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Abstract The lateral extent of subsurface structures and lithologies of ancient orogenies are
frequently obscured by younger units, which restricts our understanding of orogenic processes. In
these regions, subsurface characterization can be conducted through the integration, interpretation,
and modelling of geophysical and geological data. In this case study, we examine the lateral extent
of the Variscan Saxo-Thuringian Basin, which formed during the early Carboniferous and is partly
exposed in the NW Bohemian Massif. West of the Bohemian Massif, the architecture of the entire
Saxo-Thuringian Basin and surrounding basement units remain elusive due to the complete coverage
by post-Variscan sedimentary rocks. The low magnetic field intensity signature of the exposed
portion of the Saxo-Thuringian Basin, in combination with information from basement drilled wells
and observed seismic reflection facies, is used to define the western extent of the basin covered by
Permian-Mesozoic units. Integrated geological and geophysical data interpretation and modelling
show the geometry of the Saxo-Thuringian Basin as a 60 km long and 60 km wide area west of
the Bohemian Massif. Regional Bouguer gravity anomalies are related to the folding and thrusting
of basement rocks and emplacement of orogenic granites, while local anomalies are interpreted as
Permian fault-bounded graben and half-graben structures. The Saxo-Thuringian Basin is developed
in an upper plate position as part of a strike-slip dominated segment of the Gondwana-Laurussia
plate boundary zone on a “low-strain” zone. Due to its lateral position relative to the collisional pile
of the Bohemian Massif, we define it as a “lateral foreland” basin.

2 el T . R - \ ¢ - F0R Frod -
“Department of Geology, TU Bergakademie Freiberg, B.-v.-Cotta-Strasse 2, D-09596 Freiberg, Germany

1 Introduction

A detailed knowledge of the architecture of continental
crust is essential for the analysis of orogenic processes.
In the context of geodynamic models, it is important to
consider the limited availability of geological constraints
at the regional scale. The orogenic crust, in a
state of thermal and gravitational equilibrium, is
characterized by a flat topography and is often overlaid
by post-orogenic sedimentary rocks. In such a case,
integration of the geophysical data sets and the
information obtained from wells can be used. The
combination of geophysical data set and information
from wells with available constraints derived from
exposed orogenic crust of the area represents the optimal
approach for regional studies, as it allows for a more
comprehensive understanding of the area in question.

The Saxo-Thuringian Zone of the Central European
Variscides (Kossmat, 1927) provides an illustrative case
study for this approach. The basement rocks have been

*><4 hamed.fazlikhani@gmail.com

123 |

consolidated in the late Palaeozoic and subsequently
covered by post-orogenic lithologies. Late Mesozoic to
Cenozoic intraplate tectonics (Kley and Voigt, 2008)
have resulted in the recent juxtaposition of pre-Mesozoic
units and younger lithologies in the northeast and
the southwest respectively, which are separated by the
NW-SE striking Franconian Fault System (Figure 1).
The exposed part of the Saxo-Thuringian lithologies
display a great complexity comprising very low grade
pre- and synorogenic sediments in tectonic contact with
medium to high grade allochthonous complexes. The
crystalline units partly experienced Variscan (ultra) high
pressure (Massonne, 1998; Rétzler and Plessen, 2010;
Schmddicke et al., 1992; Willner et al., 2000), as well as
ultra-high temperature (Reinhardt and Kleemann, 1994;
Rotzler and Romer, 2001) metamorphism indicating
continental subduction until the early Carboniferous
(~340 Ma, e.g., Kroner et al., 1998; Kylander-Clark
et al., 2013) and rapid exhumation in upper crustal levels
until 330 Ma (Hallas et al., 2021; Rétzler and Romer,
2001). Most importantly, the tectono-metamorphic
evolution of the Saxo-Thuringian crystalline complexes
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occurred contemporaneous with marine sedimentation
in the synorogenic Saxo-Thuringian Basin (STB, Hahn
et al., 2010).

Consequently, tectonic models changed significantly
from the traditional view of (Kossmat, 1927) and also
from first plate tectonic explanations (Franke, 1989).
Traditionally the entire Saxo-Thuringian Zone (STZ)
has been regarded as a long-lived marine basin that
was characterized by continuous sedimentation onto a
Precambrian basement from the Neoproterozoic until the
early Carboniferous (von Gaertner, 1951). Hence, the
term Saxo-Thuringian Basin (STB) has been assigned
as a synonym for the entire Saxo-Thuringian Zone. In
such a view, the Neoproterozoic / Palaeozoic lithologies
of the so called (par)autochthonous “Thuringian facies”
are overlain by the allochthonous sequences of the
exotic “Bavarian Facies”. ~Synorogenic sedimentation
commenced in the early Carboniferous and lasted
from upper Tournaisian to upper Visean times (e.g.,
Falk et al., 1995). Due to late Variscan NW-SE
convergence the entire STB is folded, and in the SE,
the (meta)-sedimentary pile is overthrusted by the
crystalline complex of the Miinchberg nappe as part of
the Moldanubian Zone (Franke, 1984a; Wurm, 1926).

In a plate tectonic perspective of the Variscan
Orogeny (Matte, 1986), the entire STZ has been
reinterpreted as a microplate that was separated
from the Moldanubian microplate by the long-lived
Saxo-Thuringian Ocean (e.g., Franke et al., 1995). The
subduction of the oceanic lithosphere was eventually
followed by the frontal collision with the Moldanubian
microplate causing the Variscan Orogeny (Franke et al.,
1995). Prolonged NW-SE convergence affected the STB
changing from a narrow marine basin to a NE-SW
striking early Carboniferous flexural foreland basin in
front of NW-ward stacking Moldanubian units in the
SE and at the same time as a hinterland basin to
the Rheno-Hercynian Zone to the NW (Franke et al.,
1995; Krawczyk et al., 2000; Oncken, 1998). The
final architecture is characterized by nearly cylindrical,
NE-SW striking synclines and anticlines resembling the
tectonic model of (Wurm, 1926).

