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Kurzzusammenfassung 

Postvariszische, hydrothermale Gangmineralisationen sind in Zentraleuropa weitverbreitet und mit 

Elementanreicherungen wie Pb-Zn-Cu-(Ag), Mn-Fe und Co-Ni-Bi assoziiert. Ihre Bildung wird in der 

Regel durch Fluidmischungsprozesse erklärt, für deren Stattfinden auf der Skala einzelner Erzgänge 

aber meist nur indirekte Nachweise vorliegen bzw. deren Effizienz auf diesem Maßstab generell 

umstritten ist. Mit Hilfe von Laserablations-Massenspektrometrie (LA-ICPMS) wurden 

Multielementanalysen an einzelnen Fluideinschlüssen einer Quarz-Baryt-Pb-Zn Gangmineralisation 

im kristallinen Grundgebirge des Schwarzwalds durchgeführt. Die Fluide zeigen klare negative 

Korrelationen der Cl/Br Massenverhältnisse mit Konzentrationen von Pb und Zn, sowohl zwischen 

Gruppen kogenetischer Einschlüsse auf verschiedenen Wachstumszonen desselben Quarzkristalls, als 

auch innerhalb der Gruppen selbst. Dies belegt sehr kurzlebige und variable Mischungsvorgänge 

zwischen einem metallarmen Muschelkalk-Formationswasser, das seine hohe Salinität und hohes 

Cl/Br Verhältnis durch Halitlösung erhielt, mit einem metallreichen, hochsalinaren Grundgebirgsfluid 

während der Bildung der Mineralisation in Folge seismischer Aktivität. Diese Ergebnisse stellen den 

ersten direkten Nachweis für das Ablaufen von Fluidmischungsprozessen zwischen zwei 

hochsalinaren Fluiden auf dem Maßstab einzelner Gangartkristalle dar. 

Die hydrothermale Mn-Fe-As Gangmineralisation in Sailauf (Spessart) durchschlägt einen 

unterpermischen Rhyolithkörper und umfasst eine komplexe Abfolge von Mn- und Fe-Oxiden, die mit 

Karbonaten unterschiedlicher Zusammensetzung assoziiert sind. Die Mineralisationsfolge belegt klare 

Fraktionierungen von Fe und Mn während zeitlich voneinander abgrenzbarer Vererzungsphasen. Die 

Mn-Oxid-Vererzungsphase umfasst Mn-Oxide und Calcit, während die Hämatit-Vererzungsphase 

durch Hämatit und Mn-Calcit gekennzeichnet ist. Thermodynamische Modellierungen zeigen, dass die 

Paragenesen deutliche Fluktuationen physikochemischer Parameter wie pH, fO2, fCO2 und aSiO2 belegen. 

Mischungen von oxidierenden, neutralen Fluiden aus dem kristallinen Grundgebirge mit 

reduzierenden und alkalischen Fluiden aus den oberhalb der Gänge liegenden Zechsteindolomiten 

können diese Variationen erklären und werden auch durch Seltenerdelement-Verteilungsmustern der 

Karbonate angezeigt. Mit Hilfe von LA-ICPMS Analysen an Fluideinschlüssen mit petrographisch 

eindeutigen Altersbeziehungen können den paragenetisch klar abgrenzbaren Vererzungsphasen 

kompositionell unterschiedliche Fluide zugeordnet werden. Diese unterscheiden sich durch 

systematische Variationen ihrer Spurenelementgehalte von Li, B, K, Pb und Zn, während in Bezug auf 

Hauptelementchemie und Salinität praktisch keine Unterschiede bestehen. Die Fluide der Hämatit-

Vererzungsphase zeigen Ähnlichkeiten zu Fluiden, die mit kristallinen Grundgebirgsgesteinen 

interagiert haben, während die hoch oxidierenden Fluide der Mn-Oxid Vererzungsphase Ähnlichkeiten 

zu Fluiden aus klastischen Sedimenten des Rotliegenden aufweisen. Diese Fluide mischten sich als 

Folge veränderter hydrologischer Rahmenbedingungen in zeitlich getrennten Phasen hydrothermaler 

Aktivität mit Formationswässern des Zechstein. 
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Abstract 

Post-Variscan hydrothermal vein deposits are widespread in central Europe and are associated with 

enrichments in Pb-Zn-Cu-(Ag), Mn-Fe or Co-Ni-Bi. Their formation is commonly explained by fluid 

mixing processes. However, direct evidence for the occurrence of such processes on the scale of 

individual ore veins is rare, and as a result their efficiency on these scales is still disputed. Using laser 

ablation-inductively coupled plasma-mass spectrometry (LA-ICPMS), multi-element analyses of 

individual fluid inclusions hosted in quartz crystals from a basement-hosted quartz-baryte-Pb-Zn vein 

mineralization in the Schwarzwald district, SW Germany, were performed. Negative correlations 

between fluid Cl/Br mass ratios and base metal (Pb and Zn) concentrations were identified in fluid 

inclusion assemblages (FIA) on subsequent growth zones of the same quartz crystal and even within 

the same FIA. This indicates transient and variable fluid mixing processes between a metal-depleted 

halite dissolution brine with high Cl/Br ratio derived from evaporite-bearing Triassic limestones 

(Muschelkalk) and a metal-rich basement-interacted brine with low Cl/Br ratio. The dataset provides 

the first direct evidence for fluid mixing processes between similarly saline fluids on the scale of 

individual gangue minerals. 

The hydrothermal Mn-Fe-As mineralization at Sailauf in the Spessart district, central Germany, is 

hosted by a Lower Permian rhyolite body and comprises a complex succession of Mn- and Fe-oxide 

minerals associated with several generations of carbonates of distinct major and trace element 

compositions. The paragenetic succession evidences a clear fractionation of Fe and Mn during discrete 

mineralization stages. The Mn-oxide mineralization stage comprises Mn-oxides and calcite, whereas 

the hematite stage is characterized by hematite and Mn-calcite. Thermodynamic modeling shows that 

these mineral associations evidence significant changes in the prevailing physicochemical conditions 

in terms of pH, fO2, fCO2 and aSiO2. Mixing processes between oxidizing and neutral to slightly acidic 

basement-interacted fluids with reducing and alkaline formation waters derived from Upper Permian 

(Zechstein) dolomites overlying the rhyolite body may explain these variations and are further 

evidenced by systematic changes in rare earth element distribution patterns of the different carbonate 

generations. LA-ICPMS microanalysis of petrographically well-constrained fluid inclusion 

assemblages within the carbonates reveals that chemically distinct fluid types can be related to the 

different mineralization stages. The fluids show systematic variation in their trace element 

compositions in terms of Li, B, K, Pb and Zn, whereas no differences exist in terms of their major 

element compositions or salinities. The fluids associated with the hematite stage are compositionally 

similar to fluids interacted with crystalline basement rocks, whereas the highly oxidizing Mn-oxide 

stage fluids show similarities to fluids derived from Lower Permian (Rotliegend) red bed sediments. 

These fluids were tapped during separate stages of hydrothermal activity under changed hydrological 

flow conditions and were mixed with Zechstein formation waters. 
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Introduction 

Hydrothermal fluid flow represents the principal mechanism facilitating metal enrichment and 

accumulation in the upper crust to concentration levels several orders of magnitude above crustal 

averages (BARNES and ROSE, 1998) in a large variety of geological settings. These include 

sedimentary basins (SANGSTER, 1990; HITZMAN et al., 2005; LEACH et al., 2005), crystallizing 

magmatic bodies (HEDENQUIST and LOWENSTERN, 1994) and collisional orogens (GROVES et al., 

1998). Hot hydrothermal solutions can transport high amounts of metals in solution, depending on the 

prevailing physicochemical conditions like fO2 and pH and the availability of complexing ligands such 

as chlorine, sulfur and carbonate species (SEWARD and BARNES, 1997). Precipitation mechanisms may 

involve changes in fluid compositions induced by fluid mixing processes, phase separation or wall 

rock interaction (SEWARD and BARNES, 1997; WILKINSON, 2001). Therefore, knowledge about fluid 

compositions and the transient compositional changes associated with mineral precipitation 

mechanisms are essential in understanding ore forming processes. However, our knowledge on the 

variability of natural hydrothermal solutions and the processes governing their major and trace 

element inventory is still fragmentary. This is exemplified by an ongoing controversy whether any 

crustal fluid could potentially form economically viable ore deposits, given sufficiently efficient 

precipitation mechanisms (YARDLEY, 2005), or if formation of economic hydrothermal ore deposits 

requires anomalously metal-rich fluids (WILKINSON et al., 2009). 

