulfides), one can
presume a common precipitation mechanism. Similar to the
sulfides, the solubility of gold in the presence of sulfide and
chloride complexes (as are present in such hydrothermal sys-
tems; Gammons and Williams-Jones 1997; Zhu et al. 2011)
decreases with temperature (Seward 1973) indicating that both
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can form by fluid cooling (e.g., Gammons and Williams-Jones
1997; Hagemann and Lüders 2003; Zhu et al. 2011).
Furthermore, ongoing sulfide precipitation decreases the sul-
fide activity and gold-sulfide complexes are de-stabilized
(Williams-Jones et al. 2009). Thus, the association between
Au and Sb sulfides in quartz veins is typical and has been
observed in a large number of deposits (e.g., Distanov et al.
1975; Bril and Beaufort 1989; Clayton et al. 1990; Ortega and
Vindel 1995; Obolensky et al. 2007; Zhu et al. 2011).

According to Romer and Kroner (2017), major sources for
hydrothermal Au (independent whether it forms discrete
grains or is incorporated as invisible gold) in the Variscan
basement are Cambrian to Ordovician sedimentary rocks
and magmatic arcs; re-distribution in the crust during meta-
morphism is common in the entire Variscan basement and Au-
bearing mineralization is found in many parts of central
Europe (e.g., in Germany: Goldkronach, Fichtelgebirge,
Pascher 1985, Irber and Lehrberger 1993; Korbach,
Rheinisches Schiefergebirge, Lehrberger 1995, Kulick et al.
1997; in France le Bourneix, Laurieras, Saint Yrieix district,
Bouchot et al. 1989; in the Czech Republic, BohemianMassif,
Moravek and Pouba 1987, Zachariáš et al. 2014).

Gold also occurs as discrete electrum grains. These are
rarely observed in direct association with stage I but occur
as small inclusions within minerals of the second, third, and
fourth ore stage. Textures show marcasite (stage I) directly
associated with electrum (Figs. 3b and 7b), which either
formed by direct precipitation during fluid cooling (i.e., pri-
mary gold) or, more likely, by remobilization when primary
pyrrhotite reacted to pyrite or marcasite. This hypothesis is
strengthened by the porous appearance of, e.g., marcasite
(Fig. 3b). Some electrum associated with the later stages also
could have formed by Au and Ag remobilization of invisible
gold during replacement of sulfides from ore stage I during
later stages. Since the concentration of invisible gold is ex-
tremely low (on average < 0.05 wt% in ore minerals of stage
I), the remobilized amount of these ore minerals needed to
form electrum is significant. Thus, the probability and abun-
dance of discrete gold grains in individual samples in the
Schwarzwald are very low.

Comparison to other occurrences of this
mineralization type in the Variscan belt

Sb-(Au)-bearing quartz veins of the type studied here are wide-
spread throughout the Variscan Orogenic belt (ESM 3 4 and
Table 1) (e.g., Walenta 1957; Dill 1985; Dill 1986; Gumiel and
Arribas 1987; Ortega and Vindel 1995; Dill 1998; Wagner and
Cook 2000; Krolop et al. 2018; Burisch et al. 2018, this issue).
According to literature, four typical metal associations can be
distinguished in these deposits: (1) Fe-As ±Sb-Au, (2) Pb-Zn-
Cu±Au, (3) Pb-Sb±Au-Ag, and (4) Ag-Sb which is broadly
similar to mineralization stages recognized in this study.

However, only the first three metal associations are wide-
spread (e.g., Boiron et al. 1990; Clayton et al. 1990; Munoz
et al. 1992; Wagner and Cook 2000; Pochon et al. 2016;
Krolop et al. 2018).

The initial stage of mineralization at many deposits is char-
acterized by the mineral succession pyrrhotite, arsenopyrite,
pyrite, and late-stage berthierite and stibnite. Only small min-
eralogical variations are documented, such as the presence of
Ag-Sb minerals in the primary ore stage in the Erzgebirge
(Burisch et al. 2018, this issue). This indicates a common
formation mechanism due to fluid cooling of a, commonly
described as a primarily late-metamorphic, Sb-bearing fluid,
as has been previously suggested for other localities by, e.g.,
Wagner and Cook (2000), Neiva et al. (2008), and Krolop
et al. (2018). Thus, a similar fluid composition can be invoked
in all these Variscan occurrences, indicating a relatively sim-
ilar fluid regime/source over thousands of kilometers largely
independent of host rock. The same holds true for the subse-
quent stages II and III, suggesting extensive remobilization
processes throughout the Variscan belt.

The fourth stage (Ag-Sb), which is abundant in several
veins of the Schwarzwald, has only been documented at few
other localities in the Variscides (see Table 1 for references),
i.e., Urbeis and Charbes (France, No. 6, ESM 3 4), Erzgebirge
and Fichtelgebirge (Germany, No. 5 + 8, ESM 3 4), Pribram
and Kutná Hora (Czech Republic, No. 9, ESM 3 4), Kremnica
(Slovakia, No. 12, ESM 3 4), and the Diógenes mine (Spain,
No. 18, ESM 3 4). Local tectonic processes such as the Upper
Rhine Graben or the Eger Graben rifting in the course of the
Cenozoic tectonic evolution of Europe (Ziegler 1992; Rajchl
et al. 2009) may tentatively invoked to explain these late re-
activation and remobilization processes.

