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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 erklart, fur deren Stattfinden auf der Skala einzelner Erzgange
aber meist nur indirekte Nachweise vorliegen bzw. deren Effizienz auf diesem Malstab generell
umstritten ist. Mit Hilfe wvon Laserablations-Massenspektrometrie (LA-ICPMS) wurden
Multielementanalysen an einzelnen Fluideinschliissen einer Quarz-Baryt-Pb-Zn Gangmineralisation
im kristallinen Grundgebirge des Schwarzwalds durchgefiihrt. Die Fluide zeigen klare negative
Korrelationen der CI/Br Massenverhaltnisse mit Konzentrationen von Pb und Zn, sowohl zwischen
Gruppen kogenetischer Einschliisse auf verschiedenen Wachstumszonen desselben Quarzkristalls, als
auch innerhalb der Gruppen selbst. Dies belegt sehr kurzlebige und variable Mischungsvorgange
zwischen einem metallarmen Muschelkalk-Formationswasser, das seine hohe Salinitdt und hohes
CI/Br Verhéltnis durch Halitlosung erhielt, mit einem metallreichen, hochsalinaren Grundgebirgsfluid
wahrend der Bildung der Mineralisation in Folge seismischer Aktivitat. Diese Ergebnisse stellen den
ersten direkten Nachweis fiur das Ablaufen von Fluidmischungsprozessen zwischen zwei

hochsalinaren Fluiden auf dem Malstab einzelner Gangartkristalle dar.

Die hydrothermale Mn-Fe-As Gangmineralisation in Sailauf (Spessart) durchschlagt einen
unterpermischen Rhyolithkérper 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 wahrend zeitlich voneinander abgrenzbarer Vererzungsphasen. Die
Mn-Oxid-Vererzungsphase umfasst Mn-Oxide und Calcit, wahrend die Hamatit-Vererzungsphase
durch Hamatit und Mn-Calcit gekennzeichnet ist. Thermodynamische Modellierungen zeigen, dass die
Paragenesen deutliche Fluktuationen physikochemischer Parameter wie pH, foy, fco, Und asio, belegen.
Mischungen von oxidierenden, neutralen Fluiden aus dem kristallinen Grundgebirge mit
reduzierenden und alkalischen Fluiden aus den oberhalb der Génge liegenden Zechsteindolomiten
kdnnen diese Variationen erklaren und werden auch durch Seltenerdelement-Verteilungsmustern der
Karbonate angezeigt. Mit Hilfe von LA-ICPMS Analysen an Fluideinschliissen mit petrographisch
eindeutigen Altersbeziehungen konnen 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, wéhrend in Bezug auf
Hauptelementchemie und Salinitdt praktisch keine Unterschiede bestehen. Die Fluide der Hamatit-
Vererzungsphase zeigen Ahnlichkeiten zu Fluiden, die mit kristallinen Grundgebirgsgesteinen
interagiert haben, wihrend die hoch oxidierenden Fluide der Mn-Oxid Vererzungsphase Ahnlichkeiten
zu Fluiden aus klastischen Sedimenten des Rotliegenden aufweisen. Diese Fluide mischten sich als
Folge veranderter hydrologischer Rahmenbedingungen in zeitlich getrennten Phasen hydrothermaler

Aktivitat mit Formationswassern des Zechstein.



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 CI/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 CI/Br ratio derived from evaporite-bearing Triassic limestones
(Muschelkalk) and a metal-rich basement-interacted brine with low CI/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, fo,, fcoz and asio,. 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 fo, 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
(AUDETAT et al., 1998; GUNTHER 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
(AUDETAT 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.qg.
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



Introduction

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.% NaCl.,, which are common in the upper continental
crust and were found to depths of several km (FRAPE and FRITz, 1987; PAUWELS et al., 1993;
MOLLER 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; Kozly et al.,
2009), while others advocate metal uptake via leaching of red bed clastic rocks by late diagenetic

formation waters (JOWETT, 1986; OSzZCZEPALSKI, 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). lon 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 (AUDETAT 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, foz, fcoz asioz),
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.



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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Schwarzwald district, Germany

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.% NaCle, 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+CaCl,).q 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 CI/Br mass ratios of ~80 were found in fluids
with base metal concentrations (Pb+2n) of over 1000 pg/g, while high CI/Br mass ratios of up to 780
occur in fluids with very low base metal concentrations of 10-20 pg/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 CI/Br signature of the fluid source reservoir (RITTENHOUSE,
1967; BOHLKE and IRWIN, 1992; KESLER et al., 1996; GLEESON et al., 2001; STOFFELL et al., 2008).
Low CI/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 CI/Br
ratios into the basement (GLEESON and YARDLEY, 2003). Conversely, very high CI/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 CI/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 CI/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 pm thick and full of 10-50 um 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).



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 (KADING, 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 (KADING, 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 c¢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 (x5) 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 Langban-type deposits in Sweden (HOLTSTAM, 2001; HOLTSTAM
and MANSFELD, 2001) or the Val-Ferrara in Switzerland (BRUGGER and GIERE, 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 llfeld (Harz Mountains, central
Germany) and llmenau (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 KRupPP, 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 Fe**/Fe** occurs at much lower redox state than
the Mn**/Mn*" transition (KRAUSKOPF, 1957; CRERAR et al., 1980). Upon crossing of the Fe redox
boundary, weakly soluble hematite would precipitate, while more soluble Mn**-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 CO, 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 fo,, pH, fco, and asio,. 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 Mn**-Mn-oxide. The results reflect the first order control of CO, 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 CO,
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 CO, 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 asiop, 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 llmenau 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; MOLLER 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 %o relative to V-SMOW. The 8*0y.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 %o. In terms of carbon isotopic compositions all carbonate generations are
relatively similar, with 8Cypps Vvalues between -5.8 and -3.1 %.. Hematite oxygen isotopic
compositions are between -4.8 to -2.5 %o relative to V-SMOW. Pre-ore stage celadonites possess
relatively constant 8"0y.smow Values of +13.2 to +15.5 %o; however, their 8Dy.smow compositions

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

High calcite 5'80y.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
8"0v.smow Vvalues, 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 5"®Oy.swow Values using
carbonate isotopic compositions, fluid inclusion homogenization temperatures and suitable calcite-
H,O 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 8800 values of 2 — 5 %o, whereas the Mn-oxide stage
paragenesis formed from isotopically very heavy fluids with 8O0 of 13 — 17 %o, relative to V-
SMOW. High fluid 5'®0y.smov Vvalues 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-H,O fractionation factors
(ODIN et al., 1988; CAPUANO, 1992; SHEPPARD and GILG, 1996). Pre-ore stage celadonite 5"°Opy0

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 8Dv.smow Values, which at Sailauf were found to be as low as -80 %o, 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 6Dy.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+CaCl; ¢, 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 Fls 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; LUDERS 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; LUDERS et al., 2005). CI/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 PUTTMANN, 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 Faule’ (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 PUTTMANN, 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 (MATTHAI 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 6Dyv.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 Faule’ footwall rocks. However, Cu concentrations in all
fluids observed at Sailauf appear very low (<10 ug/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
Ha/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, foz, asio2, fcoz)
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 agueous 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 vyield 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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ABSTRACT

Fluid mixing across unconformities between crystalline hase-
ment and overlying sedimentary basins is commonly invoked as an
efficient chemical mechanism for ore deposition, but the origin of
basement brines and the process of ore formation have rarely been
linked by direct evidence. Using laser ablation—inductively coupled
plasma-mass spectrometry microanalysis of individual fluid inclu-
sions with an improved detection approach for anion components,
we determined simultaneously the ore metal concentrations and
the CI/Br ratio in texturally well constrained inclusion assemblages
from a basement-hosted quartz-fluorite-barite-Ph-Zn vein system.
An inverse correlation between the Pb + Zn concentrations and the
CI/Br mass ratios in the fluid inclusions provides clear evidence for
mixing of a basement-derived metal-rich brine and a metal-poor
formation water that acquired its salinity from halite dissolution in
‘Triassic evaporites of the sedimentary cover. This mixing of two dis-
tinct brines with comparable salinity is recorded during the growth
of individual quartz crystals containing small galena inclusions, dem-
onstrating the transient and episodic nature of fluid mixing during
mineral deposition.

INTRODUCTION

Na-Ca-rich basement brines are widespread in the crystalline conti-
nental crust (Frape and Fritz, 1987). Although their mode of formation and
the source of their salinity are still debated, they are increasingly recog-
nized as a major agent in the formation of many world-class hydrothermal
ore deposit types, including sediment-hosted and vein-type Pb-Zn deposits
(Gleeson et al., 2001; Muchez et al., 2005; Leach et al., 2010; Wilkinson,
2010), shale-hosted Cu deposits (Koziy et al.. 2009). and unconformity-
related U deposits (Derome et al., 2007; Boiron et al., 2010; Richard et al.,
2012). Prominent examples where basement brines have been invoked as
the major transporter of ore metals are the Irish-type Pb-Zn deposits (Rus-
sell et al., 1981; Wilkinson, 2010), the Cu deposits of the Central African
copper belt, and the Kupferschiefer in Europe (Muchez et al., 2005; Koziy
et al., 2009). Evidence for the diverse origins of basement brines and their
role in ore deposit formation comes from geological relations and radio-
genic isotope studies that were able to conclusively trace metal sources to
basement rocks (Dixon et al., 1990; Goldhaber et al., 1995), and from fluid
inclusion analysis for conservative components like halogen ratios (Banks
et al., 2000) and stable isotope studies (Stoffell et al., 2008; Wilkinson,
2010). Fluid inclusion data demonstrate the presence of unusually metal-
rich saline brines that record a high-temperature origin, compatible with
fluid-rock interaction in the crystalline basement underlying the sedimen-
tary basins that host the ore deposits (Wilkinson et al., 2009: Richard et
al., 2012).

The hot chloride-rich brines are able to transport high concentrations
of Pb, Zn, and Cu, to thousands of pg/g (Wilkinson et al., 2009), from the
crystalline basement to shallow crustal levels, due to the enhanced stabil-
ity of metal chloride complexes at elevated temperatures (Yardley, 2005).
The formation of major sediment-hosted ore deposits also requires sub-
stantial fluid focusing and a mechanism that efficiently supplies reduced
sulfur, which is essential for precipitating sulfide ore minerals (Goldhaber

[

et al., 1995; Wilkinson et al., 2005; Leach et al., 2010). Fluid mixing
between metal-rich basement brines and reduced sulfur-bearing sedimen-
tary formation waters has been suggested as the most efficient process for
Pb-Zn ore mineral precipitation. Evidence for fluid mixing comes from
fluid inclusion data and bulk halogen systematics (Derome et al., 2007;
Stoffell et al., 2008; Boiron et al., 2010), stable isotope geochemistry
(Goldhaber et al., 1995), and palechydrological modeling (Plumlee et al.,
1994; Garven et al., 1999). Despite considerable advances in understand-
ing the chemistry of base metal ore fluids and the physical and chemi-
cal processes that control their formation (Stoftell et al., 2008; Wilkinson
et al., 2009}, some discrepancy remains with regard to the hydrological
efficiency of fluid mixing compared to its expected effectiveness on geo-
chemical grounds (Appold and Garven, 2000). Thus, while many studies
infer the importance of mixing processes for the formation of ore deposits
on basinal or district scales, direct evidence on the scale of individual ore
veins that could potentially resolve this discrepancy is lacking.

Here we report the results of a fluid inclusion study of basement-
hosted Pb-Zn veins from the Schwarzwald in southwestern Germany that
reconstructs the fluid sources based on a combination of detailed textural
analysis of fluid inclusion assemblages and laser ablation—inductively
coupled plasma-mass spectrometry (LA-ICPMS) microanalysis of the
fluid composition. Reflecting recent advances in analytical techniques
(Seo et al., 2011), it was possible to measure ore metal (Pb. Zn. Ag, As,
Sb) and halogen (Cl, Br) concentrations simultaneously in the same fluid
inclusions. This revealed clear correlations between CI/Br ratios and total
metal content at the scale of single growth zones in quartz crystals, pro-
viding the first direct evidence for fluid mixing processes at the scale of
individually trapped fluid pulses.

Ph-Zn VEIN MINERALIZATION IN THE VARISCAN
BASEMENT

Post-Variscan Mesozoic vein-type Pb-Zn mineralization is wide-
spread in large parts of western and central Europe, including Variscan
basement complexes of Germany, France, England, and Spain (Muchez et
al., 2005). Typical examples of Pb-Zn-fluorite-barite veins that form part
of a long-lived crustal-scale hydrothermal system are exposed in the crys-
talline basement of the Schwarzwald, Germany (Fig. 1). The Schwarzwald
forms part of the European Variscan orogen, comprising Paleozoic gneiss
complexes crosscut by syntectonic to late tectonic Variscan granitoids
(Hann and Zedler, 2008). The crystalline basement is unconformably over-
lain by Permian and Lower Triassic redbed sedimentary rocks and Middle
Triassic to Jurassic carbonates with intercalated claystones and evaporites.
Comparable sedimentary rocks underlain by Variscan basement are host
to major Mississippi Valley-type Pb-Zn deposits in Upper Silesia, Poland
(Muchez et al., 2005). Large-scale extensional tectonics that commenced
in the Tertiary resulted in the formation of the Upper Rhine Graben rift
zone. Rifting caused exhumation of the crystalline basement and erosion
of the post-Variscan sedimentary cover rocks. The Schwarzwald hosts
~1000 known hydrothermal veins, which are mostly confined to base-
ment rocks and rarely extend into the overlying sediments. The veins
occurring throughout the district have been classified into several groups
based on age and metal inventory, the most common type being Mesozoic
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Figure 1. Geological map of Schwarzwald hydrothermal system (south-
western Germany) showing location of studied quartz-barite-fluorite-
Pb-Zn vein mineralization (modified after Hann and Zedler, 2008).

quartz-fluorite-barite veins with Pb-Zn-Cu, Fe-Mn, or U-Bi-Ag-Co-Ni ore
mineralization (Staude et al., 2009). The paleohydrological setting at the
basement-cover interface makes the large-scale hydrothermal system of
the Schwarzwald an ideal natural laboratory for investigating the interac-
tion between basement-derived fluids and formation waters.

ANALYTICAL TECHNIQUES

Representative samples of quartz-harite-fluorite-Ph-Zn mineralization
were selected for detailed texturally resolved fluid inclusion studies. The
samples originate from a 10-m-thick cluster of hydrothermal veins north of
the town Bad Sulzburg (southwestern Schwarzwald; Fig. 1). Massive barite
veins are crosscut by hematite-bearing quartz veins, with euhedral chevron
quartz crystals (1o 5 em in size) occurring inside open cavities. The crys-
tals show pronounced growth zoning (Fig. 2) and several generations of
well-preserved fluid inclusion assemblages. Galena inclusions occur along
growth zones inside the quartz, whereas fluorite overgrows quartz and rep-
resents the latest hydrothermal mineral in this vein system.

Microthermometry was performed using a Linkam THMSG-600
cooling-heating stage, which was calibrated against synthetic fluid inclu-
sion standards. LA-ICPMS microanalysis of individual fluid inclusions
was performed with a Perkin Elmer Elan 6100 quadrupole ICPMS con-
nected to a GeoLas 193 nm ArF excimer laser system. Analytical pro-
cedures were given by Heinrich et al. (2003) and Seo et al. (2011). LA-
ICPMS analyses were done with two different element suites, the first
containing 22 elements (Li, Na, K, Rb, Cs, Mg, Ca, Sr, Ba, B, Fe, Mn,
Zn, Pb, Ag. Tl As, Sh, S8, Cl. Br, and Si). The second one was optimized
for high-precision analysis of CI/Br ratios and contained only 9 elements
(Ma, Ca, Fe, Mn, Zn, Pb, Cl, Br, and Si). The external standardization
was based on Na concentrations calculated from microthermometric data
using the model system H,0-NaCl-CaCl, (Steele-Maclnnis et al., 2011).
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Figure 2. Fluid inclusion chronology in growth-zoned chevron quartz
crystal. Growth zones hosting primary (P) fluid inclusions and pseu-
dosecondary (PS) fluid inclusion trails are highlighted by dashed red
lines and solid green lines, respectively.

Data reduction was carried out using the SILLS (Signal Integration for
Laboratory Laser Systems) software package (Guillong et al., 2008).

MAJOR ELEMENT CHEMISTRY OF FLUID INCLUSIONS

The vein quartz samples show well-developed growth zoning with
fluid inclusions trapped on each major growth surface (Fig. 2) and on trails
that crosscut some growth zones, allowing a complete reconstruction of
the relative timing of sequentially trapped fluid inclusion assemblages.
The fluid inclusion assemblages situated on one growth zone or one pseu-
dosecondary trail were taken as coeval and then grouped as primary (P)
and pseudosecondary (PS) assemblage groups (Fig. 2), with increasing
numbers denoting younger age. All fluid inclusions are agueous two phase
(liquid-vapor) with a vapor bubble size of ~5 vol%, and contain both ice
and hydrohalite after freezing. Sequential freezing and low heating rates
of 0.2 “C/min were used to account for sluggish dissolution behavior of
hydrohalite, which invariably melts a few degrees before ice upon heal-
ing. Figure 3 shows the bulk composition of 174 fluid inclusions in the
H,0-NaCl-CaCl, phase diagram. The data are remarkably consistent for
fluid inclusion assemblages trapped on individual growth zones and pseu-
dosecondary inclusion trails. Total salinities are fairly constant at 23 wt%
(NaCl + C21C|J). whereas Na/Ca ratios vary. This variation is based on
differences in hydrohalite melting temperature of ~4 °C, well outside the
analytical uncertainty (0.5 °C). Homogenization temperatures are fairly
constant throughout all fluid inclusion assemblages and are in the range
of 130-160 °C.

TRACE ELEMENT GEOCHEMISTRY OF FLUID INCLUSIONS
Microanalysis with LA-ICPMS was carried out on fluid inclusions
of at least 25 pm to ensure low detection limits and acceptable counting
statistics for trace ore metals and Br. We conducted 70 successful mea-
surements on inclusions from all assemblage groups with the full element
suite and 28 with the reduced element suite. The microthermometric and
concentration data for all elements analyzed are available in Table DR1
in the GSA Data Repository’. Figure DRI (in the Data Repository) con-
tains two representative LA-ICPMS signals of fluid inclusions and the

'GSA Data Repository item 2013187, Table DRI (microthermometric and
concentration data) and Figure DR1 (representative LA-ICPMS signals of fluid
inclusions and adjacent host quartz), is available online at www. geosociety.org
Jpubs/fi201 3. htm, or on request from editing @ geosociety.org or Do ts Sec-
retary, GSA, P.O. Box 9140, Boulder, CO 80301, USA.
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DISCUSSION AND CONCLUSIONS

The fluid inclusion data show CI/Br ratios between 80 and 780 that
are negatively correlated with the ore metal concentrations. Low Cl/Br
ratios (80-100) are typical of basement-derived brines that originated as
residual brines after extensive evaporation of seawater, whereas high Cl/
Br ratios above that of seawater (290) can be attained via halite dissolu-
tion when fluids percolate through evaporitic sequences (Frape and Fritz,
1987; Banks et al., 2000). The ore metal concentrations (Ph + Zn) are
negatively correlated with the CI/Br and Na/Ca ratios, both at the scale
of different growth zones and within the same growth zone of individual
quartz crystals. The data are best explained by fluid mixing processes that
involve a metal-rich basement brine with low CI/Br ratio and a metal-
depleted halite dissolution brine with much higher CI/Br ratio derived
from evaporite-bearing Triassic sedimentary rocks. Elevated Ca concen-
trations in the latter are most likely related to Na-Ca exchange reactions
along the flow path through the uppermost parts of the basement. The

GEOLOGY | June 2013 | www.gsapubs.org

Figure 4. A: Microanalysis of single fluid inclusions shows close
correlation between total base metal content (Pb + Zn) and Ca/Na
ratio. P—primary; PS—pseudosecondary; FIA—fluid inclusion as-
semblage. B: Close correlation between Pb + Zn and CI/Br ratio, re-
sulting from mixing of two brines with similar total salinity (Fig. 3). C:
Major variation of total metal content at constant Pb/Zn ratio reflects
mixing of metal-bearing brine with metal-depleted fluid. Open and
filled symbols denote analyses performed with full and reduced ele-
ment suite, respectively.

constant Ph/Zn ratios (Fig. 4C) support this interpretation, because crustal
fluids typically show a linear correlation between both metals, which is
controlled by sulfide saturation in the source aquifers and fluid salinity
(Yardley, 2005). Dilution of a metal-bearing basement brine via mixing
with a metal-depleted fluid would result in greater variation in the absolute
concentrations of Pb and Zn without changing their ratio. The bulk salin-
ity does not show large variations, suggesting that fluid mixing involved
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two brines of very similar bulk properties but different Na/Ca ratios. This
observation is in agreement with fluid inclusion data from post-Variscan
basement-hosted vein mineralization (Staude et al., 2012) and the Soultz-
sous-Foréts geothermal site in the Upper Rhine Graben, where brine
inclusions with highly variable CI/Br ratios were interpreted to record
fluid mixing between a basement brine and formation water formed via
halite dissolution (Boiron et al., 2010). The compositional variability we
observe at the scale of individual growth zones and fluid inclusion trails
suggests that the quartz crystals have trapped fluids that were not compo-
sitionally homogeneous and that fluid mixing processes are transient and
can occur at a small scale. This supports earlier observations from uncon-
formity-related ore deposits (U deposits in Canada, Australia, and Africa,
and fluorite-barite-Ph-Zn mineralization in France), where variations in
bulk salinity and homogenization temperatures of fluid inclusions trapped
on individual microfractures were interpreted in terms of small-scale fluid
mixing processes (Boiron et al., 2010).