In contrast to an exclusive NW-SE convergence of
various microplates, Kroner et al. (2007) explain the
STZ as a remnant of the Gondwana plate in a generic
two plate scenario of the Variscan Orogeny (Kroner and
Romer, 2013). Deduced from early Variscan pervasive
nappe tectonics, for Central Europe, the proposed
Gondwana—Laurussia plate convergence is NE-SW which
is perpendicular to the traditional view of exclusive
NW-SE shortening. In such a view, the Mid German
Crystalline Zone represents the remnant of a sinistral
strike slip plate-boundary zone (Stephan et al., 2016).
Late Variscan NNW-SSE sinistral transpression due to
orogen-wide tectonic reorganization finally affected also
the STZ (Stephan et al., 2019). Thus, the exclusive
NW-SE compression proposed by the traditional models
is explained as the latest Variscan deformation phase
overprinting a heterogeneously deformed continental
crust.
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Because the deposition of the youngest synorogenic
sediments postdates the early Variscan tectonics the
NNW-SSE compression only affected the central parts
of the STB. The general architecture of the synorogenic
STB, however, remains elusive due to the complete
coverage by post-Variscan sedimentary rocks SW of the
Franconian Fault System (FFS, Figure 1). To define
the lateral extent of the entire STB and characterize
surrounding basement rocks, we concentrate on the lower
Carboniferous turbiditic deposits exposed in the NW
part of the Bohemian Massif and its SW extension across
the FFS. We use an integrated methodology based on
geophysical (gravity, magnetic and seismic reflection)
and geological (surface geology and well) data and
gravity modelling to propose the W-SW boundary of the
synorogenic STB. We show, that the basin evolution is
not in conflict with a strike slip dominated segment of
the Gondwana — Laurussia plate boundary zone. We
define the STB as a lateral foreland basin accreted
during the ongoing Gondwana — Laurussia collision.
Furthermore, we discuss implications for the central
European Variscan tectonics and the importance of data
integration and modelling in subsurface characterization.

2 Geological Setting

The STB contains >3600 m of early Carboniferous
(upper Tournaisian-upper Visean ~350-334 Ma) distal
and proximal turbidites (Falk et al., 1995; Hahn et al.,
2010). These turbidites overlay shelf sediments deposited
from the Cambrian onwards (Linnemann et al., 2004;
Robardet, 2002). Prior to the synorogenic sedimentation,
the open marine environment can be subdivided into
an inner and an outer shelf facies equivalent to
the traditional terms “Thuringian” and “Bavarian”
facies of (Wurm, 1926, 1961). The pre-Variscan
marine sediments represent remnants of a vast passive
continental margin south of the Rheic Ocean. The
ages of detrital zircons reveal West-African provenance
(Linnemann et al., 2004; Stephan et al., 2019). In
the SE of the STZ, the metasediments of the Variscan
Erzgebirge-Fichtelgebirge Zone represent pervasively
deformed and metamorphosed latest Proterozoic to
early Palaeozoic protoliths comparable to the very
low grade lithologies exposed in the NW of the STZ
(Mingram, 1998; Romer and Kroner, 2022; Tichomirowa
et al., 2012). The tectono-metamorphic record of
the FErzgebirge-Fichtelgebirge Zone reveals prolonged
subduction-, accretion-, exhumation-processes lasting
from the early Devonian until the early Carboniferous
(Hallas et al., 2021; Jouvent et al., 2022; Romer
et al., 2022; Rotzler and Plessen, 2010; Willner
et al., 2000). The pervasive deformation (>340
Ma) of the allochthonous units is related to initial
SW-directed nappe stacking (Kroner et al., 2007). Tt
is noteworthy that the subduction accretion processes
in the allochthonous Erzgebirge-Fichtelgebirge Zone and
the uppermost allochthonous Miinchberg nappe (gneiss
complex) occurred synchronous to continuous marine
sedimentation in the Autochthonous Domain of the STZ
(Kroner et al., 2007). To the NW, the STZ is bounded
by the Mid-German Crystalline Zone, exposing medium

| volume 3.1 | 2025


https://doi.org/10.55575/tektonika2025.3.1.89

| RESEARCH ARTICLE | Fazlikhani et al., The Saxo-Thuringian Basin of the Central European Variscides

10°E

10°50"

12°30°'

Jurassic Mechters%}t e * :

Triassic RC \.\ Erfurt +Jena .
er
[ Late Carboniferous-Permian O .\\QQ’
I Late to post-orogenic granite Tabarz ~Qohrdruf \ N \ \\Qo
Lower Carboniferous synorogenic sediments Wipfr & 9
Mass flow Zella-Mehlis S ol
[ proximal turbidites @ & (\(\7
[ Distal turbidites . QV' 0?’
S

Autochthonous complexes (very low grade) id-Germ > /\‘/\QJ

Early Paleozoic (shelf facies . <V\

v ( ) rystalline xr & ¢

[__] Cadomian basement - S A
Allochthonous complexes one @ é\ﬁ‘

Shelf facies (low grade 0, >
/3 tes (low grade) ] 4 S oo &0\}
[T Shelf facies with pervasive deformation ,oee Mittelbar =
[ cadomian basement : 1,@90 Stockheim o30"
I Crystalline nappe (low to high grade) re Rotliege ()