With the exception of surficial geothermal systems, hydrothermal processes at greater depths cannot 

be directly observed and studied. Instead, research is restricted to mineralization formed from fossil 

hydrothermal activity. Fluid inclusions in gangue minerals of ore deposits may contain samples of 

primary ore fluids preserved over geological timescales, long after the hydrothermal activity has 

ceased (ROEDDER, 1979). Recent analytical advances enable sampling of individual fluid inclusions 

by laser ablation drilling and subsequent chemical analysis of the liberated fluid by mass spectrometry 

(AUDÉTAT et al., 1998; GÜNTHER et al., 1998; HEINRICH et al., 2003). Application of this technique 

on the scale of petrographically well-constrained groups of cogenetic fluid inclusions, termed fluid 

inclusion assemblages (GOLDSTEIN and REYNOLDS, 1994), allows for reconstruction of small scale 

variations in fluid compositions and for their correlation with mineral precipitation processes 

(AUDÉTAT et al., 1998; WILKINSON et al., 2009). 

In the course of this work, hydrothermal ore veins structurally related to unconformities between 

basement rocks and overlying sedimentary strata were studied. Unconformities represent interfaces 

between chemically contrasting fluid reservoirs and thus compositionally different fluid systems (e.g. 

DILL and NIELSEN, 1987; WAGNER et al., 2010). Seismic activity may trigger focused and episodic 

fluid flow in fault systems (COX et al., 1995) and facilitate mixing between ascending basement fluids 

and formation waters within the sedimentary sequence, causing mineral precipitation (SIBSON, 2001). 

Formation waters may possess very variable and high salinities, for example resulting from passive 
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evaporative enrichment of Cl, dissolution of halite in evaporitic strata by meteoric waters or diagenetic 

processes (CARPENTER, 1978; LAND, 1995). The ascending basement-interacted fluids often are Na-

Ca dominated, highly saline brines of > 20 wt.% NaCleq, which are common in the upper continental 

crust and were found to depths of several km (FRAPE and FRITZ, 1987; PAUWELS et al., 1993; 

MÖLLER et al., 1997). Their mode of formation is, however, still controversial. A common model 

assumes density driven ingression of residual evaporitic brines from sedimentary sequences into the 

underlying basement rocks prior to seismically induced fault reactivation and fluid ascent (BANKS et 

al., 2000; GLEESON and YARDLEY, 2003). Other models assume magmatic sources of chlorinity 

(BANKS et al., 2000) or passive enrichment of chlorine via water consuming hydration reactions 

during fluid-rock interaction and alteration of basement rocks (STOBER and BUCHER, 1999).  

Metals such as Pb, Zn, Cu, Co, Ni and Ag are strongly complexed by chloride complexes and thus 

highly mobile in saline hydrothermal fluids at moderate temperatures (SEWARD and BARNES, 1997; 

SHOCK et al., 1997; SVERJENSKY et al., 1997; WOOD and SAMSON, 1998). Accessory base metal 

sulfides in the crystalline basement rocks are thought to control high aqueous metal concentrations 

through solubility equilibria (YARDLEY, 2005). Basement-interacted fluids are therefore commonly 

invoked as the principal metal supplier for many different deposit types, for example for sediment- and 

basement-hosted Pb-Zn ore deposits (RUSSELL et al., 1981; KINNAIRD et al., 2002; MUCHEZ et al., 

2005; LEACH et al., 2010; WILKINSON, 2010) and structurally controlled, unconformity-type U-

deposits in Canada and Australia (DEROME et al., 2007; BOIRON et al., 2010). Conversely, metal 

sources for shale-hosted, stratabound Cu deposits like the Kupferschiefer in Germany and Poland or 

the deposits of the Zambian copper belt are disputed, with some authors favoring metal input through 

ascending basement-interacted fluids (BLUNDELL et al., 2003; MUCHEZ et al., 2005; KOZIY et al., 

2009), while others advocate metal uptake via leaching of red bed clastic rocks by late diagenetic 

formation waters (JOWETT, 1986; OSZCZEPALSKI, 1999; HITZMAN, 2000; BROWN, 2009).  

Many studies on these different deposit types inferred mixing processes between chemically 

contrasting fluids to have triggered ore formation. However, the hydrological efficiency and 

plausibility of fluid mixing is still controversial (APPOLD and GARVEN, 2000; BONS et al., 2012). 

Numerical modeling of Mississippi Valley-type sediment-hosted Pb-Zn deposits of the Southeastern 

Missouri District, USA, showed that even though ore precipitation in response to fluid mixing 

processes is highly efficient on thermodynamic grounds, the physical efficiency of such processes 

might in fact be much lower than expected (APPOLD and GARVEN, 2000). In light of this controversy 

it is important to note that evidence for fluid mixing processes in the past mostly came from regional 

scale studies, for example from systematic isotope studies on vein minerals of entire ore districts (DILL 

and NIELSEN, 1987; DILL, 1988; GOLDHABER et al., 1995; KINNAIRD et al., 2002; BAATARTSOGT et 

al., 2007; WAGNER et al., 2010; STAUDE et al., 2011; STAUDE et al., 2012a). Conversely, studies on 

individual ore veins, presumably formed by fluid mixing processes, using LA-ICPMS in-situ analysis 

of fluid inclusions are rare (RICHARD et al., 2010). Earlier studies often focused on the fluids’ major 
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element chemistry, usually by microthermometry (BEHR et al., 1987; DUBOIS et al., 1996; DEROME et 

al., 2005; BAATARTSOGT et al., 2007; CATHELINEAU and BOIRON, 2010). Ion chromatography of fluid 

aliquots, obtained by crushing the host minerals, was used in many studies to determine bulk fluid 

compositions (BANKS et al., 1991; BANKS and YARDLEY, 1992; MCCAIG et al., 2000; HEIJLEN et al., 

2003), but the significance of such bulk methods entirely depends on the homogeneity of fluid 

compositions in all inclusions contained within the leached sample (BANKS and YARDLEY, 1992). 

Thus, bulk analytical methods cannot resolve the possible occurrence of systematic variation in fluid 

chemistry on the scale of individual gangue crystals, which has already been demonstrated in other 

geological contexts (AUDÉTAT et al., 1998). The purpose of this work therefore was to study 

unconformity-related hydrothermal ore veins by coupling in-situ analysis of individual fluid inclusions 

with geochemical, mineralogical and isotopic studies and thermodynamic modeling to gain insight 

into the compositional evolution of ore fluids on the vein scale during the lifetime of hydrothermal 

systems, to study feedback mechanisms between ore fluid composition and precipitating mineral 

associations and to potentially provide new insight into the scale and efficiency of fluid mixing 

processes that could contribute to the ongoing debate on small scale fluid mixing processes. 

Chapter 1 presents the major results of a study carried out on a hydrothermal vein mineralization in the 

Schwarzwald ore district, SW Germany. The district hosts more than 1000 known hydrothermal ore 

veins, formed by a long-lived, district scale hydrothermal system that has been active episodically 

since Variscan times. The article „Fluid mixing forms basement-hosted Pb-Zn deposits: Insight from 

metal and halogen geochemistry of individual fluid inclusions” (Appendix 1) published in GEOLOGY 

presents results from a comprehensive fluid inclusion study on zoned quartz crystals from a Pb-Zn 

quartz-baryte vein mineralization of Mesozoic age. For the first time, systematic changes in fluid 

Cl/Br ratios could be correlated with aqueous base metal concentrations in fluid inclusion assemblages 

on subsequent growth zones and even within the same growth zone of a single zoned quartz crystal, 

providing unambiguous evidence for very rapid and transient mixing processes between a metal-

depleted halite dissolution brine and a metal-rich, saline basement fluid on this very small scale. 

