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Abstract: Numerous small deposits and occurrences of Mn-Fe-fluorite-barite mineralization have developed at the
contact of the Thuringian Basin, Thüringer Wald and Thüringer Schiefergebirge in central Germany. The studied
mineralizations comprise the assemblages siderite+ankerite-calcite-fluorite-barite and hematite-Mn oxides-calcite-barite,
with the precipitation sequence in that order within each assemblage. A structural geological analysis places the origin
of the barite veins between the Middle Jurassic and Early Cretaceous. Primary fluid inclusions contain water vapour
and an aqueous phase with NaCl and CaCl2 as the main solutes, with salinities mostly between 24—27 mass. % CaCl2
eq. Th measurements range between 85 °C and 160 °C in barite, between 139 °C and 163 °C in siderite, and between
80 °C and 130 °C in fluorite and calcite. Stable isotopes (S, O) point to the evaporitic source of sulphur in the observed
mineralizations. The S,C,O isotopic compositions suggest that barite and calcite could not have precipitated from the
same fluid. The isotopic composition of the fluid that precipitated barite is close to the sea water in the entire Permo—
Mesozoic time span whereas calcite is isotopically distinctly heavier, as if the fluids were affected by evaporation. The
fluid evolution in the siliciclastic/volcanic Rotliegend sediments (as determined by a number of earlier petrological and
geochemical studies) can be correlated with the deposition sequence of the ore minerals. In particular, the bleaching of
the sediments by reduced Rotliegend fluids (basinal brines) could be the event that mobilized Fe and Mn. These ele-
ments were deposited as siderite+ankerite within the Zechstein carbonate rocks and as hematite+Mn oxides within
the oxidizing environment of the Permian volcanic and volcanoclastic rocks. A Middle-Jurassic illitization event
delivered Ca, Na, Ba, and Pb from the feldspars into the basinal brines. Of these elements, Ba was deposited as massive
barite veins.
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Introduction

The Thuringian Basin is an 80×160 km wide syncline,
slightly elongated along a NW—SE axis, formed by Permian
to Triassic strata with a total thickness of up to 2.5 km.
The basin is situated in the central part of the state of Thurin-

gia (central Germany) and is bordered by the Harz Moun-
tains to the north and the Thüringer Schiefergebirge and
Thüringer Wald to the south (Thomson & Zeh 2000; Fig. 1).
These large basement-cored anticlines and uplifted blocks
were deformed during the Late Cretaceous compressional
event, which affected large areas of western and central

Fig. 1. A simplified geological map of Thüringen, displaying the location of the sampled deposits.
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Europe (Schröder 1987; Ziegler 1987; Kley & Voigt 2008).
The contractional deformation is often suspected to initiate
the migration of fluids from the basement upward (Meinel
1993) and the large-scale fluid circulation is thought to have
led to the formation of numerous hydrothermal deposits
along the margins of the Thuringian Basin (Rüger & Decker
1992). These deposits were economically exploitable, parti-
cularly in the southern area of the basin, and have been
mined since the Middle Ages (Zimmermann 1914).

Some of the more important ore deposits are situated in the
Saalfeld-Kamsdorf region where a total of 1.4 million tons
of iron ore were mined from 1715 to 1867 (Beyschlag 1988);
the Ilmenau region where 2.9 million tons of fluorite and
barite were excavated from the Floßberg vein alone between
1950 and 1991; and the Hühn region (Trusetal) where iron
ore, fluorite, and barite were excavated from the 16th century
to 1968. Persistent economic interest in these deposits stimu-
lated a number of scientific studies over the last 40 years in
order to understand their mineralogy, structural geology, re-
serves, and, to a lesser extent, their origin and fluid chemistry.

Equally historically important were the oxidic and silicate
manganese ores, mined in the wider vicinity of the township
of Ilmenau. The first written documents about the ore exploi-
tation here date back to 1668 and 1732 and the mining
ceased in 1949. About 44,700 tonnes of the Mn ores were
extracted in the Arlesberg district and the remaining reserves
are considered to be negligible.

The mineralizations on the southern edge of the Thuringian
Basin bear a number of similar features to numerous deposits
and occurrences throughout post-Variscan Europe, such as
deposits in France (Charef & Sheppard 1988; Munoz et al.
1994, 2005; McGaig et al. 2000), Spain (Halliday and
Mitchell 1984; Wickham & Taylor 1990; Canals and
Cardellach 1993; Galindo et al. 1994; Subías and Fernández-
Nieto 1995; Johnson et al. 1996; Crespo et al. 2002; Piqué et
al. 2008), Sardinia (Muchez et al. 2005; Boni et al. 2009),
Germany (Behr & Gerler 1987; Mertz et al. 1989; Boness et
al. 1990; Lüders & Möller 1992; Meinel 1993; Hähnel et al.
1995; Krahn & Baumann 1996; Meyer et al. 2000; Zeh &
Thomson 2000; Wagner & Lorenz 2002; Schwinn et al.
2006; Baatartsogt et al. 2007; Staude et al. 2007, 2011; Wag-
ner et al. 2010), Poland (Leach et al. 1996; Heijlen et al.
2003; Schmidt-Mumm & Wolfgramm 2004), Slovakia (Hu-
rai et al. 2002, 2008), Belgium (Slobodnik et al. 1994), Hun-
gary (Benkó et al. 2014), Czech Republic (Kučera et al.
2010), England (Gleeson et al. 2000) and Ireland (O’Reily et
al. 1997). All these deposits show similarity in some com-
mon parameters, such as their age, fluid chemistry, stable
isotopes, mineralization styles and their mineralogical and
geological background.

Modern, active systems and analogues of these deposits
can be also found, for example in the geothermal field of
Soultz-Sous-Forêts (France) and the Rhein graben (Scheiber
et al. 2012). A large-scale circulation of the hydrothermal
fluids significantly affects the geothermal gradient in the
area (Genter et al. 2010, their fig. 8) and causes alteration of
the host rocks. The fluids at this site are currently precipita-
ting barite-celestite solid solution, galena, and other sul-
phides (Nitschke et al. 2014).

Here we present an analysis of fluid inclusions of the stu-
died mineralizations. The fluid inclusion data are given to-
gether with further mineralogical and geochemical data from
the ores in order to develop a sequence of events compatible
with the regional tectonic evolution of the Thuringian Basin.
We link the mineralizations to the evolution of the Permian
siliciclastic rocks. This link may account for the observa-
tions made in this and other studies and explains well the
timing, geochemistry, and mineralogy of the studied ore de-
posits.

In this study, we have analysed several hydrothermal de-
posits located in a belt along the southern edge of the
Thuringian basin. Most of these deposits were mined be-
tween the 16th and mid-20th century and are no longer acces-
sible today. Hence, much historical information has been
drawn from the literature, written by those who saw these
veins in the spectacular underground outcrops.

According to Hähnel et al. (1995) and Baumann & Leeder
(1969), the earliest mineralization of the studied hydrother-
mal vein deposits are sparse veinlets of quartz, hematite, and
locally small amounts of carbonates coloured red by finely
dispersed hematite. According to the observations in the
Sächsisches Erzgebirge, Schröder (1970) assigned late
Variscan—Permian age to this quartz-hematite-ankerite mi-
neralization.