S,

Recycled upper crust, shelf facies D) Badi %,
] (low-medium grade, Fichtelgebirge) /75'4/%. o 0 i Jor J 4

Vesser Unit and K N %
L Crystalline Complex (RCC) ‘eo”e Né\ R

N A
Eltmann 50
50
Uy %Q’L : ‘rl:'ectlsnic boundary
Bamber: au
N J . Seismic profile

(¢
Bad Windsheim

Boxberg

\ Ingelfingen

\\\Q

anbach
\ +

Flurth W
Weikershof

el e - f‘“\) Y Massif
Wa-C& e 200 178
AN _ C\'Vf"a,\\— -t Moldanubian Zone \ /
49°10'N S e i Vienna
|- .
- Vosges  ~ Alpine Front
| 9010’ E 10° |

28
% Pre-Permian lithology in well

@ Late to post-orogenic granite

(O Proximal and distal turbidite

@ Shelf facies

o Mid-German Crystalline Zone

North Sea Central European Variscides
oxdarf %% Bertin® o,
@ o N - K Ray,
Farth N sterd: Ny 4

Stein

Rheno-

PP
(\‘9’ Study area
>

Figure 1 — Study area in the NW Bohemian Massif and the Franconian Platform on the east and west sides of the Franconian
Fault System (FFS). Inset map shows the major tectonostratigraphic and structural elements of the Central European Variscides
and the study area; the Saxo-Thuringian Zone is highlighted. West of the FF'S basement wells are colour-coded according to the
rock types exposed east of the FF'S. Note that the two circles west of the Teuchnitz-Ziegenriick Syncline represent six closely
located wells: Wolfersdorf, Wolfersdorf E, Wolfersdorf S, Reitsch N, Stockheim SSW, and Burggrub NNE, see Table 1 for well
information. Bohemian Massif units are based on (Linnemann, 2007), tectono-stratigraphic units based on (Kroner et al., 2007)
and faults and Mesozoic units based on Geological map of Germany 1:500,000.

and high-grade rocks and late- to post- Variscan granitic
intrusions (Zeh and Will, 2010). The Mid-German
Crystalline Zone is dominated by the NE-trending
sinistral strike-slip shear zones documented along the
exposed crystalline rocks e.g. in the Odenwald and
Ruhla crystalline complexes (Krohe, 1992; Wunderlich,
1989; Zeh and Will, 2010). The deformation of the
Mid-German Crystalline zone terminated by ca. 335 Ma.
and it is almost unaffected by the late Variscan tectonics
(Krohe, 1992; Scherer et al., 2002; Stephan et al., 2016;
Will, 2001; Will et al., 2021).

For the synorogenic sediments detailed mapping by
Hahn et al. (2010) along the Teuschnitz-Ziegenriick
Syncline led to a subdivision of three principal stages
in the development of the STB: i) orogenic foreland
stage, ii) main deformation phase at ca. 340 Ma
affecting the SE-part of the synorogenic sediments coeval
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with the main deformation event in the Allochthonous
Domain (Kroner et al, 2007) of the STZ; iii) the
overfill stage in the late Visean that terminated at ca.
334 Ma. Synorogenic sedimentation commenced in the
upper Tournaisian (Franke, 1984b; Gandl, 1998) and
is characterized as distal turbidites at ca. 360 Ma.
(Hahn et al., 2010). These distal turbidites intercalate
with pelites and sapropelites of the inner shelf facies
(Figure 2A). At ca. 342 Ma the entire STB is covered
by the distal turbidites with coarser units next to the
SE margin of the basin (Fulk et al., 1995; Kroner et al.,
2007). As indicated by stretching lineation and shear
sense indicators (Hahn et al., 2010; Kroner et al., 2007),
SW-directed thrusting and nappe transport affected the
SE edge of the STB (during stage ii) and is coeval with
the final nappe stacking in the adjacent allochthonous
domain. The overfill stage of the STB started at ca.
340 Ma and is related to the NW directed deposition
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of voluminous mass flow units (wildflysch) in the SE
(Figure 2C). These proximal successions form a NE-SW
trending belt and define the SE border of the STB.
More distal axial turbiditic currents in the NW are
indicative of a narrow, NE-SW synorogenic basin during
the overfill stage (Hahn et al., 2010). With the deposition
of voluminous proximal siliciclastic sediments in the
central parts of the basin, marine sedimentation ceased,
and the entire succession was subjected to late Variscan
compressional tectonics and deformation (Figure 2D).

Final NW-SE compression of the Variscan tectonics
resulted in SE-vergent folding in the central parts
of the STB. Whereas the allochthonous units of
the STZ display a complex deformation pattern,
synorogenic sediments deposited after initial nappe
stacking experienced exclusively late Visean NW-SE
shortening as for example evidenced by the uppermost
lithologies of the Teuschnitz-Ziegenriick Syncline. SW
of the exposed parts of the STB and across the
FFS, post-Variscan Permo-Mesozoic deposits cover the
metamorphic basement of the STZ and possible turbidity
infill of the STB (Figure 1).