Chapter 2 summarizes results of a study carried out on a hydrothermal Mn-Fe-As vein mineralization 

near the village Sailauf in the Spessart district, central Germany. The veins comprise a complex 

paragenetic succession of Mn-oxides, hematite and compositionally different carbonates in several 

distinct mineralization phases. Details are given in the paper “Evolution of unconformity-related Mn-

Fe-As vein mineralization, Sailauf (Germany): Insight from major and trace elements in oxide and 

carbonate minerals” (Appendix 2) which was published in Ore Geology Reviews. On the basis of 

major and trace element studies of several generations of vein carbonates and oxide ore minerals, 

thermodynamic modeling was carried out. The results indicate that the distinct mineral associations 

record drastic and episodic changes in prevailing physicochemical parameters (pH, fO2, fCO2, aSiO2), 

most likely in response to transient mixing processes between formation waters derived from 

overlying Zechstein sedimentary strata and basement-interacted fluids. 
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In Chapter 3, results from fluid inclusion and stable isotope studies on the Sailauf Mn-Fe 

mineralization are summarized. The results are detailed in the manuscript “Red bed and basement 

sourced fluids recorded in hydrothermal Mn–Fe–As veins, Sailauf (Germany): A LA-ICPMS fluid 

inclusion study” (Appendix 3) which was published in Chemical Geology. Building on the paragenetic 

framework established in the preceding mineralogical and geochemical studies (Chapter 2) it was 

possible to allocate compositionally distinct fluids to the principal mineralization phases present at 

Sailauf. The fluids differ both in concentration levels of fluid-mobile trace elements (Li, B and K) and 

base metals (Pb, Zn) as well as in their stable isotopic composition (hydrogen and oxygen). The 

dataset provides clear evidence for episodic mixing processes between three end-member fluids during 

formation of the Sailauf mineralization, recorded on the scale of complexly intergrown carbonate 

generations. One of the end-member fluids possesses anomalous Li/B and Pb/Zn ratios, resembling 

fluids found in fracture fillings in Permian Rotliegend red bed sediments. By contrast, another fluid 

end-member has Li/B and Pb/Zn ratios typical of crustal fluids that interacted with crystalline 

basement rocks. Both fluids were modified by mixing processes with a common metal-depleted fluid, 

most likely a formation water derived from Zechstein sedimentary rocks overlying the Sailauf 

mineralization. 
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1. Fluid mixing processes relevant to formation of basement-hosted 

hydrothermal Pb-Zn ore veins, Schwarzwald district, Germany 

1.1. Geological context 

The Schwarzwald district in SW Germany is part of the internal zone of the Variscan orogenic belt 

(KRONER et al., 2008) and according to the classical subdivision of the European Variscides it belongs 

almost entirely to the Moldanubian zone (KOSSMAT, 1927). Minor occurrences of Saxothuringian 

units in the northernmost part of the Schwarzwald are separated from the Moldanubian rocks by the 

Baden-Baden zone, a former oceanic suture zone (KROHE and EISBACHER, 1988). Most of the 

Moldanubian units comprise partly migmatized para- and orthogneisses (KALT et al., 2000), whereas 

the Saxothuringian consists of orthogneisses, low grade metasediments and amphibolites that were 

intruded by gabbroic melts (ALTHERR et al., 1999). The Moldanubian part of the Schwarzwald is 

further subdivided into the Central Schwarzwald Gneiss Complex (CSGC) and Southern Schwarzwald 

Gneiss Complex (SSGC), which are separated by the Badenweiler-Lenzkirch suture zone (HANN et 

al., 2003; KRONER et al., 2008; Appendix 1, Fig. 1). Post-collisional extension resulted in 

decompressional melting of lower crustal metasedimentary rocks and led to the intrusion of large 

granitic bodies throughout the district (SCHLEICHER, 1994). During the waning stages of the Variscan 

orogen (Uppermost Carboniferous to Lowermost Permian), rhyolitic tuffs and ignimbrites were 

deposited locally (LIPPOLT et al., 1983; SCHLEICHER et al., 1983). Extensional tectonics during the 

Lower Permian (Rotliegend) led to formation of local pull-apart molasse basins and deposition of an 

up to 800 m thick series of clastic sediments under arid conditions, while other areas of the 

Schwarzwald district remained upland regions and subject to erosion (ZIEGLER, 1990). Between the 

Upper Permian (Zechstein) and Lower Triassic (Buntsandstein), clastic sediments were deposited 

throughout the entire district in arid climates (GEYER and GWINNER, 2011). Middle Triassic 

(Muschelkalk) subsidence led to formation of epicontinental shallow shelf sediments (limestones, 

clays and halite bearing evaporites) that are overlain by Upper Triassic (Keuper) terrestrial sandstones, 

marine clays and evaporite sequences (GEYER and GWINNER, 2011). Increasing rates of subsidence in 

Jurassic times resulted in deposition of shallow marine limestones and clays (GEYER and GWINNER, 

2011). During the Cretaceous the region was subject to erosion, as is evidenced by local karstification 

of Jurassic limestones (GEYER and GWINNER, 2011). The onset of the Alpine orogeny is marked by 

the formation of the Upper Rhine Graben rift valley west of the Schwarzwald district during the Upper 

Cretaceous. Significant uplift along the rift shoulders led to W-E trending erosion of the sedimentary 

cover rock sequence and exhumation of basement rocks during the Paleogene (GEYER and GWINNER, 

2011). Exhumation rates were highest in the Southern Schwarzwald, resulting in the exposure of 

formerly deeper seated basement rocks, while the Northern Schwarzwald is still covered by Mesozoic 

sediments (GEYER and GWINNER, 2011). 
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1.2. Hydrothermal vein mineralization in the Schwarzwald district 

The Schwarzwald district hosts more than 1000 known hydrothermal vein deposits (METZ et al., 1957; 

BLIEDTNER and MARTIN, 1986). Mining activity began during the Neolithic, peaked in the Middle 

Ages and declined in modern times (GOLDENBERG et al., 2003; WERNER and DENNERT, 2004; 

MARKL, 2005). While most ore veins occur in basement rocks, some also extend into the cover rock 

sequence (BLIEDTNER and MARTIN, 1986). Different types of vein mineralization were classified into 

groups based on age data, paragenetic, geochemical and structural criteria (METZ et al., 1957; 

BLIEDTNER and MARTIN, 1986; BEHR and GERLER, 1987; SCHWINN et al., 2006; BAATARTSOGT et 

al., 2007; PFAFF et al., 2009; STAUDE et al., 2009). Locally, Sb-Ag-(Au)-quartz veins formed from 

cooling metamorphic fluids during the Permian (STAUDE et al., 2009). Most hydrothermal veins in the 

district were formed during a peak in hydrothermal activity during the Jurassic, which was caused by 

high subsidence rates resulting from changing stress patterns of the Tethyian and North Atlantic rift 

systems (ZIEGLER, 1987; WETZEL et al., 2003; PFAFF et al., 2009). The most common Jurassic 

mineralization style is Pb-Zn-(Ag) quartz-fluorite-baryte veins, while Co-Ni-Bi-Ag-U baryte-fluorite 

and Mn-Fe enriched quartz-baryte veins only occur locally (METZ et al., 1957; BLIEDTNER and 

MARTIN, 1986). Fluid inclusion studies on Jurassic veins identified apparently homogeneous Na-Ca 

dominated fluids with salinities around 25 wt.% NaCleq throughout the district (BAATARTSOGT et al., 

2007; STAUDE et al., 2007), in itself not immediately suggesting that fluid mixing processes played a 

role during vein formation. However, stable isotope studies (DILL and NIELSEN, 1987; DILL, 1988; 

SCHWINN et al., 2006; STAUDE et al., 2011; STAUDE et al., 2012a), ore mineralogy and 

thermodynamic modeling (STAUDE et al., 2007; STAUDE et al., 2010; STAUDE et al., 2012b) indicated 

that fluid mixing processes between basement brines and formation waters must have occurred. The 

constant salinities were therefore interpreted to indicate that both fluid end-members possessed 

comparable salinities prior to mixing (STAUDE et al., 2007).  

Another major mineralization event during the Paleogene accompanied the opening of the Upper 

Rhine Graben rift and resulted in Pb-Zn-quartz-baryte vein formation on rift-parallel fault structures 

(METZ et al., 1957; STAUDE et al., 2009) and the formation of a minor sediment-hosted Mississippi 

Valley-type deposit north of the Schwarzwald district (PFAFF et al., 2010). Precipitation and ore 

formation was proposed to have been caused by fluid mixing processes between basement-interacted 

fluids and sedimentary formation waters (PFAFF et al., 2010). Other mineralization events are of local 

significance only and were related to fluid flow processes triggered by Miocene exhumation (STAUDE 

et al., 2009). 
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1.3. Direct evidence for fluid mixing processes 

Formation of the Jurassic hydrothermal veins in the Schwarzwald is considered to have occurred in 

response to mixing processes between two highly saline fluids of similar major element chemistry but 

contrasting trace element inventory (STAUDE et al., 2007). In order to test this hypothesis, zoned 

quartz crystals were sampled from a Jurassic Pb-Zn quartz-baryte vein mineralization, located near the 

town of Sulzburg in the Southern Schwarzwald (Appendix 1, Fig. 1). Successive growth zones contain 

abundant primary fluid inclusions as well as subordinate galena and hematite crystals and thus provide 

clear age relationships between fluid inclusion assemblages (Appendix 1, Fig. 2). In-situ multi element 

analysis of individual fluid inclusions therefore provided insight into the chemical evolution of the ore 

fluids during crystal growth. Regardless of relative age, all fluid inclusions are of the two-phase liquid 

+ vapor type and possess very similar salinities around 23 wt.% (NaCl+CaCl2)eq and homogenization 

temperatures of 130 – 160 °C (Appendix 1, Fig. 3). Slight systematic variations in Na/Ca mass ratios 

of 2 to 6 were identified between FIA located on different growth zones as well as in fluid inclusions 

belonging to the same FIA, i.e. on the same growth zone. However, LA-ICPMS analysis reveals 

significant covariations in trace element compositions. Negative correlations were found between fluid 

Cl/Br ratios and aqueous base metal concentrations. Low Cl/Br mass ratios of ~80 were found in fluids 

with base metal concentrations (Pb+Zn) of over 1000 µg/g, while high Cl/Br mass ratios of up to 780 

occur in fluids with very low base metal concentrations of 10-20 µg/g. A continuum of intermediate 

fluid compositions between these values was found along the succession of growth zones, but, even 

more importantly, variation within individual growth zones is significant as well (Appendix 1, Fig. 