In conclusion, our data clearly demonstrate that fluid mixing between
a metal-bearing basement brine and a metal-depleted halite dissolution
brine was responsible for formation of quartz-barite-fluorite-Ph-Zn vein
mineralization. The data also show that geochemical signatures indicative
of fluid mixing processes can be easily overlooked in conventional fluid
inclusion data and bulk fluid analysis, and may require single-inclusion
microanalytical data in order to be detected.
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The Sailauf Mn-Fe— As vein mineralization, located in the Spessart district (central Germany), is character-
ized by complex hydrothermal carbonate and oxide assemblages. The mineralization is hosted by a Permian
rhyolite body and is structurally related to the Variscan unconformity that separates Permian sedimentary
rocks from the underlying Variscan crystalline basement. The hydrothermal vein system has been studied
by optical microscopy, electron-microprobe and LA-ICPMS analysis of major and trace elements (including
the REE). Four distinct mineralization stages that are characterized by diagnostic carbonate-oxide assem-

aﬂnﬁﬁhs mineralization blages are identified, which are (1) pre-ore stage, (2) ore stage 1, (3) ore stage 2, and (4) the replacement
LA-ICPMS stage. Hydrothermal carbonates show complex compositional trends in Ca— Mn- (Fe + Mg) space, and com-
Trace elements prise calcite, Mn-calcite, Fe - Mg calcite, Ca-rhodochrosite, and Ca-kutnahorite. Oxide assemblages are dom-
Mn oxides inated by braunite and hematite, with minor amounts of manganite and hausmannite. The mineralization is
Carbonates enriched in a distinct suite of trace elements, including As, W, Pb, Zn and Cu. Analysis of the paragenetic evo-

REE geochemistry lution, in conjunction with the major and trace element data, allows to reconstruct the fluid evolution of the

hydrothermal system. The first order change in mineralogy between the two main ore stages (Mn oxides and
calcite evolving into hematite and Mn-rich calcite) records a pronounced shift in fluid pH and silica activity of
the system. This interpretation is also supported by variations in the behavior of Ce in different carbonate
generations. The late stage replacement carbonates relate to destabilization of the primary ore assemblages.
The distinct geological setting immediately below the Permian unconformity, in conjunction with the miner-
alogical and chemical data, suggests that dynamic fluid mixing processes involving basement-derived brines
and more shallow groundwaters were important in the formation of the Sailauf Mn— Fe— As mineralization.
The significant enrichment in the As—W - Pb-Zn- Cu element suite resembles that of other Mn - Fe deposits,
and points to felsic lithologies as the main metal source of the mineralization.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Hydrothermal Mn-Fe oxide deposits represent a widespread
mineralization style, which occurs in diverse geological settings and dif-
ferent depositional environments. The geological settings range from
volcanogenic deposits at mid-ocean spreading centers to sedimentary-
exhalative deposits in arc settings, and hot spring and hydrothermal
vein type deposits, sometimes associated with epithermal base metal
sulfide or Ag— Au mineralization (Hewett, 1964; Roy, 1981). In systems
that are closely associated with volcanic rocks, boiling of fluids at greater
depths has been invoked for sulfide precipitation, while the metal inven-
tory that is associated with the Mn-Fe mineralization is then
transported to shallower levels by the residual liquid phase (Hein et al.,

* Corresponding author,
E-muail address: tobias.fusswinkel@uni-tuebingen.de (T. Fusswinkel).

0169-1368/8 - see front matter © 2012 Elsevier BV. All rights reserved.
htep://dx.doi.org/10.1016/j.oregeorev.2012.08.001

2000). Hydrothermal vein deposits in marine settings are commonly
interpreted as feeder zones for submarine-exhalative deposits (Hein et
al., 2000). Irrespective of the large variability in geological settings in
which these deposits occur, earlier studies have shown that consistent
similarities in trace element enrichment (As - W - Pb— Zn— Cu) exist be-
tween sedimentary-exhalative and terrestrial deposits. These have been
essentially related to interaction with felsic (and often volcanic) source
rock lithologies (Glasby et al, 2005; Hewett, 1964; Holtstam and
Mansfeld, 2001; Nicholson, 1992; Roy, 1981). The driving force for
fluid convection and migration in most hydrothermal Mn- Fe deposits
is considered to be an anomalously high heat flow due to volcanic
activity (Roy, 1981).

Precipitation of ore minerals in Mn- Fe deposits is commonly linked
to mixing of metal bearing hydrothermal brines with stagnant ground-
waters or seawater, which typically results in the separation of Fe from
Mn (Hewett, 1964; Roy, 1981). Both metals are highly soluble in
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aqueous brines in the divalent form due to formation of stable chloride
complexes (Krauskopf, 1957), whereas oxidation leads to rapid precip-
itation of Fe and Mn oxide or oxyhydroxide minerals (Krauskopf, 1957;
Roy, 1981). Because both elements show significant differences in their
redox potential, the transition between the divalent and more oxidized
forms will be crossed at different times along fluid evolution paths,
resulting in spatial separation of Fe and Mn oxide minerals. Therefore,
both metals are sensitive redox and pH indicators, making them ideally
suited to reconstruct the depositional conditions and precipitation
mechanisms of hydrothermal vein mineralization or of fluid controlled
alteration processes affecting pre-existing Mn - Fe ore bodies (Gutzmer
and Beukes, 1995; Jonsson and Broman, 2002). Many geologically old
Mn - Fe ore deposits have been affected by metamorphic, diagenetic
or supergene modification, obliterating much of the primary mineral
assemblages that recorded the physicochemical properties of the pri-
mary mineralizing fluids (Brugger and Gieré, 2000; Glasby et al.,
2005; Hein et al., 2000; Holtstam and Mansfeld, 2001; Leal et al., 2008).

The structurally controlled Mn - Fe— As vein mineralization at Sailauf
(Spessart, central Germany) has recorded and preserved a complete se-
quence of changes in fluid chemistry in the mineral assemblages and
trace element inventory. Multiple hydrothermal pulses with evolving
pH and redox conditions have resulted in a complex but paragenetically
and texturally well constrained assemblage of carbonates, Mn and Fe ox-
ides, and As and W bearing mineral phases. The vein mineralization is
hosted by a porphyritic subvolcanic rock body of rhyolitic composition
(Hartkoppe rhyolite) of lower Permian age, and occurs as a set of five dis-
tinct veins immediately below the unconformity separating the Variscan
crystalline basement and the overlying Permian to Triassic sedimentary
rocks. A large number of other hydrothermal deposits were described
in close proximity to Sailauf throughout the Spessart district, the forma-
tion of which was ascribed to fluid mixing processes controlled by the
basement-cover interface (Okrusch et al., 2007; Wagner et al., 2010).
On a larger scale, the formation of many other post Variscan vein

mineralizations in central Europe has been related to the Variscan un-
conformity (Dill, 1988; Dill and Nielsen, 1987). The Sailauf mineraliza-
tion, despite not being an economically viable ore deposit, provides an
important window into the evolution of the fluid compaosition and depo-
sitional conditions during the protracted history of a high oxidation state
hydrothermal system. The present study reports the results of a compre-
hensive mineralogical, major and trace element study of hydrothermal
oxide and carbonate minerals. The data are used to reconstruct the evo-
lution of the fluid composition, and to establish the first order factors that
have controlled the mineral deposition processes,

2. Geological setting

The Spessart district (Fig. 1) is composed of two distinct geological
units, which are the basement of the Spessart crystalline complex
(SCC) and the Paleozoic to Mesozoic cover comprising sedimentary
rocks of lower Permian (Rotliegend) to Triassic (Bunter Sandstone)
age. The SCC is part of the Mid German Crystalline High, the internal
zone of the central European Variscan orogen (Franke, 2000). The
SCC consists of metamorphosed sedimentary rocks of Proterozoic,
Cambro-Ordovician and Silurian ages, intercalated with amphibolites
and orthogneisses (Okrusch and Weber, 1996). During the Variscan
orogeny, peak metamorphism attained medium-pressure amphibolite
grade conditions (Okrusch and Weber, 1996) and was accompanied
by large scale compressional deformation. Rapid uplift and cooling oc-
curred between 325 and 315 Ma (Masir et al, 1991). During the
Lower Permian, the crystalline complex was intruded by felsic magmas,
forming several subvolcanic bodies that included the Hartkoppe rhyo-
lite close to Sailauf. No radiometric age data are available for the Sailauf
rhyolite, although indirect evidence for its minimum age comes from
rhyolitic detritus found in Lower Permian red bed sedimentary rocks
(Okrusch et al,, 2011).

.
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Fig. 1. Geological sketch map of the Spessart districr, showing the location of base metal deposits and the Sailauf Mn - Fe - As mineralization. Modified after Okrusch et al, (2011),
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The crystalline basement is unconformably overlain by red bed sedi-
mentary rocks of the Rotliegend (Lower Permian}, which are only locally
preserved, These comprise conglomerates, sandstones and siltstones,
which formed as erosion products of the Variscan mountain range. The
red beds are overlain by sequences of the Upper Permian (Zechstein),
which comprise (from bottom to top) basal manganiferous conglomer-
ates and breccias, black shales (i.e. the Kupferschiefer), bituminous dolo-
mites of the Werra cycle and clay and marlstones of the Leine and Aller
cycles (Kading, 2005; Menning et al., 2005 ). The uppermost stratigraphic
unit contains a well-defined claystone (Brackelschiefer). The Zechstein is
conformably overlain by continental sand- and siltstones, conglomerates
and sandy mudstones of Triassic age, which constitute the Bunter
Sandstone (Okrusch et al, 2011). Lower Middle Triassic limestones
(Muschelkalk) represent the stratigraphically youngest unit preserved
in the Spessart district, while the Middle Triassic to Upper Jurassic sedi-
mentary rocks originally covering the area have been entirely eroded
during regional uplift (Okrusch et al, 2011).

Basement and cover lithologies are crosscut by two major fault
systems, a predominant system striking NW-SE and dipping steeply
to the NE or SW, and a subordinate system striking NE-SW. Both
fault systems were activated during post-Variscan extensional tecton-
ics (Ziegler, 1987) and provided important fluid pathways, reflected
by the frequent occurrence of barite-quartz mineralization (Wagner
et al, 2010). Several types of hydrothermal base metal deposits,
both structurally controlled and stratabound, occur throughout the
Spessart district, Their formation has been related to fluid mixing pro-
cesses at the basement-cover interface (Okrusch et al., 2007; Wagner
et al., 2010), which explains the occurrence of all major deposits close
to this first order structural feature (Fig. 1).

2.1. The Sailauf Mn - Fe— As mineralization

The vein-type Mn-Fe-As mineralization is hosted by a Lower
Permian rhyolite body, which is exposed in a 50 m deep quarry at the
Hartkoppe hill (Fig. 2). The rhyolite body has a size of approximately
400 m length and 200 m width. The basement-cover unconformity is
exposed at the top of the quarry, where the crystalline basement and
the rhyolite are overlain by sequences of Upper Permian Zechstein.
The rhyolite is emplaced in a small slab of mica schists, which forms
an intercalation in orthogneisses (Rotgneiss complex; Dombrowski
et al., 1995). Parts of the rhyolite body display irregular (sub)-vertical
to horizontal jointing, whereas other parts of the rhyolite form compact
rock masses with well-developed flow textures. Both observations sug-
gest a complex emplacement process, possibly during subvolcanic lava
dome formation. The rhyolite is a compact, matrix dominated, mostly
porphyritic rock containing phenocrysts of quartz and K-feldspar in a
fine grained groundmass of purple-grayish color. Clay alteration and
hematitization of the rhyolite is widespread, the latter resulting in the
commonly pronounced red color. A striking feature of the Hartkoppe
rhyolite is the abundance of dark grey crusts of native arsenic, uraninite
and subordinate sulfides, reaching diameters of up to 25 cm (Lorenz,
1995). The crusts appear to be localized on otherwise unmineralized
fracture planes where they form individual irregular round patches,
sometimes surrounded by bleaching halos of up to 2 cm in size. The
transition between the halo and the non-bleached rhyolite is remark-
ably sharp.

The massive rhyolite body is crosscut by five parallel, NW-SE strik-
ing fault systems, which host discontinuously mineralized hydrother-
mal veins with thicknesses ranging from about 1 to 25 cm (Fig. 3).
The mineralized parts of the veins are numbered as A to E, from NE to
SW (Fig. 2). Four distinct stages of hydrothermal mineralization can
be distinguished macroscopically, the texturally earliest being dominat-
ed by celadonite, carbonates and minor hematite and fluorite, The sub-
sequent assemblage composed of carbonates and Mn oxides such as
braunite, hausmannite and manganite makes up the bulk of the miner-
alization, whereas a later generation of carbonate-hematite dominated

vein fillings with minor fluorite and celadonite is less common. Brecci-
ation of the host rock in the vicinity of the veins is widespread and often
associated with a pronounced black color of rhyolite clasts incorporated
into the breccia matrix. The black color is mainly due to impregnation
with very fine-grained Mn oxides.

Previously published geochronologic data of different ore and
gangue minerals yielded exclusively Mesozoic ages. Hautmann et al.
(1999) carried out (U+Th)-He dating of braunite, hausmannite
and hematite, as well as K- Ar dating of illite and celadonite. Braunite
yielded ages of 157-158 Ma, whereas hematites were dated at 136-
148 Ma. Hausmannites gave crystallization ages of approximately
130 Ma. Illite yielded K - Ar ages of 156-161 Ma, whereas different gen-
erations of celadonite gave a range in ages from 98 to 120 Ma.

3. Samples and methods

The mineralization was systematically documented and sampled
by one of the authors (JL) since 1984, and a complete suite of samples
representing all known mineralization types is available. The sample
suite was further augmented by few additional samples collected on
the present mining levels. A total number of 120 samples were stud-
ied petrographically, and Table 1 lists the samples that were selected
for further electron-microprobe and LA-ICPMS analysis of major and
trace elements.

3.1. Electron-microprobe analysis

The major element composition of carbonate minerals, braunite,
hausmannite, manganite, hematite and arsenate minerals was deter-
mined with a JEOL JXA-8900RL instrument in Tiibingen, Natural and
synthetic standards were used for calibration. Carbonates, Mn ore min-
erals, hematite and arsenates were analyzed with specifically developed
analytical protocols, The instrument settings, standard materials and in-
tegration times are summarized in Appendix A. For carbonate analysis,
an overlap correction between the As- Lo and Mg - Ko lines was re-
quired. Overlaps between As— Lo and Fe— Ko were corrected in both
carbonate and Mn mineral data. Element distribution maps of Si, As,
Mn, and Ca were acquired at 20 kV acceleration voltage and 100 nA
beam current. The samples were scanned with a pixel size of 0.5 pm
and acquisition times of 100 ms on each pixel.

3.2. Trace element analysis with LA-ICPMS

LA-ICPMS analysis was performed at ETH Zurich with an excimer
ArF laser ablation system operating at 193 nm wavelength (Geolas,
ETH prototype), coupled to a Perkin Elmer Elan 6100 DRC quadrupole
ICP mass spectrometer (Ginther et al., 1997). Selected major and
trace elements were analyzed in braunite, hausmannite and hematite,
as well as in different carbonate generations. The REE concentrations
in carbonates and hematite were determined separately with laser
parameters specifically adjusted. Ablation was performed in polished
thin and thick sections on mineral grains which had previously been
analyzed by electron microprobe. Mn oxides and hematite were ana-
lyzed in standard polished thin sections, whereas for the carbonates
300 pm thick polished sections were used. Use of polished thick sec-
tions allowed to greatly improving the detection limits and standard
errors for the REE, by increasing the laser repetition rate and
maintaining ablation times of at least 60 s. Mn oxides and hematite
were ablated with laser repetition rates of 5 Hz and laser spot sizes
of 20 or 40 pm, depending on the grain size. Ablation spot sizes for
carbonate analysis were varied between 40 and 115 um, depending
on grain size, although preferentially larger grains were analyzed.
Repetition rates were increased to 10 Hz for carbonate analysis to im-
prove counting rates. During some of the carbonate measurements,
small amounts of H; were added to the carrier gas flow to increase
the sensitivity of the instrument {Guillong and Heinrich, 2007).
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Fig. 2. Geological map showing the geological setting of the Sailauf quarry and the location of hydrothermal Mn - Fe - As veins and sulfide mineralization,

Data reduction was carried out with the SILLS software package
(Guillong et al,, 2008), using NIST SRM610 as the external standard,
Internal standardization was based on the major element concentra-
tions determined by electron microprobe. Mn oxides were internally
standardized against MnO concentration, calcitic carbonates against
Ca0, whereas MnO concentrations were used to standardize Mn-rich
carbonates. Hematite was standardized against Fe;05 contents. During
data reduction, a special treatment was necessary to address potential
contamination of sample signals by inclusions of other minerals.
When analyzing carbonate samples, carbonate phases with grossly dif-
fering chemistry were frequently intersected when laser ablation pene-
trated into deeper parts of the sections. This issue was particularly
relevant in carbonate assemblages that display replacement features.
Because all major elements of the carbonate minerals (Ca, Mg, Fe, Mn)
were monitored during LA-ICPMS analysis, significant changes in com-
position could be clearly detected in the time-resolved signals. Appro-
priate selection of integration intervals would then ensure that only

trace element signals from the phase exposed at the surface would be
considered for data reduction and quantification,

4. Mineralogy and textures

The hydrothermal vein mineralization at Sailauf records a com-
plex history of distinct pulses of ore deposition, brecciation, and su-
perposed alteration and remobilization. In general, the vein
mineralization in all five veins is very discontinuous along strike
and dip, with zones extremely enriched in Mn oxide minerals or he-
matite alternating with almost barren vein sections within just a
few meters, Based on crosscutting relationships and textural observa-
tions, four main hydrothermal stages can be distinguished, clearly
separated by major vein opening and brecciation events. These stages
are (1) the pre-ore stage, (2) ore stage 1, (3) ore stage 2, and (4) the
alteration stage (Fig. 4). Hydrothermal carbonates constitute the most
abundant gangue minerals in the Mn-Fe-As vein mineralization.
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Fig. 3. Field relationships of Mn - Fe - As veins. (a) Set of barren calcite veins. (b) Multistage calcite-braunite vein, containing rhyolite clasts impregnated with braunite. Reopening
of the vein resulted in formation of open fissures. (¢} Rhodochrosite-hematite-celadonite vein mineralization. (d) Calcite-Mn-oxide vein shoot, with euhedral calcite crystals in
open fissures covered by secondary Mn-oxides. (e) Pseudomorphic replacement of calcite crystals by rhodochrosite, Dark rhyolite clasts impregnated with braunite are overgrown

by braunite cockade ore. (f) Vug filling calcite crystals with dispersed braunite.

They are characterized by substantial compositional variation in
Ca-Mn-Fe-Mg space and can be classified into several distinct
groups, each being related to a particular paragenetic stage. Discrim-
ination of most carbonate types based on optical properties and tex-
tural features has not always been possible, and the textural
classification of carbonate generations has been supported by chemi-
cal data obtained from EPMA analysis. A noteworthy feature of the
Sailauf vein mineralization is the complete lack of sulfide minerals,
which is in remarkable contrast to all other hydrothermal mineraliza-
tion styles in the Spessart district. Subordinate sulfides only occur to-
gether with the patches of native Arsenic on otherwise unmineralized
fracture planes. The latter represent an interesting mineral assem-
blage, but no clear relation to the vein mineralization could be
established. Table 2 gives a summary of all mineral phases observed
in the Sailauf mineralization, including those from hydrothermal
veins and the native arsenic mineralization.

4.1. Primary hydrothermal assemblages

The paragenetic sequence of the vein mineralization is illustrated
in Fig, 4. Following a first vein opening and brecciation event, the ear-
liest recognizable mineralization (assigned to the pre-ore stage) com-
prises crusts of greenish celadonite with minor illite surrounding
rhyolite clasts in breccia bodies (Fig. 5a, b). Larger cavities within
the breccias are filled with Ca-rhodochrosite | (Fig. 5a), which occurs
as lenticular, scaling shaped aggregates, and subordinate purple fluo-
rite I, as well as pseudomorphs of late stage carbonates phases after
lath-shape anhydrite crystals.

The first major ore mineralization (ore stage 1) comprises cockade
ore, which is composed of braunite (braunite l1a), calcite, subordinate
hausmannite la (Fig. 6a) and minor amounts of needle-shaped man-
ganite and bixbyite. Coeval braunite impregnation has resulted in a
distinct blackening of rhyolite clasts (Fig. 5d), although this feature
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Description of the investigated samples from the Sailauf Mn- As vein mineralization.

Sample Vein Location Paragenesis/description

Sai-001 A Level 5, center-NW Celadonite cockade ore, vug filling fine grained Ca-rhodochrosite 1. Minor fluorite and relicts of anhydrite laths.

Sai-002 A Level 5, center-NW Celadonite cockade ore, vug filling fine grained Ca-rhodochrosite 1. Minor fluorite and relicts of anhydrite laths.

5ai-003 B Level 5, NW Braunite la cockade ores cementing clasts of blackened rhyolite. Larger vein filled by calcite | and braunite Ib. Small
veinlet of Mn-calcite | and hematite crosscutting older vein,

Sai-004 B Level 5, NW Blackened rhyolite breccia clasts, seamed by braunite la cockade ores with some minor ore stage 1 hematite. Clasts
cemented by barren calcite I Thin veinlets of Ca-rhodochrosite 11l crosscut calcite 1 and breccia clasts.

Sai-005 B Level 5, center Braunite la cockade ores, larger vein filled by abundant braunite Ib, hausmannite Ib and calcite 1. Calcite | strongly altered
and partly replaced by fine grained Ca-rhodochrosite I.

Sai-006 B Level 5, center Braunite la cockade ores, larger vein filled by abundant braunite 1b, hausmannite Ib and calcite 1. Calcite | strongly altered
and partly replaced by fine grained Ca-rhodochrosite 1.

Sai-007 B Level 5, center-SE Calcite 1 vein with subordinate braunite 1b. Calcite | is strongly altered by Mn-rich carbonates. Abundant relictic laths of
anhydrite 1l filled by secondary carbonates and arsenates.

Sai-011 B Level 5, center-SE Barren calcite | mineralization, strongly altered by Mn-rich carbonates. In altered zones minor hematite Ih.

Sai-013 B Level 5, center-NW Barren calcite | mineralization, strongly altered by Mn-rich carbonates. Some hematite 1b occurs together with
Mn-calcite |

Sai-014 B Level 5, center-SE Braunite la cockade ores, larger vein filled by abundant braunite Ib, hausmannite b and calcite I. Calcite | strongly altered
and replaced

5ai-015 B Level 5, center Braunite Ib mineralization with partly replaced calcite I. Hematite Ib occurs with replacive Mn-calcite | along grain
boundaries

Sai-016 B Level 5, center Massive calcite | mineralization, almost completely replaced by Mn-rich carbonates. Minor braunite 1b and hematite with
Mn-calcite | along grain boundaries.

5ai-026 D Level 6, SE Massive mineralization of Ca-rhodochrosite 11 after calcite 1. Close to the vein wall lization of fine d
Mn-calcite 1.

5ai-056 B Level 3, SE Calcite 1 with abundant braunite and hausmannite, Braunites are commonly altered to brownish carbonate.

Sai-061 B Level 3, center Braunite la cockade ores rimming blackened rhyolite breccia clasts. Larger vug filled by calcite 1 and abundant braunite Ib
as well as hausmannite Ib,

Sai-062 B Level 3, NW braunite la cockade ores rimming black rhyolite breccia clasts. Larger vug filled by calcite | and abundant braunite Ib as
well as hausmannite Ib.

Sai-065 C Level 3, NW Barren calcite | mineralization, partly replaced by Mn-calcite I. Abundant hematite Ib in Mn-calcite | rich areas.

Sai-074 B Level 4, center Celadonite and Ca-rhodochrosite 1 pre ore stage mineralization around brecciated rhyolite. A younger vein of calcite |
with abundant braunite cuts the mineralization, proving it's younger relative age.

5ai-075 C Level 4, SE Calcite 1| mineralization with abundant braunite 1b.

Sai-079 C Level 4, NW Calcite | vein mineralization, almost no braunite present. Mn-calcite | replaces calcite 1 along grain boundaries and is
intergrown with hematite Ib. Fe— Mg calcite with additional later hematite Ib in interstitial space of earlier hematite Ib

Sai-080 D Level 4, center Calcite | almost completely replaced by fine grained Ca-rhodochrosite [l Remnants of cleavage and twinning lamellae
preserved in scale-like, lenticular rhodochrosite.

