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ABSTRACT

This thesis focuses on ore-forming processes and the provenance of involved fluids,
solutes and gases of epithermal to mesothermal Pb-Zn-(Cu)-fluorite-quartz and Ag/Bi-
Ni-Co-(Fe)-As-(U)-calcite vein-type deposits of the Schwarzwald and the Odenwald, SW
Germany. These veins occur across basement-cover unconformities due to mixing of two
or more chemically contrasting fluids. A fluid component (fluid-type A), which originates
from deeper crustal levels (high salinity; low Cl/Br (by mass)) of the upper crust is
invariably recognised in the ore fluids, while the other fluid component is of basinal,
sedimentary and/or meteoric origin (fluid-type B). Although extensive data is available
for unconformity-related hydrothermal veins, several important aspects are still poorly
constrained. These aspects include a precise understanding of the processes that result
in the observed compositions of deep-seated crustal fluids, alteration processes in root
zones (below actual vein), regional and temporal variations in the composition of the
ore fluids of the Schwarzwald and the genesis of the enigmatic five-element veins of the
Odenwald, SW Germany. To attain a better understanding of the presented aspects, we
carried out leaching experiments on common igneous, metamorphic and sedimentary
rocks including their mineral separates at variable temperatures (25 to 350°C),
pressures (0.01 to 1.9 kbar), grain-size fractions and fluid/rock ratios. Leachates were
analysed by ion chromatography and total reflexion X-ray fluorescence (TXRF). The
samples were characterized prior to the experiments by X-ray fluorescence,
microthermometry, electron microprobe analyses, pyrohydrolysis and TXRF.
Furthermore, numerous hydrothermal veins of the Schwarzwald and the Odenwald
were characterized with respect to their ore geology, vein mineralogy, mineral
chemistry, fluid inclusion composition (microthermometry, crush-leach, LA-ICPMS and
Raman spectroscopy), stable isotopic composition and radiogenic isotopic composition.
This comprehensive analytical and experimental approach yields new and profound
insights into processes relevant for hydrothermal vein-type deposits.

Halogens fractionate during fluid-rock interaction, since they are distributed between
two reservoirs in the rock: as highly soluble phases and as low soluble phases. Lowest
Cl/Br ratios, similar to natural basement brines are obtained by short leaching of
medium- to fine-grained rock. Still, the maximum salinities that can be obtained by
selective leaching of the low soluble phases are limited to ~10 wt.%. Consequently, at

least an additional chlorine source is required for natural basement fluids having high
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salinities (~26 wt.%) and low Cl/Br ratios. Furthermore, the experiments confirm that
substantial amounts of Pb, Zn, Cu, Ni, As and W are released by alteration of common
rock-forming minerals.

Time resolved trace element, Rb/Cs and Cl/Br variations of vein-hosted fluid inclusions
of the Jurassic Brandenberg vein near Todtnau (Germany) were used to monitor
alteration processes that occur in cataclastic root zones below the actual hydrothermal
vein.

On the other hand, the sedimentary aquifers involved in ore-forming processes and their
associated fluids are inhomogeneous in their composition on the scale of the
Schwarzwald. The combined study of the regional geology, basement brines,
sedimentary brines and the ore fluids (mixture) of different vein-types and ages enabled
a reconstruction of the evolution and origin of the involved fluids during the last 300
million years.

A new genetic model for five-element veins is proposed, which seems to be universally
valid for most occurrences of five-element veins. Five-element veins form where
strongly reducing methane or methane-bearing fluids are introduced into an active
hydrothermal sulphide system. This is the first genetic model for five-element veins,
which is in total agreement with all textural and chemical features that are typical of

five-element veins.
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KURZZUSAMMENFASSUNG

Diese Dissertation befasst sich mit den Erz bildenden Prozessen und der Herkunft
beteiligter Fluide, geloster Feststoffe und Gase von epithermalen bis mesothermalen Pb-
Zn-(Cu)-Fluorit-Quarz- und Ag/Bi-Ni-Co-(Fe)-As-(U)-Kalzit-Gdngen des Schwarzwaldes
und des Odenwaldes, Siidwestdeutschland. Diese Gange bilden sich im Bereich der
Grundgebirgs-Deckgebirgsdiskordanz durch Mischung von zwei oder mehr, chemisch
unterschiedlicher Fluide. Das Erzfluid enthdlt stets eine Fluidkomponente (Fluidtyp A:
hohe Salinititen; niedrige ClI/Br Verhaltnisse), die wurspriinglich aus tieferen
Krustenbereichen stammt und eine Fluidkomponente (Fluidtyp B), die aus basinalen,
sedimentaren und/oder meteorischen Fluiden besteht. Obwohl bereits viel an
Diskordanz-gebundenen hydrothermalen Gangen geforscht wurde, sind einige wichtige
Aspekte der Genese immer noch nicht genau verstanden. Diese offenen Fragen
beinhalten das Verstdndnis der Prozesse die zu der beobachteten
Fluidzusammensetzung von Tiefenfluiden beitragen, Alterationsprozesse in der
Wurzelzone (unter dem eigentlichen Gang), regionale und zeitliche Veranderungen in
der Zusammensetzung der Erzfluide des Schwarzwaldes sowie die Genese der
Flinfelementgiange des Odenwaldes, in Siidwestdeutschland. Zur Klarung dieser Fragen
wurden Laugungsexperimente an gewoOhnlichen magmatischen, metamorphen und
sedimentdren Gesteinen, sowie deren Mineralseparate (Feldspat, Quarz und Biotit) bei
verschiedenen Temperaturen (25 bis 350°C), Driicken (0.01 bis 1.9 kbar), Korngrofden
und Fluid/Gesteins Verhaltnissen durchgefiihrt. Die Versuchslosungen wurden mittels
lonenchromatographie und Totalreflektionsrontgenfluoreszens (TXRF) analysiert. Die
Gesteinsproben wurden vor den Laugungsversuchen mittels Rontgenfluoresenz,
Mikrothermometrie,  Elektronenstrahlmikrosonde, @ Pyrohydrolyse @~ und TXRF
charakterisiert. Des Weiteren wurden zahlreiche hydrothermale Gange des
Schwarzwaldes und des Odenwaldes hingehend ihrer Erzgeologie, Mineralogie,
Mineralchemie, Fluideinschlusszusammensetzung, stabiler Isotopenverhaltnisse und
radiogener Isotopenverhiltnisse untersucht. Dieser umfassende analytische und
experimentelle Ansatz liefert neue und tiefgreifende Erkenntnisse iiber Prozesse die bei
der Bildung hydrothermale Ganglagerstatten eine wichtige Rolle spielen.

Halogene fraktionieren durch Gesteins-Wasserwechselwirkung, da sie in zwei
unterschiedlichen Reservoiren - leichtlosliche Phasen und schwerlésliche Phasen - im

Gestein anzutreffen sind. Die niedrigsten Cl/Br-Werte, welche natiirlichen Werten in
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Tiefenfluiden entsprechen, konnen durch kurze Laugungszeiten von fein- bis
mittelkdrnigem Gestein erzielt werden. Jedoch kann das selektive Laugen der
leichtloslichen Phasen nicht zu Salinititen oberhalb von ~10 Gew.% fiihren. Eine
zusatzliche Quelle fiir Chlor ist notwendig, um hochsalinare Fluide mit niedrigen Cl/Br
zu erlangen. Des Weiteren haben die Experimente gezeigt, dass betrachtliche Mengen an
Pb, Zn, Cu, Ni, As und W durch die Alteration von gesteinsbildenden Mineralen
freigesetzt werden.

Zeitlich auflésbare Variationen von Spurenelementen, Rb/Cs und Cl/Br in
Fluideinschliissen des Brandenbergganges bei Todtnau (Deutschland) wurden
verwendet um Alterationsprozesse, die in den kataklastischen Wurzelzonen, unterhalb
der eigentlichen Gange ablaufen, nachzuverfolgen.

Andererseits unterscheiden sich die bei der Erzbildung beteiligten sedimentaren Fluide
und ihre zugehorigen Aquifere innerhalb des Schwarzwaldes stark in ihrer
Zusammensetzung. Eine libergreifende Studie der regionalen Geologie, Tiefenfluide,
sedimentdaren Fluide und Erzfluide ermdglicht eine detaillierte Rekonstruktion der
Entwicklung und der Herkunft der beteiligten Fluidkomponenten in den letzten 300
Millionen Jahren.

Ein neues Bildungsmodell fiir Fiinfelementgédnge wird vorgeschlagen, welches universell
fir die meisten aller Filinfelementgidnge weltweit giltig zu sein scheint.
Flinfelementgiange bilden sich dort, wo Methan oder methanfiihrende Fluide in ein
bestehendes, sulfidisches Hydrothermalsystem einstromen. Dieses Model ist das erste
Bildungsmodell fiir Fiinfelementgdnge, das alle texturellen und chemischen

Beobachtungen dieses Gangtypus berticksichtigt.
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1. INTRODUCTION

This compilation of studies focuses on the formation mechanisms and the source of
fluids, solutes and gases involved in the formation of hydrothermal Pb-Zn-(Cu)-fluorite-
quartz veins and Ag/Bi-Ni-Co-(Fe)-As-(U)-calcite veins (five-element veins). As a case
study Pb-Zn-(Cu)-fluorite-quartz veins of the Schwarzwald and five-element veins of the
Odenwald crystalline windows, SW Germany were investigated.

The Pb-Zn-(Cu) veins of the Schwarzwald were extensively mined for silver during
medieval times (Markl, 2015). Nowadays fluorite and to a lesser extend barite are mined
as major ore at the Clara mine near Oberwolfach, but silver is still mined as a by-product
(Markl, 2015). The increasing economic importance of rare elements like In, Ga and Ge
due to their rising demand for high-tech applications uncloses new perspectives on
sphalerite (and other sulphides) as potential sources for these elements (Frenzel et al,,
2016). Five-element veins are exploited as Ag-, (Au-), Bi-, Co-, Ni- and often U-ores
(Kissin, 1992). Insufficient trace element data is available of minerals of the five-element
assemblage. Therefore the potential of five-element deposits as source of rare elements
is not yet explored.

Although the mineralogy of these vein-types is rather different, they have in common
that they formed due to mixing of two or more chemically contrasting fluids (Sverjensky,
1981; Marshall et al,, 1993; Fufdwinkel et al., 2013a). This mixing occurs where fluids
from different crustal levels are introduced into the same fracture, which can only
happen if deep-seated fluids (fluid-type A) are efficiently mobilised from deep crustal
levels. Potential processes that cause this ascend are seismic pumping (Sibson et al,,
1975), magmatic-driven fluid convection (Gleeson et al., 2001), topographic fluid-flow
(Appold and Garven, 1999) or extension-driven dewatering (Staude et al., 2009). During
their simultaneous ascend (Bons et al, 2014), these fluids mix with basinal or
sedimentary fluids (fluid-type B) at shallower crustal levels. Depending on whether
mixing of these fluids occurs below or above the unconformity, the hydrothermal veins
form within the range of around 3 km below to around 1 km above the unconformity
(Andrews et al,, 1986; Franklin et al., 1986; Kissin, 1992; Munz et al., 1995; Staude et al,,
2012b).

Deep-seated basement brines (fluid-type A) occur invariably as major constituent in ore

fluids, trapped in fluid inclusions of vein minerals from various localities and deposit-
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types such as e.g. Mississippi-Valley-Type-, unconformity-related U-, five-element- and
Pb-Zn-sulphide deposits. (Sverjensky, 1981; Gleeson et al., 2001; Yardley, 2005; Ahmed
et al,, 2009; Pfaff et al., 2010; Richard et al., 2011; Staude et al.,, 2012b; Fufdwinkel et al.,
2013a; Richard et al., 2016). This fluid-type is characterised by high salinities of 25 to 28
wt.%, temperatures around 200 to 350°C and low Cl/Br ratios (typically 80 to 140, by
mass) (Frape et al., 1984; Behr and Gerler, 1987; Mdller et al., 2005; Stober and Bucher,
2005; Fufwinkel et al.,, 2013a). While the major anion is invariably Cl, the dominant
cation may be Na or Ca, depending on temperature and plagioclase composition of the
host rock in the source region of the fluids (Orville, 1972). In contrast, the composition
of fluid-type B is controlled by the composition of its sedimentary aquifer, and therefore
might strongly vary in its chemistry. Still, the majority of sedimentary fluids recognized
in ore fluids of Pb-Zn-(Cu) and Ag/Bi-Ni-Co-(Fe)-As veins are moderate to high salinity
(14 to 27 wt.%), Na-dominated, high Cl/Br (2000 to 10000) fluids with temperatures
between 50 and 210°C (Liiders et al., 2012; Fuf3winkel et al., 2013a; Stober et al.,, 2013).
Many authors suggest that the metal source of these hydrothermal deposits lies within
the crystalline basement (O’Keeffe, 1986; Gleeson et al., 2001; Yardley, 2005; Ahmed et
al, 2009; Fufwinkel et al., 2013a). The idea is that metals are leached from large
volumes of crystalline rocks and subsequently transported as chloro-complexes along
with the basement brine (Holland, 1972; Wood and Samson, 1998). Importantly, the
metal-rich basement brine needs to be nominally free of reduced sulphur, since
solubility of e.g. galena, chalcopyrite and sphalerite is very low in the presence of
aqueous sulphide (not compulsory aqueous sulphate), which would inhibit an effective
mobilisation of the metals. Zink and Pb (II)-bisulfide complexes are not relevant for such
fluids, since they are only relevant at low chloride concentrations, low temperatures and
very high pH conditions (Wood and Samson, 1998 and references therein). Deposition
and concentration in hydrothermal veins with relatively small volumes (compared to
the source volume) is related to sudden changes in the physio-chemical properties of the
ore fluid. Particularly, mixing with a sedimentary fluid results potentially in a drastic
change of the pH, temperature, redox state and/or activity of relevant ligands (e.g.
reduced sulphur or chlorine) in the ore fluid. Other relevant processes that might result
in ore deposition in hydrothermal systems are boiling and fluid-rock interaction
(proximal to the ore deposition), but they do not seem to play an important role
regarding the formation of the Pb-Zn-(Cu) and Ag/Bi-Ni-Co-(Fe)-As veins considered in
this study (Kissin, 1992; Marshall et al.,, 1993; Fufdwinkel et al., 2013a).
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Although much is known about the formation of the hydrothermal Pb-Zn-(Cu) veins of

the Schwarzwald, still several aspects are poorly constrained. Thus, the first part

(chapter 3.1 to 3.3) of this thesis focuses on:

The precise source of halogens and their behaviour during fluid-rock interaction
(study a, chapter 3.1).

The precise provenance of the metals and their mobility during fluid-rock
interaction (study a, chapter 3.1).

Root zones of hydrothermal veins, and how they govern the metal and trace
element budget of the involved basement brine (study b, chapter 3.2).

The chemical and hydrogeological evolution of the Schwarzwald hydrothermal
system with time (~300 Ma until present) (study c, chapter 3.3.1).

Regional systematics and/or variations of the sedimentary fluid component
related to compositional inhomogeneity of the sedimentary aquifers (study d,
chapter 3.3.2).

The evolution of the hydrothermal system after the opening of the Upper Rhine
Graben and concomitant tectonic disturbance of the sedimentary cover (study e,

chapter 3.3.3).

In contrast to Pb-Zn-(Cu) veins, modern analytical data of five-element veins is only

sparsely available. The mineralisation-type occurs as ore shoots (Otto, 1967; Gross,

1975) within Pb-Zn veins and as large-scale vein systems (Bugge, 1931; Changkakoti et
al, 1986; Ondrus et al., 2003b; Ahmed et al, 2009). Typically of these veins is the

occurrence of native metals encapsulated by massive Co-, Ni- and Fe-arsenides, which

may form aggregates of up to several dm. To shed light on these long unattended but not

less fascinating veins, the second part (chapter 3.4) of this thesis focuses on:

Textural, mineralogical and chemical characterization of five-element veins
(study fand g, chapter 3.4).

Detailed characterisation of the ore fluid (study g, chapter 3.4).

Timing of the ore formation (study g, chapter 3.4).

The spatial and temporal relationship between Pb-Zn and five-element veins

(study fand g, chapter 3.4).



* A general genetic model, which can be applied to the majority of five-element
veins on a global scale (study f and g, chapter 3.4).

* Thermodynamic modelling and mass balance considerations (study f, chapter
3.4).

* Formation processes that cause a secondary Ag and Hg enrichment (study g,

chapter 3.4).

2. REGIONAL GEOLOGY

Both, the Schwarzwald and the Odenwald are deeply eroded crystalline windows in SW
Germany, which consist dominantly of Variscan metamorphic and igneous rock suites.
Although the Odenwald (Saxothuringian) and the Schwarzwald (Moldanubian) mostly
originate from two different terrains (Geyer et al., 2011), their geological history is quite
similar from a simplified point of view (which is good enough for this study). Both
consist of dominantly felsic syn- and post-collisional plutonic rocks (Variscan
orogeny/subduction), and amphibolite facies metamorphic rocks of various protoliths
(Stein, 2001; Geyer et al., 2011). One important exception is the occurrence of mafic
igneous rock units of the Frankenstein-pluton in the northern Odenwald (Stein, 2001).
To the west these basement rocks are restricted by the Upper Rhine Graben, while to the
east the crystalline rocks are successively covered by Paleozoic and Mesozoic sediments.
After the Variscan orogeny, the basement rocks were eroded. Detritic rock material was
deposited in proximal troughs, forming arkoses and conglomerates of the Rotliegend
with thicknesses of up to 400 m (Geyer et al.,, 2011). Mostly felsic volcanics occur locally
at the same time. The Lower Triassic units are composed of clay, sandstone and
conglomerates, which are up to 600 m thick in the Odenwald and successively become
thinner to around 50 m in the southern Schwarzwald (Nickel, 1975; Stein, 2001; Geyer
et al, 2011). Formation and migration of methane in Permo-Triassic organic-rich
sediments due to the thermal decomposition of organic matter during basin subsidence
is documented in fluid inclusions of fracture minerals in the Northern German Basin
(Liders et al., 2005). As a consequence of ongoing subsidence during the Middle
Triassic, marine limestones, clays and evaporites prevailed. Especially the evaporites
vary strongly in their distribution and thickness, according to the paleo-depth and
geometry of the marine basins, where they were deposited (Geyer et al., 2011). Thus,

thicknesses of halite can reach locally up to 100 m, whereas elsewhere they are entirely
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absent. Total thicknesses of the Middle Triassic sediments typically do not exceed 250
m. These units are covered by 100 to 300 m thick Upper Triassic formations, which
consist of dominantly fine-grained clastic sediments. The Jurassic chemical and clastic
sediments reach thicknesses of up to 1200 m. During the Cretaceous no sediments are
deposited in SW Germany. In total the thicknesses of the entire sedimentary cover is
between 1200 and 2200 m (Nickel, 1975; Stein, 2001; Geyer et al., 2011). The extensive
stress field related to the alpine orogeny in the Paleogene induced rifting and
concomitant uplift of the rift shoulders on both sides of the rift. Subsequent erosion led
to the exposure of the deep crystalline units. While the basement block of the Odenwald
was uplifted almost homogeneously (Zienert, 1957; Nickel, 1975), the uplift in the
Schwarzwald happened asymmetrically (Geyer et al., 2011). Consequently, the veins
nowadays exposed at the surface record different depths of formation. The veins
exposed in the northern Odenwald were originally formed at depths ~200 m below the
basement-cover unconformity, while the veins in the southern Odenwald formed at
~100 m below the basement-cover unconformity (Zienert, 1957). In the northern
Schwarzwald the veins are within sedimentary host rocks (200-500 m above the
unconformity), while the outcropping veins in the southern Schwarzwald were formed

at depth of ~2000 m below the unconformity (Geyer etal., 2011).

3. INDIVIDUAL STUDIES

In the following section the research focus, the most important results and conclusions
are presented in a qualitative manner for each individual study (a-g). For further details,

please refer to the publications attached to the appendix.

3.1 Halogen and trace metal systematics in deep-seated crustal fluids

Title of publication:
The effect of temperature and cataclastic deformation on the composition of upper crustal

fluids — An experimental approach, Chemical Geology (study a)

Fluids with high salinity (~26 wt.% NaCl equivalent) appear to occur ubiquitous in the
middle and lower parts of the upper continental crust (Lodemann et al.,, 1997; Stober

and Bucher, 1999a; Frape et al, 2003). These deep-seated fluids represent a large



halogen reservoir and influence the redistribution of metals in the crust significantly
(Yardley, 2005). Consequently, deep-seated fluids are invoked to be an essential element
source for various hydrothermal vein-type deposits such as e.g. Mississippi-Valley-Type-
, unconformity-related U-, five-element and Pb-Zn-sulphide deposits (Gleeson et al.,
2001; Yardley, 2005; Ahmed et al, 2009; Pfaff et al, 2010; Staude et al, 2012b;
Fufdwinkel et al., 2013a; Richard et al.,, 2016). The dominant anion is invariably Cl, while
the dominant cation might be Na or Ca. Deep-seated fluids have relatively high Br
concentrations, yielding low Cl/Br ratios (Cl/Br is given as mass ratio), below the
seawater ratio of 288 (Frape et al., 2003). At shallow crustal depths, however, fluids are
typically Ca- and HCO3z-rich (Frape et al.,, 2003), except for fluids derived from halite
dissolution in evaporite-bearing aquifers. Theses halite-dissolution brines have also
high Na and Cl concentrations (Stober et al., 2013), but very low Br concentrations
(Stober and Bucher, 1999b), since halite incorporates only very small amounts of Br
(Cl/Br ~2000-10,000; (Stober and Bucher, 1999b; Siemann and Schramm, 2000)).
Hence, the Cl/Br ratio is often used to discriminate between halite dissolution brines of
mostly shallow origin (high Cl/Br) and deep-seated brines (low Cl/Br) (Chi and Savard,
1997; Savoye et al., 1998; Stober and Bucher, 1999b; Leisen et al,, 2012; Fufswinkel et
al, 2013a), without particularly knowing why these low Cl/Br ratios occur in deep
crustal fluids. Similarly, the processes causing the extreme chlorinities combined with
low Cl/Br and Na/Cl ratios are not well constrained.

Furthermore, as mentioned above basement brines are often invoked as an important
source of metals such as Pb, Zn, Cu, Co, Ni, U or Ag, for hydrothermal vein-type deposits
(Wilkinson et al., 2005; Yardley, 2005; Gleeson and Turner, 2007; Boiron et al., 2010;
Fufdwinkel et al., 2013a). Nevertheless, it is poorly constrained by which mineral phase
each metal is preferentially hosted, and which processes efficiently release the metals to
the fluid.

Therefore, the potential of common igneous, metamorphic and sedimentary rocks to
facilitate the geochemical evolution of continental basement brines and to serve as a
metal source for hydrothermal ore deposits is tested under controlled laboratory
conditions. Leaching experiments on these lithologies, including their mineral separates
(feldspar, quartz and biotite) were performed at variable temperatures (25, 180, 275
and 350 °C), pressures (ambient pressure, 0.9, 1.4 and 1.9 kbar), grain-size fractions
(<0.01 mm, 0.063-0.125 mm and 2-4 mm) and variable fluid/rock ratios (10 to 1.1)

with ultra-pure water and 25 wt.% NaCl solution as solvents. Leachates were analysed
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by ion chromatography and total reflexion X-ray fluorescence (TXRF). The samples were
characterized prior to the experiments using X-ray fluorescence, microthermometry,
electron microprobe analyses, pyrohydrolysis and TXRF. Although leaching experiments
using different kinds of crustal rocks of the Schwarzwald were already carried out by
Bucher and Stober (2002), their experimental setup was extensively expanded with
respect to parameters like temperature, pressure, grain-size, starting materials and
duration of experimental runs.

In summary, the grain-size strongly affects fluid modification during water-rock
interaction: leachates (using pure H20) of fine-grained rock powders have lower Na/Cl
and Cl/Br ratios but much higher chlorinities (by a factor of up to 40) compared to
leachates using coarse-grained rock powders. All leachates have lower Cl/Br ratios than
the respective Cl/Br ratio of the whole-rock. Time integrated and whole-rock normative
halogen release to the fluid shows that F, Cl and Br are assigned in variable abundances
to two distinctly different reservoirs. These reservoirs are: (A) highly soluble phases
(HSP) such as halogens adsorbed (e.g., halides) to the surface of minerals (Hellmann et
al, 2012) and present as fluid inclusions and (B) Low soluble phases (LSP) in which
halogens are structurally bound (e.g., mica, amphibole, apatite). HSP and LSP response
differently to parameters like grain-size, temperature and reaction time. Especially, the
proportion of each halogen present as HSP and LSP controls the degree of halogen
fractionation between the fluid and the host rock due to selective leaching. Lowest Cl/Br
ratios (highest fractionation) can be observed at fine to medium grain-sizes, lower
temperatures and short reaction times, since these conditions promote selective
leaching of the LSP. Selective leaching of LSP results in Cl/Br and Na/Cl ratios similar to
those observed in natural basement brines, which indicates that cataclastic deformation
within deeper parts of the upper continental crust is a key parameter controlling the
composition of these fluids. Nevertheless, the maximum salinity that can be reached by
leaching LSP is dictated by the composition of the LSP, which is difficult to constrain
precisely, but most likely it can hardly exceed 8-10 wt.% of total salinity (Nordstrom et
al, 1989; Simon, 1990). Mass balance considerations show that the Br enrichment in
such moderately saline fluids is sufficiently high to maintain low Cl/Br ratios even after
potential mixing with a high salinity, high Cl/Br halite-dissolution brine. In other words,
mixing of relatively small volumes (~10 to 30 vol.%) of a 27 wt.% salinity and high
Cl/Br (10000) fluid with a 8.5 wt.% salinity and low Cl/Br (65) fluid, results in high
salinities and low Cl/Br (~100-200) ratios of the mixed fluid. Consequently, the Cl/Br
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ratio should be evaluated critically and if possible combined with other chemical tracers
when used as a reservoir tracer.

The leaching experiments showed that, Pb, Zn, Cu and W are released by felsic minerals,
while biotite alteration releases Ni, As and additional Zn and Cu. This confirms that
crystalline rocks may serve as metal source for hydrothermal ore deposits. Remarkably,
substantial amounts of Zn are present in leachates using felsic minerals, although the
felsic minerals have low absolute Zn contents.

This broad analytical and experimental approach yields new and important insights into
global processes that essentially control the major and trace element composition of

deep-seated fluids.

3.2 Root zones of unconformity-related veins

Title of publication:
Tracing fluid migration pathways in the root zone below unconformity-related
hydrothermal veins: Insights from trace element systematics of individual fluid inclusions,

Chemical Geology (study b)

The temporal evolution of fracture networks below the actual hydrothermal vein (root
zones) and their impact on fluid chemistry, vein mineralogy and ore formation is
insufficiently understood for hydrothermal vein-systems, such as the common
epithermal to mesothermal sediment-, unconformity- and basement- hosted Pb-Zn-, U-
,MVT- and five-element deposits. Although a large amount of data on the actual
hydrothermal veins are available, only few studies have addressed feeder systems (root
zones): Richardson et al. (1987) and Everett et al. (1999) describe alteration and
concomitant metal depletion of the wall rock in large-scale fracture root zones below
volcanogenic massive sulphide and Irish-type deposits. If, however, this interconnected
network is a juvenile fracture system related to recent/local tectonics, or if this system
has been previously active over a relatively long time and discontinuously feeds into
reactivated veins, is completely unknown. Heretofore, no approach has been proposed
to track the temporal evolution of root zones. Consequently, this is what we try to
address in the present contribution by proposing an innovative geochemical tool, which
allows us to monitor the degree of host rock alteration in the root zone of fracture

systems. The degree of alteration in the root zone provides indirect evidence of the life-
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time of such fracture meshes below the actual veins since extensive host rock alteration
only happens if new fractures with fresh reactive rock material are generated in depth.
In contrast, fracture networks, which already persisted for some time, interact
significantly less with perfusing fluids, due to the decreased amount of fresh rock. As
metals and other trace elements are mobilized during water-rock interaction of highly
saline brines with basement rocks (Yardley, 2005), the evolution of these fracture zones
might potentially be directly related to episodes of ore formation in the actual
hydrothermal vein..

LA-ICPMS microanalyses of individual, texturally well-characterized fluid inclusions
were carried out. The fluid inclusions are hosted by fluorite and quartz of the Jurassic-
Cretaceous Brandenberg Pb-Zn-(Cu)-fluorite-barite-quartz vein near Todtnau,
Schwarzwald, SW Germany. The ore is predominantly associated with the fluorite, which
is overgrown by euhedral, younger quartz. The analysed fluid inclusion assemblages
(FIAs) have unambiguous age relationships. Therefore, major and trace element
systematics in their fluid composition reflect a temporal variation of the ore fluid.

Fluid mobile elements (Rb, Cs, Li, W, Ba, Zn and Pb), show a distinct decrease in their
concentration from old to young FIAs. These elements are preferentially released by the
alteration of primary rock-forming minerals and are hence potential process tracer for
ongoing host rock alteration in the root zone. No systematic variation of Cl/Br ratio,
major element chemistry, homogenisation temperatures and a very intense dilution of
trace elements of up to a factor of ~0.001 from the oldest FIA in fluorite to the youngest
analysed FIA in quartz can be observed. This clearly indicates that these variations in
trace elements of the ore fluid are truly caused by processes within the root zone and
not by e.g. different mixing proportions of the involved fluids.

Although data is partly overlapping, the maximum and mean values of the Rb/Cs ratio
and the Rb, Cs, Li, Pb, Zn, W, and Ba concentrations decrease with time (from early
fluorite to late quartz). When juvenile fluid migration paths are established first
(fracture opening), abundant fresh reactive mineral surfaces are present along the
fracture walls, which immediately react with the percolating fluid. Therefore, first-
generation fracture fluids are strongly enriched in Rb, Cs and other fluid mobile trace
elements released by feldspar and mica (W, Pb, Zn, Li, Zn, and Ba).

Lower values of Rb, Cs, W, Pb, Zn, Li, and Ba in later quartz indicate that later fluid
batches migrated along the same fracture networks (during fluorite and quartz

precipitation), rather than establishing new fracture systems. With each consecutive
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fluid pulse, the abundance of fresh rock material decreases, and subsequently causes a
decrease in the trace element load of the ascending fluid.

Since Rb is incorporated into the clay mineral structure while Cs is only adsorbed onto
surfaces of these clay minerals and residual mica (Gob et al, 2013 and references
therein), leaching the absorbed Cs results in lower Rb/Cs ratios compared to entirely
unaltered rock. The observation of distinctly decreasing of mean Rb/Cs ratios and
absolute Rb and Cs concentrations from early fluorite to late quartz indicates
progressive rock alteration in the root zone.

Empirical data of granitic and sedimentary fluids (Aquilina et al., 1997; Gob et al., 2013)
combined with data of this study were used to model an entire cycle of a hydrothermal
fracture system, governed by tectonic processes that promote host rock alteration in the
root zone. Assuming closed-system conditions, the Rb/Cs ratio should increase
successively after all fresh rock has been altered, trending towards a steady-state with
crystalline rocks (Rb/Cs ~2; Aquilina et al. (1997); Go6b et al. (2013)). Whether the
system obtains steady-state is governed by the timing of the generation of new fractures
in the root zone. Assuming open-system conditions, a sedimentary fluid (high Rb/Cs) or
a fluid in steady-state with crystalline rocks (Rb/Cs ~2) might be introduced into the
newly formed fractures of the root zone. For all of these open- and closed-system
possibilities, the Rb/Cs drastically decreases after fresh reactive rock is produced by
cataclastic deformation at the beginning of each cycle.

Maximum concentration of trace elements in the fluid and also ore formation occurs
preferentially in the initial phase of a fracture root system, directly after new migration
paths are established. Later fluid pulses migrate along pre-existing fractures, decreasing
the amount of fresh reactive rock material progressively with each fluid pulse. As a
consequence, multiple generations of ore minerals seem to preferably occur if new
fracture branches are forming in the root zone of hydrothermal veins. Therefore,
cataclastic zones below hydrothermal veins appear to control the fertility of a
hydrothermal fluid essentially. Their tectonically induced dynamics seems to be one key
parameter that governs the temporal interval of ore precipitation in the overlying

hydrothermal vein.
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3.3 Temporal and regional variation in fluid composition of hydrothermal

veins of the Schwarzwald, SW Germany
3.3.1 The temporal evolution of ore fluids in the Schwarzwald

Title of publication:
Long-term chemical evolution and modification of continental basement brines - a field

study from the Schwarzwald, SW Germany, Geofluids (study c)

Previous studies showed that the variety of hydrothermal vein-type deposits in the
Schwarzwald can be classified into five groups, which are based on their mineralogy and
the temporal episode of ore formation:

(i) Late-magmatic W-Sn-quartz-tourmaline veins of the Carbonaceous.

(ii) Metamorphic Sb-Au-quartz veins of the Permian.

(iii) Hematite-quartz veins occurring at the Triassic-Jurassic boundary.

(iv) Jurassic-Cretaceous Pb-Zn-Cu-Ag-fluorite-quartz-(calcite) or

Ag/Bi-Ni-Co-(Fe)-As-(U)-calcite-barite veins.

(v) Post-Cretaceous Pb+Zn+Ag+ Cutbaritexquartz+carbonatexfluorite veins.
Besides their different ages, distinct differences in their fluid composition
(microthermometry and crush-leach analyses) can be recognized. Low salinity, high
temperature and volatile-rich ore fluids (vein-type i) are related to W-Sn-quartz-
tourmaline veins, which occur in the Carbonaceous in close proximity to granitic
intrusions (Marks et al., 2013). During the Permian, late metamorphic low salinity and
high temperature fluids (vein-type ii) are present in low-grade Au-Sb-quartz veins
(Wagner and Cook, 2000). Hematite-quartz veins (vein type iii) occur since the Triassic-
Jurassic boundary (Brander, 2000). These veins comprise a variety of fluid types
including primary fluids of low and moderate salinities, which alternate on the scale of
growth zones and have intermediate temperatures. The Jurassic-Cretaceous veins (vein-
type iv) are characteristically Pb-Zn-Cu-Ag-fluorite-quartz-(calcite) or to a lesser extent
Ag/Bi-Ni-Co-(Fe)-As-(U)-calcite-baryte veins, which are related to the opening of the
North Atlantic (Boiron et al., 2010). In contrast to vein-types i to iii, the associated ore
fluid of vein-type iv is invariably of high salinity and moderate temperature (Behr and
Gerler, 1987; Baatartsogt et al., 2007; Staude et al., 2009; Staude et al,, 2011; Staude et
al, 2012a; Staude et al, 2012b). Post-Cretaceous Pb-Zn-(Cu)-fluorite-barite-calcite-
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quartz veins are related to the Upper Rhine Graben rifting. Due to the complex graben-
related tectonic and hydrogeological setting, these veins comprise a great variability in
fluid composition and mineralogy.

In the following these distinct temporal changes in fluid composition of the trapped ore
fluid are related to the regional geological history, which has undeniably a substantial
influence on the composition of the ore fluids (fluid sources, aquifer composition,
hydrogeology, precipitation mechanism and fluid mobilisation).

After late magmatic (vein-type i) and metamorphic (vein-type ii) high temperature, low
salinity and Na-dominated fluids prevailed from the Carbonaceous until the Permian,
the first occurrence of highly saline fluids can be recognized at the Triassic-Jurassic
boundary (vein-type iii). Importantly, these highly saline fluids alternate with low
salinity fluids, but mixing between these fluids cannot be observed (e.g. intermediate
salinities) at that stage (vein-type iii). The highly saline fluids show low Ca/(Ca+Na)
(molar) and low CI/Br ratios (weight) and are most likely residual brines derived from
evaporitic basins (Richard et al., 2011; Fuf3winkel et al., 2013a), where the formation of
halite is well documented (Geyer et al., 2011). These highly saline residual fluids (bittern
brines) are strongly enriched in Br (since halite does not incorporate Br, (Siemann and
Schramm, 2000)) and descend subsequently into deeper crustal levels due to
desiccation processes within the crystalline basement (Stober and Bucher, 2004; Bons et
al, 2014). In the Jurassic, the extensive tectonic setting, induced by the opening of the
North Atlantic, resulted in mixing of two contrasting fluids on large-scale fractures,
which formed the Jurassic hydrothermal veins (iv). The bittern brine already recognized
in vein type (iii), has been extensively modified by fluid-rock interaction with the
igneous and metamorphic rocks of the basement. Thus, metal concentrations and the
Ca/(Ca+Na) ratio increased, while the low Cl/Br ratio inherited from the original bittern
brine remains (iv). Rifting related, large-scale fluid migration results in mixing of this
modified bittern brine and a sedimentary fluid (halite-dissolution: high Cl/Br ratio, high
salinity and very low Ca/(Na+Ca) ratio) during their simultaneous ascend (Bons et al,,
2014). Large-scale mixing occurred also at post-Cretaceous times, but stronger
compositional variations of ore fluids (v) can be observed, which are related to the
tectonic displacement of the crystalline and sedimentary aquifers caused by the Upper
Rhine Graben rifting.

In summary, the first occurrence of highly saline brines, which are necessary for efficient

metal transportation, is closely related to the formation of halite in marine basins at the
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sub-surface. During its percolation of these bittern brines through basement rocks, they
are substantially modified with respect to their major and trace element chemistry as a
consequence of fluid-rock interaction. Mixing happens only, if the
hydrogeological/tectonic setting is suitable to release fluids from different crustal
levels/aquifers synchronically into large-scale fractures. A comparison of these criteria
with similar vein-type deposits from the Harz and the Spessart mountains (SW
Germany) emphasis even more the importance of satisfying these prerequisites for
effective ore deposition: the first deposition of halite in the sedimentary units happened
in the Harz and the Spessart already in the Zechstein (Upper Permian), which is the
reason why the first occurrence of highly saline fluids and ore-bearing hydrothermal
veins can be recognized earlier (lower Triassic) than in the Schwarzwald (Liiders and

Moller, 1992; Fufdwinkel et al., 2013b).

3.3.2. A refined geochemical model for the Jurassic-Cretaceous veins of the
Schwarzwald - The relationship between paleo-topography and the composition

of hydrothermal ore fluids

Title of submitted manuscript:
Major element and trace metal systematics of fluid inclusions in hydrothermal veins: metal
provenance and the reconstruction of eroded sedimentary units, submitted to Mineralium

Deposita (study d)

Study d focuses on the Jurassic-Cretaceous veins (iv) and refines the simplified genetic
model presented in study c with additional details. As mentioned earlier the Jurassic-
Cretaceous veins formed due to binary mixing of a deep-seated basement fluid (low
Cl/Br mass ratios) and a sedimentary/basinal brine (high Cl/Br ratios) (Fufswinkel et al.,
2013a).

Therefore, regional compositional variations of the ore fluids that are ascribed to
compositional differences of the involved sedimentary fluid might be used to
reconstruct regional differences in the composition of the yet eroded sedimentary rock
units.

Actually, compositional variations with respect to the Ca/(Ca+Na) molar ratio, sulphate
concentrations, and the Cl/Br ratio can be observed in ore fluids from the northern,

central and southern Schwarzwald. While fluids from the northern and southern
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Schwarzwald show very variable Cl/Br and Ca/(Ca+Na) ratios, the analysed fluids of the
central Schwarzwald show invariably low Cl/Br, relatively higher Ca/(Ca+Na) ratios as
well as dissolved aqueous sulphate. This agrees with the distribution of Middle Triassic
halite in the sedimentary units, which is predominantly present in the northern and
southern Schwarzwald (Geyer et al., 2011). While the topography of the paleo-marine
basin enhanced halite precipitation in the northern and in the southern Schwarzwald,
the evaporitic sequence in the central Schwarzwald did not exceed the anhydrite stage.
Consequently, in the northern and in the southern the analysed ore fluids consist of
mixtures of basement brines and halite-dissolution brines, while in the central
Schwarzwald the ore fluid consists of mixtures of basement brines and sulphate-
dissolution brines.

It has been shown that important information about the composition of the involved
sedimentary paleo-aquifer, which is yet entirely eroded is archived in fluid inclusions of

hydrothermal veins.

3.3.3 Multicomponent mixing in post-Cretaceous hydrothermal veins of the

Schwarzwald

Title of manuscript:

Multi-reservoir fluid mixing processes in rift-related hydrothermal vein-type deposits, in

preparation (study e)

This study focuses on post-Cretaceous Pb-Zn-Cu-fluorite-quartz-calcite-barite veins (v)
related to the Upper Rhine Graben rifting. These veins are characterized by a great
diversity of their mineralogy and fluid chemistry. In contrast to the Jurassic-Cretaceous
veins (iv), fluid inclusion data (microthermometry, crush-leach and LA-ICPMS) of the
post-Cretaceous veins show that more than two fluids are involved in ore formation
(multi-component mixing). While the basement brine component is invariably present
in these ore fluids (like in vein type iv), two or more other involved fluids can be
recognized, which are of sedimentary, basinal and/or meteoric origin. This multi-
component mixing can be recognized on the regional scale, the scale of one single vein
and even on the scale of one single fluid inclusion assemblage. This variation is caused

by intense tectonic movement related to Paleogene rifting, resulting in complex
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displacement of the involved aquifers. Consequently, fluids from different sedimentary
aquifers locally mix with each other. The resulting fluid composition is very diverse,
depending on which aquifers hydraulically interact with each other. A precise
identification of fluid sources other than the involved basement fluid is difficult, since
the composition of the sedimentary aquifers changes with time due to e.g. progressive
fluid-rock interaction, subsidence or uplift. Still geochemical mixing models with
inferred fluid compositions indicate that fluids from the Middle Triassic, halite-bearing
limestone, the Bunter Sandstone aquifer and diluted meteoric fluids participate in
variable proportions in vein formation.

In summary, the observed multi-component fluid mixing is caused by the rift related
tectonic disturbance of the crustal stack, which is accompanied by the generation of
complex hydrogeological fluid migration pathways. Depending on the source and

composition of the involved fluids, the mineralogy of the veins varies substantially.

3.4 The genesis of five-element veins

Title of publication and submitted manuscript:

a.) Natural fracking and the genesis of five-element veins, Mineralium Deposita (study f)
b.) Methane and the origin of five-element veins: mineralogy, age, fluid inclusion chemistry
and ore forming processes in the Odenwald, SW Germany, submitted to Ore Geology

Reviews (study g)

Five-element veins (Ag, Bi, Co, Ni, As) have been valuable mineral deposits since
medieval to contemporary times. The characteristic occurrence of fascinating, large
aggregates of native metals enclosed by a succession of arsenides and carbonates makes
this vein-type attractive for the mining industry, museums and private mineral
collectors. Some of the best studied and well-known deposits are Schneeberg/Germany
(Lipp and Flach, 2003), Jachymov/Czech Republic (Ondrus et al., 2003a; Ondrus et al,,
2003b; Ondrus et al, 2003c), Kongsberg-Modum/Norway (Bugge, 1931), Cobalt-
Gowganda/Canada (Andrews et al., 1986), Thunder Bay/Canada (Franklin et al., 1986),
Batopilas/Mexico (Wilkerson et al.,, 1988), Imiter/Morocco (Cheilletz et al., 2002) and
Bou Azzer/Morocco (Ahmed et al., 2009). But with a few exceptions (Ondrus et al,,
2003a; Ahmed et al,, 2009; Staude et al., 2012b) the majority of this literature does not

comprise modern analytical data.
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Hydrothermal five-element veins occur below, across and above the basement-cover
unconformity (Kissin, 1992). The ambient host lithologies are very variable and include
igneous, metamorphic and sedimentary rocks. Formation temperatures range from
~150 to 450°C, and hence the mode of host rock alteration is also variable (Kissin, 1992;
Staude et al.,, 2012b). All five-element veins have very similar mineral assemblages and
ore textures, which implies that all these deposits are genetically related, though
formation temperature, fluid salinity, host rock and alteration type may strongly vary
for each occurrence (Kissin, 1992; Staude et al., 2012b).

Despite of the great diversity, but also controversy of existing genetic theories, the
enigmatic formation process of these specific vein-type was long poorly constrained.
These genetic theories include a magmatic, hydrothermal and metamorphic origin
(Kissin, 1992). However, these models do not consider the textural details, and the
precise precipitation mechanism, which are included in the genetic model presented in
this thesis (study f and g).

All mineralogical varieties (Ag-, As- and Bi-dominated) of the five-element veins in the
Odenwald (SW Germany) were analysed in terms of ore textures, mineral chemistry,
fluid inclusion composition (microthermometry and Raman spectroscopy), stable
isotopes (C, O and S) and radiogenic isotope composition (U-Pb) as a profound database
for the genetic model.

Pb-Zn-Cu-sulphide-calcite veins and arsenide-free Ag-Hg-barite veins occur besides the
five-element veins and have also been examined in this study.

Characteristically, the ore textures of five-element veins have in common that up to dm-
sized, often dendritic native metals are overgrown by a succession of arsenides,
followed by carbonate and finally sulphides. The succession of arsenides typically
comprises rammelsbergite, skutterudite, safflorite and loellingite, which results in a
distinct chemical trend from Ni- to Co- and finally Fe-dominated phases (old to young).
In contrast, spatially closely related Ag-Hg-barite veins consist of almost mono-mineralic
amalgam inter-grown with barite and calcite.

The five-element veins of the Odenwald precipitated at 170 to 180 Ma from Na-Ca-Cl
fluids at 290°C, 0.1-0.3 kbar, salinities of ~27 wt.% and Ca/(Ca+Na) ratios of 0.30 to
0.35. This age clearly relates the relevant fluid migration to extension and crustal
thinning caused by the opening of the North Atlantic (Mitchell and Halliday, 1976). This
is the first time that U-Pb dating of nominally U-free gangue minerals (calcite and

prehnite) was applied to ore deposits. Mixing of deep-seated metal- and arsenic-rich
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basement brines (fluid-type A), sulphide-bearing basinal/sedimentary brines (fluid-type
B) and methane-dominated fluids/gases (fluid-type C) induced ore formation (for
further details on the origin of the involved fluids, solutes and gases refer to study g in
the appendix). The encounter of such chemically contrasting fluids results in a strong
chemical disequilibrium of the mixed fluid, which potentially leads to rapid precipitation
of native metals and arsenides forming these specific ore textures. In contrast, sulphide-
bearing calcite veins formed under similar P-T-conditions, but the ore fluid consists only
of fluid-type A and B, while fluid-type C is absent.

An internally consistent model shows that the oxidation of relatively small amounts of
methane is sufficient to maintain suitable low fO2 conditions to precipitate native metals
and arsenides. Besides the decrease of fO;, the simultaneous precipitation of native
metals and oxidation of methane causes a drastic decrease of the pH. The predicted
reaction path that related to methane influx crosses the skutterudite predominance field
before some of the native metal is dissolved due to the decreasing pH. As soon as the
majority of the methane is oxidized, the pH increases, which leads to the subsequent
precipitation of safflorite and loellingite and finally calcite. The trend of increasing pH is
caused by the consumption of methane and the subsequent transition from a methane-
buffered to a rock-buffered system. This hydro-chemical model is in absolute agreement
with all textural observations (even the dissolution textures of native metals). A
compositional trend of Ni, Co and Fe seems to occur in all five-element veins (Kissin,
1992; Ondrus et al., 2003c; Ahmed et al,, 2009; Staude et al., 2012b). This trend is caused
by decreasing stabilities from Ni to Co and finally Fe chloro complexes with increasing
pH at low fO2. According to this model, concentrations of 30 mg/l methane in fluid BC
are sufficient to precipitate the observed amounts of native metals, arsenides and
carbonates. Furthermore, stable C-isotopes of analysed calcites show relatively low §13C
values, which are in the range of the predicted isotopic composition including both
involved C-sources: the calculated amount of HCO3- derived by methane oxidation and
the inferred amount of inorganic HCO3- already present in fluid A (Frape et al., 2003).
Although methane could be detected in a few fluid inclusions of the analysed veins and
the importance as a reducing agent could be clearly shown, it is noteworthy that its
presence in the ore fluids is often cryptic, due to its oxidation and dissolution to HCO3-.
Methane production and migration is well documented (Liiders et al., 2005; Liiders et
al,, 2012) in the North German Basin, and therefore the source of methane is presumably

within the organic-rich Permo-Triassic sediments, which were also present above the
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hydrothermal veins prior to erosion. The release and uptake of isolated methane by
migrating sedimentary fluids (B) is closely related to tectonically active episodes, which
promote the formation of inter-connected fracture networks (Sibson, 1996) triggering
indirectly the formation of the five-element assemblage.

Introduction of methane into an active hydrothermal Pb-Zn-Cu-sulphide system, and
concomitant reduction of the ore fluid has a substantial effect on the species present in
the fluid. Particularly, dissolved arsenic typically present as As3* at moderate fO; and pH
conditions (Wood and Samson, 1998) is reduced to As-/2-, which is crucial for arsenide
precipitation. Furthermore, the direct observation of sulphides occurring temporarily
before and after the formation of native metals and arsenides (Ramdohr, 1975)
indicates that the five-element assemblage is restricted to a narrow temporal interval
("arsenide window") within a sulphide-dominated hydrothermal background system.
Chemically, this arsenide window is most likely controlled by the As!-/S?- ratio, which is
directly related to the As3*/As!- ratio (governed by the redox state of the fluid), rather
than absolute As and S concentrations.

Ag-Hg-barite veins, which dominantly consist of native silver and barite without
arsenides occur in close spatial association with the five-element veins of the northern
Odenwald. In contrast to Hg contents below 1 wt.% of native silver and Ag:S of the five-
element assemblage, the native silver of this vein type has extremely high Hg contents of
up to ~30 wt.% (amalgam). Still, textural and isotopic arguments indicate that the
amalgam-barite association is caused by the dissolution of Ag:S, which is itself primarily
derived by the remobilisation of primary native silver of the five-element assemblage.
After initial precipitation, primary silver is dissolved, proximally transported and re-
precipitated as Ag:S at temperatures around 200°C. In a second step the Ag:S is
incongruently dissolved to native silver and barite. Due to the successive decrease of S#
/S042 with decreasing temperature (closed system), the activity of S%- is at some point
sufficiently low to dissolve Ag>S and precipitate Ag and barite (~140°C = calculated;
135°C = measured homogenization temperature). Concomitantly, this decrease of the S?-
activity leads to the enrichment of Hg, since its solubility drastically decreases as the Hg
bisulphide-complexes are increasingly destabilised (Krupp, 1988; Barnes and Seward,
1997).

In conclusion, five-element veins seem to form when methane (often cryptic in the ore
fluid) is introduced into active hydrothermal Pb-Zn-Cu-sulphide systems. Isolated

methane in the sedimentary aquifer is mobilised during active tectonic episodes, and
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has to be transported along migration pathways to mix with ascending basement brines.
As a consequence, the system is shifted from a rock-buffered to a methane-buffered
system, which is associated with drastic changes of the fO; and the pH. As soon as the
methane is consumed, the system evolves back to a rock-buffered system, in which
sulphides are predominant.

The applied genetic model includes and agrees with all textural, mineralogical and
chemical aspects of five-element veins, and therefore improved the scientific
understanding of this mineralogical fascinating hydrothermal vein-type deposit

significantly.

4. SUMMARY AND CONCLUSIONS

The executed experiments yield new and important insights into the evolution and
modification of continental basement brines by fluid-rock, fluid-fluid and fluid-gas
interaction. Particularly, the source and fractionation of halogens during fluid-rock and
fluid-fluid interaction and its implication for the Cl/Br ratio as a "conservative" reservoir
tracer have been discussed extensively. The presented results and conclusions
contribute to the general understanding of halogen systematics in hydrothermal
environments.

Lead, Zn, Cu and W are released by alteration of felsic minerals, while biotite alteration
releases Ni, As and additional Zn and Cu. Although biotite contains higher Zn
concentrations, the majority of Pb and Zn is mobilised by feldspar alteration. This clearly
demonstrates that the absolute concentration of an element in the source mineral is less
important than its affinity of being released to the fluid (mobility). Consequently, even
minerals with relatively low metal concentrations, such as feldspar can serve as metal
source if these are efficiently released to the fluid during mineral alteration. Among all
tested parameters that have a significant influence on the fluid composition, grain-size
seems to have the strongest impact on the experimental leachates. Therefore, it is most
likely that naturally occurring cataclastic zones have not only a major impact on the
permeability on the host rock (fluid pathway), but also on the fluid composition of
basement brines. This hypothesis is furthermore strengthened by temporal variations in
fluid compositions of individual fluid inclusions from the Jurassic Brandenberg vein,
which can be attributed to fluid-rock interaction at cataclastic zones below the

hydrothermal vein (root zone). Time resolved trace element, Rb/Cs and Cl/Br variations
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of vein-hosted fluid inclusions are suitable to monitor alteration processes that occur in
these cataclastic root zones. By combining these parameters with empirical Rb/Cs data,
it was possible to model repetitive hydro-chemical cycles, which are directly related to
the generation of fresh reactive rock in the root zone during tectonically active episodes.
On the other hand, the influence of active tectonics (post-Cretaceous veins) and paleo-
topography (Jurassic veins) on the composition of the sedimentary fluid involved in ore
formation was studied in detail. It could be demonstrated that the sedimentary aquifers
are inhomogeneous with respect to their composition on the scale of the Schwarzwald
due to tectonic displacement (post-Cretaceous veins) and differing conditions during
deposition (Jurassic veins). These compositional differences of the yet eroded
sedimentary cover can be deduces from archived fluid inclusions of hydrothermal veins.
The combined study of the regional geology, basement brines, sedimentary brines and
the ore fluids (mixture) of different vein-types and ages enabled a profound
reconstruction of the evolution of involved fluids during the last 300 million years.

An entirely new genetic model for five-element veins has been proposed, which seems
to be universally valid for the majority of five-element veins and therefore might
potentially decipher a longstanding enigma in the scientific field of ore petrology. This
model includes the tectonic liberation of hydrocarbons, their transportation and their
significant impact on the condition of the ore fluid. It is capable of explaining all textural
and chemical features that are typical of five-element veins. To testify this model, it was
successively applied to the five-element veins of the Odenwald, which formed due to
mixing of a metal-rich basement fluid, a sulphur-rich sedimentary/basinal fluid and
methane or a methane-bearing fluid.

The presented studies include innovative and profound insights into fluid-rock, fluid-
fluid and fluid-gas interaction, which are generally relevant for hydrothermal processes
in the upper crust. The findings are generally valid and readily applicable to other
systems/deposits on a global scale. Consequently, this thesis contributes significantly

and fundamentally to the scientific understanding of hydrothermal systems.
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pure water and 25 wt.% NaCl solution as solvents.
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a factor of up to 40) compared to leachates from coarse-grained rock powders. The Cl/Br ratios of all leachates are
Metals lower than that of their respective whole-rocks. Smaller grain-sizes of the starting materials yield element ratios
Brittle deformation (Cl/Br and Na/Cl) similar to those found in natural fluids, emphasizing the influence of cataclastic deformation on
Cl/Br the fluid chemistry of crustal fluids. During our leaching experiments, Pb, Zn, Cu and W are released by felsic
Cataclasis minerals, while biotite alteration releases Ni, As and additional Zn and Cu.

Water-rock interaction Our experiments confirm that crystalline rocks may serve as metal source for hydrothermal ore deposits. Short-
term water-rock interactions along cataclastic fault zones in the brittle crust may influence the geochemical evo-
lution of upper crustal fluids. This is further suggested by low F/Cl and Cl/Br ratios in some of the leachates being
very similar to halogen systematics in natural fluid samples.
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1. Introduction

Fluids are of major importance during most geological transport
processes related to magmatism, metamorphism or formation of ore
deposits. Hence, understanding the nature and evolution of their
chemistry has been the focus of many studies in the last decades
(Frape et al., 1984; Vovk, 1987; Nurmi et al., 1988; Lodemann et al.,
1997; Markl et al., 1998; Savoye et al., 1998; Frape et al., 2003;
Gleeson et al., 2003; Stober and Bucher, 2004; Gleeson and Turner,
2007; Piribauer et al.,, 2011).

Fluids with high salinity (up to 26 wt.% NaCl equivalent) appear to be
typical of the middle and lower parts of the upper continental crust
(Lodemann et al., 1997; Stober and Bucher, 1999a; Frape et al., 2003).
Such deep-seated fluids represent a large halogen reservoir and
influence the redistribution of metals in the crust (e.g. Yardley, 2005).
The major cations in crustal fluids are Na or Ca, the dominant anion is
invariably Cl, resulting in Na/Cl ratios of around one (or lower for
Ca-dominated basement fluids). Deep-seated fluids show relatively

* Corresponding author.
E-mail address: mathias.burisch@ifg.uni-tuebingen.de (M. Burisch).

http://dx.doi.org/10.1016/j.chemgeo.2016.03.031
0009-2541/© 2016 Elsevier B.V. All rights reserved.

high Br concentrations, resulting in low Cl/Br mass ratios (Cl/Br is
given as mass ratio in this work) below the seawater ratio of 288
(Frape et al., 1984; Stober and Bucher, 1999a).

At shallow crustal depths, however, fluids are typically Ca and HCO5-
rich (Frape et al,, 2003), except for fluids being derived from evaporite-
bearing (mostly halite) aquifers having high Na and Cl concentrations
(Stober and Bucher, 1999a). However, halite dissolution brines typically
contain significant amounts of HCOs; and very low Br (Stober and
Bucher, 1999b), since halite incorporates only minor amounts of Br
(Cl/Br ~2000-10,000; Siemann and Schramm, 2000). Hence, the Cl/Br
ratio is often used to discriminate between halite dissolution
brines (often shallow origin) and deep fluids and/or fluids derived by
seawater evaporation (Chi and Savard, 1997; Savoye et al., 1998;
Stober and Bucher, 1999b; Leisen et al., 2012; Fusswinkel et al., 2013),
without specifically knowing what causes low Cl/Br ratios in deep
crustal fluids.

Although highly saline basement fluids have been known for
decades, the processes causing their extreme chlorinities combined
with low Cl/Br and Na/Cl ratios are not understood in detail: some
authors propose an in-situ source for halogens (e.g., Cl and Br being
leached from hydrous silicates), which increases during mineral hydra-
tion reactions (e.g. Kullerud, 1996; Markl and Bucher, 1998), or may be
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inherited and pre-enriched from fluid inclusion leakage (Nordstrom
et al., 1989). On the contrary, others propose that the dominant source
of the salinity is not within the crystalline basement itself but is related
to evaporation (Bottomley et al., 1999; Boiron et al., 2010; Richard et al.,
2011) or freezing of large amounts of seawater during glacial periods
(Herut et al., 1990). Once halite saturation is reached, the Cl/Br ratio
decreases because of the strong incompatibility of Br in halite
(McCaffrey et al., 1987; Siemann and Schramm, 2000) and is thereby
passively enriched in the residual brine, which migrates subsequently
downwards (Spencer, 1987; Bons et al., 2014).

Basement brines are often invoked as an important source for metals
such as Pb, Zn, Cu, Co, Ni, U or Ag, typically found in hydrothermal
vein-type deposits (basement-, unconformity-, and basin-hosted)
(Wilkinson et al., 2005; Yardley, 2005; Gleeson and Turner, 2007;
Boiron et al., 2010; Richard et al., 2011; Fusswinkel et al., 2013).
Whether these metal-rich continental basement brines are a ubiquitous
phenomenon (Yardley, 2005) or if they reflect local exceptions, having
anomalous high metal concentrations (Wilkinson et al., 2009) is poorly
constrained.

Here, we report the results of leaching experiments performed with
Variscan basement rocks (granite and gneiss) and Triassic sandstone of
the Schwarzwald, SW Germany. Compared to previous leaching
experiments on rocks from the Schwarzwald (Bucher and Stober,
2002), our experiments cover much larger time (t) and temperature
(T) intervals and include experiments with 25 wt.% NaCl solution
(s25) and variable fluid/rock ratios. The experiments represent an
undisturbed internal geochemical signal, without an external element
source and therefore show if interaction with granite and gneiss is
able to explain the geochemical characteristics of basement fluids.
Furthermore, we consider the modes of fluid modification during
water-rock interaction of externally derived fluids, being introduced
into the crystalline basement.

2. Starting materials and analytical methods
2.1. Samples

Granite, gneiss and sandstone samples used for this study were col-
lected in the central Schwarzwald, Germany, which are taken here as a
type example of a Variscan upper crustal section (as has been done in
several studies before, see e.g. Bucher and Stober, 2002; Fusswinkel
et al,, 2013; Walter et al., 2015). Paragneiss (MB2) was collected from
the Hechtsberg quarry near Hausach, granite (MB3) from the Eselsbach
near Schramberg and Triassic redbed sandstone (MB5) from Kuhbach
near Lahr. The paragneiss has an average grain-size of 5 mm and con-
sists of about 42 vol.% biotite, 32 vol.% plagioclase, 14 vol.% quartz,
7 vol.% K-feldspar, 1 vol.% garnet and accessory apatite and titanite (de-
termined by image analysis). The granite has an average grain-size of
10-15 mm and contains about 44 vol.% K-feldspar, 31 vol.% quartz,
14 vol.% plagioclase, 7 vol.% biotite, 1 vol.% muscovite and accessory ap-
atite, ilmenite, magnetite, monazite and zircon. In both basement rocks,
plagioclase is partly sericitizied (the degree of sericitization being stron-
ger in the granite), while K-feldspar is almost unaltered. Around
10vol.% of the granite's primary biotite is replaced by fine-grained inter-
growths of hematite, orthoclase and muscovite. The sandstone has an
average grain-size of 0.5-1 mm, a porosity of 3 vol.% and consists of
around 90 vol.% quartz, 6 vol.% K-feldspar and minor amounts of
illitisized plagioclase and apatite. The cement is of argillic type and
contains clay minerals and euhedral hematite (photomicrographs and
microprobe data of the rock-forming minerals are included in the
electronic supplement).

2.2. Sample preparation

Alteration crusts and secondary mineral veins were carefully re-
moved. After coarse crushing, three aliquots of each sample (around

5 kg each) were crushed, ground and sieved until the whole aliquot
was entirely processed. Thereby, a fine-grained fraction FG (<10 um),
a medium-grained fraction MG (63-125 pum) and a coarse-grained frac-
tion CG (2-4 mm) of each sample were produced. A fourth aliquot
(~5 kg) of gneiss and granite was used for mineral separation, which re-
sulted in a felsic (quartz and feldspar) and a biotite fraction. No signifi-
cant loss of mass during processing of the whole-rock samples could be
recognized. 0.4 kg of felsic granite and gneiss separates, 0.3 kg of gneiss-
ic biotite and 0.2 kg of granitic biotite could be derived from 5 kg
starting material.

2.3. Leaching experiments

Batch experiments at 25 °C with different grain-sizes and at various
P-T, as well as multi-step experiments with changing fluid/rock ratios
were carried out (Table 1).

2.3.1. Batch experiments at 25 °C (1)

Whole rock powders (FG, MG, CG) (la and c) and mineral
separates (Ib and d) of gneiss and granite (FG) were leached in
ultrapure water (pw) and 25 wt.% NaCl solution (s25) for 1 (t;), 10°
(t2) and 4.5 x 10 (t3) min, using an individual beaker (pure quartz
glass) for each time interval t to maintain a constant fluid/rock ratio of
10 (10 g sample) (Table 1). The beakers were manually shaken three
times a day.

2.3.2. Batch experiments at elevated P and T (II)

Gold capsules of 6 cm length and 5 mm diameter were used in
horizontal autoclaves with H,0 as pressure medium. To avoid fluid
loss and reduce the amount of encapsulated air during welding, the
filled unsealed capsules were frozen in liquid nitrogen before sealing.
MG whole rock was leached with a fluid/rock ratio of 10 (between 88
and 94 mg of rock material) at 180 °C/0.9 kbar, 275 °C/1.4 kbar and
350 °C/1.9 kbar for 4.5 x 10% min (Table 1).

2.3.3. Multistep experiments at 25 °C (Ill)

CG of gneiss and granite were leached in pw for 4.5 x 10 min at a
fluid/rock ratio of 3.33 (120 g of sample material). These leachates
were separated from the slurry, transferred into new beakers and MG
of the respective lithologies was added using a fluid/rock ratio of 10.
This was repeated three times after 10> min, resulting in a subsequent
decrease of the fluid/rock ratio to 1.1 (Table 1). With this setup we try
to mimic a migration path of a fluid batch, which is successively
modified by the reaction with fresh cataclastic material.

24. Analytical procedures

All analyses were carried out at the Institut fiir Geowissenschaften,
University of Tiibingen, Germany.

24.1. Rocks

Major and trace elements of whole-rocks (triplicates) and mineral
separates were determined by X-ray fluorescence (XRF) and total re-
flection X-ray fluorescence (TXRF). Fluorine, Cl and Br were extracted
from whole-rock powders by pyrohydrolysis and quantified by ion
chromatography (IC), using a similar setup as described by (Kéhler
et al.,, 2009). The effective detection limits for whole rocks are about
5 pg/g for F and Cl and 0.1-0.15 pg/g for Br (depending on the F
concentration of the sample). Based on the frequent analyses of
standard solutions, the relative uncertainty is <7%.

