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Abstract

Zebra dolomites have a distinctive texture and are a peculiar structural variety of dolostones often encountered in the vicinity
of base metal deposits commonly in the Mississippi Valley-Type (MVT). We investigate origin and evolution of the zebra
dolomites found in the region of the Spessart, northwestern Bavaria, Germany, through diagenetic and petrogenetic analysis
using SEM, CL microscopy, O—C isotopes, and fluid inclusion micro-thermometry. Here, we aim to shed light on the nature
of the fluids that altered the zebra dolomite of the Zechstein formation. We distinguish the geochemical signatures of two
different fluid flow regimes post-dating texture formation, each characterized by specific homogenization temperatures
and oxygen—carbon isotope ratios (Event 1: T}, =120 °C; 8’04 = [0 to 2%o]; Event 2; T, =300 °C; 68044, = 18%o0).
Comparison of these fluids and the associated mineralization with published regional fluid flow data support that the zebra
dolomites in the Spessart most likely coincided with the Permian large-scale fluid flow event that occurred throughout the
European Zechstein Basin.
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Introduction

The formation of base metal deposits is often related to
regional-scale, fluid—rock interactions that involve large
volumes of reactive fluids (e.g., Blundell et al. 2003). The
classification of such ore deposits is based on the host rock
mineralogy and the source of fluids, either hydrothermal
or magmatic in origin, and whether the ore formation
is associated with surficial processes, such as weather-
ing, sedimentation, or chemical precipitation (Dill 2010).
Nearly all economic Pb, Zn, and Mo deposits were formed
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by hydrothermal activity (Arndt and Ganino 2012). Within
the class of hydrothermal deposits, different types can be
distinguished. Well-known examples of basinal hydrother-
mal systems are sedimentary exhalative deposits (SEDEX)
and MVT. The latter are defined as epigenetic, strata-bound
sulfide deposits hosted in carbonates, and account for 38%
of the worldwide Pb—Zn resources in sedimentary-hosted
ore deposits (Leach et al. 2010).

Carbonates hosting MVT deposits frequently exhibit
replacive dolomite often with periodic alternation between
dark and white dolomite crystal layers: the zebra dolomite
(Beales and Jackson 1968; Radke and Mathis 1980; Fontboté
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and Amstutz 1982; Fontboté and Gorzawski 1990; Zeeh
1995; Swennen et al. 2003; Vandeginste et al. 2005; Aydal
et al. 2008; Diehl et al. 2010; Iriarte et al. 2012; Morrow
2014). Zebra dolomites (Fig. 1) were described worldwide
(Fontboté and Amstutz 1982; Fontboté and Gorzawski 1990;
Nielsen et al. 1998; Wallace et al. 1994; Zeeh 1995; Van-
deginste et al. 2005; Aydal et al. 2008; Lépez Horgue et al.
2009; Diehl et al. 2010; Lopez-Horgue et al. 2010; Liu et al.
2014; Morrow 2014), and share common textural features:
the dark bands comprise small crystals and are rich in impu-
rities (secondary mineral phases) (Kelka et al. 2015), while
the light bands comprise coarse crystals exhibiting a syntax-
ial texture, with a median line showing vuggy porosity (i.e.,
Gasparrini et al. 2006; Wallace and Hood 2017) commonly
filled by late-stage carbonate cement (Fig. 1b). Similar tex-
tures were described in carbonate formations dominated by
siderite (Palinkas et al. 2009), but have also been observed in
sphalerite (Fontboté et al. 1982), barite (Thomassen 2007),
fluorite (Wallace et al. 1994), and magnesite (Lugli et al.

Fig.1 Zebra dolomite specimen
collected from the Falkenberg
tunnel. The sample a clearly
shows that the orientation of
the zebra layers can change on a
small scale. In this hand speci-
men, the orientation changes by
90° at the scale of a decimeter.
The white patch on top of the
sample consists of calcite.

b Hand specimen of a zebra
dolomite patch that is crosscut
by a vertical barite vein. A clear
difference in color between the
dolomitic host rock (hr) and the
dark zebra layers (dol1) can be
observed. The detailed view of
the area indicated by the yellow
rectangle shows that a calcite
phase (cc) precipitated in the
central part of the light zebra
layers (dol2). [hr is hardly vis-
ible, doll and dol2 not at all!].

¢ Zebra dolomite that exhibits
an alteration post-dating the
formation of the structure. In
the left part, the pattern looks
“washed-out” and especially in
the lower part of the sample was
replaced by calcite. d In this
hand specimen, the dolostone
was subjected to a strong
hydrothermal alteration after the
zebra pattern had been formed.
The result is a friable rock that
exhibits voids along the central
parts of the light zebra layers
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2000). These observations, along with the observation of
the spatial and temporal relationship that zebra dolomites
share with MVT deposits, led for example Merino et al.
(2011) to propose that fluids that exhibit a typical composi-
tion of MV T-brines trigger the genesis of the zebra pattern
in dolomites.

However, there has been a long-standing debate on how
the zebra pattern forms and what processes are responsible
for their formation (Badoux et al. 2001; Merino et al. 2006;
Lopez-Horgues et al. 2010; Merino and Canal 2011; Vande-
ginste et al. 2012; Morrow 2014; Kelka et al. 2015, 2017).
One view is that the dark and light layers are interpreted
as different generations of dolomite that formed in a fluid-
saturated rock in an over-pressurized fluid system (Nielsen
et al. 1998; Swennen et al. 2003, 2012; Vandegisnste et al.
2005). Another view is that the dark layers represent repla-
cive dolomite, while the white layers represent fractures that
formed either by tectonic stress (Wallace et al. 1994), over-
printing an initial sedimentary structure (Morrow 2014), are
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a function of fluid overpressure (Swennen et al. 2012), or
formed by a complex process of vein formation and associ-
ated crystallization stress (Merino et al. 2006; Merino and
Canals 2011). Other authors propose that recrystallization
processes can lead to the development of the zebra pattern
as a result of hydro-mechanical material instabilities that
form because of the volumetric compaction of fluid-filled,
low-permeable rocks (Kelka et al. 2015, 2017). Recently,
a combination of mineral replacement and subsequent dis-
solution has been suggested to be the main mechanism for
the pattern formation and the equidistant spacing is thought
to be caused by stress shadows associated with the crystal-
lization pressure of the growing carbonate crystals (Wallace
and Hood 2018).