The precipitation of quartz, hematite, and the carbonates
was followed by the deposition of ankerite. According to
Kling (1995), ankerite replaced the Zechstein limestones and
is limited to the largest faults and their vicinity. Afterwards,
the siderite+ankerite assemblage studied here formed. It is
represented by large metasomatic bodies of siderite and
ankerite in the Zechstein carbonates or in the earlier ankerite.
Siderite occurs also as veins and is spatially bound to the
Zechstein strata and found in the marginal areas of both the
Thüringer Schiefergebirge and Thüringer Wald. Deposits
developed in the Paleozoic basement, for example Gehren,
do not contain siderite. In these deposits, calcite is the major
carbonate mineral. Meinel (1993) and Franzke and Schie-
menz (1980) attribute the absence of siderite and ankerite to
the highly oxidizing environment within the abundant Per-
mian volcanics and sediments in this area.

The siderite mineralization is thought to be connected
with the mid-Mesozoic extension stage whose main activi-
ty is traceable in the Upper Jurassic—Lower Cretaceous
(Hähnel et al. 1995; Thomson & Zeh 2000). After the em-
placement of the siderite mineralization, the tectonic re-
gime changed in the late Cretaceous—Tertiary to
contractional strain. White calcite replaced siderite and
formed as lenses up to 15 m thick. In the Gehren region,
calcite is later accompanied by fluorite. The main phases of
fluorite and barite deposition postdate calcite precipitation.
In the wide geographic region of the Thuringian Basin and
the adjacent geological units, barite and fluorite are thought
to be related to the upper Cretaceous uplift, either in the
Harz Mountains (Lüders & Möller 1992), the Thüringer
Wald (Zeh & Thomson 2000), or in the Thüringer Schiefer-
gebirge (Meinel 1993).

The deposition of fluorite, however, is limited to the mar-
ginal areas between the Thuringian Basin and the Harz
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Mountains (Lüders & Möller 1992) and the Thuringian Ba-
sin and the Thüringer Wald. Fluorite is missing at the inter-
face of the basin and the Thüringer Schiefergebirge, except
for the circumference of the two intrusive granitoid com-
plexes (Sparnberger Granit, Henneberggranit). An explana-
tion for the absence of fluorite is the low total F content of
the rocks of the Thüringer Schiefergebirge (Meinel 1993).

The barite-fluorite veins, steep vertical or shallow horizon-
tal lenses reach a thickness of up to 10m. Distinct replace-
ment patterns can be observed throughout the deposits
– fluorite replaces calcite (Hähnel et al. 1995; Kießling
2007) and barite replaces fluorite. In addition, there are hints
of multiple deposition of barite in specific tectonic pulses
– “seismic pumping” (Meinel 1993; Hähnel et al. 1995).

The latest mineralogical overprint is represented by the
anhydrite-quartz veins with a thickness of up to 10 m, espe-
cially in the Hühn area. Anhydrite replaces calcite and side-
rite. There is no anhydrite mineralization except for a few
relics in the Kamsdorf region. The youngest hydrothermal
event is pervasive silicification. Quartz replaces preferably
anhydrite (if existing) but also siderite and ankerite.

Materials and methods

Samples of hydrothermal sulphides, Mn oxides and
silicates, calcite, fluorite, ankerite, siderite, and barite from
the southern edge of the Thuringian basin were investigated
(Fig. 1). Most of the samples were collected in the field and
complemented with selected samples from the Mineralogical
Collection of the University of Jena and of the Thüringer
Landesamt für Umwelt und Geologie, Weimar. The collected
samples were prepared for petrographic observations as
standard thin and polished sections. They were studied in
transmitted and reflected polarized light prior to further
analyses.

Microthermometry

Fluid inclusions were observed and analysed in 23 doubly
polished sections (200—300 µm thick) of barite, calcite (from
Gehren region), fluorite, and siderite (from Hühn region).
Phase transitions (melting temperature of ice, Tm,ice; melting
temperature of hydrohalite, Tm,hydrohalite; eutectic tempera-
ture, Te; temperature of total homogenization, Th) in fluid in-
clusions were measured using a Linkam THM 600
programmable freezing-heating stage mounted on a ZEISS
AXIOPLAN microscope. A digital JVC camera, long-
working-distance Nikon objectives with magnifications of
20×, 32× and 50×, and an image analysing system were used
to visualize the inclusions on a computer screen. The stage
was calibrated against the phase transitions of three pure
chemical compounds with known transition temperatures:
the triple point of CO2 (—56.6 °C) in natural fluid inclusions
(previously checked by Raman spectroscopy to contain only
CO2 in the gas phase), the melting temperature of H2O
(0.0 °C), and the melting temperature of sulphur (119.2 °C).
The reproducibility of measurements was within ±0.1 °C for
the cryogenic temperatures and ±1—2 °C for the Th measure-

ments. Temperatures of phase transitions were always mea-
sured upon heating using a heating rate of 0.1° C/min.

The salinities were calculated from the measured final ice
melting temperature of aqueous two-phase inclusions with
the Aqso2e program of Bakker (2009) based on the equa-
tions of Naden (1996). The salinity of the fluids is given here
in CaCl2 eq. wt% to express all data in one single salt sys-
tem. For the NaCl-CaCl2-H2O-system, salinities were calcu-
lated as NaCl (eq. mass%) and CaCl2 (eq. mass%)
equivalents, for which the final melting temperatures of ice
(Tm,ice) and hydrohalite (Tm,hydrohalite) were needed (after
Steele-MacInnis et al. 2011).

Stable isotope analysis

The stable isotope compositions of barite and anhydrite
samples were analysed at the isotope laboratory of the TU
Bergakademie Freiberg. Mineral separates of the sulphates
were hand-picked under a binocular microscope, followed
by cleaning in doubly distilled water to remove any water-
soluble impurities. The sulphates were measured using pro-
cedures given in Giesemann et al. (1994). The sulphur
isotope compositions of the mineral separates were analysed
using an elemental analyser (Fisions CarloErba) coupled to
the mass spectrometer (CF-IRMS-Delta plus ThermoQuest-
Finnigan). The δ18O values of BaSO4 and CaSO4 were ana-
lysed using a high-temperature pyrolysis system from
HEKAtech (Kornexl et al. 1999) coupled to continuous flow
isotope ratio mass spectrometry (CF-IRMS-Delta plus Ther-
moQuinn-Finnigan). Isotope ratios are reported as δ18O and
δ34S values in per mil (‰) relative to the V-SMOW and
V-CDT standards, respectively. Standards used for the sys-
tem calibration were IAEA-SO-5 and IAEA-SO-6 for oxy-
gen isotopes and IAEA-S-2, IAEA-S-3 and NBS 127 for
sulphur isotopes (Kornexl et al. 1999; Ding et al. 2001).
Every sample was measured at least three times. The repro-
ducibility of oxygen isotopes from sulphate is better than
0.5 ‰ and the reproducibility of the δ34S measurements was
better than 0.3 ‰, although the internal error of three succes-
sive measurements was often smaller.

Carbon and oxygen isotopes of carbonates were measured
with an automated carbonate preparation system Gasbench
coupled to isotope ratio mass spectrometer MAT253 (Ther-
mo). Powdered samples of ca. 600—800 mg were flushed
with helium in septum-sealed glass vials, then reacted with
anhydrous H3PO4 for 24 hours at 25 °C. The CO2 yield was
chromatographically separated and introduced into a mass
spectrometer in continuous flow mode (helium as carrier
gas), whereby three injections of reference gas are followed
by four injections of sample aliquots. A set of working stan-
dards, traceable to international standards were regularly
scattered between samples to check for accuracy. The usual
precision of the method is 0.2 ‰ for δ18O and 0.1 ‰ for
δ13C.