All leachates were filtered with a 0.2 pm Chromafile Xtra PVDF-20/
25 for cations and a Xtra RC-20/25 for anions, which were analysed
with a Dionex ICS 1000 ion chromatography system (CS12-A- and
AS9-HC columns). Uncertainties are about 7% with detection limits of
below 10 pg/I for Na*, K+, Mg?™, Ca>™, F~, CI~ and NO3, and 2 g/l
for Br—, POz~ and SO5~. Ni, Zn, Cu, Pb, W and As were determined
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Table 1

Overview of experimental setup and conditions.
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Setup Experiment Solvent Sample material Grain-size Time interval Duration (min) T(°C) Fluid/rock Rock type Amount of samples
la Bpw H,0 Whole rock FG t1 1 25 10 gr, gn, sst 3
la Bpw H,0 Whole rock FG 2 1x10% 25 10 gr, gn, sst 3
la Bpw H,0 Whole rock FG t3 45 x 10% 25 10 gr, gn, sst 3
la Bpw H,0 Whole rock MG t1 1 25 10 gr, gn, sst 3
la Bpw H,0 Whole rock MG 2 1x103 25 10 gr, gn, sst 3
la Bpw H,0 Whole rock MG t3 45x10* 25 10 gr, gn, sst 3
Ia Bpw H,0 Whole rock CG t1 1 25 10 gr, gn, sst 3
la Bpw H,0 Whole rock CG 2 1x103 25 10 gr, gn, sst 3
la Bpw H,0 Whole rock CG t3 45x10* 25 10 gr, gn, sst 3
27
Ib Bpw H,0 Fspar-Qtz FG t1 1 25 10 gr, gn 2
Ib Bpw H,0 Fspar-Qtz FG 3 45 % 10* 25 10 gr, gn 2
Ib Bpw H,0 Biotite FG t1 1 25 10 gr, gn 2
Ib Bpw H,0 Biotite FG t3 45 % 10* 25 10 gr, gn 2
8
Ic Bs25 25 wt.% NaCl Whole rock MG t3 45 % 10* 25 10 gr, gn, sst 3
Ic Bs25 25 wt.% NaCl Whole rock CG t3 45 x 10* 25 10 gr, gn, sst 3
6
Id Bs25 25 wt.% NaCl Fspar-Qtz FG t3 45 % 10* 25 10 gr, gn 2
Id Bs25 25 wt.% NaCl Biotite FG t3 4.5 x 10* 25 10 gr, gn 2
4
Il BpwHT H,0 Whole rock MG t3 45 x10* 180 10 gr, gn, sst 3
Il BpwHT H,0 Whole rock MG t3 45 % 10* 275 10 gr, gn, sst 3
1l BpwHT H,0 Whole rock MG 3 45 x 10* 350 10 gr,gn,sst 3
9
I MS H,0 Whole rock MG t3 45 % 10* 25 33 gr, gn 2
11 MS H,0 Whole rock FG 2 1x10° 25 25 gr, gn 2
1 MS H,0 Whole rock FG 2 1x103 25 1.7 gr, gn 2
11 MS H,0 Whole rock FG 2 1x10° 25 1.1 gr, gn 2
8
FG/MG/CG = fine-/medium-/coarse-grained.
gr = granite; gn = gneiss; sst = sandstone.
B = batch; MS = multi-step; pw = pure water; s25 = 25 wt.% salinity; HT = high temperature.
with a S2 PICOFOX (Bruker) TXRF spectrometer equipped with a Mo X- 3. Results

ray tube operated at 50 kV and 600 pA and a silicon drift detector (SDD),
having effective detection limits better than 1 pg/l. HCO3 was deter-
mined by titrimetry. Electroneutrality is typically <4 3%, and is in all

analyses <+ 6%.

Table 2

Major and trace element compositions of rock samples.
Sample MB2 MB3 MB5
Rock type Gneiss Granite Sandstone
wt.%
Si0, 58.94 73.21 94.14
TiO, 0.68 0.22 0.06
Al,03 18.25 13.77 297
Fe,;053 6.05 1.70 0.32
MnO 0.09 0.03 0.02
MgO 3.54 0.37 0.13
Cao 2.05 0.18 0.05
Na,0 3.53 2.64 0.14
K;,0 3.00 6.14 2.04
P,0s 0.17 0.11 0.06
LOI 3.26 0.97 0.37
ug/g
Ni 74 58 <1
Cu 7 2 <1
Zn 84 32 20
As 2 20 <1
Y 129 190 51
Pb 13 41 18
F 600 980 68
Cl 120 240 47
Br 04 1.5 0.5
Sum 99.64 99.49 100.32

3.1. Halogens and trace elements in rock samples

Halogen contents are highest in the granite (980 pg/g F, 240 pg/g Cl
and 1.5 pg/g Br), lower in the gneiss (600 pg/g F, 120 pg/g Cl and
0.4 pg/g Br) and very low in the sandstone (68 pg/g F, 47 ng/g Cl and
0.5 pg/g Br; Table 2). Zinc, Ni and Cu are highest in the gneiss (84, 74
and 7 ng/g, respectively), whereas the highest As, W and Pb concentra-
tions occur in the granite (19, 190 and 40 pg/g, respectively; Table 2).

3.2. Trace elements in mineral separates

Feldspar contains up to 21 pg/g Zn, 150 pug/g W, 104 nug/g Pb and 3 pg/
g Cu (Table 3). The trace element contents of quartz are up to 7 pg/g Zn,
10 pg/g W, 8 ng/g Pb and 2 pg/g Cu. Biotite contains up to 28 pg/g Ni,
5 pg/g Cu, 70 pg/g As, 15 W, 8 Pb and 810 pg/g Zn (Table 3).

Table 3

Trace element compositions of mineral separates.
Sample MB2 MB2 MB2 MB3 MB3 MB3
Rock type Gneiss Gneiss Gneiss Granite Granite Granite
Mineral Quartz Fspar Biotite Quartz Fspar Biotite
Ni <0.5 <0.5 28 <0.5 <0.5 5
Cu 2 1 5 2 3 <1
Zn 7 21 320 6 17 810
As <0.8 <0.8 4 <0.8 2 70
w 10 150 10 2 39 15
Pb 4 19 2 8 104 8

In pg/g.
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Table 4
Experimental leaching data including blank runs, ordered according to their setups I (a, b, ¢, d), Il and III (see Table 1).
Setup la la la la la la la la la la Ia
Sample MB2 MB2 MB2 MB2 MB2 MB2 MB2 MB2 MB2 MB3 MB3
Rock type Gneiss Gneiss Gneiss Gneiss Gneiss Gneiss Gneiss Gneiss Gneiss Granite Granite
Sample mat. Whole-rock Whole-rock Whole-rock Whole-rock Whole-rock Whole-rock Whole-rock Whole-rock Whole-rock Whole-rock Whole-rock
Experiment  Bpw Bpw Bpw Bpw Bpw Bpw Bpw Bpw Bpw Bpw Bpw
Grain size CG CG CG MG MG MG FG FG FG CG CG
Time (min) 1 1x103 45 x 10% 1 1x10° 45 x 10* 1 1x10° 45 x 10* 1 1x103
Temp (°C) 24 25 23 23 25 24 24 24 24 25 24
pH 7.5 9.6 9.6 9.8 9.7 9.4 9.4 9.4 9.5 6.4 7.0
Fluid/rock 10.0 10.0 10.0 10.0 10.0 10.0 10.0 10.0 10.0 10.0 10.0
Ca (mg/1) 1314 4.635 4392 2.000 4334 5.600 1.954 2.294 4.783 0.160 0.239
Mg (mg/l) 0.081 0.609 0.495 0.287 0.640 0.988 0.407 0.462 1.057 0.022 0.044
Na (mg/1) 0.138 0.808 0.884 1.522 2.557 4.458 9.844 11.909 12.790 0.109 0.497
K (mg/l) 0.461 1.875 1.353 4.285 8.442 10.075 19.905 21.388 23.745 0.175 0.519
alk. (meq/l)  0.086 0.358 0.269 0.278 0.564 0.759 0.991 1.121 1371 0.010 0.035
SO4 (mg/1) 0.011 0.048 2.849 0.027 0.062 0.311 0.097 0.120 0.164 0.000 0.061
Cl (mg/1) 0.099 0.099 0.104 0.650 0.802 0.945 2.208 2.234 2.399 0.290 0.295
F (mg/l) 0.002 0.030 0.028 0.040 0.154 0.325 0.182 0.526 0.748 0.002 0.016
Br (mg/1) 0.000 0.000 0.000 0.012 0.013 0.012 0.035 0.035 0.033
NO; (mg/l)  0.013 0.023 0.021 0.034 0.036 0.133 0.201 0.122 0.211 0.004 0.040
PO4 (mg/1) 0.011 0.048 0.000 0.003 0.000 0.026 0.000 0.029 0.026 0.010 0.022
Ni (pg/l) - - <1 <1 <1 <1 - - 1 - -
Cu (pg/l) - - <1 1 1 1 - - 1 - -
Zn (pg/l) - - 2 4 3 2 - - 3 - -
As (pg/l) - - 2 <1 2 6 - - 6 - -
W (pg/l) - - <1 <1 2 5 - - 640 - -
Pb (ug/l) - - <1 <1 <1 <1 - - <1 - -
%Cl 1 1 5 7 8 18 19 20 1
%F 0.00 0.05 0.05 0.07 0.26 0.54 0.30 0.88 1.25 0.00 0.02
%Br 0 1 0 30 33 31 88 88 84 0 0
Setup la Ia la la la la la la la la Ia
Sample MB3 MB3 MB3 MB3 MB3 MB3 MB3 MB5 MB5 MB5 MB5
Rock type Granite Granite Granite Granite Granite Granite Granite Sandstone  Sandstone  Sandstone  Sandstone
Sample mat. Whole-rock Whole-rock Whole-rock Whole-rock Whole-rock Whole-rock Whole-rock Whole-rock Whole-rock Whole-rock Whole-rock
Experiment  Bpw Bpw Bpw Bpw Bpw Bpw Bpw Bpw Bpw Bpw Bpw
Grain size CG MG MG MG FG FG FG CG CG CG MG
Time (min) 4.5 x 10* 1 1x10° 45 x 10* 1 1x103 45 % 10* 1 1x10° 45 x 10* 1
Temp (°C) 23 24 24 24 24 24 24 24 24 24 24
pH 7.0 7.1 7.8 7.9 8.9 9.0 8.9 6.0 6.4 6.7 6.4
Fluid/rock 10.0 10.0 10.0 10.0 10.0 10.0 10.0 10.0 10.0 10.0 10.0
Ca (mg/1) 0.175 0.451 0.788 1.055 0.124 0.188 0.090 0.553 0.281 0.463 0.307
Mg (mg/l) 0.040 0.079 0.150 0.234 0.025 0.024 0.016 0.079 0.041 0.071 0.067
Na (mg/1) 0.630 2.490 3.115 3.669 7.345 9.435 11.939 0.100 0.231 0.305 0.599
K (mg/1) 0.523 2.716 3.759 4397 7.744 8.668 9.733 0.120 0.226 0.366 2.074
alk. (meq/l)  0.040 0.061 0.119 0.164 0.105 0.168 0.247 0.037 0.018 0.031 0.018
SO4 (mg/1) 0.042 0.105 0.189 0.230 0.365 0.557 0.530 0.032 0.187 0.232 0.141
Cl (mg/1) 0.329 4.885 5.293 5.572 13.242 13.746 13.498 0.121 0.291 0.319 2.683
F (mg/l) 0.034 0.070 0.159 0.241 0.561 1.191 1.786 0.002 0.012 0.027 0.015
Br (mg/1) 0.060 0.066 0.068 0.142 0.141 0.144 0.000 0.000 0.001 0.035
NO; (mg/l)  0.040 0.047 0.054 0.000 0.199 0.170 0.054 0.023 0.035 0.005 0.044
PO, (mg/1) 0.024 0.019 0.059 0.038 0.159 0.278 0.602 0.006 0.051 0.164 0.049
Ni (pg/l) <1 - - <1 - - <1 - - 7 -
Cu (pg/l) 1 - - 2 - - 3 - - 2 -
Zn (pg/l) <1 - - 2 - - 4 - - 18 -
As (ug/1) 44 - - 141 - - 451 - - <1 -
W (pg/l) 1 - - 67 - - 1550 - - <1 -
Pb (pg/l) <1 - - <1 - - <1 - - <1 _
%Cl 1 20 22 23 55 58 56 3 6 7 57
%F 0.03 0.07 0.16 0.25 0.57 1.21 1.82 0.03 0.18 0.39 0.21
%Br 0 40 44 46 94 94 96 0 0 2 69
Setup Ia Ia Ia la la Ib b b Ib b
Sample MB5 MB5 MB5 MB5 MB5 MB2 MB2 MB3 MB3 MB2 MB2
Rock type Sandstone Sandstone Sandstone Sandstone Sandstone Gneiss Gneiss Granite Granite Gneiss Gneiss
Sample mat. Whole-rock Whole-rock Whole-rock Whole-rock Whole-rock Fspar-qtz Fspar-qtz Fspar-qtz Fspar-qtz Biotite Biotite
Experiment  Bpw Bpw Bpw Bpw Bpw Bpw Bpw Bpw Bpw Bpw Bpw
Grain size MG MG FG FG FG FG FG FG FG FG FG
Time (min)  1x 10° 4.5 x 10* 1 1x10° 4.5 x 10* 1 4.5 x 10* 1 4.5 x 10* 1 4.5 x10%
Temp (°C) 24 24 24 24 24 24 24 24 24 24 24
pH 6.7 7.2 7.9 8.0 7.9 8.0 8.2 6.5 6.9 8.0 83
Fluid/rock 10.0 10.0 10.0 10.0 10.0 10.0 10.0 10.0 10.0 10.0 10.0
Ca (mg/l) 0.848 0.755 0.140 0.185 0.233 1.951 2.403 0.130 0.322 2.158 4.241
Mg (mg/1) 0.167 0.181 0.026 0.022 0.040 0.131 0.278 0.023 0.032 0.396 1.738
Na (mg/1) 0.675 1.002 1.504 1.827 2.525 22.892 38.238 8.338 14.784 3.347 5.953

(continued on next page)
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Table 4 (continued)
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Setup Ia la la la la la la la la Ia la
Sample MB2 MB2 MB2 MB2 MB2 MB2 MB2 MB2 MB2 MB3 MB3
K (mg/1) 2.550 2.782 8.184 9.089 12.836 7.528 8.689 4.189 7.549 30.190 40.346
alk. (meq/l)  0.053 0.063 0.111 0.122 0.216 1.185 1.824 0.112 0.434 0.944 1.475
SO4 (mg/1) 0.279 0.365 0911 1.261 1.397 0.272 0414 0.328 0.402 2.048 2.842
Cl (mg/1) 3.033 3.233 4.500 4.352 4.566 3.002 3373 11.800 12.000 1.665 1.767
F (mg/1) 0.038 0.037 0.233 0.465 0.643 0.193 1.161 0.174 0.667 0.346 0.998
Br (mg/1) 0.036 0.039 0.052 0.053 0.052 0.046 0.046 0.132 0.135 0.012 0.009
NOs3 (mg/1)  0.038 0.036 0.196 0.079 0.000 0310 0.363 0.262 0.232 0.452 0.601
PO, (mg/1) 0.097 0.037 0.331 0.804 1.331 0.000 0.000 0.269 0.765 0.000 0.000
Ni (ug/l) - 4 - - 6 <1 <1 0 <1 <1 <1
Cu (ug/l) - 1 - - 4 1 2 1 5 <1 <1

Zn (pg/l) - 23 - - 18 3 10 3 12 4 7

As (ug/l) - <1 - - 17 <1 <1 10 15 <1 1

W (ug/l) - 221 - - 419 1000 6000 451 1590 5 10
Pb (ug/l) - <1 - - <1 <1 <1 0 <1 <1 <1
%Cl 65 69 96 93 97 - - - - - -

%F 0.55 0.54 343 6.84 9.41 - - - - - -

%Br 71 78 105 105 105 - - - - - -
Setup b Ib Ic Ic Ic Ic Ic Ic Id Id Id
Sample MB3 MB3 MB2 MB2 MB3 MB3 MB5 MB5 MB2 MB3 MB2
Rock type Granite Granite Gneiss Gneiss Granite Granite Sandstone Sandstone Gneiss Granite Gneiss
Sample mat.  Biotite Biotite Whole rock  Whole rock  Whole rock Whole rock Whole rock Whole rock  Fspar-qtz Fspar-qtz Biotite
Experiment  Bpw Bpw Bs25 Bs25 Bs25 Bs25 Bs25 Bs25 Bs25 Bs25 Bs25
Grain size FG FG CG MG CG MG CG MG FG FG FG
Time (min) 1 45 x10* 4.5 x 10* 4.5 % 10* 4.5 x 10* 4.5 x 10* 4.5 x 10* 4.5 x 10* 4.5 x 10* 4.5 x 10* 45 x 10*
Temp (°C) 24 24 24 25 24 25 24 24 24 23 24
pH 6.5 6.8 9.5 9.4 7.0 7.8 6.8 7.2 8.1 6.6 8.2
Fluid/rock 10.0 10.0 10.0 10.0 10.0 10.0 10.0 10.0 10.0 10.0 10.0
Ca (mg/l) 0.116 3.621 - - - - - - - - -

Mg (mg/l) 0.024 0.408 - - - - - - - - -

Na (mg/1) 2274 5.098 - - - - - - - - -

K (mg/1) 14.635 30.792 - - - - - - - - -

alk. (meq/1)  0.235 0.698 - - - - - - - - -

SO4 (mg/l) 1.166 1.675 - - - - - - - - -

Cl (mg/1) 2.264 2.673 - - - - - - - - -

F (mg/1) 2.883 7.559 - - - - - - - - -

Br (mg/1) 0.012 0.008 - - - - - - - - -
NOs3 (mg/l) 0374 0.746 - - - - - - - - -

PO, (mg/1) 0.000 0.058 - - - - - - - - -

Ni (ug/1) <1 <1 <1 <1 <1 <1 <1 <1 <1 <1 <1
Cu (ug/l) 1 2 54 76 102 137 48 61 49 57 89
Zn (pg/l) 4 5 67 68 116 136 81 80 65 42 52
As (ug/l) 31 260 2 6 65 138 <1 <1 <1 25 2

W (ug/1) 2 6 <1 <1 <1 42 <1 311 6075 1641 <1
Pb (ug/l) <1 <1 42 66 19 20 1 25 34 74 1

%Cl - - - - - - - - - - -

%F - - - - - - - - - - -

%Br - - - - - - - - - - -
Setup Id I Il I Il I 1l Il Il Il 11
Sample MB3 MB2 MB2 MB2 MB3 MB3 MB3 MB5 MB5 MB5 MB2
Rock type Granite Gneiss Gneiss Gneiss Granite Granite Granite Sandstone Sandstone Sandstone Gneiss
Sample mat. Biotite Whole rock  Whole rock  Whole rock Whole rock Wholerock Whole rock Whole rock Whole rock Whole rock Whole rock
Experiment  Bs25 BpwHT BpwHT BpwHT BpwHT BpwHT BpwHT BpwHT BpwHT BpwHT MS
Grain size FG MG MG MG MG MG MG MG MG MG CG
Time (min) 4.5 x 10* 45 x 10* 45 x 10* 45 x 10* 45 x 10* 45 x 10* 45 x 10* 45 x 10* 45 x 10* 45 % 10* 45 x 10*
Temp (°C) 24 180 275 350 180 275 350 180 275 350 23
pH 6.9 - - - - - - - 8.9
Fluid/rock 10.0 10.0 10.0 10.0 10.0 10.0 10.0 10.0 10.0 10.0 33
Ca (mg/l) - 8.185 13.954 2.478 1.013 1.700 1.885 2.651 0971 0.941 6.467
Mg (mg/1) - 0.039 0.107 0.119 0.047 0.088 0.117 0.178 0.044 0.134 0.858
Na (mg/l) - 31.230 65.200 97.461 33.170 53.021 75.078 5.078 8.853 16.962 2332
K (mg/l) - 4.959 16.810 27.429 2.620 6.577 20.114 10.743 21.780 53.722 2.490
alk. (meq/l) - 1.768 3.726 4.880 1.260 2.157 3.209 0.499 0.712 1.818 0.544
SO4 (mg/l) - 0.366 0.779 0.000 0.586 0.681 0.806 0.665 2.113 3.047 0.062
Cl (mg/1) - 1.183 2.383 2.550 5.216 5.891 6.481 3.752 3.912 4.200 0.248
F (mg/1) - 0.650 2.540 1.992 0.600 2.997 7.427 0.180 0.422 1.353 0.096
Br (mg/1) - 0.015 0.015 0.015 0.068 0.068 0.068 0.045 0.045 0.048 0.000
NO3 (mg/l) - 2.775 1.830 0.855 3.514 0.945 1.705 0.476 3.140 1.640 0.033
PO, (mg/l) - 0.092 0.000 0.164 0.554 0.143 0.456 0.000 1.763 2471 0.000
Ni (ug/l) <1 13 34 104 8 30 78 36 9 24 1

Cu (pg/1) 104 <1 2 1 5 7 19 3 4 9 <1
Zn (ug/l) 87 12 50 117 34 50 124 39 26 63 3

As (ug/l) 255 35 157 16 1404 1789 1311 2 <1 <1 2

W (ug/1) <1 641 910 1457 555 888 2215 1507 1604 1827 <1
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Table 4 (continued)

Setup la la la la la la la la la la Ia

Sample MB2 MB2 MB2 MB2 MB2 MB2 MB2 MB2 MB2 MB3 MB3

Pb (pg/l) 1 2 5 5 <1 5 5 1 1 1 <1

%Cl - 10 20 21 22 25 27 80 83 90 1

%F - 1.08 424 332 0.61 3.05 7.57 2.65 6.21 19.90 0.05

%Br - 36 38 38 45 45 45 90 90 96 0

Setup 11 11 11 il 11 11 11

Sample MB2 MB2 MB2 MB3 MB3 MB3 MB3 Blank Blank Blank

Rock type Gneiss Gneiss Gneiss Granite Granite Granite Granite - - -

Sample mat. Whole rock Whole rock Whole rock Whole rock Whole rock Whole rock Whole rock - - -

Experiment MS MS MS MS MS MS MS Bpw Bs25 BpwHT

Grain size MG MG MG CG MG MG MG - - -

Time (min) 457 x 10* 461 x10* 4.71x10% 45 x 10* 457 x 10* 461 x10* 471 x10* 45 x10* 45 x 10* 45 x 10*

Temp (°C) 23 23 23 23 23 23 23 24 23 350

pH 9.4 9.1 8.9 7.0 7.4 7.7 7.9 5.7 58 -

Fluid/rock 2.5 1.7 1.1 33 2.5 1.7 1.1 - - -

Ca (mg/l) 6.800 7.590 10.235 0.846 1.731 4.060 7.359 0.010 - 0.300

Mg (mg/l) 1.783 1.433 1.976 0.166 0.321 0.744 1.378 <0.010 - 0.010

Na (mg/1) 4.733 8.360 13.272 1.322 4.231 9.773 17.362 0.017 - 0.300

K (mg/l) 8.929 13.290 16.380 1.102 5.101 11.122 18.221 0.014 - 0.500

alk. (meq/1) 0.871 1.082 1.432 0.099 0.210 0.405 0.689 <0.010 - <0.010

SO4 (mg/1) 0.116 0.177 0.310 0.153 0.334 0.711 1.221 <0.010 - 0.100

Cl (mg/1) 1.243 2.988 6.031 1.011 6.724 18.334 33.060 0.010 - <0.002

F (mg/1) 0.255 0.544 0915 0.088 0.211 0.458 0.746 <0.002 - <0.002

Br (mg/l) 0.014 0.043 0.090 0.006 0.090 0.238 0.465 <0.002 - <0.002

NO; (mg/l) 0.073 0.137 0.829 0.019 0.028 0.080 0.136 <0.010 - <0.010

PO4 (mg/1) 0.000 0.000 0.000 0.043 0.063 0.049 0.049 <0.010 - <0.010

Ni (pg/l) 5 5 5 1 5 6 6 <1 <1 10

Cu (pg/l) 2 3 4 <1 2 2 3 <1 1 25

Zn (pg/1) 2 3 3 3 3 3 3 1 2 12

As (ug/l) 7 6 7 148 218 302 310 <1 <1 <1

W (pg/l) 1 2 7 <1 22 69 119 <1 <1 278

Pb (pg/l) <1 <1 <1 <1 0 <1 <1 <1 <1 <1

%Cl 8 7 8 1 24 24 21 - - -

%F 043 0.45 0.51 0.03 0.13 0.13 0.10 - - -

%Br 35 36 39 2 52 49 50 - - -

3.3. Leachates

3.3.1. Blank runs

Blank runs do not exceed 2% (I, Ill) and 10% (II) of the lowest
concentrations in the experiments (Table 4). Exceptions are W and Cu,
reaching up to 20 and 100%, respectively, of the concentrations of the
leachates (contaminated by the gold capsule) Consequently, Cu concen-
trations in HT (II) are excluded from the discussion.

3.3.2. Batch experiments with rocks

Na, K, Ca and Mg contents of leachates generally increase with time
(t) and temperature (T) (Figs. 1 & 2; Table 4), while smaller grain-sizes
exclusively increases Na and K in the leachates. Sodium increases from
CG to FG (up to 13 mg/l in gneiss), but are highest in HT (II) (up to
97.5 mg/1 in gneiss). Highest K concentrations occur in HT sandstone
(up to 53.7 mg/l at 350 °C), while maximum K concentrations of type
la experiments occur in FG gneiss leachates (23.7 mg/l). Calcium
increases with T and t (except 350 °C gneiss) and is higher in the gneiss
leachates (up to 14 mg/1). Consequently, the overall cation signature of
leachates changes towards more Na- and K-dominant signatures with T
and smaller grain-size, while t promotes Ca-dominated fluids (Fig. 3 &
Table 5). Alkalinity (HCO3; ~ 4+ CO3 ™ in meq/l) of all leachates increases
with t, T and smaller grain-size (Figs. 1 & 2; Table 4) and is highest in
gneiss leachates (up to 4.9 meq/], Il at 350 °C). Fluorine concentrations
increase with t, T and smaller grain-sizes and are highest in granite
leachates (7.4 mg/1, Il at 350 °C). In contrast, Cl and Br concentrations
are constant over t and T. Smaller grain-size, however, largely increases
Cl, and Br, especially in granite leachates (up to 13.5 and 0.14 mg/I,
respectively) (Fig. 1; Table 4). Accordingly, t and T causes a relative
enrichment of alkalinity and to a lesser extent F. In contrast, smaller

grain-size and short t favourably yield Cl-dominated fluid signatures
(Fig. 3 & Table 5). The mass of halogens of the leachates was normalized
to the respective halogen mass of whole rock (%¥Halogen = Cieachate /
Crock X 100) (Fig. 4; Table 4), enabling estimations of the relative
halogen release (%F, %Cl and %Br). Released %F after 4.5 x 10? min (at
25 °C, 1a) is generally small (2-8%), but increase significantly with T.
MG of Ia (25 °C) have less than 0.7% F, while MG of I (at 350 °C) have
up to 20% F. %Cl in CG leachates is <2% for the gneiss and granite and
<10% for the sandstone but increases to 20% (gneiss), 60% (granite)
and 100% (sandstone) in FG leachates. Similarly, released proportions
of Br are highest in FG leachates: around 90% (gneiss), 95% (granite)
and 100% (sandstone). Hence, in contrast to Cl and F almost all the rock's
Br is released instantaneously to the fluid, if grain-size is sufficiently
small (Fig. 4; Table 4).

Type la (pw) leachates of gneiss have 640 g/l W and granite leach-
ates contain 451 pg/l As and 1550 pg/l W, but other metals are very low
(Fig. 5; Niand Pb are below detection limit (b.d.l.)). Sandstone leachates
contain 6 pug/l Ni, 17 pg/l As and 419 pg/l W. Arsenic and W concentra-
tions increase from CG to FG (Fig. 5). Metal concentrations in Ic (s25)
are substantially higher (Fig. 5): Highest Pb (up to 66 pg/1) occur in
gneiss, highest Cu and Zn (up to 137 pg/I Cu and 136 pg/l Zn) in granite
leachates. As and W are similar to la experiments. Leachates at elevated
T (11) have up to 104 pg/I Ni, 117 pg/l Zn, 157 pg/l As and 1457 ug/l W,
which is significantly higher compared to Ia/Ic, while Pb does not
exceed 5 pg/l in Il (Table 4).

3.3.3. Batch experiments with mineral separates at 25 °C (Ib and Id)
Felsic leachates contain more Cl and even more Br than the
respective biotite leachates, resulting in lower Cl/Br of felsic compared
to biotite leachates. While Cl/Br does not change with T in felsic leach-
ates, Cl/Br of biotite leachates increase substantially with T (Fig. 6). Id
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Fig. 1. Major cations (panel A) and anions (panel B) of fine- (circle), medium- (square) and coarse-grained (rectangles) leachates of gneiss, granite and sandstone at 25 °C over time (la).

Data points of same grain-size are connected with lines.

felsic leachates contain up to 57 pg/1 Cu, up to 65 pg/l Zn and up to 74 pg/
1 Pb while Id biotite leachates contain up to 104 pg/l Cu and up to 87 pg/1
Zn (Table 4).

3.3.4. Multistep experiments with rocks at 25 °C (IIl)

Short reaction times and smaller fluid/rock ratios cause a relative
enrichment of Na, K, Cl and Br in the leachates. The amount of F, Cl
and Br per kg of rock increases from CG to MG and is on average for
granite/gneiss leachates: 12/16 mg F, 560/100 mg Cl and 7.8/1.4 mg Br
using MG.

4. Discussion

The origin of the chlorinity of continental brines with characteristi-
cally low Cl/Br ratios is highly debated (Lodemann et al., 1997;
Bottomley et al., 1999; Stober and Bucher, 1999b; Kullerud, 2000;
Gleeson et al.,, 2001; Méller et al.,, 2005; Gleeson and Smith, 2009;
Nahnybida et al., 2009; Boiron et al., 2010; Richard et al., 2011).
Importantly, such fluids have been increasingly invoked in ore-
forming processes, since their high salinity increases the solubility of
Pb, Zn and Cu (Holland, 1972; Yardley, 2005; Gleeson and Turner,
2007; Richard et al., 2011; Smith et al.,, 2012). The precise provenance
of these ore-forming metals (Ni, Cu, Zn, Pb, U, Ag and W) and As is,
however, still unknown.

Fluid/rock ratios below 1 are difficult to handle from a technical
point of view, since the lower the ratio, the higher the potential that
secondary halogen- or metal- bearing minerals precipitate, which is
not wanted for studying element mobility. Therefore, fluid/rock ratios
assumed for reactive flow in natural hydrothermal systems (f/r < 1)
(Norton and Knight, 1977; Campbell et al., 1984) could unfortunately
not be applied to the experiments. Grain-sizes of 0.005 mm to 2 mm
make up the majority of the mass in such cataclastic zones (Gerald

and Stiinitz, 1993; An and Sammis, 1994; Billi, 2005). FG and MG
leachates lie within this range, while CG leachates are used to draw con-
clusions how undeformed rocks behave during water-rock interaction
(e.g. porous flow).

4.1. Halogen release during water-rock interaction

Halogens in crystalline rocks are distributed between two different
reservoirs: A) Highly soluble phases (HSP) (e.g., halides), halogens
adsorbed to the surface of minerals (Hellmann et al., 2012) and highly
soluble phases present as fluid inclusions; B) Low soluble phases (LSP)
in which halogens are structurally bound (e.g., mica, amphibole,
apatite).

The halogen contents of FG leachates (t = 1 min) are suitable to
estimate a minimum value for the proportion of each halogen present
as HSP (Fig. 4). To confirm this assumption we used microprobe data
to calculate the amount of structurally bound Cl and F in the
whole rock, which agrees with the experimentally derived values
(Cwhole-rock — Ct = 1 min)- The potential release of halogens in LSP
increases with reaction progress. Therefore, F/Cl and Cl/Br (Fig. 6) of
leachates are suitable to discuss the behaviour of each element in the
two reservoirs during water-rock interaction. Low %F in all experiments
indicates that the majority (>95%) of F is restricted to LSP, particularly
biotite and apatite. In contrast, Cl is to 20% (gneiss), 60% (granite) and
97% (sandstone) assigned to HSP, while Br is to 90-100% (all rock
types) present as HSP. The majority of Cl and Br present as HSP are
hosted by the felsic fraction (Ib). The more Cl (and Br) is present as
HSP, the more %Cl can potentially be released by cataclastic
deformation.

F/Cl ratios increase with t, Cl/Br of gneiss and granite leachates
slightly increase with t and T (Fig. 6). In felsic leachates, F/CI
increases, while Cl/Br is constant with t. In contrast, F/Cl and Cl/Br
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both increase significantly with t in the biotite leachates (Fig. 6).
Disproportional abundances of F, Cl and Br in HSP and LSP and the
different behaviour of these reservoirs during water-rock interac-
tion results in fractionation, yielding F/Cl and Cl/Br ratios in the
leachates that are lower than their whole rock composition (Fig. 6).
The degree of fractionation is highest when rock types are leached
in which F, Cl and Br are very unevenly distributed in the different
reservoirs (e.g. gneiss: 80% Cl and 10% Br are present as LSP). There-
fore, t; gneiss leachates (Ia) have the smallest Cl/Br (~60) with the

highest deviation from the rock (Fig. 6). Furthermore, the degree of
fractionation can be enhanced by transient, short-lived water-rock
reactions, in which HSP are selectively leached, while mineral
alteration of halogen-bearing phases (LSP), promoted by t and T,
causes a trend of F/Cl and Cl/Br of leachates towards their whole
rock ratio (Fig. 6). Consequently, the halogen ratio of the fluid is
essentially controlled by the proportion of each halogen present in
HSP, rather than by the halogen ratio of the host rock during flow
along cataclastic zones.

Ca

Alk.

A

M gneiss O FG
M granite < MG
Osandst. [ CG
A felsic 'V biotite
$3 180, 275, 350°C

Cl

Fig. 3. Overall fluid signature of leachates in meq/l, including all investigated rock types, whole rock and mineral separates. A general trend of increasing Ca and decreasing Cl with time and

temperature is indicated as black arrow.
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Table 5
Overall fluid signatures of leachates.
Experiment Gneiss Granite Sandstone
la (CG) Ca-HCOs Ca-Na-HCO3 Ca-HCO3
la (MG) Ca-K-HCO; Na-K-CI-HCO4 K-Ca-Cl-HCO4
la (FG) K-Na-HCO3 Na-K-Cl K-Na-CI-HCO;
11 Na-HCOs Na-HCO; K-HCO;
Ib (fsp-qtz) Na-HCO3 Na-CI-HCO3 -
Ib (biotite) K-HCO4 K-HCO4 -

4.2. Origin of chlorinity

Two major processes may increase the chlorinity of fluids in crystal-
line environments during water-rock interaction: 1.) Active leaching of
Cl, which includes mineral dissolution (LSP) and liberation of elements
present as HSP during cataclastic deformation. 2.) The chlorinity can be
passively increased by the removal of H,0 (desiccation) due to the alter-
ation of anhydrous minerals to hydrous, e.g. clay minerals (Kullerud,
1996; Markl and Bucher, 1998; Markl and Bucher, 1998; Stober and
Bucher, 2004).

4.2.1. The effect of mineral alteration on the Na/Cl ratio

Na and (I are fluid-mobile elements, which are typically not incor-
porated into secondary fracture minerals (McNutt et al, 1990;
Brockamp et al., 2003; Bucher et al.,, 2012). However, a possible excep-
tion is volume conservative albitization (in contrast to passive removal
of anorthite). In HSP Na/Cl typically ranges between 0.2 and 1 depend-
ing on the proportions of Ca, K and Na, since Cl is the major anion. HT
experiments (II) indicate that alteration of the undeformed rock matrix

gneiss granite sandstone
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(pw, 25 and HT) experiments of variable grain-size against temperature.

(in contrast to selective leaching) results in much higher Na/Cl ratios
(Fig. 7A). On the other hand, smaller grain-size results in a general
trend towards low Na/Cl (Fig. 7A). This results in two different trends:
A) Chlorinity increase associated with increasing Na/Cl (liberating
LSP) and B) chlorinity increase associated with decreasing Na/Cl
(liberating HSP). Deep crustal fluids typically show low Na/Cl ratios
(since Cl is the dominant anion), which can be experimentally attained
by short-term water-rock reactions with decreasing fluid/rock ratios
(Fig. 7B). Hence, desiccation seems to be a less important process com-
pared to selective leaching of HSP in the formation of deep crustal fluids,
since the alteration of feldspar and biotite (to e.g. illite or chlorite)
seems to result in Na/Cl ratios much higher than those observed in
deep crustal fluids. Consequently, fluid modification along cataclastic
zones plays an important role for the geochemistry of crustal fluids
above the brittle-ductile transition zone, where dynamic tectonics
continuously produce cataclastic zones and fractures (Sibson, 1996;
Gleeson et al., 2003). Not only the host rock in the proximity of such
cataclastic zones is extensively altered, but also distal pervasive rock
alteration (Bruhn et al., 1994; Everett et al., 1999; Just et al., 2004)
further enhances fluid modification.

4.2.2. Chlorinity limits by leaching highly soluble phases

The maximum chlorinity obtainable by leaching HSP is probably
limited by the salinities of the liberated fluid inclusions, which may
vary largely between rock-types. The salinity of fluid inclusions in
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granites of this region do not exceed 8.5 wt.% (Simon, 1990; Burisch
unpublished data). Fluid inclusion compositions in gneisses are rarely
reported, but typically cover a low to intermediate salinity range (e.g.
Loizenbauer et al., 2001). Additional highly soluble halogens present
at e.g. grain-boundary salts can hardly be quantified, but their presence
could potentially increase the limit of the salinity to a certain extent.

4.2.3. The impact of basement rock/fluid on externally derived fluids

As fluids with salinities of up to 26 wt.% have been reported from
many hydrothermal vein-type deposits and from deep continental
drill-holes (e.g. Frape et al., 1984; Yardley, 2005; Baatartsogt et al.,
2007; Fusswinkel et al., 2013), there might be at least one additional
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halogen source involved in the genesis of such low Cl/Br brines. Halite
dissolution brines (high Cl/Br) and bittern brines (low Cl/Br) are both
extremely enriched in Cl and may serve as Cl source. A calculation
assuming mixing of a halite dissolution brine (A) with a salinity of
27 wt.% NaCl and a CI/Br of 10,000 or 2400 for Triassic and Tertiary
halite (Stober and Bucher, 1999b) with a basement-derived fluid
(B) constrained by 8.5 wt.% NaCl and a Cl/Br of 65 (based on leaching
data and fluid inclusion salinity) was carried out to simulate the
modification of an external fluid by mixing with batches of basement
fluid during percolation through crystalline rocks, or during simulta-
neous ascent (Bons et al., 2014) (Fig. 8). Mixing minor amounts of
sedimentary brine A with a basement fluid B increase the salinity signif-
icantly, while the Cl/Br ratio stays substantially below 288 (seawater).
Therefore, the Cl/Br ratio should be evaluated critically and if possible
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Fig. 7. Na/Cl (molar) versus Cl (mg/1) of batch experiments (UP and HT) on the left and multistep experiments on the right including leachates of gneiss and granite (and their mineral
separates). On the left, the arrows indicate an increase of time from 1 to 44,600 min. Errors are smaller than symbols.
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combined with other chemical tracers when used as a reservoir tracer.
On the other hand, the low Cl/Br ratio of externally derived bittern
brines is not altered during water-rock and/or fluid-fluid interaction
with basement rocks/fluids.

4.2.4. Implications for natural fluids

High and low salinity fluids may show low Cl/Br (Leisen et al., 2012
and references therein). Our data indicate, that low salinity (1-12 wt.%)
fluids with low Cl/Br ratios (e.g. Miron et al., 2013) could be directly
derived from leaching of crystalline rocks. Highly saline fluids
(18-27 wt.%) with low Cl/Br ratios (e.g. Boiron et al., 2010; Richard
etal, 2011), however, seem to require an external source for at least CL

4.3. Base metal mobility and implications for ore-forming fluids

Less than 5% of Ni, Pb and Zn of the whole rocks are released into the
fluid during our experiments. This indicates that even more metals
could possibly be leached from the host rock and supports the potential
of ordinary crystalline rocks as metal sources (e.g. Wilkinson et al.,
2005; Yardley, 2005; Pfaff et al., 2010; Fusswinkel et al., 2013). Nickel,
As and W release rates are sensitive to temperature, while Pb mobility
depends on the chlorinity and Zn is sensitive to both parameters
(Fig. 9). Lead and Zn geochemically behave very similarly in aqueous so-
lutions (Holland, 1972). Therefore, the Pb/Zn fluid ratio is probably con-
trolled by its source (Yardley, 2005). Higher Pb/Zn of whole rock
leachates compared to Pb/Zn of the respective biotite (Fig. 9), indicate
that the alteration of felsic minerals predominantly governs the Pb/Zn
ratio at low T and results in Pb/Zn >0.5. On the other hand, biotite
alteration results in Pb/Zn of <0.15, due to its high Zn contents.
Although, feldspar contains less Zn than biotite, Zn concentrations in
the felsic leachates almost reach those of biotite leachates, indicating
that substantial amounts of Zn can be leached from felsic minerals.

5. Conclusions
Depending on rock type, the amount of halogens present as highly

soluble phases (HSP, c.f. fluid inclusions and grain boundary salts) can
vary substantially. The majority of Br (>90%) resides in HSP, mainly

present in felsic minerals. The proportion of Cl present as HSP depends
on rock type, while the majority of F is structurally bound. As a conse-
quence, selective leaching of HSP causes significant lower halogen ratios
(Cl/Br and F/Cl) of fluids relative to the host rock. Natural settings, such
as cataclastic zones create favourable conditions for halogen fraction-
ation during water-rock interaction. Furthermore, Cl/Br and Na/Cl ratios
of natural basement fluids indicate that fluid modification along
cataclastic fractures seems to be an important process in the formation
of basement brines, involved in vein-type hydrothermal ores. Substan-
tial amounts of Ni, Pb, Zn, As and W can be leached from ordinary
crystalline rocks. Substantial amounts of Zn (up to 65 pg/l) are present
in felsic leachates (Id), although the felsic minerals have low absolute
Zn contents.
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The temporal evolution of fracture networks below hydrothermal veins (root zones) and their impact on fluid
chemistry, vein mineralogy and ore formation is insufficiently understood for unconformity-related hydrother-
mal veins in regions of extension, such as the common epithermal sediment-, unconformity- and basement-
hosted Pb-Zn deposits. As metals and other trace elements are presumably mobilized during water-rock inter-
action of highly saline brines with igneous and metamorphic basement rocks, the evolution of these fracture
zones seems to play a major role for hydrothermal ore formation. Laser ablation-inductively coupled plasma-

Keywords: ! ; e . - :
Ore mineralization mass spectrometry (LA-ICPMS) microanalysis of individual, texturally well-characterized fluid inclusions, hosted
Fluid mixing in fluorite and quartz of the Jurassic-Cretaceous Brandenberg fluorite-barite-quartz-galena-sphalerite vein

Rb/Cs near Todtnau, Schwarzwald, SW Germany, was carried out. Fluid mobile elements (Rb, Cs, Li, W, Ba, Zn, Pb, Sr),
Clay formation preferentially released by the alteration of primary rock-forming minerals (process tracer) were analysed as
Alteration well as the Cl/Br ratio (source tracer) of fluid inclusions in genetically early fluorite and later quartz. A distinct
Water-rock interaction decrease of trace elements within the fluid inclusions with time indicates successive alteration of primary
minerals at the fracture wall to clay minerals with consecutive fluid pulses. A maximum concentration of trace
elements in the fluid and consequent ore precipitation is associated with the initial phase of formation of a
fracture root. Later fluid pulses migrate along pre-existing fractures so that the amount of fresh reactive rock
material decreases with each fluid pulse. As a consequence, multiple generations of ore minerals require the
formation of new fracture branches in the root zone of hydrothermal veins. Therefore, it seems that cataclastic
zones below hydrothermal veins essentially control ore formation, and their tectonically induced dynamics

might be one key parameter that governs the temporal interval of ore precipitation.
© 2016 Elsevier B.V. All rights reserved.

1. Intoduction

The nature of the feeding systems of hydrothermal unconformity-
related vein-type deposits and of the detailed relation between active
tectonics, fluid flow and mineral precipitation are poorly constrained.
Few studies have addressed feeder systems of other hydrothermal
systems: Richardson et al. (1987) and Everett et al. (1999) describe
alteration and concomitant metal depletion of the wall rock in large-
scale fractured root zones below volcanogenic massive sulphide and
Irish-type deposits, and Seedorff et al. (2008) investigated root zones
in porphyry systems and noted the important role of these zones for
understanding the genesis of the associated ore systems, especially
their geological lifetime and their impact on fluid flow and chemistry.
If, however, this interconnected network is a new fracture system
related to recent/local tectonics (which also is responsible for vein
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E-mail address: mathias.burisch@ifg.uni-tuebingen.de (M. Burisch).
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0009-2541/© 2016 Elsevier B.V. All rights reserved.

opening), or if this system has been active over a relatively long time
and discontinuously feeds into reactivated mineralizations, is complete-
ly unknown, as yet, no approach has been proposed to track changes in
the root zone with time. This is exactly what we try to address in the
present contribution by proposing a new geochemical tool, which
allows monitoring the degree of host rock alteration in the root zone
of fracture systems, and therefore provides indirect evidence of the life
time of such fracture meshes below the actual vein. In contrast to
previous studies (e.g. Richardson et al., 1987; Everett et al., 1999;
Seedorff et al., 2008), which were based on direct petrographic investi-
gations of the root zones, this contribution focuses on chemical tracers
archived in the fluid inclusions of the hydrothermal veins above the
root zones. This approach renders it possible to characterize the
temporal evolution of the root zone below a specific hydrothermal
vein, even if the actual root zone is not exposed/accessible.

Previous work on epithermal sediment- and basement-hosted
unconformity-related vein deposits mainly focused on the chemical
and hydrodynamic processes that cause ore precipitation in particular,
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the fluid mixing (e.g. Russell et al., 1981; Sverjensky, 1981; Gleeson
et al., 2001; Muchez et al., 2005; Boiron et al., 2010; Leach et al., 2010;
Richard et al., 2011; Bons et al., 2014; FuBwinkel et al., 2013; Walter
et al., 2015 and references therein). As shown by numerous workers
(e.g. Sverjensky, 1981; Boiron et al., 2010; Gleeson and Yardley, 2002
and references therein) fluid mixing occurs between (I) hot, deep-
seated fluids from the crystalline basement, and (II) cooler, sediment-
derived fluids from the overburden sequence (e.g. Richard et al., 2011;
Staude et al., 2009, 2012; Boiron et al., 2010; FuBwinkel et al., 2013;
Walter et al., 2015; Walter et al., 2016 and references therein). Most
authors suggest the basement brine to be metal-rich (Boiron et al.,
2010; Bons et al., 2014; FuBwinkel et al., 2013, Wilkinson et al., 2005)
in unconformity-related veins (Fig. 1C).

In contrast to the referred contributions, this study focuses on the
temporal evolution of fluid migration paths, which govern the chemical
composition (focusing on trace elements) of the basement fluid
involved in ore-forming processes. The conceptual model is based on
the following assumptions: If the fracture system below hydrothermal
veins remains physically unchanged over a specific time interval of
mineral precipitation, major element chemistry should not change
significantly over time, while other chemical tracers (Rb/Cs, Li, W, Pb,
Zn) in the fluid should show a systematic variation with time. After
initial fracture opening, fresh primary host minerals like feldspar or
micas become altered to secondary minerals like e.g. illite or chlorite
(Stober and Bucher, 2004; Brockamp, 2005) in non-magmatic
epithermal systems. Early fluids should be rich in elements released
by primary, but not incorporated into secondary minerals. In contrast,
adsorption effects of fluid components on secondary mineral surfaces
should increase with progressing alteration of the fracture wall. These
changes with time: a juvenile fracture provides a large volume of
fresh, unaltered minerals, which become successively altered to second-
ary phases (Jébrak, 1997; Stober and Bucher, 2004; Kendrick et al.,
2008; Seelig and Bucher, 2010). Later fluid pulses, migrating on the

same fracture networks, will find less unaltered mineral surfaces that
can potentially react.

The Rb/Cs ratio is a suitable tracer for this approach, since both
elements typically substitute for K in primary rock-forming minerals,
but fractionate during clay mineral formation (G&b et al., 2013 and
references therein). Rb is incorporated into the structure of clay
minerals, while Cs is adsorbed on clay surfaces (Gob et al., 2013 and ref-
erences therein). Hence, the Rb/Cs ratio of a fluid can be modified by al-
teration of feldspars and biotite to clay minerals (Aquilina et al., 1997;
Gob et al., 2013, and references therein). As a consequence, Rb/Cs ratios
<2 are typical of fluids, which interacted with unaltered crystalline
rocks (on-going host rock alteration), while Rb/Cs ratios of ~2 represent
equilibrium conditions during alteration of primary minerals to clay
minerals. Rb/Cs ratios >5 indicate water-rock interaction with pre-
existing clay minerals (no alteration of primary phases) (Gob et al.,
2013). Other elements like W, Zn and Pb are released by feldspars, Li
and Zn by biotites during water-rock interaction (Burisch et al., 2015)
and should therefore systematically decrease in the fluid with increas-
ing alteration of the fracture walls.

Epithermal, unconformity-related hydrothermal veins containing
Pb-Zn, Fe-Mn, Cu or also Ag ores, occur widespread in central Europe,
where the Variscan basement is exposed and was subjected to exten-
sion (Boiron et al., 2010, and references therein). The characteristic
mineral assemblage typically consists of fluorite, quartz, sometimes
barite, with galena and sphalerite as the most common ore minerals
in addition to fahlores, chalcopyrite and other, subordinate sulphides
and sulf-arsenides. The majority of these veins formed during the Juras-
sic, when extensional stress regimes related to the opening of the north-
ern Atlantic prevailed (Mitchell and Halliday, 1976; Boiron et al., 2010
and references therein). Mixing of two highly saline brines across the
basement-cover unconformity induced mineral precipitation, including
a sedimentary and a deep-seated basement fluid (Staude et al., 2009,
Boiron et al., 2010; FuBwinkel et al., 2013; and references therein).
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actual fracture induces ore precipitation.

vein formation: Host rock alteration in the root zone, fluid migration and mixing in the
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Interconnected fracture systems in the crystalline basement are the
major fluid pathways (e.g. Stober and Bucher, 2007) for deep-seated
brines. They govern both direction and chemistry of a migrating fluid
(Richardson et al., 1987; Everett et al., 1999; Boiron et al., 2010;
Burisch et al., 2015) since along these connected fractures, the reaction
surface of fluid and rock is significantly increased. Hence, the spatial and
temporal evolution of a fracture zone has a significant impact on the
fluid chemistry, and therefore on the ore-forming potential of a
basement fluid (Jébrak, 1997). Due to crustal thinning associated with
a significant pressure increase of isolated fluid batches (Staude et al.,
2009), fault-fracture meshes might form as a consequence of rock
failure (Sibson, 1996). These feed into larger fractures (the actual hydro-
thermal veins) at shallower crustal levels (Fig. 1C). In this contribution,
the temporal evolution of fracture networks below unconformity-
related hydrothermal veins is indirectly monitored based on chemical
data of fluid inclusions in mineralized veins. This study, hence, provides
new insight into the relationship between host rock alteration in the
root zone and ore deposition at higher stratigraphic levels (Fig. 1C).

2. Regional geology and hydrothermal vein formation of the
Schwarzwald mining district

2.1. Jurassic veins of the Schwarzwald and ore forming processes

The Schwarzwald is situated in south-western Germany and is an
asymmetrically exhumed basement window, dominantly composed of
granites and gneisses (Fig. 1A). Uplift and erosion was associated with
the formation of the Tertiary Upper Rhinegraben Rift (Geyer and
Gwinner, 2011 and references therein). Comparable deposits can be
found in the Erzgebirge (Klemm, 1994), the Bohemian Massif
(Walther, 1982; Ondrus et al., 2003), the Harz (Liiders et al., 1993),
France (Boiron et al., 2010), Ireland (Wilkinson et al., 2005) and
Morocco (Ahmed et al., 2009; Gasquet et al., 2005), just to name some
examples.

Before opening of the Rhinegraben the basement rocks were
covered by 1.5 km thick Triassic and Jurassic sediments including
middle Triassic evaporites (often containing halite) (Geyer and
Gwinner, 2011 and references therein). The oldest record of hydrother-
mal activity in the Schwarzwald goes back to 320 Ma, but one of the
temporal maxima of hydrothermal vein formation in central Europe
was during the Jurassic-Cretaceous period (Mitchell and Halliday,
1976; Boiron et al.,, 2010). In contrast to the post-Cretaceous veins, the
sedimentary cover was tectonically undisturbed during the Jurassic,
since the prevailing extensional stress regime did not promote the for-
mation of large-scale tilting or rotation. Still, the Jurassic phase can be
regarded as the most important hydrothermal maximum in the
Schwarzwald (and in central Europe) and remained tectonically active
during the entire phase of extension (Staude et al.,, 2009). Vein forma-
tion in the Jurassic was initiated by mixing of two chemically distinct
fluids (binary mixing), including the Brandenberg hydrothermal vein
near Todtnau presented in this study. Fuwinkel et al. (2013); Bons
et al. (2014) and Walter et al. (2016) showed that the two fluids
involved in mixing are a highly saline, metal-rich basement fluid with
low Cl/Br and a highly saline sedimentary fluid with high Cl/Br (halite
dissolution) (Fig. 1C). Changes in the proportion of the two fluids can
be monitored by Cl/Br ratio of the single inclusions.

2.2. Ore geology of the Brandenberg vein

Based on previous studies (Staude et al., 2009, Walter et al., 2015,
and references therein), the Jurassic-Cretaceous Brandenberg vein
near Todtnau in the Schwarzwald mining district (latitude: N
47.841301; longitude: E 7.972786) was selected for such a study (Fig
1A and B), since this vein shows all characteristics typical of hydrother-
mal veins of the Jurassic-Cretaceous period in central Europe (major
element composition, mode of host rock alteration, mineral assemblage

and geometric orientation) (Metz et al., 1957; Behr and Gerler, 1987;
Behr et al., 1987; Baatartsogt et al., 2007; Staude et al., 2009; Boiron
et al., 2010; Walter et al., 2016). Furthermore, it shows clear relative
age relations of gangue and ore minerals and individual primary and
pseudo-secondary fluid inclusions sufficiently large for LA-ICPMS
analysis of single inclusions hosted in fluorite and quartz.

The Brandenberg vein is a NNE-SSW (355-20°), steep dipping (60-
85° W) mineralized vein, which extends over approximately 300 m in
length. The 50 to 150 cm thick vein pinches gently out to the North
and is crosscut by a younger fault in the south. The vein is hosted by
fine-grained gneiss, which is weakly affected by alteration (only a few
mm). The alteration type is propyllitic. The mineralization is distinctive-
ly banded due to a succession of mineral assemblages. The paragenetic
sequence starts with quartz I impregnating the host rock, which is
followed by very little pyrite, overgrown by small crystals of quartz II
(pre-ore stage). Fluorite I is precipitated co-genetically along with
galena, and chalcopyrite (ore stage). This stage is followed by quartz
111, very little fluorite II, quartz IV and calcite I (post ore-stage) (Metz
etal, 1957).

3. Sample characterization and analytical procedure
3.1. Fluid inclusion petrography

A sample containing early fluorite [ intergrown with minor amounts
of galena (Fig. 1B) and overgrown by later euhedral chevron quartz IIl
was prepared for detailed texturally resolved fluid inclusion studies
(Fig 1B). Other gangue minerals could not be analysed, since their Fls
were unfortunately too small for LA-ICPMS analysis. Analysed inclusion
sizes range from 20 to 120 um. No clay minerals were observed in thin
section. Both gangue minerals contain visible growth zones including
several generations of petrographically unambiguous fluid inclusion
assemblages (FIAs). A detailed classification scheme and an overview
of relative ages of FIAs are given in Fig. 1B and 2B. Isolated fluid inclu-
sions in fluorite (isoFl1-4) are the oldest ones and are of primary
(p) character. FIA psFl1a-1 in fluorite is of pseudo-secondary (ps)
character, but is crosscut and therefore clearly older than primary FIA
pFI1-1. FlAs psFl1b-1 is older than psFI1-3, which can be deduced
from indirect crosscutting relations with psFl1-2 and psFl1-5. Age
relations between psFl1a-a and psFl1b-1 cannot be derived from cross-
cutting relations, but psFl1b-1 is crosscut by psFI1-6 (which is crosscut
by pFl1-1) and therefore along with psFl1a-1 older than pFl1-1. The
oldest FIA in quartz is pQtz1-1, followed by pQtz1-2 and pQtz-3
(Fig. 1B). Not all of these FIAs could be analysed by LA-ICPMS, but
Table ES2 includes the entire microthermometric background data set.

3.2. Methods

Fluid inclusion thermometry was performed using a Linkam THMS-
600 cooling-heating stage. Synthetic fluid inclusion standards were
used for calibration. LA-ICPMS microanalysis of individual fluid inclu-
sions was conducted with a Perkin Elmer Elan 6100DRC quadrupole
ICPMS connected to an ETH-GeoLas 193 nm ArF excimer laser system
at the ETH Zurich. An energy density of 15-20 J/cm? with a laser puls
frequency of 10 Hz and a variable beam diameter of 5-30 pm was
used. Analytical and standardization procedures are reported in
Heinrich et al. (2003) and Seo et al. (2011). LA-ICPMS analyses of single
fluid inclusions were performed for 27 elements (Li, B, Na, Mg, S, Cl, K,
Ca, Mn, Fe, Co, Ni, Cu, Zn, As, Br, Rb, Sr, Mo, Sb, Cs, Ba, W, T, Pb, Bi and
Si). Calcium (fluorite) and Si (quartz) were used for host mineral matrix
correction. All peaks signals of the analytes were checked for temporal
correlation with the Na and Cl peak signals to preclude signals potential-
ly derived by ablation of the host mineral and to verify that the mea-
sured elements are in solution. Microthermometrically determined Na
was used as internal standard, assuming a CaCl,-NaCl-H,0 system
(Steele-Maclnnis et al., 2011). Since Na concentrations vary less than
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0.5 wt.% within one FIA, average values of Na were used for each FIA.
Signal processing was carried out using the SILLS software package of
Guillong et al. (2008). The complete dataset is given in the electronic
supplement.

4. Results

The data set consists of 215 (of which only 107 could be analysed by
LA-ICPMS) analyses of single fluid inclusions hosted in fluorite and
quartz, including isolated (iso) and pseudo-secondary (ps) FIAs in
fluorite and exclusively primary FIAs in the quartz sample (Fig. 1B). In
contrast to distinct differences in trace element chemistry of FIAs in
fluorite and quartz, microthermometric data (salinity, Ca/(Ca + Na)
and Ty,) of FIAs in both minerals strongly overlap and show the same
(narrow) variability (see Fig. 2A). FIAs in both minerals show a narrow
range of salinities (22.0-24.5 wt.%, NaCl + CaCl,) and homogenization
temperatures Ty, (uncorrected 130-192°C) (Fig 2 A and Table ES1).
There seems to be no systematic change in major fluid chemistry with
relative age of the FIAs (Fig. 2A). First melting can be detected around
—50°C, freezing during cooling runs happens at —70 to —100°C,
which indicates a ternary NaCl-CaCl,-H,O system with a eutectic
temperature of —52.0°C. Ice is the last-melting phase. The final melting
temperature of ice is in the range of —21.0° to —24.5°C, that of
hydrohalite between —21.7° and —25.1°C. The molar Ca/(Ca + Na)
ratios range from 0.09-0.28. Within one trail, salinity and T}, are almost
constant, but they show small variations between different trails within
one sample (Fig 2A).

LA-ICPMS analyses could be performed on 107 fluid inclusions of
FIAs isoFl1-4, psFl1a-1, psFl1b-1, psFl1-3, pQtz1-1 and pQtz1-2 (from
old to young, see Fig. 2B). Fluid inclusions in fluorite (isoFl1-4, psFl1a-
1, psFl11-3 and psFl1b-1), have average concentrations of 1943 ng/g Li,
957 pg/g Br, 1004 pg/g Rb, 388 pg/g Sr, 1257 pg/g Cs, 137 pg/g Ba,
436 pg/g Zn, 225 pg/g W, 237 ug/g Pb and Cl/Br ratios between 113
and 694, while average concentrations in fluid inclusions hosted by
quartz (pQtz1-1 and pQtz1-2) have 346 pg/g Li, 1209 pg/g Br, 16 pg/g
Rb, 402 pg/g Sr, 21 pg/g Cs, 25 pg/g Ba, 26 1g/g Zn, W is below detection
limit (except for one inclusion, which has 12 ng/g), 24 pg/g Pb and Cl/Br
ratios of 38-285 (Fig. 3 A, B, C, D and E). FlAs in fluorite are extremely
enriched in Li, Rb, Cs, Zn, Pb and W compared to FIAs in quartz. Highest
absolute Rb can be observed in isoF11-4 (up to 3040 pg/g), while highest
Cs occurs in psFl1a-1 (up to 4580 pg/g) (Fig. 2B and C). Average Rb/Cs
values of FIAs in fluorite range between 1.2 and 1.4, with a relatively
large spread (0.5 to 2.0). PsFl1b-1 shows relatively low average Rb/Cs
values of 0.8, caused by a stronger enrichment of Cs compared to
isoFI1-4, psFl1a-1 and psFl1-3. Average values of Li, Ba and Pb are
highest in psFI1b-1 (2381 pg/g Li, 334 ig/g Ba and 482 pg/g Pb) and low-
est in isoF11-4 (1883 pg/g Li, 81 pg/g Ba and 185 ng/g Pb). In contrast,
primary FIAs in quartz are generally depleted in trace elements (dilution

factor Cquartz/Crivorite 1S in the range of 0.001 to 0.1) having much lower
Rb (less than 28 pg/g) and Cs (less than 40 pg/g) concentrations
(Fig. 2B and C). Both pQtz1-1 and pQtz1-2 have average Rb/Cs ratios
of 0.7 to 0.8, with a relatively large spread (0.4 to 1.3). pQtz1-1 and
pQtz1-2 do not show significant differences in their trace element
budget. Average Cl/Br ratios are slightly higher in FIAs in quartz (146)
compared to fluorite (298), but scatter strongly within each FIA.
Average Sr concentrations do not vary significantly in all FIAs (302 to
451 pg/g).

5. Discussion and conclusions
5.1. The Cl/Br ratio as source tracer and mixing monitor

FuBwinkel et al. (2013) and Walter et al. (2016) showed that the
Jurassic hydrothermal veins formed by a strictly binary mixing between
a basement brine with low Cl/Br ratios (60-100, Walter et al., 2016 and
references therein) and a sedimentary fluid, which has high Cl/Br ratios
due to halite dissolution (Cl/Br = 10.000, Stober and Bucher, 2004)
(Fig. 1C). Fast mineral precipitation led to a large scatter in Cl/Br ratios
in one FIA, since during rapid mixing the proportion of each involved
fluid component can vary (FuBwinkel et al.,, 2013).

Although the analysed fluid inclusions show a range in Cl/Br ratios
from ~20 to ~700 (Fig 3A), there is no systematic variation in Cl/Br
from old to young FIAs, indicating that the variation of Cl/Br is not
caused by a systematic variation of the degree of mixing, but is rather
an effect of (unsystematic) rapid mixing (FuBwinkel et al., 2013). There-
fore, the Cl/Br ratio of analysed fluid inclusions implies, that the general
mixing ratio does not significantly change from early fluorite to late
quartz formation (Fig 3A), which is important for further consider-
ations. This assumption is strengthened by the unsystematic variation
of Ca/(Ca + Na) and the intense dilution (~0.001) of trace elements
from isoFl1-4 to pQtz1-2, while dilution factors for mixing can be
assumed to be in the range of 0.5-0.75 (Schwinn et al., 2006).

5.2. Rb/Cs and trace elements

The Rb/Cs ratio and the maximum values of Rb, Cs, Li, Pb + Zn, W
and Ba concentrations decrease with time (from early fluorite, isoFl1-
4 to late quartz, pQtz1-2) (Fig 3 B, D, E and F). Strontium and Cl/Br do
not follow this temporal variation (Fig 3 A and C).

When fluid migration paths are established first (fracture opening),
abundant fresh reactive mineral surfaces are present along the fracture
walls, reacting immediately with the percolating fluid. Therefore, first
generation fracture fluids are enriched in Rb, Cs and other fluid-
mobile trace elements released by feldspar (W, Pb, Ba, Zn and Sr) and
mica (Li, Zn and Ba). The enrichment of these elements indicates, that
the basement fluid involved in fluorite precipitation was governed by
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Fig. 3. Rb/Cs versus A) Cl/Br. Although fluorites show a slightly higher variability in Cl/Br ratios, no correlation between Rb/Cs and Cl/Br can be observed. B) Li concentrations are highest in
FI hosted by fluorite, which are often associated with elevated Rb/Cs ratios. C) Sr shows no clear correlation with Rb/Cs, D) Pb + Zn concentrations show a systematic decrease from fluorite
I to quartz III, E) W concentrations are clearly higher in fluid inclusions in fluorite. F) Ba content is highest in FIAs in fluorite I, decreasing significantly in FIAs in quartz III.

the alteration of primary host minerals to clay minerals before it
ascended and mixed with a sedimentary fluid.

The lower values of Rb, Cs, W, Pb, Zn, Li and Ba in the later quartz
indicate that later fluid batches migrated along the same fracture
networks, rather than establishing new fracture systems. With each
fluid pulse, the abundance of fresh rock material decreases, and
therefore causes a decrease in the absolute concentration of trace
elements in the ascending fluid. Since Rb is structurally incorporated
into clay minerals and Cs is only adsorbed onto surfaces of clay minerals
and remaining mica (Gob et al.,, 2013 and references therein), leaching
the absorbed Cs results in lower Rb/Cs ratios compared to alteration of
primary rock-forming minerals. This is in agreement with the decrease
of average Rb/Cs and absolute Rb and Cs from early fluorite to late
quartz, caused by progressing host rock alteration in the fracture root
zone. Low Rb/Cs of the quartz shows that the later fluid pulses did not

dissolve clay minerals, which would result in high Rb/Cs ratios (typically
above 2, Gob et al.,, 2013) and that the majority of adsorbed Cs has
already been leached from existing clay minerals. As long as minor
amounts of fresh rock material are still available along fracture-fault
meshes (Sibson, 1996), the Rb/Cs ratio positively correlates with the
ratio of fresh/altered rock. As a consequence of progressing alteration,
ore (galena) precipitation is associated with early fluorite I, since the
early generation of basement brine was substantially richer in trace
elements like Pb than the following fluid pulses. This is in good
agreement with the chemical modification of basement fluids along
cataclastic fractures as discussed by Jébrak (1997) and Burisch et al.
(2015).

Empirical data of granitic and sedimentary fluids (G&b et al., 2013)
combined with data of this study were used to model an entire cycle
of a hydrothermal fracture governed by the host rock alteration in the
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Fig. 4. Schematic model of the temporal evolution of the fluid's Rb/Cs ratio, within the root
zone of a hydrothermal vein. A, B, C and D indicate four general possibilities of a transition
from one cycle/fluid-pulse to the following.

root zone below (Fig. 4). Meteoric/sedimentary fluids have typically Rb/
Cs above 2 (3.8t021.8, Gob et al., 2013). At some point, after these fluids
percolated through the crystalline basement they will obtain steady-
state Rb/Cs ratios of around 2 (Stage I). This is assumed, since Walter
et al. (2016) showed that the basement brines contain significant
amounts of a Triassic sedimentary fluid (bittern brine). This does not
change, until new fracture systems open, providing vast amounts of
fresh granitic rock material. This drastically decreases the Rb/Cs of the
fracture fluid and increases trace metal concentrations tremendously
(stage II). In stage III the amount of available fresh rock and released
trace metals in the fluid is substantially decreased.