In this contribution, we describe and investigate zebra
dolomites from the Spessart (NW Bavaria, Germany) in
the Central European Zechstein Basin during the Upper
Permian Werra Cycle. These zebra dolomites overlie black
shales of the Kupferschiefer, a strata-bound Cu—Pb-Zn—(Ag)
deposit that likely was mineralized by a combination of
sedimentary—diagenetic and hydrothermal processes (Wag-
ner et al. 2010). We aim to decipher paragenetic and dia-
genetic sequences of fluid—rock interaction related to the
zebra dolomite formation. The zebra dolostone samples
were analyzed petro-graphically using transmitted light,
cathodo-luminescence, and scanning electron micros-
copy with energy-dispersive spectrum (SEM-EDS). The
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petrographic characterization was complemented by a fluid
inclusion micro-thermometry study and stable isotope analy-
sis to characterize the nature of the fluids trapped within the
zebra dolomite.

Geological overview

The Spessart region has been subject to Variscan and post-
Variscan deformational phases. The Variscan deformation
affected the basement rocks during metamorphism and
led to the formation of folds with NE-SW trending axis,
overprinted by secondary ESE-trending folds (Cramer et al.
1978). A quartz diorite—granodiorite pluton is linked to a
younger tectonic event that was not affected by folding but
was accommodated by pre-existing structures (Okrusch and
Weinelt 1965). Near the locality of Hain (Fig. 2), at least two
small crests formed in basement diorite that represent the
sedimentation base of the discordantly overlying Zechstein
group (Cramer et al. 1978).

Post-Variscan tectonics are characterized by high-angle
normal faults striking NW-SE affecting all successions up
to and including the Lower Triassic Bunter group. The dif-
ferent Variscan and post-Variscan deformation phases are
important for the precipitation of barite mineralization,
which is evident by the presence of barite mineralization
in joints related to these different phases (Cramer 1978).
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Fig.2 Left: The map shows the crystalline basement of the Vorsp-
essart, overlain by carbonate sediments of the Upper Permian Zech-
stein group and Lower Triassic Bunter sandstone. The black rectan-
gle indicates the location of the detailed geological map to the right
(map modified after Wagner et al. 2010). Right: Detailed geological
overview of the area around the Falkenberg Tunnel. The tunnel dives
from the crystalline Vorspessart into the Triassic Sediments of the
Hochspessart. The cross-sectional A—A’ is oriented parallel to the
tunnel whereas the location of the zebra dolomites in the tunnel is
indicated by a rectangular zebra pattern. At the margin of these two
units several phases of mineralization are encountered that are spa-

tially linked to the Kupferletten, the equivalent to the Kupferschiefer
in the Spessart district. The lithological profile to right shows where
the Zechstein formation is located with respect to the basement and
the overlying Triassic successions. (Map modified after Okrusch and
Weinelt 1965; Cramer and Weinelt 1975; Wagner et al. 2010; Fuss-
winkel et al. 2014). The schematic overview in the top right corner of
the map shows the extension of the Zechstein basin (white), the loca-
tion of the Richesdorf Kupferschiefer-deposit and the locations of the
Zechstein samples in the German sub-basin (A) and the Polish sub-
basin (B) that had been investigated by Schmidt-Mumm et al. (2004).
Map had been modified after Alderton et al. (2012)
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In the Spessart region, barite mineralization occurred post-
Variscan during the Jurassic to Tertiary (Okrusch et al. 2007,
Okrusch and Weinelt 1965; Okrusch et al. 2007; Wagner
et al. 2010; Walther 2012).

It is important to differentiate between basement joints
that are associated with the folding of the crystalline base-
ment and the jointing in overlying sedimentary rocks. The
fold-related joints in the basement do not continue into the
overlying sedimentary rocks, while the joint orientations in
the Zechstein and Bunter formations have similarities. Two
sets of joints can be distinguished within the Zechstein: one
barite bearing set striking 120°-150° and one barren set
striking predominantly 30°-50°, while a minor strike of 70°
was also observed for this set. Differences in joint orienta-
tions between the Zechstein and Bunter formations are likely
attributed to the mechanical buffering of the Brockelschiefer
formation occurring between these two strata (Okrusch and
Weinelt 1965).

The post-Variscan extension led to the reactivation of
fault-related fluid systems resulting in a variety of minerali-
zation types. Barite mineralization phases of different ages
are documented throughout the Spessart and are evidence
for the occurrence of several hydrothermal fluid flow events.
An extensive large-scale upward migration of hydrothermal
fluids led to the precipitation of sulfides and arsenides in
locally economically significant proportions and occurred
predominantly during the Mid-Jurassic to Cretaceous (Okr-
usch et al. 2007 and references therein). On the scale of
the Zechstein basin, the underlying basin fluid system,
which extended over a large area of Europe, is temporally
associated with the extension and subsidence of the basin
(Schmidt-Mumm and Wolfgramm 2004).

The Spessart represents the southwestern margin of the
Permian Kupferschiefer basin (Ziegler 1990; Wagner et al.
2010) that was part of a WNW-ESE striking intercontinen-
tal Permian Basin (PB). The PB was part of northern Pan-
gea and formed in the Late Carboniferous to Early Permian
(Stowakiewicz et al. 2018) due to rifting-related subsidence
(Gast 1988). The extension of the basin resulted in wide-
spread volcanic activity throughout Europe that led to the
deposition of volcanoclastic sequences and the emplacement
of plutons (Okrusch et al. 2011). As the basin contained the
epicontinental Zechstein Sea, it is also referred to as the
Zechstein Basin, which was subject to a series of marine
transgression and regression cycles. These resulted in the
cyclical deposition of marine sediments, such as carbonates,
marls, and evaporites (Zechstein series z1-z7).

On a regional scale, the Spessart can be subdivided min-
eralogically into the Spessart Crystalline Complex (SCC)
located in the Vorspessart, and the overlying Bunter Sand-
stone, which are represented by thick sandstone units of
Lower Triassic age located in the Hochspessart (e.g.,Okrusch
and Weber 1996; Okrusch et al. 2011). The SCC consists
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of SW-NE trending meta-sedimentary and meta-igneous
units, which have been metamorphosed to mid-amphibolite
facies and intruded by a quartz diorite—granodiorite pluton.
The SCC is part of the Mid-German Crystalline Rise, an
internal zone of the European Variscides (e. g. Dombrowski
et al. 1995; Okrusch and Richter 1986; Okrusch and Weber
1996; Okrusch et al. 2011; Will et al. 2015; Fig. 2). The
zebra dolomites analyzed in this study formed in Zechstein
carbonates situated at the boundary between the SSC and
the Bunter Sandstone (Fig. 2). A lithological profile (Fig. 2)
shows where the Zechstein formation hosting zebra textures
are located with respect to the basement and the overlying
Triassic successions.

When the Zechstein carbonates were deposited during
the Upper Permian, the Spessart was located in the Hessian
depression within the German sub-basin at the southern edge
of the Zechstein Sea. The marginal facies of the Zechstein
basin was characterized by a high concentration of carbon-
ates and fine-grained clastic material (e.g., Vaughan et al.
1989; Wagner et al. 2010; Okrusch et al. 2011; Fusswinkel
et al. 2014). This carbonate sequence hosts the zebra dolos-
tones (Figs. 1, 3). A basal breccia or conglomerates, marls,
shale, and dolomites [Zechstein z1-Werra cycle] usually
mark the beginning of the Zechstein cycle (Kédding 2005).