Powder X-ray diffraction (pXRD)

All samples from the Mn oxide-silicate mineralization and
selected samples from the barite-fluorite mineralization were
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ground to powder and front-loaded in plastic sample holders.
pXRD data were collected with a Bruker (D8 AXS Advance
DaVinci) diffractometer, equipped with a Cu X-ray source
and operating at 40 kV and 40 mA. The pXRD patterns were
compared to the database entries in the PDF 2.0 database,
using the Bruker software EVA.

X-ray fluorescence (XRF) analysis

The bulk chemical composition of selected samples (espe-
cially the samples from the Mn-Fe mineralization) was mea-
sured with an XRF spectrometer Philips (PW 2404) in the
wavelength-dispersive mode. The samples were ground to
analytical fineness, thoroughly mixed with wax (sample:wax
ratio of 4:1), pressed into pellets in a hydraulic press under
the load of 294.2 kN, and dried for 24 hours at 45 °C.

Results

Structural geological settings

Saalfeld-Kamsdorf

The Kamsdorf ore field is situated at the contact of the
Thuringian Basin to the Thüringer Schiefergebirge (Figs. 1,
2) and hosts barite and sulphide ore mineralizations within
repeatedly deformed rocks. The rocks are of Upper Permian
(Zechstein) age and are mildly tilted (~3°) to the north. In the
Kamsdorf ore field, we recognized two main events of brittle
deformation (Fig. 3), each with a different direction and ki-
nematics, and one main event of mineralization (Fig. 4). The

first event is associated with the formation of normal faults
and conjugated shear fractures, suggesting vertical orienta-
tion of the maximal stress (σ1). Hence, the settings, which
formed these structures, can be interpreted in terms of an ex-
tensional regime. According to the mean trending direction
of the normal faults striking NW—SE (Fig. 4), the tensional
stress (σ3) was very likely oriented NE—SW, coinciding with
the results of earlier studies on the stress evolution in
Thuringia (Rauche & Franzke, 1990).

The second deformation event is characterized by the for-
mation of thrust faults and the reverse reactivation of normal
faults. In the Kamsdorf region, the contractional structures

Fig. 2. Geological map of the vicinity of the village of Kamsdorf, with the barite-siderite veins (simplified after Wucher et al. 2001).
The metasomatic siderite bodies are lying flat and do not appear on the geological map.

Fig. 3. Barite vein from Kamsdorf, offset by the compressional tec-
tonic events related to the basin inversion.
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strike to the northeast (ENE 080) and show north-dipping
and south-dipping thrust and reverse faults. Dip-slip stria-
tions perpendicular to the strike direction suggest an event of
N—S compression.

In this study, we also analysed the direction of the mine-
ralized fractures and veins. The main strike direction of the
veins is to the northwest (Fig. 4 main direction of barite
veins), which coincides with the direction of the extensional
structures. In outcrops where veins and contractional struc-
tures intersect, a contractional overprint of the mineraliza-
tions is observable (Fig. 3).

Hence, a relative timing of the tectonic events and the
mineralizations can be reconstructed in the available out-
crops. The first event of NE—SW extension caused the for-
mation of normal faults and extensional fractures.
Afterwards, the hydrothermal fluids from the basement were
injected into these fractures and deposited the observed mi-
neralization. During the second deformation event, the vein
mineralizations were deformed by small reverse faults and
compressional fractures without mineralizations developed.

Gehren

The Ilmenau region (including the studied site Gehren) is
located at the contact between the Thuringian Basin in the

north, the Thüringer Schiefergebirge in the southeast and the
Thüringer Wald in the southwest (Fig. 1). The exposed
rocks, mostly of Neoproterozoic and Paleozoic age, were de-
formed and metamorphosed during the Variscan orogeny. Later
deformation was mostly of brittle style and comprises seve-
ral events of extension and contraction during the Mesozoic
(Förster & Romer 2010). A detailed temporal reconstruction
of the deformation and mineralization events was not possi-
ble within the framework of this work, due to the lack of
well-exposed rocks in the studied area.

The only suitable exposures can be found in the under-
ground of the adit Flußspatgrube in Gehren. There, the main
fluorite-barite mineralization is spatially associated with
a fault dipping towards the southwest (Franzke & Schiemenz
1980; Franzke et al. 1982; Franzke 1992). This normal fault
shows an extensional character with tens of metres of dis-
placement and is called the Floßberg fault. The Floßberg
fault shows signs of polyphase activity during the Mesozoic,
which is proved by K/Ar-dating of fault gouges and cataclas-
tic rocks (Franzke et al. 1996). The development of the
Floßberg fault began during the Middle Keuper (Karn;
228—225 Ma) and was possibly associated with a first episode
of fluid migration into the fault zone. Afterwards, the fault
zone was reactivated with normal senses of slip during Upper
Jurassic (154—134 Ma) until Lower Cretaceous (123—102 Ma)

Fig. 4. Stereographic projections and rose diagrams of the structural measurements in Kamsdorf, Gehren, and Trusetal. If possible,
the measurements are divided into different phases of formation.
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times. Franzke et al. (1996) recognized several mineraliza-
tion processes during these main deformation phases. A con-
tractional reactivation of the Floßberg fault during the Late
Cretaceous is not well documented in the outcrops but
probably led to a compressional overprint of the
mineralizations.

Trusetal/Hühn region

Trusetal is located at the border of the Thüringer Wald to
its southern foreland (Fig. 1). The exposed rocks in this area
are Variscan gneisses and granites of the Mid-German-Crys-
talline rise as well as Zechstein evaporites and Triassic rocks
of the sedimentary cover. The deposit Hühn itself is located
in the Variscan high-grade complex. Our strike and dip mea-
surements of fissures can be divided into two main and one
minor directions of brittle fractures. The main strike direc-
tions are oriented principally E—W and WNW—ESE (Fig. 4)
and coincide with the direction of post-Variscan brittle de-
formation in the Kamsdorf and Ilmenau regions. The minor
strike direction is NE—SW trending and agrees with the mean
strike direction of the Variscan consolidated basement, thus
probably indicating late syn-Variscan deformation. For illus-
tration, fissures with and without barite veins were plotted
separately (Fig. 4). An obvious conclusion drawn from
Fig. 4 is that the barite veins mostly show the WNW—ESE
direction. In contrast, barren fractures show the E—W direc-
tion. With the assumption that fluids only enter open fis-
sures, the construction of WNW—ESE fractures must be
described as the first deformation event. Afterwards, the in-
flux of fluids predating the creation of E—W fractures led to
the mineralization of pre-existing fissures of the first defor-
mation event. Subsequent contraction resulted in the forma-
tion of E—W fractures without mineralizations and in the
deformation of the rocks and veins. In the Hühn region, no
absolute timing constraints can be found. Nevertheless, in re-
lation to the wider area, the earliest time of deformation can
be assumed to post-date Late Permian times due to NW—SE-
striking barite veins within Zechstein sediments in the out-
crops of the Hohe Klinge and the Grube Mommel.
Accordingly, a polyphase deformation history can be as-
sumed for the area around Trusetal. The dominant deforma-
tion characteristics are extensional. A compressional regime
has prevailed in this area since the Late Cretaceous until the
present time (Rauche & Franzke 1990).