4b). Likewise, base metal concentrations are negatively correlated with increasing Na/Ca ratios 

(Appendix 1, Fig. 4a).  

Chlorine and bromine are considered to be conservative tracer elements not affected by fluid-rock 

interaction processes, thus retaining the Cl/Br signature of the fluid source reservoir (RITTENHOUSE, 

1967; BÖHLKE and IRWIN, 1992; KESLER et al., 1996; GLEESON et al., 2001; STOFFELL et al., 2008). 

Low Cl/Br mass ratios below the seawater value (290) are typical for basement-interacted fluids and 

are often interpreted to reflect an evaporative origin of these fluids (FRAPE and FRITZ, 1987; PAUWELS 

et al., 1993; GLEESON and YARDLEY, 2003). Halite formed during evaporation contains only trace 

amounts of Br, resulting in a passive enrichment of Br relative to Cl in the residual fluid (CARPENTER, 

1978). Halogen ratios close to the seawater evaporation trajectory (FONTES and MATRAY, 1993) in 

hydrothermal basement brines are one of the cornerstones of the hypothesis that the high salinities in 

basement brines result from density-driven ingression of residual evaporitic fluids with low Cl/Br 

ratios into the basement (GLEESON and YARDLEY, 2003). Conversely, very high Cl/Br ratios in 

hydrothermal fluids can be attained through dissolution of Br-poor halite in evaporitic strata by 

meteoric fluids (CARPENTER, 1978). The cover rock sequence of SW Germany includes evaporitic 

units within the Middle Triassic Muschelkalk limestones (GEYER and GWINNER, 2011) which could 
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have been the source for formation waters with high Cl/Br ratios. Regional stable isotope studies also 

indicated that formation waters from Middle Triassic limestones were involved in the formation of the 

hydrothermal ore veins in the Schwarzwald district (SCHWINN et al., 2006; STAUDE et al., 2012a). The 

clear correlation of high base metal concentrations with low Cl/Br ratios indicates that the metals were 

provided by the basement brines. The data prove that systematic changes in fluid composition 

occurred in response to mixing of two chemically distinct fluids during growth of an individual quartz 

gangue crystal, providing the first direct evidence for mixing processes on this scale. Furthermore, the 

significant differences in fluid compositions within FIA hosted by the same growth are evidence for 

very transient and rapid mixing processes. The individual growth zones of the studied samples are on 

average 100-200 µm thick and full of 10–50 µm sized fluid inclusions. Therefore, the inclusions on a 

given growth zone cannot be entirely contemporaneous, which is reflected by the variability of fluid 

compositions on this scale that record rapid and variable mixing processes between two end-member 

fluids during an episode of fluid flow. Hydrologically, this rapid mixing model appears plausible if the 

mechanisms of hydrothermal fluid flow within fault zones are considered. Such flow is triggered by 

phases of seismic activity in response to variations in shear stress, local stress fields and fluid pressure 

at depth, resulting in episodic, short lived and focused fluid flow along preexisting fault structures 

(MUIR-WOOD and KING, 1993; COX, 1995; SIBSON, 2001). Dilatational jogs in such fault-valve 

systems provide a mechanism for efficient fluid mixing by causing fluids to flow into the fault from 

the surrounding fractured rock during coseismic slip (COX, 1995; SIBSON, 2001).  

The data acquired in this study prove the transient and rapid nature of fluid mixing processes and 

provide clear constraints with regard to the scale of their occurrence, which will have to be accounted 

for in future hydrologic fluid flow models in similar structural settings. The results prove mixing 

processes between halite-dissolution formation brines and metal-rich basement-interacted brines on a 

scale where the geochemical indicators for the mixing processes would not have been detectable by 

any conventional bulk fluid analytical technique, such as ion chromatography. The results of this study 

were published in GEOLOGY in a paper titled „Fluid mixing forms basement-hosted Pb-Zn deposits: 

Insight from metal and halogen geochemistry of individual fluid inclusions” (Appendix 1). 
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2. Geochemistry and mineralogy of a hydrothermal Mn-Fe-As vein 

mineralization at Sailauf, Spessart district, Germany 

2.1. Geological context and hydrothermal mineralization in the Spessart district 

The Sailauf hydrothermal vein deposit is located directly beneath an unconformity separating the 

Spessart Crystalline Complex (SCC) from the Paleozoic and Mesozoic cover rock sequence. The 

Spessart district is part of the Mid German Crystalline Rise (MGCR), which, like the Schwarzwald, is 

part of the internal zone of the European Variscides (KRONER et al., 2008). The MGCR represents an 

active plate margin where SE-directed subduction caused closure of the Rheic ocean and collision of 

the Saxothuringian and Rhenohercynian terranes between Silurian and Carboniferous times (KRONER 

et al., 2008). The SCC consists of a series of NE-SW trending lithologic units comprising 

metasedimentary and metabasic rocks (OKRUSCH and WEBER, 1996). Two orthogneiss complexes are 

intercalated into the metasedimentary units. Their calc-alkaline, granodioritic to granitic protoliths 

were emplaced in an active continental margin setting between the Uppermost Silurian to Lowermost 

Devonian (DOMBROWSKI et al., 1995; OKRUSCH and WEBER, 1996). During the Variscan orogen the 

entire complex was subjected to medium grade amphibolite facies metamorphic conditions (OKRUSCH 

and WEBER, 1996) until uplift and cooling occurred between 325 – 315 Ma (DOMBROWSKI et al., 

1994). Extension and basin formation during the Lower Permian resulted in widespread volcanic 

activity throughout the entire Central European Variscides, resulting in deposition of thick 

volcanoclastic sequences or emplacement of subvolcanic bodies (NEUMANN et al., 2004; MCCANN et 

al., 2008). In the Spessart district the Sailauf rhyolite body hosting the Mn-Fe-As vein mineralization 

was formed during this period (OKRUSCH et al., 2011). The crystalline rocks of the Spessart are 

unconformably overlain by Permian sedimentary rocks. During the Lower Permian parts of the 

Spessart formed an elongated, narrow NE-SW trending basement high (TRUSHEIM, 1964). NW and SE 

of this ridge thick red bed sequences (Rotliegend) were deposited in trough structures (TRUSHEIM, 

1964; OKRUSCH et al., 2011). During the Upper Permian the Spessart was located on the southernmost 

extent of the Zechstein sea, resulting in deposition of the marginal Zechstein facies, which comprises 

basal manganiferous breccias and conglomerates, the Kupferschiefer black shale and bituminous 

dolomites of the Werra cycle (KÄDING, 2005). Temporary regressions in sea level led to deposition of 

clay and marls of the Aller and Leine Zechstein cycles, including a well defined claystone marking the 

Permian-Triassic boundary (KÄDING, 2005). The Permian rocks are conformably overlain by 

continental sandstones, conglomerates and mudrocks of the Lower Triassic Buntsandstein and Middle 

Triassic Muschelkalk (OKRUSCH et al., 2011). Middle Triassic to Upper Jurassic sedimentary rocks 

originally covering these units were eroded during regional uplift (OKRUSCH et al., 2011). 

Hydrothermal ore veins are widespread throughout the Spessart district (Appendix 2, Fig. 1). Most are 

structurally related to a major post-Variscan NW-SE trending fault system that crosscuts both 
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the basement and the cover rock sequence. Post-Variscan extensional tectonics led to reactivation of 

the faults, fluid flow, fluid mixing processes and hydrothermal vein formation, comprising abundant 

barren baryte-quartz veins, base metal-rich veins and the Mn-Fe-As vein mineralization at Sailauf 

(ZIEGLER, 1987; WAGNER and LORENZ, 2002; OKRUSCH et al., 2007; LORENZ, 2010; WAGNER et al., 

2010). Another major fault system striking NE-SW is only weakly mineralized (WAGNER et al., 2010). 