3 Data and Methods

3.1 Potential Field, Seismic Reflection
and Well Data

Total magnetic field intensity grid, Bouguer gravity
anomaly grid, seismic reflection and wells penetrating
pre-Permian basement form the dataset used in this
study. Geophysical data are particularly useful
in identifying gravity and magnetic anomalies and
reflection patterns related to the STB exposed in the
NW of the Bohemian Massif. Where the STB is covered
by the Permian-Mesozoic rocks, geophysical data in
combination with the pre-Permian basement wells are
used in defining the SW extension of the STB (Table 1
and Figure 1). The compiled total magnetic field
anomaly dataset is based on 67 ground and airborne
surveys that has a grid spacing of 100 meters and a
common reference level of 1000 m altitude (for more
details on magnetic data compilation and processing see
Gabriel et al., 2011). The Bouguer gravity anomaly map
is based on 275,000 gravimetry points with an average
point separation of 2-3 km, compiled and processed by
the Leibniz Institute for Applied Geophysics (Skiba et al.,
2010). Seismic reflection data comprise the reprocessed
DEKORP 3B-MVE90 and 4N profiles imaging the
exposed and buried Variscan units across the FFS
(DEKORP Research Group, 1988, 1994a; Fuazlikhani
et al., 2022). The Permian-Mesozoic cover and the
SW extension of Variscan units including the STB west
of FFS are best imaged by the FRANKEN seismic
survey and the pre-Permian wells in northern Bavaria
(DEKORP Research Group, 1988, 1994a; Fuazlikhani
et al., 2022).
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Figure 2 — Schematic cartoons showing temporal
development of the Saxo-Thuringian Basin (STB) from the
early distal turbidites deposition at 352 Ma (A) based on
detailed mapping of (Hahn et al., 2010). The SE parts of the
STB first receive the distal turbidites while the central and
NW parts are still in a shelf environment. Progressive facies
change occurring from the SE to the NW of the STB reflects
the main deformation front in the SE (B & C). After 334 Ma
(D) previous strike-slip shear zones reactivate as thrust shear
zone (e.g., Blumenau shear zone; Stephan et al., 2016) along
with a new generation of thrust zone such as the Lehesten
thrust (D, at ca. 320 Ma; Schdfer et al., 2000). MGCZ: Mid
German Crystalline Zone, BSZ: Blumenau Shear Zone, FFS:
Franconian Fault System, NW-WTZ: Northwest Wrench and
Thrust Zone (Kroner et al., 2007).
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Table 1 — List of wells drilled into basement shown in the Figures 1.

‘Well Drilled basement units and references

Buchenau A6/40 Proterozoic, Mid-German Crystalline Zone, Richter (1941)
Mechterstadt 1/62 Proterozoic, Mid-German Crystalline Zone, Richter (1941)
Krahnberg 3/64
Sprotau 3/63
Neudietendorf 3/62

Proterozoic, Mid-German Crystalline Zone, Brosin and Liitzner (2012)
Proterozoic, Mid-German Crystalline Zone, Brosin and Liitzner (2012)
Proterozoic, Mid-German Crystalline Zone, Brosin and Liitzner (2012)

Liebenstein Proterozoic, Mid-German Crystalline Zone, Reh (1954)

Oberkatz Proterozoic, Mid-German Crystalline Zone, Andreas (2013)

Waldberg Proterozoic, Mid-German Crystalline Zone, Bavarian Environment Agency (LfU) (see Appendix B in Supporting Information)
Geroda Proterozoic, Mid-German Crystalline Zone, Bavarian Environment Agency (LfU) (see Appendix B in Supporting Information)
Kleinbrach Late Variscan granite, Bavarian Environment Agency (LfU) (see Appendix B in Supporting Information)

Gotha 1/63 Late Variscan granite (Thiiringer Hauptgranit), Brosin and Liitzner (2012)

Ohrdruf Late Variscan granite (Thiiringer Hauptgranit), Andreas (2013)

Tabarz Late Variscan granite (Thiiringer Hauptgranit), Andreas (2013)
Pre-Variscan granite (Ordovician syenite), Eckhardt (1962); Anthes and Reischmann (2001)

Volkach
Weikershof Late Variscan granite, Wurm (1929)
Stein Late Variscan granite, Wurm (1929)
Wipfra 1/62
Wipfra 2/63
Themar 1/1963
Schleusingen 3/64
Schleusingen 1/63
Zella-Mehlis 1/1964

Late Variscan granodiorite, Ziegenhardt and Jungwirth (1972)

Late Variscan granodiorite, Ziegenhardt and Jungwirth (1972)

Late Variscan granite (Thiiringer Hauptgranit), Judersleben (1972)

Late Variscan granodiorite (Thiiringer Hauptgranit), Schust et al. (2000)
Late Variscan granodiorite (Thiiringer Hauptgranit), Andreas (2013)
Late Variscan granite (Thiiringer Hauptgranit), Andreas et al. (1975)

Wolfersdorf Lower Carboniferous (lower Proximal turbidites, Ziegenriick Fm.), Bavarian Environment Agency (LfU) (see Appendix B in Supporting Information)
Wolfersdorf E Lower Carboniferous (lower Proximal turbidites, Ziegenriick Fm.), Bavarian Environment Agency (LfU) (see Appendix B in Supporting Information)
Wolfersdorf S Lower Carboniferous (lower Proximal turbidites, Ziegenriick Fm.), Bavarian Environment Agency (LfU) (see Appendix B in Supporting Information)
Reitsch N Lower Carboniferous (lower Proximal turbidites, Ziegenriick Fm.), Bavarian Environment Agency (LfU) (see Appendix B in Supporting Information)
Stockheim SSW Lower Carboniferous (lower Proximal turbidites, Ziegenriick Fm.), Bavarian Environment Agency (LfU) (see Appendix B in Supporting Information)
Burggrub NNE Lower Carboniferous (lower Proximal turbidites, Ziegenriick Fm.), Bavarian Environment Agency (LfU) (see Appendix B in Supporting Information)

Mittelberg Uppermost Devonian-lower Carboniferous turbidites, Trusheim (1964)

Obernsees Lower Carboniferous turbidites, Bavarian Environment Agency (LfU) (see Appendix B in Supporting Information)
Devonian metasediments (inner shelf facies), Stettner and Salger (1985)