Regional mineralization history

The formation of the zebra dolomites is linked to hydrother-
mal alteration and potential mineralization. In the Spessart,
several mineralization types can be distinguished (Wagner
et al. 2010) and here we describe the types of mineralisation
that are found in the vicinity of the zebra dolomite occur-
rence in the Falkenberg tunnel. Economically, the most sig-
nificant ore deposits in the vicinity are the Kupferschiefer
deposits which are one of the world’s largest and arguably
most famous copper enrichments of this type (Schmidt and
Friedrich 1988). The name of the deposit is derived from
the Permian Kupferschiefer Formation, which consists of
clay-rich bituminous shale that was deposited on the floor
of the Zechstein Sea, probably under reducing conditions.
The marginal facies of the Kupferschiefer can reach a thick-
ness of up to 4 m, whereas the thickness of the basal facies
is typically 0.3-0.5 m (Vaughan et al. 1989 and references
therein). The metal enrichment associated with the Kup-
ferschiefer formation is not restricted to this stratigraphic
unit but also spreads into Zechstein sedimentary rocks (Borg
et al. 2012). Base metals are concentrated predominantly
in the basal part of the Kupferschiefer with dominant ore
minerals being Cu—As sulfides (tennantite, enargite) and
arsenides (loellingite, arsenopyrite) replacing older copper
sulfides (Vaughan et al. 1989 and references therein). Addi-
tional mineralization occurs as strata-bound mineralization
(Cu—Pb—Zn—(Ag)—As) hosted mainly by the Kupferschiefer
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Fig.3 a Outcrop of the Zechstein carbonates (zs) hosting zebra dolo-
mites in the Falkenberg tunnel approximately 1074 m from the west-
ern entrance of the tunnel in the left track. The Zechstein dolomite
exhibits a wavy contact with the overlying clay-rich Brockelschiefer
(bs). b Detailed view of the area marked by the yellow rectangle in
Fig. 2a. The zebra pattern occurs in the form of isolated patches (indi-

unit and adjacent carbonates (Wagner et al. 2010). Epige-
netic polymetallic veins (Co, Ni, Bi, As sulfides) are pre-
dominantly hosted by the Zechstein carbonates (Wagner
and Lorenz 2002; Okrusch et al. 2007) and in the underly-
ing Permian redbeds, which is considered to be one source
of the base metals (i.e., Jowett 1986) that were leached by
upwelling hydrothermal fluids and precipitated at shallower
depths (Borg et al. 2012). Copper was likely leached by the
same hydrothermal fluids from abundant volcaniclastic lith-
ologies in the lower part of the redbeds (Borg et al. 2012).
It is thought that the Cu deposition was probably triggered
by reducing organic matter contained in the Kupferschiefer
formation. The exact timing of the mineralization is still
controversial today (Jowett 1986; Fusswinkel et al. 2014).

Relicts of the primary Kupferschiefer mineralization
stage are preserved sporadically in the Spessart as most of
the earlier deposits have been reworked and remobilized by
subsequent fluid flow events (Wagner et al. 2010). Different
mineralization stages are thought to result from the episodic
release of hydrothermal fluids related to the extension and
subsidence of the Permian Basin that continued at least until
the Cretaceous (Alderton et al. 2016). Schmidt-Mumm and
Wolfgramm (2004) observed that the evolution of the fluid
system that formed the Kupferschiefer-type mineralization
is coherent on a regional scale and is related to the tectonic
evolution of the southern Permian Basin.

Near the Falkenberg tunnel, four distinct types of miner-
alization are of importance (Fig. 2). The tectonically con-
trolled vein-type mineralization (type 1), hosted by meta-
morphic rocks of the SCC is Mid-Jurassic to late Cretaceous
in age. As this type of deposit often shows a close spatial
relationship to the strata-bound Cu—Zn—Pb mineralization of

cated by the yellow arrows). Most of the zebra layers are orientated
parallel to the bedding planes of the overlying Brockelschiefer but in
some areas the layering is at an angle of about 45° to the bedding.
Apart from the zebra patches numerous light regions can be observed
that are filled with calcite and/or barite indicating a hydrothermal
alteration that affected the sedimentary strata

the Upper Permian Kupferschiefer, a genetic link between
both metal enrichments is likely (Okrusch et al. 2007). Meta-
somatic strata-bound Fe—-Mn mineralization (type 2) occurs
throughout the Spessart and formed within the Zechstein
formation, above the Kupferschiefer and below the Brockels-
chiefer units (Okkrusch et al. 2007). A hydrothermal origin
is likely for this mineralization given the spatial correlation
of the mineralization to faults, the brecciation of ore zones,
the presence of Ba-bearing veins, as well as the sporadic
silicification of associated dolomite (Okrusch and Weinelt
1965).

The Permian extension of the basin also caused mag-
matism of which the rhyolite that is exposed in the Hart-
koppe quarry to the east of Sailauf is an example in the
Spessart (Fig. 2). This rhyolite intrusion hosts a versatile
assemblage of hydrothermal Fe—-Mn—As minerals (type 3)
that are located at the unconformity between the underlying
basement and the overlying Zechstein carbonates. Based on
geochemical studies, Fusswinkel et al. (2013) distinguished
two main ore-forming stages in the Hartkoppe mineraliza-
tion: stage I comprised cockade ore (braunite), calcite haus-
mannite and small, needle-shaped manganite and bixbyte;
stage II is characterized by the formation of Mn calcite and
the subsequent precipitation of Fe—Mg calcite. The miner-
alization is concluded by an alteration stage that comprises
serval replacement mineral phases (Fusswinkel et al. 2013).
The mineralization is interpreted to have resulted from two
periods of hydrothermal fluid flow, one dominated by the
precipitation of Mn oxide and the other by hematite. The
fluids of the Mn oxide stage are comparable to fluids that
mineralized fractures in the Permian redbeds, and the flu-
ids that resulted in the hematite stage exhibit compositions
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that are similar to basement-derived mineralizing brines as
described, for instance, by Muchez et al. (2005) and Fuss-
winkel et al. (2014). The age of the mineralization was deter-
mined by dating of oxide minerals and illite and indicates
hydrothermal activity from Mid-Jurassic to Early Cretaceous
time (178-180 Ma) (Hautmann et al. 1999; Okrusch et al.
2007).

Barite (type 4) can be traced along major faults through-
out the Spessart and occurs as several sets of veins that often
follow Hercynian NW-SE strike. Widespread similarities in
the mineralogy of these veins provide evidence for a large
hydrothermal network that prevailed in deep formations
within the basement (Wagner et al. 2010). The relative age
of the barite is younger than Triassic (Cramer and Weinelt
1978). The dominant mineralization in the Spessart is spa-
tially related to and constrained by high-permeability zones
around faults and was driven by upwelling hydrothermal
fluids during the post-Variscan extension of the European
basin (Cramer and Weinelt 1978).