Sai-083 A Level 5, center Massive braunite Ib and calcite mineralization. Calcite | is commonly replaced by fine grained Mn-rich carbonates

Sai-084 A Level 5, NW Calcite 1 vein mineralization, almost no braunite present. Mn-calcite | replaces calcite 1 along grain boundaries and is
intergrown with hematite Ib. Minor celadonite 1l and colloform hematite 11 are also present.

Sai-100 D Level 6, SE Calcite-1 mineralization with abundant braunite la in cockade ore and braunite Ib in massive vein mineralization.

is not everywhere present. Hematite only occurs in subordinate
amounts within some cockade ores. Comb textures in braunite | record
a sequential opening of fractures to form larger veins (Figs. 5d, 6a),
where the cockade ore grades into more massive mineralization. This
is composed of calcite | (Table 3) and braunite 1b that display pro-
nounced growth zoning. The massive mineralization also contains
lath-shaped anhydrite crystals, which are only preserved in the inter-
stices between braunite crystals, along with minor amounts of celestite.
In places where these anhydrite laths were not isolated and sealed off
from later alteration events, they are entirely replaced by late stage car-
bonates, arsenate phases and minor quartz.

Reopening of the vein system must have been associated with a period
of tectonic rupturing, as is demonstrated by delaminated braunite-calcite
cockade ore that is now present as fragments within massive mineraliza-
tion of calcite I and braunite (Fig. 5¢, f). Thin, closely spaced pressure twin
lamellae within calcite I are indicative of low temperature deformation
(Burkhard, 1993). Euhedral scheelite grains, commonly intergrown with
braunite la and Ib, occur within cockade ore and the massive vein miner-
alization. Relicts of tabular manganite that are present in interstices be-
tween braunite Ib crystals indicate a slightly later timing of manganite
deposition (Fig. 6b, c¢). Hausmannite Ib and secondary pyrolusite
texturally postdate both braunite Ib and manganite, The entire ore stage
1 assemblage is extensively altered. Crystals of largely replaced manga-
nite are traced by brownish carbonate, braunite Il and hausmannite 1
(Fig. 6b). Braunite is commonly replaced by a carbonate of rhodochrositic
composition. The alteration and replacement features are typically re-
stricted to specific growth zones of the braunite (Fig. 6¢), while other
areas within the same crystals are entirely unaffected. Braunite alteration

is concomitant with the formation of veinlets of Ca-rhodochrosite III. In
addition, purple fluorite 11, intimately intergrown with calcite 1, occurs
scarcely in samples of this ore stage.

Ore stage 2 is largely coeval with the precipitation of manganoan
calcite (Mn-calcite 1). Vein portions that are only mineralized by this
ore stage regularly contain hematite la in cockade ores (Fig. 6d). This
hematite is distinct from the minor amount of hematite that occurs in
stage 1 mineralization. The cockade ores present in ore stage 2 mineral-
ization contain much larger aggregates of hematite. It was classified as
hematite la, even though strictly speaking it does not represent the
very first occurrence of hematite within the vein mineralization.
Mn-calcite | occurs either in small subhedral grains or, more commonly,
as replacement of calcite I. This replacement is epitactic along grain
boundaries, cleavage or twin lamaellae in calcite I (Fig. 7a). Mn-calcite
I that has formed by replacement of calcite I is often intergrown with
specularitic hematite (hernatite Ib) that is strictly confined to the re-
placement zones (Fig. 7b). Thus, hematite Ib likely represents a product
of the replacement process. In large grains of hematite Ib, a weakly
developed chevron-shaped growth zoning is visible (Fig. Ge). Rarely,
colloform and very porous aggregates of a texturally late hematite (he-
matite I1) can be observed (Fig. 6f). Interstitial spaces within specularitic
hematite Ib are commonly filled by Fe - Mg-bearing calcite (Fe — Mg cal-
cite), which is also intergrown with hematite Il and subordinate sider-
ite. Thus, hematite appears to be a ubiquitous phase during ore
stage 2, while the principal carbonate composition changed from
Mn-bearing to Mg- Fe bearing calcite. Additionally, quartz, barite and
celadonite 11 locally accompany hematite in this ore stage (Fig. Se).
Ore stage 2 is not restricted to pre-existing veins mineralized during
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Pre-ore stage Ore stage 1

Brecciation

Ore stage 2

Alteration stage

Celadonite
Ca-rhodochrosite
Fluorite
Anhydrite

Calcite

Barite

Mn-calcite

Fe-Mg calcite
Quartz
Ca-kutnahorite
Vug calcite

ug rhodochrosite
Chernovite-(Y)
Tilasite
Arseniosiderite

FrFT

{impregnation (cockade ore)
of rhysiite) b

Braunite !
Hausmannite RS
Manganite
Scheelite-powellite
Hematite
Pyrolusite
Mn-hydroxides

il

Fig. 4. Paragenetic sequence of the Sailauf Mn - Fe - As mineralization. Open symbols represent carbonates which have formed by replacement reactions. See text for further explanation.

ore stage 1, but may also occur in newly opened vein portions. Here, in-
tergrowths of hematite 1b, Mn-calcite | and Fe- Mg calcite constitute
the only mineralization present (Fig. 5e).

4.2, Alteration and remobilization features

In addition to the primary mineralization, almost all samples exhibit
complex alteration and replacement textures. Most of these involve car-
bonate minerals having variable compositions. They replace older car-
bonate precursors, such as Mn-calcite 1 (that in turn commonly
replaces calcite I at the onset of ore stage 2). Because of the textural com-
plexity and small grain sizes, backscatter electron imaging (BSE) and
chemical microanalysis was essential to identify the phases and to re-
construct the relative time sequence of alteration and replacement
reactions. Table 3 lists the principal features of each carbonate genera-
tion, including those that formed by replacement of older carbonate pre-
cursors. (Mn)-calcite formed in both main ore stages is commonly
replaced by calcian rhodochrosite (Ca-rhodochrosite II; Figs. 5f, 7¢, d,).
Like Ca-rhodochrosite 1 of the pre-ore stage, Ca-rhodochrosite Il mainly
forms irregular aggregates, and is only rarely present as filling of small
veinlets (Fig. 7d). Texturally, Ca-rhodochrosite 1 closely resembles
saddle dolomites which typically form at temperature conditions
between 90 and 160 °C, often replacing other carbonate precursors

Table 2

(Spdtl and Pitman, 1998). Where Ca-rhodochrosite II replaces calcite I,
the cleavage or grain boundaries of the precursor are commonly
preserved as relicts in rhodochrosite. Such textural evidence for re-
placement is entirely lacking in pre-ore stage samples that contain
Ca-rhodochrosite 1. Growth of an intermediate Ca-Mn carbonate phase
at the expense of all earlier carbonates (including Ca-rhodochrosite I1)
represents the next alteration reaction (Fig. 7c). Compositionally, this in-
termediate carbonate conforms to a Ca-dominated kutnahorite (Frondel
and Bauer, 1955; Peacor et al., 1987). This interpretation is supported
by X-ray powder diffraction data. Therefore, we have classified this min-
eral as Ca-kutnahorite I. Interestingly, Ca-kutnahorite 1 is epitactically
intergrown with earlier calcite |, as confirmed by the extinction behavior
in polarized light.

All earlier carbonates were subject to localized replacement by
manganoan calcite 1l (Mn-calcite 11}, which occurs as brownish,
blade-shaped and wvery porous aggregates or as small veinlets
(Fig. 7d). Rarely, Mn-calcite I is intergrown with another generation
of calcian kutnahorite (Ca-kutnahorite 11), while intergrowths with
the arsenates tilasite and arseniosiderite are more common. A third
generation of rhodochrosite (Ca-rhodochrosite 1l1) is present in the
Mn-oxide rich assemblages of ore stage 1, where it occurs as veinlets
or oriented along cleavage lamellae (Fig. 7f). These veinlets appear to
be related to a widespread alteration of ore braunite, which resulted

Mineralogical summary of the Sailauf mineralization. Parentheses denote phases or assemblages that were not further investigated in this study. For descriptions of secondary min-

erals and native arsenic containing crusts see Lorenz (1995),

Assemblage Paragenetic stage Minerals

Vein mineralization
Vein mineralization
Vein mineralization
Vein mineralization

Pre ore stage
Ore stage 1

Ore stage 2
Alteration stage

Celadonite, (illite), Ca-rhodochrosite, fluorite, anhydrite, + hematite

Calcite, braunite, hausmannite, manganite, anhydrite, hematite, fluorite, barite, + scheelite-powellite
Mn-calcite, hematite , celadonite, quartz, + Fe— Mg calcite

Ca-rhodochrosite, Mn-calcite, Ca-kutnahorite, vug filling carbonates, fluorite, arseniosiderite, tilasite,

chernovite-(Y), & hematite, £ braunite, £ hausmannite, {+ todorokite), (£ pyrolusite), (£ cryptomelane),
(4 brandtite), (£ sailaufite), {+ bertrandite)

(Crusts on fracture planes) Unknown

(Native arsenic), { + uraninite), {4 pyrite), { £ chalcopyrite), (+arsenopyrite), (+ realgar), {4+ zeunerite),

(# uranospinite), (= fluorite), (+illite)

48




Appendix 2

T. Fusswinkel et al. / Ore Geology Reviews 50 (2013) 28-51 35

Veinlet of
Rhyolite ' Mn-calcite |
fragment ~— celadonite | + hematite
Ca-rhodo-
chrosite |

Brecciated rhyolite,
. impregnated with braunite
Celadonite |

Veinlets of calcite |
and braunite

Hematite lIb

™~ Celadonite Il

Fragment of
cockade ore

Braunite Ib Carcl_te ;

Braunite la

Rhyolite
wall rock

Hematite

Fig. 5. Photographs of representative ore hand specimens. (a) Pre-ore stage celadonite | imming rhyolite clasts, cemented by Ca-rhodochrosite 1. Sample: Sai-001. {b) Ore stage 1
vein filled by calcite 1. The vein wall is made up of an older celadonite I rich breccia of the pre-ore stage, Sample: 5ai-031. (¢) Ore stage 1 mineralization, containing abundant calcite |
with braunite la and Ib. Pinkish Ca-rhodochrosite Il replaces calcite 1. Sample: Sai-005. (d) Vein of Calcite | (ore stage 1) in rhyolite impregnated with braunite. The reddish veinlet is
composed of Mn-calcite | and hematite (ore stage 2). Sample: 5ai-003. (e) Small veinlets of ore stage 1, crosscut by a larger vein of hematite rich carbonate (ore stage 2). Sample:
Sai-118. (f) Ca-rhodochrosite 1l completely replacing calcite 1. 1solated fragments of cockade are present as inclusions in Ca-rhodochrosite 1L Sample: Sai-094. (g) Relicts of calcite |
(ore stage 1) replaced by pinkish Mn-calcite | during ore stage 2. Former calcite | grain boundaries acted as fluid pathways for ore stage 2 fluids along which hematite precipitated.
Sample: 5ai-079.
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Hematite Ib

Hematite la
cockade ore

Fig. 6. BSE images and microphotographs (d) of the principal ore minerals. {a) Fine grained Mn-oxide calcite cockade ore grading into massive calcite | and braunite 1b minerali-

zation (ore stage 1). Sample: 5ai-014. (b) Elongated manganite, relictic after large platy manganite. The assemblage is present in interstices of b

Iband h ite Il (ore

stage 1). Sample: Sai-083. (c) Relictic platy manganite {ore stage 1) with abundant braunite Il Note alteration of zoned braunite Ib grain. Sample: Sai-100. (d) Hematite la cockade
ore (ore stage 2), crosscut by veinlets of younger carbonates of the alteration stage. Sample: 5ai-0186, (¢) Chevron zoning in hematite 1b (ore stage 2). Sample: 5ai-079, (f) Porous,
colloform aggregate of hematite 1. Sample: Sai-084.

Table 3

Textural and paragenetic characteristics of the different carbonate generations.

Generation Occurrence Ore stage Textural features/intergrowths
Ca-rhodochrosite | Together with celadonite and fluorite Pre-ore Fine grained, scale-like texture
Calcite | Main gangue mineral Stage 1 Coarse gl d, pressure twinning lamell

Mn-calcite |

Fe-Mg-calcite
Ca-rhodochrosite 11
Ca-kutnahorite |
Mn-calcite 1

Ca-kutnahorite Il
Ca-rhodochrosite 11
Vug calcite |

Vug rhodochrosite
Vug calcite 11

Replaces calcite 1 along favorable fluid pathways or
in discrete veinlets

Together with Mn-calcite 1, also in discrete veinlets
Replaces earlier carb often pseudomorphic
Replaces especially rhodochrosite I,

Replaces all earlier carbonates, often intergrown
with kutnahorite 11

Intergrown with Mn-calcite 1l

Restricted to Mn-Ores of ore stage 1.

Radial-fibrous vug infilling aggregates

Rims around vug calcite |

Radial-fibrous vug infilling aggregates

Stage 2 early

Stage 2 late
Post-ore
Post-ore
Post-ore

Post-ore
Post-ore
Post ore
Post ore
Post ore

Intergrown with Mn oxides
Often intergrown with specularitic hematite

Also associated with specularitic hematite

Fine grained, scale-like texture

Epitactic intergrowths with calcite |

Porous, blade-like, brownish masses, Often intergrown
with arsenates

Small patches in porous Mn-calcite |1

Small veinlets crosscutting older phases

Intergrown with arsenates, immed by vug-rhodochrosite
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Mn-calcite |

Calcite |

Ca-kutnahorite |

Mn-calcite I

=~ Vug rhodos*
chrosite

Vug calcite Il

150pm

Calcite |

Calcite |

Mn-calcite if
N "\ Ca-rhodo-

chrosite Il

Ca-rhodo-
chrosite 1l

seniosiderite

Fig. 7. BSE images of the principal carbonate generations, including replacement and alteration textures. (a) Replacement of dark calcite 1 (ore stage 1) by Mn-calcite | {ore stage 2).
Sample: Sai-003. (b) Replacement of dark calcite | by Mn-calcite | and hematite which exclusively occurs within the Mn-calcite 1. Sample: 5ai-003. (¢) Complex alteration stage
assemblage. Relict lamellae of calcite | were preserved after replacement by Ca-rhodochrosite 11 Along these lamellae, Ca-kutnahorite | replaced rhodochrosite. Sample: Sai-013.
(d) Younger veinlets within calcite 1. Ca-rhodochrosite 11 veinlet was reactivated and filled by Mn-calcite 1l (central portion). Sample: Sai-011. (e) Braunite Ib (ore stage 1)
pseudomorphically replaced by rhodochrosite, The assemblage is overgrown by vug filling late stage carbonates, associated with arsenate minerals (bright white). Sample:
Sai-005. () Complex replacement texture. Veinlets of Ca-rhodochrosite 1l related to alteration of braunite 1b occur along cleavage lamellae in calcite 1. Vugs are filled by late

stage vug calcite 1 and arseniosiderite, Sample: 5ai-D05,

in the formation of carbonates having rhodochrosite composition. The
veinlets crosscut porous Mn-calcite Il, proving their younger age,
Thus, they have to be distinguished from Ca-rhodochrosite 11, which
is texturally older than Mn-calcite Il (Fig. 7d).

Two distinct generations of calcite that fill open vugs in the center of
the veins (vug calcite I and I1) represent the texturally youngest carbon-
ates (Fig. 7e, f). The first generation is rimmed by a seam of calcian rhodo-
chrosite (vug rhodochrosite). Both vug calcites occur as radial-fibrous
aggregates and are commonly intergrown with reddish arseniosiderite,
and slightly younger quartz and barite, This mineral assemblage is also
present as pseudomorphic replacement after lath-shaped anhydrite
crystals, In addition to the late stage arsenates, Mn hydroxides constitute
the youngest minerals that formed, being present as radial-fibrous aggre-
gates in the vugs. In addition to the minerals described from the alteration
stage, open vugs host a large number of rare late stage and supergene
minerals (e.g. brandtite, sailaufite, bertrandite, Mn-hydroxides) (Lorenz,
1995), which were not further investigated in this study.

5. Major and trace element composition of Mn and Fe oxides
5.1. Braunite

Braunite is the most abundant ore mineral in the Sailauf mineral-
ization. Braunite has an ideal stoichiometry of Mn55i0,2, but is known
to be part of a polysomatic series (Thompson, 1978) which further in-
cludes bixbyite (Mn,03), braunite-1l (CagsMn;Sigs042), neltnerite
(CaMng5i0y;) and up to 17 theoretically predicted polysomes
(Abs-Wurmbach et al., 1983; Baudracco-Gritti, 1985; De Villiers and
Buseck, 1989). The major element composition of braunite resembles
the chemical variability reported in the literature (Table 5). According
to De Villiers and Buseck (1989), stoichiometric braunite (sensu
stricto) contains 10 wt.% 5i0,, whereas braunite-1l contains 5 wt.%
Si05, With the exception of a single analysis (SAI-100a 111-58), all
data conform to braunite. The single datapoint may represent a 3-
or 6-module polysome (De Villiers and Buseck, 1989), which would
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have a theoretical 5i0; concentration of 6.7 wt.%. Even though CaO
concentrations up to 2.7 wt% were detected, no stoichiometric
braunite-11 is present. The pronounced growth zoning of braunite Ib
results from variations in the Mn, Ca, Al and Si contents, although sys-
tematic chemical trends from cores to rims are not observable. The
different braunite generations show subtle but systematic variations
in their major element composition. Braunites from cockade ores
(braunite la) have CaO contents in the range of 0.1-2.5 wt.%, with a
clear mode around 1.7 wt.%. Braunite Ib contains between 0.3 and
2.4 wt% of Ca0, with a mode around 1.4 wt.%. Later braunite Il that
is present as inclusions in carbonate minerals contains more elevated
Ca0 concentrations in the range of 1.0-2.5 wt.%. The Fe,0; contents
in braunite la are in the range of 0.1 to 4.0 wt.%, with a mode around
0.2 wt.%, whereas in braunite Ib and Il the concentrations are much
lower, ranging from below the detection limit to 0.9 wt.%. The silica
content in most braunites is close to the stoichiometric value, al-
though growth zones with both silica deficiency and excess do
occur throughout all generations. The As; 05 concentrations vary sub-
stantially, ranging between values close to detection limit (about
200 ppm) to maximum values of up to 0.8 wt.% The median As
values of braunites from generations la and Il are 800 and 750 ppm,
respectively. In braunite Ib, the median As,Os content is 300 ppm, al-
though concentrations exceeding 1000 ppm were found.

5.2. Hausmannite

Microprobe data of hausmannite (Mns0,) show elevated concentra-
tions of Zn, Ca, Fe and Al (Table 6). The Fe;0; concentrations reach values
of up to 3.3 wt.% in hausmannite Ia, whereas hausmannite Ib and Il never
contain more than a few hundred ppm iron. Negative correlations exist
between Mn?* and (Zn + Ca), and Mn>™ and (Al + Fe* ™). Thus, substi-
tution of these elements in tetrahedral (divalent cations) and octahedral
(trivalent cations) coordination sites are likely, as has been previously
reported (Frenzel, 1980; Roy, 1981). The As,0s contents in hausmannite
are consistently below the detection limit.

5.3. Manganite

Manganite typically occurs as small elongated stringers parallel to
the c-axis of former large tabular manganite crystals, which have
been largely altered to brownish carbonates containing abundant ori-
ented inclusions of braunite Il Trace amounts of AlLO; and Fe,0;
were detectable in some manganite grains (Table 7). Large manganite
grains contain low CaO contents that do not exceed 0.1 wt.%. Higher
concentrations that were found in small grains likely result from con-
tamination by the surrounding carbonates. The As,05 concentrations
in manganite are consistently below the detection limit.

5.4. Hematite

Representative hematite data are listed in Table 8. Fine inter-
growth with carbonates results in often low analytical totals (around
95%) for cockade ore hematites (hematite la), rendering interpreta-
tion of minor element contents difficult. Hematites from this genera-
tion contain up to 0.4 wt® of W05, which cannot result from
carbonate contamination. Specularitic hematite 1b yielded very good
analytical totals. W03 contents vary between the detection limit
(about 350 ppm) and 1.0 wt.%. The chevron zoning observable in suf-
ficiently large grains (Fig. 6e) corresponds to variations in W05 con-
centrations. Additionally, CaO and Mny0 are present in significant
quantities, reaching maximum concentrations of 2.0 and 0.1 wt.%, re-
spectively. Colloform aggregates of hematite Il contain even larger
concentrations of minor elements. Most remarkable are rather con-
stant Mny0; contents of around 1.0 wt¥, substantial WO, concentra-
tions of 0.4-1.5 wt.% and CaO concentrations of 0.1-1.0 wt.%. The W
enrichment in hematite was explained by the substitution scheme 2

Fe’=W®" (Tarassov et al,, 2002). Mn® ™ possesses a limited solubility
in hematite (Singh et al., 2000}, thus the simple homovalent substitu-
tion may explain the detected Mn;0 contents in hematite Ib.

5.5. Arsenate minerals

Late stage arsenate phases are common in all samples, often
intergrown with manganoan calcite 1l (Mn-calcite 11} or the later,
vug calcite I. Three different arsenate phases could be distinguished,
and selected data are reported in Table 9. Tilasite with minor Mn
and Fe occurs intergrown with porous Mn-calcite 1. The second
As-rich phase is arseniosiderite, This phase occurs as inclusions in
late stage vug calcite | and as perimorphs after lath-shaped anhydrite
crystals that are common in samples from both main ore stages. An-
other As-rich phase occurring in Mn-calcite Il contains only ¥ and
As in significant quantities, while the concentrations of MnO, F and
Ca0 are very low. The only known mineral that would conform to
this phase is chernovite-(Y) (YAsQ,). Concentrations of Y505 lower
than the stoichiometric value (around 34 wt%) may be readily
explained by substitution of Y by trivalent REE (Ondrejka et al.,
2007}, which were not analyzed by electron microprobe due to com-
plicated peak interferences.

5.6. Trace elements in Fe and Mn oxides

The trace element composition of the main oxide minerals
(braunite, hausmannite and hematite) was analyzed by LA-ICPMS,
with focus on covering the different main generations (Fig. 4). Fig. 8
shows boxplots of selected element concentrations within the Mn ox-
ides and hematite. Due to the small grain size of braunite la and 11,
hausmannite and hematite la and 11, only few data could be obtained
from these minerals. The Mn oxides contain elevated concentrations
of As, U, W, Zn, Cu, Pb and Sb that can amount to several 100 to
10,000 ppm. Marked differences in trace metal contents exist be-
tween the different generations of hematite, especially with regard
to As, W, U and Pb. The concentrations of these elements vary be-
tween several 100 to 10,000 ppm. Hematite Ia contains high concen-
trations of As, whereas U, W and Sb are enriched in both hematite la
and hematite Il compared to hematite Ib. The two generations of
braunite and hausmannite show much smaller differences in their
trace element content. Both As and U appear to be preferentially in-
corporated into braunite, whereas Zn and Pb are enriched in
hausmannite. The Zn concentrations in hausmannite la reach a max-
imum value of roughly 6.8 wt.% (LA-ICPMS data). In some braunite
data, variable Zn signals are observed, indicating considerable sample
heterogeneity. This observation is also supported by the EMPA data,
which revealed strongly different ZnO concentrations even within in-
dividual hausmannite grains (see Table 6, columns 2 and 3).