Bad Windsheim SE Cambrian-lower Carboniferous (Inner shelf facies to outer shelf facies), Linnemann et al. (2010)

Eltmann Devonian metasediments (inner shelf facies), Trusheim (1964)

Boxdorf Devonian Inner shelf facies, Wurm (1929)

Firth N (Bremenstall) ~ Devonian Inner shelf facies, Wurm (1929)

Fiirth N (Poppenreuth) Devonian Inner shelf facies, Wurm (1929)

Fiirth W (TH 1/2004)  Upper Ordovician Inner shelf facies, Wurm (1929)
Fiirth SE (Espan) Devonian-Carboniferous Inner shelf facies, Wurm (1929)
Déhlau 1/63
Déhlau 2/64
Boxberg
Ingelfingen

Ordovician? inner shelf facies, Stamm and Goerlich (1988)

Cambrian-lower Carboniferous inner shelf facies, Andreas (2013)
Cambrian-lower Carboniferous inner shelf facies, Andreas (2013)

Devonian-Carboniferous? inner shelf facies, Stamm and Goerlich (1988)

3.2 Rock Sampling and Density
Measurement

In order to build a rock density database that better
reflects the local geology we sampled representative
rocks and measured densities in our laboratory. Our
dataset is compared and completed with the published
datasets (Bosum et al., 1997; Hofmann, 2003; Hofmann
et al., 2003; de Wall et al, 2019). Densities
are measured on 30 mm diameter and 10-40 mm
long plugs obtained from sampled rocks. Samples
were dried at 60°C for 48 hours and then stored
at room temperature prior to density measurements.
Bulk density measurements were carried out using
a  Micromeritics GeoPyc device that automatically
determines the volume and density of a solid object
by displacement of a solid medium. We applied a
10 measurement cycles mode to each sample and then
calculated the average of 10 measurements, listed in
Table 2. After defining the initial subsurface unit
geometry based on the seismic reflection interpretation,
and density values attributed to each unit, the interactive
modelling has been done until the best fit between
the measured and modeled gravity anomalies has been
achieved. Rock densities used in forward gravity models
are assumed constant vertically and horizontally within
each model unit. Forward models are constructed using
the commercial GM-SYS (Seequent) software which is an
interactive gravity and magnetic modelling tool that uses
a method of summing the effects of irregular polygons
(Talwani, 1973).
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3.3 Forward Gravity Modelling

West of the FFS, where the Variscan units are
covered by Permian-Mesozoic sedimentary rocks, we
integrate surface geology, well and gravity data and
construct two 2D forward gravity models parallel to
the seismic reflection profile FRANKEN 1802 and
the composite FRANKEN 1803/DEKORP 3B-MVE90
profiles. Potential field data produce non-unique 2D
models in a way that various subsurface configurations
can result in the same amplitude and wavelength
anomaly. In addition, 2D modelling of gridded gravity
data could be influenced by the causative bodies or
features that are out of the plane of the modeled profile.
In order to increase confidence in our 2D models, the
geometry and the thickness of the Mesozoic units down
to the top of the Permian, as well as the major faults are
constrained based on the interpretation of the seismic
reflection data tied to the wells (see Table 3 for the
Permian and Mesozoic lithologies from wells). The
geometry and the thickness of the middle and lower
crustal units and the Moho discontinuity are constrained
based on the seismic refraction and reflection studies
(DEKORP Research Group, 1994a,b; Enderle et al.,
1998; Schulmann et al., 2022). By constraining the
thickness and the geometry of the sedimentary cover,
middle and lower crust, and the Moho discontinuity
based on the published surface geology, well, seismic
reflection and refraction data, the main uncertainties in
our forward models are the architecture and distribution
of Carboniferous-Permian (Rotliegend) basins, the STB
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Table 2 — Rock density values measured on outcrop samples and well cores, used in forward gravity modelling.