Studied samples

The strata that host the zebra texture investigated in this
study were only made accessible because of regional railroad
development and the construction of the Falkenberg railway
tunnel (Lorenz 2018). Zechstein carbonates with zebra tex-
tures were encountered approximately at tunnel meter 1100
m along the right track and at tunnel meter 1074 m along
the left track (Fig. 2). At the study site, the zebra dolomites
unconformably overlie the crystalline basement. Clay-rich
bituminous shales of the Kupferschiefer that are thought to
be linked to base metal mineralization (Wagner et al. 2009)
are sparse in the area and only outcrop sporadically below
the Zechstein carbonates along the boundary between the
basement and the overlying Permian sedimentary rocks
(Fig. 2). The bedding of the dolomite is sub-horizontal and
is conformable to the overlying strata, as indicated by the
orientation of bedding-parallel stylolites (Fig. 3).

The overlying stratum, the “Brockelschiefer”, is a low-
permeability, clay-rich horizon, forming the Fulda formation
of the uppermost Zechstein group (Fig. 3a). Most of the
zebra layers are oriented parallel to the bedding planes of
the Brockelschiefer but in some areas, the layering is at an
angle of about 45° to the bedding. It is noted that, because
of incomplete stratigraphic records, the affiliation of the car-
bonate succession observed in the Falkenberg tunnel cannot
be assigned to a specific cycle within the Zechstein group.

The zebra dolostone occurs as isolated patches (Fig. 2b),
where most of the zebra bands run parallel to the bedding
plane, yet some bands are oblique to the bedding (Fig. 2b).
The orientation of zebra stripes changes significantly (by
up to 90°) between different patches of stripes even though
these patches are only 10 to 15 cm apart from each other
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(Fig. 3a). The spacing between zebra layers also changes at
the scale of a hand specimen, from 1 mm to 1 cm (Fig. 3b).
Other features of the structure are branching and small dis-
placement of zebra bands that can be observed in Fig. 3b, c.

Methods

Thin sections of different thicknesses were prepared from
three representative hand specimens (Fig. 1b—d). We con-
ducted a petrographic, diagenetic, and mineralogical study
of the zebra dolomite using transmitted light, cathodolumi-
nescence (CL), and scanning electron microscopy (SEM)
in combination with energy-dispersive spectroscopy (EDS)
analysis. We also reconstructed the chemical composition
and the temperature phase of the past fluids to infer the ori-
gin of the fluids that interacted with the rock during and
after the pattern development. This was achieved by oxygen
and carbon stable isotope analysis coupled with fluid inclu-
sion micro-thermometry of fluid inclusions sampled from
both, dolomite and calcite cements in the zebra bands. The
petrographic characterization of the samples was performed
using a Carl Zeiss Axioplan polarized microscope on 30 pm
thick sections (Figs. 4, 5, 6¢). A preliminary assessment of
chemical variations was performed using Cathodolumines-
cence CITL CCL 8200 Mk4 instrument operating under
constant gun conditions of 15 kV and 300 pA. The micro-
structural and the chemical mapping of both carbonate and
non-carbonate species of the zebra samples were imaged
with a Carl Zeiss Sigma VPAnalytical SEM equipped with
Oxford Instruments Aztec microanalysis (EDS) at the Imag-
ing Spectroscopy and Analysis Centre at the University of
Glasgow (Figs. 7, 8, 9, 10).

Fluid inclusion micro-thermometry was carried out at
the University of Glasgow using a Linkam MDS600 heat-
ing/freezing stage connected to a TMS94 System Con-
troller equipped with an LNP94/2 liquid nitrogen-cooling
pump. The micro-thermometric stage was calibrated with
an accuracy of 0.5 °C from 50 to 600 °C, following the pro-
tocol established by MacDonald and Spooner (1981). We
selected only isolated inclusions or assemblages of primary
fluid inclusions on three polished 100 um-thick sections of
which the diagenetic state of the calcite cement was checked
by cathodo-luminescence microscopy on mirror sections
(Fig. 11a, c). The studied fluid inclusions were biphasic,
with a size ranging from 10 to 20 um. Homogenization tem-
peratures were obtained by ramping up the temperature at
a rate of 5 °C/min to the point that the bubble started to
move. The heating rate was then decreased to 2 °C/min,
with a 2-min hold of the temperature every 4 °C. Given the
size of the fluid inclusions and to avoid stretching, the tem-
perature of homogenization was determined by reaching the
temperature at which the bubble was no longer visible (with
an accuracy of 0.5 °C). The temperature was then decreased
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Fig.4 left: Overview scan

of a thin section with clearly
observable zebra banding. The
central part of the light layers

is frequently filled with calcite.
Right: 1 composite micrograph
(PPL) sowing a profile along the
whole thin section. The banding
is hardly visible, and no consid-
erable grain size difference is
observed. 2 Micrograph (XPL)
of the area indicated in the scan.
Around the calcite cement (cc)
the crystal shape of dolomite is
preserved. This is also observed
in micrograph 3 (XPL). One
striking feature is that the
crystals around the central
void-filling calcite appear clear
compared to the rest of the thin
section that exhibits an overall
high impurity density. The
images 4 and 5 represent high-
resolution scans of the areas
indicated in the overview scan.
Numerous peloids that probably
represent ooid ghosts can be
observed and in addition to that,
the grain boundaries in the dark
areas of the pattern appear very
dark

Fig.5 left: Scan of a highly altered zebra dolomite sample. Right: 1
Micrograph (PPL) shows that the calcite cement (cc) in the central
part of the light layers had been overgrown by barite (ba) that is also
found in the dark dolomite (doll). 2 A detailed view (micrograph
under PPL) of the banding reveals that the grains surrounding the cal-

by 10 °C/min, and this was repeated until the bubble reap-
peared. When the temperature of homogenization was

cite cement (cc) exhibit the crystal shape of dolomite and comprise a
lower impurity concentration compared to the rest of the section. A
grain size difference between the dark (doll) and the light dolomite
(dol2) is also be observed. In micrograph 3 it is possible to assess the
initial border of doll and dol2

reached, the bubble reappeared suddenly, about 40 °C lower
than the temperature noted when the bubble disappeared
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|| Calcite
[l Dolomite
[l Quartz
| Barite
M Porosity

Fig.6 a Scan of altered zebra dolomite samples. Superimposed is a
SEM-map (backscattered mode). b SEM-map converted into a com-
positional map. The transformation had been performed with AVIZO
based on the greyscale of the initial SEM image. It becomes obvious
that the sample had been subjected to extensive dedolomitization,
whereas dolomite crystals are still present around the calcite cement
in the central parts of light layers. Finely dispersed quartz crystals
are present in the dedolomitized dark zebra dolomite layers. ¢ micro-