Mineralogy and geochemistry

Siderite-barite-fluorite deposits

The mineralogy of these deposits is in most cases simple
(Fig. 5). The major minerals are carbonates (calcite, ankerite,
siderite), barite, and fluorite but they need not occur together
in one deposit. Some deposits are missing fluorite, other
ones siderite. Sulphides are found essentially only at the
Kamsdorf deposit as lenses and disseminated mineralization
in the siderite bodies or in the barite veins. In Kamsdorf, the
Zechstein carbonate rocks which host the siderite bodies
contain two thin (10—130 cm) horizons of grey shale en-

riched in pyrite. This shale occupies the same stratigraphic
position as the Kupferschiefer shale and is considered to be
an analogue of Kupferschiefer. A clear spatial relationship
between the shales in Kamsdorf and the sparse sulphidic
mineralization could not be proven, but also not refuted. The
sulphides found in Kamsdorf are pyrite, chalcopyrite, marca-
site, tennantite, tetrahedrite, and galena. The deepest acces-
sible portions of the deposit also contain Co-Ni-As sulphides
and Ag-rich tetrahedrite. The other studied barite-fluorite de-
posits contain very little or essentially no sulphides (for
example Hühn, Pratzka 1956; Hähnel et al. 1995).

Mn-Fe deposits

The minerals reported in this section were identified by re-
flected-light polarized microscopy, powder X-ray diffrac-
tion, and electron microprobe. The analytical results of the
electron microprobe studies are tabulated in Brey-Funke
(2014). The bulk chemical composition of the Mn-Fe sam-
ples (determined by XRF, see Brey-Funke 2014), when
placed in the discrimination diagram of Toth (1980), indi-
cates hydrothermal origin of the studied ores. The mineralogy
of the two districts with Mn-Fe mineralizations (Arlesberg
and Oehrenstock, both in the vicinity of Ilmenau, Fig. 1) is
different. At Arlesberg, the veins and nests hosted by rhyo-
lites (Figs. 6, 7a) contain hematite, braunite, pyrolusite, ba-
rite, and traces of manganite. Only small and insignificant
veins were emplaced in the conglomerates of the Rotliegend
(Fig. 6, Brosin & Veitenhansl 2005). At Oehrenstock, the
mineralized structures located in the acidic pyroclastic rocks
contain hausmannite, manganite, braunite, barite, and seve-
ral varieties of calcite.

In the samples from Arlesberg which contain both hema-
tite and Mn minerals, coarse-grained, crystalline hematite is
the earlier mineral. In addition, hematite and the Mn mine-
rals are usually spatially separated, hematite occupying
deeper portions of the deposit (Beyschlag 1914). Historical
accounts report that manganite was common at Arlesberg
but Schiemenz (2001) notes that manganite cannot be found
there today. We have not found manganite at Arlesberg
either and the historical accounts should be perhaps taken
with a grain of scepticism. Braunite, on the other hand, is
abundant at Arlesberg. It replaces the rock-forming minerals

Fig. 5. Sequence of the vein mineralisations of the barite-fluorite-
siderite mineralization at the southern edge of the Thuringian Basin
(based on our observations and the reported temporal relationships
from Pratzka, 1956; Werner, 1958; Kuschka & Franzke, 1974;
Meinel, 1993; Hähnel, et al. 1995; Kling, 1995; Kießling, 2007).
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of the rhyolite, first the feldspars in the fine-grained matrix
of the volcanic rock, then the K-feldspars, and eventually
also quartz in the matrix. Occasionally, the rims of the
braunite grains are replaced by pyrolusite. Pyrolusite also
forms pseudomorphs after manganite; the earlier manganite
was observed very rarely (Fig. 7f). The abundance of the
pseudomorphs could be also the explanation for the early de-
scriptions of manganite from Arlesberg.

In the samples from Oehrenstock, the mineralization com-
mences with hausmannite, mostly as massive aggregates,
rarely as subhedral crystals with mosaic texture. Manganite is
found as prismatic or acicular crystals and, according to our
observations in polarized light, is slightly younger than
hausmannite. Hausmannite is replaced to a great extent by
euhedral to subhedral crystals of braunite. The crystals are
porous and the cores of the crystals are replaced by calcite,
less commonly by barite (Figs. 7d,e). Calcite, as mentioned,
occurs here in several varieties or perhaps generations. The
earliest variety is black calcite, macroscopically similar to
the Mn oxides (Fig. 7b). In an optical microscope and back-
scattered electron images, one can see innumerable micro-
scopic inclusions of Mn oxides in the calcite (Fig. 7c),
responsible for its black colour. The analysed inclusions

appear to have already weathered to hollandite and crypto-
melane. Black calcite replaces manganite, according to Schie-
menz (2001) also hausmannite and braunite. Younger,
brown calcite replaces braunite and black calcite. The
youngest variety is coarse-crystalline, sometimes euhedral
white calcite.

Barite is a relatively young mineral within the precipita-
tion sequence. Locally, however, crystals of manganese
crystals clearly grow on the aggregates of barite. These fea-
tures may be a result of multiple remobilization of manga-
nese or multiple generations of barite.

Late stage evolution of the deposit are marked by crypto-
crystalline hematite, braunite, and calcite. Weathering mine-
rals include hollandite, cryptomelane, coronadite, todorokite,
chalcophanite, and romanèchite.

Comparison of the size of the two types of deposits

For the later discussion of geological and geochemical
similarities of the studied mineralizations, it is of interest to
compare their size and ore resources. The extracted 44,700
tonnes of manganese ores in the Arlesberg (F. Veitenhansl,
pers. comm.) district are dwarfed by the 1.4 million tonnes

Fig. 6. Geological map of the vicinity of the township of Ilmenau, with the Mn-Fe ores veins. Note the close spatial association of these
veins and the Permian volcanic rocks (geological map simplified after Andreas et al. 1996).
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siderite from Kamsdorf. Are the historical manganese dis-
tricts really just mineralogical occurrences? Below, we as-
sume that the two Fe-Mn assemblages (siderite+ankerite
versus Mn oxides-silicates) have much more in common
than meets the eye. Using the measured chemical composi-
tion of siderite (see Brey-Funke 2014 for the analyses), we
can calculate the amount of siderite that would comprise

44,700 tonnes of manganese ores. Taking the mineralogy of
the Mn ores into account (relative proportions of the oxides
and silicates), it can be estimated that 1.0—1.3 million tonnes
of siderite would be needed. This amount compares very
well with the 1.4 million tonnes extracted at Kamsdorf and
suggests that, at least in terms of their size, the deposits
could be very similar.

Fig. 7. a – Nests of pyrolusite in rhyolite near Arlesberg. Note that minerals other than pyrolusite are missing in these nests; b – a portion
of a hydrothermal vein with barite (Ba) and black calcite (Ca) (Oehrenstock, the dump Willhelm Glück); c – back-scattered electron
(BSE) image of the black calcite, showing the calcite (grey) matrix and inclusions of Mn oxides (white); d,e – aggregates of braunite (Br)
crystals in calcite. Note that the cores of braunite crystals are selectively replaced by calcite (d – BSE image, e – reflected-light image);
f – reflected-light microphotograph of rare manganite (Mnt) crystals, replaced from the rims and along the cracks by pyrolusite (Py).
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Fluid inclusion petrography and microthermometry

Fluid inclusions were analysed in siderite, calcite, fluorite,
and barite. No fluid inclusions were found in the bluish,
massive anhydrite. Emphasis was placed on studying prima-
ry fluid inclusions, even though secondary inclusions were
commonly observed. We characterized an inclusion as pri-
mary according to the criteria listed in Roedder (1984) after
a careful petrographic study of the sections.