Sample

Bulk

(outcrop/well core) Stratigraphy Density Reference
Tertiary Baslat  Outcrop sample 3096 This study
Jurassic Well Obernsees 2400 De Wall and Stollhofen (2016, 2017)
Wells Obernsees Keuper 2225 De Wall and Stollhofen (2016, 2017)
Triassic and Miirsbach 1 Muschelkalk 2633 De Wall and Stollhofen (2016, 2017)
-Foutcrop sample Buntsandstein 2286 De Wall and Stollhofen (2016, 2017)
Well Obernsees Zechstein 2458 De Wall and Stollhofen (2016, 2017)
Zechstein Well Mirsbach1 Zechstein 2798 De Wall and Stollhofen (2016, 2017)
+outcrop sample
Well Lindaul Zechstein 2300 Ravida (2023)
Well Neuenbuchl Zechstein 2520 Ravida (2023)
Well Obernsees Rotliegend 2537 De Wall and Stollhofen (2016, 2017)
Well Miirsbachl Rotliegend 2613 De Wall and Stollhofen (2016, 2017)
“Foutcrop sample
Rotliegend Well Lindaul Rotliegend 2430 Ravida (2023)
Well Neuenbuchl Rotliegend 2510 Ravida (2023)
Outcrop sample Rotliegend (Erbendorf Basin) 2616 This study
Outcrop sample Rotliegend (Weidenberg) 2670 This study
Outcrop sample Rotliegend (Stockheim Fm.) 2279 This study
Qutcrop sample Rotliegend (Stockheim, Reitsch Fm) 2289 This study
Outcrop sample Lower Carboniferous Mass Flow 2710 This study
Outcrop sample Lower Carboniferous Teuschnitz Fm. 2417 This study
Outcrop sample Lower Carboniferous Teuschnitz Fm. 2559 This study
Outcrop sample Lower Carboniferous Teuschnitz Fm. 2608 This study
Lower Outcrop sample Lower Carboniferous Teuschnitz Fm. Graywack conglomerat 2619 This study
. Outcrop sample Lower Carboniferous Teuschnitz Fm. Graywack 2381 This study
Carboniferous . ) - .
turbidite Outcrop sample Lower Carboniferous Ziegenriick Fm. 2690 This study
Outcrop sample Lower Carboniferous Leutenberg Gr. Réttersdorf Fm. 2465 This study
Outcrop sample Lower Carboniferous Leutenberg Gr. Kaulsdorf Fm 2326 This study
Outcrop sample Lower Carboniferous Leutenberg Gr. Hasenthal Fm 2631 This study
Outcrop sample Lower Carboniferous Leutenberg Gr. Lehesten Fm. 2599 This study
Outcrop sample Lower Carboniferous Russschiefer Fm. 2739 This study
Outcrop sample U.Dev-L.Carb_ Saalfeld Gr. Gleitsch Fm. 2791 This study
Outcrop sample U.Dev_ Saalfeld Gr. Bohlem Fm. 2780 This study
Devonian Outcrop sample U.Dev_ Saalfeld Gr. Gorkwitz-Fm. 2398 This study
Outcrop sample M.Dev_ Schwérzschiefer-Fm. 2558 This study
Outcrop sample L.Dev (Emsian) Tentakuliten-schiefer-Fm. 2578 This study
Outcrop sample L.Dev (Pragian) Tentakuliten-knollenkalk-Fm. 2755 This study
Outcrop sample U.Sil-L.Dev__Obere Graptolithen-schiefer-Fm. 2751 This study
Silurian Outcrop sample U.Sil_Ockerkalk-Fm. 2689 This study
Outcrop sample L.Sil. (Llandovery) Untere Graptolithen-schiefer-Fm. 2550 This study
Outcrop sample U.Ord. (ashgill) Gréfenthal Gr._Lederschiefer-Fm. 2682 This study
Outcrop sample U.Ord. (ashgill) Gréfenthal Gr. Hauptquarzit-Fm. 2427 This study
Outcrop sample U.Ord. (ashgill) Gréfenthal Gr._ Schmiedefeld-Fm. 2640 This study
Ordovician Outcrop sample U.Ord._ Grifenthal Gr.Griffelschiefer-Fm. 2808 This study
Outcrop sample L.Ord. Phycodes Gr. Phycodenquarzit-Fm. 2682 This study
Outcrop sample L.Ord._Phycodes Gr. Phycodenschiefer-Fm. 2395 This study
Outcrop sample L.Ord._ Frauenbach Gr. 2456 This study

(lower Carboniferous turbidites), the location of possible
late Variscan granitic intrusions, and deeper parts of
the upper crust. Depth conversion of interpreted unit
boundaries and thicknesses were conducted using sonic
log data, and published seismic velocity models (Enderle
et al., 1998; Fazlikhani et al., 2022). The Moho
discontinuity is imaged along the DEKORP profiles and
is modeled between 28-32 km which is in accordance
with published Moho depth maps of western Europe
(Schulmann et al., 2022).

4 Interpretation and Modelling
Results

4.1 Seismic Reflection and Well Data

Seismic profile DEKORP 3B-MVE90 images Variscan
allochthons and the Franconian Platform across the
FFS (Figure 3A and B). West of the FFS strong and
continuous reflections at -2000 to -3000 ms, TWT,
underlying transparent and low energy reflections, are
interpreted as zones of highly strained and sheared

128 |

material within the crust, i.e., Variscan shear zones
and units above as early Carboniferous turbiditic units
(DEKORP Research Group, 1994b,a; Fazlikhani et al.,
2022; Schafer et al., 2000). Upper Tournaisian-upper
Visean turbidites of the Teuschnitz-Ziegenriick Syncline
exposed east of the FFS are transected by the seismic
profile DEKORP 4N and show transparent and low
energy reflections bounded by the high amplitude
reflections, partly interpreted as a Variscan shear zone
(DEKORP Research Group, 1988; Schafer et al., 2000).
A magnetotelluric survey sub-parallel to the seismic
profile DEKORP 4N concluded that the high electrical
conductivity zone below the Miinchberg nappe units is
related to the horizontal transport process along the
basal shear zones, which is correlated with the observed
high amplitude reflections (Ritter et al., 1999). Similar
high amplitude reflections in other orogenic settings,
e.g. the Scandinavian Caledonides, have also been
interpreted as shear zones (e.g., Fazlikhani et al., 2017;
Hurich and Kristoffersen, 1988; Juhlin et al., 2016).

In the Franconian Platform, intersecting FRANKEN
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Table 3 — Permian and Mesozoic lithologies from wells tied to seismic reflection and gravity model profiles.

Lithologies from wells tied to gravity models

Well Quaternary Jurassic Keuper Muschelkalk Buntsandstein Zechstein Rotliegend Basement Total depth
Miirsbach 1 26 0 300 224 524 126 109 Not reached 1309
Eltmann 94 0 178.6 235 510 114 3 94 1144
Staffelstein 1 9 102 530.2 239.8 572.2 103.8 43 Not reached 1600
Staffelstein 2 8 104 532 235 301 Not reached Not reached Not reached 1180
Bad Ko6nigshofen 3.5 0 56.5 251 640 76 Not reached Not reached 1027
Obernsees 0 140 483 178.35 417.15 104.9 18.3 48.3 1390
Ostheim, Rhon 0 0 0 0 575 217.36 Not reached Not reached 792.36
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Figure 3 — 2D Seismic reflection grid imaging the western Bohemian Massif and the Franconian Platform. (A) location

of seismic reflection profiles, (B) DEKORP 3B-MVE90 and

subsurface of the Franconian Platform and are tied to the DEKORP 3B-MVE90 profile.