Although both Rb and Cs concentrations decrease in stage III, Cs
concentrations decrease to a lesser extent and therefore, the Rb/Cs
ratio further decreases until no fresh rock is available any more (end
of stage III). After all fresh rock is consumed (stage IV), four general
possibilities of fracture fluid evolution can be assumed. A) The Rb/Cs
of the fluid instantaneously increases to a value of 2, since fluids in
equilibrium with basement rocks (a granitic fluid is here taken to be
representative of the crystalline basement, since empirical data for
basement rocks other than granites are lacking) flood the system.
B) Rb/Cs increases slowly towards a steady state of water-rock interac-
tion with igneous and metamorphic rocks (only data for granite
available), but before the fluid reaches equilibrium values of 2, new
fractures open and a new cycle begins. C) Similar to B), but the fracture
fluid reaches equilibrium with crystalline basement rocks before a new
cycle starts. D) An externally derived sedimentary fluid (high Rb/Cs)
enters the fracture (see Fig. 4).

Combining the Rb/Cs ratio with Pb, Zn, W, Li and Ba concentration,
this data allows reconstructing the temporal evolution of a fracture
network below a hydrothermal vein. This evolution has a major impact
on fluid chemistry and therefore ore precipitation. Again, the important
role of fluid modification and metal uptake along cataclastic fractures
has been shown (see also Burisch et al., 2015). After the initial break-
up of the fracture network, successive fluid pulses continued to migrate
on the same fractures during the formation of the Brandenberg vein.
Reactivation and concomitant fluid migration along pre-existing
fracture zones is associated with successive alteration of the fracture
walls. As a consequence, metal concentrations are highest in the earliest
fluids in a specific fracture system, since large amounts of fresh wall
rock are available. Accordingly, the post-ore quartz Il shows much
lower trace metal concentration and is therefore barren. This implies
that a dynamic fracture network (or fault-fracture meshes, Sibson,
1996) in the root zone is a substantial requisite for the formation of
several ore generations in one hydrothermal vein, where the formation
of new migration paths in the root of the hydrothermal vein provides
sufficient fresh rock material to allocate the metals to consecutive

fluid pulses (Fig. 4). New fault-fracture meshes (interconnected
fractures in the root zone) are generated episodically, whenever fluid
pressure and/or strain cause rock failure (Sibson, 1996). On the other
hand, metal and trace element concentrations in static fracture zones
decrease in consecutive fluid pulses and show their maximum at the
time of early fracture zone generation. These observations agree well
with the observations made by Jébrak (1997), which link the stage of
ore formation in hydrothermal breccia to the “wear” stage, which is
the stage immediately following the initial formation of the breccia.

The conclusions of this contribution can only be applied to hydro-
thermal ore deposits, in which the metals and other trace elements
are dominantly controlled by host rock alteration (in the fracture root
zone). As a consequence, these conclusions can only be applied to
magmatic systems if the amount of dissolved trace elements derived
from water-rock interaction relative to those of magmatic origin can
be quantitatively determined.

Acknowledgements

We would like to thank Richard Tosdal, Kare Kullerud and an
anonymous reviewer for their constructive comments, that helped to
improve the manuscript significantly and S. KaulfuB for sample
preparation. This study was supported by the German Research
Foundation (DFG), grant 2135/20-1.

References

Ahmed, AH,, Arai, S., Ikenne, M., 2009. Mineralogy and paragenesis of the Co-Ni arsenide
ores of Bou Azzer, Anti-Atlas, Morocco. Econ. Geol. 104 (2), 249-266.

Aquilina, L., Pauwels, H., Genter, A, Fouillac, C., 1997. Water-rock interaction processes in
the Triassic sandstone and the granitic basement of the Rhinegraben: geochemical in-
vestigation of a geothermal reservoir. Geochim. Cosmochim. Acta 61, 4281-4295.

Baatartsogt, B., Schwinn, G., Wagner, T., Taubald, H., Beitter, T., Markl, G., 2007. Contrast-
ing paleofluid systems in the continental basement: a fluid inclusion and stable iso-
tope study of hydrothermal vein mineralization, Schwarzwald district, Germany.
Geofluids 7 (2), 123-147.

Behr, HJ., Gerler, J., 1987. Inclusions of sedimentary brines in post-Variscan mineraliza-
tions in the Federal Republic of Germany—a study by neutron activation analysis.
Chem. Geol. 61 (1), 65-77.

Behr, HJ., Horn, E.E., Frentzel-Beyme, K., Reutel, C., 1987. Fluid inclusion characteristics of
the Variscan and post-Variscan mineralizing fluids in the federal republic Of
Germany. Chem. Geol. 61 (1), 273-285.

Boiron, M.C,, Cathelineau, M., Richard, A., 2010. Fluid flows and metal deposition near
basement/cover unconformity: lessons and analogies from Pb-Zn-F-Ba systems for
the understanding of Proterozoic U deposits. Geofluids 10 (1-2), 270-292.

Bons, P.D., FuBwinkel, T., Gomez-Rivas, E., Markl, G., Wagner, T., Walter, B., 2014. Fluid
mixing from below in unconformity-related hydrothermal ore deposits. Geology 42
(12), 1035-1038.

Brockamp, 0.C., 2005. A km-scale illite alteration zone in sedimentary wall rocks adjacent
to a hydrothermal fluorite vein deposite. Clay Miner. 40, 245-260.

Bucher, K., Stober, 1., 2010. Fluids in the upper continental crust. Geofluids 10 (1-2),
241-253.

Burisch, M., Marks, M., Nowak, M., Markl, G., 2015. The Effect of Temperature and
Cataclastic Deformation on Salinity, Halogen Systematics and Metal Transport Capac-
ities of Continental Basement Brines — An Experimental Approach: SGA Abstract in:
Proceedings of the 13th Biennial SGA Meeting, Nancy, France. vol. 5 (2134 p).

Eisbacher, G.H., Liischen, E., Wickert, F., 1989. Crustal-scale thrusting and extension in the
Hercynian Schwarzwald and Vosges, Central Europe. Tectonics 8 (1), 1-21.

Everett, C., Wilkinson, J., Rye, D., 1999. Fracture-controlled fluid flow in the lower
Palaeozoic basement rocks of Ireland: implications for the genesis of Irish-type Zn-
Pb deposits: Geological Society, London. Spec. Publ. 155 (1), 247-276.

FuBwinkel, T., Wagner, T., Wille, M., Wenzel, T., Heinrich, C., Markl, G., 2013. Fluid mixing
forms basement-hosted Pb-Zn deposits: insight from metal and halogen geochemis-
try of individual fluid inclusions. Geology 41, 679-682.

Gasquet, D., Levresse, G., Cheilletz, A., Azizi-Samir, M.R., Mouttaqi, A., 2005. Contribution
to a geodynamic reconstruction of the Anti-Atlas (Morocco) during Pan-African
times with the emphasis on inversion tectonics and metallogenic activity at the
Precambrian-Cambrian transition. Precambrian Res. 140 (3), 157-182.

Geyer, O.F., Gwinner, M.P., 2011. Geologie von Baden-Wiirttemberg. — 5. Auflage,
Stuttgart, Schweizerbart'sche Verlagsbuchhandlung (Négele u. Obermiller) (627 p.).

Gleeson, S., Yardley, B., 2002. Extensional veins and Pb-Zn mineralisation in basement
rocks: the role of penetration of formation brines. Water-Rock Interaction. Springer,
pp. 189-205.

Gleeson, S.A.,, Wilkinson, ].A., Stewart, F.M., Banks, D.A., 2001. The origin and evolution of
base metal mineralising brines and hydrothermal fluids, south Cornwall. UK:
Geochim. Cosmochim. Acta 65, 2067-2079.


http://refhub.elsevier.com/S0009-2541(16)30118-8/rf0005
http://refhub.elsevier.com/S0009-2541(16)30118-8/rf0005
http://refhub.elsevier.com/S0009-2541(16)30118-8/rf0010
http://refhub.elsevier.com/S0009-2541(16)30118-8/rf0010
http://refhub.elsevier.com/S0009-2541(16)30118-8/rf0010
http://refhub.elsevier.com/S0009-2541(16)30118-8/rf0015
http://refhub.elsevier.com/S0009-2541(16)30118-8/rf0015
http://refhub.elsevier.com/S0009-2541(16)30118-8/rf0015
http://refhub.elsevier.com/S0009-2541(16)30118-8/rf0015
http://refhub.elsevier.com/S0009-2541(16)30118-8/rf0020
http://refhub.elsevier.com/S0009-2541(16)30118-8/rf0020
http://refhub.elsevier.com/S0009-2541(16)30118-8/rf0020
http://refhub.elsevier.com/S0009-2541(16)30118-8/rf0025
http://refhub.elsevier.com/S0009-2541(16)30118-8/rf0025
http://refhub.elsevier.com/S0009-2541(16)30118-8/rf0025
http://refhub.elsevier.com/S0009-2541(16)30118-8/rf0030
http://refhub.elsevier.com/S0009-2541(16)30118-8/rf0030
http://refhub.elsevier.com/S0009-2541(16)30118-8/rf0030
http://refhub.elsevier.com/S0009-2541(16)30118-8/rf0035
http://refhub.elsevier.com/S0009-2541(16)30118-8/rf0035
http://refhub.elsevier.com/S0009-2541(16)30118-8/rf0035
http://refhub.elsevier.com/S0009-2541(16)30118-8/rf0040
http://refhub.elsevier.com/S0009-2541(16)30118-8/rf0040
http://refhub.elsevier.com/S0009-2541(16)30118-8/rf0045
http://refhub.elsevier.com/S0009-2541(16)30118-8/rf0045
http://refhub.elsevier.com/S0009-2541(16)30118-8/rf0050
http://refhub.elsevier.com/S0009-2541(16)30118-8/rf0050
http://refhub.elsevier.com/S0009-2541(16)30118-8/rf0050
http://refhub.elsevier.com/S0009-2541(16)30118-8/rf0050
http://refhub.elsevier.com/S0009-2541(16)30118-8/rf0055
http://refhub.elsevier.com/S0009-2541(16)30118-8/rf0055
http://refhub.elsevier.com/S0009-2541(16)30118-8/rf0060
http://refhub.elsevier.com/S0009-2541(16)30118-8/rf0060
http://refhub.elsevier.com/S0009-2541(16)30118-8/rf0060
http://refhub.elsevier.com/S0009-2541(16)30118-8/rf0065
http://refhub.elsevier.com/S0009-2541(16)30118-8/rf0065
http://refhub.elsevier.com/S0009-2541(16)30118-8/rf0065
http://refhub.elsevier.com/S0009-2541(16)30118-8/rf0070
http://refhub.elsevier.com/S0009-2541(16)30118-8/rf0070
http://refhub.elsevier.com/S0009-2541(16)30118-8/rf0070
http://refhub.elsevier.com/S0009-2541(16)30118-8/rf0070
http://refhub.elsevier.com/S0009-2541(16)30118-8/rf0075
http://refhub.elsevier.com/S0009-2541(16)30118-8/rf0075
http://refhub.elsevier.com/S0009-2541(16)30118-8/rf0080
http://refhub.elsevier.com/S0009-2541(16)30118-8/rf0080
http://refhub.elsevier.com/S0009-2541(16)30118-8/rf0080
http://refhub.elsevier.com/S0009-2541(16)30118-8/rf0085
http://refhub.elsevier.com/S0009-2541(16)30118-8/rf0085
http://refhub.elsevier.com/S0009-2541(16)30118-8/rf0085

50 M. Burisch et al. / Chemical Geology 429 (2016) 44-50

Gob, S., Loges, A., Nolde, N., Bau, M., Jacob, D.E., Markl, G., 2013. Major and trace element
compositions (including REE) of mineral, thermal, mine and surface waters in SW
Germany and implications for water-rock interaction. Appl. Geochem. 33, 127-152.

Guillong, M., Meier, D., Allan, M., Heinrich, C,, Yardley, B., 2008. SILLS: a MATLAB-based
program for the reduction of laser ablation ICP-MS data of homogeneous materials
and inclusions. Mineralogical Association of Canada Short Course vol. 40,
pp. 328-333.

Heinrich, C.A., Pettke, T., Halter, W.E., Aigner-Torres, M., Audétat, A., Giinther, D.,
Hattendorf, B., Bleiner, D., Guillong, M., Horn, 1., 2003. Quantitative multi-element
analysis of minerals, fluid and melt inclusions by laser-ablation inductively-
coupled-plasma mass-spectrometry. Geochim. Cosmochim. Acta 67, 3473-3496.

Jébrak, M., 1997. Hydrothermal breccias in vein-type ore deposits: a review of mecha-
nisms, morphology and size distribution. Ore Geol. Rev. 12 (3), 111-134.

Kendrick, M.A., Honda, M,, Gillen, D., Baker, T., Phillips, D., 2008. New constraints on re-
gional brecciation in the Wernecke Mountains, Canada, from He, Ne, Ar, Kr, Xe, Cl,
Br and I in fluid inclusions. Chem. Geol. 255 (1-2), 33-46.

Klemm, W., 1994. Review of data on the composition of hydrothermal solutions during
the Variscan and post-Variscan mineralizations in the Erzgebirge. Germany. Monogr.
Series on Mineral Deposits 31, pp. 61-69.

Leach, D.L, Bradley, D.C., Huston, D., Pisarevsky, S.A., Taylor, R.D., Gardoll, S.J., 2010.
Sediment-hosted lead-zinc deposits in Earth history. Econ. Geol. Bull. Soc. Econ.
Geol. 105, 593-625. http://dx.doi.org/10.2113/gsecongeo.105.3.593.

Liders, V., Gerler, ]., Hein, U.F,, Reutel, CH.R,, 1993. Chemical and thermal development of
ore-forming solutions in the Harz Mountains: a summary of fluid inclusion studies.
Monogr. Ser. Miner Depos 30, 117-132.

Markl, G., 2015. Schwarzwald: Lagerstdtten und Mineralien aus vier Jahrhunderten, 1.
Auflage, Bode Verlag.

Metz, R, Richter, M., Schiirenberg, H., 1957. Die Blei-Zink-Erzgange des Schwarzwaldes.
Beih. Geol. Jahrb. 29, 1-277.

Mitchell, ].G., Halliday, A.N., 1976. Extent of Triassic—Jurassic hydrothermal ore deposits
on the North Atlantic margins. Trans. Inst. Min. Metall. B85, 159-161.

Muchez, P., Heijlen, W., Banks, D., Blundell, D., Boni, M., Grandia, F., 2005. Extensional tec-
tonics and the timing and formation of basin-hosted deposits in Europe. Ore Geol.
Rev. 27, 241-267.

Ondrus, P, et al., 2003. Ore-forming processes and mineral parageneses of the Jachymov
ore district. J. Geosci. 48 (3-4), 157-192.

Richard, A., Banks, D.A., Mercadier, J., Boiron, M.C., Cuney, M., Cathelineau, M., 2011. An
evaporated seawater origin for the ore-forming brines in unconformity-related
uranium deposits (Athabasca Basin, Canada): Cl/Br and & 37 Cl analysis of fluid
inclusions. Geochim. Cosmochim. Acta 75 (10), 2792-2810.

Richardson, C., Cann, ]., Richards, H., Cowan, ]., 1987. Metal-depleted root zones of the
Troodos ore-forming hydrothermal systems, Cyprus. Earth Planet. Sci. Lett. 84 (2),
243-253,

Russell, M., Solomon, M., Walshe, ].L., 1981. The genesis of sediment-hosted exhalative
zinc + lead deposits. Mineral. Deposita 16, 113-127.

Schwinn, G., Wagner, T., Baatartsogt, B., Markl, G., 2006. Quantification of mixing process-
es in ore-forming hydrothermal systems by combination of stable isotope and fluid
inclusion analyses. Geochim. Cosmochim. Acta 70 (4), 965-982.

Seedorff, E., Barton, M.D., Stavast, W.J., Maher, DJ., 2008. Root zones of porphyry systems:
extending the porphyry model to depth. Econ. Geol. 103 (5), 939-956.

Seelig, U., Bucher, K., 2010. Halogens in water from the crystalline basement of the
Gotthard rail base tunnel (Central Alps). Geochim. Cosmochim. Acta 74 (9),
2581-2595.

Seo, J.H., Guillong, M., Aerts, M., Zajacz, Z., Heinrich, CA., 2011. Microanalysis of S, Cl, and
Br in fluid inclusions by LA-ICP-MS. Chem. Geol. 284 (1), 35-44.

Sibson, R.H., 1996. Structural permeability of fluid-driven fault-fracture meshes. J. Struct.
Geol. 18 (8), 1031-1042.

Staude, S., Bons, P.D., Markl, G., 2009. Hydrothermal vein formation by extension-driven
dewatering of the middle crust: an example from SW Germany. Earth Planet. Sci.
Lett. 286, 387-395.

Steele-Maclnnis, M., Bodnar, R., Naden, J., 2011. Numerical model to determine the com-
position of H,O-NaCl-CaCl, fluid inclusions based on microthermometric and micro-
analytical data. Geochim. Cosmochim. Acta 75 (1), 21-40.

Stober, I., Bucher, K., 2004. Fluids sinks within the earth's crust. Geofluids 4, 143-151.

Stober, I, Bucher, K., 2007. Hydraulic properties of the crystalline basement. Hydrogeol. J.
15, 213-224.

Sverjensky, D.A., 1981. The origin of a Mississippi Valley-type deposit in the viburnum
trend, southeast Missouri. Econ. Geol. 76 (7), 1848-1872.

Walter, B.F., Imnmenhauser, A., Geske, A., Markl, G., 2015. Exploration of hydrothermal
carbonate magnesium isotope signatures as tracers for continental fluid aquifers,
Schwarzwald mining district, SW Germany. Chem. Geol.

Walter, B.F., Burisch, M., Markl, G., 2016. The Long-Term Chemical Evolution and
Modification of Continental Basement Brines — A Field Study from the Schwarzwald,
SW Germany. Geofluids Accepted. http://dx.doi.org/10.1111/gfl.12167.

Walther, HW., 1982. Zur Bildung von Erz-und Minerallagerstdtten in der Trias von
Mitteleuropa. Geol. Rundsch. 71 (3), 835-855.

Wilkinson, J., Eyre, S., Boyce, A., 2005. Ore-forming processes in Irish-type carbonate-
hosted Zn-Pb deposits: evidence from mineralogy, chemistry, and isotopic composi-
tion of sulfides at the Lisheen Mine. Econ. Geol. 100 (1), 63-86.

Wimmenauer, W., Stenger, R., 1989. Acid and intermediate HP metamorphic rocks in the
Schwarzwald (Federal Republic of Germany). Tectonophysics 157 (1), 109-116.


http://refhub.elsevier.com/S0009-2541(16)30118-8/rf0090
http://refhub.elsevier.com/S0009-2541(16)30118-8/rf0090
http://refhub.elsevier.com/S0009-2541(16)30118-8/rf0090
http://refhub.elsevier.com/S0009-2541(16)30118-8/rf0095
http://refhub.elsevier.com/S0009-2541(16)30118-8/rf0095
http://refhub.elsevier.com/S0009-2541(16)30118-8/rf0095
http://refhub.elsevier.com/S0009-2541(16)30118-8/rf0095
http://refhub.elsevier.com/S0009-2541(16)30118-8/rf0100
http://refhub.elsevier.com/S0009-2541(16)30118-8/rf0100
http://refhub.elsevier.com/S0009-2541(16)30118-8/rf0100
http://refhub.elsevier.com/S0009-2541(16)30118-8/rf0105
http://refhub.elsevier.com/S0009-2541(16)30118-8/rf0105
http://refhub.elsevier.com/S0009-2541(16)30118-8/rf0110
http://refhub.elsevier.com/S0009-2541(16)30118-8/rf0110
http://refhub.elsevier.com/S0009-2541(16)30118-8/rf0110
http://refhub.elsevier.com/S0009-2541(16)30118-8/rf0115
http://refhub.elsevier.com/S0009-2541(16)30118-8/rf0115
http://refhub.elsevier.com/S0009-2541(16)30118-8/rf0115
http://dx.doi.org/10.2113/gsecongeo.105.3.593
http://refhub.elsevier.com/S0009-2541(16)30118-8/rf0125
http://refhub.elsevier.com/S0009-2541(16)30118-8/rf0125
http://refhub.elsevier.com/S0009-2541(16)30118-8/rf0125
http://refhub.elsevier.com/S0009-2541(16)30118-8/rf0130
http://refhub.elsevier.com/S0009-2541(16)30118-8/rf0130
http://refhub.elsevier.com/S0009-2541(16)30118-8/rf0135
http://refhub.elsevier.com/S0009-2541(16)30118-8/rf0135
http://refhub.elsevier.com/S0009-2541(16)30118-8/rf0140
http://refhub.elsevier.com/S0009-2541(16)30118-8/rf0140
http://refhub.elsevier.com/S0009-2541(16)30118-8/rf0145
http://refhub.elsevier.com/S0009-2541(16)30118-8/rf0145
http://refhub.elsevier.com/S0009-2541(16)30118-8/rf0145
http://refhub.elsevier.com/S0009-2541(16)30118-8/rf0150
http://refhub.elsevier.com/S0009-2541(16)30118-8/rf0150
http://refhub.elsevier.com/S0009-2541(16)30118-8/rf0155
http://refhub.elsevier.com/S0009-2541(16)30118-8/rf0155
http://refhub.elsevier.com/S0009-2541(16)30118-8/rf0155
http://refhub.elsevier.com/S0009-2541(16)30118-8/rf0155
http://refhub.elsevier.com/S0009-2541(16)30118-8/rf0160
http://refhub.elsevier.com/S0009-2541(16)30118-8/rf0160
http://refhub.elsevier.com/S0009-2541(16)30118-8/rf0160
http://refhub.elsevier.com/S0009-2541(16)30118-8/rf0165
http://refhub.elsevier.com/S0009-2541(16)30118-8/rf0165
http://refhub.elsevier.com/S0009-2541(16)30118-8/rf0170
http://refhub.elsevier.com/S0009-2541(16)30118-8/rf0170
http://refhub.elsevier.com/S0009-2541(16)30118-8/rf0170
http://refhub.elsevier.com/S0009-2541(16)30118-8/rf0175
http://refhub.elsevier.com/S0009-2541(16)30118-8/rf0175
http://refhub.elsevier.com/S0009-2541(16)30118-8/rf0180
http://refhub.elsevier.com/S0009-2541(16)30118-8/rf0180
http://refhub.elsevier.com/S0009-2541(16)30118-8/rf0180
http://refhub.elsevier.com/S0009-2541(16)30118-8/rf0185
http://refhub.elsevier.com/S0009-2541(16)30118-8/rf0185
http://refhub.elsevier.com/S0009-2541(16)30118-8/rf0190
http://refhub.elsevier.com/S0009-2541(16)30118-8/rf0190
http://refhub.elsevier.com/S0009-2541(16)30118-8/rf0195
http://refhub.elsevier.com/S0009-2541(16)30118-8/rf0195
http://refhub.elsevier.com/S0009-2541(16)30118-8/rf0195
http://refhub.elsevier.com/S0009-2541(16)30118-8/rf0200
http://refhub.elsevier.com/S0009-2541(16)30118-8/rf0200
http://refhub.elsevier.com/S0009-2541(16)30118-8/rf0200
http://refhub.elsevier.com/S0009-2541(16)30118-8/rf0200
http://refhub.elsevier.com/S0009-2541(16)30118-8/rf0200
http://refhub.elsevier.com/S0009-2541(16)30118-8/rf0205
http://refhub.elsevier.com/S0009-2541(16)30118-8/rf0210
http://refhub.elsevier.com/S0009-2541(16)30118-8/rf0210
http://refhub.elsevier.com/S0009-2541(16)30118-8/rf0215
http://refhub.elsevier.com/S0009-2541(16)30118-8/rf0215
http://refhub.elsevier.com/S0009-2541(16)30118-8/rf0220
http://refhub.elsevier.com/S0009-2541(16)30118-8/rf0220
http://refhub.elsevier.com/S0009-2541(16)30118-8/rf0220
http://dx.doi.org/10.1111/gfl.12167
http://refhub.elsevier.com/S0009-2541(16)30118-8/rf0230
http://refhub.elsevier.com/S0009-2541(16)30118-8/rf0230
http://refhub.elsevier.com/S0009-2541(16)30118-8/rf0235
http://refhub.elsevier.com/S0009-2541(16)30118-8/rf0235
http://refhub.elsevier.com/S0009-2541(16)30118-8/rf0235
http://refhub.elsevier.com/S0009-2541(16)30118-8/rf0240
http://refhub.elsevier.com/S0009-2541(16)30118-8/rf0240

GEOFLUIDS I

Geofluids (2016) doi: 10,1111 /gfl 12167

REVIEW

Long-term chemical evolution and modification of
continental basement brines - a field study from the
Schwarzwald, SW Germany

B.F. WALTER, M. BURISCH AND G. MARKL
Department of Geasciences, Eberband Karls University Thibingen, Tiibingen, Germany

ABSTRACT

Highly saline, deep-seated basement brines are of major importance for ore-forming processes, but their genesis is
controversial, Based on studies of fluid inclusions from hydrothermal veins of various ages, we reconstruct the
temporal evelution of continental basement fluids from the Variscan Schwarzwald (Germany). During the Carbonif-
erous (vein type I}, quartz—tourmaline veins precipitated from low-salinity (<=4.5wt% MaCl + CaCly), high-tempera-
ture (=390°C) HyO-MaCl-{CO5-CH,) fluids with CI/Br mass ratios = 50-146, In the Permian (vein type ii), cooling
of HyO-Nad-(Kd-CaCl,) metamorphic fluids (T = 310°C, 2-4.5wt% NaCl + CaCly, CI/Br mass ratios = 90) leads
to the precipitation of quartz-Sb-Au veins. Around the TriassicJurassic boundary (vein type iil), quartz—haematite
veins formed from two distinct fluids: a low-salinity fluid (similar to (i)} and a high-salinity fluid (T = 100-320°C,
=20wt% Mall + CaCly, CI/Br mass ratios = 60-110). Both fluids types were present during vein formation but did
not mix with each other (because of hydrogeclogical reasons). Jurassic—Cretacecus veins (vein type iv) record fluid
mixing between an older bittern brine (ClYBr mass ratios ~80) and a younger halite dissolution brine (CI/Br mass
ratios =1000) of similar salinity, resulting in a mixed HyO-NaCl-CaCly brine (50-140°C, 23-26wt% NaCl + CaCl,,
CI/Br mass ratios = 80-520). During post-Cretaceous times (vein type v}, the opening of the Upper Rhine Graben
and the concomitant juxtaposition of various aquifers, which enabled mixing of high- and low-salinity fluids and
resulted in vein formation (mulicomponent fluid HyO-MaCl-CaCly<(504-HCO ), 70-190°C, 5-25wt% MaCl-CaCl,
and CU/Br mass ratios = 2-140). The first occurrence of highly saline brines is recorded in veins that formed shortly
after deposition of halite in the Muschelkalk Ocean above the basement, suggesting an external source of the
brine's salinity. Hence, today's brines in the European basement probably developed from inherited evaporitic
bittern brines. These wene afterwards extensively modified by fluidrock interaction on their migration paths
through the crystalline basement and later by mixing with younger metecric fluids and halite dissclution brines.

Key words: fluid inclusion, fluid mixing, fluid modification, hydrothermal ore, mineralization
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INTRODUCTION Shouakar-Stash er al. 2007). The recognition of these

During the last decades, highly saline, rock-buffered base-
ment brines with =20wt% salinity have been recognized as
a common phenomenon worldwide, mainly based on data
from deep drilling projects which recovered fluid samples
from up to 12 km depth (Frape 8 Fritz 1987; Pauwels
et al. 1993; Stober 8 Bucher 2004; Moller e al. 2005;

© 2016 John Wiley & Sons Lid

brines stored in basement rocks changed the ideas about
fluid flow, water—rock interaction and hydrothermal miner-
alization in the upper brittle continental crust. Many of
these brines are of basinal origin and discharge into the
basement (Bons efal 2014 and references therein).
Understanding the brines” chemical and physical properties



2 B. F. WALTER et al.

is of sdentific and economic interest (e Yardley 2005,
Apemar et al. 2013).

During formation of epithermal, unconformity-related,
hydrothermal ore deposits (Ph, Zn, Cu, Ni, Ag), most
authors see deep-seated brines as the provenance of metals.
Tectonic processes (e.g. Banks e al. 2000; Gleeson et al.
2001; Boiron e al 2002; Stawde er al 2009) mobilize
these brines and form ore deposits due to a change in
physiochemical parameters caused by mixing, with other
fluids derived from different aquifers (e, sedimentary
cover) (Fuftwinkel e al. 2013; Bons er al 2014), cooling
(e.g. Wagner & Cook 2000 and references therein) or
boiling {e.g. Banks efal 1991 and references therein).
Today, there is general consensus about the important
influence of highly saline basement brines for ore forma
ton in epithermal, uneconformity-related, hydrothermal ore
deposits, but the souwrce, formation, mobilization and
chemical modification of such fluids are still under debare
(e.g. Fritz & Frape 1982; Stober & Bucher 2004; Yardley
2005).

Two different models of basement brine evolution have
been proposed: according to the first model, low-salinity
fluids are modified by fluid-rock interaction accompanied
by desiccation processes (Fritz 8 Frape 1982; Markl 8
Bucher 1998; Stober & Bucher 2004). During hydrother
mal alteration, feldspars and micas are alvered ro clay
minerals. Therefore, the interstidal water is  passively
enriched in solutes {*internal source”™). In contrast, an alter
native model proposes that the high salinity of basement
brines was derived from external sources, such as evaporites
in the sedimentary cover (e Bottomley efal. 1994,
Gleeson & Yardley 2002; Bejaowd e al. 2014 and refer
ences therein). According to this model, the precipitation
of halite in shallow marine basine produces near-surface
residual brines (bittern brine), which are migrating down
wards into the basement (‘external souwrce’) (e Bons
et al. 2014 and references therein). This model is sup
ported by mass-balance  calewlations, which imply that
fluid-rock reactions and fluid inclusion leakage alone can
not explain the high salinity in many locations {Savoye
et al. 1998). Also, experiments by Burisch ef al (2015)
indicate that fluid-rock interaction alone is not sufficient
o produce brines with up to 28wt% with low Cl/Br ratos.
For such highly saline fluids with low ClL/Br ratios, an
external fluid source seems to be required. Repardless of
their source, brines resident in crystalline basement rocks,
which we refer to as ‘basement brines’, represent fluids
that have evolved significantly altered by water—rock inter
action with their host rocks.

Understanding low-grade metamorphic or hydrothermal
processes in the upper brittle crust critically depends on
determining the chemical evolution of such basement
brines. In this stuedy, we try to reconstruct the chemical
history of a basement brine over geologic timescales. This

attempt is based on detailed fluid inclusion investgations
in minerals from hydrothermal vein-type deposits of differ
ent ages in a well-defined area, combined with crush-leach
analyses and published analyses of waters from deep
drillings. We investigated carefully chosen and well-charac
terized  samples  of  hydrothermal from  the
Schwarzwald mining district in SW Germany | Staude e al
2009 and references therein). The more or less continuous
hydrothermal mineralization over the past 320 million
years (Pfaff e al. 2000 and references therein) permits
construction of a detailed fluid history which can be used
to evaluate the comtrols on basement brine origing and
evalution.

veins

GEOTECTONIC SETTING AND MAIN
CHARACTERISTICS OF SCHWARZWALD
MINERALIZATION

Geotectonic setting

The Schwarzwald comprises exhumed Variscan basement
gneisses and granites overlain by Lower Permian to Upper
Jurassic sedimentary units (Fig. 1), The paragneiss units
are deformed and metamorphosed to dominantly to upper
amphibolite grade durng Variscan (Carboniferows) colli
sional processes (Geyer & Gwinner 2011 and references
therein ). Posteollisional S-type pranites, which today form
about 50% of the exposed Schwarzwald basement, intruded
into the gneisses at 335-315 Ma (Hann e al. 2003; Geyer
& Gwinner 2011 and references therein). After erosion,
during Rotliegend (Permian) times, small sediment traps
were filled by proxmal red beds {arkoses, conglomerates)
(Geyer & Gwinner 2011). During the Lower Triassic,
quartzitic Buntsandstein units were deposited, followed by
Middle Triassic Muschelkalk limestones, shales and evapor
ites  (gypsum  andor halite). Late  Trassic  (Keuper)
sediments are dominated by clastic sediments and evapor
itic units {mainly pypsum) (Geyer % Gwinner 2011).
Clastic sediments and carbonates were deposited on the
shallow continental Tethys shelf during Jurassic times, but
no sediments formed during the Cretaceous.

The initial break-up of the Upper Rhine Graben dur
ing the Paleogens resulted in the deposition of dastic,
chemical and evaporitic sediments in the rift valley (Geyer
& Gwinner 2011). Simultaneous with rifting, the uplifi of
the rift shoulders resulted in extensive erosion of the sedi
mentary overburden formed the erosional window of the
basement rocks exposed today.

Hydrothermal vein-type mineralization in the
Schwarzwald

Hydrothermal veins formed more or less continuously in
basement rocks and their sedimentary cover in SW Ger

@ 2016 John Wiley & Sons Lid
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Flg. 1. Geological overview of the Schwarrwald mining district in SW Germany with sample locations. (A) Overview map. (B} Close-up of the Schwarrwald
mining district modified after Pfaff et al. (2001}, Sample localities 1-31 (for more information refer to Table 57 in the electronic supplement).

@ 2006 John Wiley & Sons Lid



4 B. F. WALTER et al.

many from about 320 Ma until the present day (PRI e all
2009 and references therein; Staude e all 2009; Loges
et al. 2012). An extensive data set on many different
aspects of fluid flow and hydrothermal vein formation
exists. This data ser incledes studies on microthermometry
(e.g. Behr 8 Gerler 1987, Behr e al. 1987, Stande e al.
2009, 2012a; FuBwinkel et al. 2013; Walter ¢ al. 2015),
trace element distribution in fahlore and sphalerite (Stawde
et al. 20010; Pfaff ez al 2011), stable and radiogenic iso
topes of 0, C, H, §, S, I'b, Cu, Fe, Mg (Stande e ol
2011, 2012b; Walter e al. 2015 and references therein),
REE distribution in fluorites [Schwinn 8 Markl 2005),
palaeo-fluid models (Pfaff g2 al 2010; Stande et al 2011,
Fuffwinkel efal 2013; Bons ef al. 2014; Walter & al.
2015), peochemistry of modern thermal and  mineral
waters (Stober & Bucher 1999, Loges ef al 2012; Gib
et al. 2013), leaching experiments on basement and cover
rocks {Bucher & Stober 2002; Bursch e al. 2015), mod
ern fluid flow models and hydraulic aquiter properties (Sto
ber & Bucher 2005; Bucher & Stober 2010) and the
regional peology (Geyer & Gwinner 2011 and references
therein). This information is an important prerequisite for
the challenging task of deciphering the chemical evolution
of a basement fluid.

Following the work of Behr 8 Gerler (1987); Behr
et al. (1987 Staude eral (2009 Plaff e ol (2009,
20107 and Walter e al. (2015), the hydrothermal veins
are  subdivided into five formation stages based on
structural,  mineralogical  and  microthermometrical
arguments {Table 1): (i) Carboniferous, (i) Permian, (iii)
Triassic—Jurassic boundary, {iv) Jurassic-Cretaceous and (v)
post-Cretaceous. The peneral age constraints, chemical and
physical characteristics of the different veins and mineraliz
ing fluids are summarized in Table 1.

The Carboniferous veins (i) are quartz—tourmaline veins
with trace wolframite, scheelite and cassiterite [Marks &f al.
2013). These weins occur in close proximity to granitic
intrusions and are therefore most likely related to Variscan
magmatic activity {Leurwein & Sonet 1974; Marks e al.
2013). Oxygen isotope pairs of tourmaline and guartz in
those weins indicate temperatures of up o 550°C. Fluid
chemistry and temperatures indicate a distinet magmatic
fluid component { Marks e al. 2013).

The Permian growp (i) comprises mainly very low-grade
SbtAptAu-bearing quartz veins. Their predpitation is
interpreted to have resulted from cooling of a low-salinity,
high-temperature  late Variscan metamorphic  basement
fluid {Stande e¢ al 2009 and references therein; Wagner 8
Cook 2000).

Veins from the Triassic-Jurassic boundary {iii) are quartz—
chalcedony—haematite veins with only minor amounts of
barite {Brander 2000). With the exception of rarely occur
rng pyrite, they contain no ores. The ‘Permian veins of
Staude ez al (2009) comprise our types (i) and (iii).

The majority of the hydrothermal veins of the Sch
warzgwald belong to the Jurassic—Cretaceous group (iv)
which comprises variable modal amounts of fluorite, barite,
quartz and carbonates with large amounts of either Ag-Bi
CoNi-U, Fe-Mn or Pb-Zn-Cu ores (eg Mertz e al
1986; Wernicke & Lippolt 1993, 1997, Meyer & al
2000; Wermer ef al. 2002; Pfaff e al. 2000; Stande & al
2009, 2011, 2012a,b; Werner 2011, Walter ef al. 2015).
In contrast to the earlier veins, their formation involved a
deep-seated highly saline brine (20-28wt% salinity), which
was mobilized and mixed with colder formation waters in
extensional basin-related fault systems (Stawde e ol 2009,
2000, 2011, 2012b; ; Fufwinkel e af. 20013 Walter & al
2015). In this vein type, no indications of significant fluid
cooling and boiling processes were found. This hydrother
mal activity was probably related 1o the opening of the
North Atlantic (e.p. Wetzel ef al 2003; Plaff er ol 2009;
Staude ez al 2009).

During Paleogene rifting, Upper Bhine Graben-parallel
NE-S5W to NNE-SSW.striking faule systems were generated
or reactivated. Group (v) mineralization formed in these
fault zones | Pfaff e al. 2009 and references therein; Staude
et al. 2012b and references therein) and includes barite,
quartz fluorite and for various carbonates, which precipi
tated topether with I'b and less commonly, As, Zn, Cu, Bi
and Ni ores {Staude e al. 2009). The vadability in mineral
ogy and fluid chemistry (salinity 1-23wt% NaCl + CaCly) of
these post-Cretaceous veins is interpreted as 2 consequence
of multicomponent, mult-aquifer fluid mixing processes
caused by a juxtaposition of different aquiters during open
ing of the Upper Rhine Graben rift (Walter e al. 2015).

Sample material

Samples of fluorite, barite, quartz and carbonates from
various Schwarzwald veins were selected based on the fol
lowing eriteria: (1) every mineralization event (i) to {v) is
represented; (2) the age of formation of the sampled vein is
known based on radiogenic isotope dating or a combination
of structural, mineralogical and fluid inclusion eriteria; (3)
the veins contain sufficient amounts of gangee minerals in
up to centimetre-sized crystals, which show growth zona
tHon. This is important because the fluid incusions on the
growth zones (former crystal surfaces) can be directly related
to the fluids present during vein formation; (4) sample loca
tons are distributed over the whole mining district o
include mineralization from various depths. The sample
numbers are reported in Table $2 in the supplement.

The samples from (i) Carboniferous veins consist of mas
sive, fluid inclusion-rich, milky quartz with brownish tour
maline erystals up to 5 em (Fig. 2A). The samples from
(i) Permian mineralization show massive, fine-grained grey
quartz {coloured by tiny Sb-bearing sulphides) alternating
with milky, coarser grained quartz, subhedral to euhedral

@ 2016 John Wiley & Sons Lid
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erystallized in vugs (Fig. 2B). The mineralization of group
(i) are quartz—hasmarite veins with alternating red, yellow
or grey chalcedony and transparent, euhedral quartz gener
ations (Fig. 20C). Brecdas are common. Every mineraliza
ton sequence starts with a ferriferous chaleedony, which is
overgrown by milky and coarse-grained, sometimes euhe
dral quartz. The younger quartz generations differ in grain
size, colour and brecdation style. The youngest quartz
genetation (Fig. 2C) forms always  clear, very coarse
grained, euhedral crystals with many sealed cracks. Lare
stape euhedral baematite crystals occur locally in guaree
vips, Group (iv) samples contain coarse-prained quartz,
fluorite, barite and in some cases minor amounts of car
bonates with Ph-Zn-Cu ores (Fig. 21, Ther mineralogy

is highly variable: some veins consist of exclusively fluorite

(e.z. BW255 fl) or quartz {e.g. HM24a); others contain
complex sequences of all ganpue minerals and ores. Post
Cretaceous veins of group (v) show in many cases textures
similar to the Jurassic-Cretaceous ones, Apain, pure quarts
o fluorite veins as well as complex sequences of alternating
gangue minerals can be observed. Many group (iv) and {v)
veins show huge crystal sizes (up to many dm, commonly
zoned) and the pseodomorphic replacement of barite and
rarely fluorite by quarte (Fig. 2E).

Analytical procedure

Microthermometry
For the microthermometnic study, samples were cut per

pendicular to the longitudinal orentation of the respective

[¥.Y] (i) Carboniferous veins

AG2Rolgrabensack
I} Massive cuartz

B 133 Miinstergrund

il Chalcedony 1
with Sb-ara

il Euhedral quartz
without Sb-ora

(Il Chakcadory 2
with S-ora

BO 26 Tircl ergrund

(I Chalcedony 1
with hematite

(Il Eunedral quatz |

(I Chalcadory 2
with clasts af {1)

W) Euhedral quartz 2

W) Euhedral quartz 2

) (v] Post-Cretacous veins Hast rock

{E

505 Ddsbach
il Euhadrd and
rassive fluorite
Flg. 2. Photographs and sketches illustrating
the wariws wein types. (A) Carboniferouws
BO 242 Bad Sulzburg quartz-tourmaline wein fram the
w g:;'f;m;m RoBgrabeneck near Wordrach; (B) Permian
replacement of quartz vein with Sb-mineralization from the
barita Minster grund vein near Stawfen; (C) Triassic—

(I Euheckal quartz |
(I Coarsa-gralned,
clear cartz 2

Jurassic  quartz—hasmatite wein  from  the
Lattfelsen mear Staufen; (D) Jurassic fluorite
from the Odshach mine near Oherkinch; (B}
post-Cretaceows agate—barite vein from the
Speichel, Bad Sulzburg.

@ 2006 John Wily & Sons Lid



vein. Fach sample was oriented from early precipitates
nucleating on the host rock (fim), to late-stape precipitates
facing the commonly open vein centre {vug). The samples
were prepared as double-polished thick sections (200-
A00 pm).

Relative chronolopical sequences of fluid incusions (fluid
inclusion assemblages (FIA) after Goldstein & Reynolds
1994} were then investigated by optical microscopy.
Clearly identified primary (p), pseudo-secondary (ps) and
secondary (s) inclusions were identified in addition to iso
lated inclusions {iso) and clusters of incdusions {¢) with no
relation to former erystal surfaces or fractures. The ‘iso’
and ¢’ type inclusions provide no clear chronological or
genetic information. A derailed explanation is given in
Fig. 4 of Walter e al. (2015).

Microthermometric investipations were performed using
a Linkam {model THMS 600) fluid inclusion stage on a
Leica DMLP microscope at Tibingen University. For each
inclusion, we measured the ice melting temperature (T,
ice)y the hydrohalite melting temperature {Tmpn) and the
homogenization temperature (Ty). For calibradon, syn
thetic Hy0, HaO-MNaCl and HayO-C05 standards were
used and only results with a maximuem vatation of the final
melting temperatures of less than 0.17C were accepted for
interpretation; for homogenization temperatures, a varia
vion of up to 1°C was accepted due to poor visibility in
some samples. Single measurements with strong deviation
in salinity and homogenization temperature within a
homogeneous trail are neplected as are data of fluid inclu
sions in which post-entrapment modification cannot serictly
be ruled out.

For the calculation of salinity in the ternary NaCl
CaCly-Ha O system, the Microsoft Excel-based caleulation
sheet of Steele-Maclnnes ez sl (2011) was used. The
degree of fill was estimated optically based on filling depgree
tables (Shepherd efal 1985). Pressure correction was
done vsing the formula of Bodnar 8 Viegk (1994) in com
bination with estimates on basement and sedimentary over
burden based on Geyer & Gwinper (2011). All Ty are
presented as uncorrected values, becanse for most of the
presented veins hydrostatic conditions can be assumed. As
the effect of pressure on the homogenization temperature
is highly dependent on the salinity, the correction does not
affect the majority of the discussed fluid inclusions.
Exceptions are the Carboniferous and the Permian veins,
which have lower salinities and are formed under higher
pressures. Consequently, the pressure-related effects on Ty,
are discussed in detail in the discussion chapter. The uncer
tainties of this approach are discussed in Walter ef al
(2015).

Crush-leach ion chromatography
After careful microthermometric analysis and characteriza

tion of the fluid inclusions, samples with only one flud sig

© 2006 John Wiley & Sons Lrd
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nature (identical fluid characteristics in p, s, ps and ¢
inclusions) were carefully hand-picked to remove visible
impurities. The samples dominantly show primary inclu
sions, but  secondary  incusions cannot  be  entirely
excleded. Samples were only analysed if primary and sec
ondary inclusions showed identical microthermometric
behaviour. Two grams per sample (fluorite, quartz, caldire
or barite) was separated, heated in a beaker at 60-70°C for
3 howrs in concentrated HNO3 on a sand hath and then
washed with ulerapure water twice a day for 7 days. After
2 hours of drying, they were crushed to fine powder and
11 ml of acidulated ultrapure water {pH ~2) was added o
suppress the adsorption of Ca®* and other highly charged
cations onto surfaces (Kohler er al. 2009).

This solution was injected into a Dionex 1CS 1000 ion
chromatography system  at the University of Tibingen
(IonPac AS 9-HC 2 mm column for anons; lonlPac CS
12-A column for cations). For anions (F, Cl, Br, NOg,
PO, and 501, the disposable syringe filtler CROMAFILE™
Xtra RC-20/25 was used; for catons (Li, Na, K, Mg, Ca,
Ba, St), the disposable syringe filter CROMAFILE™ Xera
PVDFE-(20,/25) was chosen. Blank runs were performed to
check for possible contamination. Reference materials were
used to monitor the reproducbility and precision of the
measurements. The total error was below 20% relative (1
sipma level). Note that the detected NOj is related to the
acidification of the samples with HNO;. Absolute ¢lemen
tal fluid concentrations were calculated by normalizing the
€l concentration derived from crush-leach analysis to the
Cl concentration derived from microthermometry.

RESULTS

The results reported in Tables 1, 2 and S$1 in the electronic
supplement clearly show that the five fluid types distin
guished in section Hydrothermal vein-type mineralization
in the Schwarzwald have distinet chemical compositions.

Dominantly |ate magmatic Carboniferous veins of group

(i): fluid type (A)

Carboniferous veins contain only one fluid signarore (fluid
(A)). Type A fluids have homogenization temperatures
between 1307°C and 389°C. Two maxima at about 250°C
and 350°C can be recognized in Ty, Final ice melting tem
peratures berween 0°C and —3.3°C result in a calculared
salinity of O-dwth (NaCly) (one outlier at 9wif). First
melting of ice can be recognized at abowr —11°C. A
CaCla-poor or CaCla-free system is indicated by hydro
halite melting at the binary HaO-NaCl eutectic tempera
ture of —21.2°C; the freezing temperature is above the
ternary HyO-MNaCl-CaCly eutectic temperature of — 527
In addition, COy can be optically recognized by a double
bubble. Further volatile phases detected by Micro-Raman
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Tabkle 2 overdew of microthermometric results ordered according to fluld petrography (p, 5 and psh.

Fluid

type

Caf(Ma + Ca) in mole

Th *C

Salinity (wt % MNaCl + CaCl)

Tm hydrohalite in *C

Tm ce in *C

T first melt in °C

Vein type

F noCa

SnoCa

P 148 to 343
5113 to 389

POto 55
50to 55

P —-212°C
5 —21.2°C
Ps —21.2°C
P —-212°C
5 —21.2°C
Ps —21.2°C

PO to —3.3°C
§0to —33°C

P ~—21°C
§ -—21%C

| Carbomniferous

Psmo Ca
F noCa

SnoCa

Ps mot observed
P99 to 264

5127 to 313

Ps not observed
POE to 5.4
SOto B2

Ps mot observed
P—05to —3.2
5 —0.2t0 51

Ps not observed

P ~—21°C
§ -—21%C

Il Permian

Psmo Ca
F noCa
Psmo Ca

SnoCa

Ps mot observed
PS8 to 320
5925 to 296
Ps 111 to 190
P50 to 156

577 to 129

Ps not observed
POGto 252
508to23.9
Ps 04 to 25.4
P27 to272

Ps —21.2 to —259

P—212to—25.9
P —20.4 —26.4
5 —10.4 —26.5

5 —21.2 to —250

Ps mot observed

P —04to —24.7
5 —0.4t0—-228
Ps —0.4 to —250

P ~—219C & ~—S0°C
§ ——21°C & ~—50°C
Ps~—21°C & ——50°C

P ~—S0C
5§ ~—50°C

Ps ~—50°C

Ps not observed

B&C

Il Triassic—turassic

P02 to 04
50.2t004
Ps0.2 to 04

P-212 to —28.5
5§ —19.2 to — 281

L=

I Jurassic—Cretaceous
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are CHy and Na. The degree of fill depends on the volatile
content: The liquid-rich volatile-poor inclusions show a
degree of fill above 0.8, The volatle-rich inclusions have
ratios of (0.5-0.8. Hence, in Carboniferous veins an HaO
NaCl-CO,-CH, fluid was present. Br was only detected in
five samples which resulted in a CL/Br mass ratio of 48
and 146, Na/K mass ratios are 3. 2-5.6.

Permian quartz veins of group (i} fluid type (B)

Permian quartz veins contain inclusions of a distinet fluid
type (B). The fluid inclusions of type B freeze in the range
30 o —45°C. First meling can be observed above
2000 which implies a binary NaCl-Hy0 or NaCl-KCL
Hy () system. lee is the last melting phase in the range of
0.3 o —5.1°C, which results in a caleulated salinity of
2-4.5with NaCl.,. Homogenization temperatures range
from 99 o 310°C. Within FIA, the salinity and T, are
constant, but these parameters can vary between different
trails. The filling degree ranges from 0.8 o 095, The
crush-leach analyses confirm a NaCl-HaO fluid with C1L/Br

mass ratios of 94 and Na/K mass ratios of 4.2,

Triassic-Jurassic veins of group (iii): alternating type B
and C type fluids

Veins of group (iii) contain primary fluid inclusions of type
B oand a different fluid tpe (type ©), which alernate
between different quartz layers in some samples (Fig. 3A).
Fluid inclusions containing fluid type © freeze between

F0 and =100°C, Homogenization temperatures vary
between 121 and 224°C (Fig. 3E). Within each fluid
inclusion assemblage, the temperature variation is small.
The first melt can be observed around —507C. Final melt
ing temperatures of ice show vadations between —20.27°C
and —24.7°C. Final dissolution temperatures of hydrohalite
range from —19.7°C o —25.9°C, showing filling degrees
between 0.9 and 095, Calculated salinities vary between
233 and 258wt% (NaCl + CaCly) assuming a NaCl
CaCly-Hy O system.

Petrographic observations (Fig. 3A) (alternating low
and high-salinity fluid signatures) indicate that, while both
fluids were present at the time of sample formation, there
is no evidence of mixing to form fluids intermediate in
composidon between types B and C. Instead, fluid incle
sions of this age contain either B or C in alternating layers
within a sample. Because crush-leach analyses of these sam
ples cannot resolve the microscopic interlayering of FIA
containing type B and type C fluids, they represent mix
tures of both fluid types. The two mived analyses show
Na/K mass ratios of 0.3 and 5.5 with C1/Br mass ratios of
60 and 112 (Fig. 3F). Thus, their element budget is domi
mated by the high-salinity, high total dissolved solids
(TDS) fluids of type C.

@ 2016 John Wiley & Sons Lid



Jurassic—Cretaceous veins of group (iv): mixed fluid type
cD

This wvein type shows exclusively high-salinity fluids
(Fig. 3B,D-F). The inclusions freeze between =70 to
1007C. First melting can be detected above —50°C

implying a ternary NaCl-CaCly- HyO system with a eutectic
temperature at —52.0°C, lee and hydrohalive are last melt
ing phases. The final melting temperature of ice is in the
range of —=19.1% w =27.1°C, of hydrohalite between

1047 to =264°C, which records a salinity of 23-26wth
(NaCl + CaCly). Homopgenization temperatures vary from
50 to 143, Within single trail, salinity and Ty, are almost
constant, but they vary berween different trails within one
sample. The degree of fill is constant ar (.95,

Crush-leach analyses confirm a NaCl-CaCly-HaO fluid.
Important  element mass ratos for later  discussions,
regarding, for example, fluid mixing and fluid source, are
NasK berween 08 and 104 and Cl/Br mass ratios
berween 62 and 522, The high Cl/Br mass ratios in this
vein type are notable. Most inclusions of fluid type CD
are similar in salinity and temperature to type C but vary
in Cl/Br mass ratios and show a stronger scatter in salin
ity, which requires the definiion of a mixed fluid type
CD, including an  additional, high Cl/Br mass ratio
reservoir 1 (Fig, 3F).

Post-Cretaceous veins of group (v): fluid type CD and DE

Micro- Raman analysis shows that HaO is the dominant
Raman-active species in the fluid in all trails. In some sam
ples, sulphate can be detected. Based on charpe balance
calculations, it seems very likely that HOO; appears to be
present. Individual FIA may show freezing temperatures
berween =70 to —100°C andor =30 to —45°C, respec
tively. Inclusions with low freezing points have eutectic
temperatures of —52°C, the others of —=21.2°C corre
sponding to a NaCl-CaCly-Ha0 and a NaCl-Ha O fluid,
respectively. All measurements from individual FIA form a
cloud rather than a point in the NaCl-CaCly-H, 0 ternary
phase diagram of Steele-Maclnnes er al. (2011), a feature
that testifies to Ca/Na varations of single inclusions in
individual FIA.

The last species to dissolve is invarably ice. The final
melting temperature of ice is in the range of 0 o =27.0°C
and for hydrohalite between =212 and —26.47C, which
implies a salinity of 5-25wt% (NaCl + CaCly). Homoge
nization temperatures are in the range from 66 to 194°C.
Within single trails, the salinity and Ty are constant, but
they may vary berween different trails.

Crush-leach analyses and laser Raman spectroscopy con
firm the NaCl-{ CaCly )- HaO fluid with different amounts of
50 and HCO5. Na /K mass ratios vary between 1.7 and 8.7
and CL/Br mass ratios between 2 and 144, Veins of group

© 2006 John Wiley & Sons Lid
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(v} contain fluids with a large vadation in salinivy (Fig. 3E),
involving both the CD fluid signatere and a mixeure of fluid
end-member 1 with a low TDS end-member E.

DISCUSSION

Fluid types in the context of geological setting and time

In the following, the temporal chemical evolution of deep
seated basement brines is placed in a well-defined peolopi
cal context and the processes that govern this development
are discussed. Hydrothermal veins are well suited to this
because they contain zoned minerals with large primary
inclusions. In contrast, fluid inclusions in basement host
rocks (pranites and pgneisses), which could also record
changes in fluid chemistry, cannot be reliably related to a
specific event in time.

Reservoir A, fluid type A - from veins of group (i): late
magmatic fluids are expelled to the middle and upper
crust

The oldest fluids detected in the Schwarzwald basement
are those of fluid type A, These fluids with a significant
magmatic component |gramte age 322 4 20 Ma; Leur
wein 8 Sonet 1974) are high-temperature, low-salinity
NaCl-HyO or HaO-COy-CHg fluids with Na /K mass
ratios of 3.2-5.6 and Cl/Br mass ratios around 100. The
lowe CL/Br ratio in this low-salinity fluid type is most likely
of magmatic origin (Irwin & Roedder 1995) or could be
derived from water—rock interaction with the surrounding
gneisses (Burisch e al. 2015). The large range in homoge
nization temperatures indicates continuous fluid cooling,
as the fluid chemistry remains constant with decreasing Ty,
Evidence for a change in other parameters is lacking. These
“Variscan fluids’ have also been reported by Behr 8 Gerler
(1987) and Behr e al. (1987). Veins of group (i) can be
exclusively observed in the direct vidnity of magmatic
intrusions. Highly differentiated granide melts like the
Variscan intrusions in the Schwarzwald or the Erzgebirge
typically crystallize at shallow depths (Romer er al 2012).
As a consequence, we assume a corystallizadon depth of
1-3 km. The vein geometry can be described as pockets
rather than discrete veins. Taking this into account, litho
static conditions during vein formation can be assumed.
Pressure corrections for a lithostatic pressure of 1 kbar
(around 3 km depth) increase the uncorrected tempera
tures in average by 90°C. This indicates a fluid dose o
thermal  equilibrium  with  two  feldspars [ Giggenbach
1988), that is with the basement rocks (Fig. 4). As about
50% of the present outcrops in the Schwarzwald consist of
granites, we assume that fluid type A (Fig. 5A) was the
typical fluid in the middle and wpper crust during late Var
iscan, Carboniferous times.
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Fig. 3. Schematic presentation of the petrodogical results of fluld incusion assemblages. (A) Sample BO145 from the Triassic—hurassic Galgenhalde Nord vein.
Mote alternating high- and low-salinity fluids on growth zones. (B} Sample G520 from the lurassic-Cretaceous Brenden vein; only high-salinity flulds are pre-
sent. (C) Sample BOYS from the post-Cretaceous Riester vein with aiternating, high-salinity, moderate and low -salinity flulds. Some assemblages contain sul-
phate and/or COy; (D) Caf{Na + Ca) molar ratio (from microthermometnyd versus salinity; (E} homagenization temperatures (uncormected) versus salinity; (F}
CI¥Br mass ratio wersus salinity. High CYBr i typically asoclated with halite dissolution. Cl/Br mass ratios can be internally derbved by WERI with basament

rocks or externally by a descending bittern birine.
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Flg. 4. Temperatures, calculated by the K/Ma thermometer of Glggenbach
(7988) versus homogenization temperature measured by microthermome-
try. Fluid samples from the Bad Urach bore-hole (big star), which ks situated
B0 km, east of the Upper Rhine Graben lies on a 1:1 line. A pressure cor-
rection for the type B fluid results in +30°, which shift the uncorrected data
paoint towards the 1:1 line. The Jurassic—Cretaceows and post-Cretaceous
velns were not pressure comected.

Reservoir B, fluid type B - from veins of group (ii): the
typical late metamorphic basement fluid, when almost no
cover rocks are present

Type B fluids are high-temperature, low-salinity HaO

NaCl- KOl CaCla)  or  HaO-KCENaCl{CaCly)  fluids
(Fig. 5B) with a Na/K mass rato of 0.7-42 (Fig. 4), a
Cl/Br mass ratio of 70-90 (Fig. 3F) and high bomoge

nization temperatures up to 280°C (Fig. 3E). Such fluids
are typical of late metamorphic fluids in cooling orogenies,
for example the Rheinisches Schieferpebirge (Germany),
the Western Carpathians { Romania) and the Massif Central
(France) (Wagner 8 Cook 2000; Bellot e al. 2003). It
should be noted that in the Permian, the sedimentary
cover consisted of a maximum of some tens of metres of
red beds in the whole area (Geyer & Gwinner 2011). Even
the deepest Permian wveins (2 km below basement/cover
unconformity ) do not show higher salinity fluid inclusions.
The K/Ma thermometer of Giggenbach (1988) for sample
MLLOD records temperatures up to 320°C in pood agree

@ 2016 John Wily & Sons Lid

ment with the measured, uncorrected flud  inclusion
homogenization temperatures up to 280°C. Veins from
group (i) can only be recognized within the crystalline
basement sitwated closely below the Permian surface. Brec
cia peometry indicates hydravlic fracturing (Jébrak 1997).
Therefore, pressures between lithostatic and hydrostatic
conditions can be assumed. The possible ranpe includes
hydrostatic conditions at 1 km (0.1 kbar) up to lithostatic
conditions at 2 km depth {06 kbar). Pressure corrections
for 0.6 kbar for these low-salinity inclusions increase the
measured homogenization temperatures in average by
40°C. Hence, the typical basement fluid was of low salinity
in the Permian. This also would explain why the Permian
veins do not contain metals like b and Zn, which are typi
cally mobilized as Cl complexes from the basement {Yard
ley 2005 and references therein, Burisch ez al. 2015).

Hydrothemal activity at the Triassic—Jurassic boundary:
the switch from low to high salinity (reservoir B and C,
altemating fluid types B and C)

The first high-salinity fluid inclusions (unmizsed fluid type
) in the stwdy area occur in quartz-hasmatite veins
formed at the Trassic-Jurassic boundary, in which euhe
dral haematite in vops was ape-dated by U-Th/He to
180-200, 202 £+ 2 and 235 & 20 Ma by Brander (2000).
The oldest quartz layer in these samples contains type B,
the next younper quartz layer containing type C fluid
inclusions. Here, fortuitous and unique samples record the
transiion from an earlier low-salinity regime to a later
high-salinity fluid regime (Fig. 5C). The fact that type B
fluids can be recopnized in younger veins indicates a persis
tent fluid reservoir in the basement. Henee, fluid type B
persisted from the Permian to at least the late Triassic. The
low CL/Br mass ratios of 60 and 112 (Fig. 3F) and high
salinities {Burisch e al 2015) indicate a bitrern brine ori
gin for the type C inclusions.

Reservoir C and D, fluid type CD: mixed, highly saline
fluids in a sediment-covered basement

In the Jurassic, large, north-south striking faults through
the brittle part of the central Furopean crust opened as a
far-field consequence of the opening of the North Atlantic
(e.g. Wetzel et al. 2003; PfafT e al. 2009; Staude ef al
2000 and references therein). At that time and untl the
upper  Cretaceous, mineralization in the Schwarzwald
records fluid inclusions of one type: fluid type CD. These
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contain fluids of very high salinity (Figs 3E and 5D) and
intermediate temperature which are interpreted as mixtures
of two highly saline brines: one basement-derived with low
CL/Br mass ratics (fluid wpe C) and one cover-derived
fluid with high Cl/Br mass ratio (fluid gpe D) (Staude
et al 2009, 20011, 2012a.b; Fufwinkel ef ol 2013; Walter
et al. 2015). Fubwinkel e al. (2013) demonstrated that
the deep basement brine [reservoir ©) with CL/Br mass
ratio of ~80 {inherited from the bittern brine) contained
high amounts of dissolved metals, which originated by
water—rock interaction with crystalline rocks (specifically,
b oand Zn) {see liverature data in Fig. 3F). The second,
metal-poor end-member {reservoir 1) was proposed to be
a Triassic Muschelkalk (limestone) formation flud with
very high CL/Br mass ratios of =1000 {see literature data
in Fig. 3F). The mized ‘ore fluid (fluid eype CD) conse
quently shows CL/Br mass ratics between 60 and 820
(Fuffwinkel ¢z al 2013 and this study).

The basement brine end-member of fluid ype CD s a
NaCl-dominated highly saline {21-26wt% NaCl + CaClz)
fluid with a Na/K mass ratio of 0.8-10.4 (Fig. 4). Inter
estingly, the K/ Na thermometer results in temperatures up
to S560°C, which are not plavsible for the peothermal
regime and much higher than Ty, (pressure corrected) from
microthermometry. This indicates that the mized CD npe
fluids are not in chemical equilibrium with their host rocks.
This might supgest fast mixing processes during vein for
mation and fluid inclusion entrapment (see also Bons ef al
2014).

Reservoir C, D and E, fluid type CD and DE - from veins
of group (v): the influence of the Rhine Graben opening

Vein group (v) occurs either as discrete veins on Rhine
Graben-related faults or as younger generations of ganpue
and ore minerals in the centre of older veins, which are
reopened by Neogene strike-slip tectonies. In both cases,
fluid inclusions show no clear systematics in Na/K and
C1/Br mass ratios. This is interpreted as a result of mixing
during the precipitation processes (Staude e al 2009
Walter e al. 2015); in addition to rype CD fluids, mixing
obviously involved more than two end-members including
a low-salinity reservoir E (Fig. 5E). This appears reason
able, as many of the group (v) veins are situated on deep
faults where different lithologies of the Mesozoic sedimen
tary overburden are juxtaposed to the crystalline basement
(Walter e¢ al. 2015). Figure 3C illustrates the complex
sequence of fluid incusions recording various mixing pro
cesses within one crystal.

Most fluid inclusions contain fluid type DE with variable
salinities between 0 and 25wt%; rarely the fluid type CD
(highly saline) is also present in this vein type. Similar flu
ids were reported by, for example, Smith ef al. [1998).
Henee, a highly saline end-member exists, which is
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assigned to the highly saline basement brine, already pre
sent as type CD fluids. In most cases, however, only the
reservoir 1) mixed and was diluted by lower salinity fluids
from reservoir E. Comparing the fluid inclusion records of
vein types (iv) and (v) implies that the reservoirs of fluid
type CD were stll available in Paleogene times. The fact
that ternary C-1-E mixtures are lacking (Fig. 5E) is poten
tally an effect of fluid stratification. Similar to CD fluids,
the K/MNa thermometer for type DE yields geologically
implansible temperatures of up o 430°C, indicating dise
quilibrium berween rock and fluid, most likely cavsed by
rapid mixing processes,

Modern fluids: The stratification of modern mineral and
thermal waters and the modem basement brine

One of the reasons to choose the Schwarzwald as a model
region for characterizing the evolution of basement brines
is the large amount of data available from numerous deep
bore-holes and many thermal and mineral wells in the
stsdy area (Fig. 1). More than ten deep drillings and tens
of thermal and mineral water wells provide an insight into
the recent fluid situation in the Upper Rhine Graben
{Soultz-sous-Forét, NAGRA drillings, Bruchsal, and Biihl;
Pearson ef al. 1989; Pauwels ef al 1993) and in the distal
undisturbed basement and cover sequence {Urach, KTB,
NAGRA drillings: Pearson ef al 1989, Swober & Bucher
2004; Mdller er al. 2005). These data show that present
day fluids in the study area are stratified. Shallow ground
waters are weakly mineralized Ca-Na-HCO; fluids, chemi
cally controlled by weathering reactions in the subsurface
(Bucher 8 Stober 2010). The sulphate content increases
with depth by oxidation of host rock sulphides {Bucher 8
Stober 2010). The TDS increases further with depth and a
high-salinity Na-Ca-Cl fluid is present below about 3 km
{Bucher 8 Stober 2010). The carbonate and chloride flu
ids apparently do not mix (Bucher 8 Stober 2010).