2.2. The hydrothermal Mn-Fe-As vein-type mineralization at Sailauf 

The hydrothermal vein mineralization at Sailauf, situated around 10 km NE of the city of 

Aschaffenburg (Appendix 2, Fig. 1), is hosted by a small Lower Permian subvolcanic rhyolite dome of 

roughly 400 x 200 m in size, which is being mined for gravel. The porphyritic rhyolite is emplaced in 

a small slab of biotite schist, which in turn is intercalated with orthogneisses (Appendix 2, Fig. 2). The 

roof of the rhyolite dome was part of the Lower Permian (Rotliegend) erosional land surface and later 

unconformably overlain by Upper Permian Zechstein dolomites (OKRUSCH et al., 2011). Although the 

Kupferschiefer is missing directly above the rhyolite dome, it appears beneath the dolomites only 

several hundred meters to the NE, the direction of the deepening Zechstein basin (LORENZ, 2010). 

The hydrothermal vein mineralization comprises a set of five steeply dipping, NW-SE trending, 

discontinuously mineralized faults crosscutting the host rock. The veins range in thickness from 1 to 

25 cm and are mineralized by a complex succession of carbonates, Mn- and Fe-oxides. A detailed 

account of the mineralization sequence is given in the paper “Evolution of unconformity-related Mn-

Fe-As vein mineralization, Sailauf (Germany): Insight from major and trace elements in oxide and 

carbonate minerals” (Appendix 2) which was published in Ore Geology Reviews. The mineralization 

comprises four main stages (Appendix 2, Fig. 4): an early pre-ore stage, two main ore stages and a 

subsequent alteration stage. The onset of hydrothermal mineralization during the pre-ore stage is 

marked by widespread brecciation of the rhyolite host rock and cementation of breccia clasts by Ca-

bearing rhodochrosite with subordinate fluorite, celadonite, illite and anhydrite. The first main ore 

stage (‘ore stage 1’ in Appendix 2) will for consistency with Chapter 3 be termed the ‘Mn-oxide 

stage’. During the Mn-oxide stage different Mn-oxides (braunite, hausmannite, and manganite) were 

precipitated along with very pure calcite, subordinate fluorite, scheelite and anhydrite. Rhythmic 

cockade ores evidence sequential vein reactivation and mineral precipitation (Appendix 2, Fig. 6a). 

During the second major ore stage (‘ore stage 2’ in Appendix 2), in the following termed ‘hematite 

stage’, Mn-bearing calcite (Mn-calcite) along with several generations of hematite and quartz was 

precipitated. Subordinately, Fe-bearing calcite and celadonite accompany hematite stage 

mineralization. Commonly, the hematite stage assemblages replace preexisting Mn-oxide stage calcite 

along cleavage lamellae, fractures or grain boundaries (Appendix 2, Fig. 7a). In the alteration zones, 

Mn-calcite possessing Mn concentrations of around 10 mol.% (Appendix 2, Fig. 9) is accompanied by 

cogenetic hematite that is strictly confined to the altered areas (Appendix 2, Fig. 7b) and may be 

present in fine disseminations or large specularitic aggregates. The paragenetic age relations and 
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replacement textures between the carbonate generations are often too complex to interpret using 

transmitted light alone, hence most of the textural characterization was carried out using backscatter 

electron imaging to visualize the chemical contrasts. Occasionally, hematite stage mineralization also 

occurs in discrete veins not previously mineralized during the Mn-oxide stage. The later alteration 

stage affects mineral assemblages from both ore stages. Locally, Mn-oxide stage braunite and 

manganite are partly altered to Ca-bearing rhodochrosite. Carbonates from both ore stages are also 

partly altered to Ca-rhodochrosite, sometimes forming fine-grained pseudomorphs of Ca-

rhodochrosite after scalenohedral calcite crystals (Appendix 2, Fig. 3e). Vugs are filled with a complex 

succession of secondary carbonates with compositions ranging from Mn-bearing calcite to Ca-bearing 

rhodochrosite, often finely intergrown with secondary arsenate phases like tilasite, sailaufite and 

arseniosiderite or secondary Mn-oxides (Appendix 2, Fig. 7e) (LORENZ, 1995; LORENZ, 2010). In 

addition, crusts of native arsenic occur on otherwise unmineralized fracture planes of the rhyolite 

(LORENZ, 1995). However, their genetic relation to the vein-type mineralization is unknown.  

HAUTMANN et al. (1999) carried out (U-Th)/He dating on the main oxide ore minerals as well as K/Ar 

dating on clay minerals. Braunite ages are 156.9 to 158 Ma (±4.8), while hematite gave ages of 136.3 

to 147.6 (±5) Ma. One hausmannite was dated at 130 Ma (no analytical error given), while K-Ar 

dating of illites gave ages of 156.4 to 160.5 (±4) Ma. Several, not clearly specified generations of 

celadonite yielded an age range of 98.2 to 119.9 Ma.  

Accessory minerals and trace element compositions of all major oxide ore minerals and gangue 

carbonates show that the mineralization at Sailauf is enriched in Pb, Zn, Cu, W, As, Sr, Sb and U. 

Enrichment in this conspicuous element suite is commonly associated with terrestrial hydrothermal 

Mn-Fe vein deposits elsewhere (ROY, 1981; NICHOLSON, 1992) and stratabound sedimentary-

exhalative Mn-Fe deposits like the Långban-type deposits in Sweden (HOLTSTAM, 2001; HOLTSTAM 

and MANSFELD, 2001) or the Val-Ferrara in Switzerland (BRUGGER and GIERÈ, 2000). HEIN et al. 

(2000) proposed that vein-type Mn-Fe deposits in marine sediments may represent feeder systems for 

stratabound sedimentary-exhalative deposit types. The geochemical similarities and the typical trace 

element enrichments in these different deposit types, irrespective of the very different geological 

contexts in which they occur, are thought to be lithologically controlled through fluid-rock interaction 

with felsic (and often volcanic) rocks (HEWETT, 1964; ROY, 1981; NICHOLSON, 1992; HOLTSTAM and 

MANSFELD, 2001; GLASBY et al., 2005). The Mn-Fe ore veins at Ilfeld (Harz Mountains, central 

Germany) and Ilmenau (Thuringia, eastern Germany) also occur in clastic or volcanoclastic red bed 

sediments of Lower Permian Rotliegend age, while the Sailauf mineralization is hosted by a Lower 

Permian rhyolite, situated only few km away from Rotliegend red bed successions in molasse basins 

(TRUSHEIM, 1964). 
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2.3. Genetic model for the Sailauf hydrothermal vein mineralization 

The Sailauf mineralization is characterized by two very different main ore assemblages, one 

dominated by Mn-oxides and pure calcite, the other by hematite and Mn-bearing calcite. This indicates 

first order changes in the physicochemical parameters of the hydrothermal fluids. The solubilities of 

Mn and Fe are controlled by oxidation state, pH, temperature and relative concentrations of 

complexing ligands like chloride or sulfur, which significantly increase solubilities via formation of 

stable chloride complexes with Fe and Mn (KRAUSKOPF, 1957; HEM, 1972; CRERAR et al., 1980; 

BRUNO et al., 1992; WOLFRAM and KRUPP, 1996; WOOD and SAMSON, 1998; SULEIMENOV and 

SEWARD, 2000; TESTEMALE et al., 2009).  Fractionation of Fe from Mn results mainly from the 

differences in redox potential. The redox transition of Fe2+/Fe3+ occurs at much lower redox state than 

the Mn2+/Mn3+ transition (KRAUSKOPF, 1957; CRERAR et al., 1980). Upon crossing of the Fe redox 

boundary, weakly soluble hematite would precipitate, while more soluble Mn2+-chloro complexes 

would remain in solution (KRAUSKOPF, 1957; CRERAR et al., 1980). The stability of carbonates over 

oxide minerals would also be influenced by the CO2 fugacity (CRERAR et al., 1980). Building on these 

considerations and the established paragenetic framework of the mineralization, thermodynamic 

modeling was carried out using the software GeochemistsWorkbench (BETHKE, 2008) to calculate the 

stability relations for the mineral phases as a function of fO2, pH, fCO2 and aSiO2. The stability diagrams 

were constructed at 150°C and saturated water vapor pressure, a reasonable approximation of the 

conditions during formation of the mineralization (see Chapter 3). The phases manganosite, 

hausmannite, braunite, pyrolusite, rhodochrosite, hematite, magnetite and siderite were considered. As 

no thermodynamic data are available for manganite, bixbyite data were accepted as best 

approximation of an Mn3+-Mn-oxide. The results reflect the first order control of CO2 fugacity on the 

stability of carbonates relative to Mn-oxides (Appendix 2, Fig. 14a). Low silica activities are a 

prerequisite to enable precipitation of hausmannite and manganite during the Mn-oxide mineralization 

stage. Hence, the occurrence of hematite and quartz during the hematite stage evidences a significant 

increase in silica activity, while missing Mn-oxides during this stage could indicate increased CO2 

fugacity. Mixing processes between fluids derived from two chemically contrasting reservoirs during 

ore formation could explain this major shift in the chemical parameters of the hydrothermal fluid. This 

is in good agreement with earlier sulfur isotope studies on other hydrothermal vein deposits the 