(C) DEKORP 4N. (D-G) FRANKEN 1801-4 profiles image the
High-amplitude and continuous

reflections interpreted as Variscan shear zones are overlain by low-amplitude and transparent reflections interpreted as lower
Carboniferous turbidites west of the Franconian Fault System (FFS). Yellow stars indicate the west and NW-ward shallowing
of the interpreted shear zone in seismic reflection profiles. The yellow line in the inset map shows the map projection of the

upper tip of the shear zone covered by younger units.

seismic profiles also image Variscan shear zones below
the low energy and semi-transparent reflections that have
been interpreted as Palaeozoic metasedimentary rocks
and possible Variscan nappe units (Fazlikhani et al.,
2022). Interpretation of the intersecting seismic profiles
shows the present day geometry and the relationship of
possibly different generations of Variscan shear zones
(Figure 3). Based on wells and the correlation with
the geometry of the lower Carboniferous STB east
of the FFS, these low energy and semi-transparent
reflections turn out to represent remnants of the
lower Carboniferous turbidites bounded by shear zones
at depth and covered by Carboniferous-Permian and
Mesozoic sedimentary rocks.

High-amplitude reflections, interpreted as Variscan
shear zones, generally shallow up toward the west
(highlighted by yellow stars on the seismic reflection
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profiles) reaching to the base/lower parts of the
Carboniferous-Permian interval (Figure 3). A projection
of the shallowest tip of the shear zones on the map
(yellow line in Figures 3A and 4) shows a concave shaped
structure dipping mainly to the east and southeast. To
the north, where there is a lack of seismic reflection data,
the possible extension of the interpreted shear zone is
based on the information provided by two wells drilled
into basement. Well Mittelberg has encountered the
early Carboniferous turbidites while ca. 4 km further
north wells Déhlau 1 & 2 are drilled into the older shelf
facies (Table 1 and Figure 3A). A possible extension
of the mapped shear zone east of the FFS towards the
Bohemian Massif is sub-parallel to the boundary between
the Teuschnitz-Ziegenriick Syncline and the Schwarzburg
Antiform (Figure 4). This boundary is interpreted
as the Lehesten Thrust that is developed at 320-310
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Ma (latest Variscan NW-SE compressional tectonics)
between the Upper Devonian metabasalts and the lower
Carboniferous turbidites (Schdfer et al., 2000).

At the SE boundary of the STB close to the
Miinchberg nappes,a very thick stack (up to 2 s TWT)
of variably dipping (apparent dip) high amplitude
reflections are interpreted as a mixture of Variscan shear
zones, nappe units, deformed lower Carboniferous mass
flow deposits and upper shelf facies (DEKORP Research
Group, 1994a; Fazlikhani et al., 2022; Franke and Stein,
2000). Solely based on the seismic reflection data the
spatial and temporal relationships between various shear
zones and thrusts and highly deformed nappe units at
this location cannot be defined, as the entire area is
overprinted by NW-directed latest Variscan tectonics
and post Variscan deformation (Figure 4).

Pre-Permian Mittelberg and similarly colour coded
wells have encountered lower Carboniferous turbidites
in the western vicinity of the Teuschnitz-Ziegenriick
Syncline, which correlates with the areas of low magnetic
field intensity (Figure 5 and Table 1). Further south
and southwest, the Eltmann and Obernsees wells did
not encounter lower Carboniferous turbidites, instead
penetrating into the older Cambrian-upper Tournaisian
shelf facies (Helmkampf, 2006; Trusheim, 1964). The
basement rocks in the well Obernsees are recently
interpreted as lower Carboniferous turbidites (T. Hahn,
Geological Survey of Bavaria, see chapter “model B”
for more details). Similarly, basement wells farther SW
(Bad Windsheim, Boxberg and Ingelfingen) and south
(Boxdorf and wells close the city of Fiirth) encountered
only Cambrian - upper Tournaisian shelf facies and
late-to-post Variscan granites (Linnemann et al., 2010).

4.2 Total Magnetic Field Anomaly

Along the Teuschnitz-Ziegenriick Syncline, exposed
lower Carboniferous turbidites generally show very low
to low magnetic field intensity of -75 to -25 nanoTesla,
nT (Figure 5). Very low to low grade metasedimentary
rocks of the Cambrian-upper Tournaisian shelf facies on
the Berga and Schwarzburg antiforms display low to
medium magnetic field intensity of -15 to -45 nT. These
rocks locally show very low magnetic field intensity,
surrounded by high magnetic field intensity areas
(Figure 5). To the NW and north, areas of high magnetic
field intensity (>10 nT) represents medium to high-grade
gneisses and granitic rocks of the MGCZ, high and
ultra-high pressure rocks of the Erzgebirge to the E, and
Ordovician and Devonian volcanic rocks (surrounding
the Miinchberg nappe) to the SE (Gabriel et al., 2011;
Kroner et al., 2008; Linnemann, 2007; Schulmann et al.,
2022). Presented total magnetic field intensity highlights
first order and crustal scale structures, the metamorphic
and Cadomian basement units as areas with medium to
high magnetic field intensity and the metasedimentary
and turbidity rocks with low to medium magnetic field
intensity in the NW Bohemian Massif. Some of the local
highs are related to Variscan intrusions, some of which
are exposed at the surface. For instance, the granitic
intrusion in the center of the Teuschnitz-Ziegenriick
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Syncline shows a circular shape and high magnetic
field intensity (Figure 5). Very low magnetic field
intensity areas (-75 to -25 nT), associated with the
upper Tournaisian-upper Visean turbidites along the
Teuschnitz-Ziegenriick Syncline, extends SW across the
FFS in the area covered by Permian-Mesozoic units
of the Franconian Platform (Figure 5).  Available
pre-Permian wells confirm the presence of the turbidites
at the location of very low to low magnetic field intensity
areas (Mittelberg, Obernsees, and 6 closely spaced wells
shown as two colour coded circles in the vicinity of the
FFS, see Table 1 for the list of wells and Figure 5 for
the correlation between wells and magnetic field intensity
map). It should be mentioned that the shelf facies north
and west of the exposed lower Carboniferous turbidites
show low but also medium and high magnetic field
intensities.