Siderite, calcite, fluorite

Fluid inclusions in siderite, calcite and fluorite (Fig. 8)
contain either a two (aqueous liquid and water vapour) or
a single (aqueous) phase. Most of the inclusions are irregular
but negative crystal shapes were also observed, particularly
in fluorite, less commonly in the carbonates. The
liquid:vapour ratio in the two-phase inclusions was consis-
tently approximately 90:10. The size of the primary inclu-
sions varies between 5 and 100 µm. The secondary inclusions
are smaller, with sizes from <5 to 20 µm, arranged in trails,
and often consisting of a single aqueous phase.

The primary fluid inclusions from siderite, calcite, and fluo-
rite show a range of Te values from —65.6 to —49.7 °C
(Table1), indicating predominantly the H2O-NaCl-CaCl2
system in the aqueous phase (Davis et al. 1990; Spencer et
al. 1990). Final melting temperatures of ice (Tm,ice) range
from —36.6 to —25.2 °C. The salinities of the included fluids
vary in a narrow range and are graphically shown in Fig. 9.
To facilitate comparison among all measured inclusions, all
data are presented in eq. mass % CaCl2. Melting of hydro-
halite was observed only in four fluorite samples from
Gehren, Ilmenau, and Hühn (Table 1). In those fluid inclu-
sions, where melting temperatures of both ice and hydro-
halite were measured, the fluid compositions were derived
using the approach of Steele-MacInnis et al. (2011). The re-
sulting calculated CaCl2/(CaCl2+NaCl) ratios are in the
range of 0.4 to 0.6 (Fig. 10).

The fluid inclusions in siderite, calcite, and fluorite always
homogenize to the liquid phase, with Th values between 134
to 163 °C for siderite and 103 and 134 °C for calcite (Fig. 9,
Table 1). The inclusions in fluorite have homogenization
temperatures of 73—127 °C for samples from Gehren; 81—
135 °C for Ilmenau (Volle Rose); 65—129 °C for the Hühn re-
gion and 69—141 °C for Eisenach-East.

Barite

Barite samples from all the studied deposits are similar in
terms of the observed fluid inclusions and their composition.
Based on the number of phases present at room temperature,
the fluid inclusions in barite can be divided into four groups:
1. two-phase liquid-rich, 2. two-phase vapour-rich, 3. one-

phase with only a liquid phase and  4. one-phase with only a
vapour phase. All types can be found together in close vici-
nity with each other. Group 1 inclusions generally show
a liquid to vapour ratio of 85:15. We suppose that fluid in-
clusions with the predominant gas phase or only with the gas
phase are a result of leakage coincidental with the post-mine-
ralization tectonic events.

Fig. 8. Microphotographs of fluid inclusions in the studied
mineralizations. a – two-phase primary fluid inclusion in siderite;
b and c – primary and secondary fluid inclusions in fluorite and
barite, respectively.
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The primary inclusions occur as isolated and three dimen-
sional clusters (Fig. 8c), with their size ranging from 10 µm
to 350 µm. Most of them are irregularly shaped; some are
rounded or elongated. Primary fluid inclusions with a nega-
tive crystal shape are rare and were found only in a few cases.
Primary inclusions are liquid-rich with a gas bubble. The
secondary inclusions occur along trails and are of very small
size <5 µm to 10 µm. Most of the secondary trails contain
rounded and irregular fluid inclusions, with single gas phase.

For fluid inclusions study in barite, a further selection was
carried out for the inclusions to be measured. The inclusions
were carefully selected according to the criteria of Ullrich &
Bodnar (1987): they were small, with round shape and
smooth walls. According to Ullrich & Bodnar (1987) such
inclusions in barite are most likely to yield correct data and
withstand post-depositional damage, mostly owing to the ex-
cellent cleavage of barite. Even data for inclusions with no
signs of leakage, necking down and so on were discarded if
they were larger or elongated. The measured Th values are re-
producible, suggesting that the measured inclusions are not
prone to leakage at the present time. Additionally, we have
tested the validity of the fluid inclusion data in a double-sided
polished section that consisted of barite with millimetre-
thick bands of fluorite. The results are shown in Fig. 9d,
documenting the accuracy of the information from the inclu-
sions in barite. Further support for the validity of the fluid
inclusion data for barite comes from the measurements in co-

existing barite and calcite from the Fe-Mn mineralization
(Fig. 9c). Here, the scatter for the data in both minerals is
identical, documenting that the fluid inclusions in barite
yield correct and useful data.

Primary fluid inclusions in barite from the Kamsdorf-Saal-
feld region record a broad range of Tm,ice and Th temperatures
(Fig. 9b). The measured Te in all these barite samples varies
from —53.9 to —24.3 °C (Table 1), with most values in the
range around —50 °C, typical for systems with an appreciable
concentration of CaCl2 (Hurai et al. 2015). Values of Tm,ice
range between —23.8 to —9.4 °C with corresponding salinities
of 22.3 to 13.6 eq. mass % CaCl2. The homogenization tem-
peratures in these samples range between 116 and 160 °C.
Individual barite samples from all studied locations, that is,
Friedrichsroda, Gehren, Hühn and Eisenach-East show
a similar scatter of results (Table 1, Fig. 9b).

The fluid inclusions from Oehrenstock and Arlesberg (the
Fe-Mn mineralization) also point at the system H2O-NaCl-
CaCl2 with their Te temperatures of —67.0 to —48.2 °C. The
ice melting temperatures of —41.9 to —21.6 °C, correspond to
salinities of 28.5 to 21.3 wt % CaCl2 eq. The Th values
ranged between 78 and 156 °C.

Stable isotope data

The results of the δ34S and δ18O stable isotope analyses
from a suite of barite and one anhydrite sample are given in

Table 1: Microthermometric data for primary fluid inclusions in barite, fluorite, calcite, and siderite. All temperatures in °C.