Fig.7 left: Scan of a thin section indicating the locations of the
SEM-micrographs 1—4. Right: The images 1 and 2 are situated in the
light regions of the zebra dolomite. The micrograph 1 consists almost
completely of calcite whereas relicts of the initial dolomite are still
observed under high magnification in 2. The crystal margins clearly
exhibit reaction rims that are built up by high-Mg calcite. Micro-
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Calcite

graph (XPL) of the same area shown in b. The calcite cement in the
central part of the light layers can be clearly distinguished from the
rests of the thin section that also consists predominantly of calcite.
The microstructure of the calcite cement indicates a void-filling ori-
gin indicated by pronounced undulose extinction and curved twinning
lamella, which are also observed in the other samples (Figs. 4-2, 4-3,
5-3)

Dolomite‘
\

high-Mg Calicite

Calcite

Quartz

Pyrite
high-Mg Calcite /

Dolomite
Barite

graphs 3 and 4 are in the dark regions of the pattern that had been
subjected to a more pronounced dedolomitization compared to the
light areas. Another difference is that numerous secondary minerals,
such as quartz and feldspar, are present, probably representing detri-
tus from the underlying quartz diorite
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Fig.8 EDS spectra along the
margin of a dolomite crystal

in the central part of a light
zebra layer. The locations of the
analyzed points (1-4) are shown
in the right SEM micrograph
(backscattered). The investi-
gated points progress from the
inside of a dolomite crystal into
the calcite cement. A succes-
sive decrease in Mg content
that coincides with an initial
increase (1 —2) and a final drop
(3—4) of Fe and Mn

>1 Ca
K
8 Mn Fe
<
o
(&)

o O, Mn Fe

0 2 6 8 10keV

(Goldstein and Reynolds 1994). Considering the small size
of the fluid inclusions, an estimate of the ice melting tem-
perature was not attempted.

Material for isotope analysis was handpicked from both,
light and dark layers of the zebra dolomite, from the late-
stage calcite filling in the center of light bands, and from the
dolomitic host rocks. The latter was analyzed from a sample
that exhibited no zebra texture (Fig. 11a) and from areas
outside the actual zebra texture development (Fig. 1b). Rock
powder was collected using a scalpel and a dentist drill to
avoid any contamination between vein and host rocks. The
carbon and the oxygen stable isotope compositions of the
samples were analyzed at the Scottish Universities Envi-
ronmental Research Centre (SUERC) in East Kilbride. The
samples were dissolved in phosphoric acid in a water bath at
a constant temperature of 70 °C for three days. The resulting
CO, was collected with an automated sampler and analyzed
four times using a VG Optima gas-sourced mass spectrom-
eter with the average of the last three measurements used
to establish the 5'0 and 8'3C values. The mean analytical
reproducibility based on replicates of the internal SUERC
laboratory standard MAB-1 was approximately +0.2%o.
Measured isotope ratios are reported as per mil deviations

relative to the Vienna PeeDee Belemnite (VPDB) using con-
ventional delta notation.

Results
Petrological and microstructural analysis

As the grain size difference between the light and dark bands
is a general feature of zebra dolomites (Kelka et al. 2015),
the zebra banding is observable at the outcrop scale (Fig. 3).
However, it is difficult to discern by transmitted light micros-
copy (Fig. 4). The dark bands comprise impurity-rich small
crystals of dolomite. The dark regions of the sample still
contain initial sedimentary features (ooid-shaped) and the
boundaries of the crystals in these areas appear very dark
indicating a high density of impurities (Fig. 4e, f). At the
transition from the dark to the light bands, the dolomite crys-
tals increase in size and attain well-developed facets toward
the center of the light bands. The light bands comprise impu-
rity-poor euhedral dolomite crystals, and the central part of
the layers is frequently filled with calcite crystals that exhibit
undulose extinction and twinning (Fig. 5). The latest phase
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Fig.9 a SEM micrograph (backscattered) of a light zebra layer. The
central part of the image shows the calcite cement; along its margins
the shape of the dolomite crystals is still visible. Numerous fractures
in dolomite are filled with calcite. b SEM micrograph (backscattered)
of the area marked by the black rectangle in a. The fractures are filled
with two types of calcite that can be distinguished based on their
greyscale value (density). Moreover, the sample has a high porosity.
The blue arrow indicates the location and the direction of the EDS

consists of needle-shaped barite crystals that overgrow fine-
grained aggregates of calcite (Fig. 5c).

SEM-EDS analysis highlights the occurrence of several
mineralogical phases in most samples (Fig. 6): Both dark
and light layers are a mix of dolomite and calcite, except for
the calcite crystals at the center of the light layers. Within
the dark bands, authigenic sulfides pyrite and sphalerite,
authigenic arsenides such as cobaltite are present (Fig. 7),
along with other authigenic minerals, such as micas, K-feld-
spar, and quartz. In addition, very small grains of detrital zir-
con were detected in some of the dark bands. In the center of
the light bands, the characteristic shape of the dolomite crys-
tals is preserved but has been partially replaced by calcite,
with dolomite crystals surrounded by an inner rim of high
(Mn, Fe)-calcite, itself surrounded by pure CaCO; (Fig. 8).
The same sequence is also encountered both in fractures and
along grain boundaries (Fig. 9). Finally, even though in the
light areas, some authigenic phases are observed, these are
much smaller (~ 10 pm) compared to the larger crystals in
the dark areas (up to 200 pm) (Fig. 10). Under CL (Fig. 11),
the light layers and the calcite cement are distinguishable
from the dark layers by their brighter luminescence.

@ Springer

profile in the lower left of the figure. ¢ Detailed view (backscattered
SEM image) of the area within the black rectangle in b. Two calcite
phases with a sharp boundary are present in one fracture. The lighter
phase consists of (Fe, Mn)-rich, the medium gray of virtually pure
calcite. The distribution of the calcite filling, the remaining dolomite,
and the concentration of Fe—Mn in one of the calcite phases is shown
in the EDS-profile to the lower left of the image