The most striking feature of the trace element data is the large var-
iation even within individual samples, sometimes approaching two
orders of magnitude (Fig. 8). In order to understand whether this var-
iability is correlated with the visible growth zoning, the distribution
of selected minor and trace elements was mapped with the electron
microprobe. The spatial distribution of As, being one of the most high-
ly enriched trace elements in braunite and hematite, was determined
in several crystals covering all main generations of braunite (Fig. 11).
Braunite Ib exhibits a pronounced As zoning pattern that does not
strictly correspond to the major element variations which are respon-
sible for the growth zoning visible in the BSE images. Braunite Il that
is present as inclusions in carbonates lacks zoning in major and trace
elements, in agreement with the much lower variation in As concen-
tration determined with LA-ICPMS. Although not directly confirmed
by element mapping, the large variation in all trace elements within
braunite Ib can be attributed to similar zoning effects.
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Table 6
Representative EPMA and LA-ICPMS data of hausmannite {*Mn30; was calculated from charge balance).

Sample Sai-014a  Sai-014a  Sai-014a  Sai-014a  Sai-100a  Sai-005b  Sai-005b  Sai-056  Sai-061  Sai-056  Sai-075  Sai-100  Sai-100a

V-064 V-111 V-112 V-127 11I-045 V-006 V-020 -005 n_oo7 V-012 V-001 11-009 1-027
Generation la la la la la Ib Ib b b i) i) I Il
Wy
Si0, 0.13 0.00 0,08 0.60 b.d. 031 0.24 0.14 0,05 0.36 b.d. 0.22 0.34
Asa0s bd. 0.00 0.00 bud. b.d. b.d. b.d. bd. bud. bud. b.d. b.d. b.d.
MnO 3141 2937 30.74 3139 30.70 2895 30.52 28.06 2946 30.02 31.04 29,69 29.16
Mny05* GE.18 69.55 69.22 G6.58 69.24 67.88 G8.40 6843 69.82 68.66 69.54 68.29 G68.72
S04 b.d. 0.00 0.00 bud. b.d. b.d. bud. b.d. bud. bud. b.d. b.d. b.d.
Al;O5 0.16 0.08 0.05 bud. 027 015 0.01 0.28 017 0.25 0.11 0.09 0.09
Fes05 098 0.30 0.35 067 012 0.08 0.10 007 0.11 0.08 0.10 0.06 0.09
K0 bl 0.00 0.00 bud. b.d. b.d. b, bd. bud. bud. bud. b, b.d,
MgO b, 0.00 0.00 bud. b.d. b.d. b, bud. bud. bud. b, 0.02 b.d.
Zn0 0.05 1.77 0.16 0.05 0.03 221 0.90 372 248 1.27 0.15 1.32 267
Ca0 0.03 041 0.48 0.20 049 041 0.08 003 bud. 067 0.18 0.37 0.22
BaD bud. 0.01 0.00 bud. 0.02 b.d. bud. bad. bud. bud. 0.02 bud. b.d.
Total 100.96 101.49 101.06 99.52 100.89 100,03 100.26 100.73 102,13 101.36 101.15 100.10 101.30
Formula (0 =4)
Si 0.00 0.00 0.00 0.02 0.00 0.01 001 0.01 0.00 0.01 0.00 001 0.0
As 0.00 0.00 0.00 0,00 0.00 0.00 0.00 0,00 0,00 0,00 0.00 0.00 0.00
Mn** 1.00 0.93 098 1.01 0.98 093 098 090 093 095 0.99 0.96 0.93
5 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Al 0.01 0.00 0.00 0.00 0.m 0.0 0.00 0.01 0.01 0.01 0.01 0.00 0.00
Fe** 0.03 0.01 0.01 0,02 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
K 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Mg 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Zn 0.00 0.05 0.00 0.00 0.00 0.06 0.03 0.10 007 0.04 0.00 0.04 0.07
Ca 0.00 0.02 0.02 0.01 0.02 0.02 0.00 0.00 0.00 0.03 0.01 0.02 0.01
Ba 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Mn?* 1.96 1.99 1.98 193 1.98 1.97 1.98 197 1.99 1.96 1.99 1.98 1.97
A (Mn?* +Ca) 1.00 0.95 1.00 1.02 1.00 095 098 090 093 098 1.00 097 0.94
B: (Mn** +Fe*t +Al) 199 2.00 1.99 1.95 2,00 1.98 198 199 2,00 197 2,00 198 1.97
ppm
Co 3 6 na. 2.1 na. b.d. 4.1 13 5 16 58 10 6.5
Ni b, b.d. na. bd. na, b.d. b, bad. bd. bd. b, bd. b.d.
Cu 29 b.d. na. 2 na. b.d. 15 21 12 26 14 53 44
Zn 132 7306 n.a. 599 na. 21440 14300 25100 37790 14146 25207 18412 44185
As 85 G na. 272 na. 252 418 283 191 2085 413 197 38
Se bud. b.d. na. bud. na. b.d. b.d. bd. bud. bud. bd. b.d. b.d.
Mo bud. b.d. na. bd. na. b.d. bud. bd. bad. bd. b.d. bud. b.d.
Sh 52 G na. 17 na. 104 104 206 25 1309 94 b.d. 55
Ba b b.d. na. bud. na. b.d. bud. bud. 16 bud. b, 0.72 b.d.
w 144 85 na. 31 na. 163 129 191 310 87 797 113 44
Ph 138 65 na. 2m na. 8347 5400 210 360 1887 3507 130 1116
Bi 23 7 na. 17 na. 1 84 071 2 24 3.2 6.8 1.1
Th bud. b.d. na. 0.66 na. b.d. bud. bd. bad. bd. b.d. bud. b.d.
u 18 G na. 74 na. 6.7 11 17 13 32 31 22 72

6. Major and trace element composition of carbonate minerals

The major and trace element composition of the primary carbonates is
listed in Table 4, and their compositional variation in Ca- Mn- (Fe + Mg)
space is depicted in Fig. 9. The carbonates exhibit a significant composi-
tional variability, and the carbonate phases associated with both main
ore stages have distinct compositions. Some carbonate generations (cal-
cite I, Fe~ Mg calcite and Ca-rhodochrosite 11) are characterized by low
variability in their Mn and Ca content. With the exception of Fe— Mg cal-
cite, Fe is generally low in all carbonate types. In calcite I, Fe is below the
detection limit in most samples, whereas in Ca-rhodochrosite 11 low Fe
concentrations with a clear mode around 500 ppm were measured.
Fe—Mg calcite contains up to 4 wt.% FeQ, with a mode around 3 wt.%.
The MgO concentrations in these carbonate generations typically exceed
average FeO and vary between 0.2 and 1 wt.%.

Ca-rhodochrosite I and 111 as well as both generations of Mn-calcite
and Ca-kutnahorite display a larger variability in their major constituents
(MnO and Ca0). FeO contents are also low, in most samples they are just
above the detection limit (150 ppm). Only the Ca-rhodochrosite I of the
pre-ore stage contains somewhat higher FeO (mode around 500 ppm).

MgO displays a larger variability in these carbonate types. While in
Ca-rhodochrosite 1, Ca-rhodochrosite 111, Mn-calcite | and Mn-calcite 11
the MgO concentrations rarely exceed 1000 ppm, Ca-kutnahorite |
and Il contain much higher MgO between 0.1 and 0.5 wt.%. The late
stage carbonates (vug calcite | and I, and vug rhodochrosite) also dis-
play significant variability in Ca0 and MnO. The FeO content varies be-
tween 0.1 and 1 wt.%, with modes at 0.5 and 0.2 wt.% in vug calcite  and
11, whereas MgO values cluster around 0.7 and 0.5 wt.% for these calcite
generations. Vug rhodochrosite has the highest MgO concentrations be-
tween 1.3 and 2.8 wt.%.

6.1. Trace elements in carbonate minerals

The trace element composition of 104 carbonate samples was deter-
mined. Representative carbonate trace element compositions are listed
in Table 4 along with the major element data. Ca-kutnahorite Il and
Ca-rhodochrosite 111 veinlets could not be analyzed, because of their
small grain sizes. Rare earth element abundances in most carbonate
generations were found to be rather low, especially in the case of calcite
I, and REE distribution patterns could only be determined for 84 data
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Table 7
Representative EPMA data of manganite (*H,O was calculated by stoichiometry).
Sample Sai-005b Sai-056 Sai-056 Sai-061 Sai-061 Sai-075 Sai-075 Sai-083 Sai-083 Sai-100a Sai-100a
111-001 111I-016 11-027 11-012 111-040 111-001 111-023 111-007 111-031 111-028 111-037
Generation 1 I 1 1 1 I il 11 il i I
wex
Sio, 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0 0 0.01 0
As;05 0.01 0.06 0.02 0.02 0.02 0.02 0.03 0 0 0 0
Mn,05 87.24 88.33 88.64 89.47 88.80 88.95 89.12 87.98 88.71 89.03 88.99
SO3 0.01 0.02 0.00 0.00 0.00 0.00 0.02 0.01 0 0.01 0
AlL03 0.10 0.07 0.17 0.01 0.08 0.04 0.31 0.17 0.07 0.25 0.01
Fe,03 0.04 0.07 0.07 0.10 0.04 0.11 0.08 0.06 0.12 0.13 0.19
K20 0.00 0.00 0.00 0.00 0.00 0.00 0 0 0 0 0
MgO 0.01 0.00 0.00 0.01 0.02 0.00 0 0 0 0 0
Zn0 0.00 0.01 0.01 0.02 0.00 0.03 0 0 0 0.02 0.01
Cao 1.26 1.83 1.62 0.13 1.15 1.90 1.04 1.36 0.89 0.64 0.44
BaO 0.00 0.01 0.00 0.00 0.00 0.01 0.01 0 0 0.03 0.01
H,0* 10.18 10.40 10.42 10.25 10.34 10.48 1041 10.29 10.29 10.33 1044
Total 98.92 100.63 100.77 99.99 100.35 101.30 100.86 99.82 100.02 100.36 99.90
Formula (0=1.5)
Si 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
As 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Mn2* 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
S 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Al 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00
Fe3* 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
K 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Mg 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Zn 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Ca 0.02 0.03 0.03 0.00 0.02 0.03 0.02 0.02 0.01 0.01 0.01
Ba 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Mn®* 0.98 0.98 0.98 1.00 0.99 0.98 0.98 0.98 0.99 0.99 0.99
Table 8
Representative EPMA and LA-ICPMS data of hematite, excluding the REE.
Sample Sai-065 Sai-065 Sai-065 Sai-065 Sai-079 Sai-079 Sai-084 Sai-084 Sai-084 Sai-084 Sai-084
IV_011 V_028 V_001 V-025 IV_006 V-007 IV_035 V_045 IV_030 V-001 IV_014
Generation la la Ib Ib Ib Ib Ib Ib Ib I I
wex
Si0, 0.81 0.61 b.d. 0.07 b.d. b.d. 0.09 b.d. 0.08 0.17 0.28
MgO 0.01 0.03 b.d. b.d. 0.02 0.02 b.d. 0.04 b.d. 0.01 0.04
Fe,03 94.06 95.89 99.33 99.87 99.16 99.97 98.30 100.52 97.84 98.13 96.24
V,04 0.01 0.03 b.d. b.d. 0.38 b.d. b.d. b.d. b.d. 0.03 0.01
Cao 0.42 0.07 0.01 0.09 0.06 0.01 0.07 0.02 0.49 0.36 0.12
Mn,05 0.83 0.79 0.01 0.02 0.68 0.01 0.01 b.d. 0.02 0.66 0.82
WO; 0.02 0.01 0.03 0.06 0.10 0.06 0.18 b.d. 0.15 0.73 0.86
Total 96.16 97.44 99.38 100.11 100.41 100.07 98.64 100.57 98.58 100.17 98.36
Formula (0=3)
Si 0.02 0.02 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01
Mg 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Fe** 1.94 1.96 2.00 1.99 1.98 2.00 1.99 2.00 1.99 1.97 1.96
\ 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00
Ca 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.00
Mn>* 0.02 0.02 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.01 0.02
W 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01
ppm
Co 24 3 1.5 1.1 0.76 1.1 035 12 b.d. 1.7 19
Ni b.d. b.d. b.d. b.d. b.d. 9.6 b.d. b.d. b.d. b.d. b.d.
Cu 38 30 b.d. b.d. 2.7 15 1.9 b.d. b.d. 4 b.d.
Zn 303 246 5.1 b.d. 21 3.7 b.d. b.d. 22 34 40
As 7064 7138 893 271 b.d. 415 350 669 118 915 1137
Se b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d.
Sb 915 811 205 77 168 124 198 177 44 2335 2489
Ba 72 58 2 34 59 22 6.1 34 2.2 244 161
w 887 923 202 2896 123 113 1830 18 1605 9067 10292
Pb 907 842 5.1 29 6.6 3.1 38 53 2.1 154 187
Bi 34 27 8 2.7 29 19 4.4 3.8 29 69 95
Th 25 25 b.d. b.d. b.d. 0.05 0.82 b.d. 0.28 13 0.54
§) 470 437 8.6 15 40 17 16 21 79 266 221
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Table 9
Representative EPMA analyses of arsenate minerals {*H20 in arseniosiderite calculated by stoichiometry).
Sample Sai-006a Sai-006a 5ai-015 5ai-015 Sai-006a Sai-006a 5ai-016 5ai-016
As-01 As-03 As-03 As-13 As-07 As-09 As-04 As-06
Mineral Arsenio- Arsenio- Arsenio- Arsenio- Tilasite Tilasite Cherno- Cherno-
siderite siderite siderite siderite vite-(Y) vite-(Y)
wes
F b.d. b.d. b.d. 0.02 8.82 8.46 0.16 0.27
As;0s5 43.96 43.10 4433 45.15 48.24 48.10 4563 42,74
MnyOy 0.03 1.09 033 033 0.61 244 0.59 0.41
Fe, 0y 30.51 28.87 30.92 30.73 0.23 0.33 0.03 0.03
MgO b.d. b.d. b.d. b.d. 2018 18.58 b.d. b.d.
a0 1441 14.44 14.88 14.06 26.40 26,33 0.77 130
Y204 b.d. b.d. b.d. b.d. b.d. b.d. 35.94 34.21
(0=F) 0 0 0 0 =37 —3.56 0 0
H,0* 6.90 6.81 7.04 6.98 0 0 0 0
Total 95.81 94.32 97.50 97.26 100.76 100.67 83.12 7897
Formula
F 0.00 0.00 0.00 0.01 1.03 0.99 0.02 0.04
As 3.00 299 297 3.03 093 093 1.06 1.05
Mn** 0.00 [INN} 0.03 0.03 0.02 0.07 0.02 0.0
Fe** 299 288 298 297 0.0 0.01 0.00 0.00
Mg 0.00 0.00 0.00 0.00 1.1 1.02 0.00 0.00
Ca 2m 205 2.04 1.93 1.04 1.04 0.04 0.07
Y 0.00 0.00 0.00 0.00 0.00 0.00 0.85 0.86

points. While Bi, Sb, and Co concentrations in all carbonates are very
low (sometimes below the detection limit), the concentrations of Zn,
Ba, W, Pb and U are slightly higher but do not exhibit significant varia-
tions within analytical uncertainty. Sr and As, however, are present in
much higher concentrations in most carbonates and vary significantly
throughout the paragenetic sequence and as a function of major ele-
ment composition.

Fig. 10 shows boxplots of As and Sr concentrations of the different
carbonate minerals. With the exception of Ca-rhodochrosite [ and 111,
the Sr concentrations in all carbonates vary between 30 and 500 ppm.
Ca-rhodochrosite 11 (that replaces calcite 1) contains Sr concentrations
that are intermediate between those of the calcitic carbonates and
Ca-rhodochrosite | that does not occur as replacement of precursor
phases. This points to at least partial inheritance of Sr from the pre-
cursor carbonates during formation of Ca-rhodochrosite 1l Even
though Mn-calcite 1 displays a considerable spread in Sr concentra-
tion comparable to that of calcite I, the median value is significantly
higher than in calcite I. Ca-rhodochrosite I and Il both contain signif-
icantly less Sr, only between 2 and 40 ppm. In cases, the arsenic con-
centrations in calcite I, Mn-calcite | and Fe- Mg calcite were below
the detection limit of LA-ICPMS analysis. In general, all carbonate
phases belonging to both the pre-ore stage and the two main ore
stages, as well as the major replacement carbonates of the alteration
stage, contain As concentrations only rarely in excess of 100 ppm.
With the onset of braunite alteration and subsequent precipitation
of Ca-rhodochrosite 111, the As concentrations increase significantly
to values between 200 and 1000 ppm. Elevated As concentrations
are also shown for the vug filling carbonates,

7. REE distribution in carbonates and hematite

The REE concentration data were normalized against Post Archean
Australian Shale (PAAS) (McLennan, 1989) which represents a typical
upper crustal composition. PAAS-normalized REE distribution pat-
terns of all analyzed carbonates and hematite are shown in Fig. 12,
grouped according to their paragenetic position. Fig. 13 shows scatter
plots of important anomalies and element ratios (Ce anomaly versus
La anomaly and Y/Ho ratio) that can be used for further discriminating
the REE data. Because of low absolute La concentrations in the samples,
Ce anomalies were calculated by extrapolation from Nd and Pr
according to log (Ce/Ce*)s,=log ((Cey,-Ndg,)/Prig,) (Masuda and

Nagasawa, 1975). La anomalies were calculated as log (La/La*)., =log
((Lagy- Nd2,,)/Prig, ). With the exception of Mn-calcite Il and Fe- Mg cal-
cite, the total REE concentrations of the carbonate minerals are very low.
The REE patterns of all carbonates, independent of carbonate chemistry,
are characterized by elevated LREE, a pronounced negative Eu anomaly,
and flat to slightly elevated MREE and HREE distributions. La anomalies
were found to be present in most of the analyzed carbonates (Fig. 13a).

The variability of the REE patterns as a function of their paragenet-
ic position is quite significant. Particularly noteworthy are the differ-
ences for the ore stage carbonate phases. While pre-ore stage Ca-
rhodochrosite 1 (Fig. 12a) has comparably flat REE patterns with
only a slight LREE depletion, the LREE depletion in all subsequent ore
stage carbonates (calcite I, Mn-calcite |, Fe - Mg calcite} is much more de-
veloped. Hematites that are cogenetic with Mn-calcite | have distinct REE
patterns that show only a slight depletion in LREE, a flat MREE and HREE
distribution, and a weak negative Eu anomaly (Fig. 12i). Another striking
feature is the strongly contrasting behavior of Ce. Ca-rhodochrosite |, cal-
cite | and Fe— Mg calcite display positive anomalies, whereas Mn-calcite |
shows a larger variability with Ce anomalies being slightly negative, Like-
wise, systematic differences in the Y/Ho ratios are present. Calcite | and
Fe-Mg calcite are characterized by Y/Ho ratios that are much larger
than 1, whereas Mn-calcite I again is more variable and has Y/Ho ratios
ranging from about 1 to slightly greater values (Fig. 13b).

Carbonates of the alteration stage also show significant variability in
their REE patterns. Ca-rhodochrosite Il (Fig. 12b), which replaces calcite
1, is less strongly depleted in LREE than the calcitic precursor. The distri-
bution patterns differ significantly from those of pre-ore stage
Ca-rhodochrosite I (Fig. 12a), reflecting systematic changes in forma-
tion conditions as the hydrothermal system evolved with time. The
REE patterns of Ca-kutnahorite | (Fig. 12d) are very similar to those of
Ca-rhodochrosite Il, whereas Mn-calcite 1 (Fig. 12f) has the largest neg-
ative La and slightly positive Ce anomalies. The Y/Ho ratios of Mn-calcite
Il are around 1. The late stage vug filling carbonates also display large
negative La anomalies and positive Ce anomalies (Fig. 12h, ). In contrast
to Mn-calcite I1, their Y/Ho ratios are much larger than 1.

8. Discussion and conclusions

The vein type Mn - Fe - As mineralization at Sailauf is characterized
by two distinct ore assemblages and subsequent complex replacement
and alteration features. The systematic changes in mineral assemblages
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Fig. 8. Boxplots of selected trace element concentrations in Mn oxides and hematite. Horizontal lines inside the boxes represent the median values. The box limits mark the upper
and lower quartile of data, and the outer brackets the maximum and minimum concentrations.

in each mineralization stage are reflected by the trace element and REE
distribution in carbonate and oxide phases. The mineral assemblages
and compositions have recorded progressive changes in fluid chemistry
throughout the lifetime of the hydrothermal system. This information,
in conjunction with constraints from mineral stability diagrams, will
be used to reconstruct the depositional conditions and the main pro-
cesses controlling the formation of the Sailauf Mn-Fe-As deposit.
The results of this process analysis will then be compared to other
Mn - Fe deposits in different settings with the aim to identify common
features.

8.1. Fluid evolution of the hydrothermal system

The most striking feature of the Sailauf mineralization is the occur-
rence of two different ore assemblages, the first dominated by
Mn-oxides and calcite, and the second by Fe-oxides, manganoan calcite,
and minor quartz and barite. This substantial shift in the stable mineral
assemblages likely reflects first-order changes in key parameters of the

hydrothermal fluids. The solubility and fractionation behavior of Fe and
Mn in hydrothermal systems are largely controlled by temperature, pH,
oxidation state, and the relative concentrations of important complexing
ligands (Crerar et al., 1980; Hem, 1972; Krauskopf, 1957; Wood and
Samson, 1998 ). The hydrothermal solubility of Fe and Mn is greatly en-
hanced in chloride solutions due to the formation of stable chloride com-
plexes (Heinrich and Seward, 1990; Palmer and Hyde, 1993; Suleimenov
and Seward, 2000; Testemale et al., 2009). The formation of carbonate
and bicarbonate complexes in carbonate-rich aqueous solutions can
also affect the transport and deposition of Fe and Mn (Bruno et al.,
1992; Wolfram and Krupp, 1996; Wood and Samson, 1998).

The stability of chloride species of Fe and Mn in hydrothermal fluids
up to 300 °Cis rather well studied (Gammons and Seward, 1996; Liu et
al., 2006; Suleimenov and Seward, 2000; Tagirov et al., 2000; Testemale
et al., 2009), whereas thermodynamic data for carbonate and bicarbon-
ate species are only available up to moderate temperatures. Reliable ex-
perimental data are available up to temperatures of 55 °C, and stability
constants up to 300 °C are based on limited experimental data and
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extrapolations (Bottcher and Usdowski, 1990; Wolfram and Krupp,
1996). The stability of Fe and Mn carbonates relative to the oxide phases
is strongly dependent on the activity of CO, (Crerar et al., 1980; French,
1971). Of particular importance for the transport and deposition of Fe
and Mn is the large difference in their redox potential, with the Fe**/
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Fig. 10. Boxplots of As and Sr concentrations in the different hydrothermal carbonate
generations,

Fe’™ transition located at much lower oxidation state than the redox
transition for Mn (Crerar et al., 1980; Hem, 1972; Krauskopf, 1957).