Region Sample Mineral Te (n) Tm,ice (n) Tm,hydrohalite (n) Th (n) 
 KAM 1 barite –53.0 to –42.8 (4) –23.8 to –17.6 (4) NM 156 (1) 
Saalfeld -  KAM 2  barite –36.9 to –25.3 (2) –25.4 to –14.4 (2) NM NM 
Kamsdorf KAM 7b barite –46.2 to –30.1 (3) –21.0 to –12.0 (6) NM 116 to 160 (4) 
 KAM 9 barite –50.1 to –25.0 (2) –24.0 to –12.6 (3) NM  158 (1) 
 KAM 11 barite  –53.9 to –51.3 (2) –25.3 to –9.4 (3) –21.5 NM 
 KAM 14 barite –50.9 to –50.1 (3) –20.2 to –17.1 (3) NM 156 (1) 
 KAM 15 barite –51.1 to –24.3 (3) –15.1 to –11.4 (3) NM 107 (1) 
 HG 25330 barite –52.6 to –49.4 (5) –26.8 to –18.4 (9) NM 87 to 120 (5) 
Friedrichsroda HG 25312 barite –52.3 to –48.3 (4) –26.3 to –17.7 (6) NM 91 to 161 (4) 
 GEH 2 calcite –61.3 to –54.3 (5) –33.0 to –27.4 (12) NM 103 to 134 (12) 
Gehren GEH 2 fluorite –55.7 to –53.3 (2) –32.0 to –31.2 (3) NM 94 to 127 (4) 
 GEH 3 barite –52.6 to –48.9 (4) –24.0 to –17.9 (8) NM 104 to 107 (5) 
 GEH 3 fluorite –61.3 to –52.9 (9) –38.0 to –27.0 (20) NM 75 to 127 (20) 
 GEH 5 fluorite –61.3 to –53.8 (7) –36.2 to –29.3 (15) NM 73 to 123 (15) 
 GEH 7 fluorite –60.9 to –52.3 (6) –35.2 to –27.6 (15) –10.8 (1) 99 to 121 (7) 
Volle Rose  VR 1 fluorite –69.3 to –49.7 (6) –35.8 to –25.2 (17) –9.7 to –8.8 (3) 81 to 135 (15) 
(Ilmenau) BHÜB 1 barite –51.3 to –49.0 (3) –25.6 to –18 (4) NM 128 to 161 (2) 
Hühn - Trusetal HÜB 4 fluorite –61.4 to –58.0 (6) –38.8 to –27.9 (18) –15.9 to –5.3 (3) 65 to 129 (18) 
 HÜB 6 barite  –50.9 to –49.2 (4) –22.7 to –21.0 (10) NM 67 to 124 (9) 
 HÜB 6 fluorite –63.6 to –63.4 (5) –35.3 to –25.2 (10) –7.6 (1) 70 to 129 (21) 
 SID 1 siderite –52.9 to –50.5 (6) –36.6 to –27.4 (18) NM 134 to 163 (15) 
Eisenach - East EO-I-4997 fluorite –65.6 to –61.4 (2) –37.3 to –26.4 (17) NM 69 to 141 (16) 
  EO-102 barite –51.4 to –48.8 (3) –24.1 to –13.9 (10) NM 97 to 166 (6) 
Oehrenstock EGS 10a calcite –51.7 to –47.3 (10) –26.2 to –23.4 (15) NM 89 to 140 (21) 
 EGS 10c calcite –55.0 to –48.0 (11) –31.2 to –21.8 (16) NM 78 to 168 (20) 
 EGS 7i barite –67.0 to –48.2 (12) –39.6 to –21.6 (15) NM 101 to 156 (17) 
Arlesberg EGS 17c barite –60.2 to –49.4 (9) –41.9 to –23.1 (15) NM 78 to 149 (15) 
Te — eutectic temperature    
Tm,ice — melting temperature of ice    
Tm,hydrohalite — melting temperature of hydrohalite   
Th — total homogenisation temperature 
n — number of measurements 
NM — not measured 

 



13FLUIDS EVOLUTION AND MN-FE-BARITE-FLUORITE MINERALIZATIONS, GERMANY

GGGGGEOLEOLEOLEOLEOLOGICA CARPAOGICA CARPAOGICA CARPAOGICA CARPAOGICA CARPATHICATHICATHICATHICATHICA, 2016, 67, 1, 3—20

Fig. 9. Homogenization temperatures and salinities of fluid inclusions in the studied mineralizations. Data for fluid inclusions in:
a – siderite (triangles), fluorite (diamonds), calcite (squares), and ankerite (crosses) from the barite-fluorite-siderite mineralization.
The symbols with a dot in the centre represent data from Kling (1995); b – barite from the barite-fluorite-siderite mineralization. The sym-
bols with a dot in the centre represent data from Kling (1995); c – calcite (squares) and barite (circles) from the Mn-Fe mineralization;
d – fluorite (diamonds) and barite (circles) from a single double-sided polished section from Hühn.

Fig. 10. Ternary plot of phase relations in the H2O-NaCl-CaCl2
system, with the composition of the studied fluid inclusions calcu-
lated by the methodology of Steele-MacInnies et al. (2011).
The solid lines represent cotectic curves that separate the stability
fields of ice, halite, hydrohalite, and antarciticite. Shown are NaCl/
(NaCl+CaCl2) weight fractions for fluid inclusions obtained from
final hydrohalite melting temperatures. Calculated NaCl/CaCl2
ratios in individual fluid inclusions in fluorite (squares=Hühn/
Trusetal; triangles=Ilmenau; diamond=Gehren) and barite
(circle=Kamsdorf).
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Table 2 and plotted in Fig. 11. The
results from this study compare well
to the previously reported values of
Lahiry (1974). Variations between
barite-bearing veins hosted by diffe-
rent lithological units, like the crys-
talline basement, Permian rhyolite
and Zechstein dolomite are relatively
small but there are systematic varia-
tions. It seems that the barite samples
hosted by the volcanic rocks (rhyo-
lites, acid volcanoclastic rocks) have
lower δ34S values than the other sam-
ples, with one exception. Fig. 11 also
shows a comparison with sulphate
minerals (barite and anhydrite) from
the North German basin. Although
this basin is now separated from the
Thuringian basin by the crystalline
complex of the Harz Mountains, the
two basins represented a single sedi-
mentation space in the Permian.

Fig.11. Isotopic composition of barite from the barite-fluorite-
siderite mineralization (black circles, this study), barite from
the Mn-Fe mineralization (black diamonds, this study), anhydrite
from the anhydrite veins (black square, this study), barite from
the mineralizations in the Thuringian basin (black stars, Lahiry
1974), anhydrite in the Zechstein rocks in western Poland (open
circles, Peryt et al. 2010), anhydrite in the Rotliegend rocks from
the Northeast German basin (open squares, Wolfgramm 2002),
anhydrite and barite from Permian volcanic rocks from the North-
east German basin (open triangles, Wolfgramm 2002), hydrother-
mal sulphates in the Middle Harz Mountains (grey circles, Zheng &
Hoefs 1993), and hydrothermal sulphates in the Upper Harz Moun-
tains (grey diamonds, Zheng & Hoefs 1993). The fields of Devo-
nian-Triassic, atmospheric, and terrestrial sulphates after Clark &
Fritz (1997) are also shown. Note that these fields are cut off
according to the spread of the data points and actually extend
beyond the limits of this diagram.

Table 2: Sulphur and oxygen isotopic data of hydrothermal barite and anhydrite hosted in
crystalline basement, Rotliegend sediments and Zechstein sedimentary rocks.

Therefore, the results from the North German basin can be
used for the comparison with our data.

Isotopic analyses of carbonates from the studied veins
(δ13C and δ8O values) are summarized in Table 3 and plotted
in Fig. 12, together with isotopic composition of carbonates
from hydrothermal veins in Schwarzwald (Schwinn et al.
2006) and cement, fissure filling and druses of carbonates
from the North German basin (Wolfgramm 2002). The mate-
rials analysed from the North German basin came mostly
from Permian rocks (siliclastic and volcanic rocks), with
a few samples from Upper Carboniferous and Mesozoic
rocks. Similar rocks also occur in the Thuringian basin.

Discussion

Fluid evolution

Fluid inclusion studies in siderite, calcite, and fluorite
show a narrow range in salinity (22.9 to 27.7 eq. mass %
CaCl2) and homogenization temperatures between 134 and
163 °C for siderite and between 65 and 135 °C for calcite and
fluorite (Fig. 9). These results are in good agreement with
previous fluid inclusion studies of fluorite veins in Ilmenau
& Trusetal (Hühn) area (Lahiry 1974; Thomas, 1979; Loos
et al. 1981; Klemm, 1986; Hähnel et al. 1995). Fluid inclu-
sion studies of barite samples from the Thüringer Wald and
the Kamsdorf area show a greater scatter of salinities be-
tween 13.6 and 26.8 eq. mass % CaCl2, also documented by
Meinel (1993) and Thomas (1979). In line with our results,
studies have reported homogenization temperatures of about
50 °C in barite samples from the Thüringer Wald (Thomas
1979; Hähnel et al. 1995) and 80 °C for barite from Kams-
dorf region (Kling 1995). In our work, we have measured
a wide spread of homogenization temperatures between 65
to 166 °C in all barite samples (Fig. 9). Hence, we observe
a monotonous decrease of the fluid temperatures from