International context—Sb-Au deposits worldwide

Compared to the small size of structurally controlled Sb-(Au)
deposits in Europe, similar deposits in, e.g., China, Canada,
Bolivia, Australia, or the Russian Federation are much larger
and have great economic significance (e.g., Dill et al. 1995;
Kontak et al. 1996; Ashley et al. 2000; Baltukhaev and
Solozhenkin 2009). However, independent of deposit size,
the mineralogy of the initial stages appears generally similar
(e.g., Dill et al. 1995; Ashley et al. 2000; Hagemann and
Lüders 2003), and for this reason, similar formation processes
and parameters (e.g., fluid chemistry, cooling) may be as-
sumed. Hence, the evolution of stages I through III of the
Variscan occurrences is an analogy to many large deposits,
the main difference being size and the absence of a distinct
late-stage silver-rich assemblage (stage IV) in the large de-
posits. Our study shows that the characteristic ore succession
of the primary mineralization (stage I) can be exclusively ex-
plained by fluid cooling. Boiling or fluid mixing, which have
been described for some economically significant deposits
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(e.g., Hillgrove Au-Sb deposit in Australia, Ashley et al. 1990;
Ashley et al. 2000; Lake George Sb deposit in Canada, Yang
et al. 2004; Woxi deposit in China, Zhu and Peng 2015), may
further aid ore formation at some localities, but due to the lack
of features such as boiling in fluid inclusions from many lo-
calities and a general presence of cooling indicators, further
processes are not essential.

Although the vast difference in size between deposits may
be attributed to processes such as boiling further aiding pre-
cipitation, it is likely that it is predefined by the tectonic
setting/absolute fluid volume and is thus structurally con-
trolled. For example, the formation of frequent small scale
deposits in Europe may be related to the presence of abundant
former micro-continents and predefined small scale fractures
(Kalt et al. 2000; Geyer et al. 2011).

Due to the economic insignificance of late-stage sulfosalts in
economically important worldwide deposits, their formation is
commonly not investigated in sufficient detail. However, all
deposits generally show an evolution from an Fe-Sb stage to
a Pb-enriched stage (e.g., Kaiman et al. 1980; Ashley et al.
1990; Dill et al. 1995; Bortnikov et al. 2010), where the

formation of the commonly occurring Pb- rich sulfosalts (e.g.,
Hagemann et al. 1994; Chovan et al. 1998; Tomkins et al. 2004)
is not linked to the initial cooling process but to remobilization
processes of stibnite (e.g. Schwarzwald, this study; Kharma ore
deposit in Bolivia, Dill et al. 1995). This could indicate a poly-
stage nature of other deposits around the globe with a typical
and common evolutionary process representing a transition
from initial cooling of a late-metamorphic fluid system (stage
I) to a system dominated by a typical Pb-rich saline basinal
brine of initial seawater/meteoric fluid origin (subsequent
stages). Hence, this study can be used as an example for future
investigations of remobilization processes within hydrothermal
Sb deposits worldwide.

Conclusions

Quartz rich Sb-Pb-Ag±Au veins in the Schwarzwald can be
seen as representative examples of this ore type with a high
mineralogical diversity. They typically show four mineraliza-
tion stages that can be related to distinct mineralization events,
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metal and fluid source, and precipitation mechanisms: The
characteristic mineral sequence of the primary ore stage I is
formed by cooling of late-metamorphic (400–100 °C), low-
salinity fluids with maximum salinities of 5 wt% (NaCl eq.)
(Fig. 13). A remobilization of early minerals which incorpo-
rate significant amounts of invisible gold, such as arsenopy-
rite, pyrite, marcasite, and stibnite, leads to the precipitation of
electrum, which is observed at Sb-Au-deposits worldwide. The
development and thus the character of later mineralization
stages is strongly dependent on the abundance and remobiliza-
tion of pre-existing Sb minerals. The fluid composition evolved
to high-salinity (up to 28 wt% NaCl eq. and < 250 °C) and Pb-
rich fluids which remobilized stibnite and formed a complex
Pb-Sb mineral assemblage (Fig. 13). This transition from an
initially late-metamorphic fluid system to a saline basinal brine
fluid system is also evident for many other examples of this
deposit type. During the influx of Pb, remobilization of stibnite
leads to the formation of various Pb-Sb-bearing sulfosalts,
whereas during limited remobilization, galena forms. The last
mineralization stage is locally confined to only some localities
in the Variscan belt affected by Tertiary tectonic events (e.g.,
Upper Rhine Graben and Eger Graben). A rift-related hydro-
thermal fluid with variable salinity and low temperature (7–
20 wt%, 150 °C) combined with an influx of Ag into the pre-
existing mineralization leads to the replacement of Pb-Sb
minerals and formation of a distinct Ag-rich assemblage
during this stage.
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