Spessart district, which also indicated fluid mixing processes to have facilitated ore formation 

(WAGNER et al., 2010). The most likely fluid source reservoirs are the basement rocks and the 

Zechstein sedimentary sequences. Ascending basement-interacted fluids would have been quartz 

saturated and possess a near neutral pH (YARDLEY, 2005), whereas fluids from bituminous Zechstein 

dolomite aquifers would most likely have been quartz undersaturated and more alkaline (WAGNER et 

al., 2010). The Mn-oxide stage was precipitated from a silica-undersaturated fluid, suggesting 

increased contribution of Zechstein fluids during their formation. Conversely, the hematite stage was 

precipitated from silica-saturated fluids, indicating increased influence of basement derived, quartz 
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saturated fluids. However, the mineral stability relations outlined above indicated that this fluid would 

also have had a higher CO2 fugacity compared to the dolomite-derived Zechstein fluids to facilitate 

destabilization of Mn-oxides, which appears unlikely. The apparent contradiction can be resolved if 

the additional influence of pH variation on the solubilities of Mn-oxides and hematite is taken into 

account. At the assumed Fe/Mn ratios in the range of those observed in the Schwarzwald (see Chapter 

1), Mn-oxides will be much more soluble than hematite at near neutral pH. Increasing the relative 

contribution of quartz-saturated basement-derived fluid over alkaline Zechstein fluids during 

precipitation of the hematite stage mineralization would have shifted the pH to lower values and 

increased Mn-oxide solubility (Appendix 2, Fig. 14c). This explains the lack of Mn-oxides in the 

hematite stage mineralization and is further corroborated by the increased Mn concentrations in 

hematite stage Mn-calcite, indicating that Mn was present in the divalent state during calcite and 

hematite precipitation. Subsequent mixing of this Fe-depleted fluid with higher proportions of 

Zechstein-derived, alkaline and quartz undersaturated fluids would have led to an increase in pH and a 

decrease in aSiO2, eventually attaining conditions necessary to cause precipitation of the Mn-oxide 

stage mineral assemblage. 

The stability relations indicate that progressive admixture of Zechstein fluids to a metal-bearing 

basement brines at near neutral pH and high silica activities would first precipitate the hematite stage 

mineral association and later the Mn-oxide paragenesis. In the context of a dynamic fault-hosted 

hydrothermal system, this could reflect a vertical redox zonation with hematite stage mineralization 

occurring in greater depths than the Mn-oxide assemblages. Such vertical redox gradients were 

described in other hydrothermal Mn-Fe deposits worldwide and also the vein-type deposits at Ilfeld 

and Ilmenau in Germany (SALZMANN, 1935; HEWETT, 1964; ROY, 1981; LEAL et al., 2008). Although 

both mineralization styles occur together at the same depth at Sailauf, the mineralization stages are 

clearly not contemporaneous. The hematite stage paragenesis crosscuts and replaces earlier formed 

Mn-oxide mineral assemblages, indicating discontinuous mineralization in episodic fluid flow events, 

most likely triggered by seismic activity as explained in Chapter 1. Discrete periods of seismic activity 

with different intensities could have caused fluid ascent of varying flow rates or tapping of different 

fluid reservoirs at depth with deviating physicochemical parameters. Therefore, the depths of the Fe 

and Mn redox boundaries relative to the mixing interface represented by the Permian unconformity 

would have been variable as well during each fluid flow event, which could explain the close spatial 

association of both major ore stages at Sailauf.  Further evidence for redox variations between the 

major ore stages at Sailauf comes from systematic variations in Ce-anomalies in the rare earth element 

(REE) distribution patterns of the associated carbonate generations (Appendix 2, Fig. 12). Ce occurs in 

two oxidation states (+3 and +4) and may be removed from oxidized solutions by adsorptive fixation 

onto mineral surfaces or reductively mobilized from such surfaces, causing negative or positive Ce-

anomalies in the fluids, respectively (WOOD, 1990; MÖLLER and DULSKI, 1999). Zechstein dolomites 

possess positive Ce-anomalies (FISCHER et al., 2006), as do the calcites from the Mn-oxide 
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mineralization stage at Sailauf, whereas hematite stage Mn-calcites do not. The positive anomalies in 

Mn-oxide stage calcites may indicate inheritance from Zechstein carbonates and therefore a stronger 

influence of Zechstein-derived fluids during this mineralization stage. 

The results summarized above were published in the article “Evolution of unconformity-related Mn-

Fe-As vein mineralization, Sailauf (Germany): Insight from major and trace elements in oxide and 

carbonate minerals”, published in Ore Geology Reviews. Building on the results and the established 

paragenetic framework, fluid inclusion and stable isotope studies were carried out on the Zechstein 

carbonates, in order to link the mineralogical features of the vein mineralization with real fluid 

compositions and to check whether the fluid chemistry is in support of the mixing model that was 

derived from the mineralogical and geochemical studies outlined in this Chapter. The results of the 

fluid and stable isotope study are summarized in the following Chapter. 
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3. Fluid geochemistry of the hydrothermal Mn-Fe-As  

mineralization at Sailauf 

Fluid inclusion studies were carried out on representative carbonate samples from both major ore 

stages at Sailauf and fluorite samples of the hematite mineralization stage (see previous Chapter).  

Isotopic compositions were determined for carbonates (oxygen and carbon) from all mineralization 

stages, Mn- and Fe-oxides (oxygen) and celadonites (oxygen and hydrogen).  

3.1. Stable isotope studies 

The Mn-Fe-As mineralization at Sailauf is characterized by several distinct mineralization stages that 

are associated with very distinct carbonate compositions (Appendix 2, Fig. 9). The carbonates also 

show significant differences with regard to their oxygen isotopic compositions (Appendix 3, Fig. 8). 

Pure calcite of the Mn-oxide mineralization stage possesses very heavy isotopic compositions between 

+23.6 and +27.1 ‰ relative to V-SMOW. The δ18OV-SMOW values of hematite stage Mn-calcite and Ca-

rhodochrosite from both the pre-ore and the alteration stage, on the other hand, are lower and vary 

between +14.7 and +17.6 ‰. In terms of carbon isotopic compositions all carbonate generations are 

relatively similar, with δ13CV-PDB values between -5.8 and -3.1 ‰. Hematite oxygen isotopic 

compositions are between -4.8 to -2.5 ‰ relative to V-SMOW. Pre-ore stage celadonites possess 

relatively constant δ18OV-SMOW values of +13.2 to +15.5 ‰; however, their δDV-SMOW compositions 

show significant variation and cover a range between -98 to -9 ‰ (Appendix 3, Fig. 12). 

High calcite δ18OV-SMOW values can be caused by low temperature remobilization processes (ZHENG 

and HOEFS, 1993). Even though the Mn-oxide stage calcites from Sailauf possess unusually heavy 

δ18OV-SMOW values, their paragenetic association and fluid inclusion homogenization temperatures of 

around 155 °C rule out low temperature remobilization effects on their isotopic compositions and 

instead indicate isotopically heavy primary ore fluids. Calculation of fluid δ18OV-SMOW values using 

carbonate isotopic compositions, fluid inclusion homogenization temperatures and suitable calcite-

H2O fractionation factors (FRIEDMAN and O'NEIL, 1977) reveals that the ore fluids precipitating the 

Mn-oxide stage were indeed very different from those that formed the hematite stage mineral 

assemblages. Hematite stage fluids had δ18OH2O values of 2 – 5 ‰, whereas the Mn-oxide stage 

paragenesis formed from isotopically very heavy fluids with δ18OH2O of 13 – 17 ‰, relative to V-

SMOW. High fluid δ18OV-SMOV values can for example be produced through intense evaporation 

processes or fluid-rock interaction (HOLSER, 1979; SHEPPARD, 1986). The oxygen and hydrogen 

isotopic composition of pre-ore stage fluids was calculated using celadonite-H2O fractionation factors 

(ODIN et al., 1988; CAPUANO, 1992; SHEPPARD and GILG, 1996).  Pre-ore stage celadonite δ18OH2O 

values are in good agreement with the values obtained for the hematite stage ore fluids. The origin of
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very low fluid δDV-SMOW values, which at Sailauf were found to be as low as -80 ‰, is still debated 

(GLEESON et al., 1999). SHEPPARD (1986) proposed that interaction of fluids with organic rich 

sediments can result in very low fluid hydrogen isotopic composition, for example during diagenetic 

dehydration of kerogens. The high variability observed in δDV-SMOW values could then be interpreted as 

a mixing trend between fluids strongly influenced by such diagenetic processes, like formation waters 

derived from bituminous Zechstein sediments and another fluid that was not isotopically altered in this 

way. 