Sample Locality Host rock δ34SV-CDT δ18OV-SMOW 

    (‰) (‰) 

barite in the siderite-barite-fluorite mineralization 
 KAM 9 Kamsdorf Zechstein sedimentary rocks 13.6 14.8 

 KAM 11 Kamsdorf Zechstein sedimentary rocks 14.0 14.7 

 KAM 15 Kamsdorf Zechstein sedimentary rocks 12.8 13.9 

 Geh 3 Gehren Rotliegend volcanics and sediments   9.3 12.2 

 HG 25312 Friedrichsroda Rotliegend volcanics and sediments 15.4 13.1 

 Hüb 6 Trusetal crystalline basement 12.2 12.4 

 Bhüb 1 Trusetal crystalline basement 13.2 12.7 

barite in the Mn-Fe mineralization 

 EgS8b Öhrenstock Permian volcanoclastic rocks   9.9 14.6 

 EgS9c Öhrenstock Permian volcanoclastic rocks   9.5   9.1 

 EgS17c Arlesberg Permian rhyolites   8.7 12.2 

 EgS17g Arlesberg Permian rhyolites   7.9 13.1 

anhydrite 
 Hühn 1 Trusetal crystalline basement 10.4 12.1 
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134—163 °C to about 70 °C with constant salinity, only locally
modified by mixing with low-salinity fluids during precipi-
tation of the latest mineral, namely barite. The fluids respon-
sible for the precipitation of siderite, calcite, fluorite, and
barite were CaCl2-NaCl brines (Table 1). In terms of compo-
sition and temperature, we know little about the fluids that
deposited the Mn mineralization. The data presented here
were measured in calcite and barite which accompany the
Mn minerals but not in the Mn minerals themselves. Our
attempts to observe fluid inclusions in the Mn minerals with
infrared microscopy failed.

The δ34S values of our barite samples vary between 9.3
and 15.4 ‰, a range typical of Upper Permian (Zechstein)
and Triassic evaporitic rocks (Fig. 11), which fall between

9.7 and 12.6 ‰ in the Zechstein evaporites and 12.2 to
20.8 ‰ in the Triassic evaporites (Kramm & Wedepohl 1991;
Kampschulte et al. 1998). Hence, most of the dissolved sul-
phate in the hydrothermal fluids was derived from groundwa-
ter and/or seawater that had interacted with the evapo-rites
(Wagner et al. 2010). Barite with more positive δ34S values
than the average Zechstein sulphates could be explained by a
contribution of sulphates from Triassic evaporites.

The isotopic composition of the fluids (for δ18O relative to
V-SMOW), calculated (after Zheng 1999) from the isotopic
composition of the minerals and the homogenization tempe-
ratures of fluid inclusions, is 4.3 to 13.5 ‰ for calcite and
10.8 to 5.6 ‰ for barite. These values suggest that barite
and calcite could not have precipitated from the same fluid.
The isotopic composition of the fluid that precipitated barite
is close to the sea water in the entire Permo-Mesozoic time
span whereas calcite is isotopically distinctly heavier, as if
the fluids were affected by evaporation. Further work
is needed in order to interpret the isotopic data with more
confidence.

Relative timing of the observed mineralizations

Within the mineralizations studied in this work, the rela-
tive timing is relatively easy to establish. We observed two
distinct assemblages with sequences:
1. siderite+ankerite-calcite-fluorite-barite
2. hematite-hausmannite-manganite-braunite-pyrolusite-
     calcite-barite.

Here we neglect the minor sulphides and products of
weathering. There are several observations which will be criti-
cal for the following discussion. First, the geochemistry of the
earlier stages of both assemblages (siderite+ankerite) versus
(hematite-hausmannite-manganite-braunite-pyrolusite) is very
similar and we consider these earlier stages of the two as-
semblages to be coeval. These stages are both Mn-Fe rich.
Siderite and ankerite are restricted mostly to metasomatic
bodies in the Upper Permian Zechstein rocks, the oxide and
silicate Mn-Fe minerals to the Permian volcanic or volcano-
clastic rocks (Fig. 6). In the case of the Mn-Fe oxide-silicate
assemblage, we see spatial separation of the Fe-rich portions
(dominated by hematite) and Mn-rich portions (dominated
by Mn oxides and braunite). This observation suggests that
both metals (Fe and Mn) were originally reduced in the fluid
and then separated by redox gradients.

The second interesting observation is that barite is rela-
tively young in both mineralizations. In hand specimens,
barite and Mn minerals are intergrown and barite seems to be
both older and younger than some Mn minerals. This observa-
tion indicates either remobilization of Mn minerals during
deposition of barite or multiple barite generations. Fluid in-
clusion and isotopic data suggest that the fluids responsible
for barite in both assemblages were very similar.

Post-Variscan evolution of fluids in the Thuringian Basin

The post-Variscan fluids and the associated mineralizations
in the Thuringian Basin can be correlated with the processes
which operated in the thick Permian siliciclastic sequence

Fig. 12. Isotopic composition of the carbonates from the studied
mineralizations (large open circles), compared to Triassic lime-
stones (Muschelkalk, inverted open triangles, Lippmann et al.
2005), Zechstein calcite (west Poland, small open circles, Peryt et
al. 2010), Zechstein dolomite (west Poland, open diamonds, Peryt
et al. 2010), and hydrothermal mineralizations from Schwarzwald
(small black diamonds, Schwinn et al. 2006). Furthermore showing
the data from the Northeast German basin (all data from Wolf-
gramm 2002): Mesozoic rocks (grey circles), Rotliegend (grey
squares), Permian volcanic rocks (grey triangles), Zechstein (grey
crosses), Carboniferous rocks (grey stars)

Table 3: Carbon and oxygen isotopic data of hydrothermal carbo-
nates from Öhrenstock. These veins are hosted by Permian volcanic
rocks.

sample description (cc=calcite) δ13CV-PDB δ18OV-SMOW 
  (‰) (‰) 
EGS 7h black cc –7.2 21.8 

EGS 7o black and white cc –4.6 22.6 

EGS 8a black cc –7.9 21.9 

EGS 8d white cc –3.8 27.8 

EGS 8g white cc –3.8 26.9 

EGS 10b white cc –5.1 25.6 

EGS 10b black cc –3.8 26.3 
EGS 10c white cc –2.5 27.1 
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called Rotliegend (Fig. 13a). The properties of the fluids
which co-existed with these sediments throughout post-
Variscan Europe in the geological past were determined by
the investigation of the mineralogical and geochemical
changes in these sediments (Gaupp & Okkerman 2011)
(Fig. 13a). The information about these fluids, reported be-
low, draws on their publication. A temperature profile
through the geological time of a selected Permian stratum
(Kupferschiefer) in the area studied is presented in Fig. 13d.
We must stress that our work investigated neither the Rot-
liegend sediments nor their evolution in space, time, and
chemical composition (including that of the fluids). We cor-
relate the data from these sediments, acquired over a long
time by R. Gaupp and his co-workers, with our results from
the vein mineralizations in the area studied. Hence, the phy-
sico-chemical properties of the fluids and the mineralogy of
the siliciclastic sediments, described in the following para-
graphs, refer to the fluids in the Rotliegend (Gaupp & Okker-
man 2011), unless stated otherwise.