Fluid inclusion micro-thermometry

Thirty-nine (39) fluid inclusions were analyzed in the
study. 33 were in the light dolomite bands and 6 in the
calcite cement (Fig. 12). In the dark bands, observations
and measurements of the fluid inclusions were prevented
by the opacity caused by numerous impurities. The modal
value of the fluid inclusion homogenization temperature
(Ty) in the light bands is 116 °C, with a population rang-
ing from 90 to 280 °C. The asymmetrical distribution
pattern of T, values indicates that the highest T, values
might reflect thermal resetting at peak burial depth. This
is corroborated by the modal value of the 7}, measured in
the late-stage calcite filling of 305 °C. Hence, a slightly
underestimated crystallization temperature (7}), for the
dolomitization is considered to be ca. 120 °C, while the
maximum crystallization temperature reached by the strata
is considered to be preserved by fluid inclusions present
in the late-stage calcite and by some reset fluid inclusions
in the dolomite, i.e., 305 °C.
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Fig. 10 Selection of SEM-micrographs all obtained in backscat-
tered mode. a Micrograph of a light zebra layer. The fracture density
and the amount of calcite is highest in the center of the light layer.
b Micrograph of the boundary between the calcite cement in the
center of a light layer. The contact between the two carbonate phases
is sharp and an enhanced porosity is observed in the calcite part. ¢
Example of a barite aggregate in one of the dark regions of the zebra
texture. The precipitation of the Ba phase seems to coincide with the
formation of calcite that formed along fractures and grain boundaries.
d Image of a dark zebra layer. A fracture is visible in the central part
of the image that comprises a cluster of high-density material. Cal-

cite can be observed on grain boundaries as well as in the fracture.
e The area marked by the light-blue rectangle in d is shown under
high magnification. An EDS analysis revealed that the cluster within
the fracture is build up by small crystals of Co—Ni arsenide. A diffu-
sive profile extending from the center of the calcite-filled fracture into
the surrounding dolostone coincides with the concentration of Mg in
the carbonates, thus indicating progressive dedolomitization. f Micro-
graph of a dark zebra layer showing fractures filled with calcite. This
image clearly proofs that the dedolomitization progressed from the
calcite-filled fracture into the dolomite and also shows that the calcite
precipitation coincided with the precipitation of sulfides (pyrite)

Fig. 11 a Cathodoluminescence image of a zebra dolomite sample.
The light layers (w) exhibit a brighter luminescence compared to
the dark layers (d) indicating changing redox conditions during the
formations of the two phases. In the lower left calcite cement (c) is
visible. The rectangles fil and fi2 indicate the location of two sets of
fluid inclusions analyzed in this study. b Fragment of a Zechstein car-
bonate, not affected by formation of the zebra pattern and subsequent
dedolomitization. A clear grain size contrast is obvious, whereas

Stable isotope

Oxygen and carbon isotopic ratios were determined for
13 samples from the host rock (n=3: 813C=[3.20 to
3.93]1%0VPDB; 8'%0 [— 10.37 to —6.00] %0 VPDB), the light
bands (n=4: §'*C=[2.04 to 3.46]%.VPDB; §'%0 [- 12.07
to —10.48] %oVPDB); the dark bands (n=3: 8'*C=1[1.82
to 3.57]1%0VPDB; 8'80 [— 12.43 to — 10.46] %0 VPDB) and
the calcite filling in the middle of the light bands (n=3:
83C=[-3.57 to —2.90]%.VPDB; 8'%0 [— 13.33 to — 11.84]

the boundary between the coarse- and the fine-grained is marked by
a stylolite. The fine-grained carbonate in the lower left of the image
shows numerous sedimentary features (peloids) and a high impurity
concentration whereas less impurities and no sedimentary relicts are
present in the coarse-grained region. ¢ microphotograph of biphasic
primary fluid inclusions (marked with a black arrow on the right-
hand side) analyzed in this study

%o VPDB). Isotope values from the zebra bands are consid-
ered collectively to represent the fluid event responsible for
the zebra pattern formation, despite the few dedolomitization
patches that were not possible to isolate from the bulk mate-
rial. Data are reported on a §'%0 vs §'°C plot (Fig. 13) and
compared to stable isotope ratios obtained from the Hart-
koppe rhyolite near Sailauf (Fusswinkel et al. 2014; loca-
tion on Fig. 1) and from two Zechstein carbonate formations
which host mineralization of the Kupferschiefer-type (Bech-
tel et al. 2000; Bechtel and Piittmann 1991). Considering the
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Fig. 12 Histogram showing the homogenization temperature modes
of primary fluid inclusions detected in the zebra dolomites from the
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measured T, as representative of the minimum fluid tem-
perature at the time of crystallization (Hanor 1980), we can
calculate the 8'80 values for the fluid using fractionation
equations (Kim and O’Neil 1997 for calcite; Horita 2014 for
dolomite) (Fig. 13b). From our dataset, two distinct groups
of fluids are involved in the evolution of the zebra dolo-
mite: (1) a fluid associated with the development of the light
layer of the zebra dolostone, that returns a 8'30y,;4 value of
1 +1%0VSMOW (Fig. 13c), and (2) a fluid associated with
the late-stage calcite precipitation that yields a 618Oﬂuid value
of 18%0VSMOW.

An interpretative sequence of diagenesis and ore
genesis

By combining structural and microstructural observations
with fluid temperature and isotopic characterization, we pro-
pose a sequence which comprised five diagenetic events to
have altered the original limestone.

Dolomitization I (dol I)

The first alteration event to affect the limestone was the
replacive dolomitization I event. Non-carbonate impurities
and original sedimentary features, such as the ooids, were
preserved in the dark dolomite bands (Fig. 4e, f). We pro-
pose that the signature of the original dolomitizing fluids
preserved in the light dolomite bands was likely derived
from seawater (T}, = 122 °C, 8'30;,,4,=0 to 3%o). This sug-
gests that the dolomitization process was related to burial
diagenesis, with a temperature consistent with the burial his-
tory of the Zechstein group in the basin (Duschl et al. 2016).

Dolomitization lI: light zebra layer (dol I)

The large dolomite crystals in the light bands display no
record of the initial sedimentary features (e.g., ooids,
Fig. 4a), and represent the only phase in which small
amounts of sphalerite were identified. These observations
support that the zebra texture is related to a secondary dolo-
mitizing event. Unfortunately, the fluid inclusion homog-
enization temperature could not be measured, limiting the
paleofluid characterization. Assuming that the mineralizing
fluid was the same as for the dol I (i.e., 6180ﬂu1d=0%o), one
can use the measured values of 8'%0,c; in the dol II phase
to predict that this phase crystallized at a temperature of
220 °C (using Kim and O’Neil 1997 fractionation equation).

Dedolomitization (dedol)
The dolostones were altered by a fluid flow event that post-

dated the formation of the zebra texture, as evidenced by
the barite veins that crosscut the zebra texture (Fig. 3b),

and the dissolution features present along the central part
of the light layers (Fig. 1d). The dedolomitization phase is
observed in both, the dark and light bands where dolomite
is replaced by Fe—Mn-rich calcite while preserving the ini-
tial volume (Fig. 8 phases 1-2-3), which is evidence for
a dissolution—precipitation process (Putnis 2009; Centrella
et al. 2020). Dedolomitization of the zebra bands clearly
progressed along micro-fractures and grain boundaries
(Fig. 9a), whereas fracturing and subsequent replacement
of dolomite by calcite is more pronounced in the light bands.
The calcite filling follows the grain boundaries in the dark
bands indicating that the fluid pathways were controlled by
the grain boundaries and not by a fracture network (Fig. 10).