Considering the major controls on Fe and Mn solubility, the
changes in mineral assemblages in the different ore stages in the
Sailauf vein systems can be interpreted in terms of the depositional
conditions. The transition between the two main ore stages records
a change from Mn oxides and Mn-free calcite (ore stage 1) to hema-
tite and manganoan calcite (ore stage 2). In the alteration stage that
postdates the main ore mineral deposition, different compositionally
variable carbonates (calcian rhodochrosite, kutnahorite, different
types of manganoan calcite) have formed. Fig. 14 shows activity dia-
grams, where the stability fields of Fe and Mn minerals is plotted as
function of pH, log (fy2), log (feoz) and log (asigz). The diagrams
were constructed at 150 °C and saturated water vapor pressure,
which is well within the T-P range reported for other post-Variscan
hydrothermal vein deposits (Baatartsogt et al., 2007; Liiders and
Mdller, 1992; Staude et al., 2007). The mineral stability diagrams con-
sider the Mn oxide phases manganosite, hausmannite, braunite,
bixbyite and pyrolusite, and the Mn carbonate rhodochrosite
(Fig. 14). Because no thermodynamic data are available for manga-
nite, its stability field could not be calculated, and bixbyite which
also contains trivalent Mn will serve as a proxy for manganite. The
stability diagrams show that CO; fugacity largely controls the stability
of rhodochrosite and siderite compared to the oxide phases (Fig. 14a),
and that the silica activity determines whether braunite or other Mn
oxides are stable (Fig. 14b). The occurrence of hausmannite and man-
ganite in ore stage 1 requires that the silica activity has been rather
low (the system was quartz undersaturated), whereas the coexis-
tence of hematite with minor quartz in ore stage 2 indicates a sub-
stantially larger silica activity. In ore stage 2, Mn is only present as
minor constituent in Mn-calcite I, which is approximated by the sta-
bility of the rhodochrosite component. In order to stabilize the miner-
al assemblage of ore stage 2, requires an increase in silica activity and
CO, fugacity (Fig. 14).

A possible mechanism to cause major changes in the key parameters
of the hydrothermal system are variations in the mixing ratios of two
chemically contrasting fluids, which was proposed as the essential
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Relative concentration

Fig. 11. Element maps of a braunite-1b crystal, illustrating the distribution of (a) Mn, (b) 8i, (¢) Ca. (d) As concentrations in relation to the growth zoning visible in (e) the BSE image. The
maps reveal a considerable zoning in the major element concentrations and arsenic. Note that the arsenic enrichments appears to be not correlated with the major element chemistry.

depositional mechanism for hydrothermal mineralization in the
Spessart and many other post-Variscan ore deposits in central Europe
(Baatartsogt et al., 2007; Behr et al., 1987; Dill, 1988; Dill and Nielsen,
1987; Muchez et al., 2005; Staude et al., 2007; Wagner et al., 2010). In
the Spessart district, fluid mixing would have involved fluids derived
from the crystalline basement and formation waters originating from
the Zechstein dolomite sequence, The basement fluids would be saline,
have a near neutral pH and would be quartz saturated, whereas forma-
tion waters from Zechstein carbonates are expected to be more alkaline
and probably quartz undersaturated.

During the formation of ore stage 1, the mineral assemblage was
precipitated from silica undersaturated fluids, suggesting that the
contribution of fluids from the Zechstein dolomite must have been
dominant. Conversely, the transition to ores stage 2 then reflects a
change towards conditions where the basement derived fluids were
more important. Because Mn oxides do not occur in ore stage 2, it
would also be necessary to decrease the oxidation state and increase
the CO, fugacity to stabilize carbonates minerals over the oxides. This,
in turn, would lead to the conclusion that the basement derived fluids
would have been more reducing and CO; rich than those from the
Zechstein aquifer, which appears geologically unreasonable, The ap-
parent contradiction can be resolved when considering the effect of
pH on the relative solubility of Fe and Mn oxide minerals. For reason-
able Mn/Fe ratios in the post-Variscan hydrothermal fluids, the Mn
oxides will be more soluble at near-neutral to slightly acidic pH
than the Fe oxides (Fig. 14c). Increasing the contribution of basement
fluids to the hydrothermal system, which could be related to tectonic
activation of the fault systems hosting the veins, would drive the pH
from slightly alkaline to near-neutral or slightly acidic. This would
make Mn oxides more soluble compared to Fe oxides, resulting in
precipitation of hematite-quartz assemblages during ore stage 2.

The mineral stability constraints would explain the distinct sepa-
ration of Fe and Mn oxides between both ore stages. Considerable
pH increase due to initial mixing of basement derived fluids with
the Zechstein groundwaters would efficiently precipitate hematite
first. This is evidenced by the presence of early hematite in cockade
ores formed during the initial stages of ore stage 1, which is then
overgrown by Mn oxides (Fig, 4). The ore stage 2 would be essentially
dominated by basement derived fluids, resulting in somewhat lower

pH and higher silica activity, promoting deposition of hematite and
quartz, Manganese would be largely retained in solution in ore
stage 2, and would only become incorporated into Mn-bearing calcite,
The depositional conditions during the alteration stage carbonates are
much more difficult to assess. The availability of dissolved Mn for in-
corporation into manganoan calcites or rhodochrosite, in conjunction
with the rare occurrence of secondary Mn oxides and hematite, sug-
gests that this stage was characterized by large fluctuations in foa,
froz and pH.

8.2. Significance of REE patterns of carbonate minerals

This interpretation is supported by the distinct differences in the
REE patterns of the carbonate minerals. All hydrothermal carbonates
display a pronounced negative Eu anomaly. At temperatures below
about 200 °C, Eu anomalies can only be inherited from the host
rocks, which in the case of felsic rocks should cause negative anoma-
lies due to chloritization of biotite (Liders et al., 1993; Maoller and
Dulski, 1999). Shales of the Kupferschiefer basin possess weakly pos-
itive to weakly negative Eu anomalies (Bechtel et al., 2001). Negative
Ce anomalies result from oxidation of Ce® ™, which may be selectively
removed as Ce®* by adsorption to mineral surfaces (Maller and
Dulski, 1999; Wood, 1990). Conversely, more reducing fluids reacting
with preexisting Ce enriched mineral surfaces may acquire positive
anomalies (Maller and Dulski, 1999). The strong LREE depletion that
is observed in our samples would be consistent with fluids rich in
dissolved bicarbonate and carbonate, which form stronger complexes
with HREE than with LREE and thus preferentially remove HREE from
the source material (Bau, 1991; Haas et al., 1995; Wood, 1990).

Carbonates of the different ore stages all have systematically dif-
ferent REE patterns, in qualitative agreement with changes in pH
and oxidation state. Diagenetic and hydrothermally influenced car-
bonates from sediments of the Zechstein basin have been analyzed
for their REE distribution by Fischer et al. (2006). They have positive
Ce anomalies, which was explained by reductive Ce release from
degraded marine particles within the Zechstein sediments and Y/Ho
ratios in excess of 1 in both types of carbonates. The slightly positive
Ce anomalies and Y/Ho ratios larger than 1 in calcite I may therefore
indicate an inheritance by fluids that percolated through diagenetically
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replacement of carbonates would typically occur under conditions
where fluid/mineral ratios are rather small, and hence the REE budget
of new carbonate phases should be largely inherited from the precursor
phase. The REE patterns of kutnahorite and rhodochrosite are
further complicated by crystallographic control on REE fluid-mineral
partitioning. Minerals that mainly contain cations with ionic radii small-
er than Ca (Mg, Fe?” and Mn?") will favor HREE incorporation
(Morgan and Wandless, 1980). The REE patterns of Ca-rhodochrosite
I may be largely explained by this effect, because they display a con-
stant increase in HREE not observable in any of the other carbonate
types. Yet, their LREE distribution is quite similar to that of the precursor
carbonates and may therefore reflect inheritance from the precursor.

8.3. Source and origin of Mn- Fe deposits

The Sailauf vein-type Mn - Fe - As mineralization is structurally re-
lated to the basement-cover unconformity, which is a common fea-
ture with many post-Variscan Pb-Zn-fluorite-barite ore deposits of
Mesozoic age in central Europe. Fluid mixing processes are com-
monly invoked to explain mineral precipitation (Baatartsogt et al.,
2007; Behr et al., 1987; Dill, 1988; Dill and Nielsen, 1987; Muchez
et al., 2005; Staude et al., 2007; Wagner et al., 2010), and the
structural setting of the Sailauf mineralization and the available
mineralogical and geochemical evidence would suggest a similar
depositional environment. Although unconformity related Mn-Fe
deposits are not described in the literature, the Sailauf mineraliza-
tion displays striking mineralogical and geochemical similarities
with Mn-Fe deposits in widely differing geologic settings. These
similarities point to common fluid sources and depositional pro-
cesses, and process analysis of the Sailauf system will contribute
to understanding the controls on essential features of Mn-Fe de-
posits such as element zoning, redox transitions, variation in silica
activity, and the trace element inventory typically associated with
Mn and Fe.

Manganiferous vein deposits have been described from many lo-
calities worldwide (Glasby et al., 2005; Hein et al., 2000; Leal et al.,
2008; Nicholson, 1986; Roy, 1981). Examples in Germany can be
found in llfeld (Harz) and llmenau (Thiiringen). The hydrothermal
veins at llfeld contain Mn and Fe oxides in carbonate, quartz and bar-
ite gangue, and are hosted by Lower Permian rhyodacitic lavas and ig-
nimbrites (Hewett, 1972; Salzmann, 1935). Salzmann (1935) reports
the occurrence of spatially separated Fe and Mn oxide veins, and an
increase in hematite abundance with depth. The hydrothermal veins
at llmenau contain Mn oxides associated with calcite or barite
gangue, which occur in Permian quartz porphyries and red beds of
the Lower Permian (Hewett, 1972). Some authors considered vein
type deposits that are associated with marine sediments as subsur-
face feeder systems of stratabound sedimentary exhalative Mn- Fe
deposits (Hein et al., 2000). Prominent examples of stratabound sed-
imentary-exhalative orebodies include the Langban and Sjégruvan
deposits, central Sweden (Bostrom et al, 1979; Holtstam and
Mansfeld, 2001), the Franklin and Sterling Hill ore bodies, USA
(Frondel and Baum, 1974; Johnson and Skinner, 2003; Peck et al,,
2009}, and the Boléo district, Mexico (Conly et al., 2011).

The Sailauf Mn-Fe~ As veins show a considerable enrichment in
the same trace element suite that is commonly found in other Mn- Fe
deposits, notably As, W, 5r, Zn, Sb, Cu, Pb, Zn and U (Fig. 8). The only ex-
ception is Ba, which is often present at high concentrations in a variety
of deposits, whereas the enrichment in Sailauf oxides is rather low, al-
though the occurrence of barite (see Fig. 4) indicates that Ba was also
present in the hydrothermal fluid. Nicholson (1992) proposed that
the element association As-Ba-Cu-Li-Mo-Pb-Sb-Sr-V-Zn is
typical for Mn oxide deposits of hydrothermal origin, and W and TI
were identified to be enriched in hydrothermal Mn- Fe vein deposits
in the southwestern USA and Argentina (Leal et al., 2008; Roy, 1981).
Enrichment in this element suite have also been identified in stratiform

sedimentary-exhalative deposits of the Langban type in the Bergslagen
province in Sweden (Holtstam, 2001; Holtstam and Mansfeld, 2001)
as well as at the Val Ferrara deposit in Switzerland (Brugger and
Gierg, 2000). At Langban, Nysten et al. (1999) additionally described
enrichments in Be, which at Sailauf is also observed in late stage assem-
blages (bertrandite and bergslagite).

The similarities in trace metal associations found in Fe—Mn de-
posits of very different origin was already observed in other studies
and was explained as being largely controlled by the source rock li-
thologies of the hydrothermal systems, irrespective of the specific
ore precipitation mechanism (Glasby et al., 2005; Hein et al., 2000;
Hewett, 1964, 1972; Liiders et al., 2001). For the majority of these de-
posits, a genetic link with felsic lithologies has been proposed. The
Langban and Sjogruvan deposits in Bergslagen have been related to
felsic arc-related volcanic rocks (Bostrom et al., 1979; Holtstam and
Mansfeld, 2001), and rhyolite and orthogneisses are considered as
the metal source of the Val Ferrara deposit in Switzerland (Brugger
and Gieré, 2000). The geochemical similarity between vein type de-
posits, ferromanganoan deposits in back-arc settings, and terrestrial
hot-spring systems and the Mn-Fe-As mineralization at Sailauf
points to a common link with felsic lithologies. Potential source rock
candidates at Sailauf are the Permian rhyolites and the granitic
orthogneisses, which would provide large volumes of rock that
could have supplied the characteristic element suite.

In terrestrial Mn-rich hydrothermal systems, a clear zonation of
Mn minerals with increasing depth has been documented (Roy,
1981). The deepest parts of the vein systems contain Mn?* bearing
minerals (rhodochrosite, rhodonite, tephroite) (Hewett, 1964; Roy,
1981). These comparatively reduced ore associations then grade
into shallower zones dominated by mixed valence oxides (bixbyite,
braunite) and finally to tetravalent Mn oxides in the uppermost
zones, This systematic mineral zoning reflects increasing oxidation
via fluid mixing with shallow oxygenated groundwater at decreasing
deposition temperatures. Similar redox gradients may also develop
during alteration of Mn ores by interaction with late-stage fluids, as
recorded in the fissure hosted mineralization at Langban (Jonsson
and Broman, 2002) or the fault-controlled metasomatic alteration of
the Proterozoic marine-sedimentary Kalahari Manganese Fields,
South Africa (Gutzmer and Beukes, 1995). In both cases, the Mn
oxide minerals have been extensively modified in response to
changes in fluid composition, resulting in replacement of precursor
ore assemblages.

The Sailauf Mn-Fe-As vein mineralization provides direct evi-
dence for multistage fluid processes that have resulted in separation
of Mn and Fe, likely due to progressive or episodic changes in key
state parameters. As opposed to other Mn-Fe deposits which show
systematic changes in Mn and Fe oxide mineralogy as a function of
depth below the paleosurface or proximity to a hydrothermal vent,
the Sailauf hydrothermal system records comparable changes as a
function of time. The clear association with felsic rock lithologies
and the geological setting immediately below the Variscan unconfor-
mity suggest that the Sailauf Mn-Fe—-As mineralization has likely
formed through fluid mixing processes that caused major variations in
pH, CO, fugacity, oxidation state and silica activity. Fluid mixing in-
volved basement-derived fluids that had picked up their metal invento-
ry by interaction with felsic source rocks, and shallow groundwaters or
formation waters from Zechstein sediments.
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Appendix A. Analytical conditions for electron-probe microanalysis

Minerals Elements Acceleration Probe current Beam diameter Standard materials Integration times (s)
voltage (kV) (nA) (um)
Carbonates Mg, Si, Ca, Mn, Fe, Zn, As, 20 20 5 Periclase (Mg—-Ka) 16/8
Sr, Ba Diopside (Si—Ka) (Mg, Si, Ca, Fe, Zn, As,

Dolomite (Ca—Kat) Ba)
Rhodonite (Mn-Ka) 30/15
Hematite (Fe-Ka) (Mn, Sr)
Zn (Zn-Kot)
GaAs (As—La)
SITiO3 (Sr—Lar)
Barite (Ba—La)

Braunite, hausmannite, Mg, Al, Si, S, K, Ca, Mn, 20 20 Focused Diopside (Mg-Ka, Si—Ka, 16/8

manganite Fe, Zn, As, Ba Ca-Ka) (Mg, AL Si, S, K, Ca,

AI203 (Al-Ka) Mn, Zn, As, Ba)
Pyrite (S-Ka) 30/15
Sanidine (K-Ka) (Fe)
Bustamite (Mn-Ka)
Hematite (Fe—Kot)
Zn (Zn-Kot)
GaAs (As-La)
Barite (Ba—La)

Hematite Mg, Si, Ca, V, Mn, Fe, W 20 20 focused Diopside (Si— Ko, Mg—Kat) 16 /8 (all)
Scheelite (Ca— Ko, W-Kat)
V (V-Ka)
Bustamite (Mn- Kat)
Hematite (Fe—Kat)

Arsenates F, Mg, Ca, Mn, Fe, As, Y 15 20 5 Fluorite (F-Ka) 16/8 (Mg, Ca, Mn, Fe,
Periclase (Mg - Kat) As)
Dolomite (Ca-Kat) 30/15 (F,Y)
Bustamite (Mn-Kat)
Hematite (Fe-Kat)
GaAs (As-La)
Y203 (Y-La)
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The hydrothermal Mn-Fe-As vein mineralization at Sailauf (Germany) hosts a complex sequence of oxide and
carbonate minerals that record a protracted fluid history. The mineralization is related to a major unconformity
that separates Permian (Zechstein) sedimentary rocks from underlying Variscan crystalline basement, The hy-
drothermal veins contain two principal mineralization stages, which are Mn oxides associated with calcite and
hematite associated with Mn-calcite. The fluid evolution of the hydrothermal system has been reconstructed
from fluid inclusion petrography, microthermometry, and LA-ICPMS microanalysis, coupled with stable isotope
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geochemistry of carbonate and oxide minerals. The fluid inclusions are high salinity sodic—calcic brines and the

Keywords: bulk fluid properties show no major differences between the Mn oxide and the hematite stage, LA-ICPMS analysis
Mn-Fe-As mineralization of major and trace elements demonstrates that the mineralization formed from chemically distinet fluid pulses
Fluid mixing characterized by variations in their K, Li, B, Pb and Zn concentrations. The fluid that precipitated the Mn oxide
LA-ICPMS stage has anomalous P’b/Zn and Li/B ratios, which closely resemble fluids found in fracture fillings in red beds
E:gf:;r'[“‘h"ﬁ'f“’ of the Permian Rotliegend basin. By contrast, the fluids associated with the hematite stage have Pb/Zn and Li/B

ratios typical of crustal fluids that were derived from interaction with crystalline basement. Both fluids possess
characteristic element ratios including Cl/Br, but variable absolute concentrations of most metals. This suggests
that both fluids were modified by mixing with a common metal-depleted brine that had a similar Cl/Br ratio,
most likely a formation water from the overlying Zechstein sedimentary rocks. The Sailauf mineralization pro-
vides insight into the protracted post-Variscan fluid evolution at the basement-cover interface, The composition-
ally anomalous fluid that precipitated the Mn oxides is comparable to brines derived from interaction with red
beds and likely represents the ore fluid of Kupferschiefer-type sediment-hosted Cu deposits. Conversely, the
fluid that deposited the hematite mineralization resembles fluids that typically form basement- and sediment-
hosted Pb-Zn deposits.

Sediment hosted Pb-Zn deposits

© 2013 Elsevier B.V. All rights reserved,

1. Introduction fluid mixing and phase separation. Major progress in understanding the

feedback between variations in fluid composition and mineral precipi-

Aqueous fluids drive formation of hydrothermal ore deposits in a
wide range of crustal settings, including large sedimentary basins
(Sangster, 1990; Hitzman et al.,, 2005; Leach et al,, 2005), crystallizing
shallow hydrous intrusions (Hedenquist and Lowenstern, 1994), and
collisional orogens (Groves et al,, 1998). Despite considerable research,
our understanding of the controls on the major and trace elements com-
position of crustal fluids remains incomplete because only recently mi-
croanalytical techniques became available that make it possible to
obtain multi-element data for fluid inclusions (Giinther et al., 1998;
Heinrich et al., 2003). Understanding the dynamics of hydrothermal
systems requires insight into the time-space evolution of ore fluids
which might reflect transient processes such as changes in fluid sources,

* Corresponding author.
E-mail address: tobias.fusswinkel@helsinki.fi (T. Fusswinkel).

0009-2541/5 - see front matter © 2013 Elsevier BV, All rights reserved.
http://dx.doi.org/10.1016/j.chemgeo.2013.10.026

tation in hydrothermal systems comes from in-situ microanalysis of
fluid inclusions using LA-ICPMS coupled with well-constrained recon-
struction of mineral paragenesis and textural evolution (Audétat et al.,
1998; Wilkinson et al., 2009; Fusswinkel et al., 2013a).

The importance of fluid mixing processes across basement-cover
unconformities for formation of sediment-hosted hydrothermal ore de-
posits has been recognized in many geological settings worldwide
(Raffensperger and Garven, 1995; Garven et al,, 1999). Prominent ex-
amples include post-Variscan fluorite-barite-Pb-Zn vein deposits
throughout central and western Europe (Behr and Gerler, 1987; Behr
et al.,, 1987; Liders and Méller, 1992; Staude et al., 2009; Fusswinkel
et al, 2013a), carbonate-hosted Pb-Zn deposits of the Mississippi-
Valley Type (Muchez et al., 2005; Stoffell et al., 2008), shale-hosted Cu
deposits of the Permian Kupferschiefer and in the Central African
Copper belt (Rentzsch, 1974, Jowett, 1986; Sweeney et al,, 1991), and
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the world-class U deposits of the Athabasca basin in Canada (Kotzer and
Kyser, 1995; Derome et al., 2005; Richard et al.,, 2011, 2012). Recent
fluid inclusion and stable isotope studies of these ore deposit types
have increasingly emphasized the importance of basement rocks as
major source of ore metals (Goldhaber et al., 1995; Boiron et al., 2010;
Wilkinson, 2010; Fusswinkel et al, 2013a), although in the case of
Kupferschiefer-type Cu deposits the potential role of continental red
beds as key metal supply is controversially debated (see Blundell
et al., 2003 for an overview).

The structurally controlled hydrothermal vein-type Mn-Fe-As min-
eralization at Sailauf (Spessart, central Germany) is located at the un-
conformity between Variscan crystalline basement and overlying
Permian sedimentary rocks. The mineralization records a complex se-
quence of hydrothermal carbonate minerals associated with Fe and
Mn oxide minerals and subordinate arsenate phases (Fusswinkel et al.,
2013b). Most importantly, the vein system hosts two texturally distinct
mineralization stages with Mn oxides and calcite evolving into hematite
and Mn-rich calcite (Fusswinkel et al., 2013b). This shift in mineral as-
semblages records substantial changes in pH and oxidation state of
the fluid system involved, which can be related to dynamic fluid mixing
processes between oxidized basement-derived fluids and reducing
fluids originating in the sedimentary cover rocks (Fusswinkel et al.,
2013b). Fluid inclusions from the Sailauf mineralization have therefore
great potential to provide detailed insight into the chemistry of fluid
mixing processes at basement-cover interfaces.

This study reports the results of a detailed fluid inclusion study of the
Sailauf Mn-Fe-As mineralization, combining fluid inclusion petrogra-
phy, microthermometry and LA-ICPMS microanalysis of individual
fluid inclusions. The fluid inclusion data are combined with stable iso-
tope data (carbon, oxygen, hydrogen) of carbonates, Fe and Mn oxides
and sheet silicates. The fluid inclusion dataset comprises the concentra-
tions of major cations, trace ore metals and sulfur, and the Cl/Br ratios,
and is used to reconstruct the fluid evolution of the hydrothermal sys-
tem. We observe significant chemical differences in terms of base
metal and other cation ratios between fluids of the early Mn mineraliza-
tion stage and those of the later Fe oxide stage, which are used to trace
the fluid sources.