The K/MNa thermometer applied to fluids from Bad
Urach or KTB records a close apreement between calen
lated and measured temperatures {Stober 8 Bucher 2004;
Maller e wl. 2005), which implies equilibrium berween
fluid and rock (Fig. 4). Also the modern CL/Br mass ratios
of 80-100 (Pearson e al. 1989 Stober & Bucher 2004
Maller er al. 2005) show no significant admixture of any
sedimentary formation fluid which would be expected to
result in higher ratics. In contrast, the chloridic fluids
derived from the erystalline part of the Soultz-sous-Forée
drill hole record MNa-K-temperatures more than 100°C
(Fig. 4) above the measured ones (Pauwels er all 1993);
their CL/Br mass ratios up to 255 support an influx of
meteoric of formation fluids {Pauwels e al. 1993). Hence,
in the wvicinity of the Rhine Graben, mixing processes
affecting the chlorine rich fluids sill go on today and lead
to a flud mixture which is not in equilibriem with the
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crystalline basement. These mixing processes may be driven
by topographic fluid flow [(Agemar e al. 2013).

History and development of the basement brine

Veins of groups (i) and {ii) record low-salinity fluids with
significant magmatic or late metamorphic components in
thermal equilibrium with the basement rocks (Figs 4 and
5AB). Around the Triassic-Jurassic boundary, the first
highly saline fluids were recorded in group (iii) veins
(Fig. 5C). It is important to notable that in the middle
Triassic, the study area was, for the first time after the Var
iscan orogeny, covered by a shallow ocean, in which the
evaporate sequence reached halite saturation. This coin
cided with the occurrence of a high-salinity basement brine
(reservoir C) shortly after formaton of the evaporates
(Fig. 5C,D).

Halite precipitation leads to a decrease in CL/Br mass
ratics in the residoal fluid below the seawater ratio of 288
[see seawater evaporation line by McCatfrey ef al. [1987)
in Fig. 6). Henee, the low CL/Br values of about 80 [ mass
ratics) and the highly saline basement brine end-member
(reservoir C) of mixed type CD fluids may record down
ward migration of such residual bittern brines {fluid type
2, reservoir C) (Fig. 5C and arrow 1 in Fig. 6) into the

basement during the Trassic {see Bons ef al 2014). The
large-scale albitization phenomena (Brockamp ef al 2003;
Schlegel er all 2007) in the crystalline basement of the
central Schwarzwald are very likely related to the influx of
such NaCl-rich fluids. Plagioclase dissolution and conver

sion to albite enriched the orginally Ca-poor bittern brine
in Ca and in base metals. Rough phase equilibriom caleula

tons show that plagioclase with an Xa, of 0.3 can shift the
fluid to a Ca/(Ca+ Na) of up to ~0.7 in the remperature
range  30-220°C. Hence, the observed Ca/(Ca + Na)
ratios of 0.2-0.3 in the high-salinity type C fluids could
easily be explained by such albitzation reactions. Further

mare, the formation of secondary minerals (e.g. chlorite,
illite, smectite) as a consequence of biotite breakdown
causes a modification of the bittern brine towards higher K
and lower Mg concentrations (see arrow 1 in Fig. 6)
(Brockamp er al 2003, 2011).

Hence, it seems very plavsible thar the Jurassic-Creta
ceous high-metal, low Cl/Br mass ratios of ‘basement
brine’ reported by Fufiwinkel e el (2013 ) {our type C) is
a modified middle Triassic bittern brine (Fig. 6). During
the Jurassic and Cretaceous, it was mixed with a halite dis
solution brine {NaCl-dominated and high C1/Br mass
ratios, end-member of line 2 in Fig. 6) derived by interac
tHon of meteoric waters with the Muschelkalk evaporites

Crush leach data of
Jurassic-Cretaceous veins
(Walter stal, unpubl. data) o

Resenaoir C

Ma

Resarvair D

|, 5,

‘0o 08 07 06 05 04

0.2 02

Flg. &. Termary diagram showing Na, Mg and
0o K. The dotted amow (1) indicates the
4 madification of a bittern brine by waterrock
interaction, shifting #s composition, away
Mg fraom the seawater evaporation line towards

.'u_-| higher K and lower Mg. During this process,

@ Halite dissclution brine (Gob et al, 2013
@ Bulk crush ksach data Jurassic-Cretaceous (this study)

O LA ICPMS data of single fluid inclusions (Fulwinkel et al., 2013)

the breakdown of rockforming mineraks
during water—rock interaction modifies the
fluld signature amd concomitantly leads to
increasing metal contents in the fluid. Fluid

B Calcite saturation [ Halite saturation

(D Deg. of evaporation ~ 30
ClBr=a0

W Gypsum saturation

Chemical evolution of seawater during evaporation after McCaffrey etal. (1987
i Mg-sulfate saturation
B Sylvite saturation

mixing (2} of a maodified bittern brine (low
CIFBr mass ratio, high metal content) and a
halite dissolution brine (high Cl'Br mass rati,
low metal content) yields the mixed two-
component fluld signature CD.
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(mixed fluid CD, see Fig. 3F and line 2 in Fig. 6). Early
diagenetic dissoluton textures in the middle Triassic host
rocks reported by Geyer & Gwinner (2011) confirm that
such processes indeed ook place.

Alveration of feldspars {mainly plagioclase) and micas o
clay minerals consumes water and leads 1o a desiceation
process which both increase the salinity and the metal con
tent in a fluid. The basement brine end-member | reservoir
) in type CD fluids would then have formed by a combi
nation of inherited salinity from  the middle Triassic
Muschelkalk Ocean (Fig. 510 and a long reaction time
with the granitic/gneissic basement. Furthermore, the des
iccation process consumes water within the basement,
which causes a hydraulic gradient that enables dowmward
migration of the younger (Middle-Upper Triassic) halite
dissolution brine {fluid type D) with higher CL/Br mass
ratios (Stober & Bucher 2004; Bons e al. 2014). As the
ropography during the Jurassic and Cretaceous was too flat
to drive topographic fluid flow, and as gravitatonal down
ward movement of the surface brine is unlikely due vo the
similar density of the bittern (reservoir C = basement) and
the halite dissolution (reservoir D = surface) brines, this
*desiccation suck” [downward migration of brines caused
by water consumption at depth; Stober % Bucher 2004,
Bons ef al. 2014) appears the only viable mechanism to
bring large amounts of surface water to depth.

The Triassic-Jurassic  boundary  marks  the  first
occurrence of highly saline basement brines. The group
(iii) samples show that two fluids of different salinity were
present during the first occurrence of a high-salinity brine
(reservoir  C, fluid wype ©), at the Triassic-Jurassic
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bowndary [Fig. 3A and 5C). The low Cl/Br mass ratios
are in agreement with a bittern brine origin, The lack of
fluids of intermediate salinity shows that no fluid mixing
occurred between type B and C fluids, although based on
our FIA textural observations {Fig. 3), they intermittently
coexsted on scales ranging from regional o individual
fractures. This resembles the modern situation, in which
NaCl- and Ca-HCO; fluids coexist in horzontally strati

fied reservoirs in SW Germany without any sign of mixing
[Bucher & Stober 2010, Later on, this may have changed
and type B fluid signatere might be modified, by mixing
or replacement with the much more saline type C (Fig. 7),
s0 that it can no longer be recognized. Type B fluids were
not observed in any younger sample (Figs 5 and 7). Inter

estingly, no deep-seated low-salinity fluids were found in
the deep boreholes of KTB and Kola. If any type B fluid is
present today, it would be expected to be just above the
brittle/ductile tramsition zone (~12-15 km), deep below
the depth of the drill holes (<8 km).

Since the break-up of the Upper Rhine Graben, varous
types  of meteoric and  formation  waters  {low  TDS,
Fig. 5E) entered the basememt by topographic fhud flow
[Agemar ef al. 20133 The muldsource fluids found in
Paleogene veins still show a minor component of the
highly saline basement brine, which is porential evidence
that the fluid stratification in the continental central Euro
pean basement still prevails untl voday [Pawwels er all
1993; Bucher & Stober 2010). Diluting the high-salinity
NaCl-CaCly basement fluids by metearic and Jor formation
fluids with low TDS (Pauwels e al 1993) could explain
the shift in average salinity from -23wt% during the

Reservair B
Fluid type B
(cocling late-
Metarnorphic fluid)

Cl/Br =~ 20
K/Ma = high
Salinity =0- 5wt
Rock buffered

Y

ClBr~ &0
Ks/Ma = high
Salinity = 0 - 5 wt.%

Fig. 7. § of fluid B, C and "
g ummary uid reservoirs a Rock red

D and their influence on hydrothermal ore
deposition.

Resa rvoir C Reservair D
Fluid type C Fluid type D
Muschelkalk Muschelkalk

{older bittern brins) {younger halite

dissolution brine)

ClBr- 80 CLBr ~ 10000
K/Ma = low K/Ma = low
salinity = ~22 wt.% salinity = ~28 wt.3
Mot rock buffered Mot rock buffered
Equilibration

with basement

Fluid type C
Modified bittern brine
ClfBr ~ 80
K/Na = low
Salinity = =22 wt.%
Mt rack bufferad

Hydrothermal
ore deposits
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Fig. 8. Schematic crustal sections showing the evolution of the central European basement brine from (A) Carboniferowus to (F) post-Cretacecus time. (A)
Carboniferous flulds showing exdusively low salinity, wolatile rich, high temperature in quarz—tourmaline veins, (B} Permian flulds showing only low salinity,
high temperature in guartz weins with Sb-Au mineralization. {C} First deposition of halite in a shallow ocean in the Triassic and subsequently sinking of a
bittern brine into the basement. (D) At the Triassic—lurassic boundary, first dissolution of the halite and formation of a halite dissohution brine that sinks
downwards (Bons et al. 2074). Furthermore, formation of the Triasske—luraske quarz—haematite weins with alternating fluld signatures. (B Opening of
fracture networks as a far-field consequence of the Morth Atlantlc opening and formation of the Jurassie—Cretaceous weins by binary fluld mixing. (P Moutti-
ocomponent fluld mixing and vein formation in the complex geological environment of the Upper Rhine Graben rift.
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Flg. 9. Tempaoral comparison of ore precipitation in the Schwarzwald, Harz and Spessart mining districts. Data from Lisders et al. (1993} and FuBwinkel et al.
(20174). Note that the first recognition of a high-salinity basement brine & invariably linked to the formation of halite-bearing evaporites at the surface.

Jurassic to ~17wit% today. This modification is also visible
in the higher Cl/Br mass ratics of 255 in the modern
brine of Soulte-sous-Forét (Fig. 1) in contrast to the fluids
of the Bad Urach and KTB drill holes, which are not prox
imal to the rft (Fg 1), showing depleted Cl/Br mass
ratios of 80-105.

The history of the basement brine in the context of
large-scale ore mineralization

An interesting  additional aspect of this study is the
relation of brine development and Pb-Zn-Cu-Ap ore
deposition in the study area. Before large-scale mixing
occurred (Fig. 7), only very low amoums of ore were
(ii) and (i), which

precipitated  in vein  wypes (i),

@ 20016 John Wiky & Sons Lid

precipitated from low salinity fluids A and B and high
salinity type C (pure end-member fluids). However, as
soon as mixing berween fluid type © and D occurred,
during Jurassic to Paleopene times, massive ore precipita
tdon can be recognized (Fig. 7). The occurrence of high
mized CD fluid correlates
with the dming of the first percolation of the bitern

metal concentrations in the

brine into the crystalline basement. Hence, our data imply
in accordance with Fufwinkel e al. (2013) that the high
salinity type C bitrern brine (modified by fluid-rock reac
tons in the crystalline basement) was the major carrier of
metals. Thus, in the Schwarewald, the mobilizadon of
metals and the formation of ore deposits are directly
linked to and crudally dependent on the formaton of

evaporites at the surface.
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CONCLUSIONS

Upper and middle crustal fluids from SW Germany were
investigated by crush-leach analyses of primary fluid inclu
sions from well-characterized hydrothermal veins of known
age. This approach allows the reconstruction of chemical
changes and modifications of these fluids over the last
300 Ma (Figs 8 and 9). During the Carboniferous,
Permian and Trassic, only dominantly magmatic or meta
motphic, high-temperature Slow -salinity fluids {probably in
equilibrivm with their host rock) are recorded. With the
beginning of the Jurassic, however, highly saline brines
emerge and a subsequent two-component mixing process
between basement brine and cover fluid appears o be
responsible for their composition during the Jurassic and
Cretaceous.  Finally, a multicomponent mixing  process
(basement with various types of cover fluid reservoirs) is
necessary to explain the observed varation in fluid compo
sitions related to the onset of Rhine Graben rifting in the
Paleogene.

The most striking feature of the reconstruction of the
fluid history is the shift from low salinity to high-salinity
fluids around the Trassic—Jurassic boundary (Fig. ¥) and
its temporal relation to the evaporites at the surface. A
comparison of our study area with two other well-studied
mineralized regions in central Furope, the Spessart and
the Harz mountaing [ Liders e al. 1993 Fulwinkel & al.
2014) indicates that this link between evaporates and
high-salinity ore fluids may be also true for other ore dis
tricts (of similar type) in central Europe. In contrast to
the Schwarzwald, the Spessart and the Harz mountains
were covered much earlier by halite-bearing  evaporitic
sediments during the late Permian. Interestingly, the first
high-salinity basement brines in these regions appear in
eatly Triassic veins already. Hence, high-salinity basement
fluids emerped in all three regions shortly after the depo
sition of marine evaporitic halite at the surface. In the
Schwarzwald, this happens during the end of the Triassic,
in the Spessart and Harz mountains, at the beginning of
the Triassic (Fig. 9). Consequently, this suppests that the
high salinity in  basememt brines  develops by a
combination of external (evaporitic fluids) and internal
[desiccation) processes.
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Abstract:

Mixing of sedimentary formation fluids with basement-derived brines is an important mechanism for
the formation of hydrothermal veins. We focus on the sources and metal contents of the sediment-
derived fluid component in ore-forming processes and present a comprehensive fluid inclusion study
on 84 Jurassic hydrothermal veins from the Schwarzwald mining district (SW Germany). Our data
derive from about 2300 fluid inclusions and reveal differences in the average fluid composition
between the northern, central and southern Schwarzwald: Fluids from the northern and southern
Schwarzwald are characterized by high salinities (18-26 wt.% NaCl+CaCl,), low Ca/(Ca+Na)-ratios
(0.1-0.4) and variable Cl/Br-ratios (30-1140). In contrast, fluids from the central Schwarzwald show
even higher salinities (23-27 wt.% NaCl+CaCl,), higher Ca/(Ca+Na)-ratios (0.2-0.9) and less variable
Cl/Br-ratios (40-130).

These fluid compositions correlate with the nature and thickness of the now eroded sedimentary cover
rocks. Compared to the northern and the southern Schwarzwald, where halite precipitation occurred

during the middle Triassic, the sedimentary basin in the central Schwarzwald was relatively shallow at
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this time and no halite was precipitated. Accordingly, Cl/Br-ratios of fluids from the central
Schwarzwald provide no evidence for the reaction of a sedimentary brine with halite, whereas those
from the northern and southern Schwarzwald do. Instead, elevated Ca/(Ca+Na), high SO4 contents and
relatively low Cl/Br imply the presence of a gypsum dissolution brine during vein formation in the
central Schwarzwald which agrees with the reconstructed regional Triassic geology. Hence, the
information archived in fluid inclusions from hydrothermal veins in the crystalline basement have the

potential for reconstructing sedimentary rocks in the former overburden.

1. Introduction:

Fluid mixing is proposed as a major ore-precipitating process for many hydrothermal ore systems (e.g.
Duane and De Wit, 1988; Tornos et al., 1991; McCaig et al., 2000; Klemm et al., 2004; FuBwinkel et
al., 2013; Bons et al., 2014; FuBwinkel, 2014). Previous studies on hydrothermal ore deposits include
combinations of microthermometry, stable and radiogenic isotopes (O-C-H-Sr-CI-Br-Pb-Zn-Mg),
trace element studies on fluids and gangue minerals, and paleo-hydrological modelling (e.g., Kessen et
al., 1981; Garven et al., 1999; Bau et al., 2003; Wilkinson et al., 2005b; Shouakar-Stash et al., 2007;
Wilkinson, 2010; Pfaff et al., 2011; Staude et al., 2011; FuBwinkel et al., 2013; Walter et al., 2015). In
many well-studied mining districts (such as the Alaskan Brooke Range, the south East Basin and the
Massif Central in France, the Irish Midlands ,the Maestrat basin and the Catalan Coastal Ranges in
Spain and Upper Silesia in Poland) mixing of hotter, deep-seated fluids from the crystalline basement
with cooler, sediment-derived fluids from the overburden has been suggested to be the major process
causing hydrothermal mineral precipitation (e.g., Banks et al., 2002; Leach et al., 2004, Boiron et al.,
2010; Aquilina et al., 2011; Richard et al., 2015). In general, the basement-derived fluids are assumed
to represent the dominant metal source, whereas the sedimentary fluids are typically metal-poor
(Banks et al., 2000a, 2002; Boiron et al., 2002; FuB3winkel et al., 2013; Bons et al., 2014). Most
previous studies focused on the metal-rich basement fluids, although the importance of a sedimentary
fluid component was noticed and attention was drawn to the “fluid from above” (Yardley, 2005;
Boiron et al., 2010; Bons et al., 2014; Fusswinkel et al., 2014). However, studying these sedimentary

fluids in more detail is difficult, if the former sedimentary aquifers overlying the basement rocks are
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presently missing, because they were partly or completely eroded (e.g. Schwarzwald (Geyer and
Gwinner, 2011), Spessart (Wagner et al., 2010), Harz (Liiders and Mdller, 1992), Irish Midlands
(O'Keeffe 1986; Wilkinson, 2010)) and the sedimentary overburden may be heterogeneous with
respect to thickness and composition on the scale of a mining district.

The present study, which focuses on the fluids from “above”, derives information on the today eroded
sedimentary strata archived in fluid inclusions of hydrothermal vein-type deposits that are dominantly
situated in the crystalline basement close to or below the basement-cover unconformity. For our study
we chose the Schwarzwald mining district in SW Germany, because it is an exceptionally well-
investigated area. Previous studies include detailed mineralogical, microthermometric and isotopic
investigations on specific ore deposits (e.g. Baatartsogt, 2006, 2007; FuBwinkel et al., 2013; Markl et
al., 2006; Pfaff et al., 2010; Schwinn et al., 2006; Staude et al., 2007, 2009, 2010a, 2011a, 2012a, b;
Strobele et al., 2012; Walter et al., 2015, 2016), stable isotope data (Staude et al., 2011a, 2012a,
2012b; Walter et al., 2015), trace element data for common ore minerals of the district, such as fahlore
and sphalerite (Staude et al., 2010b; Pfaff et al., 2011), age-dating (Pfaff et al., 2009), paleo-
hydrological modelling (Pfaff et al., 2010; Staude et al., 2011a; Walter et al., 2015,2016), studies on
the composition of modern thermal, mineral and formation waters (Stober & Bucher 1999, 2010;
Moller et al. 1997; Loges et al., 2012; Go6b et al., 2013), hydraulic data (Stober & Bucher 2004),
detailed studies on the regional geology (Ziegler, 1990, Geyer and Gwinner, 2011) and experimental
leaching studies (Bucher and Stober, 2002; Burisch et al., 2016a).

The modern water column in the Schwarzwald shows a compositional stratification with HCO3™ being
the dominant anion at shallow crustal levels (<2 km), while SO4* is dominant at intermediate depths
and CI at depths >2-3 km (Bucher & Stober, 2010). The processes responsible for this stratification
are, however, unclear (Stober and Bucher, 1999; Frape et al., 2003).

The Cl/Br-ratio of fluids is often used as a reservoir tracer (Stober & Bucher, 1999; Boiron et al.,
2010; Wilkinson, 2010; FuBwinkel et al., 2013). Deep crustal brines are known to have Cl/Br-ratios
<100, while halite dissolution brines show Cl/Br-ratios higher than that of sea water (288). Halite
precipitation in evaporites results in the formation of residual bittern brines, which show successively

decreasing Cl/Br-ratios (288-34) with increasing degree of evaporation (Frape and Fritz, 1987,
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McCaffrey et al., 1987; Edmunds and Savage, 1991; Banks et al., 2000b; Stober and Bucher, 2004a;
Stober and Bucher, 2004b; Mdller et al., 2005; Yardley, 2005). We focus here on the qualitative
source information provided by Cl/Br-systematics of fluids, in contrast to other contributions, which
focus on the formation of low-Cl/Br-ratios and the development of high salinities in basement brines
(Burisch et al., 2016a; Walter et al., 2016). Although water-rock interaction with crystalline rocks can
result in low CI/Br ratios (Bucher and Stober, 2002), Burisch et al. (2016a) showed that fluids with
salinities above 20 wt.% and low Cl/Br-ratios can only be formed involving an externally derived

bittern brine.

2. Regional geology

2.1. Geological setting

The Schwarzwald (Fig. 1) mainly consists of metasedimentary gneisses, migmatites and granites,
representing a deeply eroded basement window. Gneisses are mostly paragneisses with local
occurrences of orthogneisses and amphibolites that were metamorphosed during Variscan
(Carboniferous) collisional processes (Geyer and Gwinner, 2011). These metamorphic rocks were
intruded between 335 and 315 Ma by post-collisional granites, which today form about 50% of the
exposed Schwarzwald basement (Todt, 1976; Altherr et al., 2000; Hann, 2003). These crystalline
basement rocks are covered by a Paleozoic and Mesozoic sedimentary sequence (Geyer and Gwinner,
2011; and references therein).

During the Permian (Rotliegend), local sedimentary basins (thickness <500m) were filled by redbeds
(arkoses, conglomerates; Jenkner, 1986; Nitsch and Zedler, 2009; Geyer and Gwinner, 2011) and local
rhyolithic volcanism produced lavaflows and volcanoclastic sediments with a thickness of <250m
(Geyer and Gwinner, 2011). Early Triassic, quartzitic Buntsandstein units reach a thickness of <400m
in the northern and <50 m in the southern Schwarzwald. The Buntsandstein is an important aquifer
and is locally separated from the Middle Triassic by the Roétton aquitard. Middle Triassic
(Muschelkalk) units, including limestones, shales and evaporites (the latter only being present in the
Middle Muschelkalk) reach thicknesses from 160 to 220m (Stober & Bucher, 2014) in the area of

interest. In paleo-depressions, these units contain a halite-bearing horizon, which will be important for



113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130
131
132
133
134
135
136
137
138
139

140

the discussion below. This halite-bearing unit reaches its maximum thickness of about 100m in the
centres of these depressions whereas in shallower areas its thickness successively decreases. At paleo-
topographic heights transitions from halite-dominated to sulphate-dominated horizons occur. In
contrast, Late Triassic (Keuper) units are dominantly composed of clastic sediments and evaporitic
gypsum. The thickness of this unit varies between about 300m in the north to <100m in the south.
During the Jurassic an approximately 1000m thick unit of mostly marine carbonates were deposited
(Geyer and Gwinner, 2011).

Exhumation of the area since late Cretaceous was strongly asymmetric: In the south, rocks that were
situated about 2000m below the basement-cover unconformity are exposed, while in the north, the
exposed stratigraphic depth is about 100 m above the unconformity (Rupf and Nitsch, 2008; Geyer
and Gwinner, 2011; Fig. 2). A large displacement fault exists in the Elztal area, which is responsible
for the observation, that hydrothermal veins exposed at the surface now vary in their formation depth
from several 100 meters in the northern to more than 2.5 km in the southern Schwarzwald (Staude et
al., 2010; 2011; 2012; Walter et al., 2015a). Therefore, hydrothermal veins that formed at the same
time but at different stratigraphic depth are presently exposed in the Schwarzwald, which makes this
region particularly suited for studying fluid composition changes with depth. Associated with the late
Upper Rhinegraben rifting, Paleogene sediments of up to 4000 m thickness occur in the Upper

Rhinegraben, including Oligocene halite-bearing evaporites (Stober & Bucher, 2014).

2.2. Previous studies of ore-forming processes in the Schwarzwald

More than 1000 mineralized hydrothermal veins are documented in the Schwarzwald mining district
(Metz et al., 1957; Bliedner & Martin, 1986; Staude et al., 2009; Markl 2015). They consist
dominantly of barite, fluorite, quartz and carbonates besides base and precious metal oxides, sulfides
and arsenides (Fe-Mn, Cu-Pb-Zn and Ag-Bi-Co-Ni-U). Five maxima of hydrothermal vein formation
are known, comprising late-Carboniferous quartz-tourmaline veins, Permian quartz veins with rare Sb
mineralizations, Triassic-Jurassic quartz-hematite veins, Jurassic-Cretaceous fluorite-barite-quartz-
carbonate veins with Pb-Zn-Cu, Fe-Mn and rare Ag-Bi-Co-Ni-U ores, and post-Cretaceous quartz-

barite-fluorite or carbonate veins with Pb-Zn-Cu-(As) ores (Staude et al., 2012; Pfaff et al., 2009,
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Walter et al., 2016).

Abundant ore formation occurred over the Jurassic-Cretaceous period in an extensional setting related
to the break-up of the North Atlantic (Staude et al., 2009). During this time, the sedimentary stack was
mostly undisturbed (in contrast to the geological situation during the Paleogene related to the Upper
Rhine Graben rifting). Numerous previous studies provide evidence that the observed fluid inclusion
composition found in these veins can be explained by mixing of a metal-rich basement brine and a
metal-poor halite dissolution brine (Staude et al., 2009, 2010, 2011, 2012a, 2012b, Strébele et al.,
2012, Pfaff et al., 2011; Walter et al., 2015, 2016). The asymmetric exhumation of the crystalline
basement (see above) enables a direct comparison of Jurassic-Cretaceous hydrothermal veins from
different crustal levels. Although the large-scale Jurassic topography is assumed to have been flat,
exact depth estimations are not possible because the topography probably varied locally, as did the
absolute amount of exhumation. Therefore, the difference in stratigraphic depth of formation we are
referring to is only of a qualitative to semi-quantitative nature.

For many ore districts, hydrogeological models contradict geochemical models (e.g. Boiron et al.,
2010; Kendrick et al., 2011), since the emplacement of a meteoric fluid to great depths followed by
mixing with a second fluid on its ascent is difficult to explain from a hydrogeological point of view
(e.g. to bring down fluids with similar high salinity or density is not possible by gravity-driven
infiltration, Bons et al., 2014 and references therein). The major driving force for vertical fluid flow is
assumed to be the consumption of water at depth due to alteration of primary minerals (Stober &
Bucher 2004).

For the Jurassic-Cretaceous hydrothermal veins of the Schwarzwald district, however, a
hydrogeological mixing model, which is in agreement with geochemical (e.g. Cl/Br-mass ratios,
salinity, formation temperature) and hydrogeological observations (e.g. hydraulic fracturing) is
available (Stober & Bucher, 2004; Bons et al., 2014; Walter et al., 2016). Compositional and isotope
data for Jurassic-Cretaceous fluid inclusions confirm binary mixing between a basement brine and a
sedimentary formation fluid (Pfaff et al., 2010, 2011; Staude et al., 2009; 2010a, 2010b, 2011, 2012a,
Strobele et al., 2012; FuBBwinkel et al., 2013; Walter et al., 2015, Walter et al., 2016). The basement

brine is typically highly saline (22+2 wt% NaCl+CaCl,) and metal-rich (Zn, Pb) with a ClI/Br below
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150 (FuBwinkel et al., 2013, Walter et al., 2016). The sedimentary fluid is equally saline but less
metal-rich and partly exhibits high Cl/Br-ratios (up to 10.000), indicating the dissolution of halite
(Stober and Bucher, 1999; 2014; Stober 2014, Walter et al., 2016). The only possibility for developing
such high CI/Br-fluids during the Jurassic was interaction with Triassic evaporites, since at that time
the southern margin of the marine evaporate-bearing Zechstein facies ended in the very northern part

of the Schwarzwald (Geyer & Gwinner, 2011 and references therein).

3. Sample material

Samples with centimetre-sized euhedral crystals of fluorite, barite, quartz and carbonates were selected
based on the following criteria: (1) veins that formed unambiguously during the Jurassic-Cretaceous
(based on structural, chemical and age-dating arguments, see details in Pfaff et al., 2011 and Walter et
al., 2016), (2) abundant gangue minerals with homogeneous fluid inclusions of high salinity (22-28
wt.% NaCl+CaCl;) with a maximal variance of +2 wt.% salinity (NaCl+CaCl;) within a given sample
and (3) no detectable overprint by post-Cretaceous low- to high-salinity fluids (see Staude et al., 2009,
2010, 2011, 2012a, b, Walter et al., 2015, 2016). Samples, which did not meet criterion (3) were
excluded, since an overprint by post-Cretaceous fluids, which interacted with Oligocene halite in the
Upper Rhinegraben, possibly would have distorted the Jurassic Cl/Br-signature (see Stober & Bucher,
1999, Walter et al., 2015, 2016). Samples from the Paleogene MVT deposit at Wiesloch are an
exception, since they are younger than the Jurassic veins, but they are still older than the Oligocene
salt deposits related to the Rhinegraben rift (Pfaff et al., 2010; Geyer and Gwinner, 2011). Therefore,
they formed under undisturbed hydrogeological conditions and show CI/Br systematics almost similar
to the Jurassic veins.

Only gangue minerals (crystals up to 4cm) without visible impurities were analysed to minimize
potential contamination. For Jurassic hydrothermal veins, which consist of more than one gangue
mineral, several co-genetic gangue minerals (quartz, barite, fluorite or calcite) of the same vein were
analysed whenever possible.

In most of the veins, silicification of the host rock pre-dates the formation of hydrothermal veins. On

the top of these silicified selvages, coarse-grained fluorite and/or barite precipitated. In many veins,
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this stage was followed by the formation of clear, euhedral, coarse-grained quartz. There are
significant differences in vein mineralogy correlating with the geographic and stratigraphic position of
the respective veins. Veins from the northern Schwarzwald are either barite-quartz or fluorite-barite
veins with Cu-Bi mineralization, veins from the central Schwarzwald are fluoritet+barite-(carbonate-
quartz) veins with Pb-Zn, Fe-Mn or U-Bi-Co-Ni mineralizations, and veins from the southern

Schwarzwald are fluorite-quartz-barite veins with Pb-Zn ores.

4. Analytical procedure

Samples from 51 veins from the northern, central and southern Schwarzwald (Fig. 1) were analysed by
microthermometry (in fluorite, quartz and carbonate) and 84 samples (fluorite, quartz, carbonate and
barite) were crushed and leached and subsequently analysed by a combination of ion chromatography
(IC) and total reflection X-ray fluorescence (TXRF). When possible, several samples of one vein were
analysed in order to avoid possible nugget effects and to check the reproducibility of the results. In
total of 188 crush-leach analyses were performed. For most samples, new heating-freezing
experiments were done to characterize the fluid inclusions, but the dataset also includes 20 samples,
for which microthermometric and crush-leach data already existed from former studies (Staude et al.,

2012; Walter et al., 2015, 2016). The complete dataset is given in the electronic supplement.

4.1 Microthermometry

Cross sections through each hydrothermal vein (perpendicular to the longitudinal extent of the veins)
with up to three double polished thick sections (200 to 400um) were produced and the chronological
sequence of fluid inclusions (fluid inclusion assemblages, FIA, Goldstein and Reynolds, 1994) was
determined by optical microscopy. Fluid inclusions were classified as primary (p), pseudo-secondary
(ps), secondary (s), isolated inclusions (iso) and clusters of inclusions with no geometrical relation to
former crystal surfaces or fractures (c). Microthermometric investigations were performed using a
Linkam stage (model THMS 600). Each fluid inclusion was analysed three times for its final melting
temperature of ice (Tm,icc) and hydrohalite (Tmun) and its homogenization temperature (Ty). Synthetic

H,0O, H,0O-NaCl and H,O-CO, standards were used for calibration and only fluid inclusions for which
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triple analyses differ less than 0.1°C for Tm,ce and Tmnn and 1°C for Ty were used for interpretation.
Fluid inclusion trails with strong deviation in salinity (> £2wt.% NaCl + CaCl,) and homogenization
temperature (> £10°C) within a homogeneous trail were neglected, since this indicates fluid inclusion
alteration by post-entrapment processes. The salinity in the ternary NaCl-CaCl,-H,O system was
calculated according to Steele-Maclnnes et al. (2011). For each fluid inclusion the degree of filling
was estimated based on filling degree tables (Shepherd et al., 1985; Bakker and Diamond, 2006). A
pressure correction (Bodnar and Vityk, 1994) was applied assuming hydrostatic conditions with a
depth of the water column inferred from the paleo-depth estimated by (Geyer and Gwinner, 2011).
Uncertainties of this approach are discussed in Walter et al. (2015). Since the salinity for the Jurassic-
Cretaceous fluid inclusions of the Schwarzwald is invariably high, pressure corrections have only
minor effects on the homogenization temperature. As microthermometry of fluid inclusions in barite is
difficult because fluid inclusions are often destroyed during freezing, data obtained from fluid
inclusion in barite were only used for calculating salinities in cases where the data agreed with data
from quartz, fluorite or calcite of the same or a related vein and were excluded from Ca/(Ca+Na)-

calculations.

4.2 Major, minor and trace element composition of fluid inclusions

From 188 samples that contained only one fluid type (as determined by microthermometry prior to
crush-leach analysis), about 2g of fluorite, quartz, calcite or barite (grain size of 0.5 to 1 mm) were
handpicked to avoid visible impurities. These separates were first washed for 3 hours in HNOs at 60-
70°C (the carbonates were washed in Milli-Q water only) and subsequently washed for one week with
ultrapure water, changing the water twice a day. These samples were then dried and crushed in an
agate mortar. Subsequently, 10 ml ultrapure water was added, which was acidified with suprapure
HNO; to suppress adsorption of doubly-charged cations (especially Ca?"; Kohler et al., 2009). The
loaded solutions were injected into a Dionex ICS 1000 ion chromatography systems, equipped with an
IonPac AS 9-HC 2mm column for quantification of anions (F, Cl, Br, NO3;, PO4 and SO,) and an
IonPac CS 12-A column for cations (Li, Na, K, Mg, Ca, Ba, Sr). For injection of the solutions, we

used disposable syringe filters CROMAFILE® Xtra RC-20/25 and CROMAFILE® Xtra PVDF-20/25



253
254
255
256
257
258
259
260
261
262
263
264
265
266
267
268
269
270
271
272
273
274
275
276
277
278
279

280

for anions and cations, respectively (Ladenburger 2012, and Ladenburger et al., 2012). Blank runs
were carried out before and after each analysis and defined standard solutions were regularly analyses
to monitor the reproducibility and precision of the measurements. Uncertainties were usually smaller
than 15% and effective detection limits were generally <10 mg/l. Absolute concentrations were
calculated based on the salinity determined by microthermometry using Cl as internal standard.

The concentrations of several trace metals (Mn, Fe, Co, Ni, Cu, Zn, As, Se, Rb, Y, W, Tl, Pb, Bi, Th
and U were determined by TXRF using a S2 PICOFOX (Bruker AXS Microanalysis) equipped with a
Mo-tube operated with a 50 kV and 600pA. Each 1 ml of the crush-leach solutions (see above) were
centrifuged and filtered. Subsequently, each 190 pl of the solutions were mixed with 10 ul Ga solution
with a Ga concentration of 5 mg/l. Three aliquots (10ul) were pipetted onto polished quartz-glass disks
and dried at 70°C. The dried sample cakes were then analysed for 1000 s. The effective detection
limits for trace metals in the recalculated fluid are in the order of 10-50 mg/l, depending on the
dilution factor of the analysed solution. Absolute metal concentrations were obtained by normalizing

the measured values to the CI concentrations determined by microthermometry.

4.3 Analytical uncertainties

Quartz, barite, calcite and fluorite were used for crush-leach analyses. A contamination of the
leachates by dissolution of host minerals is potentially relevant for fluorite (Ca, F), calcite (Ca, Mg)
and barite (Ba, Sr, SO4). The complete dataset in the electronic supplement includes these elements,
but their concentrations in the respective inclusions were excluded from interpretation. Many of our
crush-leach solutions contain dissolved carbonate from fluid inclusions (as indicated by the presence
of CO; based on Raman spectroscopy) and we assume that the positive deviations from electrical
neutrality can be ascribed to carbonate species, as has been done before (e.g. Bottrell et al., 1988;
Channer and Spooner, 1991; Banks et al., 2000; Dolnischek et al. 2014). This has, however, no impact
on the reliability of Cl and Br data in the crush-leach analyses and especially not on the CI/Br mass-
ratios, nor on the quality of the microthermometric data (Ca-Na variations, salinity or homogenization
temperatures).

Crush-leach solutions were carefully filtered and centrifuged before analysis to exclude potential
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contamination because of suspended particles of ore minerals. Some analyses revealed very high metal
contents (up to about 55000 mg/l Pb and 52000 mg/l Cu). To evaluate the validity of these analyses
we performed calculations using Geochemists Workbench Version 10.0.2. Using the compositions of
BW163 and STD2 (table 2 of the electronic supplement), at neutral pH, fO of sulfide stability and
150°C the model shows that these high Pb and Cu concentrations are still well below the saturation of

Pb and Cu minerals in these particular solutions (0.7 mol/l Pb (~145 g/1) and 10 mol/l Cu (~635 g/l).

5. Results

We focus our presentation here on the microthermometric data and important element ratios (molar
Ca/(Na+Ca)-; Cl/Br- and Pb/Zn-mass ratios). The recalculated fluid compositions are given in tables 1
and 2, the complete dataset is available as electronic supplement. All investigated fluid inclusions
exhibit high salinities (18-28 wt.% NaCl+CaCl,) with homogenization temperatures (Tx) between 50
and 192°C (Fig. 3A-C; Table 2 of the electronic supplement). Freezing temperatures vary between -70
and -100°C. First melting occurs above -50°C implying a ternary NaCl-CaCl,-H,O system with a
eutectic temperature at -52.0°C, and ice and hydrohalite as last-melting phases. The final melting
temperature of ice is in the range of -9.4° to -36.9°C, of hydrohalite between -2.3° to -50.9°C. The
molar Ca/(Ca+Na)-ratios were calculated according to Steele-Maclnnis et al. (2011) and range from
0.1 to 0.9 (Fig. 3A, D, E, F & G). In a given fluid inclusion trail, salinity and Ty do not significantly
vary between individual fluid inclusions, but can vary between different trails within one sample. In
the following, we present our data sorted by geographical and stratigraphic position in the basement,

starting with the lowermost veins of the southern Schwarzwald.

5.1 Southern Schwarzwald (veins up to 2km below the basement-cover unconformity)

The Jurassic-Cretaceous veins of the southern Schwarzwald show salinities of 18-26 wt.%
(NaCl+CaCl,). The Cl/Br-ratios are variable (33+7 to 1139+228) and molar Ca/(Na+Ca)-ratios range
between 0.09 and 0.4. Homogenization temperatures range from 77 to 198°C (weighted average of

140°C), (Pb + Zn) contents reach 56.000 mg/1 (Fig. 4) .
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5.2 Central Schwarzwald (veins close to the basement-cover unconformity)

The Jurassic-Cretaceous veins of the central Schwarzwald show higher salinities than those of the
southern Schwarzwald of 23-27 wt.% (NaCl+CaCl,). The Cl/Br ratios show relatively small variations
(3747 to 133+27) with a weighted average around 90. The Ca/(Na+Ca)-ratios range between 0.21 and
0.89, in average higher than those from southern Schwarzwald fluids (Fig. 3A, B C and F).
Homogenization temperatures range from 59-159°C (weighted average of 120°C), maximum (Pb +Zn)

contents reach 20.000 mg/1 (Fig. 4) .

5.3 Northern Schwarzwald and Wiesloch MVT deposit (veins above the basement-cover unconformity)
Two fluid types are observed in the northern Schwarzwald (Fig. 3A, C & F): the first one shows the
highest salinities (up to 27 wt.% NaCl+CaCl,) with Ca/(Na+Ca)-ratios of 0.24-0.43, Cl/Br-mass-ratios
of 56£11 to 89+18, very similar to fluids observed in central Schwarzwald veins (see above). The fluid
inclusions show homogenization temperatures of 50 to 148°C. The second fluid type exhibits lower
salinities (20-24 wt.%. NaCl+CacCl,), variable Cl/Br-ratios (125£25 to 340+68, Pfaff et al., 2010) and
lower Ca/(Na+Ca)-ratios (0.08-0.21), similar to the fluid observed in southern Schwarzwald veins.
Homogenization temperatures range from 60-136°C (weighted average of 110°C), maximum (Pb +

Zn) contents reach 6.800 mg/1.

6. Discussion

6.1. Ca-Na and CI-Br variations

Although the fluid chemistry of Jurassic-Cretaceous hydrothermal veins (Fig. 3A-H) shows large
overlaps, it correlates with geographic/stratigraphic position and can be divided into three groups:
Hydrothermal veins in the northern and central Schwarzwald, which are at present exposed at the
surface, occur in sedimentary and basement rocks few hundred meters above and below the basement-
cover unconformity, while in the southern Schwarzwald they are hosted exclusively by crystalline
basement rocks far below (>2000 m) the unconformity. Hence, the classification into the three groups
(southern, central and northern Schwarzwald) is analogous to deep, intermediate and shallow

formation depth (Fig. 2). However, because of uncertainties in absolute overburden thickness, the
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division into the three groups is of qualitative rather than quantitative character and no absolute
overburden values can be derived.

Mixing models based on microthermometry, LA-ICPMS analyses of single fluid inclusions, stable and
radiogenic isotopes and trace element contents of fahlore and sphalerite (Pfaff et al., 2011; Staude et
al., 2012; Fusswinkel et al. 2013) imply that the fraction of sedimentary fluid involved in the
formation of a specific mineralization is higher in the central and northern Schwarzwald (where the
veins are in proximity to the evaporite-bearing Muschelkalk aquifer) than in the south (where the veins
are >2 km below the Muschelkalk aquifer; Pfaff et al., 2011; Staude et al., 2009; 2010b; 2011a; 2012a;
2012b; Strobele et al. 2012; Walter et al. 2015). However, the distribution of Cl/Br-ratios implies that
other factors than the stratigraphic depth of formation control the CI/Br ratio. While high Cl/Br-ratios
(Figs. 3G & H) above the sea water ratio (288) occur in the northern Schwarzwald (including the post-
Cretaceous Wiesloch MVT deposit), veins from the central Schwarzwald have Cl/Br-ratios of 90 + 30,
typical of basement fluids that did not dissolve halite (Frape and Fritz, 1987; Banks et al., 2000b;
Stober and Bucher, 2004; Yardley, 2005). On the other hand, veins from the deepest stratigraphic
levels in the southern Schwarzwald show again variable Cl/Br-ratios above the sea water ratio (up to
1140), possibly indicating the influence of a halite-bearing aquifer in the sedimentary cover (Fig. 3H).
The observed Cl/Br-variations can be explained using paleo-topography models for the Permian and
Triassic when a topographic high existed in the central Schwarzwald area and halite-bearing
evaporites were deposited north, south and east of it. Evaporites in the central Schwarzwald, however,
did not significantly exceed the anhydrite stage (Fig. 5; Ziegler, 1990; Hansch & Simon, 2003; Rupf
and Nitsch, 2008; Geyer and Gwinner, 2011). Thus, in contrast to the north and the south, the
sedimentary fluid in the central Schwarzwald appears to have never interacted with a halite-bearing
aquifer. This is in good agreement with elevated slightly higher mole Ca/(Ca+Na)-ratios and
invariably low Cl/Br-mass-ratios for fluids in the central Schwarzwald fluid inclusions (Figs. 3A, D,
E, F, G & 5). In contrast, the sedimentary fluids in the north and south interacted with halite and as a
consequence, fluid inclusions exhibit variable CI/Br (33 to 1139) and relatively lower Ca/(Ca+Na)-
mole ratios of 0.1-0.4 (Figs. 3A, D, E, F, G & 6). In addition to the high Ca/(Ca+Na)- and low Cl/Br-

ratios, hydrothermal fluid inclusion data from the central Schwarzwald show elevated SO4 contents for
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numerous samples (Fig. 7A & B), for those data an analytical bias can be excluded. We suggest that
this is because the sedimentary fluid involved in hydrothermal vein formation interacted with
anhydrite/gypsum-bearing sediments (Fig. 7C). Sulphide oxidation can be excluded as a dominant
source for the observed SO4> concentration, since these sulphate-rich fluid inclusions are restricted to
the central Schwarzwald: sulphide oxidation would have affected also fluids in the northern and
southern Schwarzwald, since sulphides are present everywhere in the crystalline basement rocks

As a consequence, it can be assumed that the emanation of the bittern brines (in early Triassic times)
was restricted to the north and the south (where halite precipitated). There, the basin was apparently
deeper (Fig. 6), since bittern brines only form as a result of halite precipitation (see seawater
evaporation line in Fig. 6 in Walter et al., 2016). Therefore, the bittern brine with the inherited low
Cl/Br-ratio had to percolate a significantly longer distance (vertically and laterally) through the
crystalline basement to the central Schwarzwald, compared to the north and south.

We assume that the downward migrating fluid (bittern brine or sedimentary fluid) did not significantly
mix with other fluids at shallow crustal levels, since the high fracture density and the occurrence of
large scale fracture zones enables a fast downward movement in the uppermost part of the crust.
Reaching deeper crustal levels, fast vertical fluid movement is promoted by fracture orientation, which
is preferably vertical (Brown and Hoek, 1978). With increasing depth, the abundance of well-
developed fracture networks decreases, favouring lateral dissemination of fluids, which benefits a
stratification of fluid in deeper parts of the brittle crust (Fig. 6A). The general driving force for large
scale vertical fluid movements are most likely desiccation processes caused by the consumption of
H,O during mineral alteration at depth as described by Stober and Bucher 2004 and Bons et al. 2014.
Using the hydraulic conductivity given by Stober and Bucher (2007), average flow velocities around
10 and 10" m/s (in granite and gneiss, respectively) can be assumed in 4 km depth. A rough estimate
of the time that bittern brines need to travel from the surface (north and south) to a depth of 10 km
(depth slightly above of brittle-ductile transition) in the central Schwarzwald results in 1000 — 100.000
years. Taking into account that the hydraulic conductivity further decreases at depths below 4 km,
using an extremely low average fluid velocity of 107'° m/s over the entire rock column, the travel time

still does not exceed 9 Ma. This calculation shows that there was sufficient time between the
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formation and downward migration of bittern brines during evaporite formation in the Triassic and the
first occurrence of basement brines with low CI/Br involved in Jurassic vein formation (Walter et al.,

2016).

6.2 Salinity variations

In addition to variations in their major element composition, the fluid salinities of the northern, central
and southern Schwarzwald veins are quite variable including large overlaps (Figs. 3A, B, C & F).
Based on the observation that the amount of sedimentary fluid involved in vein formation decreases
from north to south, one could expect a gradual increase in the salinity (due to the higher proportion of
highly saline basement fluid). This is, however, not the case, since the hydrothermal veins in the
southern Schwarzwald show lower salinities (Fig. 3C) than those observed in the northern and central
Schwarzwald. According to Bons et al. (2014) and Walter et al. (2016), a layer of a late-metamorphic,
low-salinity fluid with low CI/Br (initially formed during the Permian) was situated below the highly
saline basement brine, since this fluid migrated into the basement before the late Triassic bittern brine
arrived. This fluid did not mix substantially with the modified bittern brine and therefore the former
fluid stratification was preserved (Bons et al., 2014). Since the hydrothermal veins in the southern
Schwarzwald formed at greater stratigraphic depths, it is likely that these hydrothermal veins
incorporated fluid batches of basement fluids, which include relatively small amounts of late-
metamorphic fluids situated below the Jurassic basement brine (Bons et al. 2014). The involvement of
small amounts of low-salinity metamorphic fluid batches in hydrothermal vein formation might
explain the slightly lower salinity in fluid inclusions from the southern Schwarzwald. This “mixing
from below” (Bons et al., 2014) dilutes the deep-seated brine’s salinity (Fig. 6), while the halogen

signature (low Cl/Br) remains unchanged.

6.3 Minor and trace element variations
Independent from the fluid information from “above”, certain trace elements (especially Pb and Zn) in
the mixed fluid show some mentionable features, which can be compared to results of previous studies

(e.g. Yardley, 2005; Wilkinson et al., 2005a, b, 2009, 2010; Richard et al., 2016, Burisch et al., 2016a,
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b; Walter et al., 2016). Most of the authors furnish evidence for a major metal source in the crystalline
basement (e.g. Banks et al., 2000a, 2002; Boiron et al., 2002; FuBBwinkel et al., 2013; Bons et al.,
2014).

The overall trace element concentrations of fluid inclusions of each district show large variations
including significant overlaps (table 2, ES I, Fig. 4). Reasons for the large spread in their absolute
concentrations are diverse and include local hydrogeological anomalies, precipitation of ore minerals
in deeper parts of the same vein and/or local anomalies of the mixing ratio during ore precipitation.
Trace metals are much more affected by these processes than e.g. Cl and Br, which results in complex
chemical variations. Hence, the large scatter in the most solutes is not surprising. Nevertheless, based
on the maximum and average concentrations of Pb, Zn, (Fig. 4A, B & C) two major features are
recognized: (I) A difference in maximum concentrations of Pb and Zn in the deep basement (southern
Schwarzwald) to much lower maximum values, around the basement-cover unconformity (central
Schwarzwald) (Figs. 4A-C) and (II) variation in the Pb/Zn-ratio with increasing depth of formation
(Fig. 4C).

Field observations (vein and ore mineralogy) confirm a decrease of Pb + Zn mineralization, with
decreasing formation depth (Fig. 4B), advancing the unconformity in the mineralization outcrops.
Breakdown of feldspar and biotite due to interaction between the basement fluid and its surrounding
rock increases the Pb + Zn (Fig. 4A, B & C) in the basement fluid (Wilkinson et al., 2005a, Yardley
2005, Burisch et al., 2016a, b, Walter et al., 2016). Therefore, the maximum (Pb + Zn) content
increases with stratigraphic depth due to advanced reaction times between fluid and rock. Since Pb and
Zn behave geochemically similar (Burisch et al., 2016a), a variation in the Pb/Zn-ratio cannot simply
be explained by water-rock interaction or fractionation processes (see Fig. 4C). If galena precipitated
preferably in deeper veins compared to sphalerite, a fractionation of Pb and Zn would be the
consequence, but no observation supports such a mechanism (Metz et al., 1957). Therefore, we
suggest an additional source of Zn within the sedimentary cover (Fig. 4A). The prime candidate would
be the Muschelkalk, which is one of the Zn-richest lithologies in SW Germany and Zn can easily be
leached out of the carbonate rock (Martin, 2009). Therefore, the decrease in the Pb/Zn-ratio (Fig. 4C)

is most likely an effect of the basement brine’s mixing with an additional Zn-rich, Pb-depleted
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sedimentary fluid. This is in agreement with the model of Bons et al. (2014) and further supports its
validity, because the fluids derived from the Muschelkalk limestone aquifer in the southern
Schwarzwald (because the Permian is missing and the Buntsandstein pinches out towards the south)
should be the main constituent of the fluid layer right above the “basement brine” in the stratified fluid

section during the Jurassic-Cretaceous in the Schwarzwald.

Conclusion

The combination of literature data with a large set of fluid inclusion compositions from discontinuity-
related hydrothermal veins of different formation depth allowed us to design a model that explains
large-scale lateral and vertical chemical variations. Ore-forming fluids record information about the
sedimentary rocks/aquifers from which they originated. Based on detailed regional geology,
systematic fluid inclusion analyses of hydrothermal veins can in some cases be used to reconstruct
eroded sedimentary units, if there was a recognizable difference in paleo-aquifer chemistry at the time
of formation. Careful investigation of base metal contents in such fluids may allow the identification
of specific fluid sources and a qualitative estimate of mixing ratios can be deduced from such data.
Therefore, base metal variations may have the potential to serve as reservoir tracer in hydrothermal
systems. Trace element differences provide evidence for metal variations governed by the host
aquifers of the fluids involved in mixing processes. The sedimentary fluids are in most cases not the
dominant source of Pb and Zn, but limestone-derived fluids may introduce additional Zn, which has a
significant impact on the Pb/Zn-ratio, but not so much on absolute concentrations in ore-forming

fluids.
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Figure captions
Fig. 1. Geological map of the Schwarzwald mining district (Southwest Germany) with sample
locations. The sample localities 1 to 84 refer to Table 2 in the electronic supplement. Map modified

after Pfaff et al. (2011)

Fig. 2. Schematic profile from northern to southern Schwarzwald illustrating today's outcrop situation
for the hydrothermal veins. Note that asymmetric exhumation of the Schwarzwald caused today vein
outcrops over a stratigraphy of more than 2km. The colour-coding red (northern Schwarzwald), blue

(central Schwarzwald) and green (southern Schwarzwlad) is used in all following figures.

Fig. 3. General Characteristics of the Schwarzwald fluids. (A) Variations in molar Ca/(Na+Ca)-ratio
and salinity based on single fluid inclusions. Weighted average is used to compensate heterogeneous
numbers of fluid inclusions measured in individual samples. (B) Salinity versus uncorrected
homogenization temperatures. Pressure correction for these high salinity fluids is negligible. Note that
southern Schwarzwald fluids show lowest salinities but highest formation temperatures. In contrast,
fluids from the northern Schwarzwald have highest salinities and lowest average temperatures. (C)
Variations in salinities illustrated as boxplots, which show systematic variations (including large
overlaps) with formation depth. (D) Mole Ca versus mole Na content of the fluid. Variations in Ca
contents of the fluids based on microthermometry of individual inclusions. (E) Variation in mole Ca
contents based single fluid inclusion measurements. (F) Mole Ca/(Na+Ca)-ratio of the fluid versus
salinity.. (G) CI/Br (crush leach) versus Ca content (microthermometry) of the fluid. Note correlation
of the southern and northern Schwarzwald in C1/Br. (H) log Cl versus log Br plot. Note analyses of the
southern and northern Schwarzwald fall on a mixing line between a bittern brine and a halite

dissolution brine.

Fig. 4. (A) Distribution of Pb and Zn contents in context of the geographic position and stratigraphic
depth. The combination of Pb and Zn in the right diagram illustrates their similar behaviour in the

hydrothermal fluid. (B) Pb +Zn (assumed to be derived from crystalline basement rocks) as boxplots.
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Note variation with formation depth. Southern Schwarzwald shows the highest Pb + Zn content in the
fluid. (C) Pb/Zn-mass-ratio as boxplot. Highest Pb/Zn-mass-ratio can be recognized in the southern

Schwarzwald.

Fig. 5. Paleo-distribution of Middle-Triassic halite sequence above the today eroded basement
complex of the Schwarzwald (Map is based on Hansch & Simon (2003) and Geyer and Gwinner
(2011, and references therein). Isopaches are lines of the same thickness. Furthermore the map shows
the paleo-topographic features. Development of the paleo heights and depressions can be recognized
since Carboniferous and Permian times. Note correlation of veins with CI/Br ratios (black dots) with
the paleo-occurrence of halite. Furthermore the veins below the paleo heights of the Muschelkalk

where no halite was deposited show depleted Cl/Br ratios around 90.

Fig. 6. Formation model for the Jurassic-Cretaceous veins adopted from Walter et al. (2016) (A)
during Middle Triassic halite deposition in the depressions a bittern brine migrate downwards in the
basement and formed a fluid stratified section with the older metamorphic fluid. (B) In depressions
(with halite sequences) of the Middle-Late Triassic a halite dissolution brine descends by a hydraulic
head (Bons et al., 2014) that is triggered by desiccation processes in the crystalline basement. On
topographic heights of the central Schwarzwald sulfate/carbonate dissolution brines migrate
downwards. These younger late Triassic fluids formed a fluid stratified section with the older bittern
brine and the deeper-seated late metamorphic fluid. (C) During Jurassic-Cretaceous pathways were
opened and the fluids of the fluid stratified section ascend and mix in hydrofractures and the

hydrothermal veins (red ore body) were precipitated.

Fig. 7. (A) CI/Br versus SOs (crush leach data). Note high CI/Br in the southern and northern
Schwarzwald and high SO, in the central Schwarzwald for some of the samples. (B) SO4 content of the
placofluids illustrated as boxplots. Only calcite, quartz and fluorite samples are used. (C) plot

illustrates three component mixing in the fluid inclusions. References noted: ' FuBwinkel et al., 2013, *

Gob et al., 2013
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Multi-reservoir fluid mixing processes in rift-related hydrothermal vein-type deposits

Benjamin F. Walter, Mathias Burisch, Tobias Fusswinkel, Michael A.W. Marks, Markus Wille,

Christoph Heinrich, Olga B. Apukhtina, Gregor Markl

Abstract

Fluid mixing is an important process during the formation of many hydrothermal vein-type deposits.
In this contribution, we present evidence for hydrothermal fluid systems and associated mineralization,
in which mineral precipitation is initiated by fluid mixing of more than two fluids. A well investigated
natural laboratory, the Schwarzwald mining district (situated at the eastern shoulder of the post-
Cretaceous Rhinegraben failed rift in SW Germany), has been chosen to investigate such mixing
processes on the scale of a large mining district, a single location and a single growth zone within one
sample. Based on our observations, we relate the observed diversity of the hydrothermal veins in terms
of mineralogy and fluid inclusion chemistry to the disturbed geological environment during ongoing
rifting. Literature data on the regional geology, current groundwater reservoirs, formation processes
and hydraulic features are augmented by new fluid inclusion analyses from post-Cretaceous,
hydrothermal vein minerals including microthermometry, crush leach (IC and TXRF), Microraman
and LA-ICPMS data of single fluid inclusions.

Fluid petrography and microthermometry show complex sequences of alternating fluid signatures on
different growth zones of one crystal. High (20-26 wt. % NaCl+CaCl,), moderate (5-20 wt. %
NaCl+CaCly) and low salinity (<5 wt. % NaCl+CaCl,), sulfate-bearing and CO,-bearing primary
fluids inclusions may alternate on various growth zones of one single crystal. Such variations are
observed abundantly in minerals from different localities. Bulk crush leach analyses show significant
variations in major element composition of the trapped fluids, which can generally be described in the
Na-K-Ca-Cl-SO,-HCOs;-system. These variations are caused by mixing of fluids from different
aquifers and in various proportions. Ancient fluids show chemical similarities to modern groundwater

aquifers such as granitic basement, Lower Triassic Buntsandstein sandstones or Middle Triassic
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Muschelkalk limestones, which can be directly sampled in today’s wells. Single fluid inclusion
investigations by LA-ICPMS support this interpretation and show multi-component fluid mixing
processes on the scale of single localities and even on the scale of single crystal growth zones. The
latter can be used to calculate a maximum duration of mineral growth (before the fluid is
homogenized), which implies very short-lived fluid events on the order of seconds to hours.

By defining end member reservoirs, mixing of different fluid signatures in various ratios was
calculated; these hydro-chemical calculations show that almost all mixed fluid compositions are
saturated with respect to barite. In contrast, fluorite-saturated fluids can only be modelled by mixing of
a basement brine with fluids from Triassic sandstone. All fluid mixtures are strongly undersaturated
with respect to galena, chalcopyrite and sphalerite, the most commonly observed ore minerals in the
hydrothermal veins. As the calculated fluid mixtures are typically relatively oxidized and contain high
sulfate/sufide ratios, precipitation of sulfides was most probably related to short-lived reduction events
caused by an influx of hydrocarbons or by reactions with graphitic wall rocks.

Structurally, multi-aquifer fluid mixing processes involving aquifers of different chemical and
physical constitution are triggered by a major “short-circuit” such as a tectonic rifting event. The
Rhinegraben obviously was able to act as such a trigger and thereby initiated the formation of a large

number of mineralogically diverse hydrothermal ore deposits.

1. Introduction

The chemical and hydraulic properties of fluids causing the formation of unconformity-related
hydrothermal vein-type (specifically base-metal) ore deposits are key parameters to understand the
genesis of these systems. Most studies related to this are based on a combination of microthermometry
(Wilkinson, 2010), stable and radiogenic isotopes (Bau et al., 2003; Kessen et al., 1981; Shouakar-
Stash et al., 2007; Staude et al., 2011b; Wilkinson et al., 2005), trace element studies of fluids and
gangue (Fusswinkel et al., 2013; Pfaff et al., 2011) or paleo-hydrological modelling (Garven et al.,
1999). Examples include the Alaskan Brooke Range (Leach et al., 2004), the South East Basin in
France (Aquilina et al., 2011), the Irish Midlands (Banks et al., 2002), the Massif Central in France,

the Maestrat basin and the Catalan Coastal Ranges in Spain and Upper Silesia in Poland (Boiron et al.,
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2010), the St. Lawrence rift in Canada (Carignan et al., 1997) and the Otavi Mountainland in Namibia
(Deane, 1995). Numerous workers concluded, that fluid mixing typically takes place between hot,
deep-seated fluids from the crystalline basement, and cooler, sediment-derived fluids from the
overburden sequence (e.g. Staude et al., 2009, 2012, Wilkinson, 2010, Fusswinkel et al., 2013, 2014a,
Bons et al., 2014, Walter et al., 2015). Most authors agree that dominantly metals are transported by
basement brines or deep-seated basinal fluids (Fusswinkel et al., 2013; Boiron et al., 2010) and it is
this mid-crustal metal-rich fluid most contributions focus on. However, the simplified model of a two-
component mixing system can only be applied to geological environments where the two reservoirs
are spatially separated, which is often an oversimplified assumption not able to explain the diversity of
fluid compositions and mineral assemblages in hydrothermal veins related to rift systems or large scale
lineaments (e.g. Yukon Territory, Rio Grande Rift, Illinois, Nova Scotia, Newfoundland, Sardinia
(Van Alstine, 1976)). All these examples share the similarity that more than two aquifers with
different chemical properties were involved during vein formation. It is typical of such districts, that
veins of different gangue and ore mineral associations are observed within a relatively small area (e.g.
Bjorlykke et al., 1990; Van Alstine, 1976).

The same holds true for the Schwarzwald mining district (SW Germany) bordered by the post-
Cretaceous Rhinegraben rift, where mineralogically diverse hydrothermal veins occur along and in the
vicinity (up to 50 km) of the graben boundary fault (e.g. Metz et al., 1957, Bliedner & Martin, 1986;
Baatartsogt et al., 2007; Staude et al., 2009). These veins occur in various types of sedimentary and
basement host rocks brought into contact with each other during rifting. This work focuses on the
following aspects:

* An integrated study on ore-forming fluids using microthermometry, crush-leach, TXRF and
LA-ICPMS analyses on various types of post-Cretaceous mineralizations across the entire
mining district.

* The geochemical characterization of possible source aquifers and their connection to modern
formation fluids.

* The links between the wvarious fluid sources/aquifers and the different types of

mineralizations.
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* The details of mixing on the scale of a mining district, a single locality and a single crystal.

The samples for this study were carefully chosen based on a large dataset on hundreds of samples
from the Schwarzwald mining district investigated over the last ten years. These data include
microthermometry, major, minor and trace element compositions of gangue, ore and supergene
minerals, age-dating, stable isotope data, paleo-hydrological modelling and studies on modern thermal
and mineral waters (e.g., Baatartsogt et al., 2006; 2007; Bons et al., 2014; Fusswinkel et al., 2013; G6b
et al., 2011; 2013; Loges et al., 2012; Markl et al., 2006; Pfaff et al., 2009; 2010; 2011; Schwinn and
Markl, 2006; Schwinn et al., 2006; Staude et al., 2007; 2009; 2010a, b; 2011; 2012a + b; Strobele et
al., 2012). The well-known geology of the region (Geyer and Gwinner, 2011; Ziegler, 1990) and
numerous studies on modern water chemistry and hydraulic properties of the different aquifers (Stober
and Bucher, 1999a, 1999b, 1999¢, 2000, 2004, 2005a, 2005b, 2007; Stober et al., 1999, He et al.,
1999, Bucher et al., 2009; Bucher and Stober, 2000, 2002, 2010, Ludwig et al., 2011, Stober 2011)
make this region an ideal one for the present study. It is important to note that the Upper Rhinegraben
rift is still tectonically active and >20 thermal and mineral wells occur along the boundary faults and
in their vicinity (G6b et al., 2013).

The sedimentary rocks present on top of the partially eroded basement and along the graben shoulders
are the same as during the onset of rifting in the Paleogene. Hence, it appears reasonable to assume
that today’s groundwater compositions have at least some similarities to those which formed the
hydrothermal veins since the onset of rifting during the Paleogene. For some of the aquifers
(basement, Muschelkalk limestones), this similarity in terms of salinity, Cl/Br ratios and major and
minor element composition has been shown in Walter et al. (in press, submitted Jura). This approach
thus enables to draw conclusions on ore-forming processes based on the comparison with active water

data.

1.1 Regional geology
The Schwarzwald consists of exhumed Variscan basement gneisses and granites covered by Permian

to Upper Jurassic sedimentary units (Fig. 1). The paragneiss unit locally contains orthogneisses and



113

114

115

116

117

118

119

120

121

122

123

124

125

126

127

128

129

130

131

132

133

134

135

136

137

138

139

140

amphibolites, all of which being intruded by post-collisional S-type granites between 335 and 315 Ma
(Altherr et al., 2000; Hann et al.,, 2003; Kalt et al., 2000; Todt, 1976). During the Rotliegend
(Permian), local basins were filled by redbed arkoses and conglomerates (Geyer and Gwinner, 2011;
Jenkner, 1986; Nitsch and Zedler, 2009). In the early Triassic, quartzitic Buntsandstein units (up to
400 m in the northern and <50 m in the southern Schwarzwald) were deposited, while middle Triassic
(Muschelkalk) limestones and evaporites (halite or gypsum in some facies) reached a thickness of 160-
220 m. The Late Triassic (Keuper) is dominated by clastic sediments and evaporitic units (mainly
gypsum), with a thickness decreasing from about 300 m in the north to <100 m in the south (Geyer
and Gwinner, 2011). About 1000 m of clastic sediments and carbonates were deposited on the shallow
continental Tethys shelf during Jurassic times, including organic-rich shales during the lower Jurassic
(Lias €). No sediments were deposited during the Cretaceous.