3.2. Fluid inclusion petrography and fluid geochemistry 

The carbonate gangue minerals at Sailauf possess virtually no growth zonation that could be used to 

establish unambiguous age relations between fluid inclusion assemblages. However, on the basis of 

the mineralogical and geochemical studies summarized in Chapter 2 it was possible to allocate FIAs to 

the two principal major ore stages. As explained in Chapter 2, hematite stage Mn-calcite replaces Mn-

oxide stage pure calcite along cleavage lamellae, grain boundaries or cracks. Whereas the pure calcite 

is very clear, the replacement by Mn-calcite is accompanied by a significant increase in porosity and 

the occurrence of finely dispersed hematite flakes, providing workable age constraints for FIAs hosted 

in the different carbonate types (Appendix 3, Fig. 2). In cases where the extent of the alteration zones 

could not be determined unambiguously in transmitted light, backscatter electron imaging was used to 

allocate fluid inclusions to the chemically different carbonate compositions (Appendix 3, Fig. 5). All 

fluid inclusions are of the two-phase liquid + vapor type and contain aqueous, saline, Na-Ca 

dominated brines. Salinities determined by microthermometry are very constant around 26 wt.% 

NaCl+CaCl2 eq, while Na/Ca mass ratios vary slightly and rather unsystematically between 1 and 4 

(Appendix 3, Fig. 4). No systematic differences in terms of salinity or cation ratios exist between FIAs 

belonging to the different mineralization stages. However, fluid inclusions occurring in Mn-oxide 

stage calcite homogenize at 155° ± 10°C into the aqueous phase, whereas inclusions hosted by 

hematite stage Mn-calcite do so at 135° ± 10°C.  

LA-ICPMS analysis of individual fluid inclusions reveals very systematic differences and correlations 

in fluid trace element compositions, especially in concentrations of fluid mobile elements (K, Li, B, 

Rb, Cs) and base metals (Pb, Zn) (Appendix 3, Figs. 6, 7). As salinities are rather constant, differences 

in chlorinity cannot account for the systematic concentration differences in chloro-complexed cations. 

The fluid compositions form three positively correlating data arrays in K vs. Li space. The most Li-

rich fluids are also most strongly enriched in the other fluid mobile elements (Appendix 3, Fig. 7). The 

host carbonate of the individual FIs controls their association to the different compositional trend 

lines, showing that the very systematic variations in trace element compositions can be directly related 

to the different mineralization stages identified at Sailauf (Appendix 3, Fig. 6b). Mn-oxide stage fluids 

form a distinctly less steep trend in K vs. Li space than hematite stage fluids. The third trend line is 

formed by fluid compositions obtained in a single sample. All data arrays converge towards a common 
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origin, indicating that each trend line represents a dilution vector of enriched end-member fluids by a 

common end-member fluid which were mixed in variable proportions. Despite the high fluid mobility 

of the elements in question, the rather similar homogenization temperatures between the fluids 

relevant to the two major ore stages make it appear unlikely that temperature effects caused the 

systematic differences in fluid composition. Instead, the best explanation for the observed differences 

would be fluids derived from chemically different source rocks. 

This is further corroborated by Li-B systematics. The mobilization of Li and B during fluid-rock 

interaction is influenced by temperature but also by the source rock lithology. Li/B ratios can therefore 

serve to differentiate between fluid source reservoirs (SHAW and STURCHIO, 1992; REYES and 

TROMPETTER, 2012).  Li/B ratios of hematite mineralization stage fluids from Sailauf are rather 

similar to other crustal fluids influenced by crystalline basement rocks in the Upper Rhine Graben 

(PAUWELS et al., 1993), the Schwarzwald district (own data, Chapter 1 and Appendix 1) or Irish-type 

Pb-Zn ore deposits in Ireland (WILKINSON et al., 2005). Fluids relevant to the formation of Mn-oxide 

stage mineralization, however, show similarities to fluid compositions found in hydrothermal calcite 

veins within Lower Permian (Rotliegend) red bed volcanoclastics of the North German Basin 

(Appendix 3, Fig. 9; LÜDERS et al., 2005). 

Base metal concentrations also vary systematically between the different ore fluids. Pb and Zn 

concentrations are arranged on linear trend lines, reflecting controls on metal solubility by 

temperature, salinity and sulfide solubility equilibria at greater depth within the basement (YARDLEY, 

2005). Some Mn-oxide stage and all hematite stage fluid Pb/Zn mass ratios (around 0.45) overlap with 

a trend commonly found in many crustal fluids related to Pb-Zn ore deposits or in basement brines  

(YARDLEY, 2005; STOFFELL et al., 2008; WILKINSON et al., 2009), including the data for the Pb-Zn 

mineralization in the Schwarzwald district (Chapter 1, Appendix 1). However, most Mn-oxide stage 

fluids have anomalously high Pb/Zn ratios, similar to Pb-enriched Rotliegend fluids of the North 

German Basin (Appendix 3, Fig. 10; LÜDERS et al., 2005). Cl/Br ratios in the different ore fluids are 

rather constant around mass ratios of 150 and do not show any systematic variation between the fluids 

relevant to the different ore stages (Appendix 3, Fig. 11).  

3.3. Reconstruction of fluid sources 

All fluids relevant to the formation of the Sailauf mineralization possess similar salinities and halogen 

ratios, indicating a common evaporitic origin. However, the ore fluids that precipitated the hematite 

stage mineral assemblages possess Li/B and Pb/Zn ratios similar to common crystalline basement-

interacted fluids, whereas the Mn-oxide stage fluids are anomalous in terms of Li/B, Pb/Zn as well as 

their isotopic compositions. They are compositionally similar to fluids derived from clastic red bed 

sediments.  
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During the Lower Permian (Rotliegend) the Sailauf rhyolite dome was part of an elongated basement 

high. Rotliegend red bed clastics were deposited in trough structures only few km to the NW and SE 

of Sailauf (TRUSHEIM, 1964). The rhyolite body is unconformably overlain by Upper Permian 

(Zechstein) bituminous dolomites. Only a few hundred meters to the NE of the rhyolite (the direction 

of the deepening Zechstein basin) the Kupferschiefer black shale appears beneath the dolomites 

(LORENZ, 2010). The Kupferschiefer and the overlying dolomite are commonly mineralized by 

stratabound Cu-Pb-Zn-(Ag) ores (OKRUSCH et al., 2007; WAGNER et al., 2010). The dominant NW-SE 

striking, post-Variscan fault system was reactivated in Mesozoic times (ZIEGLER, 1987) and is 

frequently mineralized by Cu-Co-Ni-As-Fe-Bi ores whose occurrence is restricted to the uppermost 

parts of the basement or the immediately overlying Kupferschiefer (WAGNER et al., 2010).  Similar 

fault-hosted ore veins also occur in stratabound Cu-Ag ores in the Mansfeld and Sangerhausen 

Kupferschiefer districts in the Harz Mountains, Central Germany (VAUGHAN et al., 1989). 

Furthermore, epigenetic veinlets or impregnations of Cu-As-Ag mineralization predating the major 

hydrothermal vein systems occur in the Spessart (OKRUSCH et al., 2007). Stable isotope data and 

mineral chemistry suggests that both mineralization styles were related to ascending, metal-bearing, 

acid and oxidizing brines (VAUGHAN et al., 1989; WAGNER et al., 2010). 

The critical importance of post-depositional base metal enrichment in Kupferschiefer-type ore bodies 

by external metal-rich hydrothermal fluids has long been recognized and was emphasized by many 

geochemical studies, mass balance considerations and fluid flow models (RENTZSCH, 1974; BECHTEL 

and PÜTTMANN, 1991; CATHLES et al., 1993; OSZCZEPALSKI, 1999; BECHTEL et al., 2000). 

Kupferschiefer ore districts in Germany and Poland typically occur on basement highs above highly 

oxidized Permian Rotliegend red beds and volcanic rocks, the so called ‘Rote Fäule’ (JOWETT, 1986).  