2. Geological setting

The Sailauf Mn-Fe-As mineralization is located at the unconformity
between the Variscan basement of the Spessart Crystalline Complex
(SCC) and the Paleozoic to Mesozoic cover comprising sedimentary
rocks of Lower Permian to Triassic age (Fig. 1). The SCC is part of the
Mid-German Crystalline Rise (MGCR), the internal zone of the
European Variscan orogen (Kroner et al,, 2008). It comprises a sequence
of NE-SW trending metasedimentary, metagranitic and metabasic li-
thologies (Okrusch and Weber, 1996). The MGCR represents a former
active plate margin along which the Rheic ocean basin was closed by
SE directed subduction between the Silurian and Carboniferous
(Kroner et al., 2008). In the SCC, this is evidenced by intercalations of
metapelitic to metapsammitic paragneiss units with two orthogneiss
complexes, whose granodioritic to granitic protoliths were emplaced
in an active continental margin setting during the uppermost Silurian
to lowermost Devonian (Okrusch and Richter, 1986; Dombrowski
et al., 1995).

During the Variscan orogeny, the crystalline rock units attained
metamorphic grades of medium pressure amphibolite facies conditions
(Okrusch and Weber, 1996). Uplift and cooling of the SCC occurred be-
tween 325 and 315 Ma (Dombrowski et al., 1994). Extension and basin
formation during the Lower Permian was associated with widespread
bimodal volcanic activity in central Europe (McCann et al., 2008).
Thick volcaniclastic sequences were deposited in northern Germany
(Neumann et al, 2004) and inside Permo-Carboniferous basins
(McCann et al., 2008), while more localized subvolcanic bodies intruded
crystalline basement rocks in southern Germany, among them the

Hartkoppe rhyolite (Okrusch et al., 2011) which hosts the Sailauf
Mn-Fe mineralization.

The SCC is unconformably overlain by Permian sedimentary rocks.
Most parts of the Spessart area were geographic highs during the
Lower Permian (Okrusch et al., 2011}, and the Lower Permian red beds
of the Rotliegend are therefore restricted to the NW part. During the
Upper Permian, sedimentary rocks of the marginal facies of the Zechstein
basin were deposited, which comprise the basal manganiferous breccia
and conglomerate, the Kupferschiefer black shale (only occurring in
the NE part) and bituminous dolomites of the Werra cycle. An intermit-
tent regression of the Zechstein Sea led to deposition of clay- and
marlstones of the Aller and Leine cycle. These include the uppermost
stratigraphic unit, a well-defined claystone (Kiding, 2005). Continental
mudstones, sandstones and conglomerates of the Lower Triassic Bunter
Sandstone and limestones of the Lower Middle Triassic Muschelkalk
conformably overly the Permian rocks (Okrusch et al., 2011). Middle Tri-
assic to Upper Jurassic sedimentary rocks originally covering the area
were completely eroded during regional uplift (Okrusch et al., 2011).

Both the crystalline basement and the sedimentary cover rocks are
crosscut by two major systems of post-Variscan faults. The predominant
systemn strikes NW-SE and hosts most of the hydrothermal veins, while
a subordinate system striking NE-SW is only weakly mineralized.
Large-scale post-Variscan extensional tectonics activated both fault sys-
tems and caused significant fluid flow, as evidenced by the frequent oc-
currence of barite-quartz and base metal vein mineralization (Ziegler,
1987; Wagner and Lorenz, 2002; Okrusch et al., 2007; Wagner et al.,
2010).

3. The Sailauf Fe-Mn-As mineralization

The hydrothermal vein-type Mn-Fe-As mineralization comprises a
set of 5 NW-SE trending, steeply dipping, discontinuously mineralized
fault systems that crosscut the Lower Permian Hartkoppe rhyolite
dome (Fusswinkel et al., 2013b). The porphyritic subvolcanic rock is
exposed over an area of approximately 400 by 200 m and is emplaced
within a small slab of biotite schist that is intercalated with
orthogneisses of the Rotgneiss complex (Dombrowski et al., 1995).
The top of the rhyolite marks the unconformity to the Permian
Zechstein sediments and is directly overlain by bituminous dolomites
of the Upper Permian Zechstein. The hydrothermal veins range in thick-
ness between 1 and 25 cm and are mineralized by a complex sequence
of different hydrothermal carbonates that are associated with Mn and
Fe oxides. Reflecting the present level of erosion, it is not possible to
confirm if the veins originally extended into the cover rock sequence.

The paragenesis and mineral chemistry of the Sailauf Mn-Fe-As
mineralization was described by Fusswinkel et al. (2013b), and a sum-
mary diagram showing the most important minerals is given in Fig. 3.
Four stages of mineralization can be distinguished, which are (1) the
pre-ore stage, (2) ore stage 1 (Mn oxide stage), (3) ore stage 2
(hematite stage ) and (4) the late alteration stage. The pre-ore stage con-
tains calcian rhodochrosite, fluorite and subordinate amounts of
celadonite, illite, and anhydrite. The Mn oxide stage hosts abundant
Mn-oxides (braunite, hausmannite, manganite and bixbyite) along
with calcite and subordinate fluorite. The hematite stage is dominated
by specularitic hematite associated with Mn-calcite, whereas Mn oxides
are completely absent. Rarely, a second calcite generation enriched in Fe
and subordinate Mg (Fe-calcite) along with small amounts of quartz oc-
curs in the hematite stage, postdating the Mn-calcite. The hematite
stage mineralization appears both as discrete veins and as replacement
of calcite from the Mn oxide stage. In the latter case, the occurrence of
hematite is strictly confined to the alteration zones (Fusswinkel et al.,
2013b). The final alteration stage comprises several generations of
carbonates associated with arsenate minerals that locally replace and
overgrow the primary mineralization.

The paragenetic sequence that is characterized by the distinct
mineral assemblages of the Mn oxide stage and the hematite stage
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Fig. 1. Geological map of the Spessart showing the location of the Sailauf Mn-Fe-As mineralization as well as of known base—metal deposits. The map is based on the 1:500,000 map sheet

provided by the Bavarian Environment Agency (Bayerisches Geologisches Landesamt, 1996).

demonstrates a clear separation of Fe from Mn during the evolution of
the hydrothermal system at Sailauf. On the basis of thermodynamic
modeling, this was interpreted in terms of variations of the prevailing
physicochemical conditions, notably pH, aSiOs, fO,, and fCO; during
ore precipitation. These variations, in turn, were related to dynamic
fluid mixing processes across the basement-cover interface that
involved oxidized fluids derived from the crystalline basement and

reducing fluids likely originating in the sedimentary cover rocks
(Fusswinkel et al., 2013b).

4. Samples and methods

The samples of this study originate from the active quarry that
exposes the hydrothermal Mn-Fe-As veins over a vertical extent of
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45 m, They are a sub-set of the samples that were investigated previ-
ously (Fusswinkel et al., 2013b) and are briefly described in Table 1.
Nine representative samples containing carbonates and fluorite from
the Mn oxide and hematite stage were selected for detailed fluid inclu-
sion studies with microthermometry and LA-ICPMS. The carbonates
from the pre-ore and alteration stage contained no fluid inclusions of
suitable size for microthermometric and LA-ICPMS analysis.

4.1. Backscatter electron imaging with electron-microprobe

Backscatter electron (BSE) imaging was used to resolve the complex
textural relations of hydrothermal carbonates and to relate fluid inclu-
sion generations to their respective host carbonates. BSE imaging was
performed with the JEOL JXA-8900RL instrument at the University of
Tiibingen, using 15 kV acceleration voltage and 10 nA beam current.

4.2, Auid inclusion microthermometry

Doubly polished wafers of 200-300 pm thickness were prepared for
petrographic investigation of fluid inclusion assemblages (FlAs) and
subsequent microthermometric analysis with a Leica DM 2500P micro-
scope equipped with a Linkam THMSG-600 heating-freezing stage. Cal-
ibration of the heating-freezing stage was performed using synthetic
fluid inclusions of CO, (melting: — 56.6 °C), Hz0-NaCl (eutectic melting

Table 1
Description of the investigated samples from the Sailauf Mn-Fe-As vein mineralization.

of ice and hydrohalite: —21.2 °C), H,0 (ice melting: 0.0 °C, critical ho-
mogenization: 374.1 °C). True NaCl and CaCl; salinities were calculated
from melting temperatures of ice and hydrohalite using the model for
the H,0-NaCl-CaCl; system of Steele-Maclnnis et al. (2011). The ana-
lytical precision of all freezing experiments is 0.1 °C, and the precision
of heating experiments is about 1 °C.

4.3. LA-ICPMS microanalysis of fluid inclusions

LA-ICPMS microanalysis of fluid inclusions was performed at ETH
Ziirich with a Perkin Elmer Elan 6100 quadrupole ICPMS instrument
connected to a prototype GeoLas 193 nm ArF excimer laser ablation sys-
tem (Giinther et al., 1997). Instrumental parameters of the LA-ICPMS
system are listed in Table 2. Ablation pit sizes were adjusted to the
size of each fluid inclusion using an aperture to ensure complete abla-
tion of the entire inclusion. H; gas was added to the He carrier gas
flow to increase sensitivity for most elements (Guillong and Heinrich,
2007). To account for instrumental drift, sample measurements were
bracketed by ablation of reference materials. These were NIST610 and
an in-house scapolite standard for quantification of Cl and Br (Seo
et al., 2011). Following acquisition of the time integrated count rate
signals, each spectrum was then quantified against NIST and scapolite
internal standards, yielding concentration data for the full element
suite. The internal standardization and calculation of concentrations

Sample  Paragenesis/description

Sai-001  Breccia clasts of red rhyolite, cemented by celadonite and Ca-rhodochrosite { pre-ore stage)

Sai-002 Breccia clasts of red rhyolite, cemented by celadonite and Ca-rhodochrosite | pre-ore stage)

Sai-003  Calcite vein (Mn oxide stage) separating red rhyolite and braunite-impregnated rhyolite; calcite is crosscut and partly altered by Mn-calcite + hematite
(hematite stage)

5ai-005  Calcite vein in red rhyolite, containing abundant Mn-oxides [Mn oxide stage); calcite is partly altered to Mn-calcite { hematite stage) and Ca-rhodochrosite
(alteration stage)

Sai-010a  Breccia clast of braunite-impregnated rhyolite in barren calcite (Mn oxide stage); partly altered to Mn-calcite + hematite (hematite stage)

Sai-011 Barren calcite (Mn oxide stage) brecciating red rhyolite; partly altered by Mn-calcite (hematite stage)

Sai-013  Relictic calcite (Mn oxide stage) in br. imp 1 rhyolite, gly altered by Mn-calcite + hematite (hematite stage) and Ca-rhodochrosite (alteration stage)

Sai-014a  Braunite impregnated rhyolite clasts cemented by calcite + abundant Mn-oxides (Mn oxide stage)

5ai-015  Calcite associated with Mn oxides {Mn oxide stage); partly altered to Mn-calcite {hematite stage) and Ca-rhodochrosite (alteration stage) in red rhyolite

Sai-026  Vein of Mn-calcite + hematite (hematite stage); partly altered calcian rhodochrosite (alteration stage) in red rhyolite

Sai-027 Breccia clasts of red rhyolite cemented by celadonite + Ca-rhodochrosite (pre-ore stage); cut by a vein of calcite (Mn oxide stage); altered by Mn-calcite + hematite
(hematite stage)

Sai-028 Breccia clasts of red rhyolite cemented celadonite + Ca-rhodochrosite + hematite ( pre-ore stage)

Sai-030  Clast of red rhyolite coated by celadonite cockade ore (pre-ore stage) in veinlet of calcite {(Mn oxide stage); altered by Mn-calcite (hematite stage)

Sai-031 Breccia clasts of rhyolite cemented by pre-ore stage assemblage; cut by vein of calcite (Mn oxide stage); altered by Mn-calcite { hematite stage) and Ca-rhodochrosite
(alteration stage)

Sai-033  Vein of calcite (Mn oxide stage); almost completely altered by Mn-calcite + hematite (hematite stage) and Ca-rhodochrosite (alteration stage)

5ai-039  Veinlet of calcite with fluorite {Mn oxide stage)

Sai-044  Very hematite-rich veinlets with Fe-calcite { hematite state) in red rhyolite

Sai-051  Vein of calcite + fluorite (Mn oxide stage); partly replaced by Mn-calcite + hematite (hematite stage) in red rhyolite

Sai-052  Calcite vein + fluorite (Mn oxide stage); partly replaced by Mn-calcite 4 hematite ( hematite stage) in red rhyolite

5ai-058  Calcite + Mn-oxides (Mn oxide stage); partly replaced by Mn-calcite (hematite stage) and Ca-rhodochrosite (alteration stage)

Sai-061  Calcite vein + abundant Mn-oxides (Mn oxide stage); partly altered by Mn-calcite (hematite stage) in braunite-impregnated black rhyolite

Sai-065  Veinlets of Fe-calcite + hematite {hematite stage) in red rhyolite

Sai-071 Euhedral scalenochedral crystals of calcite from a vug filling, with weak growth zonation (Mn oxide stage); partly replaced by Mn-calcite + hematite (hematite stage)

5ai-075  Calcite + abundant Mn-oxides (Mn oxide stage) in red rhyolite

5ai-076  Botryoidal hematite { hematite stage)

5ai-079  Mn-calcite and Fe-calcite with abundant | and celad (hematite stage)

Sai-080  Brecciated red rhyolite, cemented by calcite (Mn oxide stage); completely altered to Ca-rhodochrosite (alteration stage)

Sai-084 Mn-calcite <+ celadonite [ hematite stage) replacing calcite (Mn oxide stage)

5ai-086  Euhedral scalenohedral calcite crystals from a vug filling (Mn oxide stage)

Sai-087  Euhedral scalenohedral calcite crystals (Mn oxide stage); basal parts altered by Mn-calcite + hematite (hematite stage)

5ai-092  Vein of calcite + abundant Mn-oxides (Mn oxide stage) cutting red rhyolite

5ai-094  Vein of calcite (Mn oxide stage), almost completely altered Mn-calcite (hematite stage) and Ca-rhodochrosite (alteration stage)

5ai-100  Braunite cockade ore surrounding braunite impregnated blackened rhyolite crusts, cut by vein of calcite + braunite (Mn oxide stage); partly altered by Mn-calcite
(hematite stage)

Sai-102 Euhedral scalenohedral calcite crystals from vug filling {Mn oxide stage)

Sai-114  Euhedral scalenohedral calcite crystals (Mn oxide stage); basal parts altered Mn-calcite + hematite (hematite stage)

Sai-116  Breccia clasts of red rhyolite; cemented by celadonite and Ca-rhodochrosite (pre-ore stage)

Sai-117 Breccia clasts of red rhyolite; cemented by celadonite and Ca-rhodochrosite {pre-ore stage); crosscut by later Mn-calcite + abundant hematite (hematite stage)

Sai-118  Breccia clasts of red rhyolite; cemented by celadonite and Ca-rhodochrosite (pre-ore stage); crosscut by later Mn-calcite + abundant hematite { hematite stage)

Sai-131  Vein of calcite + fluorite (Mn oxide stage); mostly altered to Ca-rhodochrosite (alteration stage)
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Table 2
Instrumental parameters of the LA-ICPMS system used in this study.

Laser type ArF excimer laser (193 nm, Coherent Germany) with
homogenized beam path

Laser energy for mineral =30 Jjem®

ablation

Laser pulse frequency 10 Hz

Ablation pit diameter Adjusted to inclusion size with an iris aperture

ICPMS Elan 6100 DRC quadrupole ICPMS (Perkin Elmer, USA)

Carrier gas and flow rate  He, 1.1 I/min

Auxiliary gas Hz. 5 ml/min

Dwell times Ag: 30 ms; Cu, Br: 20 ms; Fe: 15 ms; all other elements:
10 ms

External standards NISTE10 for all elements except Cl and Br. In house

Scapolite standard for Cl and Br

(reported as ppm on mass basis, i.e. ug/g) was carried out using absolute
NaCl concentrations as determined from microthermometry using the
model system Hy0-MaCl-CaCl,. For calcic-sodic brines, this approach
significantly improves the data accuracy compared to using NaCl equiv-
alent salinity and empirical salt correction procedures (Heinrich et al.,
2003; Schlegel et al., 2012). Matrix correction was performed against
Ca concentrations as determined by microthermometry as second inter-
nal standard (Halter et al., 2002). This method provides a more precise
host correction, because it takes into account that the Ca signal in the
transient LA-ICPMS signal contains contributions from the host mineral
and the fluid inclusions, Although the difference is negligible for most
cases, this approach is preferable over host correction methods that as-
sume an element to be present only in the matrix. This is clearly is not
the case for calcite or fluorite that host sodic-calcic brine fluid inclu-
sions. Data reduction was carried out with the SILLS software package
(Guillong et al., 2008).

During data reduction, the transient time-resolved signals of each
measured isotope were carefully inspected and only considered signifi-
cant if the peak appeared synchronously with the main Na and Cl sig-
nals. The Na and Cl signals and their return to background values were
used to define the integration interval lengths used for calculation of
concentration data. These were closely bracketed by integration inter-
vals for matrix correction using the Ca concentrations in the host min-
erals. This is important for elements with high background count rates
like Br, because Ca count rates diminish as the ablation pit deepens
and less material is ablated. The count rates for Br never exceed the
gas background during matrix ablation and after background correction
only noise is contributing to the Br signal during host ablation. This
noise remains constant in terms of the absolute count rate, and conse-
quently the uncertainty in the Br/Ca ratios increases as ablation pro-
ceeds. Applying the matrix correction to a time interval much later
than the fluid signal interval (i.e. deeper in the host) would then result
in higher apparent background concentrations of Br and thus underes-
timate the Br content of the fluid after matrix correction.

4.4, Stable isotope analysis

Reflecting the complex textures of carbonate-oxide assemblages,
carbonate mineral separates were obtained by microdrilling with a
2 mm core drill and subsequent hand-picking under UV light. The
bright pink UV luminescence of Mn-calcite from the hematite stage
allowed to clearly discriminate this phase from unaltered Mn-oxide
stage calcite, which is almost completely Mn-free (Fusswinkel et al,,
2013b) and does not show any UV luminescence. Ca-rhodochrosite
from both the pre-ore and the alteration stage occurs as fine grained,
pink aggregates that could be easily separated from the calcites. The car-
bonate samples were cleaned in doubly distilled water, powdered and
treated with 3 M NaOCl in order to dissolve organic contaminants.
After dissolution in phosphoric acid, the isotopic composition of CO,
was measured with a Finnigan MAT-252 Gasbench 1l mass spectrometer

at the University of Tiibingen, using international standards NBS18
(6" Cyppp: — 5.0%, 6'0y_ppp: —23.0%.) and NBS19 (6"*Cy_ppg: 2.0%.,
6'%0y_ppp: — 2.2%). The reproducibility of the isotope ratios was
+0.1%. for both 5'C and &'%0 analysis. The isotopic composition of car-
bonates is reported in conventional delta notation relative to Vienna Pee
Dee Belemnite (V-PDB) for carbon and to Vienna Standard Mean Ocean
Water (V-SMOW) for oxygen.

Following careful handpicking under a binocular microscope, hema-
tite and celadonite were cleaned in doubly distilled water. Oxygen iso-
tope analysis was performed by laser extraction following the
procedures of Sharp (1990) and Rumble and Hoering (1994). Approxi-
mately 7 mg sample material were placed in Pt sample holders and
loaded into the sample chamber. After evacuation and prefluorination,
the samples were heated with a CO; laser at a F, partial pressure of
50 mbar. The extracted O, was collected on a molecular sieve and
then expanded. The '®0/'°0 isotope ratio was measured on a Finnigan
MAT-252 Gasbench Il mass spectrometer, Reproducibility was moni-
tored through replicate analysis of the international standard NBS-28
(6"%0y.spow: 9.6%.). The analytical 1o precision was + 0.2%.. All hema-
tite and celadonite oxygen isotope data are reported in standard delta
notation relative to V-SMOW.

Extraction of water from celadonite samples was done following the
method of Vennemann and O'Neil (1993). The celadonite samples
(40 mg) were degassed in the vacuum line at 110 °C overnight. The
samples were then heated until fusion to quantitatively liberate the
water, and any H, was oxidized to water with a CuO trap. Water and
CO, were separated using liquid N5 and ethanol cold traps. Subsequent-
ly, the water was converted to hydrogen by reduction with zinc metal.
The hydrogen isotope composition was measured using a Finnigan
MAT-252 gas source mass spectrometer. Hydrogen isotope composi-
tions are given in delta notation, expressed relative to V-SMOW. Accura-
cy was monitored through replicate measurements of an internal
kaolinite standard (6D: — 64%.) that was calibrated against internation-
al standards (NBS-30). The external reproducibility of the 6D values, re-
ported relative to V-SMOW, is better than + 5%..

5. Fluid inclusion studies
5.1. Fluid inclusion petrography

The fluid inclusions from the two main ore stages (Mn oxide and he-
matite stage) were investigated by careful fluid inclusion petrography
that followed the approach of using fluid inclusion assemblages (FIAs),
i.e. groups of fluid inclusions that were trapped together on temporally
constrained growth features (such as growth zones and single healed
fractures) (Goldstein and Reynolds, 1994). With the exception of sam-
ple 5ai-071, none of the calcite samples contained clearly developed
growth zones that would have provided well-defined time markers
for establishing relative age relations between different FIAs. Instead,
in the remaining samples the fluid inclusions appear in healed fractures
that intersect each other with complex time relationships. However, the
distinct paragenetic sequence of the different carbonate types at Sailauf
that correlate with the main ore mineral assemblages allows for a clear
allocation of fluid inclusions to the two principal ore stages (i.e., Mn
oxide and hematite stage). In three samples (Sai-010a, Sai-014a and
Sai-100), the replacement of early calcite from the Mn oxide stage by
Mn-calcite of the hematite stage along fractures and cleavage planes is
recognized by a significant increase in porosity and the appearance of
small hematite flakes that are strictly confined to the altered areas.
While unaltered and clear calcite crystals contain large fluid inclusions
in clusters, fluid inclusions within the altered zones are typically smaller
and much more abundant (see Fig. 2). Therefore, the distribution of
fluid inclusions between the different carbonate types provides work-
able relative age constraints for the FIAs in these samples. A single sam-
ple (Sai-071) showed visible growth zonation as well as zones of
alteration of hematite stage Mn-calcite along healed fractures, providing
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Calcite

Fig. 2. Photographs illustrating typical carbonate mineral textures and related fluid inclusion assemblages. (a) Relicts of clear calcite from the Mn oxide stage, replaced by porous Mn-calcite
from the hematite stage that contains numerous fluid inclusions assodiated with fine-grained hematite. Sample: Sai-010a. (b) Group of fluid inclusions hosted by clear calcite from the Mn
oxide stage. The calcite is bordered by brownish Mn-calcite from the hematite stage that contains numerous very small F1. Sample: Sai-010a. (c) Fracture in calcite from the Mn oxide stage
thatis surrounded by a narrow alteration halo of Mn-calcite related to reaction with fluids from the hematite stage. Note that the original twinning lamellae in the altered calcite have been
obliterated. Sample: Sai-114. (d) Group of fluid inclusions that record a complex growth history. The textural evolution can only be resolved by BSE imaging. Some of the Fls are hosted by
calcite from the Mn oxide stage, while others are hosted by Mn-calcite from the hematite stage. Sample: Sai-114. (e) Two-phase aqueous brine inclusions hosted by Mn-calcite of the
hematite stage that replaces pure calcite from the Mn oxide stage. Sample: Sai-100. (f) Group of fluid inclusions hosted by clear calcite from the Mn oxide stage. Sample: Sai-100.

clear age relationships as well. In the remaining carbonate samples
(Sai-028, Sai-058 and Sai-114), the replacement textures were so com-
plex that no clear petrographic correlation between the carbonate types
and the FlAs could be established. Therefore, the replacement textures
of these samples and their relation to the fluid inclusions were studied
by BSE imaging (see Section 5.3). Fluid inclusions hosted in Mn oxide
stage fluorite (sample Sai-131) occur in secondary trails along healed
fractures which crosscut the entire fluorite crystals, but do not extend
into the surrounding carbonates. Fig. 3 shows a simplified paragenetic
sequence of the mineralization at Sailauf and additionally lists the asso-
ciation of FIAs with the different carbonate generations.