During the Paleogene, the commencing rifting of the Upper Rhinegraben resulted in the deposition of
about 400 m of clastic sediments and evaporites (gypsum, anhydrite, dolomite, Na-K-Mg halides) in
the rift valley (Geyer and Gwinner, 2011; Rupf and Nitsch, 2008). The rifting was accompanied by the
uplift of the rift shoulders, associated with erosional exhumation of the crystalline basement. Uplift
and erosion was stronger in the southern relative to the middle and northern Schwarzwald; while in the
middle and northern Schwarzwald, the basement-cover unconformity is preserved to the present day,
the southern Schwarzwald is eroded to a depth of about 1.5-2 km below the former unconformity

(Rupf and Nitsch, 2008).

1.2 Hydrothermal veins in SW Germany

Hydrothermal veins in the Schwarzwald formed in basement rocks and their Permian and Triassic
sedimentary cover since about 300 Ma (Loges et al., 2012; Pfaff et al., 2009; Staude et al., 2009).
Based on structural, mineralogical and microthermometric arguments five formation stages for the
hydrothermal veins are distinguished (Table 1; Walter et al., 2015; 2016: (i) Carboniferous, (ii)
Permian, (ii) Triassic-Jurassic; (iv) Jurassic-Cretaceous and (v) post-Cretaceous veins. This study
deals with the latter group (v) only. These veins formed during Paleogene rifting along Upper

Rhinegraben-parallel NE-SW to NNE-SSW-striking fault systems. They consist of barite-quartz,
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various carbonates with or without barite and quartz or barite-quartz-fluorite assemblages mostly with
Pb ores; less commonly, As, Zn, Cu, Bi and Ni ores are present (Staude et al., 2009; Strobele et al.,
2012; Werner, 1994). The formation of the Wiesloch MV T-deposit at 23 Ma in the paleo-karst of the
Muschelkalk limestones (Pfaff et al., 2010; Strobele et al., 2012) also belongs to this group of

mineralizations (Tables 1 and 2).

1.3 Modern reservoirs and associated fluids

1.3.1 Basement

Data from numerous drill holes and wells indicate that a vertical fluid stratification in the
Schwarzwald basement exists today (Bucher & Stober, 2010): Shallow wells (<1 km depth) produce
weakly mineralized Ca-Na-HCOs; fluids with total chlorinity increasing with depth (<5 wt.%). At
about 3 to 4 km, the fluids change into CO;-bearing Ca-Na-HCO;-SO4-fluids, probably due to host
rock sulfide oxidation. In the transition zone from oxidized to reduced conditions, the sulfate and CO,
content decreases with increasing chlorinity. The deepest fluids probed today (down to about 8 km
depth) are high-salinity Na-Ca-Cl fluids (~20 wt.%) typical of basement brines worldwide. They have,
for example, a CI/Br mass ratio of ~ 90 and are enriched in P and As (Bucher and Stober, 2010;
Edmunds and Savage, 1991; Emmermann et al., 1995; Frape and Fritz, 1987; Frape et al., 1984;
Kohler, 1992; Kozlovsky, 1984; Sanjuan et al., 2010). This fluid stratification is believed to result
from successive infiltration of surface waters into the crust over time (Agemar et al., 2013; Bons et al.,

2014; Walter et al., 2016 and references therein).

1.3.2 Sedimentary cover (Permian-Jurassic)

The different compositions and permeabilities of the various sedimentary cover rocks result in variable
fluid compositions. The aquifer properties are variable: in the crystalline basement (see above), fluid
in the aquifer is migrating over fluid filled fractures, in the Buntsandstein sandstones of matrix
porosity and the Muschelkalk limestone is a karst aquifer (Geyer and Gwinner 2011 and references
therein; Ufrecht 2006).

Fluids from Permian redbeds are typically Na-Ca-(K)-Cl fluids with a maximum TDS (total dissolved

solids) of 124 g/L (Pauwels et al., 1993) with occasional enrichments of Ni, Cd and U (Kd&hler, 1992).
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Lower Triassic (Buntsandstein) formation waters are Na-Ca-HCO;-Cl-(SO,) fluids with a maximum
TDS of 207 g/L and Cl/Br ratios of 165-327 (Pauwels et al., 1993, Ludwig et al., 2011). Elevated Rb
and Cs contents have been reported in fluids of the Buntsandstein formation at Soultz-sous-Forét,
probably related to the dissolution of mica (Aquilina et al. 1997a; Pauwels et al., 1993).

Fluids in the middle Triassic (Muschelkalk) limestone-gypsum-halite formation are quite variable,
depending of the specific sedimentary facies. Those which interacted with the halite formation are Na-
(Ca)-Cl fluids with a TDS up to 246 g/L (Go6b et al., 2013; He et al., 1999) and show high chlorinity
and high CI/Br ratios up to 9900 (Stober and Bucher, 1999). In contrast, those from the dolomite and
gypsum/anhydrite lithologies are Na-Ca-(Mg)-CI-HCO3-SO4 and Ca-Mg-Na-HCO;-SO4-Cl fluids of
low to moderate salinity (6 g/L) and a CI/Br ratio of 25-725 (He et al., 1999; G&b et al., 2013).

Fluids in the upper Triassic (Keuper) clay-, sand- and marlstones are of the Ca-Na-HCO;5-SO4-Cl type
with TDS (£2.5 g/L), CI/Br ratios of 405-533 and local enrichments of B and P (Koéhler et al., 1992;
Gob et al., 2013). The Keuper rocks are of minor importance as aquifers (Stober and Bucher, 2014).
The Lower Jurassic (Lias) clay formation is an aquitard rather than an aquifer, but pore fluids show a
Na-Mg-Ca-CI-SO4 composition (Pearson et al., 2003). The organic-rich Posidonia formation (Lias €)
is internationally recognized as a petroleum source rock (Geyer and Gwinner 2011, and references
therein) and hence, fluids from this stratum may contain abundant methane and higher hydrocarbons.
In and along the Rhinegraben valley, the Middle Jurassic (Dogger, Hauptrogenstein Fe-rich
limestones) contains an important karst aquifer with two different types of fluids: a Na-Ca-Cl and a
Ca-Mg-HCO;-SO4 water (He et al., 1999). Upper Jurassic strata are very rare in the vicinity of the

Rhinegraben and are therefore not considered further here.

1.3.3 Paleogene and Quarternary Sediments in the Upper Rhinegraben

The Tertiary filling of the Upper Rhinegraben mainly consists of limestones and evaporite sequences,
with locally occurring organic-rich shales. Quarternary sediments are mainly gravel. At depth, the
Upper Rhinegraben is underlain by the strata of the former sedimentary cover discussed above (Fig.
2). Hydrothermal sulfates (dominantly anhydrite and gypsum, more rarely barite) derived from more

than 400 m thick sulfate-bearing strata in the rift are common in fractures (Lorenz, 2002) and formed
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from Ca-SOg-rich fluids partially related to gypsum dehydration. Fluids that have interacted with
Oligocene halite are Na-dominated, have a high salinity and high CIl/Br ratios up to 2400 (Stober and
Bucher, 1999). Additionally, fluids which interacted with the 600m thick Oligocene gypsum-
anhydrite-halite-sylvite formation in the graben are expected to have a CaSO4-NaCl-KCl signature
(Borchert, 1959).

In addition, Ca-Mg-HCO3-(SO,) fluids are known from the psephitic graben filling sediments (Geyer
and Gwinner, 2011; Kd&hler, 1992) and oil field brines are known from the organic-rich shales of the
Pechelbronn formation (Otto and Toth, 1988).

Lorenz (2002) showed complex interactions between formation waters, highly mineralized basement
fluids and meteoric waters. Sanjuan et al. (2010) and Lorenz (2002) described a convection system
with a downward flow in the centre and an upward flow at the boundaries of the Rhinegraben. The
major upward fluid flow occurs from the deepest point in the centre of the rift towards the west, which

follows the asymmetric geometry of the rift (Fig. 2; Agemar et al., 2013).

2. Sample material

2.1 Samples used for microthermometry, Raman spectroscopy and crush leach analyses

For this study we analysed all representative (mineralogy, volume, fluid chemistry and structural
position) and accessible post-Cretaceous, Upper Rhinegraben-related veins in the Schwarzwald
mining district (Fig. 3). Their diverse mineralogy (Fig. 4, Table 2) makes it necessary to analyse fluid
inclusions in quartz, carbonates, fluorite and barite. If available, euhedral and clear crystals of
centimeter size and with visible growth zoning were chosen. Samples with macroscopically visible

intergrowths of different gangue and ore minerals were strictly excluded for crush leach analyses.

2.2 Samples used for LA-ICPMS analyses on individual fluid inclusions

To investigate the processes relevant for ore formation on the scale of one deposit, six locations have
been investigated in detail. These six veins are situated in fractures of the Upper Rhinegraben fault
system (SSW-NNE trending). The selected centimetre-sized quartz samples contain primary fluid

inclusions on macroscopically visible growth zones. In four of the six localities these quartz crystals
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represent the youngest precipitates of the paragenetic sequence of the respective deposit, only the
Badenweiler and Bdschlisgrund samples contain fluid inclusions in the ore-stage quartz.

Sample TF35 derives from the Hausbaden mine near Badenweiler (“Quarzriff”), which is a typical
quartz-barite vein with galena and sphalerite located directly on the Rhinegraben boundary fault. Here,
crystalline basement rocks are in direct contact with tilted blocks of Buntsandstein sandstones,
Muschelkalk limestones, and gypsum-bearing Keuper shales.

Two sample of the barren barite-quartz veins from the Tirolergrund and Wurmbach (BO26 and BO92)
were collected about 500m east of the Rhinegraben boundary fault east of Staufen and Ballrechten,
respectively, within a paragneiss basement unit. These veins probably formed around the Triassic-
Jurassic boundary, but show clear evidence for a post-Cretaceous overprint (Walter et al., 2016)

The Karl-August quartz vein (sample BO66) occurs near Kropbach/Miinstertal 2 km east of the
Rhinegraben boundary fault. It follows a granitic dyke in the paragneiss unit and contains massive
sphalerite overgrown by large euhedral quartz crystals.

The Riggenbach and Bdoschlisgrund veins (samples BO29 and BO98) consist of an early quartz-
galena-sphalerite stage followed by later siderite stage with Cu-Ni ores. Young euhedral large quartz
crystals overgrow this paragenetic sequence. The Riggenbach mine is situated in the Miinstertal, about
4 km East of the Rhinegraben boundary fault, while the Boschlisgrund vein crops out northeast of the

town of Sulzburg about 5 km east of the Rhinegraben boundary fault.

3. Methods

3.1 Microthermometry

Microthermometric investigations were performed using a Linkam stage (model THMS 600) at the
Universitédt Tiibingen. Up to three double polished thick sections (200 to 400um) were produced from
a cross-section through each vein to determine the chronological sequence of fluid inclusion
assemblages (FIA, Goldstein and Reynolds, 1994) by optical microscopy. The observed fluid
inclusions were classified as primary (p), pseudo-secondary (ps), secondary (s), isolated inclusions
(iso) and clusters of inclusions with no geometrical relation to former crystal surfaces or fractures (c).

Each fluid inclusion was analysed three times with respect to the final melting temperature of ice
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(Tmice) and hydrohalite (Ty ) and the homogenization temperature (Ty). The data include only fluid
inclusions, for which triple analyses differ less than 0.1°C for Ty, cc and Ty pn and less than 1°C for T,
Synthetic H,O, H,O-NaCl and H,0-CO, standards were used for calibration.

Fluid inclusions strongly deviating in salinity and homogenization temperature from a close-by
homogeneous trail were neglected, since this may indicate fluid inclusion alteration by post-
entrapment processes. The salinity in the ternary SOu-free NaCl-CaCl,-H,O system was calculated
according to Steele-Maclnnes et al. (2011). The volume proportion for each fluid inclusion was
estimated based on filling degree tables and reported in the volume proportion notation (Shepherd et
al., 1985; Bakker and Diamond, 2006). A pressure correction according to Bodnar and Vityk (1994)
was applied, assuming hydrostatic conditions with a depth of the water column inferred from the
paleo-depth estimated by Geyer and Gwinner (2011). Uncertainties of this approach are discussed in
Walter et al. (2015). Since hydrostatic conditions can be assumed and overburden is negligible for the
post-Cretaceous veins of interest, the pressure correction has only minor effects on the
homogenization temperature.

Microthermometry of fluid inclusions in barite is difficult, since they are easily destroyed during
freezing or heating (decrepitation, leakage, necking-down). Consequently, microthermometric data
obtained from fluid inclusions in barite were only used for calculating salinities, if the data agreed
with data of quartz, fluorite or calcite from the same or a closely related vein, and they were

principally excluded from Ca/(Ca+Na) calculations.

3.2 Crush leach analyses

About 2g of fluorite, quartz, calcite or barite with a grain size of 0.5 to 1 mm were handpicked from
155 selected samples for which microthermometric investigations assured that only one fluid type was
present in the respective crystals. Visible impurities were removed and the separates were further
cleaned for 3 hours in HNOj at 60-70°C (the carbonate samples being cleaned in MilliQ water only).
Subsequently, the samples were washed for one week with MilliQ water, changing the water twice a
day. These pre-treated samples were dried, crushed to fine powder in an agate mortar and 10 ml

MilliQ water were added. To suppress the adsorption of doubly-charged cations (especially Ca®"),
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crush leach solutions were acidified with 10 pl suprapure HNO; (Kohler et al., 2009). The loaded
solution was injected into a Dionex ICS 1000 ion chromatography systems, equipped with an IonPac
AS 9-HC and CS 12-A 2mm column for quantification of anions (F, Cl, Br, NOs, PO, and SO,) and
cations (Li, Na, K, Mg, Ca, Ba, Sr), respectively. For injection of the solutions, we used disposable
syringe filters CROMAFILE® Xtra RC-20/25 and CROMAFILE® Xtra PVDF-20/25 for anions and
cations, respectively. Blank runs were carried out before and after each analysis and defined standard
solutions were regularly analysed to monitor the reproducibility and precision of the measurements.
Uncertainties were usually smaller than 15% and effective detection limits were generally <10 mg/1.
The concentrations of several trace metals (Cu, Ni, Co, Pb, Zn, Bi) were determined by Total
Reflection X-Ray Fluorescence Spectroscopy (TXRF) using an S2 PICOFOX (Bruker AXS
Microanalysis) equipped with a Mo-tube operated with 50 kV and 600pA. For these analyses, each 1
ml of the crush leach solutions (see above) were centrifuged and filtered. Subsequently, 190 ul of the
solutions were mixed with 10 ul Ga solution with a Ga concentration of 5 mg/l. Three aliquots (10ul)
were pipetted onto polished quartz-glass disks and dried at 70°C. The dried sample cakes were then
analyzed for 1000 s. Effective detection limits for these metals vary with the degree of dilution (based
on the crush-leach procedure, see above) and were generally <50 mg/l for Cu, Ni, Pb and Zn and <100
mg/I for Co and Bi.

Quartz, barite, calcite and fluorite were used for crush leach analyses (IC and TXRF). A contamination
of the leachates by the dissolution of these host minerals is potentially relevant for fluorite (Ca, F),
calcite (Ca) and barite (Ba, Sr, S). The complete dataset in the electronic supplement includes these
elements, but their concentrations are excluded from interpretation. Many of our crush-leach solutions
contain dissolved carbonate from fluid inclusions (as indicated by the presence of CO, based on
Raman spectroscopy) and we assume that the positive deviations from electroneutrality can be
ascribed to carbonate species, as has been done before (e.g. Bottrell et al., 1988; Channer and Spooner,
1991; Banks et al., 2000; Dolnischek et al. 2014). This assumption has no impact on the quality of Cl
and Br data in the crush-leach analyses and especially not on the CIl/Br ratios, nor on the quality of
microthermometric data (Ca-Na systematics, salinity or homogenization temperatures). The leaching

solutions were filtered and centrifuged before analysis, to exclude contamination by suspended
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particles of e.g. ore minerals. Several analyses revealed high metal contents of up to 48200 mg/l Pb
and 51900 mg/l Cu. To evaluate the validity of these analyses we carried out calculations with
Geochemist Workbench Version 10.0.2. Using the compositions and salinities of BO65 and ML40
(table 2 of the electronic supplement) at neutral pH, an fO, in the sulfide stability field and a
temperature of 150°C, the calculations show that the Pb and Cu concentrations of all crush-leach
analyses are well below the saturation of galena (0.7 mol/l or ~145 g/l Pb) and chalcopyrite (10 mol/l

or ~635 g/l Cu).

3.3 LA-ICPMS microanalyses of single fluid inclusions

LA-ICPMS microanalysis of individual fluid inclusions was conducted at the ETH Ziirich using a
Perkin Elmer Elan 6100DRC quadrupole ICPMS connected to an ETH-GeoLas 193 nm ArF excimer
laser system. An energy density of 15-20 J/em?® with a laser pulse frequency of 10 Hz, with a variable
beam size was used. Analytical and standardization procedures are reported in (Heinrich et al., 2003)
and (Seo et al., 2011). The following 27 isotopes were analyzed: Li, "B, *Na, 24Mg, 328,351, ¥K,
“Ca (not quantified in fluorite but used for matrix correction), *Mn, *'Fe, 5()Co, 60Ni, 63Cu, 66Zn, PAs,
79Br, 85Rb, 88Sr, 95M0, 1O7Ag, me, 133Cs, 137Ba, 182W, 2OSTI, ZOSPb, 2Bj and *Si (for the quartz host
correction). The peaks of the analysed elements strictly follow the Na and Cl peaks in the time-
resolved LA-ICPMS signals, which demonstrates that these element peaks are derived from the
solutions and not from the host mineral. For absolute concentrations, the measured concentrations
were related to the NaCl salinity determined by microthermometry in the CaCl,-NaCl-H,O system
(Steele-Maclnnes et al., 2011). Data reduction was done using the SILLS software package (Guillong

et al., 2008). The complete dataset is presented in the electronic supplement.

3.4 Microraman spectroscopy

Microraman measurements were performed with a confocal Raman spectrometer Renishaw InVia
Reflex at Universitdt Tiibingen to detect and identify volatile phases in representative fluid inclusion
assemblages,. All measurements were carried out with a laser wavelength of 532nm (green) using a

laser output of 50%. The use of a 50% objective results in a numerical aperture of 0.55 with an
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opening angle of 66.7°. The slit diaphragm was regulated and corrected automatically. The focus
diameter was approximately 2pum, the measurement time was 30 seconds with a three-rate
accumulation. To correct any influence from the matrix, measurements in the host mineral were
performed under identical conditions and orientation. As far as possible (depending on inclusion size),
separate measurements focussing on liquid and on vapour were done. For qualitative evaluation, the

Raman database for fluid inclusions of Frezzotti et al. (2012) was used.

3.5 Cathodoluminescence (CL) microscopy

Cathodoluminescence (CL) microscopy studies of different hydrothermal phases were performed to
obtain additional qualitative information on the fluid petrography of fluid inclusion assemblages.
Furthermore, replacement textures of barite and anhydrite were studied. We used a ‘hot cathode’ CL
microscope (type HC1-LM) at Universitat Tiibingen with an acceleration voltage of the electron beam

of typically ~14 kV and a beam current density of ~9 A mm™ on the sample surface.

4. Results

4.1. Classification of fluid signatures

Detailed petrography (optical microscopy and microthermometry) of fluid inclusion assemblages
(FIAs) enables their classification according to their relative age (Fig. 5). Major differences between
primary and secondary fluid inclusions can be summarized as follows: Primary inclusions along
crystal growth zones are typically smaller (<5-15 pm) than secondary inclusions and pseudosecondary
assemblages (<5-80 um), which mostly occur along (partly) sealed fractures and crosscut the primary
structures often exhibiting angular shapes. Fluid inclusion data of all genetic characters (p, s, ps, i50)
are brought into a relative temporal sequence.

In general, veins situated directly on the Rhinegraben boundary fault or on conjugated faults show
complex, alternating fluid signatures (low, medium and high salinity fluid inclusion assemblages of
variable temperatures, table 3) within neighbouring FIA. Veins situated on fault far away of the

Rhinegraben boundary fault typically do not show such complex sequences.
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Signature A: low salinity, medium to low temperature

Fluid inclusions of type A (table 3) occur in p, s, ps, iso and ¢ FIAs. They freeze in the range -30 to -
45°C and first melting occurs above -20°C, implying a binary NaCl-H,O system with a eutectic
temperature of -21.2°C. The final melting temperature of ice is in the range of 0°C to -5°C, resulting in
calculated salinities of 0 - 5wt.% (NaCl+CaCl,). Homogenization temperatures (Th) range from 50 to
354°C with a conspicuously high abundance of fluid inclusions with Th around 180°C. Within a given
trail, salinity and T} are constant, but may vary between different trails. Fluid inclusions with LV10 to
LV1 and sizes of 4 to 40um can be observed. In most cases, the inclusions are irregularly shaped and
occur on (not very well) healed cracks. Microraman analyses show only H,O, HCO;™ or COs”, but no

SO,% in the fluid.

Signature B: high salinity, low to moderate temperature

Type B inclusions (table 3) occur in p, s, ps, iso and c assemblages with freezing temperatures
between -70 and -100°C and first melting above -50°C, implying a ternary NaCl-CaCl,-H,O system
with an eutectic temperature at -52.0°C. Ice and hydrohalite are observed as last dissolving phases.
The final melting temperature of ice is in the range of -29.0 to -18.5°C, of hydrohalite between -28.5
and -17.5°C, indicating salinitites of 20 - 26 wt.% (NaCl+CaCl,). Homogenization temperatures range
from 70 to 230°C with a Gaussian mean at 130°C. The molar Ca/(Na+Ca) ratio varies between 0.02-
0.53. Within one trail, salinity and Ty, are constant, but may vary between different trails. Inclusions
have sizes of <5 to 100pum. Most inclusions are irregularly shaped and occur on primary growth zones
and nicely healed fractures. Microraman analyses show H,O as the only Raman-active species in all

FIA

Signature C: variable salinity, low to moderate temperature
Fluid type C (table 3) occurs as p, s, ps and iso FIAs. Inclusions with freezing point depressions
between -70 to -100°C and -30-45°C are observed in numerous samples. In contrast to the previously

described groups, two different FIAs occur: one with a eutectic temperature of -21.2 and another with
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a eutectic temperature of -52°C. Although the Ca/(Na+Ca) molar ratios of these FIA vary, all fluids of
intermediate salinity (i.e., between 0.9 and 20 wt.% NaCl+CaCl,) are compiled in fluid group C.
Additionally, the Ca/(Na+Ca) molar ratio may vary within one FIA. In all analysed FIAs, ice is the last
dissolving species. The final ice melting temperature is in the range of -2.6 to -18°C, hydrohalite melts
between -20.9 and -25.8°C, which results in a calculated salinity of 5 to 20 wt.% (NaCl+CacCl,).
Homogenization temperatures vary between 59 and 202°C with a Gaussian peak at 140°C. Molar
Ca/(Na+Ca) ratios vary between 0 and 0.3. Within one trail, salinity and Ty, are constant, but they may
vary between different trails. Inclusions have sizes of <5 to 100um and LV15 to LV1. Most inclusions
are round and occur on primary growth zones and nicely healed fractures. Microraman analyses show

in all trails only H,O as Raman-active species.

Signature D: H,0O-CO,-(NaCl)

In contrast to the previously described fluid types, type D fluids (table 3) are relatively rare. Only
primary and secondary inclusions have been found. The CO; phase transition occurs in all inclusions
at -56.8°C. Homogenization of the carbonic liquid into vapour (transition Lc,LaqV to L,qV) occurs
between +21 and 31°C. For the larger inclusions clathrate dissolutionhas been detected at +4.9 to
+5.9°C. The first melting of ice happens at about -18°C. Final dissolution of ice occurs at -4.7 to -
7.6°C does not support a pure H,O-CO, fluid. Thus, an additional NaCl component seems likely, as
Microraman analyses show only CO; and H,O bands. T}, varies between 134 and 219°C and occurs
into the vapour phase with L(LV)10 to L(LV)20. Based on the software package “CLATHRATES”
(Bakker, 1997) a salinity of maximum 5 wt. % NaCl is calculated. The carbonic liquid has a rather
low density because it homogenizes into the vapour and total homogenization occurs at low T, too.

This points towards very little CO; in the bulk inclusion, Xco, of 0.02-0.05.

Signature E: Multi-component system with unknown salinity without CO, at moderate temperatures
Secondary and isolated assemblages of this fluid type (table 3) were found in few samples only. First
melting occurs above -45°C, freezing point depressions range from -70 to -100°C, final ice melting

was detected between -10.9 and -15°C, final dissolution of a cubic dark green solid phase (probably
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sylvite) was reached at +20 to +24°C and a lime green long prismatic solid phase (probably anhydrite)
dissolved at +43° to +63°C (Fig. 6A-D). During repeated heating-freezing cycles, each phase
transition could be reproduced in every single run. Microraman analyses verified the presence of
dissolved sulfate in these fluid inclusions. Based on the microthermometric and Microraman results,
this type of fluid obviously has a composition in the NaCl-KCI-CaSO4-H,O-system. The
homogenisation temperature is constant within one trail, but ranges from 98°C to 220°C, with a mean

of 130°C. Inclusion sizes vary from <5um to >100pum with LV10 to LVS5.

Signature F: Multi-component system with unknown salinity with CO; at moderate temperatures

Type F fluid inclusions (table 3) are of primary and secondary origin. Their most important attribute is
a clearly visible double-bubble, which is characteristic of CO,- or CHys-bearing fluids. The CO, phase
transition occurs between -56.4 and -56.8°C. The homogenization of CO, liquid into vapour (LcaLagV
to LaqV) is reached between +21.3 and +31°C.

Two types of inclusions are found: One (F1) shows a freezing point depression between -40 and -
60°C, final melting of ice from -9.7 to -17.4°C. In many inclusions, a cubic dark green solid phase
dissolves between +22.5 and +24.5°C (probably sylvite). Sometimes, a long prismatic lime green solid
phase is observed (xxxx?s.0.), melting between +60 and +75.2°C. Hydrohalite nucleation disappears
close to the binary eutectic of -21.2°C. Microraman data show CO, and sulfate bands. Based on the
microthermometric and microraman results, this is an H,O-CO,-SO4-NaCl-KCl1 fluid. Uncorrected
homogenization temperatures vary between 210°C and 307°C with L(LV)10 to L(LV)20.

A second fluid type (F2) shows a freezing point depression below -80° and first melting between -40
and -50°C. Final dissolution of hydrohalite occurs between -23.0°C and -26.0°C and the final ice
melting occurs in the range of -0.1°C and -0.8°C. An unknown columnar lime green phase shows a
phase transition into liquid at +24 to +27.1°C. The total homogenisation of all vapor species is in the
range 140 to 180°C. Clathrates may be observed in some FIAs, finally melting at +5.1°C to +6.3°C.
Similar to signature D, a salinity of about 5-25 wt. % NaCl,, can be calculated. Microraman data show
sulfate and CO, bands. The carbonic liquid has also a low density based on the homogenization into

the vapour phase, with a total homogenization at low T. A small Xco; of 0.02-0.05 in the bulk
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inclusion can be assumed. Type F2 inclusions probably contain Na-Ca-K-H,0-SO4-CO; fluids with
L(LV)10 to L(LV)20.
Finally, in addition to A, B, C, D, E and F type fluids, most samples contain young FIAs characterized

by water-rich, mono-phase liquid inclusions.

4.2 Crush leach analyses

In total, 155 crush leach analyses of 96 veins were performed. The complete dataset is presented in the
electronic supplement (HCOs is derived by charge balance). Bulk trace element systematics show Cu
(b.d.1.-51.920ppm), Zn (b.d.1.-45.130ppm), As (b.d.1.-52.980ppm), Pb (b.d.1.-43.800ppm), U (b.d.L-
12.250ppm), Ni (b.d.1.-8790ppm), Y (b.d.1.-8880ppm), Rb (b.d.1.-7400ppm), Co (b.d.1.-3280ppm), Th
(b.d.1.-2250ppm), TI (b.d.1.-1470ppm), W (b.d.L.-1070ppm) and Bi (b.d.1.-510ppm). Highest Th and U
concentrations are found in fluids hosted especially in barite and sometimes in calcite. In general, there
is no systematic dependence of the fluid composition on the proximal host rocks, salinity,
homogenization temperatures, vein type or trace element distribution. Cl/Br mass ratios range
unsystematically from low to high values, even between adjacent veins, the only exception being the

veins of the Badenweiler system: these veins exclusively show high Cl/Br ratios.

4.3 LA-ICP-MS of single fluid inclusions

LA-ICPMS analyses were performed on 110 fluid inclusions from six samples. The results are
presented in figure 6, table 4 and in table ES3 of the supplementary material. Within one FIA, salinity
and Ca/(Na+Ca) molar ratio are almost constant, but trace metal concentrations vary. Trace element
systematics of single fluid inclusions show Li (b.d.L.-17480ppb), B (b.d.1.-2160ppb), Mg (b.d.L-
36420ppb), S (b.d.1.-91620ppb), Mn (b.d.1.-3890ppb), Fe (b.d.1.-12830ppb), Co (b.d.1.-400ppb), Ni
(b.d.1.-16390ppb), Cu (b.d.1.-3990ppb), Zn (b.d.1.-10900ppb), As (b.d.1.-3370ppb) Rb (b.d.1.-1910ppb),
Sr (b.d.1.-3090), Mo (b.d.1.-3620ppb), Sb (b.d.1.-3860ppb), Cs (b.d.1.-8270ppb), Ba (b.d.1.-3980ppb),
W (b.d.1.-3750ppb), TI1 (b.d.1.-2380ppb), Pb (b.d.1.-17750ppb) and Bi (b.d.1.-394ppb).Most data of all

analysed veins plot into a cloud that forms a triangle.
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5. Discussion

The crush-leach and LA-ICP-MS results show a large diversity in fluid composition, but surprisingly,
no clear correlation between fluid composition and vein mineralogy exists. Both methods render
consistent results in terms of Cl/Br ratios (Fig. 7): the bulk CI/Br ratios derived from crush leach
analyses are perfectly within the range of LA-ICP-MS data and are interpreted to summarize over
small-scale variabilities, thus providing an average composition of the mixed fluid. In the following
sections, we discuss the possible relationship of the observed fluid mixtures in fluid inclusions to the
sedimentary aquifers and their formation fluids introduced above. This is done to constrain the fluid

sources and the source aquifers involved in vein formation.

5.1 Effects of formation temperature and salinity on vein mineralogy

While there is no recognizable correlation between formation temperature and vein mineralogy (Fig.
8), fluid salinity appears to have a certain impact on vein mineralogy, particularly on the presence of
ore minerals. Metals like Pb and Zn are typically transported as Cl-complexes under the conditions of
formation of the Schwarzwald mining district (Yardley, 2005; Burisch et al. 2016a), and hence, it is no
surprise that veins with medium to high salinity (chlorinity) fluid inclusions often show significant
amounts of galena, sphalerite and fahlore. The large variation in homogenization temperature of the
individual fluid signatures is probably an effect of inhomogeneous penetration depth of the
sedimentary fluid into the basement (e.g. the Buntsandstein is exhumed on the shoulders but is also

situated more than 2km below today surface in the Rhinegraben).

5.2 Processes of vein formation: Multi-component mixing and the importance of tectonic
juxtaposition of diverse lithologies for the aquifers properties

As shown above, the vein mineralogy shows no strict correlation to the fluid inclusion chemistry. Still,
fluid mixing has to be the dominant formation process, which is shown by numerous authors, as fluid
cooling alone is not a sufficiently efficient mechanism in this setting to cause the observed amount of
hydrothermal mineralization, the diversity of vein mineralogy, the mineral textures and fluid chemistry

(FuBwinkel et al., 2013; Bons et al., 2014; Walter et al., 2015, 2016, Jura).
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In contrast to the spatially unsystematic variability of fluid chemistry in post-Cretaceous veins, fluid
compositions in Jurassic-Cretaceous veins show clear systematics depending on their depth of
formation and the type of sedimentary overburden (Walter et al., 2016, Jura). This difference is
consistently described by a two-component mixing in a tectonically undisturbed environment, which
prevailed during the Jurassic and Cretaceous. Juxtaposition of various types of aquifers (at least three,
possibly more) due to tectonic processes in the Cenozoic (see above), however, requires the
consideration of more than two fluid components involved in mixing (see e. g. Fig 6C, 8F in Walter et
al., 2015, in press brine). Our multi-aquifer mixing model is capable of explaining the unsystematic
variation in major, minor and trace element composition, salinity, formation temperatures and isotopic
variations (not further discussed here; see Walter et al., 2015).

Fluid ascent may have been triggered by topographic fluid flow or by tectonic opening of confined
aquifers in the tectonically disturbed environment of the rift shoulders (Agemar et al., 2013). During
earthquakes, pathways opened or were reactivated and the confined aquifers released their fluids. Fluid
mixing of two or more aquifers occurred, minerals precipitated in the pathways (partially sealing

them) and hence, the ancient pathways are now the mineralized veins.

5.3 Aquifers involved in vein formation

5.3.1 Fluid signature A

The low salinity fluids of group A are interpreted as weakly mineralized meteoric fluids (see Fig. 9,
reservoir 1). Some of the samples containing type A fluid inclusions have K-Ca-Na-CIl-HCO; and Na-
K-Ca-Cl-HCO; signatures in the crush leach analyses, which have to the best of our knowledge no
modern analogy. Without exception, this fluid type occurs in veins very close to Permian rhyolites.
We suggest that the extensive alteration of K-feldspar under relatively acidic conditions to gibbsite,
pyrophyllite and/or kaolinite, which can be observed in these rhyolites, results in substantial K release
to the fluid at the time of alteration which is interpreted also as the time of mineralisation (Brockamp

et al., 2003, 2011).
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5.3.2 Fluid signature B and C Na-Ca-ClI

The medium to highly saline Na-Ca-Cl and Ca-Na-Cl fluid types B and C mainly occur in quartz-
barite veins with a Pb-Zn mineralization (Table 2). A possible source of these fluids is a mixture of
formation waters from the Muschelkalk halite facies (Fig.9, reservoir 2) and highly mineralized
basement fluids (Fig. 9, reservoir 3). This is supported by variable Cl/Br mass ratios and high metal
contents. Differences in the Na/Ca ratios are probably related to variable mixing ratios (see Walter et
al., Jura). The variation from medium to high salinity can be explained by mixing fluid type A as a
third component to types B and C, which dilutes the other two components. Increasing amounts of

fluid A result in a salinity decrease of the final fluid.

5.3.3 Fluid signature D: Ca-(Na)-HCOj;and Ca-(Na)-SO,

Fluid signature D shows the largest variation of salinities from 1-26 wt.% (NaCl+CacCl,). Since these
fluids have bicarbonate and sulfate as dominant anions, the calculated salinity is imprecise, as these
components cannot be accounted for in the salinity calculations (Steele-Maclnnes et al., 2011).
However, this wide range of salinities reflects a mixing continuum of two or more endmembers. Based
on modern fluid stratigraphy in the Schwarzwald basement, one fluid type could be a low salinity,
surface- or subsurface-derived fluid residing for some time in the basement, which results in a weak
basement brine-like signature. The Ca dominance may be a product of plagioclase alteration which has
been invoked as explanation for the low chlorinity fluids with high Ca and bicarbonate content
(Bucher & Stober, 2010). The high salinity endmember, bicarbonate-dominated fluids are probably
released from a limestone aquifer like the Muschelkalk (Fig. 9, reservoir 2) or the Jurassic
Hauptrogenstein (Fig. 9, reservoir 4) where such fluids are present today (He et al., 1999).

Fluids with a Ca-(Na)-SO, signature occur in sample BW 144 where microtextures clearly indicate the
former presence of gypsum or anhydrite (Fig. 10) today replaced by quartz. The investigated fluid
inclusions are exclusively hosted in young quartz replacing the sulfate. The same fluid signature could
be observed at Schlossberg West and at Calmbach; in both veins, barite is completely pseudomorphed
by quartz and sulfides are lacking. Thus, this fluid signature is interpreted as a local phenomenon at or

around dissolving sulfates, providing no general source information.
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5.3.4 Fluid signature E and F: Na-K-Ca-CI-(SO,)-(HCO;), Ca-Na-K-CIl-SO,~-(HCO3) and Na-Ca-K-
CI-SO4+(HCO3)

The chemical variability of fluid types E and F makes it difficult to dedicate these fluids to a specific
source. These fluid signatures are not sufficiently unique and resemble fluids present in almost all
modern sedimentary aquifers (Gob et al., 2013 and references therein). Veins of different mineralogy
comprise these signatures, most of them being situated in the crystalline basement. Low CI/Br ratios
indicate no significant influence of the middle Triassic evaporites. As sulfate occurs in higher
concentrations than bicarbonate (if this is present at all), it is most likely that these fluids are derived
from intermediate depths of the crystalline basement (Fig. 9, reservoir 5), Triassic Buntsandstein
(reservoir 6) and/or the lower or upper Muschelkalk (Fig 9, reservoir 7). High Na/Ca, low CI/Br ratios
and the variation of low to high salinity suggest a strong basement component in the mixed fluid of

some of the veins.

In all, it seems plausible that most of the fluorite and quartz veins precipitated from a chloride-rich
brine mixed with a bicarbonate-dominated low salinity fluid (Fig. 11A). A small group of quartz veins
(unsystematically distributed in the mining district) precipitated from a CI-SO4-HCO; fluid.
Furthermore, Fig. 11B shows that some quartz and barite precipitated from a Ca-Na fluid with variable
Ca/Na ratios. The combination of Figs. 11A, B and F implies that for most veins, the Cl-rich brine
endmember is a basement brine, just those with high Cl/Br and high Ca/Na ratios probably involved

the halite facies aquifer of the Middle Triassic Muschelkalk.

5.4 Metal provenance

The fluids responsible for formation of mineralized and barren veins are chemically similar (figure 8).
Therefore, the presence or absence of metal enrichment in the veins is unlikely to have been metal
solubility controlled, but rather points towards fluid source rocks and aquifers having exerted a first
order control on the fluids’ metal budgets. Based on earlier work (Walter et al. (Jura) and Burisch et al.

(20164, b)), fluids derived from crystalline basement rocks are the dominant source for Pb and Zn in
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geologically undisturbed environments (e. g., SW Germany during the Jurassic and Cretaceous).
Fluids derived from redbeds (Buntsandstein and Rotliegend) are considered as the major source for
Cu, Co and Bi (e.g. Koziy et al., 2009; Hendrickson et al., 2015 and references therein). In the case of
the present study, however, the juxtaposition of different aquifers during graben formation may have
enabled the participation of several fluid sources.

Fluids from most samples show that their chemistry are enriched in Cu and Zn and depleted in Ni (Fig.
11C). Walter et al. (Jura) explained the same systematic feature in Jurassic veins with depth-depending
variations in the fluid mixing ratios. However, these variations with depth cannot be recognized in
post-Cretaceous veins. At many localities at the Rhinegraben boundary fault, Buntsandstein units lie
next to crystalline basement, and mixing between these two aquifers was easily possible. Hence, also
in post-Cretaceous times, the sources of Zn and Cu were identical to the Cu and Zn sources for
Jurassic-Cretaceous veins (Walter et al., Jura). Data for single fluid inclusions show that highest
Pb+Zn, As, W and Sb contents correlate low Cl/Br mass ratios (also with high salinities) (Fig. 12B-E).
We suggest that this indicates that these elements are derived from basement brines.

Fluids trapped in barites of different vein types are in cases enriched in U in contrast to quartz and
fluorite gangue generations from the identical veins (Fig. 11E). Possibly, this observation is related to
the oxidation state of the fluid and implies, that the barite-forming fluids were more oxidized (and
therefore, enriched in fluid-mobile U®") than the quartz- and fluorite-forming fluids. A possible source
for the U is the crystalline basement. Oxidized fluids that penetrates the basement rocks are able to

receive U for the primary minerals of the granites and gneisses of the crystalline basement.

5.3.7 Ore fluid and metal precipitation

The LA-ICPMS data of fluid inclusions show a Gaussian distribution for Pb+Zn with a statistical
maximum between 100 and 1000ppb for the Karl August, Riggenbach and Tirolergrund veins. All
investigated fluid inclusions are hosted in young quartz crystals, which are not in equilibrium with
sphalerite (sphalerite is older and probably belongs to a separate fluid event). The Gaussian mean
values indicate that these values are average values of a mixed ore fluid from which sphalerite could

potentially, but has not yet precipitated, as a consequence of relative or absolute low sulfide activities.
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The Badenweiler and the Bdschlisgrund veins, in contrast, show much lower Pb+Zn contents which
can be explained by prior precipitation of sulfides: in both veins, the analysed fluid inclusions are
hosted in galena-, sphalerite- and chalcopyrite-rich quartz. The same interpretation is suggested for the
Ni+Cu, W and for the Sb systematics. As none of these veins contain any Sb- or W-bearing phases, it
is plausible that these fluid inclusions show the unchanged, average Sb and W content of the mixed

ore fluid, derived from the diluted basement brine.

5.5 Fluid mixing recorded in various growth zones of single quartz crystals

Some veins show heterogeneous FIAs, i. e. variations of salinity, Ca/Na and homogenization
temperatures between adjacent FIA (e. g., Riggenbach, Fig. 13). Specifically, some of the Miinstertal
and Sulzburg veins (Katzental, Himmelsehre, Krebsgrund, Karl August; Fig. 5) show complicated
sequences of different fluids on different growth zones in one quartz crystal.

Data for a sample from the Karl August mine are discussed in detail (Fig. 14). In this sample, the fluid
composition in terms of salinity, sulfate and CO, content varies strongly from one growth zone to
another. The variability of the fluid inclusion chemistry on a small scale requires a multi-component
fluid mixing, since these variations cannot simply originate from mixing of only two fluids with
variable mixing ratios. General aspects of these complex mixtures are: Cl/Br ratios above 150, high
salinities and Ca/(Na+Ca) molar ratios of 0.3-0.5 record the involvement of a saline Muschelkalk
fluid, while low Cl/Br, high salinities and Ca/(Na+Ca) of 0.1 to 0.3 are typical of deep seated
basement brines. Sulfate and CO, have, hence, to be derived from at least a third fluid component.
These complex multi-component mixtures only occur in close proximity (within few kilometres) to the
Rhinegraben boundary fault and it is most plausible, that short-lived tectonic movements established
and destroyed various aquifer systems or fluid migration paths, which can be recorded on single

growth zones of discontinuously growing quartz.

5.5 Complex fluid behaviour recorded by FIAs on single growth zones
A primary growth zone in e.g. a euhedral quartz crystal was an exposed surface during its formation

and different fluid inclusions on one growth zone should consequently record the same fluid event
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(Van den Kerkhof, & Hein 2001, and references therein).

Figure 14 illustrates LA-ICPMS results for the Karl-August mine near Kropbach. The heterogeneity of
these fluid inclusions in terms of their minor and trace element concentrations within one event of
crystal growth can be clearly seen (also taking the analytical error into account). During trapping, the
fluids are not completely homogenized and therefore show variable mixing ratios on small scales (e.g.,
Fusswinkel et al., 2013; Bons et al., 2014) The FIAs in the Karl-August mine near Kropbach record
ternary mixing ratios (reservoirs 2/3/1) between (81/19/0), (1/5/94) and (2/75/23) on one primary
growth zone (fig. 14A). These observations imply that the crystallisation of the host quartz is more
rapid than the diffusional or turbulent flow equilibration of the fluid components.

The calculation of the time required to homogenize the mixed fluid batches assuming only diffusion as
the driving force, consequently yields a minimum growth rate for the host mineral. For a rough
assessment of the growth rates of one quartz growth zone, two contiguous fluid inclusions (& = ~20
um) of the FIA pQtz3-5 with a distance of 50um were selected. One inclusion has a sulfate content of
4000ppm, a Cl content of 81.600ppm, a Cl/Br mass ratio of 100, a salinity of 24wt% and shows a
homogenization temperature of 191°C, while the other inclusion has a sulfate content of 15.400ppm, a
CI content of 30.300ppm, a CI/Br mass ratio of 300, the identical salinity and a homogenization
temperature of 131°C.

After fracture formation, fluids from different aquifers enter the fracture and do not completely
homogenize for a specific (short) time interval. Two different types of equilibria are considered:
thermal equilibration with DT=~10° m?s and chemical equilibration Dm ~10° m?s. Using these
diffusion coefficients in the equation <X>” = DAT yields durations of ~2.5s for chemical equilibration
and a time for 0.005s for thermal equilibration of the 50 um distance. Compared to experimental
growth rates (e.g. 2 pm/h Okamoto & Sekine, 2011, and references therein), the time intervals based
on thermal and chemical diffusion are much smaller. However, the experiments of Okamoto & Sekine
(2011) do not consider mixing processes and far-from-equilibrium conditions, which possibly yield
much higher growth rates. Alternatively, the observed temperature difference in adjacent fluid
inclusions would require a time gap between their trapping or post-entrapment modifications, which

both do not seem very plausible considering the textural observations.
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5.6 The Rb/Cs ratio and its bearing on the fluid pathways

The Rb/Cs ratio is a suitable tracer for fluid pathways because Rb and Cs can be adsorbed to and
incorporated into clay minerals that are present along such pathways: Burisch et al. (2016a and
references therein) and Gob et al. (2013) showed that a fluid Rb/Cs ratio <2 is typical of fluids which
interacted with unaltered crystalline rocks, while Rb/Cs ratios of ~2 represent equilibrium conditions
during alteration of primary minerals to clay minerals. Rb/Cs ratios >5 indicate water-rock interaction
with pre-existing clay minerals (no alteration of primary phases). Most of the measured Rb/Cs ratios
(Fig. 16) are below 2 which indicates that new pathways were opened during post-Cretaceous fluid
activity, rather than reactivating older fractures. Higher Rb/Cs ratios are present in young FIAs in the
Karl August vein. These young growth zones obviously record a reactivation and fluid migration
along previous established pathways, while the older quartz generations and growth zones in the same

vein show low Rb/Cs ratios.

5.7 Temporal and chemical evolution of the aquifers

In contrast to the tectonically undisturbed aquifers during the Jurassic and Cretaceous, post-Cretaceous
rocks and their aquifers influence each other by fluid migration from one to another aquifer. For
example, Muschelkalk fluids are modified by migrating into the Buntsandstein aquifer, which is
indicated by elevated Ca/(Na+Ca) mole ratios and high CI/Br mass ratios in todays Buntsandstein
aquifer fluids (dissolution of halite). Mixing or large scale fluid migration prior to mineralization
makes it impossible to distinguish between defined reservoir signatures in the post-Cretaceous veins
with the following two exceptions:

- Fluid signatures with high Cl/Br and high Ca/(Na+Ca) molar ratios can be related to fluids
dissolving halite of the Muschelkalk formation (which are, most plausibly, middle
Muschelkalk aquifer fluids).

- High salinity and low Cl/Br mass ratios with high metal contents are typical of basement

brines.
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Unfortunately, a more detailed distinction of reservoir signatures from Buntsandstein, Keuper, Jurassic
or Tertiary sediments is not possible based on our analyses of mixed fluids in fluid inclusions of the
post-Cretaceous veins. However, it is still possible to model different mixing processes and compare

them to field observations.

5.8 Sources and aquifers: prediction and modelling

To evaluate the influence of the different fluid sources on the formation of the mineral veins, we
performed various fluid mixing calculations (Fig., 17; Table 5) with the GEOCHEMIST
WORKBENCH (Version 10.0.2) software, using fluid data representative of the most important
aquifers (GoDb et al., 2013; Pauwels et al., 1993; Pearson et al., 1989; Stober and Bucher, 2004). These

calculations indicate the following:

1. Fluorite-saturated fluids are only produced by mixing of the basement brine and fluids derived from
the Buntsandstein (Fig. 17, table 5). Post-Cretaceous fluorite veins are all situated in areas that were
once covered by the Buntsandstein formation.

2. Barite may precipitate from most mixed fluids (Fig. 17, table 5). This is in agreement with field
observations: barite-dominated veins are the most common in the post-Cretaceous vein group
independent of the host rock (in contrast to the Jurassic veins; (Metz et al., 1957; Staude et al., 2009;
Walter et al., 2015; 2016).

3. Many mixed fluid compositions are saturated with respect to gypsum and especially anhydrite (Fig.
17, table 5). Although gypsum and/or anhydrite are extremely rare in the post-Cretaceous veins of the
Schwarzwald, pseudomorphic replacement textures of quartz after anhydrite or gypsum can be
recognized at some localities (e. g., Badenweiler, Laitschenbach, Laisacker, Lampisweg). We suggest
that most of the precipitated gypsum/anhydrite was dissolved by later fluid batches or during cooling
which explains the discrepancy of the predicted anhydrite/gypsum mineralization (based on this
model) and their apparent absence in many veins.

4. Fluid mixtures of basement brine and Buntsandstein brine are close to saturation with respect to

quartz and chalcedony (Fig. 17, table 5) which explains the observation that all veins hosted by
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Buntsandstein in the northern Schwarzwald are quartz- or chalcedony-dominated. Also the “Quarzriff”
near Badenweiler occurs, where Buntsandstein is in contact with the basement directly along the
Rhinegraben boundary fault. Furthermore, some sedimentary aquifers are saturated with respect to
chalcedony. These result is also in agreement with field observations where often chalcedony rims

around detrital grains can be observed.

5.8.2 Saturation indices and formation of metal ore minerals

Textures of the mineralized barite veins often show nests of galena that are co-genetic with barite or
galena—barite alternations. Based on our calculations (see table 5), it is unlikely that barite and
galena/sphalerite precipitated synchronically during simple mixing, since the log saturation indices for
galena and sphalerite are between -120 and -50. This undersaturation may be a consequence of high
sulfate/sulfide ratios close to 1.

To sum these arguments up: (A) sulfides are typically formed during fluid mixing. (B) The metal
source is a deep-seated basement brine (Fusswinkel et al., 2013; Walter et al., brine, Jura). (C) The
solubility of sphalerite and galena is very low in the presence of sulfide in fluids. (D) Basement brines
are not saturated with respect to galena and sphalerite, due to the low absolute sulphur concentrations
in these fluids.

Based on these arguments it is unlikely that the metals and the sulfide ions are transported in the same
fluid batch. Accordingly, the sulfide (and not dominantly sulfate) is transported in the sedimentary
fluid component, galena and sphalerite precipitated upon mixing, or reduction due to methane influx e.
g. from shale gas or gas-bearing fluids caused sulfide precipitation (Werner et al., 2002; Markl et al.,
submitted).

The model shows that barite is produced during mixing of two oxidized fluids, which is in agreement
with the fluids recognized in the modern hydrology. An influx of methane (or CH4- and/or H,S-
bearing fluids (Sverjensky, 1984, 1987; Carpenter et al., 1974)) during mixing and concomitant
oxidation of CH4 to CO, may strongly reduce the fluid, resulting in a substantial decrease of the
sulfate/sulfide ratio and subsequent sulfide precipitation. Oilfield brines are strongly reduced and

enriched in H,S and CHy4 and such fluids are locally present in the Paleogene Pechelbronn formation
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(Otto & Toth, 1988) and widespread in the Lower Jurassic Lias € shales (Geyer & Gwinner, 2011).
Simple mass balance calculations imply that only very small amounts of methane have to be added to
one liter of a fluid contianing 2 ppm Pb or Zn to precipitate galena or sphalerite: ~0.01 mmol and

~0.03 mmol, respectively.

5.9 The relation of post-Cretaceous mineralization fluids to modern thermal wells

The following section focuses on the comparison of the post-Cretaceous fluids/aquifers with modern
fluids/aquifers. Modern thermal wells like Baden-Baden show temperatures up to 66°C (Gob et al.,
2013) and low TDS up to 4.2 g/L. In contrast to the paleo-fluid systems, fluid mixing is not important
in modern wells (Bucher and Stober, 2010). The fluids are released by open fractures and show no
seasonal variations in temperature or chemistry. The hydrothermal calcite precipitated from such wells
produces sinters with growth-rates of several cm/year (e. g., in Baden-Baden). An artesian upwelling
of saline (TDS = 0.2 g/L) thermal waters can be recognized at Ohlsbach, where a saline NaCl-rich
brine from depth (>3 km with a TDS 16 g/L) ascends into a gravel aquifer and becomes strongly
diluted (Stober et al., 1999).

In contrast, the hydrothermal veins discussed in this work show strong evidence of fluid mixing. Our
rough calculation of growth rates suggests ephemeral events of fracture opening, fluid release into the
fracture from different crustal levels and aquifers, fluid mixing and vein mineralization that triggers
crystal growth and concomittant fracture sealing. S-Isotope data by Schwinn et al. (2006) indicate an
equilibration of the metal-rich high-salinity basement brine at 350°C which can be compared to a
depth of >5 km. This basement component (which would be necessary for modern ore mineralization
to form) is not seen in modern thermal wells. Based on this argumentation it appears that there were
(and are?) two different hydrothermal systems present in the Schwarzwald: (i) a relatively shallow
system persistent over a long time in open fractures producing constant hydrothermal fluid without a
basement brine component and (ii) various short-lived hydrothermal systems in quickly sealed
fractures, involving deep basement brines and producing hydrothermal mineralizations by fluid
mixing. The latter system does not appear to be active today, at least not close to the surface, despite

of the ongoing seismic activity in SW Germany.
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5.10 Analogy of post-Cretaceous veins in the Schwarzwald and the Vosges

There are many similar types of mineralizations east and west of the Rhinegraben, in the Schwarzwald
and Vosges mountains (Agard et al., 1975; Hohl 2007). If the rift was perfectly symmetrical and the
lithologies east and west of it were identical, one would expect identical fluid types and
mineralizations. However, there are differences. In order to show such differences, the mineralization
of Hausbaden/Badenweiler (Schwarzwald) and Schlezbourg-Donnerloch/Steinbach (Vosges) were
investigated in detail as an example (Gutierrez Lanz, 1985, and references therein). Both veins occur
on the respective Rhinegraben boundary faults, both are therefore of post-Cretaceous age, both have
macroscopically and microscopically very similar mineral textures, show a dominant massive white
quartz phase with minor fluorite and contain galena and some chalcopyrite as main ores. Both veins
show multiple episodes of brecciation. Figure 18 A-D illustrates the difference of microthermometric
results between Vosges (Steinbach vein) and Schwarzwald (whole database). The fluid inclusions
from Steinbach show a distinct range in Fig. 18 and have much higher homogenization temperatures
than those of any Schwarzwald vein in the same (low to medium) salinity range.

These significantly higher temperatures in Steinbach cannot be simply explained by a higher
geothermal gradient, as Agemar et al. (2013) did not observe significant variations in underground
temperature at 2500m b.s.l. (measured in geothermal drillings in the Rhinegraben). However, the
Upper Rhinegraben has an asymmetric tilt. The basement-cover uniformity is significantly deeper on
the French side of the graben (Beccaletto et al., 2010). Still, today’s 150°C isotherm is situated deep
below the unconformity and to reach the measured temperatures of 230-250°C, the Steinbach fluid has
to be released from a depth deeper than Skm from a crystalline basement reservoir. This reservoir
assumption is supported by low CI/Br ratios and elevated metal concentrations at Steinbach, because
the shallower reservoirs show C1/Br mass ratios of 200 and higher (Pauwels et al., 1993). Furthermore,
Pauwels et al. (1993) and Aquilina et al. (1997) calculated reservoir temperatures at 4.5-5km in
Soultz-sous-Forét (French side of the Rhinegraben, close to the Vosges mountains) in the crystalline
basement of 220-260°C, which is in good agreement with the measured temperatures in Steinbach. In

summary, the asymmety of the Rhinegraben appears to release hotter fluids in the west, which,
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however, produce very similar types of mineralizations.

6. Summary and conclusions

The diverse mineralogy of the post-Cretaceous hydrothermal veins in the vicinity of the Rhinegraben
in central Europe is the consequence of multi-component fluid mixing processes (Fig. 19) related to
the tectonic activity of the post-Cretaceous Rhinegraben rift. These short-lived (in the range of
seconds to hours) mixing processes involve numerous different kinds of aquifers including crystalline
basement and various sedimentary cover rocks. The interaction of different aquifers is observed on the
scales of a district, a location and a single crystal. The most important aquifers involved in mixing are
the crystalline basement and the Muschelkalk aquifers. Fluids from the Buntsandstein, Keuper and the
various Jurassic aquifers are of minor importance, but may (if involved) locally govern the vein
mineralogy. Temperature and salinity variations cannot explain the observed differences in vein
mineralogy, although salinity variations are important for metal transport and therefore for the amount
of base metal precipitation during fluid mixing.

The chemical composition of the various basement and sedimentary aquifers evolves and changes with
time (Walter et al., 2016), which increases the complexity of fingerprinting the fluid sources. Our
results imply that the modern thermal wells are fed by a stable, long-living fluid system without much
fluid mixing. This system is discontinuously augmented by short-lived fluid mixing events involving a
deep-seated brine (which is not normally seen today, with the one exception of the Ohlsbach plume
(Stober et al., 1999)) and hydrothermal vein formation, probably caused by tectonics.

A comparative study on a hydrothermal vein from the western, French side of the Rhinegraben rift
shows much higher temperatures which are assumed to be an effect of the asymmetric tilt of the
Rhinegraben: on the latitude of the southern Schwarzwald the rift is much deeper on the French side
(Vosges). Hence it seems plausible that fluid migration by topographic fluid flow reaches higher
depths on the French than on the German side of the rift.

Mixing calculations show that all combinations of modern basement and sediment aquifer fluids result

in fluids oversaturated with respect to barite. This is in good agreement with the observation that most



841

842

843

844

845
846
847
848

849

850

851

852

853
854
855
856
857
858
859
860
861
862
863
864
865
866
867
868
869
870
871
872
873
874
875
876
877
878

of the investigated veins contain abundant barite. Furthermore, all calculated mixed fluids are strongly
undersaturated with respect to sulfides. We suggest that the hydrothermal sulfides precipitated during

short-lived injections of methane or hydrocarbon-bearing fluids into the hydrothermal fluid system.
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Figure captions

Fig. 1. Geological map of the rift shoulders and the hydrothermal veins of group (v). GeoRG

data after Beccaletto et al. (2010) was used.

Fig. 2. Structural positions of the different aquifers within the Upper Rhinegraben, from
surface to 5 km b.s.m. The map is based on GeoRG data after Beccaletto et al. (2010). Note

the asymmetric tilt of the rift.

Fig. 3. Geological overview of the Schwarzwald mining district in SW Germany with sample
locations. (A) Overview map. (B) Close-up of the Schwarzwald mining district modified after
Pfaff et al. (2011). Sample localities sorted after mineralization type (for more information

refer to Table 1 in the electronic supplement).

Fig. 4. Examples of post-Cretaceous hydrothermal veins including different mineral
assemblages. (A) Segen Gottes fluorite-barite vein near Schnellingen; (B) barite-quartz vein
with sphalerite, Schauinsland mine near Freiburg; (C) Siderite-chalocopyrite vein,

Riggenbach near Staufen; (D) barren barite vein, Freudenstadt.



1219

1220

1221

1222

1223

1224

1225

1226

1227

1228

1229

1230

1231

1232

1233

1234

1235

1236

1237

1238

1239

1240

1241

1242

1243

1244

Fig 5. Schematic petrography of fluid inclusion assemblages. Note alternating, high salinity,

moderate and low salinity fluids. Some assemblages contain sulfate and/or CO,.

Fig. 6. Trace element systematics of different post-Cretaceous veins. Data from the Jurassic-
Cretaceous Brandenberg vein are taken from Burisch et al. (2016b). Outliers are excluded

from the boxplots.

Fig. 7. Diagram is illustrating that CI/Br of crush leach results are a bulk of all single fluid

inclusions by LA-ICPMS analyses.

Fig 8. Homogenization temperature versus salinity (microthermometrical data) sorted
according to vein mineralogy. There seems to be no correlation between the

microthermometric data and vein mineralogy.

Fig 9. Ternary phase diagram of the NaCl-CaCl2-H20 system. Included data is restricted to
signatures A-C. The black boxes indicate the reservoir fluid compositions, their numbering is

consistent with the numbering used in the text.

Fig 10. Cathodolumenscense and microphotographs (AxPol) of pseudomorphic replacement

of quartz after anhydrite.

Fig. 11. Crush leach results (A) SO4-Cl-HCOj; system. Note, fluids from fluorite only scatter
between Cl and HCO;. (B) Na-Ca-K system. Most of the data points of barite and quartz
showing Na and Ca as dominant cation. All the K rich fluids are of low salinity. (C) Metal
distribution in the Ni-Cu-Zn system. All FIAs hosted by fluorite, barite and quartz are Ni

poor. In contrast, there is an isolated group of Ni-rich carbonates. (D) illustrates the fluid
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signatures in the As-Pb-Zn system. Interestingly, almost all barites are Pb-poor. (E)

dominantly fluids from barite are enriched in U. (F) Cl/Br versus CI content.

Fig. 12. LA-ICPMS results of single fluid inclusions from six veins. (A) Cl/Br versus Cu +Ni
content. (B) CI/Br versus Pb + Zn. (C) Cl/Br versus As content. (D) CI/Br versus W content.
(E) CI/Br versus Sb content. (F) CI/Br versus B content. For all plots note triangle shape of

the data cloud.

Fig. 13. Temporal evolution of fluid mixing. Data of the Riggenbach siderite-quartz-

chalocpyrite vein are illustrated. Na/Ca, salinity and Ty vary with time.

Fig. 14. LA-ICPMS results of the Karl August vein near Kropbach. (A) S content versus ClI
content. (B) CI/Br mass ratio versus Pb + Zn content. (C) CI/Br mass ratio versus Cu +Ni
content. Ternary mixing and variation in mixing ratio with time (represented by FIAs) can be

observed.

Fig. 15. Schematic illustration of the fluid trapping involving heterogeneous co-existing fluid

batches (schlieren).

Fig. 16. Rb vs Cs content. Most of the data points are plotting below a Rb/Cs ratio of <2.

Fig. 17. Mixing model results log SI versus wt.% basementbrine. (A) basement versus
Buntsandstein. (B) basement brine versus Muschelkalk (halite facies). (C) basement brine
versus Muschelkalk (sulfate facies). (D) basement brine versus Keuper. (E) basement brine
versus Hauptrogenstein. (F) basement brine versus crystalline intermediate depth. (G)

basement brine versus crystalline shallow depth.
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Fig. 18. Microthermometrical results arranged after Schwarzwald (blue) and Steinbach in the
Vosges (red). (A) homogenization temperatures versus salinity. (B) Ca/(Na+Ca) mole ratio
versus salinity. (C) Ca/(Na+Ca) mole ratio versus homogenization temperatures. (D) mole Ca

versus mole Na.

Fig. 19. Schematic crustal sections showing multi-component fluid mixing and vein formation

in the complex geological environment of the Upper Rhinegraben rift.

Table 1 Types of veins and fluid signatures of the Schwarzwald ore district modified after

Walter et al. (2016, and references therein).

Table 2 Overview of mineralization types in the post-Cretaceous period with some

representative localities.

Table 3 fluid characteristica

Table 4 maxium values LA-ICPMS data of single inclusions of six veins

Table 4 Aquiferdata (representative for the most important aquifers) of Gob et al. (2013); Pauwels et
al. (1993); (Pearson et al. 1989); Stober and Bucher (2004) were used and combined as input

parameter for modelling.
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Abstract Hydrothermal Ag-Co-Ni-Bi-As (five-element
vein type) ore deposits show very conspicuous textures
of the native elements silver, bismuth, and arsenic indi-
cating formation from a rapid, far-from-equilibrium pro-
cess. Such textures include up to dm-large tree- and wire-
like aggregates overgrown by Co-Ni-Fe arsenides and
mostly carbonates. Despite the historical and contempo-
rary importance of five-element vein type deposits as
sources of silver, bismuth, and cobalt, and despite of spec-
tacular museum specimens, their process of formation is
not yet understood and has been a matter of debate since
centuries. We propose, based on observations from a
number of classical European five-eclement vein deposits
and carbon isotope analyses, that “natural fracking,” i.e.,
liberation of hydrocarbons or hydrocarbon-bearing fluids
during break up of rocks in the vicinity of an active hy-
drothermal system and mixing between these hydrocar-
bons (e.g., methane and/or methane-bearing fluids) and a
metal-rich hydrothermal fluid is responsible for ore pre-
cipitation and the formation of the unusual ore textures
and assemblages. Thermodynamic and isotope mixing
calculations show that the textural, chemical, and isotopic
features of the investigated deposits can entirely be ex-
plained by this mechanism.
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P4 Gregor Markl
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Introduction

Hydrothermal ore deposits are important economic sources
for many metals and have been so since ancient times. A
particularly high-grade and interesting deposit type is here
considered: the five-element vein type (Bi-Co-Ni-Ag-As)
containing various combinations of Co-Ni-Fe arsenides
(mainly safflorite, skutterudite, loellingite, rammelsbergite,
and niccolite) with or without native silver, arsenic, antimony,
and bismuth in mostly carbonate gangue (Kissin 1992).
Because of the extraordinary enrichment especially of native
silver and bismuth (ore shoots of some tens of meters size with
hundreds of kilograms to tonnes of metals in almost
monomineralic aggregates have been observed), the five-
element vein deposits have been the economic foundations
of some regions during the medieval, modern, and present
times. The quality of their mineral specimens has additionally
attracted interest by collectors and museums since the fifteenth
century. Some of the world’s most famous ore deposits such as
Schneeberg/Germany, Jachymov/Czech Republic,
Kongsberg/Norway, Cobalt/Ontario, Batopilas/Mexico, or
Bou Azzer/Morocco belong to this type of deposit and have
been or are a major source of especially silver and cobalt.

The observations

Most workers have tried to explain the formation of these
deposits based on fluid inclusion or electrochemical argu-
ments involving iron oxidation (Ondrus et al. 2003), fluid
mixing (Marshall et al. 1993; Staude et al. 2012), boiling,
and cooling, or a combination of these parameters (Kissin
1992). Earlier studies, however, imply that neither tempera-
ture or pressure during formation nor host rock type or alter-
ation style, age, or fluid composition provided any clue to a
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common mechanism of formation, as none of these parame-
ters is typical of all deposits of this type, and Kissin (1992)
proposed up to seven different genetic hypotheses.