The presence of Fe indicates a reducing fluid. Small
quantities of pyrite have been found bound to this calcite
(Fig. 10f), but unlikely precipitated from the same fluid. The
occurrence of this Fe-Mn-rich calcite localized around grain
boundaries and inside fractures (Figs. 9, 10) raises the ques-
tion of whether this could be related to the same fluid system
that formed the Mn-rich calcite and hematite present in the
area around Sailauf (Fusswinkel et al. 2014). Two possible
fluid sources can be considered for this event. First, the iso-
tope measurements can be used to predict a temperature of
precipitation of approximately 220 °C assuming the fluids
are seawater. Alternatively, we tentatively combined the 7}
measurements reported in Fusswinkel et al. (2014) with the
8'80, 03 measurements on the same material and reported
in the same study to derive the oxygen isotope value of the
fluid responsible for the dedolomitization phase (Fig. 13b).
It is noteworthy that doing so means that the §'%0,o; and
the T}, values are representative of the same initial fluid-rock
interaction event. Under this assumption, the fluids respon-
sible for dedolomitization are characterized by a 8804
value of 4.7+0.3%0 (Fig. 13b), hinting toward a slightly
evolved basin brine. In such a case, the precipitation tem-
perature is ca. 150 °C.

Late-stage calcite precipitation (cal I)

The light bands of the zebra dolomite are characterized by
a median line consisting of a calcite cement of up to 3 mm
thick, a small-scale chemical transition with the Mn—Fe
calcite produced by the dedol I (Fig. 8). Such a chemical
contrast is also observed in the zebra dolostones where pure
calcite can be found overprinting Fe—Mn calcite from dedol
I. In some samples, macroscopically visible chalcopyrite
crystals are found in the late-stage calcite fillings that usu-
ally represent zones of microporosity (Fig. 10). From other
localities, it was found that the cavernous pores along the
median line of the light zebra bands are often filled by cal-
cite or in the proximity of mineralization with chalcopy-
rite or pyrite (Swennen et al. 2003). The fluid has a very
light 8'80y,,4 value 18%o¢ and precipitation occurred at a
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very high temperature (7}, > 300 °C), with resulting calcite
characterized by a depleted 8'C ratio (—4%o). This fluid
signature can be interpreted as a highly evolved brine, or as
a metamorphic-derived fluid (Beaudoin et al. 2023).

Late-stage barite mineralization

The barite veins within the Zechstein often contain an early
dolomite and calcite infill. Chalcopyrite, pyrite, and small
amounts of tennantite are often associated with barite veins
(Wagner et al. 2010). It is important to note that different
phases of barite mineralization occurred in the Spessart. One
way to distinguish between the oldest and youngest genera-
tion is based on the color and textural appearance. While the
older barite generations appear as a uniform aggregate that
has a white to slightly yellow color, the younger barite (up to
tertiary) exhibits colloform banding with a brown coloration
(Lorenz et al. 2018). The age of the older barite mineraliza-
tion was constrained by the radiometric dating of the textur-
ally older (braunite) and younger (hematite) mineral phases

1.) Ooilithic limestone
(Permian Zechstein)

2.) Ooilithic dolostone

(Okrusch et al. 2007). U-Th—He-dating reveals that the bar-
ite formed between 160 and 145 Ma (Wagner et al. 2010).

Discussion
Fluid system evolution and timing

Based on the analyses presented in this study, we derive
a preliminary paragenetic sequence using isotope ratios
and the temperatures and fluid characteristics derived from
fluid inclusions associated with each phase of carbonate
crystallization identified (Fig. 14). First, the Zechstein car-
bonates were dolomitized during burial (e.g., Davies and
Smith 2006) at 120 °C. The depleted §'*0 values of the
dark bands relative to the light bands support a process that
involves an interaction with seawater at 220 °C. The local
burial history of the basin precludes that the latter tempera-
tures formed due to a high geotherm, especially as there is
no volcanic activity reported in the vicinity. Consequently,

3.) Zebradolomite
(dolomitisation II)

- deposition of impurity-rich
carbonates in Erzbach trough

- infiltration of hydrothermal fluid

5.) Late-stage calcite

- compaction of strata (stylolite formation)
- infiltration of hot fluid

4.) Dedolomitization

a7

v\sulphide

6.) Baryte emplacement

o)

- fi i:tu ing
- infiltration of hydrothermal fluid
- precipitation of (Fe,Mn)-calcite

- fracturing along median line
- infiltration of hydrothermal fluid
- precipitation of late-stage calcite

- precipitation of baryte

- precipitation of pure calcite

Fig. 14 Schematic sketch of the paragenetic sequence of the Zechstein carbonates from the Falkenberg tunnel based on the microstructural and
chemical data obtained in this study
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the hypothesis of fluid—rock interactions with local seawater
heated to 220 °C is unlikely, so we postulate that the dark
layers of the zebra dolomite developed by an interaction with
migrating fluids present inside the basin. Subsequently, (Fe,
Mn)-calcite, along with pyrite (Fig. 10c, f), and (Co, Ni)-
arsenide (Fig. 10d, e) precipitated from a dedolomitizing
fluid, that likely represents a slightly evolved seawater at
150 °C (Fusswinkel et al. 2014). Finally, migrating fluids
with a temperature of >300 °C precipitated calcite in the
vuggy pores in the light layers of the dolomite. The tem-
perature of precipitation, along with the very light oxygen
isotope value of the fluid (> 18%0), support the presence of
deep sourced fluids that infiltrated into system.

Comparison of the isotope ratios of the various petro-
logic phases encountered within the Polish—-German Zech-
stein Basin (Fig. 13) shows that the dolomitization phases
doll and dollI of the zebra dolostones do not coincide with
other carbonate phases (Bechtel et al. 1991, 2001). Thus, a
link between zebra dolomite formation in the Falkenberg
tunnel and the ore fluids in the Polish—German Zechstein
basin cannot be established. Therefore, the fluids that formed
the hydrothermal ore deposits of the Spessart were either
derived from a different source or are the result of different
fluid—-rock interactions. However, the formation of late-stage
calcite falls into a similar geochemical range as that of the
hematite stage calcite from the (Fe, Mn, As)-mineralization
observed in the Hartkoppe quarry (Fusswinkel et al. 2014),
(Figs. 1, 13a). We suggest that a fluid that is similar to the
Fe—Mn—As mineralization at Sailauf triggered the dedolo-
mitization event. Consequently, this indicates that the upper
boundary for the timing of the zebra dolomite formation is
147.6-136.3 Ma based on dating of the Sailauf mineraliza-
tion (Hautmann et al. 1999; Okrusch et al. 2007). Our inter-
pretation is that pattern formation in the Falkenberg tunnel
has therefore occurred after the deposition of the Zechstein
group (Late-Perm) and before the Upper Jurassic.