5.2. Microthermometry

At room temperature, all fluid inclusions are two-phase aqueous (lig-
uid-vapor) with vapor bubbles of approximately 5 vol.%. Upon cooling,
the inclusion content freezes at approximately — 90 °C and first melting
is observed at around — 50 °C, indicating that the fluids belong to the
H,0-NaCl-CaCl, system that has an eutectic temperature of —52 °C
(Steele-MacInnis et al., 2011 and references therein). Further heating
results in ice melting between —27.6 °C and —22.1 °C, followed by

hydrohalite melting between —12.1 °C and —0.2 °C. Only few inclu-
sions showed hydrohalite melting temperatures of —24.9 °C to
—20.0 °C. In two fluid inclusions, ice was the last phase to melt at
—145 and —126°C, after hydrohalite melting had occurred at
—24.7 °C and —24.9 °C, respectively. Sequential heating and freezing
was routinely done to ensure growth of larger individual crystals that
would increase the accuracy of melting temperature determinations.
The microthermometric measurements were complicated by the very
common tendency of hydrohalite to fail nucleating when freezing the
fluid inclusions. Fortunately, such metastable absence is recognized dur-
ing microthermometry because it enlarges the stability field of ice to
lower temperatures (Bakker and Baumgartner, 2012). This resulted in
a depression of ice melting temperatures by about 10 °C in the case of
the inclusions investigated. Sequential freezing and heating between
—50 and —100 °C would eventually result in hydrohalite nucleation
from the supersaturated liquid. With these procedures, melting temper-
atures for both ice and hydrohalite were reliably obtained for every fluid
inclusion using heating rates of 0.1 °C/min.

Salinities and fluid compositions in the ternary model system H,0-
NaCl-CaCl, were calculated using the procedures given in Steele-
Maclnnis et al. (2011). Fig. 4 shows the compositions of the fluid
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Fig. 3. Simplified paragenetic sequence diagram of the Sailauf Mn-Fe-As mineralization based on Fusswinkel et al. {2013b), listing the most important mineral phases. Black bars indicate
the two main carbonate generations that host the studied fluid inclusion assemblages. The bottom part of the diagram relates samples and fluid inclusion assemblages (FIA) to host
minerals and the major ore stages. FIA labeled in italics contained fluid inclusions hosted by carbonate types from the Mn oxide and hematite stage.

inclusions from all samples in ternary space. The melting temperature
data for every inclusion along with the variation within a given FIA is in-
cluded in the electronic supplementary material. Table 3 lists only aver-
age values of fluid inclusion assemblages. All FIAs have very consistent,
high salinities of approximately 25 wt.% at Na/Ca mass ratios of 1 to 4,
with most data clustering at a mass ratio of 1.5. No systematic difference
exists between inclusions that could be petrographically allocated to the
Mn oxide and hematite stage of mineralization. In some FlAs, the final
hydrohalite melting temperatures varied by up to 8 °C, yet such

seemingly large absolute temperature differences translate into only
minor compositional differences due to the very densely spaced iso-
therms in this portion of the ternary phase diagram.

Some of the final melting temperatures were flagged as metastable
phase transitions by the calculation procedure of Steele-Maclnnis et al.
(2011). The temperatures were higher than the peritectic reaction
point between hydrohalite and halite, corresponding to the Na/Ca
ratio defined by the ice melting temperature. Based on the phase rule,
these fluid inclusions should have peritectically nucleated halite at the

H,0
O Sai-010a (wt.%)
o Sai-028 ’/I;L,,,‘,/,
# Sai-058 o wos HH L
A Sai-071  p ﬂg___.-f—"-*r-
# Sai-100 e H+L
v Sai-114
A Sai-131

CaCl, - - NaCl

(wt.%) 40 50 60 (wt.%)

Fig. 4. Ternary H,0-NaCl-CaCl, phase diagram showing the bulk composition of fluid inclusions from the Sailauf Mn-Fe-As mineralization as determined by microthermometry. The fluid
compositions were calculated from ice and hydrohalite melting temperatures using the model of Steele-Maclnnis et al. (2011).
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Fig. 5. Comparison of (a) transmitted-light and (b) BSE image of a complex carbonate mineral assemblage that hosts fluid inclusions related to sequential fluid pulses, BSE imaging reveals
clear color contrast between unaltered calcite (dark grey) from the Mn oxide stage and Mn-calcite (light grey) of the hematite stage. Circles highlight fluid inclusions analyzed by

LA-ICPMS.

expense of hydrohalite, which was never observed. Inclusions showing
this behavior were left at constant temperatures slightly below the sup-
posedly metastable melting temperatures for several hours to check
for sluggish reaction phenomena, but the melting temperatures were
always reproducible and halite never nucleated. Thus, the predicted
metastability likely reflects small deviations of the fitted empirical
equations in the model of Steele-MacInnis et al. (2011) from the true
melting and reaction curves, They report an average deviation of 4% in
total salinity between their empirical equations and experimental data
at the hydrohalite-halite peritectic that could well explain our observa-
tions. In addition, the presence of additional solutes in the fluid
inclusions could result in a small shift of the reaction curves compared
to the pure Hy0-NaCl-CaCl; system. Reflecting these sources of uncer-
tainty, we accepted extrapolations from the microthermometric data
as best estimates for fluid inclusion salinity and Na/Ca ratio.
Preliminary heating experiments revealed that calcite hosted fluid in-
clusions from Sailauf would be somewhat affected by post-entrapment
maodifications through leakage or stretching at elevated temperatures.
Because highly accurate Na concentrations are required for internal

standardization and quantification of LA-ICPMS data, we did not perform
homogenization experiments on fluid inclusions (and wafers) before
LA-ICPMS microanalysis. Instead, homogenization temperatures of
inclusions belonging to the same FIAs as those used for LA-ICPMS were
determined afterwards. Fluid inclusions hosted in fluorite were homog-
enized prior to ablation, because they did not show any signs of post-
entrapment modification. Fluid inclusions related to the Mn oxide
stage homogenize at temperatures of 155 4 10 °C, whereas inclusions
hosted by the Mn-calcite of the hematite stage homogenize at slightly
lower temperatures of 135 £+ 10 °C.

5.3, BSE imaging constraints on fluid inclusion assemblages

In order to verify the FIA chronology established using carbonate re-
placement textures and to provide clearer petrographic criteria for
those samples which have replacement textures too complex to inter-
pret using transmitted light microscopy alone, we carried out BSE imag-
ing on selected fluid inclusion wafers. BSE imaging is the most reliable
method to discriminate between the complexly intergrown carbonate
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types occurring in the Sailauf veins (Fusswinkel et al., 2013b). Fig. 5
shows a detailed image of one FIA from sample Sai-114 both in trans-
mitted light and in the corresponding BSE image. The dark gray areas
correspond to calcite from the Mn oxide stage, which is in turn replaced
by more porous Mn-calcite from the hematite stage. The latter can be
identified by its lighter gray color. During initial fluid inclusion petrogra-
phy, all inclusions on this healed fracture had been assigned to the same
FIA. The BSE image yields better information on the host carbonate of
each individual fluid inclusion and thus on their paragenetic context.
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The lowermost Fl is hosted by pure calcite from the Mn oxide stage,
whereas the other Fls are hosted by a Mn-calcite alteration zone related
to the hematite stage. BSE imaging only visualizes carbonate composi-
tions at the sample surface, and the Mn-calcite alteration front could
well extend more into calcite at depth. Notwithstanding this complica-
tion, we used BSE imaging to verify the host-carbonate composition of
fluid inclusions from those FIAs that showed unclear textural relations.
We found that even though utmost care was exerted in constraining
the FIAs based on petrographic criteria alone, individual fluid inclusions
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Fig. 7. Fluid inclusion compositions in variation diagrams of (K + Li) vs. Rb {a), Cs (b), Pb (). Zn (d), (Pb + Zn) (&) and T (f). Data points that are absent in some plots had one element

below the limit of detection.
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belonging to different fluid pulses and thus hosted in complexly
intergrown carbonate types had sometimes been assigned to the same
FIA.

5.4. LA-ICPMS microanalysis of fluid inclusions

A total number of 189 fluid inclusions were successfully measured
by LA-ICPMS, out of which 24 were hosted in fluorite and the remaining
ones in calcite. LA-ICPMS analysis was done with a multi-element menu
that included Li, Na, K, Rb, Cs, Mg, Ca, Sr, Ba, B, Fe, Mn, Zn, Pb, Cu, Tl, As,
S, Cland Br. The element suite included elements commonly enriched in
hydrothermal Fe-Mn-deposits (see Fusswinkel et al., 2013b for a sum-
mary), elements enriched in base-metal vein type mineralization
throughout the Spessart district (Okrusch et al., 2007; Wagner et al,,
2010) and fluid-mobile elements like Li, B, Rb and Cs which provide in-
sight into fluid-rock interaction processes (e.g. Aquilina et al., 1997;
Reyes and Trompetter, 2012). Ag and Sb were initially included in
the element suite, but discarded later in order to optimize detection
limits and analytical precision for those elements that could always be
detected in the fluid inclusions. Mn was not determined in all inclusions,
because high Mn concentrations in the host calcites did not permit suc-
cessful quantification in the FL Average values of FIAs are listed in
Table 3 and the complete dataset comprising concentration values,
limits of detection and analytical errors for the fluid inclusions as well
as concentration data for the host minerals is given in the electronic
supplementary material. Where available, concentrations of Ag and Sb
are also included. Two representative LA-ICPMS spectra are provided
in the appendix. The host mineral concentration data show somewhat
elevated Mg and Sr concentrations in the carbonates, while Cs and Rb
were often below the limits of detection. Most fluid inclusion assem-
blages have consistent concentrations (small 10 standard deviations)
for elements such as Li, B, K, Rb, Cs, Cl and Br within the same FIA. Inter-
estingly, this is well observed in samples Sai-010a, Sai-014a and Sai-100
where the FlAs could be readily assigned to the different carbonate gen-
erations (calcite from the Mn oxide stage, Mn-calcite from the hematite
stage) by petrographic criteria. For the remaining samples and FlAs, the
element concentrations of the alkali and alkaline earth metals are some-
what less consistent, as shown by much higher standard deviations.
This observation can be related to different host carbonate associations
of individual Fis within these FlAs that could only be identified by BSE
imaging and will be described in more detail below. Trace element con-
centrations in the host carbonates do not show systematic variation
trends that could be related to the different carbonate generations.

Mg and Sr, which are commonly enriched in carbonate phases, were
found to be heterogeneously distributed in the host minerals as shown
by variations in the depth dependent ICPMS signals. Therefore, the calcu-
lated matrix concentrations before and after the inclusion signal differed
significantly, which made reliable quantification of concentrations in the
fluid inclusions very difficult. For such cases, the concentrations of both
elements were not included in the final fluid inclusion dataset. Ba and
As concentrations also vary strongly and rather unsystematically
throughout almost all samples and FIA, for unknown reasons. In some
cases the Ba and As signals showed a well-defined peak synchronous
with the Cl and Na signals, whereas in other cases the count rates
would not return to background values immediately after the fluid inclu-
sion peak. It cannot be ruled out that the latter is related to ablation of
undetected barite or arsenate daughter crystals in the fluid inclusions
that had precipitated on the inclusion walls. Because we used an aper-
ture to adjust laser spot diameters to the fluid inclusion size, the com-
plete fluid inclusion content was ablated and no fractionation caused
by missing the daughter phases should have occurred. Therefore, the cal-
culated Ba and As values have been accepted as best estimates for their
true concentrations. Determination of S concentrations by means of
LA-ICPMS faces substantial analytical challenges due to very high back-
ground signal levels (Seo et al,, 2011), which in most cases rendered
quantification of S concentrations in our samples impossible.

The K and Li concentrations are positively correlated, forming three
distinct data arrays in K-Li space (Fig. 6) and one of them is solely de-
fined by data from sample Sai-100, which is therefore singled out in
all compositional plots by open symbols. Some texturally defined FlIAs
contain fluid inclusions that plot on the two main trend lines in K-Li
space, whereas Fls from other FIAs consistently lie on just one of these
trends (Fig. Ga). The location of Fls on the different trend lines correlates
with the type of host carbonate, i.e. calcite from the Mn oxide stage,
Mn-calcite from the hematite stage and partly altered calcite from the
Mn oxide stage (Fig. 6b). This readily explains the larger standard devi-
ations observed for most elements in those FIAs where detailed BSE im-
aging demonstrates that Fls are hosted by different carbonate types. In
these cases, the individual Fls that have been assigned to one FIA
based on petrographic grounds belong in fact to different FIAs. Con-
versely, in samples with clear FIA age relations (Sai-010a, Sai-014a) all
individual fluid inclusions have similar K/Li ratios and thus lower stan-
dard deviations for most elements.

Table 4
Stable isotope data of carbonate minerals, Sailauf Mn-Fe-As mineralization.

Sample  Mineral Mineralization 6" Cyppe (Be) 6" Ov.smow (Fe)
5ai-001  Ca-rhodochrosite  Pre-ore stage 18.2 =52
5ai-003  Calcite Mn oxide stage 259 =33
Mn-calcite Hematite stage  19.7 —5.1
5ai-005  Mn-calcite Hematite stage 14.7 =45
Ca-rhodochrosite  Alteration stage  16.1 —58
Sai-011  Calcite Mn oxide stage 264 —25
Ca-rhodochrosite  Hemarite stage 17.3 37
5ai-013  Mn-calcite Hemartite stage 155 —4.0
Ca-rhodochrosite  Alteration stage  16.1 —51
Ca-rhodochrosite  Alteration stage  17.1 -38
5ai-014  Mn-calcite Hematite stage 151 =53
Mn-calcite Hematite stage 150 —45
Sai-015  Mn-calcite Hematite stage  14.7 =45
Ca-rhodochrosite  Alteration stage  16.1 —58
Sai-026  Mn-calcite Hematite stage  16.3 —5.1
Ca-rhodochrosite  Alteration stage 169 =36
5ai-031  Calcite Mn oxide stage 236 —-29
Ca-rhodochrosite  Alteration stage 174 —41
Sai-033  Mn-calcite Hematite stage  15.8 =35
Ca-rhodochrosite  Alteration stage 172 -39
Sai-039  Calcite Mn oxide stage  23.7 —28
5ai-051  Mn-calcite Hematite stage 15.7 =35
Mun-calcite Hematite stage 17.2 =34
Ca-rhodochrosite  Alteration stage 168 —53
Sai-061  Calcite Mn oxide stage 26,6 -30
Mn-calcite Hematite stage  24.1 =33
Sai-065  Fe-calcite Hematite stage 181 —15
Sai-079  Mn-calcite Hematite stage  15.3 —37
Mn-calcite Hemartite stage 176 =32
Fe-calcite Hematite stage 16.2 —50
Sai-080  Ca-rhodochrosite  Alteration stage 172 —4.1
5ai-084  Fe-calcite Hematite stage 16.2 —=49
Sai-086  Calcite Mn oxide stage 265 —32
Calcite Mn oxide stage 254 —28
Calcite Mn oxide stage 258 30
Sai-087  Calcite Mn oxide stage  27.1 —27
Mn-calcite Hematite stage  16.2 -37
Mn-calcite Hematite stage 16.6 =37
Sai-092  Calcite Mn oxide stage 241 —28
Mn-calcite Hematite stage  20.2 —35
Sai-094  Mn-calcite Hemartite stage 156 34
Ca-rhodochrosite  Alteration stage 179 —41
Sai-100  Calcite Mn oxide stage 259 =20
Mun-calcite Hematite stage 17.1 =31
5ai-102  Calcite Mn oxide stage 258 —27
Calcite Mn oxide stage 259 —26
Sai-114  Calcite Mn oxide stage 269 —-28
Calcite Mn oxide stage 268 —-25
Calcite Mn oxide stage 26,6 —24
Mn-calcite Hematite stage 16.1 =32
Mn-calcite Hematite stage 156 —-37
Sai-117  Ca-rhodochrosite  Alteration stage 169 —46
Sai-118  Fe-calcite Hematite stage 164 —53
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Fig. 7 shows (K + Li) concentrations plotted against concentrations
of Rb, Cs, Pb, Zn, Pb + Zn and TI, revealing clear correlations. The fluid
inclusions that are most Li-rich are also most strongly enriched in Rb,
Cs, Pb, Zn and TI. The Zn concentrations are extremely low in most
fluid inclusions measured in sample Sai-100, whereas their Pb and TI
concentrations are similar to those observed in fluorite and hematite
stage Mn-calcite,

6. Stable isotope data

The 54 samples that were analyzed for carbon and oxygen isotope
composition comprise carbonates from the Mn oxide stage ( pure calcite),
hematite stage (Mn-calcite and Fe-calcite) and the subsequent alteration
stage (Ca-rhodochrosite IT). One additional sample (Ca-rhodochrosite 1)
is from the early pre-ore stage. The stable isotope data of the carbonates
are listed in Table 4, and are plotted in Fig. 8. The pure calcite of the Mn
oxide stage has remarkably constant &'°C values between —3.2 and
—2.0%, and the 5'®0 values of calcite range between 23.6 and 27.1%.
(Fig. 8). The Mn-calcite from the hematite stage has lower &'*C and
5'%0 values, which are in the range of —5.3 to —3.1%. and 14.7 to
17.6%s, respectively. Three data points of Mn-calcite from the hematite
stage plot in between the tight clusters formed by most carbonate data
from the two main ore stages. This can be explained by very fine inter-
growths of the two carbonate types in these samples that were impossi-
ble to separate. Three data of the Fe-calcite from the hematite stage (that
occurs only locally inside the veins) have consistent 6'°C and §'%0 values
in the range of —5.3 to —4.9%. and 16.2 to 16.4%,, respectively. One

3 —
| p
-3
N g ® @ -
4 Richelsdorf Y,
| Kupferschisfer _ .»n’;a e |
Pb/Zn facies &% ~k, S &%
A
2k _,“n S‘fn ﬁ: « F -
’ A B
iy A gy O L4
L - P U o0 4
Lo g B db oo
—_ . a8y g A4
5_3, ok Richelsdorf PLEIECN A .
- Kupferschigfer ‘““I; aat ©
2 L Cu facies aa I %1 * d
3 O\AM\' a °
O “ 'Y i
= 2 t PN B 4
7} i
LYo W8T
[ o e ﬁr = 1
? . P
a4k . : © -
-» i
| . Richelsdorf |
. %- Kupferschiefer
sF @ Rote Faule facies N
'8 L L L L L L L L L L L L

M0 12 14 16 18 20 22 24 26 28 30 32 34 36

amov-suow (%e)

* Ca-rhodochrositel  # Polish basin Zechstein

M Calcite A Richelsdorf Zechstein
@ Mn-calcite <»Sangerhausen Kupferschiefer
#Fe-calcite

A Ca-rhodochrosite |l

Fig. 8. Variation of the carbon and oxygen isotope data of hydrothermal carbonates from
Sailauf compared to sedimentary carbonates from the Zechstein sedimentary rocks
(Bechtel and Pittmann, 1991; Bechtel et al., 2000a). The hydrothermal carbonates fall
into two distinct groups that correspond to the mineralization stages. The carbonates
from the pre-ore stage, the hematite stage and the late alteration stage cluster in a field
with lower 60 values, while carbonates from the Mn oxide stage have distinctly higher

&'%0,

data point of this Fe-calcite is shifted towards slightly higher values.
Ca-rhodochrosite from the pre-ore stage and the alteration stage are
compositionally similar to Mn-calcite from the hematite stage in 6'%0,
but have &'*C values that are as low as — 5.8%.. The 5'*C and &'%0 values
of Ca-rhodochrosite Il from the latest alteration stage appear to be posi-
tively correlated.

All analyzed hematite samples from the hematite stage display rela-
tively homogeneous oxygen isotopic compositions, with 650 values
ranging from —4.8 to —2.5%. (Table 5). The Mn oxides braunite and
hausmannite have '%0 values in the range of — 0.3 to 3.4% and —2.7
to — 2.5%,, respectively. Celadonite occurs in the pre-ore and the hema-
tite stage (but not in the Mn oxide stage), and samples of both types
were analyzed for their hydrogen and oxygen isotopic composition
(Table 5). The 6'®0 values of all celadonites show little variation be-
tween 13.2 and 15.5%., whereas the variation in 6D is much larger and
spans values between — 98 and — 9%..

7. Discussion and conclusions
7.1. Fluid evolution of the Sailauf hydrothermal system

The textural association of the two chemically contrasting fluid com-
positions with a particular host carbonate (ie., calcite and Mn-calcite)
relates them to the two main mineralization events, the Mn oxide and
hematite stage. Fluid inclusions with low K/Li ratios (the flat trend in
Fig. 6b) occur in pure calcite and represent the fluid of the Mn oxide
stage, whereas inclusions with high K/Li ratios (the steeper trend in
Fig. 6b) are hosted in Mn-calcite and represent the fluid of the hematite
stage. Very few fluid inclusions are hosted in Mn-calcite of the hematite
stage, but have compositional characteristics that resemble the Mn
oxide stage fluid. These fluid inclusions are interpreted as relicts of Mn
stage fluids that were not affected by the carbonate alteration during
the hematite stage. Sample Sai-100 belongs to the Mn oxide mineraliza-
tion stage, but the fluid compositions are located on an intermediate
trend in K-Li space that might reflect a transitional stage during the evo-
lution of the hydrothermal system.

Table 5
Stable isotope data of celadonite and oxide minerals, Sailauf Mn-Fe-As mineralization.