Our line of arguments is based on textures observed during
the macroscopic and microscopic inspection of hundreds of
specimens from European five-element deposits, such as
Wittichen and Wenzel (Staude et al. 2007, 2012),
Mackenheim and Nieder-Beerbach (Fettel 1978; Ramdohr
1975), Schneeberg (Keil 1933; Lipp 2003) and Bieber
(Wagner and Lorenz 2002) in Germany, Turtmanntal in
Switzerland (Meisser 2003), and a large literature compilation
on worldwide deposits (see Kissin 1992, and references
therein; Ahmed et al. 2009; Bastin 1950; Clavel 1963;
Gammon 1966; Keil 1933; Lietz 1939; Marshall 2008;
Ondrus et al. 2003; Petruk 1968; Wilkerson et al. 1988)
(Table 1). The following typical features are recognized:

1. In all deposits investigated, a low-grade, sub-economic
“ordinary” sulfide-dominated hydrothermal assemblage
involving pyrite, chalcopyrite, tennantite-tetrahedrite sol-
id solutions, sphalerite, or galena is followed first by na-
tive elements = arsenides/antimonides, then by arsenides/
antimonides alone, then by sulfarsenides and sulfides, and
finally by gangue minerals (mostly carbonates like calcite
or siderite, more rarely by barite, fluorite, or quartz).

2. Native metals and some arsenides typically form skeletal,
dendritic, wire-, or fern-shaped aggregates of unusual size
(up to decimeters) (Fig. 1c, d).

3. Native silver and native bismuth are typically not
intergrown with each other, but occur as separate
“clumps”; arsenides (if not overgrowing the native ele-
ments) are also present as separate “clumps.” Both native
elements and some of the arsenide aggregates appear as
“floaters” in gangue, with no or only very limited contact
to the host rock.

4. The element arsenic may occur both as native arsenic
(As"), as arsenides (As'"), and as sulfarsenites (As”";
fahlore, proustite, pearceite) hence in three different oxi-
dation states, in one deposit. Native arsenic may be older,
contemporaneous, or younger, and the sulfarsenides are
typically younger than the native metals.

5. The arsenide-sulfide associations show a typical succes-
sion of early Co-Ni-rich di- and triarsenides, followed by
Fe-diarsenides, then sulfarsenides, and finally sulfides. In
some cases, monoarsenides may be followed by di- and
triarsenides. Nickel-rich arsenides preferably grow direct-
ly around aggregates of native silver, and Co-rich arse-
nides around aggregates of native bismuth. Around native
silver, the dominant cation changes from Ni to Co and
later Fe in the zoned arsenide aggregates (Fig. 1d-f).

6. The native elements are partly dissolved during or after
the growth of the arsenides and sulfarsenides/antimo-
nides, leaving behind empty holes rimmed by the arsenide

@ Springer

minerals (Fig. 1a). These holes are in some cases filled by
later gangue calcite (Fig. 1b) and rarely, sulfides.

7. Rich ore shoots in the pinch and swell structure veins
typically occur at the site of intersecting structures.

8. Host rocks typically include carbonaceous shales,
graphite-rich gneisses, or lithologies very rich in iron ox-
ides and/or iron sulfides.

The above observations lead to the following conclusions:

1. Each of these hydrothermal systems contains sulfides be-
fore and after arsenide and native metal precipitation.

2. The growth of the native metals and arsenides occurs far
from equilibrium, as indicated by their unusual habit/shape.

3. Redox is an important and variable parameter during precip-
itation, as, e.g., shown by the occurrence of arsenic in three
and sulfur in two different oxidation states, respectively.

4. Fluid conditions, fluid speciation, and specifically the
arsenide/sulfide ratio change during arsenide and native
metal growth, as indicated by the succession of arsenide
minerals.

5. The massive occurrence of carbonates as “sealing”
gangue in all deposits indicates that carbon plays a major
role.

The model

All observations fit a model, in which an ordinary sulfide-
dominated hydrothermal system is modified abruptly by the
influx of a strongly reducing gas or fluid phase. Kerrich et
al. (1986; Cobalt/Canada) and Burisch (unpublished results
from Odenwald localities, Germany) recognized the occur-
rence of methane, propane, and ethane in fluid inclusions of
gangue calcite that formed co-genetically with the arsenides.
Accordingly, methane or other hydrocarbons can be as-
sumed to serve as the necessary reducing agent. They are
ubiquitous, extremely mobile, and highly reactive (Schoell
1988; Etiope and Sherwood Lollar 2013). Hydrocarbon in-
flux is then followed by step-by-step re-oxidation due to
precipitation reactions (Fig. 2), such as the following:

8BiCly~ + 6H,0 + 3CH, = 8Bi + 32C1~ + 24H"
+3C0, (1)

or

8AgCl,” 4 2H,0 4 CH, = 8Ag + 16C1™ + 8H*

+CO,. 2)
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Formation temperature,

013C of Reference(s)
carbonates fluid salinity

(PDB)

association with

Gangue in
main ore

Special textures of
native elements

Native elements

Characteristic
elements in ore

Host rock

Table 1 (continued)

Locality
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140-300 °C, 0-25 % NaCl

Marshall et al.

-53t0-3.1

Calcite

Dendritic and fern-like

Silver, amalgam,

Diabase sills, Ag, Bi, Sb, As,

Cobalt-Gowganda,

eq, boiling, high pH,
and low fO,

(1993), Keil

habit of silver

bismuth, Ag-
Sb-alloys

Co, Ni, Hg, Cu,

Pb, Zn

metasediments,

Ontario, Canada

(1933), Bastin

volcanics, tholeiitic

basalt, granite,
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The redox change is abrupt, so precipitation is kinetically
controlled and spatially restricted to early crystal seeds, which
are unevenly distributed. This explains the skeletal shape
of the precipitating aggregates (these shapes are typical of
rapid growth) and the occurrence of typically
monomineralic clumps in ore shoots. These shoots form
where two chemically contrasting fluids come into contact,
i.e., at the intersections of fluid-bearing structures, where
the reduced fluid (methane-bearing) mixes with a more
oxidized fluid (brine). These intersections form while the
original hydrothermal fluid in the main structure is already
present and precipitates low amounts of ordinary sulfidic
assemblages.

Enhancement of rock permeability due to the formation
of fault-fracture meshes as a consequence of active tec-
tonics (Sibson 1996) is a process of “natural fracking.”
This process potentially releases previously isolated hy-
drocarbons. Most likely, these hydrocarbons are carried
along with migrating crustal fluids (e.g., sedimentary, ba-
sinal, or meteoric fluids), similar to the highly debated
“anthropogenic fracking” (e.g., Holzman 2011).
Precipitation from a given fluid volume is geologically
very rapid, probably on the order of hours to days, as
the system is “catapulted” far away from equilibrium,
but the process of mixing can—once started—go on for
long times, as long as the fluid systems remain stable. The
junction of the fault systems is the location of an extreme-
ly efficient geochemical trap, where Co, Ni, Ag, or Bi is
almost quantitatively precipitated in an ore shoot (see
Fig. 3a). The observed distribution of ore shoots in well-
investigated ore systems supports this idea (Fig. 3b).
Whether native metals or arsenides form as main ores
depends on the specific pH during fluid-fluid and/or
fluid-gas interaction (see Fig. 2) which explains why
some veins in a specific district are, e.g., native silver-
dominated, while others are dominated by arsenides or
native arsenic. Ore precipitation continues as long as this
mixing prevails. Afterwards, the pH-fO,-path of Fig. 2a is
followed, arsenides overgrow native metals, native metals
partially dissolve, and, finally, precipitation of carbonates
follows when their solubility product is exceeded
(Fig. 2b) in response to methane oxidation and the con-
comitant increase of CO,/HCOj5 in the fluid.

Apparently, a key role in the process is played by ar-
senic. In typical hydrothermal solutions related to many of
these deposits (H,O-NaCl-CaCl,, 200 °C, 500 bar, high
salinity of 25 wt% NaCl eq.), arsenic is present as
H;As0; or AsO5®> , but various oxidation states can be
present upon reduction (As’, As'™", As* ", Fig. 2c¢).
Sulfide ions are present during the investigated process,
but the arsenide/sulfide ratio changes dramatically upon
reduction, from almost 0 to high values (which cannot
be quantified). Hence, sulfides precipitate before the
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Fig. 1 Ore textures (a—d, f) and mineral compositions (e) from the five- Skeletal grains of native bismuth rimmed and partially replaced by
element veins from Wittichen (a, ¢), the Wenzel mine (b), and the skutterudite and safflorite. Youngest mineral is tennantite. Reflected light,
Odenwald (Mackenheim, d; Niederbeerbach, f; compositional data from field of view 3 mm. e Compositions of Fe-Co-Ni arsenides from the two
both localities in e), Germany. a Native silver in the core of a crust of ~ Odenwald localities, analyzed by electron microprobe. f Dendrites of
skutterudite crystals is partially dissolved. Width about 2 mm. b native silver overgrown by the sequence of skutterudite - > safflorite
Remnants of arsenide crusts around former allargentum (which is now ->]oellingite and by later acanthite. The silver is partially dissolved,

dissolved away and the holes are filled by calcite). Width about 6 cm. ¢ and empty holes are partially filled by sphalerite and loellingite.
Skeletal growth of native silver, etched out of calcite. Width about 4 cm. d Reflected light, field of view 2 mm

@ Springer



Miner Deposita

pH pH
4
25 2 2 7 £ 2 . Z 3 3 25
! «— heutral pH— !
a b s |8 [
5 % 8 g B
-30 : - 3 = E 1-30
1 2 = E
1 =
! 10gaHCO,
1
5 3 ! - 1-35 &5
i
o noanrastenr/"e :;/Bi CO, CaCO; E.
9 | 9
- .
g 11 |
calcite not stable
below -5.6
(@5 (1) Co™43HA50; < Cohsy13H +3H0+30; — :
(2) Corss#05H0 < Corsuthsth+0250, § | =l 1 45
(3) AgCli+05H0 «» AgiaCI+0250;41 \
(@) 28iC1:43H,0 2814801415046 CHa
_50 . L . L A . . . -50
-25 T 25
-30 1-30
S -35 4-35 5
6\1 observed sequence (9"
b (Ni/Co/Fe) realized |\Q
S —40 } native As {40 ©
—45 145
i 3 I I 1 L 50
50 4 5 6 pH 7 8 8 9
-25 T T T r
e Nieder-Beerbach f
Kongsberg
Wittichen
30} Nieder-Beerbach arsenide d_ominated
(As-type) - veins 4-35
Ag/Bi dominated
— Bou Azzer veins _
QN 35 F Ma;lfelr:hem As dominated (8
Kol 1eper native Ag veins o
=) N
< S
—40
Safflorite
-40
Safflorite
—45 L .
4 5 6 7

Fig. 2 pH-logfO, diagrams showing predominance and solubility fields,
calculated at 200 °C and 50 MPa. An overview of the used input
parameters is given in Table 2. a Pre-dominance fields of native Ag,
native Bi, skutterudite, and safflorite. Different gray scales indicate three
combinations of mineral assemblages: native metal without arsenides
(light gray), native metals with arsenides (medium gray), and arsenides
without or with dissolving native metals (dark gray). The bold arrows
indicate the reaction path after methane influx and concomitant mineral
precipitation. b Stability fields of CO,, CHy, and CaCOs. Different gray
scales indicate calcite stability dependent on three different HCO5 ™ con-
centrations in the fluid. ¢ Pre-dominance fields in the Co-As-O-H system.
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6
pH
The bold black arrows indicate the same reaction path as in a. d Solubility
of Ni-, Co-, and Fe-oxides (no thermodynamic data exist for arsenides).
At logfO, values below about —35 (gray shaded area), the observed
sequence of arsenides around native elements (Ni/Co/Fe) is realized. e
Slightly different pH values (within halfa log unit) during start of the fluid
mixing process lead to different mineral accumulations and explain the
observation that some veins in the same district or locality are dominated
by, e.g., native silver, others by Co-Ni arsenides, or native arsenic. f
Enlargement of e, showing the complete fluid evolution path after cessa-
tion of the reduction step
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Fig. 3 a Schematic sketch of the model of fluid mixing at fault
intersections. The ore shoot marks the former mixing zone (geochemical
trap). b At Schneeberg/Germany, Co-Ni-Bi ore shoots occur at the inter-
section of two fault systems (after Lipp 2003). ¢ Carbon isotope fluid
compositions at 200 °C, calculated for mixing a HCO5 -bearing fluid with
methane. The gray shaded areas indicate the fluid composition in

influx, followed by arsenides with high As/metal ratios.
Sulfarsenites and sulfides as later phases show the

equilibrium with the analyzed calcite samples at 200 °C and the required
amount of CH,4 to maintain sufficiently low fO, during ore precipitation.
The black lines show three different HCO3 ™ concentrations (10, 50, and
150 mg/l) in the initial fluid A. Initial fluids with HCO;  concentrations of
50 to 150 mg/1 agree with the observed fluid composition after mixing with
the required amount of CHy

exhaustion and/or the re-oxidation of the arsenide species
in the fluid.
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As mentioned above, arsenides occur in two different
textures: as large clumps without and as crusts around
native metals. The former may form due to

2As03* +4H" 4+ 5CHy = 2As ™ +4H,0 + CO,,  (3)

while the latter precipitate after re-oxidation around na-
tive metals due to

AsO3®  + 6H' 4+ 4Ag = As™ + 4Ag™ + 3H,0. (4)

This reaction, interestingly, leads directly to the dissolution
of the native metals previously formed and thus explains the
partial dissolution textures, which can be subsequently filled
by younger calcite.

All these redox reactions have a profound influence
on the pH of the solution. During native element precip-
itation (reactions 1 and 2), pH becomes more acidic.
Although the carbonate activity due to methane oxidation
reactions increases, the decreasing pH precludes carbon-
ate precipitation in this early stage of the process. When
the di- and triarsenide (i.e., arsenides with high arsenide/
metal ratios) and native metal precipitation slows down
and finally stops (since the introduced batch of reducing
agent has entirely reacted), the system evolves back to
higher pH, due to water-rock interaction, as typical crust-
al rocks like gneisses, granites, or amphibolites buffer
fluids around neutral to slightly alkaline pH values
(e.g., Mdller et al. 2005). The reaction path involves
partial dissolution of earlier formed native metals and
successive formation of diarsenides and finally carbon-
ates or (more rarely) sulfates. The pH variations of the
given reaction path also explain the succession of Ni,
Co, and Fe dominance in the diarsenides (Fig. 2d), be-
cause their chloride complexes have different stabilities.
Furthermore, the observed paragenetic differences around
native silver and bismuth can be explained by the fact
that pH is different in both cases due to the different
reaction stoichiometry involving Ag* vs. Bi*"
(reactions 1 and 2).

Carbon isotope and fluid inclusion evidence
and the origin of the hydrocarbons

Evidence for the proposed process can in principle be provided
by carbon stable isotope and fluid inclusion studies. Although
gangue minerals appear after the native metal ore stage, we still
found methane in some fluid inclusions in calcite parageneti-
cally associated with arsenides at the Odenwald/Germany lo-
calities we investigated by Raman spectroscopy (Burisch, un-
published results), while the majority of analyzed fluid inclu-
sions there and at other localities is methane-free and records
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the ordinary hydrothermal system after re-attainment of equi-
librium (Staude et al. 2007, 2012; Kerrich et al. 1986; Marshall
et al. 1993; Wilde et al. 2001). Alternatively, the introduced
methane could also have been entirely oxidized to HCO; be-
fore fluid trapping. In Kongsberg, Norway, the former presence
of hydrocarbons is proven by “coal blend” (a solid C-H-O
phase) intergrown with calcite (Neumann 1944).

Mass balance calculations using carbon isotope values
from two representative localities (Odenwald and Wittichen/
Germany) range between —5 and —10 %0 VPDB (Table 1). As
Fig. 3c shows, mixing of a hydrothermal fluid containing
moderate amounts of bicarbonate (HCOj3 ; 50-150 mg/l) with
the amount of methane (or methane-bearing fluid) required to
maintain an fO, suitably low to support ore precipitation ren-
ders numbers in agreement with the analyzed carbon isotope
composition of the carbonates from the arsenide-native metal
associations (Table 1), supporting our model. Later, ore-free
calcite generations from the same deposits show less negative
carbon isotope compositions, and earlier (pre-ore) carbonate
generations do not exist.

The amount of methane required to precipitate the ob-
served amounts of ores is relatively small, on the order of
30 mg/l (Table 2). It may originate from biogenic or abiotic
sources (Apps 1985; Schoell 1988; Liiders et al. 2012; Welhan
1988), the latter being, e.g., graphitic schists or H,- or CO,-
bearing fluids reduced by catalytic contact with ferrous iron
(Apps 1985), by carbonate methanation, or via Fischer-
Tropsch type reactions (Etiope and Sherwood Lollar 2013).
Such carbon- or sulfide-rich host lithologies are typically pres-
ent close to five-element veins (Kissin 1992 and references
therein; Staude et al. 2012). Hence, methane should be easily
available for the process proposed, especially, as mass balance
calculations show that the required quantities are small.

Table 2 Model input and output used for the construction of Fig. 3c.
Input data are for the typical five-element Sophia vein, Wittichen,
Germany

Parameter Input  Output
Temperature (°C) 200

Pressure (MPa) 50

Salinity (wt.% NaCl eq.) 25

Na/Ca (molar) 1

Ag in fluid (ppm) 1

Co in fluid (ppm) 105

As in fluid (ppm) 270

Mass native silver precipitated (t) 5

Mass arsenides precipitated (t) 2000

Volume of fluid required for observed ore mass (1) 5.0E+09
CHj, required for ore precipitation (mmol/l) 1.78
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Application to other types of ore deposits

Although our detailed study focuses on five-clement type de-
posits, we state that the same mechanism (fracking and influx of
hydrocarbons or hydrocarbon-bearing fluids into an aqueous
hydrothermal system) may also be relevant for some other types
of hydrothermal deposits of redox-sensitive elements (e.g., Au
and U). For orogenic gold deposits, this was already suggested
by Naden and Shepherd (1989), Wilde et al. (2001), and Cox et
al. (1991). Textural similarities between some types of hydro-
thermal gold and five-element vein deposits include the skeletal
to fern-like textures of the native gold, its occurrence in rich
masses related to structural intersections separated by barren
gangue, the association with carbonates and sulfides
(Goldfarb et al. 2005), and evidence for methane in fluid inclu-
sions of gangue minerals (Kerrich et al. 1986; Wilde et al.
2001). Note that the abundant presence of loellingite/
arsenopyrite records the abundance of arsenide in the fluid in-
dicating low fO, of the ore fluid. The reason for the lack of
other arsenides may be low contents of Co and Ni in these
fluids, since natural arsenides of Pb and Zn are unknown, and
Cu arsenides (like domeykite, paxite) are very rare and, hence,
crystallographically unstable under natural conditions. The con-
spicuous occurrence of rare Au-Ag-tellurides in some of these
deposits may be due to reduction of tellurite to telluride ions
upon the influx of mobile hydrocarbons.

Conclusion

We conclude that the influx of mobile hydrocarbons such as
methane into active hydrothermal systems can lead to precious
metal precipitation and that this mechanism explains all ob-
served textural, mineralogical, chemical, and isotopic features
of the so-called five-element veins and of at least some hydro-
thermal vein-type gold deposits. This influx must be sudden,
possibly like a fault-valve mechanism of cyclic seismic events
(“seismic pumping”) and leads to far-from-equilibrium pre-
cipitation of ore minerals. In nature, such natural fracking
episodes presumably last only short time spans, maybe only
hours to weeks (e.g., rupturing during earthquakes), but may
be followed by long periods of mixing of the two fluid sys-
tems, representing an extremely effective geochemical trap for
redox-sensitive elements (Ag, As, Au, Bi, Te, U). When one
of the fluids exhausts or the hydrocarbon supply ceases, the
remaining hydrothermal system re-approaches equilibrium by
reactions with its local host rocks and precipitates the gangue
minerals and base metal sulfides in the more classical situation
of physicochemical gradients.
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ABSTRACT

Five-element veins (Ag, Bi, Co, Ni, As) have been valuable mineral deposits since
medieval times. The characteristic occurrence of large aggregates of native metals (up to
several dm) surrounded by a succession of arsenides makes this vein-type attractive for
mining industry, natural history museums and private mineral collectors. Nevertheless,
the exact formation process of these specific vein types has not been understood until
recently (Markl et al., [Min. Dep. 20, p. 527-532, (2016)]). This is the first case study
applying the new model to two typical examples of such mineralisations. We analysed all

mineralogical varieties (Ag-, As- and Bi-dominated) of the five-element veins in the
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Odenwald (SW Germany) in terms of ore textures, mineral chemistry, fluid inclusion
compositions (microthermometry and Raman spectroscopy), stable isotopes (C, O and
S) and radiogenic isotope compositions (U-Pb).

A variety of Ag-, Bi- and As-dominated native metal-arsenide-calcite veins, sulphide-
calcite veins and arsenide-free Ag-Hg-barite veins occurs in the Odenwald and has been
examined in this study. All arsenide veins have in common that up to dm-sized, often
dendritic native metals are overgrown by a succession of arsenides, followed by
carbonate and finally sulphides. Arsenide composition shows a distinct chemical trend
from Ni- to Co and finally Fe-dominated. In contrast, spatially closely related Ag-Hg-
barite veins consist of almost mono-mineralic amalgam inter-grown with barite.

U-Pb age dating of calcite and prehnite was applied for the first time to constrain the age
of hydrothermal mineralization. The results imply that the five-element veins formed at
170-180 Ma from Na-Ca-Cl fluids at 290°C, salinities of ~27 wt.% and Ca/(Ca+Na) of
0.30 to 0.35 in the presence of methane. The age data clearly relate the relevant fluid
migration to extension and crustal thinning caused by the opening of the North Atlantic.
Ternary mixing of a deep-seated metal-rich basement brine, a sulfide-bearing (H2S and
HS-) basinal/sedimentary brine and methane-dominated fluid/gas induced ore
formation. Mixing of such chemically contrasting fluids results in a strong chemical
disequilibrium of the mixed fluid, which potentially leads to rapid precipitation of native
metals and arsenides with these specific ore textures. In contrast, sulphide-bearing
calcite veins formed under similar P-T-conditions due to mixing of fluid A and B, while
fluid C was absent. Additionally, U-Pb analyses of post-ore calcite yields ages of ~60 Ma,
which indicates that this calcite formation event is associated with the onset of the

Upper Rhine Graben rifting.



49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

Veins with amalgam and barite form as a consequence of post-ore oxidation of Ag,S at
~135°C. Conspicuously, this secondary silver II has Hg contents of up to ~30 wt.%, in
contrast to Hg contents below 1 wt.% of primary silver I and AgzS. The formation of
amalgam was most likely related to decrease of the S2-/S04% ratio due to cooling of the

late hydrothermal fluid resulting in the destabilisation of Hg-bisulfide complexes in this

fluid.
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INTRODUCTION

Hydrothermal vein deposits with native Ag, As or Bi overgrown by a succession of Ni-,
Co- and Fe-arsenides and typically floating in carbonate gangue minerals are called five-
element veins, based on the elements Ag, As, Co, Ni and Bi (Kissin, 1992). Although this
nomenclature does not correctly describe all subtypes of this mineralisation type, since
some elements do not occur at some localities and/or elements like Sb and U may
additionally occur in assemblages at others, it is nevertheless used in this contribution,
since it is established in the literature (Bastin, 1939; Kissin, 1992).

Five-element deposits are typically of relatively low tonnage, but very high grade, and

therefore have been of great economic importance as Ag, Co and U ores since medieval
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times. The most widely known and the best investigated deposits are probably
Schneeberg/Germany (Lipp and Flach, 2003), Jachymov/Czech Republic (Ondrus et al,,
2003a; Ondrus et al., 2003b; Ondrus et al., 2003c), Kongsberg-Modum/Norway (Bugge,
1931), Cobalt-Gowganda/Canada (Andrews et al., 1986), Thunder Bay/Canada (Franklin
et al., 1986), Batopilas/Mexico (Wilkerson et al., 1988), Imiter/Morocco (Cheilletz et al.,
2002) and Bou Azzer/Morocco (Ahmed et al., 2009).

Hydrothermal five-element veins can be sediment-, unconformity- and/or basement-
hosted and the host rock composition is very variable and includes igneous,
metamorphic and sedimentary rocks. Reported formation temperatures range from
~150 to 450°C, and hence, the mode of host rock alteration is also variable (Kissin,
1992; Staude et al., 2012). Although the mineral assemblages and the ore textures are
very similar implying that all of theses deposits have similarities in their general genetic
process, formation temperature, fluid salinity, host rock and alteration type strongly
vary for each locality (Kissin, 1992; Staude et al., 2012). Kissin (1988) suggested that the
formation of five-element veins is caused by the circulation of connate brines in
environments of continental rifting. Marshall et al. (1993) proposed that silver
deposition is caused by a decrease of chlorine activity due to mixing of silver-rich highly
saline with (paleo-) meteoric fluids. However, these models could not explain the
textural details, which are included in the refined genetic model proposed by Markl et al.
(2016). This model links the formation of five element veins to the influx of methane
and/or hydrocarbon-bearing fluids into pre-existing hydrothermal systems. Oxidation of
CH4 to CO2 subsequently results in very reducing conditions of the mixed ore fluid,
which facilitates the precipitation of the native metals and arsenides. The progressive

oxidation of methane leads to precipitation of calcite at the end of the ore succession as
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a consequence of the dissolution of CO2 and concomitant increase in HCO3- activity
(Markl et al., 2016).

The majority of the existing work on five-element veins is relatively old and therefore
does often not contain modern analytical data of e. g. fluid inclusions using Raman
spectroscopy (see compilations in (Bastin, 1939; Kissin, 1992); Staude et al. (2012) and
Markl et al. (2016)). The few exceptions include Marshall et al. (1993), Ahmed et al.
(2009), Ondrus et al. (2003b) and Staude et al. (2012). Hence, to our knowledge, apart
from textural observations and indirect isotopic evidence, only two samples of five-
element veins from the Cobalt-Gowganda deposit (Kerrich et al, 1986) have been
described to contain methane, propane and ethane which would support the model of
Markl et al. (2016). Here, the present contribution can add important data.

The five-element veins at Nieder-Beerbach and Mackenheim in the Odenwald of SW
Germany were first briefly described by Ramdohr (1923 and 1975), and later in more
detail by Fettel (1978 and 1982), but have never been investigated in detail, using
modern analytical techniques. Fluid chemistry, formation conditions and timing of ore
precipitation were, hence, insufficiently understood. The investigated localities are sub-
economic, but their relatively small dimensions and the excellent outcrop and sample
situation since about 1970 enabled comprehensive sampling of all kinds of
mineralogical variations with locality, time and depth of exposure. This opened up a
unique opportunity to investigate the complex connections of a "big picture" on a
spatially small scale.

Investigation of ore textures, mineral chemistry, fluid inclusions (including
microthermometry and Ramam spectroscopy), stable isotope (C, O and S) analysis of
gangue and sulfide minerals and radiometric U-Pb age dating of arsenides and gangue

minerals (calcite and prehnite) were used to constrain the conditions and processes
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during formation of the Odenwald veins and to compare them to the new general

genetic model of Markl et al. (2016).

GEOLOGICAL SETTING

Regional Geology

The crystalline complex of the Odenwald is a deeply eroded basement window of a
former subduction-related volcanic arc, situated at the northern margin of the
Saxothuringikum also known as the mid-German Crystalline High (Stein, 2001). The
subduction was related to the convergent plate tectonics of the Variscan orogeny, 380 to
300 Ma ago (Oncken et al., 1999). The Odenwald crystalline window is bordered to the
west by the Cenozoic Upper Rhine Graben, to the north by the Saar-Selke Trough and to
the south and east by the Permo-Triassic sedimentary cover (Nickel, 1975). The
crystalline Odenwald consists of two units: the larger, western Bergstrasser Odenwald
and the eastern Bollstein Anticline, which are separated by the sinistral strike-slip
Otzberg fault (Fig. 1).

The Bollstein Anticline consists of amphibolite facies orthogneisses (410+10Ma, S-type
protolith), paragneisses and schists (375+5Ma)(Stein, 2001), while the Bergstrasser
Odenwald consits dominantly of calc-alkaline (I-type) magmatic rocks (90 vol.%), which
can be subdivided into 4 individual diapiric intrusions (from north to south:
Frankeinstein complex, Weschnitz pluton, Tromm and Heidelberg granite) and the
strongly deformed NNE-SSW trending Flasergranitoid zone, a complex mixture of
dominantly meta-granitoid rocks, which are interrupted by four metamorphic units
("Schieferziige"). In general, the composition of the magmatic rocks (excluding the

complex Flasergranitoid zone) of the Bergstrasser Odenwald shows a trend towards
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more acidic rocks from north (gabbros and diorites) to south (mostly granites) (Stein,
2001).

The investigated Ag-dominated hydrothermal veins at Nieder-Beerbach are hosted by
igneous rocks of the Frankenstein pluton in the north (Fig. 1B), which is the oldest
intrusive complex of the Bergstrasser Odenwald (365 Ma) and consists of medium- to
coarse-grained pyroxene-hornblende and olivine gabbros. Diorites occur at the northern
and southern margins of the complex, while granodioritic and granitic dykes exclusively
occur in the north (Stein, 2001).

Four metamorphic units form narrow zones, which interrupt the magmatic intrusions,
of which the most important ones are the Eberstadt-Rossdorf, the Auerbach-
Grossbieberau, the Heppenheim and the Weinheim-Waldmichelbach Schieferzug (Fig.
1A and C). The last one hosts the investigated Bi-dominated five-element veins of the
southern Odenwald (Mackenheim, Fig. 1 C). These units consist of a variety of
amphibolite facies (sometimes retrograded to greenschist facies) rocks, where meta-
greywackes and amphibolites are predominant, specifically fine-grained biotite-
plagioclase gneisses, muscovite gneisses and schists, biotite-muscovite gneisses and
hornblende gneisses and quartzites (Stein, 2001).

Prior to erosion, the crystalline basement was covered by organic-rich upper
Carboniferous and Permo-Triassic silicio-clastic and chemical sediments with estimated
thicknesses of at least 600 m (Nickel, 1975). Carbonate-dominated sediments of the
Jurassic and Cretaceous were present (Faupl, 2000), but their precise local thicknesses
are poorly documented. Formation and migration of methane in Upper Cretaceous
organic-rich sediments due to the thermal decomposition of organic matter during basin
subsidence is documented in fluid inclusions of fracture minerals in the Northern

German Basin (Liiders et al.,, 2005).
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Ore geology

Numerous five-element veins occur in the northern, middle and southern Odenwald
(Tab. 1), always accompanied by sulphide-bearing and to lesser extent by U-bearing
veins. Although the difference in stratigraphic depth of formation between the northern
and the southern hydrothermal veins is very small (100 m), the mineral assemblages
show distinctly different compositions. Silver-dominated gabbro-hosted veins occur
only in the north, while in the middle and southern Odenwald, five-element veins are Bi-
dominated and hosted by marble and gneiss, respectively.

The northern-most Ag-Ni-Co-Fe-As-calcite veins are accompanied by arsenide-free Pb-
Zn-Cu-calcite and Ni-U-Cu-calcitexbaryte+chalcedony veins and are exposed at the
Wingertsberg quarry (Ramdohr, 1975). Only 3.5 km further south, Ag-Ni-Co-Fe-As-
calcite and As-Ag-Fe-calcite veins occur with predominant Pb-Zn-Cu-sulphide-calcite
veins at all three quarries (Fig. 1B). Uranium-bearing veins are absent, but several
arsenide-free Ag-Hg-barite-calcite veins have been observed. There is only one known
occurrence of a single Bi-Ni-Co-Fe-As-calcite vein in the central Odenwald at
Hochstddten, Bangertshohe (Kiithne, 1932), but further south, near Schriesheim and
especially at the quarry "Viadukt" near Mackenheim (Fig. 1 C), Bi-rich veins occur.
There, these are accompanied by abundant Pb-Zn-Cu-(Fe)-sulphide-calcite and U-Pb-Zn-

sulphide-calcite veins.

Northern Odenwald: Ag-suites of the Waschenbach, Glasberg and Wingertsberg quarries

All three quaries are situated around 5 km southeast of Darmstadt (Fig. 1B). The quarry
Wingertsberg (now flooded) is directly located in the centre of Nieder-Ramstadt
(49°49'52.9"N 8°41'50.9"E), while Glasberg and Waschenbach are located directly
adjacent to each other 3.5 km further to the south (49°47'51.7"N 8°41'37.4"E and

49°47'45.2"N 8°42'12.4"E) close to the village of Nieder-Beerbach (Fig 1B).
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All quarries mined dominantly gabbroitic rocks of the Frankenstein pluton, which
includes several lenses of picritic or dioritic composition as well as aplitic dykes. The
deepest levels of these quarries are around 90-100 m b.g.s. (below ground surface).
Numerous hydrothermal veins with either Ag-Ni-Co-Fe-As or As-Ag-Fe ores (Ag-
arsenide veins) cut these plutonic rocks (Tab.1), typically as NW-SE trending (120-160°)
almost vertical (> 80°) discontinuous pinch-and-swell structures with variable
thicknesses of 1 to 30 cm (Ramdohr, 1923; Fettel, 1978; Fettel, 1982). These veins are
also present at the deepest level of the quarries ~ 90 m b.g.s, while they invariably pinch
out at the top, around 10-15 m b.g.s.. Propylitic host rock alteration is not pronounced
and affects the host rock only within millimetres. Only in the northern Wingertsberg
quarry a system of thin (< 5cm) very discontinuous pinnate joints with a U-Ni-Cu
mineralisation occurs in depths greater than ~80 m b.g.s. in the Wingertsberg, which is
absent at the Waschenbach and Glasberg quarry (Ramdohr, 1975; Fettel, 1978; Meisl
and Poschl, 1982).

Another type of hydrothermal veins contains Pb-Zn-Cu-S minerals and accompanies the
Ag-arsenide veins at all localities investigated. These veins are steep (70-85°), NW-SE
and W-E trending (100-170°) (Leyk, 1990) and, hence, similar to the Ag-arsenide veins.
They are often discontinuous, only 1 to 10 cm thin and do not intersect the Ag-arsenide
veins. Arsenide-free Ag veins occur also as vertical (>85°), NE-SW (30-80°)
discontinuous pinch-and-swell structures with thicknesses of 1 to 25 cm (Fettel, 1982).
The occurrence of these arsenide-free Ag-Hg-barite-calcite veins is restricted to the
upper 30 to 45 m below the topographic surface (Fettel, 1985) of the quarries. Several
other, barren barite-calcite veins occur with similar orientation and thickness (Leyk,
1990). Weak argillic host rock alteration can be recognized around all barite-calcite

veins.
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Southern Odenwald: Bi-suite of the Mackenheim quarry

The quarry "Viadukt" is located 18 km northeast of Heidelberg, around 1 km west of the
village of Mackenheim (49°34'2.19"N 8°46'51.78") (Fig. 1C). The host rocks are
dominantly amphibolite-facies meta-sediments including some amphibolite lenses.
Along the metamorphic foliation, abundant quartz lenses (several cm in size) occur,
which often contain small amounts of bismuthinite, molybdenite, scheelite, pyrite,
titanite and native gold. Five Bi-Ni-Co-Fe-As lenses are known in the Mackenheim
quarry (Tab. 1). These mineralizations are discrete NW-SE trending, almost vertical,
discontinuous lense-shaped ore bodies (up to 30 x 30 m) with a maximum thickness of
60 cm. Propylitic host rock alteration is weak and penetrates the host rock typically not
more than several mm.

Additionally, 20-50 cm thick, +N-S (also NW-SE) trending Cu-Pb-Zn-sulphide-calcite
veins (sometimes lense-shaped) occur unsystematically distributed in the Mackenheim
quarry. The age relationship between these veins and the Bi-arsenide veins is not clear,
since they do not intersect. Furthermore, spatially separated, NE-SW trending U-bearing
veins occur ((Fettel, 1978; Meisl and P6schl, 1982)). Based on (Meisl and Poschl, 1982),
they are interpreted to be younger than the arsenide-bearing veins. Barren and Bi-Co-
Cu-Pb-sulphide-calcite and barite-calcitexquartz veins (both arsenide-free) typically

strike in NNE-SSW orientations, being younger than the Bi-arsenide veins.

Petrographic description

The detailed description of the vein mineralogy and ore textures of this study focuses on
the Ag-Ni-Co-Fe-As, As-Ag-Fe, Ag-Hg-barite, Bi-Ni-Co-Fe-As and Pb-Zn-Cu-sulphide-

calcite veins. According to petrographic observations (also including those made by
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Ramdohr (1923; 1975) all Ag-/As-/Bi-arsenide veins can be classified into four
successive ore stages:

1. stage: sulphides older than native metals and arsenides

2. stage: native metals

3. stage: arsenides growing on native metals

4. stage: sulphides younger than native metals and arsenides

In general, three different arsenide-bearing vein types: Bi-Ni-Co-Fe-As, Ag-Ni-Co-Fe-As
and As-Ag-Fe (Fig. 2 A, B, C, D, E and F) occur.

Rarely, relic sulphides can be observed encapsulated by native metals and arsenides
(Ramdohr, 1975), indicating the existence of sulphides in the same veins (ore stage 1)
prior to the native metal stage (ore stage 2). Although the type of native element is
variable, the arsenide veins have in common that their paragenetic sequence of the five-
element assemblage (ore stage 2) typically starts with dendritic or fern-like aggregates
of native metals (Bi, Ag and Ag+As) (Fig. 2 A, B, C, D, E, F & Fig. 3). The native metals are
followed by a sequence of euhedral arsenides (ore stage 3), which typically starts with
rammelsbergite (NiAsz) followed by skutterudite (CoAss), safflorite (CoAsz) and
loellingite (FeAs:) (old to young). Replacement of native metals by safflorite and/or
loellingite indicates the dissolution of native metals directly after the formation of
rammelsbergite/skutterudite. The arsenide stage (ore stage 3) is invariably followed by
sulphides like galena, chalocpyrite, sphalerite, acanthite, proustite, pearceite,

bismuthinite, aikinite, fahlore and pyrite (ore stage 4) (see Fig. 3).

Ag-Ni-Co-Fe-As (Nieder-Beerbach and Nieder-Ramstadt)
Small, euhedral crystals of galena I (ore stage 1) occur rarely in native Ag and

skutterudite at the Wingertsberg quarry (Ramdohr, 1923 and 1975), which are the
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oldest documented ore minerals of the Ag-Ni-Co-Fe-As assemblage. An early, greenish-
white generation of barren prehnite I and chlorite (pre-ore stage and/or ore stage 1) in
the host rock and at the fracture rims are followed by dendritic, fern-like aggregates of
native Ag I of up to cm-size (ore stage 2). These aggregates of native Ag I are entirely
covered by small aggregates of rammelsbergite (0.2 to 2 mm), a thicker layer of
euhedral skutterudite (1-4 mm) and finally up to cm-thick loellingite (all of ore stage 3,
see Fig 2 A and B). The succession of arsenides is followed by brownish prehnite I and
transparent, colourless, mostly euhedral calcite I. Late loellingite, prehnite Il and calcite
I overlap paragenetically and therefore can still be related to ore stage 3. Loellingite,
prehnite II and calcite I often replace native Ag I. The degree of replacement varies
strongly from small dissolution cavities to the entire dissolution of a complete aggregate
(Fig. 2 A and B). Prehnite II and calcite I are followed by sulphide minerals, dominantly
acanthite, sphalerite, galena Il and rarely pearceite, chalcopyrite and fahlore. Acanthite
often forms pseudomorphs after argentite and shows irregular transformation twinning,
while other acanthite crystals appear to have formed monoclinic and transformation
twins cannot be recognized. The amount of native Ag I replaced by acanthite is very
variable. The abundance of Ag-sulfides may vary from accessory to major constituents
(see also Ramdohr (1975)). Additionally, numerous rare minerals (like e.g fettelite or
lautite) are known to occur locally in very small abundances (Fettel, 1985), but since
they are not present in the investigated samples and do not belong to the primary

mineral assemblage, these minerals are not considered further in this contribution.

As-Ag-Fe (Nieder-Beerbach)
Framboidal-shaped masses of native As (1-7 cm thick), containing aggregates of native
Ag 1 (0.01 to several mm), are rimmed by a thin crust of euhedral leollingite (0.1 to 1

cm), which is followed by transparent, colourless calcite I (Fig. 2 C and D). The amount
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of native Ag I is very variable and ranges from a few um small individual, randomly
distributed grains to spherical, branchy aggregates of up to 5 mm in size (ore stage 2).
Native elements are replaced mostly at the rim of the vein by loellingite and calcite I (ore
stage 3) and subsequently by proustite, pearceite, chalcopyrite and rarely galena (ore
stage 4). The degree of replacement of the native As varies strongly. Both the weak
replacement at the rims and the complete dissolution leave behind the hollow arsenide

and sulphide rims.

Ag-Hg-barite-calcite (Nieder-Beerbach)

Irregularly shaped, often moss- or brush-like native Ag II intergrown with euhedral
tabular-shaped barite, euhedral calcite Ila or fine masses of montmorillonite and very
fine-grained quartz without arsenides are typical for this mineralization type (Fig 2 G).
The native Ag Il is concentrated in the centre of the vein and is often associated with
minor amounts of chlorargyrite at the rims of the small Ag grains. The Ag grains
frequently contain very small (2 to 20 um) rounded grains of galena and acanthite (Fig.
2 H), while acanthite also occurs as irregularly shaped, corroded remnants, which are
not encapsulated by native Ag. Brecciated pieces of older calcite I occur commonly in

these veins.

Pb-Cu-Zn-S veins (Nieder-Beerbach)
Up to cm-sized grains of co-genetic galena and rarely bornite and chalcopyrite (ore stage

1) are followed by up to cm large white to colourless crystals of calcite I (ore stage 3).
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Bi-Ni-Co-Fe-As-veins (Mackenheim)

Native bismuth occurs as dendritic, often fern-like aggregates of up to 5 mm in size,
without contact to the host rock (Fig 2 E and F). Typically, bismuth (ore stage 2) is
overgrown by euhedral layer of skutterudite (0.1 to 1 cm), but in some cases crystals of
rammelsbergite occur directly on top of the native metal (Fig. 2 E), which is overgrown
by massive skutterudite. Very small, euhedral quartz crystals grow directly on the host
rock. Both, quartz and skutterudite are overgrown by euhedral safflorite (ore stage 3).
Bismuth, rammelsbergite, skutterudite and safflorite altogether typically forming
spherical aggregates or clumps. Rarely, safflorite replaces bismuth, where it was
dissolved prior to or during safflorite precipitation. White to rose calcite [ (up to cm in
size) encapsulates the clumps of ore minerals entirely. The oldest rims of calcite I
contain small safflorite crystals (ore stage 3), followed by barren calcite, while the last
precipitated calcite I (ore stage 4) includes thin needles of aikinite, bismuthinite, fahlore,
chalcopyrite, pyrite (As-rich) and sphalerite are often present as mostly anhedral
aggregates or crusts (ore stage 4). Hydrothermal graphite is present in one single
sample, where it occurs co-genetic with calcite I (ore stage 3) but without ore minerals.
Transparent, greenish calcite IIb overgrowths calcite I and fills void space and cavities

(post-ore stage).

METHODS

U-Pb age dating

Uranium-Pb ages were acquired in situ in polished thin section of calcite, prehnite and
safflorite from five different samples by laser ablation- inductively coupled plasma-mass
spectrometry (LA-ICP-MS) at the Goethe University Frankfurt (GUF), using a slightly

modified method as previously described in (Gerdes and Zeh, 2006 and 2009). A
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ThermoScientific Element 2 sector field ICP-MS was coupled to a Resolution S-155
(Resonetics) 193 nm ArF Excimer laser (CompexPro 102, Coherent) equipped with a
two-volume ablation cell (Laurin Technic, Australia). Samples were ablated in a helium
atmosphere (0.6 I/min) and mixed in the ablation funnel with 0.7 I/min argon and 0.04
1/min nitrogen. A squid (Laurin Technic, Australia) was used as homogeniser for the
ablated material for smoothing of the signal, which resulted in a relative standard error
for U of about 1% on SRM-NIST 612 for line ablation (e.g., 60pum, 3 um/s, 5 Hz, 1 J/cm?).
Signal strength at the ICP-MS was tuned for maximum sensitivity while keeping oxide
formation below 0.3 % (UO/U). Static ablation used a spot size of 80, 143 and 213 pm
(depending on absolute U and Pb concentrations of the sample) and a fluence of < 1]
cm-2 at 5 Hz. This yielded a depth penetration of about 0.6 um s for SRM-NIST 614 and
an average sensitivity of 420000 cps/ug gt for 238U. Resulting detection limits for 206Pb
and 238U are ~ 0.1 and 0.04 ppb, respectively. Each measurement consist of 3 s pre-
ablation (removal of surface contamination), 20 s background acquisition, 20 s sample
ablation and 20 s washout. Soda-lime glasses SRM-NIST 614 and 612 were used as a
reference glass together with 2 carbonate standards.

Raw data were corrected offline using an in-house MS Excel® spread sheet program
(Gerdes and Zeh, 2006 and 2009). The 207Pb/206Pb ratio was corrected for mass bias
(0.3%) and the 206Pb /238U ratio for inter-element fraction (ca. 9%), including drift over
the 12 hours of sequence time, using SRM-NIST 614. Additional matrix correction of 9%
has been applied on the 206Pb/238U for calcite and prehnite samples, which was
determined at the beginning of each day using WC-1 carbonate reference material dated
by TIMS (251+2 Ma; E.T. Rasbury, pers. comm. 2014). Based on the soda-lime glasses
and the common Pb corrected WC-1 data the 206Pb/238U fraction during 20s depth

profiling of the laser was below 3%. Thus no correction has been applied for this. After



359

360

361

362

363

364

365

366

367

368

369

370

371

372
373

374

375

376

377

378

379

380

381

382

383

correcting for drift, mass bias, inter-element fraction and 9% matrix-offset, the WC-1
(n= 24) common Pb corrected 2°6Pb /238U reproduce over the three consecutive days to
250.9+0.82 Ma (MSWD = 0.74; 2SD = 1.7%). A common Pb correction has been applied
only when Pb is mostly radiogenic; formed from the decay of U in the crystal. So unlike
most carbonates, the WC-1 has very high percentages of radiogenic Pb. The common Pb
content was determined using the 208Pb signal after subtraction the radiogenic 2°8Pb
(Millonig et al., 2012). The latter is typically low in most carbonates due to low Th
contents. Repeated analyses (n=35) of a Zechstein dolomite (Gypsum pit, Tettenborn,
Germany) used as secondary (in-house) standard for quality control yielded an lower
intercept age of 255.6 * 3.0 Ma (MSWD: 1.4). According to the analysed standard
materials accuracy and repeatability of the method can be assumed to be less than 2%.
Ages were calculated using Isoplot 3.71 Ludwig (2007). All uncertainties are reported at

the 2sigma level.

Microthermometry

Double polished thick sections (100-200 pm) were used to characterize fluid inclusion
assemblages (FIAs) under the microscope according to the following code: primary (p),
pseudo-secondary (ps), secondary (s), isolated inclusions (iso) and clusters (c) of
inclusions. Microthermometry was performed using a Linkam stage (model THMS 600).
Each individual fluid inclusion was analysed three times, resulting in triplets of final
melting temperature of ice (Tm,ice), hydrohalite (Tmnn) and the homogenization
temperature (Th). The results are given as average of each triplet, including only triplets
with deviations of each measurement less than 0.1/1°C (Tm,ice/Th). Synthetic H20, H20-
NaCl and H;0-CO: standards were analysed before and after each measurement
campaign. Fluid inclusions showing signs of meta-stability and/or post-entrapment

processes (e.g. necking, absence of hydro-halite) were strictly excluded. The salinity in
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the ternary NaCl-CaClz-H20 system was calculated according to (Steele-Maclnnis et al.,
2011). A pressure correction according to (Bodnar and Vityk, 1994) was applied,
assuming hydrostatic conditions with a depth of the water column inferred from the
estimated paleo-depth (see discussion), resulting in only minor (< 5°C) deviations

between corrected and uncorrected Th. Therefore, Th is given as uncorrected values.

Micro Raman spectroscopy

A confocal Renishaw InVia Reflex Raman spectrometer was used to detect volatile
phases in the fluid inclusions. All measurements were carried out with a laser
wavelength of 532 nm and 20-25 mW laser power. The usage of a 50x objective results
in a numerical aperture of 0.55 with an opening angle of 66.7°. The focus diameter is
approximately 2 pm. Measurement time is 30 seconds with a three-rate accumulation.
This accumulation results in unreal quantitative intensities, but reduces the background
signal significantly. Each FI measurement consists of three individual analyses including
the gas phase, the liquid and the host mineral using the same sample orientation and
measurement settings. For qualitative evaluation, resulting Raman shifts were

compared with the Raman data base provided by (Frezzotti et al., 2012).

Crush-leach analysis

Two grams of samples MB12 and MB39 of pure calcite I (Ag- and Bi-suite) were
handpicked without having visible impurities. The samples were rinsed for one week
with ultrapure water, changing the water twice a day, then dried and powdered in an
agate mortar. To suppress the adsorption effects, crush leach solutions were acidified
with suprapure HNO3 The loaded solution was injected into a Dionex ICS 1000 ion
chromatography systems, equipped with an IonPac AS 9-HC 2mm column for
quantification of anions (F, Cl, Br, PO4 and SO4) and an lonPac CS 12-A column for

cations (Li, Na, K, Mg, Ca, Ba, Sr). Disposable syringe filters (RC-20/25 and PVDF-20/25)
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were used during injection. Blank runs were carried out before and after each analysis
and defined standard solutions were regularly analysed to monitor the reproducibility
and precision of the measurements. Uncertainties were smaller than 10 % and effective
detection limits generally < 15 pg/l.

Following trace metals: Mn, Fe, Co, Ni, Cu, Zn, As, Rb, W and Pb were determined by
Total Reflection X-Ray Fluorescence Spectroscopy (TXRF) using a S2 PICOFOX (Bruker
AXS Microanalysis) equipped with a Mo-tube operated with a 50 kV and 600pA. Gallium
was used as an internal standard. Effective detection limits for the given elements are
around 1 pg/l. Absolute concentrations were calculated based on the salinity
determined by micro thermometry using Cl as internal standard. Consequently, the
detection limit of the extrapolated (recalculated) fluid composition is much higher and
depends on the dilution factor between crush-leach solution and extrapolated fluid

composition (4.5 - 20 mg/1).

Stable Isotopes

Carbon and oxygen isotopes were analysed with a Gasbench II directly attached to a
Finnigan Mat 252 mass spectrometre. Measurements were calibrated with NBS18 (613C
= -5.00%o0, 6180 = -22.96%so, relative to VPDB) and NBS19 (813C = 1.95, 8§80 = -2.20%o,
relative to VPDB). External reproducibility is better than + 0.1%o for §13C and §180.

The S-isotopic composition was measured with a NC 2500 connected to a Thermo Quest
Delta+XL mass spectrometer. NBS 123 (834S = 17.10 %o, relative to CDT), NBS 127 (834S
= 20.31 %o, relativ to CDT), IAEA-S-1 (634S = -0.30 %o, relative to CDT) and IAEA-S-3
(834S = 21.70 %o, relative to CDT) were used for calibration. The reproducibility is + 0.3

%o0.
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Electron microprobe

Mineral compositions were determined with a JEOL Superprobe JXA-8900RL using 25
kV, 20 nA and a focused beam for all analyses except for acanthite, pearceite and
proustite, which were (due to their rapid decomposition under the electron beam)
analysed with a defocused beam (10 pm) at 25 kV and 5 nA. Overlap corrections for S

and Co were applied.

RESULTS

U-Pb data
Loellingite of the Ag-suite has 0.6 and 20.2 mg/kg U and between 78.9 and 216 mg/kg

Pb. 207Pb/206Pb and 238U /206Pb show a spread from 0.717 to 0.821 and 0.06 to 206,
respectively. In the Tera-Wasserburg diagram this results in a lower intercept (LI) age of
3.6x1.6 Ma and an initial 207Pb/206Pb (207Pb/206Pb;) of 0.801 (Tab. ES 1). Safflorite of the
Bi-suite has up to 2 mg/kg U and up to 1.9 mg/kg Pb. 207Pb /206Pb and 238U /206Pb show a
relatively small spread of 0.811-0.840 and 0.09-3.83, respectively, which results in a LI
age of 55+19 Ma and 207Pb/206Pb; of 0.835.

Uranium content of calcite I and prehnite Il range from 0.3 to 85.1 mg/kg in Ag-Ni-Co-
Fe-As- (MB31 and MB14) and from 0.2 to 24.7 mg/kg in As-Ag-Fe-veins (MB27). Lead
concentration varies between 0.3 and 13.3 mg/kg in Ag-Ni-Co-Fe-As-veins and between
0.3 and 21.4 mg/kg in As-Ag-Fe veins. 207Pb/206Pb in Ag-Ni-Co-Fe-As-veins range from
0.171 to 0.815, while 238U /206Pb vary between 1.17 and 30.86. 207Pb/206Pb in As-Ag-Fe-
veins range from 0.205 to 0.836 and 238U /206Pb vary between 0.05 and 29.00 (Fig 4A, B
and C All three samples of the Ag-suite lie on distinct discordant lines, rendering LI ages
of 172.6+4.2 Ma (calcite I and prehnite 1I) with 207Pb/206Pb; of 0.825, 178+2.9 Ma with

207Pp /206Pb; of 0.812 and 177.6+2.8 with 207Pb/206Pb; of 0.825 for MB31, MB14 and
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MB27, respectively (Fig. 4A,B and C). Corresponding calcite I from MB39 and MB55 of
the Bi-Ni-Co-Fe-As vein-type have between 0.1 and 22.2 mg/kg U and 0.14 to 1.49
mg/kg Pb. 207Pb/206Pb ranges from 0.186 to 0.799 and 238U /2%¢Pb from 1.62 to 41.45
(Fig. 4D and F). Calcite I in MB39 forms a broad array with a LI age of 172.6+8.7 Ma and
207Pb /206Pb; of 0.820, while analyses of calcite I from MB55 form a discrete line yielding
a similar LI age of 172.6+6.9 Ma with 207Pb /206Pb; of 0.740 (Fig. 4D).

Calcite I of MB39 and MB55 have up to 361 mg/kg U, up to 3.47 mg/kg Pb, 207Pb /206Pb
from 0.045 to 0.827 and 238U/206Pb from 0.82 to 161 (Fig. 4D, E and F). The data of
calcite IIb of MB39 define two distinct arrays. One yields a LI age of 59.1+3.4 Ma with
207Pb /206Pb; of 0.737, while the other yields a LI age of 13+5 Ma with 207Pb/206Pb; of
0.824. Calcite IIb of MB55 renders a LI age of 60.3+1.8 Ma with 207Pb/206Pb; of 0.709.
Additionally, 11 data points lie when corrected for common Pb directly on the Concordia

yielding an age of 61.59+0.47 Ma (Fig. 4E).

Fluid inclusions

Microthermometry

In total, 225 fluid inclusions in calcite and barite were analysed, including primary (p),
clustered (c), isolated (iso), pseudo-secondary (ps) and secondary (s) fluid inclusion
assemblages (FIAs) in all presented vein types. The filling degree of fluid inclusions of
one FIA shows no variation and is in the range of LV12 to LV8 (Liquid-vapour volume
proportion) for p, i, ¢ and ps FIAs, while secondary FIAs have significantly smaller
vapour contents of LV5 to LV2. The size of the analysed fluid inclusions ranges between
5 and 30 pum. Freezing during cooling occurs at temperatures below -68° and first

melting occurs at ~ -52°C for all analysed FIAs.
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Oldest primary, isolated and clustered FIAs in calcite I of Ag-Ni-Co-Fe-As, As-Ag-Fe-, Ag-
Hg-barite and sulphide-veins have Ty between 265 and 292°C (Fig. 5C and D), salinities
around 26.7 wt.% and Ca/(Ca+Na) between 0.3 and 0.35 (Fig. 5A and B). Pseudo-
secondary and secondary FIA in calcite I of Ag-Ni-Co-Fe-As- and As-Ag-Fe-veins show Th
from 220 to 106°C, within the same range of Ca/(Ca+Na) and salinity as the primary
FIAs (Fig. 5 A and C).

Primary fluid inclusions in barite I and calcite Ila of Ag-Hg-barite veins have Ty between
124 and 136°C. Tmjce and Tmnn could not be determined in primary FIAs of barite I due
to absence of hydrohalite. Primary fluid inclusions in co-genetic calcite Ila have salinities
of 26.2 wt.% and Ca/(Ca+Na) ratios around 0.29 (Fig 5. B and D). Secondary FIAs in
calcite Ila trend towards lower salinities (25 wt.%) and Ca/(Ca+Na) ratios (0.23) with
decreasing Tx (109°C) (Fig. 5 B and D).

MB44p1 is texturally the oldest FIA in Bi-Ni-Co-Fe-As-veins and has homogeneous Th of
207°C, a constant salinity of 14.9 wt.% and a Ca/(Ca+Na) (molar) ratio of 0.22 (Fig. 5A
and C). MB50p1 and MB48ps1 represents the outermost growth zone of calcite I and
shows similar fluid characteristics as MB50iso1 having Th in the range of 181 to 190°C,
salinities between 26.6 and 26.8 wt.% and Ca/(Ca+Na) between 0.28 and 0.32. MB50s1
and MB102isol have Th between 145 and 172°C, salinities of around 26.7 wt.% and

Ca/(Ca+Na) ranging from 0.29 to 0.34 (Fig. 5A and D).

Micro Raman spectroscopy

Many fluid inclusions could not be analysed, since calcite often causes very high spectral
intensities resulting in too high intensities in the vicinity to the bands of interest (1000
to 4000 cm1). This can unfortunately not be resolved by using lower laser energies,

since low laser energies are insufficient to excite the low concentrations of gas and
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aqueous phases of interest. However, at least 27 of 57 analysed fluid inclusions yielded
robust results.

All analysed fluid inclusions of MB44p1 (Bi-Ni-Co-Fe-As vein, Fig. 6E) contain CHs, CO2
and H>S in the gas phase (Fig. 6F), while the coexisting fluid phase contains exclusively
HS-/S%, but no CH4 nor CO: (see Fig. 6G). MB50p1 and MB102iso1 could not be analysed
due to the effects described above. FIAs in calcite I of Pb-Zn-Cu_S-, Ag-Ni-Co-Fe-As- and
As-Ag-Fe-veins (MB61, MB97, MB12) do generally not contain any detectable gaseous or
aqueous species neither in the gas nor in the liquid phase. The only exceptions can be
recognized in MB12p1 hosting one fluid inclusion, which contains CHs (no other gaseous
or aqueous species) in the vapour phase (Fig. 6B). Interestingly, the fluid inclusions in
the vicinity of this methane-bearing fluid inclusion of the same FIA do not contain
detectable amounts of any Raman-active gaseous or aqueous species (except H20).
Strong matrix effects occurred in measurements of fluid inclusions of Ag-Hg-barite-veins
(MB59) but two measurements of fluid inclusions in barite show no detectable amounts
of any gaseous or aqueous species. Although sulphate can be expected to be present in
these inclusions, it is almost impossible to distinguish dissolved sulphate in the fluid

inclusion and sulphate of matrix barite.

Crush-leach

Bulk fluid inclusion analyses of calcite I of Bi- (MB39) and Ag-suite (MB12) show no
significant difference in major element composition. Both samples have high As and S
concentrations of up to 5486 mg/l and 734 mg/l, respectively (Tab. 2). Manganese, Co
and U are higher in MB39 (470 mg/l, 85 mg/1 and 43 mg/I, respectively), while Ni, Fe, Zn

and Th are higher in MB12 (164 mg/], 133 mg/], 44 mg/1 and 43 mg/], respectively).
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Stable Isotopes

Oxygen and carbon isotope compositions of 51 calcites were determined (including
graphically presented data from Markl et al. (2016)). Calcite I of all vein-types (Ag-Ni-
Co-Fe-As-, As-Ag-Fe-, Ag-Hg-barite- and Bi-Ni-Co-Fe-As-veins) has §13C-values (VPDB)
between -8.4%o0 and -5.7%0 and5180-values (SMOV) between 14.3%o and 16.8%o (Tab. 3
and Fig. 7). Calcite IIb of Bi-Ni-Co-Fe-As veins, has a large variation of §13C from -8.1%0
to +2.4%o, while all of these calcites have relatively high §'80-values of 20.4%o0 to
23.1%o (Fig. 7).

Sulphur isotope compositions of seven barite samples from Ag-Hg-barite-veins show a
range of 834S -values (CDT) between 5.6%o0 and 10.7%o, while six analysed samples of
Ag-(As)-sulphides and galena from Ag-Ni-Co-Fe-As-, Bi-Ni-Co-Fe-As- and As-Ag-Fe-veins

show very negative 634S -values between -60.5%0 and -19.7%o (Tab. 4 and Fig. 8).

Mineral Chemistry

The following mineral phases were analysed by electron microprobe: native silver,
native arsenic, native bismuth, rammelsbergite, safflorite, loellingite, skutterudite,
acanthite, billingsleyite, proustite, pearceite and tennantite. Presented data include

analyses from Heimig (2015) and Markl et al. (2016).

Native metals

Arsenic contains only minor amounts of impurities, on average 0.3 wt.% Se, 0.7 wt.% Sb
and 0.09 wt.% Cu (Tab. 5). Silver I of Ag-Ni-Co-Fe-As-veins contains on average 1.34
wt.% As, 1.2 wt.% Hg, 0.42 wt.% Sb, 0.27 wt.% Te and 0.3 wt.% Ni+Co+Cu, but As and Hg
reach up to 2.74 wt.% and 2.56 wt.%, respectively. Silver II (amalgam) of Ag-Hg-barite-
veins contains high, randomly distributed Hg concentrations ranging between 11.4 and

29.5 wt.%. Besides Hg, Silver II (amalgam) is very poor in impurities (Tab. 5). Bismuth is
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relatively pure (99.43 wt.% Bi on average), but may contain up to 2.79 wt.% As, 0.89
wt.% Fe and 0.37 wt.% Co. There is no systematic variation of native metal compositions

with depth of the exposed veins.

Arsenides

Skutterudite of Bi-Ni-Co-Fe-As-veins has an Xas (=As/(As+S+Sb+Se); molar) of 0.96 to
0.99. The major cation is highly variable, which results in Ni-, Co- or Fe-dominated
skutterudite, which furthermore may contain up to 2 wt.% Cu. Xre (Fe/(Fe+Co+Ni);
molar) ranges from 0.24 to 0.46, Xco from 0.16 to 0.58 and Xyi from 0.01 to 0.48 (Fig. 9
and Tab. 6). Highest Xni occur in skutterudite, which is grown directly on top of the
native metals, while highest Xre occur at the rims of the skutterudite aggregates.
Skutterudite of Ag-Ni-Co-Fe-As-veins shows generally higher Xni (0.17 to 0.68) at the
expense of Fe (Xre ranges between 0.09 to 0.25) (Fig. 9) than skutterudite from the Bi-
Ni-Co-Fe-As veins.

Diarsenides of Bi-Ni-Co-Fe-As-veins have Xas of 0.86 to 1.0 (As/(As+S+Sb)), due to
substitutions of As by S (Tab. 6). Nickel, Co and Fe are very variable resulting in
rammelsbergite, safflorite and loellingite compositions. Again, highest Xni (up to 0.7)
coincide with the youngest generation of rammelsbergite, directly growing on the native
metals, highest Xco (up to 0.76) occur in safflorite, which directly grow on skutterudite,
while highest Xre (up to 1) can be observed at the youngest rims of the diarsenide
aggregates (see Fig. 9). Diarsenides of Ag-Ni-Co-Fe-As-veins tend to be Ni-richer (Xni up
to 0.82) compared to the diarsenides of the Bi-Ni-Co-Fe-As veins. At both localities
diarsenides may contain up to 3 wt.% Cu (on average 0.56 wt.% for Bi-Ni-Co-Fe-As-
veins and 1.28 wt.% for Ag-Ni-Co-Fe-As-veins). Highest Cu contents seem to be
associated with loellingite compositions. Besides the fact, that rammelsbergite

compositions are slightly Ni-richer in Ag-Ni-Co-Fe-As compared to Bi-Ni-Co-Fe-As veins,
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no other distinct compositional variation of arsenides with depth or vein type can be

observed.

Sulphides

Analyses of acanthite, proustite, billingsleyite, pearceite and tennantite are given in
Table 7 of the electronic supplement. In general sulphides are poor in Hg, Co and Ni. Ag-
sulphides (acanthite, proustite, billingsleyite and pearceite) do not contain any
considerable minor or trace elements and show no relevant chemical variations or
zonation. Tennantite occurring in Bi-Ni-Co-Fe-As-veins is in general richer in Bi and Sb,
but poorer in As compared to tennantite in Ag-Ni-Co-Fe-As-veins. In both vein types

tennantite is very Ag-poor (0.1 to 0.6 wt.%).

DISCUSSION

Age of ore and gangue minerals

In-situ age dating of nominally U-free minerals is increasingly used to determine
sedimentary, metamorphic, igneous and tectonic processes (Gerdes and Zeh, 2009;
Rasbury and Cole, 2009; Millonig et al., 2012; Coogan et al., 2016; Ring and Gerdes,
2016). This innovative approach has not yet been applied to hydrothermal ore deposits
before (at least to our knowledge), Although it allows significantly improved constraints
on the history of hydrothermal veins, which previously often could only be passively be

constrained based on structural arguments.

Arsenides
Apparent ages of arsenides of MB55 and MB31 are much younger than calcite I, which is
in conflict with textural observations, clearly showing that the ore minerals precipitate

prior to calcite I. Lead-loss results in increasing 238U /206Pb at constant 207Pb /206Pb (since
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both Pb isotopes are equally mobilized). The absolute amount of removed Pb, therefore
dictates the resulting shift to higher 238U /206Pb from the original isochrone. Hence, lead-
loss is expected to cause random shifts, depending on the degree of mineral alteration,
which systematically decreases from the core of the mineral to its rim. Since, arsenide
data form a distinct discordant line (within the analytical error) it can be assumed that
the apparent ages of the arsenides reflect isotopic re-equilibration with fluids of
younger events rather than lead-loss. The fact that only young events are isotopically
preserved in the arsenides indicates, that arsenides are generally very prone to isotopic

exchange reactions and consequently seem to be not suitable for age determination.