A widely accepted genetic model suggests that metal-bearing brines convected through the Rotliegend 

red beds and were introduced into the reducing Kupferschiefer where Rotliegend rocks pinch out 

against the flanks of basement highs. The Kupferschiefer then acted as a geochemical trap and 

facilitated ore formation (JOWETT, 1986; OSZCZEPALSKI, 1999). The timing of the hydrothermal metal 

input, however, is still a matter of debate (see SYMONS et al., 2011 for an overview). Similarly, the 

ultimate source of the metals in sediment-hosted Cu deposits remains disputed. On the one hand, it 

was proposed that late-diagenetic Na-Ca red bed formation waters leached metals from Rotliegend 

clastics prior to injection into Kupferschiefer rocks and subsequent ore formation (JOWETT, 1986; 

BECHTEL and PÜTTMANN, 1991; OSZCZEPALSKI, 1999; BECHTEL et al., 2000). Conversely, 

BLUNDELL et al. (2003) argue that metal-rich basement brines were injected into the Rotliegend red 

beds prior to lateral updip flow towards the sites of deposition near basement highs. In this model, 

episodic fluid expulsion from the basement would have been induced normal fault reactivation during 

earthquake events (MUIR-WOOD and KING, 1993). A very similar dispute regarding metal sources of 

sediment-hosted Cu deposits in the Zambian Copper Belt also remains unresolved, with controversial 
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discussion whether metals were derived from red bed sequences (HITZMAN, 2000) or basement 

sources (KOZIY et al., 2009). 

The Kupferschiefer-type Cu deposits of the Spessart district are not underlain by Rotliegend red bed 

sequences (WAGNER and LORENZ, 2002; OKRUSCH et al., 2007; WAGNER et al., 2010). Therefore, 

accepting the model of metal-bearing Rotliegend fluids as the principal metal supplier, formation of 

the Kupferschiefer-type deposits would have required significant lateral fluid flow along the major 

NW-SE striking fault zones that host the hydrothermal veins to transport fluid from the nearby 

Rotliegend basins to the sites of deposition on the flanks of the Spessart basement high. Such along-

fault fluid flow could be analogous to the ‘forced brine convection’ model that has been proposed for 

the formation of the Mt. Isa Cu deposit in Australia (MATTHÄI et al., 2004). At Sailauf, the contrasting 

fluid compositions found in the two major mineralization stages resemble both red bed-interacted 

Rotliegend brines (Mn-oxide stage) as well as basement-interacted brines (hematite stage), indicating 

that along-fault fluid flow of Rotliegend brines did in fact occur during the hydrothermal fluid flow 

event that formed Mn-oxide stage mineralization. Conversely, the identification of basement-

interacted fluids relevant to formation of hematite stage mineralization suggests that another fluid flow 

event occurred during seismically-induced normal fault reactivation (MUIR-WOOD and KING, 1993), 

resulting in focussed upward flow of deep-seated fluids within fault zones. The hydrothermal system 

at Sailauf thus recorded very distinct periods of fluid flow most likely related to changing hydrological 

regimes, providing insight into a protracted post-Variscan fluid flow system. At the site of deposition, 

the different fluids were mixed with a fluid possessing a composition defined by the point of 

convergence of the mixing trends observed in the K vs. Li concentration plots. Assuming this common 

end-member fluid to represent Zechstein formation waters appears geologically reasonable and is 

corroborated by the extremely low δDV-SMOW values found in pre-ore stage celadonites, which could 

indicate interaction with organic carbon within the bituminous Zechstein dolomite overlying the 

mineralization. The Sailauf Mn-Fe-As mineralization would thus represent a hydrothermal feeder 

system where both red bed- and basement-interacted fluids were episodically trapped prior to injection 

into the highly reactive lithologies of the Zechstein.  

The identification of red bed-interacted fluids at Sailauf shows that lateral along-fault fluid flow from 

the nearby Rotliegend basins did occur. If Rotliegend fluids were the principal ore fluid of 

Kupferschiefer type Cu-deposits, the Mn-oxide stage fluids could then represent an analogue to these 

ore solutions. The Mn-oxide stage mineralization records extraordinarly oxidized conditions, as was 

deduced from the principal considerations on prevailing physicochemical conditions (Chapter 2 and 

Appendix 2), which also would be in agreement with the common association of Kupferschiefer-type 

mineralization with highly oxidized ‘Rote Fäule’ footwall rocks. However, Cu concentrations in all 

fluids observed at Sailauf appear very low (<10 µg/g), even though little is known about the chemical 

composition of Kupferschiefer ore fluids and their Cu concentrations are poorly constrained. Mass 

balance calculations still assumed concentrations of 60 to 130 ppm for the main Kupferschiefer ore 
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fluids (CATHLES et al., 1993; BLUNDELL et al., 2003), significantly in excess of the concentrations 

found at Sailauf. It has to be noted, however, that the Mn-oxide minerals at Sailauf contain up to 300 

µg/g Cu (Appendix 2), up two orders of magnitude higher concentrations than in the associated fluids. 

Mn-oxides are capable of coprecipitating Cu from aqueous solutions very efficiently (HEWETT, 1972), 

so the Mn-oxide stage fluid trapped in cogenetic calcite may not be fully unmodified with regard to 

aqueous Cu concentrations. Nevertheless, even if the red bed-interacted Mn-oxide stage fluids do not 

represent unmodified primary Kupferschiefer ore fluids, the study shows that multi-element fluid 

inclusion microanalysis is capable of discerning red bed- and basement-interacted fluids, highlighting 

the methods’ potential in resolving some of the controversy on fluid and metal sources of sediment-

hosted Cu deposits.  

The principal considerations with regard to the physicochemical factors (pH, fO2, aSiO2, fCO2) 

controlling the mineral stabilities derived from the thermodynamic model outlined in Chapter 2 and 

Appendix 2 remain valid. In light of the additional insight gained through the fluid inclusion and 

stable isotope studies, however, the assumption of different mixing ratios between only two 

chemically contrasting fluid end-members has to be extended to include three end-member 

compositions. The results and conclusions summarized in this Chapter were submitted to Chemical 

Geology in a manuscript titled „Red bed and basement sourced fluids recorded in hydrothermal Mn–

Fe–As veins, Sailauf (Germany): A LA-ICPMS fluid inclusion study“ (Appendix 3). 
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Conclusions 

This study provides first insight into the scale, efficiency and complexity of fluid mixing processes 

relevant to formation of unconformity-related hydrothermal ore veins. The results show that in-situ 

analysis of individual fluid inclusions in petrographically well-constrained fluid inclusion assemblages 

constitutes a very powerful tool in deciphering the compositional evolution of hydrothermal fluid 

systems during mineral precipitation. Using well-established halogen ratios as fluid source indicators 

in combination with aqueous base metal concentrations, it was possible to unambiguously prove fluid 

mixing processes on the scale of individual growth zones of a single quartz crystal from a basement-

hosted hydrothermal Pb-Zn quartz-baryte vein in the Schwarzwald district, SW Germany. The process 

involved a metal-bearing basement-interacted brine with a halite-dissolution brine derived from the 

sedimentary cover rock sequence. Furthermore, evidence for fluid mixing processes relevant to the 

formation of a complex hydrothermal Mn-Fe-As vein mineralization in the Spessart district, Central 

Germany, was found using less well-established chemical tracers. Li/B and K/Li ratios clearly identify 

several end-member fluid compositions to have been involved in the formation of the mineralization, 

thus indicating significant changes in the prevailing hydrological regime during the lifetime of the 

hydrothermal system. The fluid end-members could be directly linked to different mineralization 

styles and are compositionally similar to red bed- and basement-interacted fluids. The study thus 

demonstrates that multi-element chemical analysis of individual fluid inclusions by LA-ICPMS 

enabled discrimination between these fluid reservoirs, providing a new approach for futures studies 

focusing on the disputed metal sources of sediment- and basement-hosted Cu- and Pb-Zn deposits. 

All results were obtained from in-situ individual fluid inclusion analysis on the thin section scale, 

demonstrating the wealth of obtainable information given good petrographic and paragenetic 

constraints on age relations between fluid inclusion assemblages. In both localities the major element 

composition of all fluid inclusions determined by microthermometry was very similar and in itself did 

not clearly indicate mixing processes to have occurred. Consequently, while microthermometry 

certainly remains an indispensable part of any fluid inclusion study, more sophisticated analytical 

methods may yield additional genetic information that otherwise might be completely overlooked. 

Moreover, similar major element compositions of fluid inclusion populations is a common quality 

criterion to justify the application of bulk analytical techniques like ion chromatography (e.g. BANKS 

and YARDLEY, 1992; MCCAIG et al., 2000; GLEESON et al., 2001; BANKS et al., 2002; DEWAELE et 

al., 2004). In light of the data presented here, the validity of this conjecture in geological contexts 

where fluid mixing between similarly saline fluid end-members might have occurred may be 

questioned, although they certainly do not render all previous studies involving bulk methods 

meaningless. However, the scale at which fluid mixing processes were shown to occur would not have 

been detectable by any bulk analytical method and most of the genetic implications for the formation 

of hydrothermal ore veins derived in this study would have been overlooked. 
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