Sample Mineral Mineralization 6"%0v.smow (%) 6Dvesmow (%)

Sai-001 Celadonite Pre-ore stage 155 -9

Sai-002 Celadonite Pre ore stage 137 —58

5ai-013  Hematite Hematite stage —4.1

Sai-014  Braunite Mn oxide stage 0.1

Sai-015 Braunite Mn oxide stage 29

S5ai-027 Hematite Hematite stage —44

Sai-028  Celadonite Pre-ore stage 142 —22
Hematite Pre-ore stage —38

Sai-030 Celadonite Pre-ore stage 133 -3

Sai-044  Hematite Hematite stage —35

Sai-052 Hematite Hematite stage 4.8

Sai-056 Braunite Mn oxide stage 06
Hausmannite  Mn oxide stage  —2.7

5ai-058 Hausmannite Mn oxide stage =25

Sai-065  Hematite Hematite stage —35

Sai-067  Braunite Mn oxide stage —0.2

Sai-071 Hematite Hematite stage 34

5ai-075  Braunite Mn oxide stage  —0.1

Sai-076  Hematite Hematite stage —29

5ai-079 Hematite Hematite stage =25

Sai-083 Braunite Mn oxide stage 0.1

Sai-084  Hematite Hematite stage —29

Sai-087 Hematite Hematite stage —2.5

Sai-092 Braunite Mn oxide stage —01

Sai-093  Braunite Mn oxide stage 0.0

5ai-097 Braunite Mn oxide stage 03

Sai-098 Braunite Mn oxide stage —03

Sai-100  Braunite Mn oxide stage 34

Sai-116  Celadonite Pre-ore stage 13.2 —-98

79




Appendix 3

34 T. Fusswinkel et al / Chemical Geology 363 (2014) 22-39

Fig. 7 shows plots of earth alkaline metals, base metals and Tl against
K + Li concentrations. Alkali metals are typical indicators of fluid-rock
interaction processes along the flow path and at the site of mineral
deposition, because they are essential structural components of
major rock-forming minerals (Aquilina et al, 1997; Ridley and
Diamond, 2000). Thallium behaves similar to the alkali elements in
S-undersaturated systems (McGoldrick et al., 1979). This is shown by
the trends in plots of (K + Li} vs. Rb, Cs and Tl (Fig. 7a, b and f). Compa-
rable variation trends also are displayed by the base metals, when plot-
ted as a function of (K + Li) (Fig. 7c, d, e). The trends converge towards
a common origin at low metal concentrations, suggesting that they rep-
resent mixing vectors between metal-bearing fluids and a common
metal-depleted end-member. Sample Sai-100 appears to be the only ex-
ception to this general pattern. While the Pb concentrations are similar
to those identified in fluids associated with Mn-calcite from the hema-
tite stage, the Zn concentrations are much lower. This may indicate
that the fluids have lost a major part of the Zn by mineral precipitation.
The bulk salinities are approximately the same for all fluid inclusions,
and the observed major and trace element differences (Figs. 6 and 7)
cannot be caused by salinity variations and effects of chloride complex-
ation (Hanor, 1994, 2001; Yardley, 2005).

The compositional trends in K-Li space of the fluids that reflect the
two principal mineralization stages clearly indicate differences in fluid
origin, whereas the base metal systematics indicate mixing processes
between metal-depleted and metal-enriched end-member fluids, The
K concentrations are not a good proxy for the fluid sources, because
they are mainly affected by temperature and fluid-mineral equilibria
(Henley et al,, 1984; Hanor, 1994, 2001; Dolejs and Wagner, 2008).
Alteration reactions of K-feldspar to illite release K into solution, where-
as precipitation of K-feldspar or celadonite may reduce K concentrations
in hydrothermal fluids. Based on critical data evaluation, Ridley and
Diamond (2000) grouped K among the transitional elements that re-
cord fluid-rock interaction processes along the flow path and wallrock
reactions close to the site of ore deposition.

The much more fluid-mobile alkali element Li is less sensitive to
fluid-rock interaction, and together with B provides information on
the fluid source (Ridley and Diamond, 2000). Reyes and Trompetter
(2012) studied the mobility of Li and B during hydrothermal alteration
processes as a function of temperature, rock type, solution chemistry
and the secondary minerals precipitated. They demonstrated that dis-
tinct aqueous Li/B ratios resulted from equilibration with different
source rock lithologies. They found that B is more mobile than Li at all
temperatures and records sources of aqueous solutions, while Li mobil-
ity is more strongly affected by temperature and fluid-mineral equilib-
ria. Because the fluid inclusion homogenization temperatures from both
mineralization stages are very similar, temperature effects should not
have affected the Li budget and the Li-B systematics can be used with
confidence to trace the sources of the two different fluid types (Figs. 6
and 7).

Fig. 9 shows the Li-B relationships of fluid inclusions from Sailauf,
compared to geothermal and basinal brines, different types of ore fluids
and the seawater evaporation trajectory. Fluid inclusion data from cal-
cite veins hosted by Permian Rotliegend red beds (Liiders et al., 2005)
plot close to the fluids from the Mn oxide stage at high Li and B concen-
trations. Conversely, fluids from Irish-type Pb-Zn deposits (Wilkinson
et al, 2005), from basement hosted hydrothermal Pb-Zn veins
(Fusswinkel et al., 2013a) and from the Soultz-sous-Foréts geothermal
site (Pauwels et al., 1993) plot near the hematite stage fluids at lower
Li and B concentrations. Oil-field brines (Kharaka et al., 1987) have
much lower Li concentrations but relatively high B concentrations. In-
terestingly, fluids from metamorphic quartz veins in the Pyrenees
(Banks et al., 1991; McCaig et al.,, 2000) have variable Li-B compositions.
Formation of the veins involved density-driven ingression of hypersa-
line brines into underlying sedimentary rocks and compositionally var-
iable basement lithologies, where fluid compositions were extensively
modified by reaction with these different rock types (Banks et al,
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Fig. 9. Variation of Li and B concentrations of fluid inclusions from Sailauf, compared to
data of other crustal fluids and the seawater evaporation trajectory (McCaffrey et al.,
1987). The fluid inclusions of the Mn oxide stage have the highest Li and B concentrations,
‘while fluid inclusions related to the hematite stage have lower concentrations of both el-
ements. The Mn oxide stage fluids are compositionally closest to fluids from Rotliegend
sediments (Liiders et al,, 2005), whereas the hematite stage fluids compare well to typical
post-Variscan basement-hosted Pb-Zn ore fluids ("Schwarzwald fluids' in the figure,
Fusswinkel et al., 2013a).

1991; McCaig et al., 2000; Leisen et al., 2012). The variability in Li and
B concentrations reflects prolonged residence times in different host
rocks. Taken together, the Li/B data demonstrate that the Sailauf Mn
oxide stage fluids closely resemble fluids found in fracture mineraliza-
tion in Rotliegend sedimentary rocks (Liiders et al., 2005). Conversely,
fluids associated with hematite stage mineralization are compositionally
comparable to basement interacted fluids (basement-hosted Pb-Zn
veins in the Schwarzwald, Soultz-sous-Foréts granite reservoir fluids).

Similar conclusions can be drawn from base metal data. Fig. 10 com-
pares the Pb and Zn concentrations of fluid inclusions from Sailauf to lit-
erature data for different Pb-Zn ore deposits (Kostova et al., 2004;
Wilkinson et al., 2005; Kotzeva et al., 2011), oil-field brines (Carpenter
et al, 1974; Kharaka et al, 1987), basement-hosted Pb-Zn veins
(Fusswinkel et al,, 2013a), and fluids from red bed sedimentary rocks
of the Rotliegend (Liiders et al., 2005). The Pb and Zn concentration
data are generally arranged on linear trends, reflecting the dominant
metal solubility controls by temperature, salinity and sulfide mineral
equilibria (Yardley, 2005). The hematite stage fluid inclusions from
Sailauf and few fluid inclusions from the Mn oxide stage overlap with
a trend close to a Pb/Zn ratio of 0.4, which is commonly observed for
many crustal fluids (Yardley, 2005). By contrast, most fluid inclusions
from the Mn oxide mineralization show anomalous Pb enrichment, sim-
ilar to the Pb enrichments described by Liiders et al. (2005) from the
Rotliegend red bed fluids of the North German basin.
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o T T T Halogen systematics are a powerful tool for tracing fluid sources be-
I . . ’ cause of the conservative behavior of Cl, Br and | during fluid-rock inter-

| . /;Pb: 0.75 Zn action (Rittenhouse, 1967; Béhlke and Irwin, 1992; Kesler et al., 1996;

1000} | pb=0.052n , i Gleeson et al., 2001; Stoffell et al., 2008; Fusswinkel et al., 2013a). The
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Fig. 10. Pb and Zn concentrations of fluid inclusions from Sailauf, compared to LA-ICPMS
data for basement-hosted Pb-Zn veins from the Schwarzwald (SW Germany) and other
literature data. The fluid inclusions from the hematite stage fall on the flat trend line
that is considered typical for rock-buffered crustal fluids (Yardley, 2005). By contrast,
most of the fluid inclusions from the Mn oxide stage have very high Pb/Zn ratios (steep
trend), consistent with the generally anomalous chemical composition of these fluids.
They compare best to Ph-enriched fluids from Permian Rotliegend sediments (Liders
et al, 2005).

molar Cl/Br ratios of all fluid inclusions from Sailauf are fairly constant,
in the range of 50-200. Higher values up to 400 occur only in some
fluorite-hosted inclusions (sample Sai-131). When plotted in coordi-
nates of molar Cl/Br and Na/Br ratios (Fig. 11a), most data are located
in a narrow elongated field below the seawater evaporation trajectory,
and the fluids from the Mn oxide and hematite mineralization stage
cannot be distinguished by their Cl/Br data. Only fluid inclusions from
sample 5ai-131 have somewhat higher Cl/Br ratios that plot to the left
of the seawater evaporation trend. Following a critical evaluation of
classical diagrams for fluid halogen data, Engle and Rowan (2013) re-
cently proposed an alternative approach that overcomes shortcomings
such as mathematical artifacts and spurious correlations. They sug-
gested the use of isometric log ratio plots and we illustrate our fluid in-
clusion data in such a diagram in Fig. 11b. Like the conventional element
ratio plot (Fig. 11a), the isometric log ratio plot demonstrates that the
Sailauf fluids are enriched in Br relative to the seawater evaporation tra-
jectory (lower z1 values), while fluorite-hosted fluid inclusions plot
within the Na-depletion field (lower z2 values). This Na depletion
could reflect alteration reactions involving sodic clay minerals that
have lowered the Na/Cl ratio relative to evaporated seawater.

The Sailauf fluid inclusion data do not point to mixing processes be-
tween fluids with strongly differing Cl/Br ratios. The linear relationships
in Fig. 11 could indicate some extent of fluid mixing between a strongly
Br enriched brine and a Na-depleted fluid, but there is no systematic
variation between the fluids associated with the Mn oxide and hematite
ore stage. The general features of all fluid inclusions such as the high sa-
linities, Cl/Br ratios below seawater, and Cl/Br and Na/Br ratios close to
the seawater evaporation trajectory suggest that they were derived
from evaporated seawater. This interpretation is in good agreement
with the regional geological setting. The Frankenberg-Schliichtern
Zechstein subbasin that is located NE of the Spessart district contains
abundant evaporitic sediments and the first halite bearing units occur
around 30 km to the NE of Sailauf (Trusheim, 1964; Becker and
Bechstddt, 2006). Therefore we conclude that the fluids responsible
for the Sailauf mineralization originate from residual evaporitic fluids
of Zechstein age that infiltrated into the underlying host rock sequences.
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Fig. 11. {a) Plot of the molar CI/Br and Na/Br ratios of fluid inclusions from Sailauf, compared to the sea water evaporation trajectory (McCaffrey et al,, 1987) and the halite dissolution trend.
The fluid inclusions hosted by different carbonate minerals form a narrow linear trend at Cl/Br ratios below the sea water line. (b) Log ratio plot of halogen data (Engle and Rowan, 2013),
which illustrates that most fluid inclusions are enriched in Br (lower 22 values). These were mixed with a fluid thar had lower Na/Cl ratios than evaporated seawater (lower z1 values).
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Fluid-rock interaction with different lithologies (Variscan gneisses and
granites of the basement, red beds of the Permian Rotliegend) resulted
in extensive modification of the major cation chemistry, but did not
alter the CI/Br ratios and the Li and B concentrations.

7.2. Stable isotope systematics

The calcites from the Mn-oxide stage have distinctly higher '%0 and
slightly higher &*C values than the Mn-calcite and Fe-calcite of the he-
matite stage and the Ca-rhodochrosite of the pre-ore and alteration
stages. The oxygen isotope data point to different fluid sources for the
two mineralization stages, because the differences in fluid inclusion ho-
mogenization temperatures are too small to explain the shiftin §'%0. Cal-
culation of the isotopic composition of the ore fluid requires sufficiently
accurate paleotemperature data. The mineralization temperatures can
be estimated from pressure corrected fluid inclusion homogenization
temperatures, using independent information on pressure. Okrusch
etal. (2011) estimate a thickness of roughly 1450 m for the sedimentary
units that were overlying the Sailauf hydrothermal vein system at the
time of formation. Assuming lithostatic pressure conditions and using
isochores calculated from the microthermometric data (Bodnar and
Vityk, 1994), the trapping conditions for the Mn oxide and hematite
stage are estimated as 170(410) “C and 150(= 10) °C, respectively. As-
suming hydrostatic pressure conditions the trapping temperatures are
162(+10) °C and 142(+10) °C, less than 10 °C higher than the mea-
sured homogenization temperatures. By comparison, oxygen isotope
equilibrium temperatures of 70-114 °C are obtained for texturally
coexisting hematite and Mn-calcite pairs, using published fractionation
factors for calcite-H;0 (Friedman and O'Neil, 1977) and hematite-H;0
(Bao and Koch, 1999). The difference of about 70-100 °C compared to
the pressure-corrected homogenization temperatures can be explained
by disagreement on the hematite-water fractionation factor at lower
temperatures (Bao and Koch, 1999) or partial isotopic equilibrium dur-
ing mineral precipitation. Therefore, the pressure-corrected fluid inclu-
sion temperatures are accepted as best estimate of the mineralization
temperatures.

The isotope composition of the ore fluid (B'SOHm and &Dyzg) rela-
tive to V-SMOW has been calculated from the measured values for car-
bonate minerals and celadonite. Fractionation factors used were calcite-
Hz0 (Friedman and O'Neil, 1977) for calcite, Mn-calcite and Fe-calcite,
and illite-H;0 (Capuano, 1992; Sheppard and Gilg, 1996) as an approx-
imation for celadonite (Odin et al., 1988). In addition, salt effect correc-
tions were applied (Truesdell, 1974; Horita et al., 1993; Chacko et al.,
2001), because the fluids of the hematite and Mn oxide stage are
sodic-calcic brines. The calculation assumed an average bulk fluid com-
position of 2,6 mol/kg Nacl, 1.1 mol/kg CaCl; and 0.2 mol/kg KCl, based
on the microthermometric and LA-ICPMS data. The 6'%0yy20 and 6Dy20
values that were calculated from the celadonite and carbonate data
are shown in Fig. 12, and compared to fluid compositions from post
Variscan basement-hosted Pb-Zn veins and reference data. The global
meteoric water line and standard mean ocean water serve as reasonable
approximations for the Permian waters (Knauth and Beeunas, 1986).
The calculated §'®0y0 values for the hematite stage carbonates and
pre-ore stage celadonite are in good agreement and are in a narrow
range of 2.1 to 5.0%., whereas the 6Dy values vary widely between
— 79 and 10%.. By contrast, the Mn oxide stage carbonates were precip-
itated from high 6'%0 fluids (approximately 13-17%). The three hema-
tite stage Mn-calcite samples with intermediate 5'"%0y_smow values are
most likely caused by intergrowths with Mn oxide stage calcite. The
#'%0 values of the Mn oxide stage fluids can be straightforwardly ex-
plained by evaporation or fluid-rock interaction at rock-buffered condi-
tions (Holser, 1979; Sheppard, 1986). Taken together, the stable isotope
data are best explained by fluids that originated from residual evaporitic
brines, which were modified by extensive interaction with different
host rock lithologies that involved Variscan crystalline basement and
Permian red bed sediments.
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Fig. 12. Calculated oxygen and hydrogen isotope composition of the fluids from the Sailauf
Mn-Fe-As mineralization, ined from r d &"%0 and &D values of celadonite and
fluid inclusion homogenization temperatures using fractionation factors from Sheppard
and Gilg (1996) and Capuano (1992). For comparison, the global meteoric water line
(GMWL), reference data of fluids related to hydrothermal post-Variscan Pb-Zn-Ba-F
vein-type mineralization {Baatartsogt et al,, 2007) and the sea water evaporation trend
(Holser, 1979) are shown. Arrows indicate average Muid &'%0y0 values, calculated from
measured carbonate isotopic composition data and fluid inclusion temperatures using
the calcite-H,0 fractionation factors of Friedman and O'Neil (1977).

7.3. Fluid sources

The systematic variations in fluid chemistry that correlate with the
two main mineralization stages (Mn oxide and hematite stage) demon-
strate that the Sailauf hydrothermal system has experienced two major
periods of fluid flow and fluid mixing. The Li/B and Pb/Zn ratios of
the hematite stage fluids are compositionally similar to basement-
interacted fluids that are often invoked to have formed basement- or
sediment-hosted Pb-Zn ore deposits (Muchez et al,, 2005). Conversely,
the Mn oxide stage fluids are compositionally anomalous and can only
be compared to fluids from fracture mineralization in Permian
(Rotliegend) volcaniclastic red bed sediments (Liiders et al., 2005).

The Sailauf rhyolite body is situated on a basement high that formed
a narrow elongated ridge during Rotliegend times. Abundant Rotliegend
red bed clastic rocks occur in trough structures few kilometers NW and
SE of Sailauf (Trusheim, 1964). Organic-matter rich dolomites of the
marginal facies of the Zechstein directly overly the hydrothermal
Mn-Fe-As veins and the Kupferschiefer appears below the dolomites
few kilometers towards the NE (in the direction of the deepening
basin). The Kupferschiefer and the overlying dolomites are commonly
mineralized by stratabound Cu-Pb-Zn-(Ag) ores (Okrusch et al.,
2007; Wagner et al,, 2010). Both the Variscan crystalline basement
and the Permian to Mesozoic sedimentary rocks are crosscut by
NW-SE striking fault systems, which were activated during post-
Variscan extensional tectonics (Ziegler, 1987). The faults are frequently
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mineralized with quartz and barite, whereas hydrothermal Cu-Co-Ni-
As-Fe-Bi ore mineralization is restricted to vein sections that crosscut
Zechstein sedimentary rocks and the uppermost parts of the crystalline
basement (Wagner et al, 2010). Comparable structurally controlled
vein ores that crosscut the Cu-Ag mineralized Kupferschiefer are fre-
quently observed in the Mansfeld and Sangerhausen ore districts of
the Harz, Germany (Vaughan et al, 1989).

It has been long recognized that significant base metal enrichment in
Kupferschiefer ore bodies can only be explained by input from external
hydrothermal metal sources. The major Kupferschiefer ore districts in
Germany and Poland are related to underlying highly oxidized rocks.
They typically occur on basement highs and above Permian ( Rotliegend)
red bed sediments with underlying volcanic rocks (Jowett, 1986). The
most widely accepted model for Kupferschiefer type mineralization sug-
gests that metal-bearing late-diagenetic sodic-calcic formation waters
from the Rotliegend volcaniclastics convected upwards along the flanks
of basement highs. The reducing organic matter-bearing Kupferschiefer
sedimentary rocks acted as geochemical trap and caused Cu deposition
(Jowett, 1986; Oszczepalski, 1999). The exact timing of the main Cu
mineralization still remains controversial (Symons et al, 2011). The
critical importance of post-depositional metal enrichment involving hy-
drothermal fluids derived from Rotliegend sedimentary rocks, however,
has been emphasized by many geochemical, mass balance and fluid flow
modeling studies (Rentzsch, 1974; Jowett, 1986; Bechtel and Piittmann,
1991; Cathles et al, 1993; Oszczepalski, 1999; Bechtel et al., 2000b).
Conversely, Blundell et al. (2003) proposed that metal bearing brines
forming Kupferschiefer mineralization in the Lubin basin in Poland
were injected into Rotliegend sequences from the basement and then
transported laterally updip through the red beds to the sites of deposi-
tion near basement highs. Episodic fluid expulsion from the basement
would be triggered by earthquake-induced normal fault reactivation
(Muir-Wood and King, 1993).

The sediment-hosted Cu mineralization in the Spessart is not directly
underlain by red bed sedimentary and volcanosedimentary rocks of
the Rotliegend (Wagner and Lorenz, 2002; Okrusch et al, 2007;
Wagner et al., 2010). Therefore, accepting metal-bearing brines from
the Rotliegend as the principal ore fluids, the formation of these
Kupferschiefer deposits must have involved fluid flow along the major
NW-SE striking fault zones that host all known hydrothermal veins.
This along-fault fluid flow that is dictated by the geological setting
would be analogous to the forced brine convection model that has
been proposed for the major Mount Isa Cu deposit in Australia
(Matthdi et al., 2004).

The contrasting fluid compositions that have been found in the two
major mineralization stages of the Sailauf hydrothermal vein system
closely resemble metal-bearing Rotliegend brines (Mn oxide stage)
and typical basement-derived Pb-Zn brines (hematite stage). Because
the hydrothermal veins are located immediately below the basement-
cover unconformity, the trapped fluids were not modified by interaction
with the chemically reactive Zechstein rocks. The contrasting chemis-
tries of Mn oxide and hematite stage fluids suggest that the hydrother-
mal system experienced two distinct periods of fluid flow that relate to
different hydrological regimes.

The first fluid flow event (Mn oxide stage) records compositionally
anomalous and highly oxidizing fluids derived from red bed sedimentary
rocks of the Rotliegend that were introduced via forced brine convection
along major faults. Whether these fluids originated as basement fluids
that were injected into Rotliegend sequences prior to lateral flow to-
wards the Spessart basement high, or if they represent Rotliegend
interacted formation waters cannot be discriminated from the data at
hand. By contrast, the second fluid flow event involved typical Pb-Zn
enriched basement-interacted brines that would flow upwards during
seismically-induced episodic fluid flow events focused within fault
zones (Muir-Wood and King, 1993).

The Sailauf Mn-Fe-As veins therefore belong to a hydrothermal
feeder system which records fluids derived from Rotliegend red beds

and later fluids that were sourced from basement rocks. The early fluids
that carry the signature of Rotliegend formation waters could then rep-
resent an analog of the ore fluids of Kupferschiefer type Cu mineraliza-
tion. Although little is known about the chemical composition of
Kupferschiefer ore solutions, the Cu concentrations of the Sailauf fluids
(=10 ppm) appear very low. Mass balance calculations that estimated
the volumes of fluids and source rocks required for Kupferschiefer de-
posit formation (Cathles et al., 1993; Blundell et al., 2003) assumed min-
imum Cu concentrations of 60 to 130 ppm in the main ore fluid. We
note, however, that the Mn oxide minerals at Sailauf contain Cu concen-
trations that are one to two orders of magnitude higher than in the
fluid inclusions (e.g., up to 300 ppm in braunite). Because Mn oxide
minerals are very effective in co-precipitating Cu from aqueous solu-
tions (Hewett, 1972}, the fluid inclusions trapped in calcite from the
Mn oxide stage may not represent the unmodified primary Cu ore
fluid. Notwithstanding this complication, our dataset illustrates that
the combination of detailed petrography and multi-element fluid inclu-
sion microanalysis makes it possible to discriminate red bed and base-
ment sourced fluids. Our data provide additional constraints on the
composition of the principal ore fluids involved in formation of
sediment-hosted Cu and Pb-Zn deposits in other ore districts.
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