Calcite and Prehnite

Calcite I and prehnite II of five independent samples yield consistent and very robust
ages of 172.6£8.7 to 178+2.9 Ma (mean value: 174.7 Ma) (Fig. 4). Textural observations
indicate that the arsenides precipitate co-genetically with calcite I at the end of ore stage
3, and therefore these calcite ages also constrain the timing of ore stage 3. According to
these ages, the ore stages II, III and most likely also stage [ happened during the middle
Jurassic, and fluid movement is hence related to the opening of the North Atlantic
(Mitchell and Halliday, 1976; Boiron et al., 2010). Isotopic compositions of calcite I in
MB39 span an array towards younger ages (Fig. 4). The youngest ages (~60 Ma)
coincide with the oldest age of calcite IIb, and therefore most likely reflect domains
within calcite I that are replaced by calcite IIb (cracks and crusts). Calcite IIb of MB39
and MB55 yield consistent concordant and LI ages of 59.1+3.4 to 60.3+1.8 Ma. These
ages coincide with the oldest volcanic activity related to the rifting of the Upper Rhine
Graben (e.g. Katzenbuckel, ~60-70 Ma (Lippolt et al, 1963; Schmitt et al., 2007),
indicating that calcite IIb is related to fluid movement that occurred on pre-existing and

new fault structures which can directly be related to the onset of the Upper Rhine
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Graben rifting. Additionally to this consistent and robust age information, isotopic
compositions of calcite IIb of MB39 indicate a third calcite formation event happening at

13.0£5.0 Ma (Fig. 4).

Conditions and ore forming processes of Ag-, As-, Bi-arsenide veins

P-T-conditions of ore stages 1-4

It is very reasonable to assume almost hydrostatic conditions during ore formation,
since it happened in a relatively shallow, discrete, open and interconnected fracture
network. Zienert (1957) showed that the rock units nowadays exposed at Mackenheim
(Bi-suite) were originally situated approximately 100+50 m below the basement-cover
unconformity, while the rock units at Nieder-Beerbach (Ag-suite) were situated about
100 m deeper. In the middle Jurassic, the crystalline basement was covered by about
600 m of Carboniferous and lower Permo-Triassic sediments (Nickel, 1975), although
admittedly, the precise thickness of the upper Triassic and the lower and middle Jurassic
units covering the crystalline Odenwald is poorly constrained. According to the
thicknesses documented in the neighbouring Schwarzwald (a mountain range about 50
km south of the Odenwald), an additional thickness of up to 800 m of lower and middle
Jurassic sediments can be assumed (Geyer et al.,, 2011). Consequently, formation depths
of about 1.5 km (0.2 kbar hydrostatic) appear plausible. In any case, the deviation
between uncorrected and corrected Th is less than 5°C, due to the high salinity of the
fluids. Therefore, uncorrected Thare used in the following discussion.

The lower temperature boundary of ore stage 2 can directly be deduced from maximum
Th of calcite I, which is in the range of 272 to 286°C for all vein types except for the Bi-Ni-
Co-Fe-As-type (Fig. 5C and D). However, this seems to be an effect of the poor quality
and low abundance of fluid inclusions in all samples of the Bi-suite. Taking into account

that both deposits show similar fluid characteristics, host rock alteration, age and almost
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similar stratigraphic depths, it is reasonable to assume that they formed under very
similar conditions. The presence of euhedral native bismuth indicates, that the
formation temperatures of ore stage 2 have not significantly exceeded 271°C, which is
the melting temperature of native Bi at ambient pressures (Nathans and Leider, 1962).
Inferred from textural evidence (Markl et al., 2016) a fast continuous precipitation
process of ore stage 1, 2 and 3 can be assumed, which indicates that the expected
temperatures of ore stage 1 and 2 were not significantly higher than those of ore stage 3.
Importantly, this implies that cooling is not a relevant factor controlling ore formation.

Primary fluid inclusions in the outermost rims of calcite I show that calcite I precipitated
down to ~180°C, constraining the upper temperature limit of ore stage 4 (Fig. 5 C). The
onset of ore stage 4 at ~180°C is furthermore supported by the rare occurrence of
transformation twinning in Ag:S, indicating that Ag>S precipitated closely above and
below 178+2°C (transition temperature acanthite/argentite according to Roy et al.

(1959)).

Fluid characteristics

From the small, but distinct variation in Ca/(Ca+Na) ratios of primary and secondary
fluid inclusions at similar temperatures and from the correlation between Ca/(Ca+Na
and salinity it can be deduced that the analysed ore fluids reflect mixture of at least two
fluids (A and B)(Fig. 5). An additional fluid/gas C can be recognized in FIAs of arsenide
veins, while FIAs of arsenide-free sulphide veins do not contain this fluid C (Fig. 6).
Consequently, the ore fluid from which the native metals and arsenides precipitated can
be considered as a mixtures of three components (fluid ABC), while only two
components were active in arsenide-free sulphide veins (fluid AB).

Analysed ore fluids (fluid ABC) indicate that fluid A is a Na-Ca-Cl brine, which is at least

slightly higher in Ca/(Ca+Na) ratio, temperature (above 290°C) and salinity (above 27.5
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wt.%) than the analysed FIAs of the ore fluid (ABC or AB) (Fig. 5). Fluid B can be
constrained from FIA MB44p1 (qualitatively), which is slightly cooler, significantly Na-
and sulphate/sulphide-richer and has lower salinities (~15 wt.%) than fluid A (Fig. 5). It
is not clear if FIA MB44p1 really reflects the end member composition of fluid B or if it
as well a mixture of both fluids containing only minor amounts of fluid A. Nevertheless,
fluid B often contains significant amounts of fluid/gas C, which consists of various
volatile phases (CHs, COz and H:S). The absence of ore phases in MB44 in spite of the
presence of H2S and HS- in fluid BC implies that metal concentrations in these fluids are

very low.

The formation process of native metals and arsenides (ore stage 2 and 3)

Ore textures of ore stage 2 and 3, as well as weak host rock alteration indicate a fast
precipitation mechanism, presumably caused by far-from-equilibrium conditions (Markl
et al,, 2016). Furthermore, mineral textures indicate that ore stage 1, ore stage 2 and the
precipitation of early calcite I (ore stage 3) happened successively and continuously
without a temporal hiatus during the ore sequence. Markl et al. (2016) proposed the
influx of methane or methane-bearing fluids into an active hydrothermal system to
obtain suitable conditions for the observed ore assemblage:

8AgCly + 3H20 + CHs = 8Ag + 16Cl- + 9H* + HCO3. (1)

Hydro-chemical modelling shows that methane influx and its influence on the physio-
chemical properties of the ore fluid support a reaction path that even includes the
observed dissolution of native Ag after skutterudite precipitation. The presented Raman
data strongly supports the mechanism proposed in Markl et al. (2016), and shows that
ore precipitation is initiated by mixing small amounts of a very reducing, metal-poor and
CHg-rich fluid (fluid BC) with a highly saline, metal-rich fluid (fluid A) (Fig. 10). Typically

all methane is consumed, oxidized to CO2, immediately converted to dissolved HCO3  and
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finally precipitated as calcite I, which is most likely the major reason that methane has
only once been reported in other five-element veins (Kerrich et al., 1986; Kissin, 1992;
Marshall et al.,, 1993; Staude et al., 2012; Markl et al., 2016) and references therein).
Fortunately, due to fast trapping processes, little CH4 was incorporated into FIA MB12
p1 before it could react to CO2. And furthermore, CHs was archived in MB44p1, which
reflect a fluid composition strongly dominated by fluid BC (Fig. 5 and 6). The presence of
methane in ore fluids of five-element veins clearly indicates that sudden changes in the
fluids' redox state causes a strong disequilibrium of the ore fluid, resulting in fast ore
precipitation, while other parameters like temperature, alteration type and host rock
may vary. Importantly, it could be shown that even when methane is not present in fluid
inclusions it can still play an important role for ore precipitation in hydrothermal
systems, since the amount of required methane is very small (Markl et al 2016) and
therefore is potentially consumed instantaneously as CO2/HCO3- (Eq. 1 and 4). Relatively
negative isotopic compositions of calcite I (Fig. 7), indicate that significant amounts of C
in those calcites is derived by isotopic lighter methane (refer to Markl et al. (2016) for
more details). In contrast, calcites IIb have a large range in 813C (-6 to +2%o), but
invariable high §180-compositions (~+21 to +23%o), while calcite I has invariably lower
6180-compositions (around +16%o) (Fig. 7). This indicates that the §'3C composition of
some of the secondary calcite IIb is inherited from remobilization of calcite I, while other
calcite IIb crystals seem to have incorporated HCO3- derived from meteoric fluids (Fig.

7).

Ni-Co-Fe succession during ore stage 3
A distinct spatial and temporal element systematic within the composition of di- and tri-
arsenides of ore stage 3 can be observed (Fig. 9). Nickel-rich compositions occur always

in the beginning of ore stage 3, whether as rammelsbergite and/or as Ni-rich
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skutterudite, followed by Co-rich skutterudite and safflorite and finally loellingite. This
succession seems not to be related to changes in fO2, since in all of these arsenides As
has an oxidation state of -I (Nickel, 1970). At low fO2 Ni-chloro-complexes destabilize at
the lowest pH, followed by Co-chloro-complexes and finally Fe-chloro-complexes .
Consequently, a reaction path of increasing pH (due to the consumption of H* by
arsenides) at low fO2 (maintained by oxidation of methane) results in the observed

element fractionation of Ni, Co and Fe (Markl et al. 2016).

Origin of involved fluids, solutes and gases

Fluid signature of the basement brine (fluid A)

Relatively high formation temperatures (~290°C), considering the estimated formation
depth (< 2.5 km) implies a fast almost adiabatic ascent of highly saline (Na-Ca-Cl), metal-
rich fluid A from deeper crustal levels. It can be assumed that the Ca/(Ca+Na) ratio is
controlled by host-rock albitisation of plagioclase (very An-rich in this case) in the
ascending fluid, inherited from deeper parts of the crystalline basement (before mixing)
(Burisch et al., 2016b). Middle to upper greenshist-facies conditions, are typical of
crustal levels above the brittle-ductile transition zone, which can be assumed to be the
source region of fluid A.
CaAl2Si20g + 2Na* + 4Si02(aq) = 2NaAlSiz0g + Ca?* (2)

Taking into account that fluid A might be slightly richer in Ca than the analysed FIAs
(fluid AB and ABC), temperatures of 300 to 320°C (Fig. 5) can be inferred from equation
2 using the numerical code SUBCRT92 (Johnson et al., 1992). According to the fluid
temperatures, these fluids ascended from greater depth. Consequently a fluid pressure
of 1 kbar is assumed, but pressure has only a minor influence, since no gases are

involved in the reaction (Eq. 2). The Jurassic ages of the mineralisation imply that
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upward migration of fluid A is related to the opening of the North Atlantic (Mitchell and
Halliday, 1976; Boiron et al.,, 2010). Associated crustal thinning and fluid mobilization
due to fluid over-pressurization seems to have caused a rapid ascent of deep-seated
fluids (Staude et al., 2009). Prior and simultaneously to their rapid ascent, metals were
enriched in the fluid due to host-rock alteration (O’Keeffe, 1986; Burisch et al., 2016a;
Walter et al,, 2016) in deeper crustal levels below the actual hydrothermal vein (Burisch
et al., 2016b). Closely below the basement-cover unconformity, these deep, metal-rich
fluids (not in thermal equilibrium with their country rocks) mixed with fluids of type B
and/or BC (Fig. 10), which instantaneously led to ore precipitation e.g. (Boiron et al.,

2010; Fuf3winkel et al., 2013).

Fluid signature of the sedimentary/basinal brine (fluid B)

Fluid B is a Na-, S- and Cl-rich sedimentary or basinal brine, which migrated at least a
few hundred meters into the basement prior to mixing. The fluid originates presumably
from Upper Carboniferous and Permo-Triassic silicio-clastic aquifers. Most importantly,
dissolution of evaporites in the sedimentary aquifer, particularly halite and anhydrite,
cause low Ca/(Ca+Na) ratios, since halite has a much higher solubility than anhydrite.
The latter, however, may serve as sulphate (and, upon reduction, as sulphide) source.
Additionally, dissolution of sedimentary pyrite may have been relevant to a minor

extent.

Methane (fluid C)

Since fluid B occurs with and without prominent methane component, the fluid/gas
phase highly enriched in methane is classified and characterized separately as fluid C.
Although abiotic methane generation may be relevant for other systems, fluid inclusion
compositions imply, that the methane (fluid C) is exclusively transported along with

fluid B, indicating a sedimentary provenance of the analysed methane. Numerous
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organic-rich sedimentary units occur in the Permian and Triassic basin (Geyer et al,,
2011), which potentially serve as source for methane (Fig. 10). Furthermore, methane
generation since the early Triassic associated with basin subsidence is well documented
in fluid inclusions of fracture minerals in the Central and Northern German Basin
(Liuders et al., 2005; Luders et al,, 2012). Methane was most likely derived from the
thermic decomposition of organic matter, while the provenance of N2 seems to be
related to water-rock interaction of highly saline fluids with shale (Liiders et al., 2012).
The amount of CH4-N2 present strongly varies (Liiders et al., 2012). Reported Thn of
fracture minerals (carbonates and quartz) at the margin of the Northern German Basin
range between 160 and 250°C, while the majority lies between 160 and 210°C, which is
in very good agreement to the maximum temperature (~210°C) recognized in FIA
MB44p1. Similar to the paleo-methane generation, modern methane-rich fluids still
occur in the sedimentary aquifers of the Upper Rhine Graben (Sanjuan et al., 2016), in
close vicinity west and southwest of the Odenwald. Mobilisation of fluid C is strongly
dependent on the generation of fracture meshes, which drastically enhance the host
rock's permeability during episodes of active tectonics ("natural fracking", see Markl et
al. (2016)). Consequently, mixing of fluid C with fluid B is spatially and temporarily

restricted to zones of cataclastic deformation (Fig. 10).

Sulphur
The origin of H2S and HS- in fluid B is most likely related to the dissolution of

sedimentary anhydrite/gypsum under reducing conditions. The break down of
sedimentary anhydrite/gypsum is strongly enhanced in the presence of methane at
temperatures above 140°C (Worden et al,, 1995).

CaSO4+ CH4=CaCO3 + H2S + H20 (3)
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Dissolution of sedimentary sulphides (e.g. pyrite) present in the source aquifer (from

e.g. shale) of fluid B might be an additional sulphur source.

Metals
Ag, Bi, Ni, Co, (U), Pb, Cu, Zn and Fe are most likely derived by water-rock interaction of

fluid A with crystalline basement rocks (O’Keeffe, 1986; Ahmed et al., 2009; Fufswinkel
et al., 2013; Burisch et al, 2016b), consisting of dominantly mafic to ultramafic
metamorphic and igneous lithologies. In the presence of aqueous sulphide species the
metal concentration is governed by low solubility sulphides (e.g. galena, sphalerite and
chalcopyrite). Accordingly, it can be inferred that sulphide is very low in Fluid A and
therefore is introduced by fluid B. Still, small amounts of additional Co and Ni might
have been leached from placers of heavy minerals, which are potentially present in the
clastic Permo-Triassic sedimentary aquifer. Crush-leach analysis of post-arsenide calcite
I containing up to ~5000 mg/l As show that high As concentrations are still present in
the mixed ore fluid (ABC) shortly after arsenide precipitation. Consequently,
significantly higher As concentrations can be assumed to occur in fluid A. Arsenic is
easily leached from ordinary basement rocks, and its mobility in crustal fluids is strongly
enhanced by increasing temperature (Burisch et al, 2016a). Arsenic is favourably
derived from both igneous and metamorphic rocks, while highest As concentrations are
recognized in magmatic fluids or other fluids that interacted with igneous rocks
(Williams et al., 2001; Yardley, 2005; Burisch et al.,, 2016a). Similar, modern basement
brines from the granite hosted geothermal well of Soultz-sous-Forét are strongly
enriched in As. The observed late-stage Hg enrichment, finally, requires active transport
of Hg in the hydrothermal solution, which is potentially mobilized by fluid-rock
interaction with volcanic and anoxic, often organic-rich sediments (Krupp, 1988; Smith

et al., 2008). Since Hg is favourably transported as bisulfide-complex, it can be assumed
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that Hg is introduced to the system by fluid B and BC (since fluid A appears to be
sulphur-free) and was derived from fluid-rock interaction with organic-rich

sedimentary rocks.

Origin of the primary arsenide association

Native metals and arsenides occur within a distinct temporal interval in five-element
association. Although, within this temporal window sulphides are typically absent,
sulphides occur before and after the "arsenide window". From investigated fluid
compositions we can assume that the absolute concentrations of S and As are not the
key parameter, which control the formation of arsenides, since arsenic is also present
after ore stage 3. Consequently, the following discussion focuses on the specification of

As and its influence on the As /S?- ratio.

The arsenide/sulphide ratio as the controlling factor for the "arsenide window"

The occurrence of sulphides before (ore stage 1) and after (ore stage 4) formation of
native metals (ore stage 2) is very typical of five element veins and has also been
documented from other deposits (Cheilletz et al, 2002; Ondrus et al, 2003a).
Furthermore, arsenide-free, sulphide-bearing veins (galena, chalcopyrite, bismuthinite,
acanthite, sphalerite and bornite) occur in close spatial and temporal connection to the
arsenide veins. Since it can be assumed that arsenic is abundantly present in fluid A and
is evidently still present in high concentrations in the fluid ABC of post-ore calcite I after
arsenide precipitation, we propose that the ratio of As-/S?;, rather than the absolute
arsenide or sulfide concentration, is the important key parameter governing whether
sulphides or arsenides precipitate (see also Markl et al. 2016). High As concentrations
(up to 590 mg/1) in ore fluids of arsenide-free Pb-Zn-(Cu) veins from other localities and

deposit types are reported by (Fuf3winkel et al., 2013) and in modern fluids (up to 11.6
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mg/l) from geothermal wells (Sanjuan et al., 2016). These data furthermore support the
notion that the prevalent arsenic species and the arsenide/sulfide ratio are more
important than the absolute concentrations. Arsenic is favourably present as oxidized
As3* in strongly to moderately oxidized hydrothermal solutions (Wood and Samson,
1998) and needs to be reduced to initiate arsenide precipitation.

2H3As03% + CH4 = 2As™ + 3H20 + HCO3- + 3H* 4)

Consequently, arsenide-free sulphide veins occurring at Mackenheim and Nieder-
Beerbach, can be considered as the "ordinary" background hydrothermal system,
without the introduction of methane-bearing fluid C (Fig. 10). Since all other fluid
parameters are identical to those of the arsenide veins, it can be assumed that these
sulphide veins precipitated due to mixing of fluid A and fluid B without the participation
of fluid C. Temporal and spatial variation of the composition and the occurrence of fluid
C are related to tectonically active episodes that induce extensive fracture meshes,
which enhance the rock permeability sufficiently to mobilize the hydrocarbons (Markl et
al., 2016). Accordingly, it seems most likely that the involved basement fluid A reflects
an "ordinary" fluid, rather than being anomalously enriched in Ag, As, Bi, Co, or Ni. The
occurrence of native metals in such systems hence is dependent on the presence of an
effective reducing agent (in this case methane), while the composition of the metal-

transporting fluid plays a subordinate role.

Formation of Ag-Hg-barite-veins
At Nieder-Beerbach arsenide-free Ag-Hg-barite veins occur in close vicinity to the
arsenide-bearing veins. Theses veins preferably occur in the upper 40 m b.g.s. and are

clearly younger than the arsenide veins, which can be deduced from brecciated calcite I
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overgrown by barite, silver II and calcite Ila (Fig. 2G and H). Their primary FIAs show

significantly lower Th compared to the FIAs in the arsenide-bearing veins (Fig. 5D).

Secondary silver

Deduced from the Ty of primary inclusions (130°C, MB59c1) in co-genetic calcite Ila, the
formation of the Ag-Hg-barite-veins can be related to the cooling of the hydrothermal
system, since the major element chemistry does not differ significantly from primary
FIAs in calcite I. Unfortunately, precise age data could not be acquired, as the vein
minerals (barite and only little calcite II) are not suitable for U-Pb age dating. The
presence of brecciated calcite [ indicates a reactivation of pre-existing arsenide, sulphide
or barren veins. Increasing dilution by meteoric fluids or higher proportions of fluid B
during the mixing process could cause the observed shift of secondary fluid inclusion
compositions towards lower Ca/(Ca+Na) ratios and lower salinities with decreasing Tn
(< 130°C) in younger FIAs after the formation of native Ag II, calcite Ila and barite I.
However, primary FIA MB59c1 in calcite Ila texturally related to the formation of Ag Il
and barite I, clearly shows similar major element compositions and salinities like the ore
fluids of ore stage 3 (fig 5). This argues against infiltration of meteoric fluids and/or
changes in the mixing ratio causing the formation of native Ag II. It seems that only
temperature is the major difference in the physio-chemical conditions between the
fluids, which were present during the formation of native Ag I and II (Fig. 11).

Ramdohr (1975) proposed that the irregularly shaped, sometimes moss-like textures of
native Ag Il are typical of residual Ag derived by dissolution of Ag:S. This assumption
can be strengthened by the observation of rare, small inclusions of corroded Ag.S and
galena enclosed by native Ag Il (Fig. 2H). Accordingly, during ore stage 4 Ag in solution
is proximately (cm to several tens of metres) precipitated as AgzS, which is occasionally

still present as small, corroded solid inclusions in native Ag II.
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2AgCly + S2- = AgoS + 4CI (5)
In a second step, Ag:S is dissolved and synchronically forms native Ag Il and barite
according to the following equations:
Ag2S + 202+Ba?* = 2Ag + BaSO4 + 2H* (6)

Furthermore, 634S of barite show relatively low sulphur isotopic compositions of around
+5%o0 compared to marine sulphate of the Permian/Triassic having values between 20
and 25%o (Kampschulte and Strauss, 2004), archived as sedimentary sulphates in the
cover units (Fig. 8). Unusually low sulphur isotope compositions indicate that a relevant
sulphur source of the barites is inherited sulphur of oxidized, pre-existing sulphides
(Fig. 8). Mass balance calculations imply that ~50% of the sulphate in the analysed
barites is inherited from sulphide minerals (acanthite, proustite, pearceite and galena),
assuming that the other 50% are derived from dissolved marine sulphates (Fig. 8).

The reaction of Ag:S to silver and barite requires a decrease of S2-/S042- (Fig. 11), which
is realised by the introduction of oxidizing fluids (open system) or simply by a decrease
in temperature and a concomitant decrease of S?-/S042- due to a change in sulphur
specification (closed system). Decomposition of anhydrite to dissolved S2- preferably
occurs above 140°C (Worden et al., 1995). Cooling of the sedimentary basin to
temperatures below 140°C, results in a transition from HS/S%- to SO42--dominated
fluids, while other fluid parameters do not change. Both under open or closed system
conditions, temperature can be considered as the most relevant controlling factor. These
arguments are consistent with calculated stability, solubility and pre-dominance of the
observed mineral phases and sulphur-species summarized in Fig. 11. According to
textural and field observations major mobilisation of Ag happened dominantly during
step 1 (ores stage 3), while the dissolution of AgzS and proximal precipitation of native

Ag I (step 2) did not cause a significant transport of Ag.
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Mercury enrichment associated with secondary Ag

Native Ag II is strongly enriched in Hg (up to ~30 wt.%). Considering the low Hg
contents of primary Ag I and Ag:S, this enrichment cannot be derived passively during
oxidation of Ag I and/or Ag>S, since Ag I has only low Hg (mostly around 1 wt.%) and
Ag>S is nominally Hg-free. Mercury is transported as bisulfide-complexes in
hydrothermal solutions (Krupp, 1988; Barnes and Seward, 1997). The decrease in S#
/S042- that is causing the dissolution/oxidation (most likely cooling) of sulphides is
accompanied by a destabilisation of Hg-bisulfide complexes and consequently results in
deposition of Hg along with Ag II, as the system cools down successively. A comparable
Ag mobilization during sulphide stage (ore stage 4) and very late stage Hg enrichment

can be recognized at Imiter/Morocco (Cheilletz et al., 2002).

SUMMARY AND CONCLUSIONS

Various Ag-, As and Bi- dominated five-element assemblages occur in the Odenwald,
which represent a typical example of five-element veins with respect to ore mineralogy,
geological setting, formation conditions and fluid chemistry. These veins formed at
temperatures of around 290°C and pressures below 0.2 kbar. Although, the dominant
native-element varies, major element chemistry of the associated ore fluids show
invariable salinities of 26 to 27 wt.% and Ca/(Ca+Na) ratios between 0.30 and 0.35.
Methane and H2S could be detected in the vapour phase of several FIAs. The Odenwald
five-element veins investigated here are formed along with e.g. Bieber/Germany
(Wagner and Lorenz, 2002), Cobalt-Gowganda/Canada (Marshall et al., 1993), Bou
Azzer/Morocco (Ahmed et al, 2009) and Imiter/Morocco (Cheilletz et al., 2002) at
mesothermal (to hypothermal) conditions, in contrast to other (epithermal) five-

element deposits like Wittichen/Germany (Staude et al, 2012) and Great Bear
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Lake/Canada (Changkakoti et al., 1986). Consequently, formation temperature (which
can vary a lot among five element deposits) seems to have no effect on the mineralogy
(Kissin, 1992; Staude et al., 2012; Markl et al., 2016). While mafic to ultramafic igneous,
volcanic or metamorphic lithologies seems to be the metal source in the majority of five-
element veins (Kissin, 1992; Ahmed et al., 2009), the process initiating ore precipitation
was long poorly constrained.

From microthermometric data, Raman-spectroscopy and thermodynamic modelling it
can be concluded that ascending metal-rich deep-seated basement fluids (A) were mixed
closely below the basemen-cover unconformity with basinal/sedimentary fluids (B) and
initiated the formation of mesothermal Pb-Zn-Cu-sulphide minerals. Only if the
basinal/sedimentary fluids (B) include sufficient amounts of methane (C) (spatially and
temporarily variable) subsequent oxidation of methane results in very reducing fluid
conditions required for the formation of native metals and arsenide. It has been shown
that neither CHs nor CO; is compulsory archived in fluid inclusions although there is
clear evidence for the presence of methane during ore-formation. Depending on the
amount of involved methane, stable isotopic compositions of calcite I (ore stage 3),
showing relatively low average C- and O-isotope archive the participation of isotopic
lighter hydrocarbons. As an extremely effective reducing agent, methane influx might at
least in some cases play an important role in ore formation of other redox sensitive
elements such as U and Au.

Hydrocarbon-bearing basinal fluids potentially migrate several hundreds of metres from
their source into the crystalline basement (Munz et al, 1995), and therefore the
occurrence of five element veins is not compulsory restricted to crustal levels proximal
to unconformities. Notwithstanding, several deposits have in fact formation depth close

to the basement-cover unconformity, like for example those of the Odenwald (this
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study), Wittichen (Staude et al., 2012) Cobalt-Gowganda (Andrews et al., 1986), Thunder
Bay (Franklin et al., 1986) and Kongsberg-Modum (Bugge, 1931).

High As concentrations (up to 5500 mg/kg) in the post-ore fluid (ABC) in fluid
inclusions of late calcite I, which precipitated after the native metals and arsenides and
the occurrence of sulphides temporarily before and after the native metals and
arsenides, indicates that the oxidation state of the As species is the controlling factor for
the "arsenide window", rather than absolute As concentrations in the fluid.

U-Pb-dating of low U-minerals such as calcite, prehnite at small scales is a new and
promising method. We successfully applied this method for the first time to
hydrothermal vein-type deposits. Hydrothermal ore deposition in the Odenwald, SW
Germany, occurred in the middle Jurassic, (170-180 Ma ago) and can directly be linked
to the opening of the North Atlantic. Continental rifting and crustal thinning induced by
extension enhanced upward fluid movement of deep-seated basement fluids and
subsequent mixing with shallower basinal/sedimentary brines. Post-ore calcite
formation at ~60 Ma before present can be directly related to the onset of the Upper
Rhine Graben rifting.

Secondary enrichment of Ag and Hg associated with barite and quartz do not necessarily
require open-system removal or oxidation of older sulphides. It is shown that cooling
(closed-system) of the system and a concomitant decrease in the sulphide/sulphate
ratio effectively results in remobilization of older sulphides (Ag:S in this study) resulting

in substantial element enrichment of Ag and Hg.
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Figure captions

Figure 1: A) Geological map of the crystalline Odenwald and its Permo-Triassic cover
modified after Stein (2001). B) Enlarged area of the Northern Odenwald modified after
Thews (1996) including the locations (white stars) of the quarries at Nieder-Ramstadt
(Wingertsberg), Nieder-Beerbach (Glasberg) and Waschenbach (Waschenbach), where
Ag- and As- dominated ore assemblages occur. C). Enlarged area of the Southern
Odenwald modified after Thews (1996) including the quarry "Viadukt" at Mackenheim,

where Bi-dominated five-element assemblages occur.

Figure 2: A) Reflected light (RL) image of skeletal native silver I (Ag) overgrown by
rammelsbergite (Rmb), skutterudite (Skt), safflorite (Sfl), loellingite (Loel) and calcite
(Cal I). In the left area the native Ag I is mostly dissolved and replaced by loellingite,
acanthite (Ac), galena (Gn), sphalerite (Sph) and calcite (Cal I). The white rectangle
indicates the enlarged area which is displayed in Fig. 2B. B) The succession of
rammelsbergite, skutterudite and loellingite, which formerly rimmed the native Ag,
indicate the original shape of the native Ag, which is almost entirely replaced by
loellingite, acanthite, galena, sphalerite and calcite (RL). C) BSE image of very porous
irregularly shaped aggregates of native Ag replaced by proustite (Prou) surrounded by
native As (As). At the outer rims and at the former interface between As and Ag, native
metals are strongly dissolved and replaced by a crust of loellingite and calcite. Besides
the irregularly shaped Ag aggregates, small grains of Ag occur randomly distributed
inside of the mass of native As. D) RL image of native arsenic replaced/overgrown by
euhedral loellinigte and calcite. Void space within the loellingite is subsequently filled

with anhedral proustite and sphalerite. E) Rl image of native Bi (Bi) encapsulated by



1217

1218

1219

1220

1221

1222

1223

1224

1225

1226

1227

1228

1229

1230

1231

1232

1233

1234

1235

1236

1237

1238

1239

1240

1241

rammelsbergite and skutterudite. F) RL image of skeletal native Bi overgrown by
skutterudite and later calcite. G) BSE image of the second generation of native silver II
(Ag I1, amalgam), which is inter-grown with co-genetic barite (Ba) and calcite II (Cal II).
H) RL image of irregularly shaped native Ag Il including small, corroded grains of

acanthite (Ac).

Figure 3: Paragenetic sequence of A) the Ag-Ni-Co-Fe-As (black), As-Ag-Fe (grey) and
Ag-(Hg)-barite (meshed white) vein types. White rectangles indicate the dissolution of
existing phases. B) Paragenetic sequence of the Bi-Ni-Co-Fe-As vein type. The grey

shaded are indicates the temporal occurrence of the five-element assemblage.

Figure 4: Terra-Wasserburg diagrams showing 207Pb/206Pb versus 238U/206Pb. Data
points are indicated as 2o error ellipsoids. Dark grey ellipsoids indicate analyses of co-
genetic calcite I and prehnite II, light grey ellipsoid indicate analyses of younger calcite
II. A) MB14, Ag-suite. B) MB27, As-suite. C) MB31, Ag-suite. D) MB55, Bi-suite. E)

Enlarged diagram of concordant ages of MB55. F) MB39, Bi-suite.

Figure 5: Microthermometric analyses of various fluid inclusion assemblages (FIAs). A)
Total salinity versus Ca/(Ca+Na) (molar) of FIAs in mesothermal Pb-Zn-Cu-S (cross), Ag-
Ni-Co-Fe-As (circle), Bi-Ni-Co-Fe-As (rectangle) and As-Ag-Fe (diamond) veins. Inferred
end-member reservoir compositions are indicated as white rectangles (fluid A and fluid
B&BC). B) Total salinity versus Ca/(Ca+Na) (molar) in FIAs of Ag-Hg-barite (triangle)
veins. C) Uncorrected homogenisation temperature versus Ca/(Ca+Na) of mesothermal
arsenide and sulphide veins. Grey bars indicate the temperature intervals of ore stages

1, 2, 3, 4 and the post-ore Ag II stage. The black line indicates Ca/(Ca+Na) fluid
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compositions in equilibrium with Ca-rich plagioglase (Ang). D) Uncorrected

homogenisation temperature versus Ca/(Ca+Na) of Ag-Hg-barite veins.

Figure 6: A) Photo-micrograph of MB12p1 showing six analysed fluid inclusions. B)
Representative micro-Raman analyses of MB12p1. Fluid inclusions 1, 2, 3, 5 and 6 do not
contain any detectable gaseous phases (gray spectrum), while fluid inclusion 4 clearly
contains methane and nitrogen (black spectrum). C) Representative spectrum of the
analysed liquid phase of FIA MB12p1 showing exclusively H20 and the signal of the
matrix calcite. D) Spectrum of the matrix calcite. E) Photo-micrograph of MB44p1
showing nine analysed fluid inclusions. F) Representative spectrum of analysed vapour
phase including CO2, N2, H2S and CHs. . G) Representative spectrum of analysed liquid

including HS-. H) Spectrum of the matrix calcite.

Figure 7: Box plot showing §13C and & 180 of analysed calcites including data previously

published graphically in Markl et al. (2016) of different vein types.

Figure 8: 634S of barites and sulphides of Ag-Hg-barite veins. Permo-triassic isotopic
composition of marine sulphate (Kampschulte and Strauss, 2004) is indicated as black
rectangle. Fractionation at 135°C between Ag>S and SO4%  calculated according to
Ohmoto and Goldhaber (1997). The isotopic mean value of analysed barites reflects a

~1/1 mixture of marine sulphate and sulphate derived from sulphide oxidation.

Figure 9: Ni-Co-Fe compositions of rammelbergite, safflorite and loellingite

(diarsenides, black colour) and skutterudite (grey) of Nieder-Beerbach (circles) and
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Mackenheim (triangles). A distinct trend from Ni- to Fe-rich compositions from old to
young can be observed. Data includes several analyses of diarsenides from Markl et al.

(2016).

Figure 10: Schematic crustal section consisting of metamorphic and igneous crystalline
rocks in deeper parts discordantly covered by sedimentary rock units. A) Genetic model
of Pb-Zn-Cu-S veins. Sedimentary fluid B (metal-poor, sulphur-rich) migrates into
deeper stratigraphic levels (fluid stratigraphy does not compulsory coincide with rock
stratigraphy) and migrates parallel to the unconformity until it is mixed with ascending
fluids A (metal-rich, sulphur-poor) from deeper crustal levels. Mixing of fluid A and B
initiates formation of sulphide ores. Descending fluid B does not mix with isolated
methane/organic matter (fluid C). B) Genetic model of five-element veins. In contrast to
Fig 104, descending fluid B is mixed with fluid C (hydrocarbons) during downward
movement, due to the liberation of fluid C as a consequence of active tectonics and the
associated formation of fracture meshes. Mixing of fluid BC with fluid A finally results in

the formation of native metals and arsenides.

Figure 11: Solubility of Ag:S, native Ag, chlorargyrite and barite at 300bars, 25 wt.%
NaCl and a pH of 8 in a temperature versus log fO; diagram. The dark grey area indicates
the solubilities for a log aag=-5, while the light grey are indicates solubilies for higher Ag
concentrations of log as;=-3. The dotted line indicates a S2-/S04% ratio of 1. Below and
above this line there is a narrow field in which sulphide and sulphides co-exist
(acanthite+barite). Cooling of the system results in a decrease of the S2?-/S042 ratio,
subsequently results in precipitation of barite along acanthite and finally in the

dissolution of the acanthite and re-precipitation as native-Ag along with barite (at
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~130°C). In some cases, further cooling/oxidation leads to the formation of additional

chlorargyrite, which is rarel is present as crusts around native Ag II.

Table captions
Table 1. Overview of native metal mineral assemblages at Mackenheim and Nieder-
Beerbach.

Table 2. Bulk fluid inclusion composition of calcite 1.

Table 3. C- and O-isotopic compositions of calcite I and calcite II, including several

analyses, which are graphically presented in Markl et al. (2016).

Table 4. S-isotopc composition of barite and sulfide minerals.

Table 5. Composition of native metals in wt.%.

Table 6. Composition of arsenides in wt.%.

Table 7. Composition of sulphides in wt.%.

Table A1 (appendix). U-Pb data of calcite I, calcite I and prehnite II.

Table A2 (appendix). Fluid inclusion data including microthermometry and Raman

analyses.
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Highlights

¢ Methane as the key parameter for the formation of five-element assemblages
¢ Refined genetic model of five-element veins

e Source of involved fluid components

e TU-Pb age dating of calcite and prehnite applied to hydrothermal ore deposits

e Cooling related late-stage Ag-Hg enrichment



Location

Quarry

Vein type

Mineral assemblage

Nieder-Ramstadt Wingertsberg Ag-Ni-Co-Fe-As native Ag, rammelsbergite, safflorite, loellingite, skutterudite,

Nieder-Beerbach

Nieder-Beerbach

Nieder-Beerbach

Glasberg

Glasberg

Glasberg

galena, chalcopyrite, sphalerite, acanthite, pearceite,
tennantite, calcite, prehnite, chlorite

Ag-Ni-Co-Fe-As native Ag, rammelsbergite, safflorite, loellingite, skutterudite,

As-Ag-Fe

Ag-Hg-barite

Waschenbach  Waschenbach  Ag-Hg -barite

Mackenheim

"Viadukt"

Bi-Ni-Co-Fe-As

galena, chalcopyrite, sphalerite, acanthite, pearceite,
billingsleyite, tennantite, calcite, prehnite, chlorite

native As, native Ag, loellingite, proustite, pearceite, galena,
sphalerite, chalcopyrite
native Ag (amalgam), galena, acanthite, chlorargyrite, barite,
calcite, quartz
native Ag (amalgam), galena, acanthite, chlorargyrite, barite,
calcite, quartz, clay minerals
native Bi, rammelsbergite, skutterudite, safflorite, loellingite,

bismuthinite, aikinite, chalcopyrite, pyrite, (galena), quartz,
calcite




Location MH NB

Vein type Bi-Co-Ni-Fe-As Ag-Ni-Co-Fe-As
Sampe MB39 MB12
Mineral calcite I calcite I

Sahmtz{v t(‘z:);;erage) 26.7 26.7
Dilution factor 4337 20192
Li 89 40
Na 74571 54497
K 5077 5285
Mg 3292 3592
Ca - -
Ba 95 1770
F 373 783
Cl 161964 161964
Br 1668 1954
P <43 <200
S 734 546
Mn 470 156
Fe 108 133
Co 85 64
Ni 73 164
Cu <5 <20
Zn 11 44
As 4053 5486
Rb 26 <20
Sr 1398 4144
Pb 37 44
Bi <5 <20
Th 14 44
U 43 <20

All elements given as mg/kg
Calcium is not given, since it is a major constituent in the host mineral



Lacation Vein type Sample Mineral o1C o'*0
(VPDB) (VPDB)
MH Bi-Ni-Co-Fe-As MB 102 calcite I -6.8 14.3
MH Bi-Ni-Co-Fe-As MB 39 calcite I -7.5 15.1
MH Bi-Ni-Co-Fe-As MB 39 calcite I -7.1 15.0
MH Bi-Ni-Co-Fe-As MB 41 calcite I -7.7 15.3
MH Bi-Ni-Co-Fe-As MB 42 calcite I -6.8 15.4
MH Bi-Ni-Co-Fe-As MB 44 calcite I 7.6 24.2
MH Bi-Ni-Co-Fe-As MB 45 calcite -7.5 14.9
MH Bi-Ni-Co-Fe-As MB 45 calcite I -7.4 15.2
MH Bi-Ni-Co-Fe-As MB 46 calcite I -6.2 14.3
MH Bi-Ni-Co-Fe-As MB 48 calcite I -6.1 14.4
MH Bi-Ni-Co-Fe-As MB 49 calcite I -6.4 14.2
MH Bi-Ni-Co-Fe-As MB 50 calcite I -6.2 14.4
MH Bi-Ni-Co-Fe-As MB 53 calcite I -6.3 14.2
MH Bi-Ni-Co-Fe-As MB 54 calcite I -6.3 14.7
MH Bi-Ni-Co-Fe-As MB 55 calcite I -7.4 14.9
MH Bi-Ni-Co-Fe-As MB 55 calcite I -7.2 15.3
MH Bi-Ni-Co-Fe-As MB 56 calcite I -6.3 14.5
MH Bi-Ni-Co-Fe-As MB 57 calcite I -6.2 14.4
MH Bi-Ni-Co-Fe-As MB 77 calcite I -7.6 14.7
MH Bi-Ni-Co-Fe-As MB 78 calcite I -7.6 16.1
MH Bi-Ni-Co-Fe-As MB 99 calcite I -6.4 14.9
MH Bi-Ni-Co-Fe-As MB 100 calcite I -7.7 14.6
MH Bi-Ni-Co-Fe-As MB 101 calcite I -6.3 15.7
MH Bi-Ni-Co-Fe-As MB 39 calcite I 2.4 20.7
MH Bi-Ni-Co-Fe-As MB 39 calcite I 1.8 20.4
MH Bi-Ni-Co-Fe-As MB 41 calcite I -7.2 23.1
MH Bi-Ni-Co-Fe-As MB 45 calcite I -7.4 22.6
MH Bi-Ni-Co-Fe-As MB 55 calcite I -1.3 20.9
MH Bi-Ni-Co-Fe-As MB 77 calcite I -8.1 22.5
NB Ag-Hg-barite MB 15 calcite I -7.6 14.6
NB Ag-Hg-barite MB 16 calcite I -8.2 16.3
NB Ag-Hg-barite MB 30 calcite I -8.3 16.3
NB Ag-Hg-barite MB 59 calcite I -7.5 15.1
NB Ag-Ni-Co-Fe-As MB 14 calcite I -7.0 15.7
NB Ag-Ni-Co-Fe-As MB 14 calcite -7.0 16.8
NB Ag-Ni-Co-Fe-As MB 20 calcite -7.1 15.1
NB Ag-Ni-Co-Fe-As MB 24 calcite I -6.0 15.8
NB Ag-Ni-Co-Fe-As MB 31 calcite I -6.7 15.6
NB Ag-Ni-Co-Fe-As MB 36 calcite I -7.5 16.4
NB Ag-Ni-Co-Fe-As MB 37 calcite I -7.5 16.6
NB Ag-Ni-Co-Fe-As MB 58 calcite I -6.1 15.8
NB Ag-Ni-Co-Fe-As MB 67 calcite I -7.6 15.2
NB Ag-Ni-Co-Fe-As MB 73 calcite I -8.4 14.6
NB Ag-Ni-Co-Fe-As MB 12 calcite I -7.7 14.4
NB Ag-Ni-Co-Fe-As MB 12 calcite I -7.7 14.8
NB As-Ag-Fe MB 26 calcite I -7.5 16.6
NB As-Ag-Fe MB 27 calcite I -6.5 16.4
NB As-Ag-Fe MB 27 calcite I -7.7 15.4
NB As-Ag-Fe MB61 calcite I -5.7 15.8
NB As-Ag-Fe MB 74 calcite I -7.2 16.3
NB As-Ag-Fe MB 86 calcite I -7.7 14.6




Location Mineral Sample Vein type 638
( %0 CDT )

NB barite MB15 Ag-Hg-barite 5.5
NB barite MB16 Ag-Hg-barite 7.7
NB barite MB16 Ag-Hg-barite 10.7
NB barite MB22 Ag-Hg-barite 7.9
NB barite MB30 Ag-Hg-barite 6.9
NB barite MB32 Ag-Hg-barite 6.6
NB barite MB59 Ag-Hg-barite 9.3
MH galena MB64 Bi-Ni-Co-Fe-As -41.5
NB galena MB12 Ag-Ni-Co-Fe-As -44.7
NB pearceite MB74 Ag-Ni-Co-Fe-As -50.0
NB proustite MBS0 As-Ag-Fe -48.5
NB acanthite MB17 Ag-Ni-Co-Fe-As -19.7
NB acanthite MB82 Ag-Ni-Co-Fe-As -60.5




Location NB NB NB MH
Mineral native As native Ag I native Ag IT native Bi
Number of analyses 8 74 13 77
Min Max Mean Min Max Mean Min Max Mean Min Max Mean
Se 0.17 0.42 0.31 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.06 0.02
S 0.00 0.01 0.00 0.00 0.08 0.02 0.02 0.19 0.08 0.00 0.02 0.00
Bi 0.00 0.06 0.01 0.00 0.16 0.05 0.00 0.14 0.04 97.14 100.69 99.43
Ag 0.00 0.07 0.02 95.38 97.81 96.99 69.83 89.34 83.40 0.00 0.01 0.00
As 97.68 99.16 98.46 0.27 2.74 1.34 0.00 0.08 0.02 0.00 2.79 0.58
Zn 0.00 0.01 0.00 0.00 0.02 0.00 0.00 0.00 0.00 0.00 0.02 0.00
Sb 0.14 2.25 0.71 0.11 0.60 0.42 0.00 0.00 0.00 0.00 0.05 0.00
Hg 0.00 0.00 0.00 0.98 2.56 1.21 11.40 29.50 16.37 0.00 0.07 0.01
Co 0.00 0.02 0.00 0.00 0.22 0.04 0.00 0.05 0.02 0.00 0.37 0.03
Cu 0.00 0.58 0.09 0.00 0.47 0.04 0.00 0.05 0.01 0.00 0.00 0.00
Fe 0.00 0.01 0.00 0.00 0.18 0.03 0.00 0.01 0.00 0.00 0.89 0.03
Ni 0.00 0.04 0.00 0.00 0.95 0.09 0.00 0.01 0.00 0.00 0.13 0.01
Te 0.00 0.00 0.00 0.22 0.30 0.27 0.00 0.00 0.00 0.00 0.01 0.00
Total 98.44 101.76 99.60 98.84 102.03 100.52 98.54 101.31 99.99 98.42 101.90 100.12

ction limit; all analyses are given as wt.%

ader-Beerbach; MH = Mackenheim



Location MH MH MH MH
Mineral loellingite rammelsbergite safflorite skutterudite
N;n?g‘;sf 32 8 31 41
Mean Min Max Mean Min Max Mean Min Max Mean Min Max

Fe 25.65 22.75 27.48 2.90 2.17 4.30 16.68 5.11 26.89 7.55 4.89 9.18

Co 0.72 0.03 3.74 7.53 6.24 9.71 10.02 0.04 21.87 5.97 3.32 12.32

Ni 0.02 0.00 0.13 18.17 15.29 20.19 0.55 0.00 13.22 6.35 0.19 10.12
Cu 0.67 0.01 211 0.08 0.04 0.12 0.57 0.04 1.35 0.68 0.02 1.90
Zn 0.00 0.00 0.02 0.00 0.00 0.00 0.00 0.00 0.02 0.00 0.00 0.02
Hg 0.01 0.00 0.06 0.02 0.00 0.05 0.00 0.00 0.02 0.01 0.00 0.03
Ag 0.00 0.00 0.03 0.02 0.00 0.04 0.01 0.00 0.03 0.01 0.00 0.02

Bi 0.06 0.00 0.24 0.24 0.06 0.53 0.33 0.00 3.67 0.53 0.07 3.11

Te 0.00 0.00 0.01 0.01 0.00 0.02 0.00 0.00 0.01 0.00 0.00 0.02

As 71.59 70.09 73.89 64.57 62.31 66.72 70.77 67.67 73.31 78.60 77.14 80.11

Sb 0.02 0.00 0.06 0.00 0.00 0.00 0.00 0.00 0.04 0.00 0.00 0.01

S 0.46 0.05 1.63 4.52 2.65 6.61 0.57 0.09 2.70 0.52 0.27 1.42

Se 0.29 0.22 0.44 0.29 0.23 0.34 0.35 0.23 0.43 0.37 0.28 0.50
Total 99.48 98.03 101.90 98.35 98.15 98.88 99.85 98.18 102.02 100.57 98.01 101.99
X 0.97 0.87 1.00 0.11 0.08 0.15 0.63 0.19 1.00 0.39 0.24 0.49
X, 0.03 0.00 0.13 0.26 0.22 0.33 0.36 0.00 0.77 0.29 0.16 0.59
Xy 0.00 0.00 0.00 0.63 0.52 0.70 0.02 0.00 0.47 0.31 0.01 0.48

0 = below detection limit; all analyses are given as wt.%

NB = Nieder-Beerbach; MH = Mackenheim



Location NB NB NB NB
Mineral loellingite rammelsbergite safflorite skutterudite
N;n?g‘;sf 15 23 43 21
Mean Min Max Mean Min Max Mean Min Max Mean Min Max

Fe 25.44 23.85 26.56 1.60 0.75 3.12 7.81 3.08 12.85 3.39 1.84 5.00

Co 0.26 0.00 1.71 9.52 3.60 1276 15.25 10.45 20.74 8.30 3.37 12.33

Ni 0.02 0.00 0.18 16.30 10.86  22.17 3.54 0.02 10.59 7.79 3.59 14.22

Cu 1.48 0.44 3.20 0.47 0.20 1.15 1.80 0.78 2.83 1.62 0.21 3.50
Zn 0.00 0.00 0.02 0.02 0.00 0.14 0.00 0.00 0.04 0.00 0.00 0.07
Hg 0.01 0.00 0.04 0.00 0.00 0.04 0.01 0.00 0.06 0.02 0.00 0.23
Ag 0.05 0.00 0.57 0.03 0.00 0.26 0.03 0.00 0.20 0.04 0.00 0.25

Bi 0.03 0.00 0.14 0.11 0.00 0.27 0.08 0.00 0.19 0.05 0.00 0.15

Te 0.00 0.00 0.01 0.01 0.00 0.03 0.00 0.00 0.02 0.01 0.00 0.02

As 71.15 69.18 73.21 70.42 68.14 72.19 71.60 69.39 73.21 78.70 77.22 79.47

Sb 0.09 0.03 0.17 0.00 0.00 0.03 0.00 0.00 0.00 0.00 0.00 0.00

S 0.78 0.07 1.78 0.92 0.06 1.87 0.23 0.02 0.95 0.31 0.03 1.09

Se 0.33 0.24 0.42 0.38 0.28 0.44 0.37 0.26 0.46 0.40 0.31 0.48
Total 99.65 98.22 101.27 99.78 98.04 101.21 100.72 98.56 101.51 100.64 99.04 101.46
X 0.99 0.93 1.00 0.06 0.03 0.13 0.30 0.12 0.49 0.18 0.09 0.28
X, 0.01 0.00 0.06 0.34 0.13 0.46 0.56 0.42 0.76 0.42 0.16 0.62
Xy 0.00 0.00 0.01 0.59 0.44 0.83 0.13 0.00 0.39 0.39 0.20 0.69

0 = below detection limit; all analyses are given as wt.%

NB = Nieder-Beerbach; MH = Mackenheim



Location MH NB NB NB NB NB
Mineral  tennantite acanthite billingsleyite pearceite proustite tennantite
Number of
analyses 16 9 5 4 8 4
Mean Min Max Mean Min Max Mean Min Max Mean Min Max Mean Min Max Mean Min Max
Se 0.04 0.00 0.11 0.01 0.00 0.05 0.03 0.00 0.06 0.00 0.00 0.00 0.06 0.00 0.13 0.06 0.05 0.13
S 26.46  25.53 27.12 13.22 12.89 13.74 17.49 17.45 17.53 15.79 15.73 15.85 19.59 19.41 19.87 29.45 29.27 29.63
Bi 5.94 1.94 9.90 0.06 0.00 0.14 0.00 0.00 0.00 0.00 0.00 0.00 0.07 0.00 0.30 0.01 0.00 5.94
Ag 0.44 0.24 0.67 8453 83.57 86.68 70.54 69.41 71.67 74.52 74.42 74.61 65.31 64.22 66.36 0.10 0.07 66.11
As 9.69 2.92 12.69 0.67 0.04 0.99 10.41 7.78 13.04 6.89 6.85 6.93 13.60 13.02 14.53 22.47 22.30 22.63
Zn 3.04 2.54 4.29 0.00 0.00 0.01 0.01 0.01 0.01 0.00 0.00 0.00 0.01 0.00 0.04 0.32 0.21 3.04
Sb 12.11 5.82 23.67 0.01 0.00 0.04 1.54 0.21 2.87 0.00 0.00 0.00 0.45 0.10 1.13 0.36  0.27 12.11
Hg 0.03 0.00 0.06 0.04 0.00 0.09 0.01 0.00 0.01 0.00 0.00 0.01 0.05 0.00 0.13 0.03 0.03 0.13
Co 0.09 0.00 0.75 0.03 0.01 0.04 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.02 0.00 0.00 0.09
Cu 38.83 37.45 40.01 0.10 0.03 0.22 0.16 0.02 0.31 132 126 1.38 0.05 0.00 0.15 39.04 38.88 39.20
Fe 4.21 3.09 4.59 0.04 0.00 0.08 0.16 0.09 0.24 0.00 0.00 0.00 0.07 0.00 0.44 6.92 6.63 7.21
Ni 0.00 0.00 0.01 0.03 0.00 0.04 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.02 0.00 0.00 0.01
Te 0.00 0.00 0.00 0.06 0.00 0.23 0.19 0.19 0.19 021 020 0.22 0.00 0.00 0.00 0.00 0.00 0.00
Total 100.89 100.30 101.58 98.82 97.99 100.00 100.54 100.22 100.86 98.77 98.77 98.78 99.28 98.40 100.08 98.75 98.65 100.89

0 = below detection limit; all elements are given as wt.%

NB = Nieder-Beerbach; MH = Mackenheim



Table A1.1

Vein type Sample Mineral  Analysis Spotsize (um) 2°Pb(cps) U(mg/kg) Pb(mg/kg) Th/U 28U/2Pb +2s (%) 2Pb/*Pb  +2s (%)
Ag-Ni-Co-Fe-As MB14 calcite I A305 213 85843 5.9 0.45 0 23.95 3.7 0.309 2
Ag-Ni-Co-Fe-As MB14 calcite I A306 213 183889 6 1.49 0 11 29 0.595 24
Ag-Ni-Co-Fe-As MB14 calcite I A307 213 119483 1.1 1.16 0 2.88 6.6 0.735 3
Ag-Ni-Co-Fe-As MB14 calcite I A309 213 464886 2.3 4.95 0 1.48 9.1 0.789 1.1
Ag-Ni-Co-Fe-As MB14 calcite I A310 213 102159 29 0.82 0 9.5 34 0.597 1.3
Ag-Ni-Co-Fe-As MB14 calcite I A311 213 52148 1.2 0.46 0 7.58 3.1 0.642 1.8
Ag-Ni-Co-Fe-As MB14 calcite I A312 213 120971 31 0.9 0 9.09 43 0.56 3.3
Ag-Ni-Co-Fe-As MB14 calcite I A313 213 157035 7.1 1.13 0 15.17 5.8 0.5 3.2
Ag-Ni-Co-Fe-As MB14 calcite I A314 213 231094 7.9 1.67 0 9.95 11 0.446 6.9
Ag-Ni-Co-Fe-As MB14 calcite I A315 213 168984 3.4 1.14 0 6.3 8.1 0.422 3.5
Ag-Ni-Co-Fe-As MB14 calcite I A316 213 103861 2.8 0.86 0 8.89 11.1 0.627 4.9
Ag-Ni-Co-Fe-As MB14 calcite I A317 213 140300 0.8 1.31 0 2 5.9 0.78 1.5
Ag-Ni-Co-Fe-As MB14 calcite I A318 213 145037 2.5 1.07 0 5.87 3.2 0.526 2.8
Ag-Ni-Co-Fe-As MB14 calcite I A319 213 32976 2 0.22 0 19.22 5.4 0414 4.9
Ag-Ni-Co-Fe-As MB14 calcite I A320 213 104340 6.8 0.63 0 21.13 7.5 0.353 2.1
Ag-Ni-Co-Fe-As MB14 calcite I A321 213 869707 13.7 8.25 0 5.1 8 0.702 1.9
Ag-Ni-Co-Fe-As MB14 calcite I A322 213 196927 6.3 1.57 0 10.69 3 0.573 2.7
Ag-Ni-Co-Fe-As MB14 calcite I A323 213 239436 6.7 1.93 0 9.29 3.5 0.576 1.8
Ag-Ni-Co-Fe-As MB14 calcite I A324 213 271694 5.6 2.59 0 5.88 10.8 0.681 3.3
Ag-Ni-Co-Fe-As MB14 calcite I A325 213 229443 12.6 1.21 0 18.46 5.4 0.302 3.5
Ag-Ni-Co-Fe-As MB14 calcite I A326 213 94852 1.2 0.84 0 4.26 9 0.657 1.8
Ag-Ni-Co-Fe-As MB14 calcite I A327 213 301116 1.9 3.06 0 1.96 7.3 0.768 1
Ag-Ni-Co-Fe-As MB14 calcite I A333 213 34504 1.8 0.23 0 17.07 7 0.442 5.8
Ag-Ni-Co-Fe-As MB14 calcite I A334 213 507953 41.5 2.3 0 27.31 5.3 0.211 1.3
Ag-Ni-Co-Fe-As MB14 calcite I A335 213 65661 3.5 0.44 0 17.64 3.6 0.439 3.2
Ag-Ni-Co-Fe-As MB14 calcite I A336 213 188518 14.8 1.02 0 26.07 3.5 0.305 3.7
Ag-Ni-Co-Fe-As MB14 calcite I A337 213 205479 19.9 0.95 0 32.14 3.3 0.22 1.5




Table A1.2

Vein type Sample Mineral  Analysis Spotsize (um) 2°Pb(cps) U(mg/kg) Pb(mg/kg) Th/U 28U/2Pb +2s (%) 2Pb/*Pb  +2s (%)
Ag-Ni-Co-Fe-As MB14 calcite I A338 213 160472 11.3 0.78 0 23.12 6.5 0.237 2
Ag-Ni-Co-Fe-As MB14 calcite I A339 213 629885 53.9 2.52 0 29.83 4.6 0.181 2
Ag-Ni-Co-Fe-As MB14 calcite I A340 213 516505 474 2.15 0 30.86 3.8 0.176 1.1
Ag-Ni-Co-Fe-As MB14 calcite I A341 213 46509 2.5 0.32 0 17.64 7.7 0.455 5.2
Ag-Ni-Co-Fe-As MB14 calcite I A342 213 169581 15.3 0.82 0 28.3 9 0.221 2.3
Ag-Ni-Co-Fe-As MB14 calcite I A343 213 219280 22.7 1.08 0 31.67 4.3 0.203 1.6
Ag-Ni-Co-Fe-As MB14 calcite I A344 213 149910 11.2 0.78 0 24.63 3.6 0.279 1.3
Ag-Ni-Co-Fe-As MB14 calcite I A345 213 227199 23.8 1.01 0 36.54 49 0218 1.9
Ag-Ni-Co-Fe-As MB14 calcite I A346 213 31750 1.8 0.21 0 18.06 4.4 0.418 1.7
Ag-Ni-Co-Fe-As MB14 calcite I A347 213 30248 0.3 0.3 0 3.33 6.4 0.743 1.4
Ag-Ni-Co-Fe-As MB14 calcite I A348 213 153635 13.3 0.81 0 26.59 3.5 0.259 4
Ag-Ni-Co-Fe-As MB14 calcite I A349 213 918109 85.1 4.05 0 29.05 4.5 0.171 2.1
Ag-Ni-Co-Fe-As MB14 calcite I A350 213 72876 7.1 0.33 0 40.48 44 0.283 2.6
Ag-Ni-Co-Fe-As MB14 calcite I A351 213 157318 12.1 0.86 0 23.41 49 0.299 5.5
Ag-Ni-Co-Fe-As MB14 calcite I A352 213 112840 7.3 0.63 0 22.59 5 0.335 2.2
Ag-Ni-Co-Fe-As MB14 calcite I A353 213 321172 20.8 1.34 0 24.99 4.7 0.245 2.8
Ag-Ni-Co-Fe-As MB14 calcite I A354 213 68787 3.4 0.44 0 15.85 3.9 0.38 3.1
Ag-Ni-Co-Fe-As MB14 calcite I A355 213 58935 2.3 0.29 0 15.92 3.5 0.322 3
Ag-Ni-Co-Fe-As MB14 calcite I A356 213 21929 1.8 0.13 0 26.16 3 0.346 3
Ag-Ni-Co-Fe-As MB14 calcite I A357 213 259581 17.7 1.25 0 20.16 3.8 0.223 49
Ag-Ni-Co-Fe-As MB14 calcite I A358 213 38053 2.4 0.25 0 20.31 3.7 0.397 3.9
Ag-Ni-Co-Fe-As MB14 calcite I A363 143 232466 179.4 2.15 0 114.22 2.1 0.162 2.6
Ag-Ni-Co-Fe-As MB14 calcite I A366 143 328577 243.3 3.73 0 108.9 3.6 0.24 2
Ag-Ni-Co-Fe-As MB14 calcite I A367 143 247922 162.5 2.85 0 96.25 2.3 0.256 1.9
Ag-Ni-Co-Fe-As MB14 calcite I A369 143 135726 58.7 1.42 0 75.91 3 0.268 1.8
Ag-Ni-Co-Fe-As MB14 calcite I A370 213 98073 17.5 1.84 0 25.49 2.1 0.572 1.2
Ag-Ni-Co-Fe-As MB14 calcite I A371 213 79662 5.8 0.65 0 24.09 2.1 0.575 1.2




Table A1.3

Vein type Sample Mineral  Analysis Spotsize (um) 2°Pb(cps) U(mg/kg) Pb(mg/kg) Th/U 28U/2Pb +2s (%) 2Pb/*Pb  +2s (%)
Ag-Ni-Co-Fe-As MB14 calcite I A372 213 73215 54 0.61 0 24.02 2.1 0.576 1
Ag-Ni-Co-Fe-As MB14 calcite I A373 213 109479 9.1 0.87 0 29.46 2.1 0.576 1.1
Ag-Ni-Co-Fe-As MB14 calcite I A374 213 84098 9.8 0.63 0 38.32 2.2 0.487 1.2
Ag-Ni-Co-Fe-As MB14 calcite I A375 213 127302 22.5 0.83 0 57.77 2 0.394 1
Ag-Ni-Co-Fe-As MB14 calcite I A376 213 90711 7.1 0.75 0 25.5 2.1 0.569 0.9

As-Ag-Fe MB27 calcite I A183 213 108552 6.2 0.57 0 21.92 4.5 0.346 2.4

As-Ag-Fe MB27 calcite I A184 213 38368 24 0.21 0 22.2 5.4 0.36 4.7

As-Ag-Fe MB27 calcite I A185 213 656259 5.1 6.15 0 2.72 4.6 0.773 0.9

As-Ag-Fe MB27 calcite I A186 213 75113 5 0.33 0 25.98 4.2 0.272 2.5

As-Ag-Fe MB27 calcite I A187 213 83424 6.4 0.35 0 28.16 4.1 0.217 1.6

As-Ag-Fe MB27 calcite I A188 213 46053 3.1 0.21 0 26.05 2.5 0.276 2.2

As-Ag-Fe MB27 calcite I A189 213 190710 5 1.31 0 10.75 4.1 0.575 2.1

As-Ag-Fe MB27 calcite I A191 213 104321 8.4 0.46 0 29 4.1 0.229 1.9

As-Ag-Fe MB27 calcite I A192 213 110114 8.8 0.49 0 28.47 4.8 0.237 24

As-Ag-Fe MB27 calcite I A193 213 277342 22 1.15 0 279 5.7 0.205 34

As-Ag-Fe MB27 calcite I A199 213 318091 24.1 1.23 0 28.68 3.7 0.211 4.2

As-Ag-Fe MB27 calcite I A200 213 246124 20.7 1.08 0 28.06 49 0.207 1.5

As-Ag-Fe MB27 calcite I A201 213 109246 7.3 0.44 0 26.53 2.8 0.23 1.6

As-Ag-Fe MB27 calcite I A202 213 70856 44 0.35 0 23.03 4 0.313 2.1

As-Ag-Fe MB27 calcite I A203 213 30764 19 0.17 0 22.45 4.6 0.372 5.1

As-Ag-Fe MB27 calcite I A204 213 64707 3.7 0.37 0 20.56 4.4 0.363 4

As-Ag-Fe MB27 calcite I A205 213 43537 14 0.2 0 16.61 5 0.443 2

As-Ag-Fe MB27 calcite I A206 213 64596 3.7 0.38 0 20.51 3.5 0.385 3.9

As-Ag-Fe MB27 calcite I A207 213 39623 2.5 0.2 0 22.77 4.8 0.307 3.6

As-Ag-Fe MB27 calcite I A208 213 54719 1.1 0.33 0 10.9 5.5 0.586 2.2

As-Ag-Fe MB27 calcite I A209 213 34980 1.7 0.23 0 16.42 4.7 0.459 2.6

As-Ag-Fe MB27 calcite I A210 213 30275 1.3 0.17 0 17.99 4.5 0.441 3




Table A1.4

Vein type Sample Mineral  Analysis Spotsize (um) 2°Pb(cps) U(mg/kg) Pb(mg/kg) Th/U 28U/2Pb +2s (%) 2Pb/*Pb  +2s (%)
As-Ag-Fe MB27 calcite I A213 213 116840 2.2 1.01 0 6.49 5 0.689 1.4
As-Ag-Fe MB27 calcite I A221 213 44873 1.1 0.31 0 10.37 7.1 0.589 3.8
As-Ag-Fe MB27 calcite I A222 213 83711 5.9 0.36 0 26.86 3.6 0.241 24
As-Ag-Fe MB27 calcite I A223 213 131977 0.7 1.26 0 1.89 4.3 0.785 1.1
As-Ag-Fe MB27 calcite I A224 213 2064276 0.3 20.71 0 0.05 3.2 0.835 0.9
As-Ag-Fe MB27 calcite I A225 213 758433 4.3 7.31 0 1.98 4.2 0.79 0.8
As-Ag-Fe MB27 calcite I A226 213 2380731 0.8 24.68 0 0.11 11.5 0.836 0.7
As-Ag-Fe MB27 calcite I A227 213 48940 1 0.42 0 7.07 6.7 0.666 24
Ag-Ni-Co-Fe-As MB31 calcite I A244 213 126322 5.2 0.83 0 15.25 3.2 0.477 2.6
Ag-Ni-Co-Fe-As MB31 calcite I A250 213 16084 0.7 0.09 0 14.42 6.3 0.351 33
Ag-Ni-Co-Fe-As MB31 calcite I A251 213 45305 1.8 0.26 0 13.88 4.5 0.374 24
Ag-Ni-Co-Fe-As MB31 calcite I A252 213 46085 3.5 0.22 0 27.84 3.6 0.278 2.2
Ag-Ni-Co-Fe-As MB31 calcite I A253 213 93016 1.3 0.82 0 4.85 2.3 0.699 1.2
Ag-Ni-Co-Fe-As MB31 calcite I A254 213 93818 0.8 0.85 0 2.88 2.6 0.739 1.1
Ag-Ni-Co-Fe-As MB31 calcite I A255 213 156168 0.6 1.55 0 1.31 29 0.801 0.9
Ag-Ni-Co-Fe-As MB31 calcite I A257 213 45202 44 0.21 0 32.39 4.2 0.232 2.2
Ag-Ni-Co-Fe-As MB31 calcite I A260 213 49263 5.9 0.22 0 46.81 6.2 0.247 2.8
Ag-Ni-Co-Fe-As MB31 calcite I A267 213 71479 0.7 0.68 0 3.37 2.1 0.75 1
Ag-Ni-Co-Fe-As MB31 calcite I A270 213 2290612 3.6 17.55 0 0.69 2.7 0.793 0.8
Ag-Ni-Co-Fe-As MB31 calcite I A272 213 2352627 4.1 16.88 0 0.82 2.7 0.775 1
Ag-Ni-Co-Fe-As MB31 calcite I A273 213 3491477 3 27.22 0 0.38 3.6 0.819 0.8
Ag-Ni-Co-Fe-As MB31 calcite I A277 213 1195730 2.9 891 0 1.07 2.6 0.763 1.1
Ag-Ni-Co-Fe-As MB31 calcite I A279 213 2013738 4.4 15.07 0 0.97 2.6 0.762 1.3
Ag-Ni-Co-Fe-As MB31 calcite I A280 213 452272 1.2 3.47 0 1.11 4.5 0.748 1.4
Ag-Ni-Co-Fe-As MB31 calcite I A281 213 414255 1.7 2.7 0 1.99 3.9 0.687 1.6
Ag-Ni-Co-Fe-As MB31 calcite I A282 213 992471 8.2 5.81 0 3.76 5.2 0.567 1.2
Ag-Ni-Co-Fe-As MB31 calcite I A288 213 825779 2.2 6.12 0 1.17 2.1 0.75 1.1