Even though a hydrothermal fluid system that caused the
upwelling of fluids from depth was likely active during the
genesis of the zebra pattern, economic mineralization asso-
ciated with the texture formation cannot be confirmed for
the Falkenberg tunnel. Small amounts of ore minerals ((Co,
Ni) arsenides) were detected in the light dolomite layers
indicating that the fluid contained metals. The hydrother-
mal solutions caused dedolomitization and precipitation of
calcite along grain boundaries and in fractures. Some pyrites
also formed from this solution but only in small quantities.
Chalcopyrite was observed within larger vugs that had been
filled with calcite. It is likely that the barite that overgrows
all the previously formed carbonate phases precipitated from
this fluid as well.

We propose to pinpoint our paragenetic sequence with
absolute ages, based on the findings that the Polish and
North German parts of the Zechstein basin were expelling

fluids during the Mesozoic. The ductile Zechstein sedimen-
tary rocks (Schmidt-Mumm and Wolfgramm 2014) later
trapped the brines that migrated along normal faults to deep
crustal levels during the extension of the basin.

A large-scale fluid system (several hundreds of kilome-
ters) was present in the southern Permian basin and involved
fast migrating pulses of fluids, which can be explained by
the fast subsidence at the beginning of the late Rotliegend
Zechstein periods (260-230 Ma), and that continued until
the late Cretaceous when the inversion of the basin occurred
(Alderton et al. 2012). This agrees with evidence of post-
Variscan hydrothermal activity found in the Spessart that
prevailed from the Middle Jurassic to Early Cretaceous in
the form of several pulses (Okrusch et al. 2007).

Lessons learned from the formation of Zebra
dolomite

The description and the investigation of new zebra dolos-
tones are good opportunities to further discuss the forma-
tion models of zebra textures proposed in the literature.
For instance, the preservation of primary sedimentary
features such as ooids and the contrast in impurity content
between the dark and light bands provide evidence for a
non-sedimentary origin of the texture, which is similar to
that described for the zebra dolomites encountered at the
San Vicente mine in Peru (Kelka et al. 2015). Jigsaw-like
matching (Merino et al. 2006; Wallace and Hood 2018) of
the dark layers surrounding light layers was not observed in
the samples from the Falkenberg tunnel. This, together with
the change in orientation of approximately 90 degrees of
the zebra layering on a decimeter scale (Fig. 1a), indicates
that fracturing is unlikely to be the fundamental process of
fabric formation.

As outlined in Fig. 14, we propose a two-stage process
for the zebra fabric development; dolomitization of the ini-
tial limestone was followed by a second dolomitizing event
that led to recrystallization and the development of the light
bands. To trigger both, the replacement of the initial lime-
stone and the subsequent recrystallization, the fluids must
have provided enough Mg to maintain the reaction. Saline
solutions that were either derived from seawater or from
interaction with evaporites are proposed as a potential source
of the Mg-rich fluids. Our interpretation of the fluid system
and diagenetic evolution of the host rock relates the zebra
fabric formation to basinal brines with a temperature of ca.
200 °C.

As we have shown, dolomitization of the Zechstein strata
in the Falkenberg Tunnel is more pronounced in the dark
zebra layers (Fig. 6) leading to a complete replacement of
dolomite by calcite in these areas. This may indicate that the
initial grain size was very fine in the dark layers resulting
in a much larger reactive surface area. Hodson (2006) who
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also found that coarser grains were more likely to fracture
in response to dissolution experimentally confirmed the cor-
relation between finer grain size and a large reactive surface
area. The development of deep cracks in coarse crystalline
rocks during dissolution could explain the dense fracture
networks in the coarse-grained layers that post-date the fab-
ric development. Dissolution can also be enhanced by com-
pression, for instance during tectonic or diagenetic compac-
tion, and it has been shown that the initial roughness of grain
boundaries tends to increase which would further enhance
the reactive surface area (Koehn et al. 2006). Furthermore,
coarser crystalline aggregates are more susceptible to frac-
turing as the yield stress drops with decreasing crystal size
(Hall 1951; Petch 1953).

Recent models for the formation of zebra dolomites pro-
pose that the formation is triggered by considerable volu-
metric strain in a low-permeable, fluid-saturated rock that
leads to the development of material instabilities (Kelka
et al. 2017). These instabilities create channels of enhanced
permeability with elevated fluid pressure (Veveakis and
Regenauer-Lieb 2015). This mechanism is supported by the
presence of late-stage calcite in the fractures at the center
of the light bands, and the (hydro-)fracture pattern in the
dolostone might further indicate the presence of high fluid
pressure (Vass et al. 2014).

Conclusion

In this study, we present for the first time an attempt to
derive the paragenetic and diagenetic history of zebra fab-
rics in the dolomites of the Zechstein Group present in the
western margin of the Spessart Crystalline Complex. Com-
bining several analytical techniques (optical microscopy,
SEM-EDX, CL, FI micro-thermometry, and stable isotope
analysis) leads to unraveling a five-phase process consisting
of two dolomitization events, followed by dedolomitization
event with associated calcite precipitation and, finally, a late-
stage calcite and barite crystallization event. Based on our
petrographic observations, fracturing as the primary mecha-
nism for producing the zebra pattern is unlikely, and disso-
lution along the boundaries of sedimentary layers is prob-
ably not the primary cause for this process, either. Rather,
a continuous supply of reactive solutions that was main-
tained over a prolonged period is a more plausible expla-
nation for the formation of the light zebra layers. For the
zebra dolomites encountered in the Falkenberg tunnel, the
underlying fluid system was likely linked to NW-SE strik-
ing fault zones (Fig. 2) that represent important structures
for Cu—Co-Ni—As ores (Wagner et al. 2010) and explain
the abundant barite mineralization in the Spessart (Okrusch
et al. 2007).

@ Springer

Moreover, we demonstrate that a deep-seated fluid system
was reactivated after the formation of the zebra structures
leading to subsequent dedolomitization and replacement of
the zebra dolomite by (Mn—Fe)-rich calcite. This fluid per-
colated through micro-fractures and along grain boundaries,
causing the dedolomitizing reaction to be enhanced in the
dark bands, which show smaller crystal sizes and thus pos-
sess a higher reactive surface area.

In the framework of the western margin of the Spessart,
we identified two temporally separated fluid pulses, differing
significantly in temperature and isotope characteristics, thus
likely representing two chemically different solutions. This
finding confirms that the marginal facies of the Zechstein
was affected by pulsed upwelling of hot fluids. Our study
findings further support the interpretation that the zebra
structure is not purely a sedimentary or diagenetic feature,
but is a potential indicator for the presence of hydrothermal
systems.
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