Stage 1. Early diagenetic post-Variscan fluids were playa-
sediment fluids which circulated in the freshly deposited si-
liciclastic sediments of Rotliegend. These fluids were
alkaline and saturated with respect to sodium sulphate, car-
bonate, and chloride. The anion abundance also decreased in
the same order. The evidence for this character of the fluid
comes from the absence of feldspar alteration during the ear-
ly diagenesis. We assume that the alkaline nature of the fluids
enabled them to mobilize quartz in amounts that were larger
than in the later fluids. Evidence for mobilization of SiO2 is
also traceable on the microscale as quartz overgrowths on
the detritic quartz grains in the sediments. Hence, these fluids
were at least initially oxidizing and precipitated quartz,
calcite+hematite instead of siderite.

Stage 2. The pH of the fluids in this stage has shifted to
mildly acidic. The acidification of the fluids was caused by
the release of carboxylic acids from the organic matter
(cf. Spirakis & Heyl 1988) released from the Westphalian
carbonaceous sediments. The redox state shifted to reducing,
as clearly indicated by pervasive chloritization and deposi-
tion of the Fe2+-bearing carbonates within the pore spaces of
the siliciclastic rocks. The mildly acidic and reducing condi-
tions are ideal for the mobilization of iron and manganese,
possibly other metals and metalloids, from the Rotliegend.
This mobilization is documented by bleaching of the sedi-
ments (Fig. 13a) upon which they lost their typical red co-
lour and turned beige or almost white. In this process,
hematite, other metal oxides and the elements associated
with these mine-rals were dissolved in the pore fluids. We
further subdivide this stage into two parts but we want to
emphasize that these two substages (2A and 2B) are not
separated in time. Instead, they are separated by different
physico-chemical conditions of mineral precipitation.

Substage 2A. Where these fluids invaded the Zechstein
carbonates, they deposited the assemblage siderite+ankerite
in the form of metasomatic bodies and veins. Deposition of
the Fe2+-bearing carbonates in the pores of the siliciclastic
sediments means that the fluids were saturated or supersatu-
rated with respect to these minerals already at the beginning
of stage 2. Hence, their injection into carbonate rocks with

associated pH buffering and increased CO2(aq) activity easily
led to the precipitation of siderite and ankerite. The interaction
with the carbonate Zechstein rocks appears to be of great im-
portance here. We recall the geological observation that
missing Zechstein sediments mean the absence of the side-
rite-ankerite bodies.

Substage 2B. Where the same fluids invaded Permian vol-
canic or volcanoclastic rocks, they became oxidized and pre-
cipitated an assemblage of hematite+Mn oxides and
braunite. Oxidation was an effective mechanism for the spa-
tial separation of Fe and Mn observed in the field. According
to the known phase equilibria, Fe oxidizes first and hence
precipitates first as hematite. The progressive oxidation is
further documented by the temporal relationships of the Mn
minerals. The precipitation starts with hausmannite (Mn2+/3+)
and manganite (Mn3+), continues with braunite (silicate of
Mn2+/3+) and ends with massive precipitation and replace-
ment of pre-existing minerals by pyrolusite (Mn4+).

We must note that rhyolites (or their volcanoclastic
equivalents) must have played a special role in the deposi-
tion of the oxidized Mn mineralization. They host the Mn
minerals in the Thüringer Wald (cf. Fig. 6) but also in the
Harz Mts. (Liessmann 2010) or in the Spessart Mts. (Wagner
et al. 2010; Fusswinkel et al. 2013, 2014). Hence, this close
spatial relationship cannot be overlooked and must be taken
into account when one looks for an explanation for the ob-
served mineralizations. The source of manganese for the
studied deposits in the Thüringer Wald was sought in the
acidic volcanic rocks (Freyberg 1923; Meinel 1993) or in the
Zechstein Permian sediments (Zimmermann 1924). The Per-
mian volcanic rocks, however, are by no means more en-
riched in manganese than the siliciclastic sediments and,
therefore, their role in the formation of the Mn mineraliza-
tion must be sought elsewhere. We feel that the ideas presented
here do excellently in this respect.

Stage 3. After bleaching of the sandstones, a major illitiza-
tion event took place (Fig. 13a), dated to middle Jurassic (ac-
cording to K/Ar dating, Fig. 13b). Illite formed mainly at the
expense of feldspars which released a substantial amount of
Na, Ca, and Ba into the solution. The released potassium was
bound in illite. These fluids formed convection cells within
the Rotliegend sequence capped by the Zechstein sediments
(cf. Jowett 1986). In these convection cells, calcite and later
barite were precipitating. In the vicinity of the crystalline
basement of Thüringer Wald or Thüringer Schiefergebirge,
the fluids were also enriched in fluorine and precipitated
fluorite. Fluorine was transported in the low-temperature, sa-
line hydrothermal fluid in the form of Ca-F, Na-F or Mg-F
complexes (Richardson & Holland 1979) or complexes with
organic ligands (Bouabdellah et al. 2013). The  presence of
organic matter can be assumed with a great certainty because
the siliciclastic sediments were in the oil window and are
known to be a fertile source of hydrocarbons. There was
a limited and local communication with low-salinity waters,
documented by a large scatter of fluid inclusion data in some
barite samples (especially in Kamsdorf). Calcite-barite±fluo-
rite mineralization accompanies both siderite+ankerite and
Mn oxide-braunite assemblages and appears to be of regional
importance. This type of mineralization is developed similarly
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in the Zechstein sediments and the Permian volcanic/volcano-
clastic rocks. This is logical because in this mineralization
(i.e., calcite, barite, fluorite), there is little to oxidize or reduce.

Barite is connected without doubt to the extensional period
that is manifested in the tectonic record not only in the Thu-
ringian basin but also everywhere in the central European
sedimentary basin. The assignment of    barite to the exten-
sional phase is based on our structural data (Figs. 3, 4),
which show that the barite veins occupy the extensional
structures and are cut and offset by the later contractional de-
formation. According to the observations from the North
German Basin, the main period of NE—SW extension lasted
from Late Jurassic to Early Cretaceous times (Betz et al.
1987; Ziegler 1987; Kockel 2002) and, therefore, the barite
mineralization must be placed in the time interval between
the Middle Jurassic and Early Cretaceous.

It is intriguing that the large-scale illitization coincides in
time with a major crustal thermal and hydrothermal event,
rifting with enhanced heat flow, assumed to occur at ~195—
175 Ma (Fig. 13c, Zielinski et al. 2012). This event initiated
convective heat transfer within the siliciclastic rocks. The con-
vection cells were capped by the Zechstein evaporitic sequences.

Conclusions

Considering the mineralogy of the localities studied, the
precipitation sequence, and the temperatures determined by

fluid inclusions studied, a link may be found between the
fluid evolution in the siliciclastic/volcanic Rotliegend sedi-
ments (as determined by earlier  petrological studies by
Gaupp & Okkerman 2011; Peisker et al. 2014; etc.) and the
ore mineralizations. There is no doubt that further work must
be done to test the ideas presented in this work. The correla-
tion between the two independent data sets, however, pro-
vides a striking parallel in terms of the fluid evolution in the
siliciclastic sediments and hydrothermal veins in the area
studied. Iron and manganese could have been mobilized
during the bleaching of the sediments by reduced Rotliegend
fluids. Iron and manganese were deposited as siderite+
ankerite within the Zechstein carbonate rocks and as
hematite+Mn oxides within the oxidizing environment of the
Permian volcanic and volcanoclastic rocks. A Middle-Jurassic
illitization event released Ca, Na, Ba, and Pb from the feld-
spars and Cu, Zn from the mafic minerals into the basinal
brines. Calcium and barium precipitated as massive carbo-
nate-barite veins.
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