Table A1.6

Vein type Sample Mineral  Analysis Spotsize (um) 2°Pb(cps) U(mg/kg) Pb(mg/kg) Th/U 28U/2Pb +2s (%) 2Pb/*Pb  +2s (%)
Ag-Ni-Co-Fe-As MB31 prehniteII  A302 213 100150 2.3 0.9 0 7.54 49 0.678 1.4
Ag-Ni-Co-Fe-As MB31  prehniteIlI  A303 213 166867 0.7 1.71 0 1.48 2.2 0.812 0.8
Ag-Ni-Co-Fe-As MB31 prehniteII  A304 213 203633 2.2 2.16 0 3.1 5.9 0.761 1.1
Bi-Ni-Co-Fe-As MB39 calcite I A091 213 17318 1.5 0.15 0 26.31 31 0.533 2.1
Bi-Ni-Co-Fe-As MB39 calcite I A101 80 613855 301.1 42.8 0 22 6 0.724 1.4
Bi-Ni-Co-Fe-As MB39 calcite I A380 213 108678 3.5 0.93 0.01 10.73 3.9 0.628 1.1
Bi-Ni-Co-Fe-As MB39 calcite I A388 213 27210 0.6 0.24 0.02 7.54 10.3 0.687 1.8
Bi-Ni-Co-Fe-As MB39 calcite I A389 213 12203 0.1 0.13 0.03 3.53 9.1 0.799 2.1
Bi-Ni-Co-Fe-As MB39 calcite I A390 213 14907 0.3 0.14 0.01 5.68 4.5 0.747 1.8
Bi-Ni-Co-Fe-As MB39 calcite I A394 213 37255 2.7 0.27 0 20.77 3.8 0.416 3.4
Bi-Ni-Co-Fe-As MB39 calcite I A455 143 48854 1.6 0.07 0.05 71.82 44 0.789 0.7
Bi-Ni-Co-Fe-As MB39 calcite I A456 143 86684 0.6 0.13 0.14 16.31 4.7 0.813 0.6
Bi-Ni-Co-Fe-As MB39 calcite I A457 143 167017 3.1 0.25 0.04 43.23 24 0.778 0.4
Bi-Ni-Co-Fe-As MB39 calcite I A460 143 112481 2.2 0.17 0.04 42.64 34 0.789 0.8
Bi-Ni-Co-Fe-As MB39 calcite I A471 80 125292 0.1 0.65 0.68 0.67 10.3 0.823 0.5
Bi-Ni-Co-Fe-As MB39 calcite I A472 80 113089 0.1 0.58 0.33 0.38 13 0.838 0.6
Bi-Ni-Co-Fe-As MB39 calcite I A473 80 162936 0.1 0.83 0.09 0.6 9.2 0.837 0.4
Bi-Ni-Co-Fe-As MB39 calcite I A476 80 173820 1.3 0.8 0.01 5.5 49 0.776 1
Bi-Ni-Co-Fe-As MB39 calcite I A477 80 128290 1 0.59 0 5.45 3 0.784 0.8
Bi-Ni-Co-Fe-As MB39 calcite I A478 80 116708 0.2 0.55 0.02 1.56 4.1 0.82 0.4
Bi-Ni-Co-Fe-As MB39 calcite I A479 213 338270 0.2 0.23 0.09 2.34 6.4 0.816 0.6
Bi-Ni-Co-Fe-As MB39 calcite I A481 143 223290 0.2 0.32 0.01 1.93 4.1 0.817 0.4
Bi-Ni-Co-Fe-As MB39 calcite I A482 143 244992 0.1 0.5 0.03 0.61 149 0.828 0.5
Bi-Ni-Co-Fe-As MB39 calcite I A486 80 117288 0.7 0.24 0 4.34 6.2 0.198 1.5
Bi-Ni-Co-Fe-As MB39 calcite I A488 80 932255 17.1 1.88 0 11.66 9 0.152 1.2
Bi-Ni-Co-Fe-As MB39 calcite I A489 80 4067058 6 9.04 0 0.77 8.3 0.112 0.4
Bi-Ni-Co-Fe-As MB39 calcite I A90 213 15943 1.1 0.15 0 20.52 3.1 0.604 1.9




Table A1.5

Vein type Sample Mineral  Analysis Spotsize (um) 2°Pb(cps) U(mg/kg) Pb(mg/kg) Th/U 28U/2Pb +2s (%) 2Pb/*Pb  +2s (%)
Ag-Ni-Co-Fe-As MB31 calcite I A289 213 1091229 24 8.05 0 0.99 5.4 0.75 1.3
Ag-Ni-Co-Fe-As MB31 calcite I A290 213 1029302 1.7 7.81 0 0.72 2.6 0.776 1
Ag-Ni-Co-Fe-As MB31 calcite I A291 213 2641883 2.3 23.23 0 0.33 7 0.814 0.9
Ag-Ni-Co-Fe-As MB31 calcite I A292 213 1316785 1.6 9.94 0.02 0.55 2.5 0.804 0.8
Ag-Ni-Co-Fe-As MB31 calcite I A294 213 294237 2.3 2.62 0 2.59 2.5 0.662 0.9
Ag-Ni-Co-Fe-As MB31 prehniteII  A244 213 181781 1.6 1.75 0 3.1 4.7 0.768 1.1
Ag-Ni-Co-Fe-As MB31 prehniteII  A245 213 58045 1.6 0.43 0 10.78 2.5 0.591 2.6
Ag-Ni-Co-Fe-As MB31  prehniteII  A246 213 151311 8.2 0.93 0 18.86 2.5 0414 3.7
Ag-Ni-Co-Fe-As MB31 prehniteII  A247 213 243791 1.3 2.38 0 1.86 3 0.79 0.8
Ag-Ni-Co-Fe-As MB31 prehniteII  A248 213 100201 2.1 0.82 0 7.57 3.8 0.667 1.2
Ag-Ni-Co-Fe-As MB31 prehnite I ~ A249 213 69822 1.8 0.59 0 8.81 29 0.658 1.3
Ag-Ni-Co-Fe-As MB31 prehniteII  A256 213 60384 0.6 0.57 0 3.44 3 0.762 1.2
Ag-Ni-Co-Fe-As MB31  prehniteIlI  A258 213 111045 6.9 0.36 0 30.09 3.2 0.2 2
Ag-Ni-Co-Fe-As MB31 prehniteII  A259 213 178808 13.7 0.68 0 29.31 8.3 0.21 2.2
Ag-Ni-Co-Fe-As MB31 prehniteII  A261 213 72792 4.4 0.34 0 24.32 6.7 0.322 7
Ag-Ni-Co-Fe-As MB31  prehniteII  A262 213 26885 0.2 0.26 0 2.33 8 0.774 1.3
Ag-Ni-Co-Fe-As MB31 prehniteII  A263 213 67019 5.7 0.28 0 29.94 2.8 0.199 1.5
Ag-Ni-Co-Fe-As MB31 prehniteII  A264 213 42522 0.6 0.4 0 4.66 2.1 0.746 1.2
Ag-Ni-Co-Fe-As MB31 prehniteII ~ A265 213 102248 0.7 1 0 2.3 2 0.782 0.9
Ag-Ni-Co-Fe-As MB31 prehniteII  A266 213 77772 2.1 0.66 0 9.15 3.3 0.647 1.2
Ag-Ni-Co-Fe-As MB31 prehniteII  A293 213 112210 1.1 1.08 0 3.28 2.2 0.759 1
Ag-Ni-Co-Fe-As MB31 prehniteII ~ A295 213 188431 0.8 1.92 0 1.38 2.3 0.805 0.8
Ag-Ni-Co-Fe-As MB31 prehniteII  A296 213 181289 0.8 1.81 0 1.45 3.9 0.805 0.9
Ag-Ni-Co-Fe-As MB31  prehnitelI ~ A297 213 149190 0.8 1.51 0 1.9 3 0.8 0.9
Ag-Ni-Co-Fe-As MB31 prehniteII  A299 213 412446 1.5 13.34 0 1.2 2.7 0.808 0.8
Ag-Ni-Co-Fe-As MB31 prehniteII  A300 213 680230 24 7 0 1.17 3.2 0.815 0.8
Ag-Ni-Co-Fe-As MB31 prehniteII  A301 213 75386 0.7 0.74 0 3.08 2.1 0.774 1.1




Table A1.8

Vein type Sample Mineral  Analysis Spotsize (um) 2°Pb(cps) U(mg/kg) Pb(mg/kg) Th/U 28U/2Pb +2s (%) 2Pb/*Pb  +2s (%)
Bi-Ni-Co-Fe-As MB39 calcite IT A496 213 20100 0.1 0.01 0 21.16 3.9 0.422 1.3
Bi-Ni-Co-Fe-As MB39 calcite II A500 213 34189 0.1 0.02 0 0.48 19.8 0.57 1.1
Bi-Ni-Co-Fe-As MB39 calcite II A501 213 450635 0.1 0.16 0 0.35 4 0.249 0.6
Bi-Ni-Co-Fe-As MB39 calcite IT A502 213 28104 0.1 0.01 0 1.02 8.5 0.491 1.7
Bi-Ni-Co-Fe-As MB39 calcite II A503 213 145099 0.1 0.06 0 0.04 12 0.236 2.5
Bi-Ni-Co-Fe-As MB39 calcite IT A504 213 33728 0.1 0.02 0 193 15.2 0.51 19
Bi-Ni-Co-Fe-As MB39 calcite I A505 213 704352 0.1 0.34 0 0.06 25.8 0.198 1.8
Bi-Ni-Co-Fe-As MB39 calcite II A506 213 971015 0.1 0.3 0.01 0.44 5.7 0.18 0.7
Bi-Ni-Co-Fe-As MB39 calcite IT A507 213 4573048 0.1 1.3 0 0.11 5.5 0.188 0.5
Bi-Ni-Co-Fe-As MB39 calcite IT A65 213 80221 5.2 0.74 0 19.61 2.1 0.586 0.9
Bi-Ni-Co-Fe-As MB39 calcite II A66 213 68997 49 0.62 0 21.59 2.1 0.573 1
Bi-Ni-Co-Fe-As MB39 calcite IT A72 213 78154 6.7 0.7 0 25.7 2.1 0.559 0.8
Bi-Ni-Co-Fe-As MB39 calcite II A73 213 71684 6.3 0.59 0 28.52 2.1 0.536 1
Bi-Ni-Co-Fe-As MB39 calcite II A74 213 78893 6.8 0.7 0 25.62 2.1 0.555 0.9
Bi-Ni-Co-Fe-As MB39 calcite I A75 213 81926 8.1 0.68 0 314 6.5 0.537 0.9
Bi-Ni-Co-Fe-As MB39 calcite II A76 213 79677 6.4 0.72 0 24.23 2.1 0.564 0.9
Bi-Ni-Co-Fe-As MB39 calcite IT A77 213 93211 9.7 0.79 0 31.23 2.1 0.524 0.9
Bi-Ni-Co-Fe-As MB39 calcite I A78 213 113535 12.3 0.97 0.1 32.58 2.1 0.526 0.9
Bi-Ni-Co-Fe-As MB39 calcite I A79 213 83565 9.7 0.69 0 348 2.2 0.501 0.9
Bi-Ni-Co-Fe-As MB39 calcite IT A80 213 338838 65.2 2.02 0.3 64.11 2.7 0.338 19
Bi-Ni-Co-Fe-As MB39 calcite IT A81 213 319774 83.5 1.71 0.4 81.51 2.2 0.249 0.7
Bi-Ni-Co-Fe-As MB39 calcite II A82 143 106178 93.7 12 0.4 127.9 2.2 0.239 1.2
Bi-Ni-Co-Fe-As MB39 calcite IT A83 143 886362 159 12.29 0.7 26.1 15.7 0.348 2.1
Bi-Ni-Co-Fe-As MB39 calcite II A84 143 204677 75.6 2.58 0.3 54.3 2.7 0.305 1.1
Bi-Ni-Co-Fe-As MB39 calcite II A85 143 72349 24.1 1.06 0.1 51.67 24 0.405 1.5
Bi-Ni-Co-Fe-As MB39 calcite I A86 143 43710 10.6 0.8 0 33.63 2.1 0.521 1.1
Bi-Ni-Co-Fe-As MB39 calcite IT AB7 143 30832 5.4 0.54 0 25.21 2.1 0.503 1.2




Table A1.7

Vein type Sample Mineral  Analysis Spotsize (um) 2°Pb(cps) U(mg/kg) Pb(mg/kg) Th/U 28U/2Pb +2s (%) 2Pb/*Pb  +2s (%)
Bi-Ni-Co-Fe-As MB39 calcite I A92 213 24466 1.6 0.2 0 20.86 2.5 0.548 4
Bi-Ni-Co-Fe-As MB39 calcite I A93 213 15743 1 0.15 0 20.39 3.2 0.629 1.8
Bi-Ni-Co-Fe-As MB39 calcite I A94 213 24706 2.8 0.19 0 32.71 3.5 0414 2.5
Bi-Ni-Co-Fe-As MB39 calcite I A95 213 12604 0.6 0.12 0 14.08 3.5 0.71 2.1
Bi-Ni-Co-Fe-As MB39 calcite I A96 213 10069 0.5 0.08 0 18.64 3.9 0.63 3.2
Bi-Ni-Co-Fe-As MB39 calcite IT A359 213 509095 198.1 1.97 0 129.12 2.1 0.136 1.2
Bi-Ni-Co-Fe-As MB39 calcite I A362 213 348566 149.5 1.38 0 14091 2.2 0.142 1.7
Bi-Ni-Co-Fe-As MB39 calcite II A368 143 188409 203.8 1.48 0 160.99 2.1 0.101 2.2
Bi-Ni-Co-Fe-As MB39 calcite IT A439 213 164351 0.1 0.12 0.4 0.86 6.4 0.835 0.4
Bi-Ni-Co-Fe-As MB39 calcite IT A440 213 114392 0.1 0.08 0.15 4.34 4.1 0.823 0.8
Bi-Ni-Co-Fe-As MB39 calcite II A442 213 44861 0.1 0.03 0.09 14.51 5.3 0.801 1
Bi-Ni-Co-Fe-As MB39 calcite IT A443 213 115359 0.2 0.08 0.1 7.29 5.3 0.798 0.5
Bi-Ni-Co-Fe-As MB39 calcite II A444 213 36549 0.3 0.02 0.06 441 3.3 0.762 0.8
Bi-Ni-Co-Fe-As MB39 calcite II A445 213 383719 2.5 0.28 0.03 30.34 6.5 0.793 0.5
Bi-Ni-Co-Fe-As MB39 calcite I A446 213 121220 0.5 0.08 0.08 23.73 7.5 0.798 0.5
Bi-Ni-Co-Fe-As MB39 calcite II A447 213 70848 0.3 0.04 0.13 24.51 24 0.793 0.7
Bi-Ni-Co-Fe-As MB39 calcite IT A449 213 57801 0.2 0.04 0.08 18.95 4.5 0.805 0.6
Bi-Ni-Co-Fe-As MB39 calcite IT A459 143 101832 1.6 0.17 0.07 31.98 4.7 0.794 0.9
Bi-Ni-Co-Fe-As MB39 calcite I Ad61 143 202193 2.1 0.3 0.04 22.72 5.3 0.768 0.4
Bi-Ni-Co-Fe-As MB39 calcite IT A463 213 462586 0.2 0.35 0.05 2.14 9.4 0.837 0.7
Bi-Ni-Co-Fe-As MB39 calcite IT Ad64 213 165088 0.1 0.12 0.01 3 4.2 0.804 0.6
Bi-Ni-Co-Fe-As MB39 calcite II A465 213 123727 0.1 0.1 0.1 0.63 17.9 0.829 0.7
Bi-Ni-Co-Fe-As MB39 calcite IT A466 213 142219 0.2 0.09 0.01 7.04 5.5 0.718 0.9
Bi-Ni-Co-Fe-As MB39 calcite II Ad67 213 191337 0.2 0.14 0.06 5.6 2.7 0.835 0.4
Bi-Ni-Co-Fe-As MB39 calcite II A468 213 233793 0.1 0.21 0.01 1.08 17.7 0.828 0.5
Bi-Ni-Co-Fe-As MB39 calcite I A469 213 107325 0.1 0.08 0.14 2.66 10.3 0.794 0.7
Bi-Ni-Co-Fe-As MB39 calcite IT A492 213 47555 0.1 0.03 0 15.79 6.3 0.574 2.5




Table A1.10

Vein type Sample Mineral  Analysis Spotsize (um) 2°Pb(cps) U(mg/kg) Pb(mg/kg) Th/U 28U/2Pb +2s (%) 2Pb/*Pb  +2s (%)
Bi-Ni-Co-Fe-As MB55 calcite I A47 213 127904 8.8 0.57 0 25.6 5.4 0.272 3.2
Bi-Ni-Co-Fe-As MB55 calcite I A48 213 111029 8.1 0.46 0 27.77 5.6 0.242 2.1
Bi-Ni-Co-Fe-As MB55 calcite I A50 213 301904 22.2 1.1 0 28.92 5.3 0.186 24
Bi-Ni-Co-Fe-As MB55 calcite I A51 213 106038 6.6 0.49 0 239 4 0.292 2.7
Bi-Ni-Co-Fe-As MB55 calcite I A52 213 90718 6.4 0.39 0 27.12 5.6 0.261 2.6
Bi-Ni-Co-Fe-As MB55 calcite I A53 213 46308 2.5 0.24 0 21.24 4.4 0.38 3.8
Bi-Ni-Co-Fe-As MB55 calcite I A54 213 81015 4.5 0.33 0 239 4.2 0.27 2.1
Bi-Ni-Co-Fe-As MB55 calcite I A55 213 42118 1.8 0.21 0 17.57 3.8 0.368 5
Bi-Ni-Co-Fe-As MB55 calcite I A56 213 52715 1.7 0.36 0 12.26 4.5 0.536 2
Bi-Ni-Co-Fe-As MB55 calcite I A57 213 22158 0.4 0.19 0 5.59 9.9 0.674 2.5
Bi-Ni-Co-Fe-As MB55 calcite I A58 213 37330 14 0.22 0 14.79 6.2 0.449 2.6
Bi-Ni-Co-Fe-As MB55 calcite I A59 213 40000 1.4 0.24 0 13.6 6 0.461 3
Bi-Ni-Co-Fe-As MB55 calcite I A60 213 24423 0.7 0.16 0 10.77 49 0.532 2.1
Bi-Ni-Co-Fe-As MB55 calcite I Ab4 213 71299 2.5 0.47 0 12.65 8.9 0.496 3.1
Bi-Ni-Co-Fe-As MB55 calcite I A65 213 134034 7.1 0.64 0 20.71 4.6 0.371 7
Bi-Ni-Co-Fe-As MB55 calcite I A66 213 93001 39 0.53 0 16.56 34 0.429 2.1
Bi-Ni-Co-Fe-As MB55 calcite I A72 213 288970 19.8 1.19 0 26.66 4.7 0.251 2.9
Bi-Ni-Co-Fe-As MB55 calcite IT A15 213 92408 20.1 0.32 0 85.1 2.2 0.167 1.4
Bi-Ni-Co-Fe-As MB55 calcite I Ale 213 81327 19.3 0.29 0 92.19 2.2 0.173 1.5
Bi-Ni-Co-Fe-As MB55 calcite IT Al17 213 97437 24 0.35 0 95.54 2.1 0.173 1.5
Bi-Ni-Co-Fe-As MB55 calcite IT A18 213 71074 13 0.3 0 71.7 2.4 0.255 1.7
Bi-Ni-Co-Fe-As MB55 calcite II A19 213 68998 17.1 0.24 0 95.87 2.1 0.165 1.5
Bi-Ni-Co-Fe-As MB55 calcite IT A20 213 111999 31.8 0.28 0 111.09 2 0.045 2.4
Bi-Ni-Co-Fe-As MB55 calcite II A21 213 113888 30.2 0.29 0 104.28 0.047 24
Bi-Ni-Co-Fe-As MB55 calcite II A22 213 109573 29.9 0.27 0 106.63 2 0.047 2.5
Bi-Ni-Co-Fe-As MB55 calcite I A23 213 683200 161.2 2.16 0 91.38 2.1 0.119 0.9
Bi-Ni-Co-Fe-As MB55 calcite IT A24 213 609326 103.5 2.82 0 67.87 2.1 0.306 1




Table A1.9

Vein type Sample Mineral  Analysis Spotsize (um) 2°Pb(cps) U(mg/kg) Pb(mg/kg) Th/U 28U/2Pb +2s (%) 2Pb/*Pb  +2s (%)
Bi-Ni-Co-Fe-As MB39 calcite IT A88 143 39502 10.4 0.7 0 36.53 2.2 0.491 1.1
Bi-Ni-Co-Fe-As MB55 arsenide A08 213 146152 0.1 19 0 0.19 339 0.831 1
Bi-Ni-Co-Fe-As MB55 arsenide A09 213 153767 0.6 1.46 0 1.27 10 0.829 0.9
Bi-Ni-Co-Fe-As MB55 arsenide A1l 213 98953 0.1 0.79 0 0.34 5.1 0.834 0.9
Bi-Ni-Co-Fe-As MB55 arsenide A12 213 148020 2 1.52 0 3.83 9.8 0.811 0.9
Bi-Ni-Co-Fe-As MB55 arsenide A13 213 137673 0.3 14 0 1.26 129 0.82 1.1
Bi-Ni-Co-Fe-As MB55 calcite I A211 213 13438 0.1 0.1 0 3.35 7.2 0.657 2.5
Bi-Ni-Co-Fe-As MB55 calcite I A212 213 53793 0.1 0.5 0 0.71 5.2 0.796 1.4
Bi-Ni-Co-Fe-As MB55 calcite I A214 213 58695 3.4 0.31 0 21.05 7.5 0.318 3.1
Bi-Ni-Co-Fe-As MB55 calcite I A215 213 52523 0.8 0.41 0 5.62 5.1 0.604 1.6
Bi-Ni-Co-Fe-As MB55 calcite I A216 213 51506 1.1 0.35 0 8.04 3.8 0.543 5
Bi-Ni-Co-Fe-As MB55 calcite I A217 213 262807 0.8 1791 0 1.14 10.1 0.734 2.6
Bi-Ni-Co-Fe-As MB55 calcite I A218 213 20808 0.2 0.14 0 4.37 3.3 0.593 2
Bi-Ni-Co-Fe-As MB55 calcite I A219 213 34055 0.6 0.25 0 7.05 5.4 0.584 2.8
Bi-Ni-Co-Fe-As MB55 calcite I A220 213 97357 3.4 0.55 0 13.77 2.8 0.405 2.2
Bi-Ni-Co-Fe-As MB55 calcite I A28 213 72959 34 0.39 0 17.77 5.3 0.387 5.5
Bi-Ni-Co-Fe-As MB55 calcite I A29 213 42571 1 0.29 0 8.83 5.8 0.557 2.3
Bi-Ni-Co-Fe-As MB55 calcite I A30 213 67399 1.9 0.25 0 19.74 8.2 0.35 3
Bi-Ni-Co-Fe-As MB55 calcite I A31 213 111146 6.9 0.47 0 24.89 8.3 0.254 1.9
Bi-Ni-Co-Fe-As MB55 calcite I A32 213 23008 0.1 0.2 0 1.62 8.8 0.738 2.1
Bi-Ni-Co-Fe-As MB55 calcite I A38 213 28904 0.7 0.19 0 9.72 5.2 0.539 29
Bi-Ni-Co-Fe-As MB55 calcite I A39 213 87470 5.2 0.42 0 23.13 3.8 0.325 2.9
Bi-Ni-Co-Fe-As MB55 calcite I A40 213 224835 15.6 0.88 0 26.86 5.2 0.211 2.1
Bi-Ni-Co-Fe-As MB55 calcite I A4l 213 149654 11 0.73 0 26.46 3.8 0.299 4.3
Bi-Ni-Co-Fe-As MB55 calcite I A42 213 26214 0.8 0.19 0 10.79 7.9 0.581 2.5
Bi-Ni-Co-Fe-As MB55 calcite I A43 213 341549 209 1.49 0 23.95 4.2 0.272 1.7
Bi-Ni-Co-Fe-As MB55 calcite I A45 213 110353 8 0.49 0 27.85 3.2 0.272 1.4




Table A2.1

Locality Vein type Sample Mineral FIA Number Vapour Ti.. Times mice T, Tm,, Salinity Ca/(Na+Ca) Other components

vol. % °C °C °C °C °C wt.% (molar) Vapour Liquid
MH Bi-Ni-Co-Fe-As MB102 calcite isol 1 10 -68 -52 -26.3 183.0 -10.3 26.7 0.29 s.m.e. s.m.e.
MH Bi-Ni-Co-Fe-As MB102 calcite I isol 2 10 -70 -52 -26.2 182.0 -10.3 26.7 0.29 s.m.e. s.m.e.
MH  Bi-Ni-Co-Fe-As MB102 calcite]  isol 3 10 -68 -52 -263 1810  -104 26.7 0.30 s.m.e. s.m.e.
MH  Bi-Ni-Co-Fe-As MB102 calcite]  psl 1 8 69 -52  -262 1652  -109 26.6 0.29 na. na.
MH  Bi-Ni-Co-Fe-As MB102 calcite]  psl 2 8 69  -52  -263 1642  -10.6 26.7 0.30 na. na.
MH  Bi-Ni-Co-Fe-As MB102 calciteI  psl 3 8 -69 -52 -26.7 165.2 -10.4 26.8 0.31 n.a. na.
MH  Bi-Ni-Co-Fe-As MB102 calcite]  psl 4 8 69 -52 266 167.1  -10.4 26.8 0.31 na. na.
MH  Bi-Ni-Co-Fe-As MB102 calcite]  psl 5 8 69 -52  -266 1652  -10.4 26.8 0.31 na. na.
MH  Bi-Ni-Co-Fe-As MB102 calcite]  ps2 1 8 70 52  -266 1632  -10.7 26.7 0.31 na. na.
MH  Bi-Ni-Co-Fe-As MB102 calcite]  ps2 2 8 70 -52  -264 1632  -105 26.7 0.30 na. na.
MH  Bi-Ni-Co-Fe-As MB102 calcite]  ps2 3 8 70 52 -264 1662  -105 26.7 0.30 na. na.
MH  Bi-Ni-Co-Fe-As MB102 calcite]  ps2 4 8 70 -52  -263 1652  -10.4 26.7 0.30 na. na.
MH  Bi-Ni-Co-Fe-As MB102 calciteI = ps2 5 8 -70 -52 -26.4 166.2 -10.4 26.7 0.30 n.a. na.
MH  Bi-Ni-Co-Fe-As MB102 calcite]  ps2 6 8 70 -52  -264 1662  -10.4 26.7 0.30 na. na.
MH  Bi-Ni-Co-Fe-As  MB44  calcite]  pl 1 10 60 -52  -109  207.1  -244 14.9 0.22 CH, CO, H)S, N, HS
MH  Bi-Ni-Co-Fe-As ~ MB44  calcite]  pl 2 10 -60 -52  -109 2071  -244 14.9 0.22 CH, CO, H,S,N, HS
MH  Bi-Ni-Co-Fe-As MB44  calcite]  pl 3 10 -60 -52  -109 2071  -244 14.9 0.22 CH, CO, HS, N, HS
MH  Bi-Ni-Co-Fe-As  MB44  calcite]  pl 4 10 60  -52  -109 2071 = -244 14.9 0.22 CH, CO, H,S,N, HS
MH  Bi-Ni-Co-Fe-As ~ MB44  calcite]  pl 5 10 -60 -52  -109 2071  -244 14.9 0.22 s.m.e. s.m.e.
MH  Bi-Ni-Co-Fe-As MB44  calcite]  pl 6 10 60  -52  -109  207.1  -244 14.9 0.22 CH, CO, HS, N, HS
MH  Bi-Ni-Co-Fe-As MB44  calcite]  pl 7 10 60 -52  -109  207.1  -244 14.9 0.22 CH, CO, H,S,N, HS
MH  Bi-Ni-Co-Fe-As ~ MB44  calcite]  pl 8 10 -60 -52  -109 2071  -244 14.9 0.22 s.m.e. s.m.e.
MH  Bi-Ni-Co-Fe-As ~ MB44  calcite]  pl 9 10 -60 -52  -109 2071  -244 14.9 0.22 s.m.e. s.m.e.
MH  Bi-Ni-Co-Fe-As  MB44  calcite]  pl 10 10 60  -52  -109  207.1 = -244 14.9 0.22 CH, CO, H,S,N, HS
MH  Bi-Ni-Co-Fe-As MB44  calcite]  pl 11 10 60 -52  -109 2071  -244 14.9 0.22 CH, CO, H,S,N, HS
MH  Bi-Ni-Co-Fe-As  MB48  calcite]  psl 1 8 -80 -52  -268 1726  -122 26.7 0.33 na. na.
MH  Bi-Ni-Co-Fe-As MB48  calcite]  psl 2 8 -80 -52  -270 1726  -12.3 26.7 0.34 na. na.
MH  Bi-Ni-Co-Fe-As MB48  calcite]  psl 3 8 -80  -52  -27.0 1726  -122 26.7 0.34 na. na.
MH  Bi-Ni-Co-Fe-As ~ MB48  calcite]  psl 4 8 80 -52  -27.1 1726  -122 26.7 0.34 na. na.
MH  Bi-Ni-Co-Fe-As MB48  calcite]  psl 5 8 -80  -52  -27.0 1726  -12.2 26.7 0.34 na. na.
MH Bi-Ni-Co-Fe-As MB50 calciteI  isol 3 9 -70 -52 -26.7 184.0 -104 26.8 0.31 n.a. n.a.



Table A1.11

Vein type Sample Mineral  Analysis Spotsize (um) 2°Pb(cps) U(mg/kg) Pb(mg/kg) Th/U 28U/2Pb +2s (%) 2Pb/*Pb  +2s (%)
Bi-Ni-Co-Fe-As MB55 calcite IT A25 213 411817 98 1.16 0 94.02 2.2 0.091 7.7
Bi-Ni-Co-Fe-As MB55 calcite II A26 213 727770 190.8 1.86 0 102.5 2 0.051 1.4
Bi-Ni-Co-Fe-As MB55 calcite II A27 213 48807 1.1 0.35 0 8.43 7.9 0.59 4.2
Bi-Ni-Co-Fe-As MB55 calcite IT A6l 213 1337790 3619 3.47 0 104.41 2 0.051 1
Bi-Ni-Co-Fe-As MB55 calcite II A62 213 311354 85.7 0.85 0 103.39 2 0.06 2.1
Bi-Ni-Co-Fe-As MB55 calcite IT A63 213 892536 254 2.32 0 108.67 2 0.049 1.2




Table A2.3

Locality Vein type Sample Mineral FIA Number Vapour Ti.. Times mice T, Tm,, Salinity Ca/(Na+Ca) Other components

vol. % °C °C °C °C °C wt.% (molar) Vapour Liquid
NB Ag-Hg-barite MB16  calciteIl  ps2 2 3 -80 -52 -25.6 106.7 -22.1 25.2 0.29 n.a. na.
NB Ag-Hg-barite MB16  calciteIl  ps2 3 3 -80 -52 -25.7 105.7 -22.0 25.3 0.29 s.m.e. s.m.e.
NB Ag-Hg-barite MB16  calciteIl  ps2 4 3 -80 -52 -25.6 106.7 -22.0 25.3 0.28 s.m.e. s.m.e.
NB Ag-Hg-barite MB16  calciteIl  ps2 5 3 -80 -52 -25.6 107.7 -22.2 25.2 0.29 s.m.e. s.m.e.
NB Ag-Hg-barite MB58 barite pl 1 5 -63 -52 129.0 s.m.e. s.m.e.
NB Ag-Hg-barite MB58 barite pl 2 5 -63 -52 129.0 none none
NB Ag-Hg-barite MB58 barite pl 3 5 -63 -52 131.0 none none
NB Ag-Hg-barite MB59 barite p2 4 5 -63 -52 131.1 s.m.e. s.m.e.
NB Ag-Hg-barite MB59 barite p2 5 4 -63 -52 131.1 n.a. n.a.
NB Ag-Hg-barite MB59 calcite I c2 1 12 -67 -52 -27.3 277.3 -12.2 26.8 0.35 na. n.a.
NB Ag-Hg-barite MB59 calcite c2 2 12 -67 -52 -27.3 278.2 -11.6 26.8 0.35 na. na.
NB Ag-Hg-barite MB59 calcite I c2 3 12 -67 -52 -27.2 278.2 -11.6 26.8 0.34 n.a. n.a.
NB Ag-Hg-barite MB59 calcite I c2 4 12 -67 -52 -27.2 275.3 -11.6 26.8 0.34 na. na.
NB Ag-Hg-barite MB59 calcite I c2 5 12 -67 -52 -27.3 278.2 -11.6 26.8 0.35 na. na.
NB Ag-Hg-barite MB59 calcite I c2 6 12 -67 -52 -27.2 279.2 -11.6 26.8 0.34 n.a. n.a.
NB Ag-Hg-barite MB59 calcite pl 1 12 -67 -52 -27.1 281.2 -11.6 26.8 0.34 na. na.
NB Ag-Hg-barite MB59 calcite I pl 2 12 -67 -52 -27.1 277.3 -11.7 26.8 0.34 s.m.e. s.m.e.
NB Ag-Hg-barite MB59 calcite I pl 3 12 -67 -52 -27.3 277.3 -11.7 26.8 0.35 s.m.e. s.m.e.
NB Ag-Hg-barite MB59 calcite I pl 4 12 -67 -52 -27.1 278.2 -11.7 26.8 0.34 s.m.e. s.m.e.
NB Ag-Hg-barite MB59 calcite I pl 5 12 -67 -52 -27.3 279.2 -11.5 26.9 0.35 s.m.e. s.m.e.
NB Ag-Hg-barite MB59 calcite I pl 6 12 -67 -52 -27.2 277.3 -11.6 26.8 0.34 na. n.a.
NB Ag-Hg-barite MB59 calcite pl 7 12 -67 -52 -27.2 277.3 -11.7 26.8 0.34 na. na.
NB Ag-Hg-barite MB59 calcite I pl 8 12 -67 -52 -27.1 277.3 -11.5 26.8 0.34 na. n.a.
NB Ag-Hg-barite MB59 calcite I pl 9 12 -67 -52 -27.3 278.2 -11.7 26.8 0.35 na. n.a.
NB Ag-Hg-barite MB59 calcite I pl 10 12 -67 -52 -27.2 279.2 -11.4 26.8 0.34 na. na.
NB Ag-Hg-barite MB59 calcite I pl 11 12 -67 -52 -27.2 277.3 -11.5 26.8 0.34 na. n.a.
NB Ag-Hg-barite MB59 calcite I pl 12 12 -67 -52 -27.3 278.2 -11.7 26.8 0.35 na. na.
NB Ag-Hg-barite MB59 calcite I pl 13 12 -67 -52 -27.1 278.2 -11.6 26.8 0.34 na. n.a.
NB Ag-Hg-barite MB59 calcite I pl 14 12 -67 -52 -27.3 279.2 -11.4 26.9 0.35 n.a. na.
NB Ag-Hg-barite MB59 calcite I pl 15 12 -67 -52 -27.2 277.3 -11.6 26.8 0.34 na. n.a.
NB Ag-Hg-barite MB59 calcite I pl 16 12 -67 -52 -27.2 278.2 -11.6 26.8 0.34 n.a. n.a.



Table A2.2

Locality Vein type Sample Mineral FIA Number Vapour Ti.. Times mice T, Tm,, Salinity Ca/(Na+Ca) Other components

vol. % °C °C °C °C °C wt.% (molar) Vapour Liquid
MH  Bi-Ni-Co-Fe-As ~ MB50 calciteI  isol 4 9 -70 -52 -26.6 185.0 -10.4 26.8 0.31 n.a. na.
MH  Bi-Ni-Co-Fe-As  MB50 calciteI  isol 5 9 -70 -52 -26.6 184.0 -10.4 26.8 0.31 n.a. n.a.
MH  Bi-Ni-Co-Fe-As  MB50 calcite I pl 1 9 -69 -52 -26.7 183.0 -10.3 26.8 0.31 s.m.e. s.m.e.
MH  Bi-Ni-Co-Fe-As  MB50 calcite I pl 2 9 -69 -52 -26.8 183.0 -10.3 26.8 0.32 s.m.e. s.m.e.
MH  Bi-Ni-Co-Fe-As  MB50 calcite I pl 3 9 -66 -52 -26.8 182.0 -10.4 26.8 0.32 s.m.e. s.m.e.
MH  Bi-Ni-Co-Fe-As  MB50 calcite I pl 4 9 -66 -52 -26.7 182.0 -10.5 26.8 0.31 s.m.e. s.m.e.
MH  Bi-Ni-Co-Fe-As  MB50 calcite I pl 5 9 -66 -52 -26.8 183.0 -10.3 26.8 0.32 s.m.e. s.m.e.
MH  Bi-Ni-Co-Fe-As  MB50 calcite I pl 6 9 -66 -52 -26.7 182.0 -10.3 26.8 0.31 s.m.e. s.m.e.
MH  Bi-Ni-Co-Fe-As  MB50 calcite I pl 7 9 -66 -52 -26.7 182.0 -10.3 26.8 0.31 s.m.e. s.m.e.
MH  Bi-Ni-Co-Fe-As  MB50 calcite I pl 1 9 -70 -52 -26.7 190.9 -10.5 26.8 0.31 n.a. n.a.
MH  Bi-Ni-Co-Fe-As  MB50 calcite pl 2 9 -70 -52 -26.7 183.0 -10.5 26.8 0.31 na. na.
MH  Bi-Ni-Co-Fe-As  MB50 calcite I sl 1 5 -66 -52 -26.3 147.3 -10.4 26.7 0.30 n.a. n.a.
MH  Bi-Ni-Co-Fe-As  MB50 calcite I sl 2 5 -70 -52 -26.2 148.3 -10.5 26.6 0.29 n.a. na.
MH  Bi-Ni-Co-Fe-As  MB50 calcite I sl 3 5 -70 -52 -26.3 147.3 -10.5 26.7 0.30 n.a. n.a.
MH  Bi-Ni-Co-Fe-As  MB50 calcite I sl 4 5 -65 -52 -26.3 146.3 -10.5 26.7 0.30 n.a. n.a.
MH  Bi-Ni-Co-Fe-As = MB50 calcite I sl 5 5 -70 -52 -26.2 151.3 -10.4 26.7 0.29 n.a. n.a.
MH  Bi-Ni-Co-Fe-As ~ MB50 calcite I sl 6 5 -66 -52 -26.3 149.3 -10.6 26.7 0.30 n.a. n.a.
MH  Bi-Ni-Co-Fe-As  MB50 calcite I sl 7 5 -66 -52 -26.6 148.3 -10.4 26.8 0.31 n.a. na.
MH  Bi-Ni-Co-Fe-As ~ MB50 calcite I sl 8 5 -69 -52 -26.2 145.3 -10.3 26.7 0.29 n.a. n.a.
MH  Bi-Ni-Co-Fe-As  MB50 calciteI sl 9 5 -69 -52 -26.2 149.3 -10.5 26.6 0.29 n.a. n.a.
MH  Bi-Ni-Co-Fe-As  MB50 calcite I sl 10 5 -67 -52 -26.2 148.3 -10.5 26.6 0.29 n.a. n.a.
MH  Bi-Ni-Co-Fe-As  MB50 calcite sl 11 5 -67 -52 -26.3 148.3 -10.5 26.7 0.30 na. na.
MH  Bi-Ni-Co-Fe-As  MB50 calcite I sl 12 5 -75 -52 -26.3 148.3 -10.9 26.6 0.30 n.a. n.a.
MH  Bi-Ni-Co-Fe-As  MB50 calcite I sl 13 5 -67 -52 -26.3 149.3 -10.7 26.7 0.30 n.a. na.
MH  Bi-Ni-Co-Fe-As  MB50 calcite I sl 14 5 -67 -52 -26.3 149.3 -10.5 26.7 0.30 n.a. n.a.
MH  Bi-Ni-Co-Fe-As  MB50 calcite I sl 15 5 -67 -52 -26.2 149.3 -10.4 26.7 0.29 n.a. n.a.
NB Ag-Hg-barite MB16  calciteIl  psl 1 3 -80 -52 -26.3 104.0 -22.1 25.5 0.33 s.m.e. s.m.e.
NB Ag-Hg-barite MB16  calciteIl  psl 2 3 -80 -52 -26.1 104.9 -22.8 25.4 0.32 s.m.e. s.m.e.
NB Ag-Hg-barite MB16  calciteIl  psl 3 3 -80 -52 -26.1 106.9 -21.9 25.5 0.32 s.m.e. s.m.e.
NB Ag-Hg-barite MB16  calciteIl  psl 4 3 -80 -52 -26.3 105.9 -22.2 25.5 0.33 s.m.e. s.m.e.
NB Ag-Hg-barite MB16  calciteIl  ps2 1 3 -80 -52 -25.6 106.7 -22.0 25.3 0.28 n.a. n.a.



Table A2.5

Locality Vein type Sample Mineral FIA Number Vapour Ti.. Times mice T, Tm,, Salinity Ca/(Na+Ca) Other components

vol. % °C °C °C °C °C wt.% (molar) Vapour Liquid
NB Ag-Hg-barite MB59  calcite IT cl 6 4 -80 -52 -26.7 134.9 -13.2 26.5 0.32 n.a. na.
NB Ag-Hg-barite MB59  calciteII  cl 7 4 -80 -52 -26.6 135.9 -13.3 26.5 0.32 n.a. n.a.
NB Ag-Hg-barite MB59  calciteII  cl 8 4 -80 -52 -26.7 136.9 -13.3 26.5 0.32 n.a. n.a.
NB  Ag-Ni-Co-Fe-As MB12 calcite I c7 1 11 -70 -52 -26.6 265.1 -5.0 27.2 0.30 n.a. n.a.
NB  Ag-Ni-Co-Fe-As MB12 calcite I c7 2 11 -70 -52 -26.6 265.1 -5.3 27.1 0.30 n.a. n.a.
NB  Ag-Ni-Co-Fe-As MB12 calcite I c7 3 11 -70 -52 -26.6 265.1 -5.3 27.1 0.30 n.a. na.
NB  Ag-Ni-Co-Fe-As MB12 calcite I c7 4 11 -70 -52 -26.6 265.1 -5.1 27.2 0.30 n.a. n.a.
NB Ag-Ni-Co-Fe-As  MB12 calcite I pl 1 12 -70 -52 -26.6 273.6 -5.9 27.1 0.30 none none
NB  Ag-Ni-Co-Fe-As  MB12 calcite I pl 2 12 -70 -52 -26.6 273.6 -5.8 27.1 0.30 none none
NB  Ag-Ni-Co-Fe-As  MB12 calcite I pl 3 12 -70 -52 -26.6 273.6 -6.1 27.1 0.30 none none
NB  Ag-Ni-Co-Fe-As MBI12  calcite]  pl 4 12 -70 -52  -266  273.6 -5.8 27.1 0.30 CH, N, none
NB  Ag-Ni-Co-Fe-As  MB12 calcite I pl 5 12 -70 -52 -26.5 273.6 -5.8 27.1 0.30 none none
NB  Ag-Ni-Co-Fe-As MB12 calcite I pl 6 12 -70 -52 -26.6 273.6 -5.8 27.1 0.30 none none
NB  Ag-Ni-Co-Fe-As MBI12B calciteI c3 1 10 -86 -52 -27.0 203.3 -11.4 26.8 0.33 n.a. n.a.
NB  Ag-Ni-Co-Fe-As MBI12B  calciteI c3 2 10 -87 -52 -26.9 208.3 -11.5 26.7 0.33 n.a. n.a.
NB  Ag-Ni-Co-Fe-As MBI12B calciteI c3 3 10 -87 -52 -27.1 208.3 -11.5 26.8 0.34 n.a. n.a.
NB  Ag-Ni-Co-Fe-As MBI12B  calciteI c3 4 10 -87 -52 -27.1 208.3 -11.5 26.8 0.34 n.a. n.a.
NB  Ag-Ni-Co-Fe-As MB12B calciteI c3 5 10 -88 -52 -27.1 206.3 -11.5 26.8 0.34 na. na.
NB  Ag-Ni-Co-Fe-As MBI12B  calciteI c3 6 10 -88 -52 -27.1 206.3 -11.5 26.8 0.34 n.a. n.a.
NB  Ag-Ni-Co-Fe-As MB12B  calcite] c3 7 10 -88 -52 -27.1 206.3 -11.4 26.8 0.34 n.a. n.a.
NB  Ag-Ni-Co-Fe-As MBI12B  calciteI c3 8 10 -88 -52 -27.1 203.3 -11.4 26.8 0.34 n.a. n.a.
NB  Ag-Ni-Co-Fe-As MBI12B calciteI c3 9 10 -88 -52 -27.2 203.3 -11.4 26.8 0.34 n.a. n.a.
NB  Ag-Ni-Co-Fe-As MBI12B  calciteI c3 10 10 -88 -52 -27.2 203.3 -11.5 26.8 0.34 n.a. n.a.
NB  Ag-Ni-Co-Fe-As MB12B calciteI c3 11 10 -88 -52 -27.2 203.3 -11.3 26.9 0.34 na. n.a.
NB  Ag-Ni-Co-Fe-As MBI12B calciteI c4 1 8 -78 -52 -26.6 149.7 -10.9 26.7 0.31 n.a. n.a.
NB  Ag-Ni-Co-Fe-As MBI12B  calciteI c4 2 8 -78 -52 -26.6 149.7 -10.9 26.7 0.31 n.a. n.a.
NB  Ag-Ni-Co-Fe-As MBI12B  calciteI c4 3 8 -78 -52 -26.6 149.7 -10.8 26.7 0.31 n.a. n.a.
NB  Ag-Ni-Co-Fe-As MBI12B  calcite c4 4 8 -78 -52 -26.8 149.7 -10.9 26.8 0.32 n.a. n.a.
NB  Ag-Ni-Co-Fe-As MBI12B  calciteI c5 1 8 -78 -52 -26.3 205.3 -13.2 26.4 0.30 n.a. na.
NB  Ag-Ni-Co-Fe-As MBI12B  calciteI c5 2 8 -78 -52 -26.8 206.3 -13.3 26.6 0.33 n.a. n.a.
NB  Ag-Ni-Co-Fe-As MB12B  calcitel c5 3 8 -78 -52 -26.7 205.3 -13.2 26.5 0.32 n.a. n.a.



Table A2.4

Locality Vein type Sample Mineral FIA Number Vapour Ti.. Times mice T, Tm,, Salinity Ca/(Na+Ca) Other components
vol. % °C °C °C °C °C wt.% (molar) Vapour Liquid
NB Ag-Hg-barite MB59 calcite I sl 1 4 -70 -52 -26.9 135.9 -13.4 26.6 0.33 n.a. na.
NB Ag-Hg-barite MB59 calcite I sl 2 4 -70 -52 -27.0 135.9 -11.8 26.7 0.33 na. na.
NB Ag-Hg-barite MB59 calcite I sl 3 4 -70 -52 -27.0 135.9 -7.1 27.1 0.32 na. na.
NB Ag-Hg-barite MB59 calcite I sl 4 4 -70 -52 -26.9 135.9 -13.1 26.6 0.33 n.a. n.a.
NB Ag-Hg-barite MB59 calcite I sl 5 4 -70 -52 -26.9 135.9 -14.0 26.5 0.33 na. na.
NB Ag-Hg-barite MB59 calcite I sl 6 4 -70 -52 -26.8 135.9 -13.0 26.6 0.33 na. na.
NB Ag-Hg-barite MB59 calcite I sl 7 4 -70 -52 -26.9 135.9 -13.6 26.6 0.33 na. n.a.
NB Ag-Hg-barite MB59 calcite I sl 8 4 -70 -52 -26.9 135.9 -13.4 26.6 0.33 na. n.a.
NB Ag-Hg-barite MB59 calcite I sl 9 4 -70 -52 -26.9 135.9 -13.3 26.6 0.33 na. na.
NB Ag-Hg-barite MB59 calcite I sl 10 4 -70 -52 -27.0 135.9 -13.2 26.6 0.34 na. na.
NB Ag-Hg-barite MB59 calcite I sl 11 4 -70 -52 -26.9 135.9 -13.3 26.6 0.33 n.a. n.a.
NB Ag-Hg-barite MB59 calcite I sl 12 4 -70 -52 -27.0 135.9 -13.7 26.6 0.34 na. na.
NB Ag-Hg-barite MB59 calcite I sl 13 4 -70 -52 -26.9 135.9 -13.6 26.6 0.33 na. na.
NB Ag-Hg-barite MB59 calcite I s2 1 4 -70 -52 -27.0 135.9 -13.2 26.6 0.34 na. n.a.
NB Ag-Hg-barite MB59 calcite I s2 2 4 -70 -52 -26.9 135.9 -134 26.6 0.33 na. n.a.
NB Ag-Hg-barite MB59 calcite I s2 3 4 -70 -52 -26.9 135.9 -13.6 26.6 0.33 na. na.
NB Ag-Hg-barite MB59 calcite I s2 4 4 -70 -52 -27.0 135.9 -134 26.6 0.34 na. na.
NB Ag-Hg-barite MB59 calcite I s2 5 4 -70 -52 -26.9 135.9 -13.6 26.6 0.33 na. na.
NB Ag-Hg-barite MB59 calcite I s2 6 4 -70 -52 -26.9 135.9 -134 26.6 0.33 na. na.
NB Ag-Hg-barite MB59 calcite I s4 1 4 -75 -52 -27.1 135.0 -11.5 26.8 0.34 n.a. n.a.
NB Ag-Hg-barite MB59 calcite I s4 2 4 -75 -52 -27.1 136.0 -11.6 26.8 0.34 na. na.
NB Ag-Hg-barite MB59 calcite I s4 3 4 -75 -52 -27.0 136.0 -11.6 26.8 0.33 n.a. n.a.
NB Ag-Hg-barite MB59 calcite s4 4 4 -75 -52 -27.2 135.0 -11.6 26.8 0.34 na. na.
NB Ag-Hg-barite MB59 calcite I s4 5 4 -75 -52 -27.0 135.0 -11.6 26.8 0.33 n.a. na.
NB Ag-Hg-barite MB59 calcite s4 6 4 -75 -52 -27.1 136.0 -11.6 26.8 0.34 na. na.
NB Ag-Hg-barite MB59 calcite I s4 7 4 -75 -52 -27.1 136.0 -11.6 26.8 0.34 na. n.a.
NB Ag-Hg-barite MB59  calciteIl ¢l 1 4 -75 -52 -26.6 135.9 -134 26.5 0.32 na. na.
NB Ag-Hg-barite MB59  calciteIl  cl 2 4 -80 -52 -26.7 136.9 -13.1 26.5 0.32 na. na.
NB Ag-Hg-barite MB59  calciteIl  cl 3 4 -80 -52 -26.6 135.9 -13.1 26.5 0.32 na. na.
NB Ag-Hg-barite MB59  calciteIl  cl 4 4 -80 -52 -26.6 135.9 -13.2 26.5 0.32 na. na.
NB Ag-Hg-barite MB59  calcite I cl 5 4 -80 -52 -26.7 136.9 -13.2 26.5 0.32 n.a. n.a.



Table A2.7

Locality Vein type Sample Mineral FIA Number Vapour Ti.. Times mice T, Tm,, Salinity Ca/(Na+Ca) Other components

vol. % °C °C °C °C °C wt.% (molar) Vapour Liquid
NB  Ag-Ni-Co-Fe-As MB19 calcite I c3 5 5 -80 -52 -26.2 166.2 -14.0 26.3 0.30 n.a. na.
NB  Ag-Ni-Co-Fe-As MB19 calcite I c3 6 5 -80 -52 -25.9 167.2 -13.1 26.3 0.28 n.a. n.a.
NB  Ag-Ni-Co-Fe-As MB19 calcite I c3 7 5 -80 -52 -26.0 167.2 -13.6 26.3 0.29 n.a. n.a.
NB  Ag-Ni-Co-Fe-As MB19 calcite I c3 8 5 -80 -52 -25.9 167.2 -13.7 26.2 0.28 na. n.a.
NB  Ag-Ni-Co-Fe-As MB19 calcite I c3 9 5 -80 -52 -26.2 167.2 -14.0 26.3 0.30 n.a. n.a.
NB  Ag-Ni-Co-Fe-As  MBI19 calcite I c3 10 5 -80 -52 -25.9 167.2 -14.0 26.2 0.28 n.a. na.
NB  Ag-Ni-Co-Fe-As  MB19 calcite I c6 1 9 -80 -52 -26.3 2189 -14.0 26.3 0.30 n.a. n.a.
NB  Ag-Ni-Co-Fe-As  MB19 calcite I c6 2 9 -80 -52 -26.2 2209 -13.9 26.3 0.30 n.a. n.a.
NB  Ag-Ni-Co-Fe-As MB19 calcite I c6 3 9 -80 -52 -26.3 219.9 -14.1 26.3 0.30 n.a. n.a.
NB  Ag-Ni-Co-Fe-As MB19 calcite I c6 4 9 -80 -52 -26.1 2209 -14.0 26.3 0.29 n.a. n.a.
NB  Ag-Ni-Co-Fe-As  MBI19 calcite c6 5 9 -80 -52 -25.9 220.9 -13.9 26.2 0.28 na. na.
NB  Ag-Ni-Co-Fe-As MB19 calcite I c6 6 9 -80 -52 -26.0 219.9 -14.0 26.2 0.29 n.a. n.a.
NB As-Ag-Fe MB61 calcite I cl 1 8 -80 -52 -26.9 170.7 -10.7 26.8 0.33 n.a. na.
NB As-Ag-Fe MB61 calcite I cl 2 9 -70 -52 -27.0 208.4 -10.1 26.9 0.33 n.a. n.a.
NB As-Ag-Fe MB61 calcite I cl 3 9 -70 -52 -26.6 181.6 -11.4 26.7 0.31 n.a. n.a.
NB As-Ag-Fe MB61 calcite I cl 4 9 -70 -52 -26.6 177.6 -10.0 26.8 0.31 n.a. n.a.
NB As-Ag-Fe MB61 calcite I c2 1 2 -70 -52 -26.3 114.1 -19.3 25.8 0.32 n.a. n.a.
NB As-Ag-Fe MB61 calcite I c2 2 2 -70 -52 -26.3 117.1 -19.2 25.8 0.32 na. na.
NB As-Ag-Fe MB61 calcite I c2 3 2 -70 -52 -26.2 111.2 -19.3 25.8 0.31 n.a. n.a.
NB As-Ag-Fe MB61 calcite I c3 1 2 -80 -52 -26.5 94.3 -19.3 259 0.33 n.a. n.a.
NB As-Ag-Fe MB61 calcite I c3 2 2 -80 -52 -26.5 104.2 -19.3 259 0.33 n.a. n.a.
NB As-Ag-Fe MB61 calcite c3 3 2 -80 -52 -26.5 100.2 -19.3 25.9 0.33 na. na.
NB As-Ag-Fe MB61 calcite I c3 4 2 -80 -52 -26.5 98.3 -19.3 259 0.33 n.a. n.a.
NB As-Ag-Fe MB61 calcite I c4 1 3 -70 -52 -26.6 134.0 -13.6 26.5 0.32 n.a. na.
NB As-Ag-Fe MB61 calcite I c4 2 3 -70 -52 -26.6 132.0 -13.5 26.5 0.32 n.a. n.a.
NB As-Ag-Fe MB61 calcite I c5 1 11 -67 -52 -26.8 235.2 -13.3 26.6 0.33 n.a. n.a.
NB As-Ag-Fe MB61 calcite I c5 2 12 -67 -52 -26.8 282.8 -13.1 26.6 0.33 none none
NB As-Ag-Fe MB61 calcite I c5 3 12 -67 -52 -26.6 276.8 -13.2 26.5 0.32 none none
NB As-Ag-Fe MB61 calcite I c5 4 12 -67 -52 -26.8 285.8 -13.3 26.6 0.33 none none
NB As-Ag-Fe MB61 calciteI  isol 1 12 -67 -52 -26.9 284.8 -13.3 26.6 0.33 none none



Table A2.6

Locality Vein type Sample Mineral FIA Number Vapour Ti.. Times mice T, Tm,, Salinity Ca/(Na+Ca) Other components

vol. % °C °C °C °C °C wt.% (molar) Vapour Liquid
NB  Ag-Ni-Co-Fe-As MBI12B  calciteI c5 4 8 -78 -52 -26.8 206.3 -13.3 26.6 0.33 n.a. na.
NB  Ag-Ni-Co-Fe-As MBI12B  calciteI c6 1 8 -78 -52 -26.8 206.3 -13.3 26.6 0.33 n.a. n.a.
NB  Ag-Ni-Co-Fe-As MBI12B  calcite c6 2 8 -78 -52 -26.8 207.3 -13.3 26.6 0.33 n.a. n.a.
NB  Ag-Ni-Co-Fe-As MB12B  calciteI c6 3 8 -78 -52 -26.7 206.3 -13.4 26.5 0.32 na. n.a.
NB  Ag-Ni-Co-Fe-As MBI12B  calciteI c6 4 8 -78 -52 -26.8 206.3 -13.3 26.6 0.33 n.a. n.a.
NB  Ag-Ni-Co-Fe-As MBI12B  calcite]  isol 1 13 -64 -52 -26.8 272.8 -12.5 26.6 0.33 n.a. na.
NB  Ag-Ni-Co-Fe-As MBI12B calcite]  isol 2 13 -64 -52 -26.8 273.8 -12.5 26.6 0.33 none none
NB Ag-Ni-Co-Fe-As MB12B  calcite] isol 3 13 -64 -52 -26.8 273.8 -12.5 26.6 0.33 none none
NB  Ag-Ni-Co-Fe-As MBI12B calcite]  isol 4 13 -64 -52 -26.8 277.8 -12.6 26.6 0.33 none none
NB  Ag-Ni-Co-Fe-As MBI12B  calcite]  isol 5 13 -64 -52 -26.8 274.8 -12.5 26.6 0.33 none none
NB  Ag-Ni-Co-Fe-As MB12B  calcitel  isol 6 13 -64 -52 -26.8 273.8 -12.5 26.6 0.33 na. na.
NB  Ag-Ni-Co-Fe-As MBI12B  calcite]  isol 7 13 -64 -52 -26.8 277.8 -12.4 26.6 0.33 n.a. n.a.
NB  Ag-Ni-Co-Fe-As MBI12B  calcite]  isol 8 13 -64 -52 -26.8 272.8 -12.6 26.6 0.33 n.a. na.
NB  Ag-Ni-Co-Fe-As MBI12B  calcite]  isol 9 13 -64 -52 -26.8 272.8 -12.4 26.6 0.33 n.a. n.a.
NB  Ag-Ni-Co-Fe-As MBI12B  calcite]  isol 10 13 -64 -52 -26.8 274.8 -12.5 26.6 0.33 n.a. n.a.
NB  Ag-Ni-Co-Fe-As MBI12B  calcite]  isol 11 13 -64 -52 -26.8 274.8 -12.5 26.6 0.33 n.a. n.a.
NB  Ag-Ni-Co-Fe-As MBI12B  calcite]  iso2 1 13 -64 -52 -27.2 282.8 -12.4 26.8 0.35 n.a. n.a.
NB  Ag-Ni-Co-Fe-As MBI12B  calcite]  iso2 2 13 -64 -52 -27.3 282.8 -12.4 26.8 0.35 n.a. na.
NB  Ag-Ni-Co-Fe-As MB19 calcite I cl 1 3 -80 -52 -26.4 119.4 -10.1 26.7 0.30 n.a. n.a.
NB  Ag-Ni-Co-Fe-As  MB19 calcite I cl 2 3 -80 -52 -26.4 1194 -10.2 26.7 0.30 n.a. n.a.
NB  Ag-Ni-Co-Fe-As MB19 calcite I cl 3 3 -80 -52 -26.4 1214 -10.1 26.7 0.30 n.a. n.a.
NB  Ag-Ni-Co-Fe-As  MBI19 calcite cl 4 3 -80 -52 -26.3 120.4 -11.4 26.6 0.30 na. na.
NB  Ag-Ni-Co-Fe-As MB19 calcite I cl 5 3 -80 -52 -26.2 119.4 -14.3 26.3 0.30 n.a. n.a.
NB  Ag-Ni-Co-Fe-As  MB19 calcite I cl 6 3 -80 -52 -25.7 120.4 -14.9 26.1 0.27 n.a. na.
NB  Ag-Ni-Co-Fe-As MB19 calcite I cl 7 3 -80 -52 -26.4 120.4 -14.1 26.4 0.31 n.a. n.a.
NB  Ag-Ni-Co-Fe-As  MB19 calcite I cl 8 3 -80 -52 -26.5 119.4 -9.9 26.8 0.30 n.a. n.a.
NB  Ag-Ni-Co-Fe-As MB19 calcite I cl 9 3 -80 -52 -26.5 1214 -9.7 26.8 0.30 n.a. n.a.
NB  Ag-Ni-Co-Fe-As MB19 calcite I c3 1 5 -80 -52 -26.0 167.2 -14.0 26.2 0.29 n.a. n.a.
NB  Ag-Ni-Co-Fe-As  MBI19 calcite I c3 2 5 -80 -52 -259 166.2 -14.4 26.2 0.28 na. na.
NB  Ag-Ni-Co-Fe-As MB19 calcite I c3 3 5 -80 -52 -26.1 167.2 -14.4 26.2 0.29 n.a. n.a.
NB  Ag-Ni-Co-Fe-As  MB19 calcite I c3 4 5 -80 -52 -26.3 167.2 -11.4 26.6 0.30 n.a. n.a.



Table A2.8

Locality Vein type Sample Mineral FIA Number Vapour Ti.. Times mice T, Tm,, Salinity Ca/(Na+Ca) Other components

vol. % °C °C °C °C °C wt.% (molar) Vapour Liquid
NB Pb-Zn-Cu-S MB97 calcite I cl 1 12 -80 -52 -26.9 287.1 -11.4 26.8 0.33 s.m.e. s.m.e.
NB Pb-Zn-Cu-S MB97 calcite I cl 2 12 -80 -52 -26.9 284.2 -11.4 26.8 0.33 s.m.e. s.m.e.
NB Pb-Zn-Cu-S MB97 calcite I cl 3 12 -80 -52 -26.9 284.2 -11.4 26.8 0.33 none none
NB Pb-Zn-Cu-S MB97 calcite I c2 4 12 -80 -52 -26.8 280.2 -11.4 26.7 0.32 none none
NB Pb-Zn-Cu-S MB97 calcite I c2 5 12 -80 -52 -26.9 292.1 -11.4 26.8 0.33 none none
NB Pb-Zn-Cu-S MB97 calcite I c2 6 12 -80 -52 -26.8 282.2 -11.4 26.7 0.32 s.m.e. s.m.e.
NB Pb-Zn-Cu-S MB97 calcite I c4 1 12 -80 -52 -27.1 280.2 -11.4 26.8 0.34 n.a. n.a.
NB Pb-Zn-Cu-S MB97 calcite I c4 2 12 -80 -52 -27.1 278.2 -12.8 26.7 0.34 n.a. n.a.
NB Pb-Zn-Cu-S MB97 calcite I c4 3 12 -80 -52 -27.1 279.2 -12.7 26.7 0.34 n.a. n.a

NB = Nieder-Beerbach; MH = Mackenheim

FIA = fluid inclusion assemblage

iso = isolated; c = cluster; p= primary; ps = pseudo-secondary

s.m.e. = none due to strong matrix effects; none = excludes H,0; n.a. = not analysed
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