4.3 Bouguer Gravity Anomaly

Cambrian - upper Tournaisian metasedimentry rocks
and upper-Tournaisian-upper Visean turbidites show
intermediate Bouguer gravity values (-20 to 0 mGal,
Figure 6). Areas with negative gravity anomalies
(<-20 mGal) mostly correlate with the exposed/drilled
late Variscan granites (Figure 6). For instance,
negative gravity areas to the NW and SE of the
Teuschnitz-Ziegenriick Syncline represent late-to-post
orogenic granitic intrusions as confirmed by the exposed
granites in the Fichtelgebirge and other places on the
Bohemian Massif (in the SW of the Bohemian Massif
and exposed/drilled granites in the NW, the Thuringian
Hauptgranite, e.g., Eberts et al., 2021; Thieme et al.,
2023, Figure 6). Across the FFS to the west, negative
gravity anomaly areas are mainly related to assumed
granitic intrusions covered by Permian-Mesozoic units
of the Franconian Platform (de Wall et al., 2019)
and within the MGCZ, Permian (half-)graben and the
Mesozoic sedimentary cover. By contrast, positive
gravity anomalies (0 mGal) are associated to dense
crustal units of the MGCZ in the north and NE
(Figure 6). Southwest of the study area the NE-SW
striking positive gravity anomaly is known as the
Kraichgau gravity high that has been interpreted as the
Bohemian/Cadomian terrane (Edel and Weber, 1995).

4.4 Gravity Forward Modelling

We constructed two profiles along the seismic reflection
FRANKEN 1802 (Model A, Figure 7) and FRANKEN
1803/DEKORP 3B-MVE90 (Model B, Figure 8) profiles
to test the hypothesis on the presence and extent of
the lower Carboniferous turbidites to the west of the
FFS (see Figure 6 for profiles location). Model A is
subparallel to the NE-SW axis of the STB while model
B is perpendicular to the basin axis and to model A
(Figures 7 and 8). Model A extends NE across the FFS
where the lower Carboniferous turbidites are exposed,
but this NE portion of model A is beyond the extent
of profile FRANKEN 1802 (Figure 7A) and the unit
boundaries are based on the surface geology.
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Figure 4 — 3D geometry of Variscan shear zones in the western Bohemian Massif and the Franconian Platform. (A) The
FRANKEN 1802/DEKORP 3B-MVE90 composite profile shows the NE-SW geometry of a Variscan shear zone underlying

the lower Carboniferous turbidities and the Miinchberg nappe units.

(B) Three-dimensional view of the interpreted shear

zone (e.g. Lehesten Thrust) covered by Mesozoic units of the Franconian Platform. Colour coded dash lines locate the shear
zone (high-amplitude reflections) interpreted from intersecting seismic reflection data. Upper tip of the interpreted shear zone
appears to be aligned with the possible SW extension of the Lehesten Thrust beneath the Franconian Platform.

4.4.1 Model A: Along the FRANKEN 1802
Profile

The negative gravity anomaly area (-25 to -40 mGal)
observed in the center of model A is sub-parallel to
the STB axis. The GL-1 gravity low is related to
the presence of ca. 3000 m of lower Carboniferous
turbidites in the fault block between the FFS and the
Eisfeld-Kulmbach Fault (Figure 7). However, parts
of the GL-1 is the contribution of ca. 1000 m of
Rotliegend, just south of the exposed Rotliegend units
in the Stockheim Basin (see Figure 6 for the location
of the Stockheim Basin). At this location, the deeper
units down to the middle crust have a synform geometry
interpreted as a result of up thrusting of Variscan units
in the hanging wall of the FFS. A local negative gravity
anomaly in the center of the profile in the Staffelstein
area represents a Rotliegend half-graben basin, the upper
parts of which is drilled by the Staffelstein wells (GL-2
in Figure 7B and C). Towards the SW, the lower
Carboniferous turbidites become gradually thinner to
zero at the Eltmann well site, where below the ca. 3 m of
Rotliegend units, Devonian metasediments (shelf facies)
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are drilled (Trusheim, 1964). In the SW parts of Model
A, a sub-parallel and elongated gravity low is interpreted
as the out-of-plane influence of a nearby modeled granitic
intrusion (Hassfurt granite in Figure 6, GL-3 in Figure 7;
see also de Wall et al., 2019). If only excluding the
influence of the Hassfurt granite the model show an
RMS error of 3.1, about 5 times higher than the best
fit model which has an RMS error of 0.63 (Figure 7B,
violet line shows the model excluding Hassfurt granite,
and the red line is the best fitting model). Inner shelf
facies (Cambrian-lower Carboniferous metasediments) in
the footwall of the FFS are gently folded, accounting
for the observed regional-scale gravity anomaly, whereas
local gravity anomalies are attributed to shallower and
localized rock bodies. For example, the regional gravity
high (GH-1) in the NE edge of Model A is related to
the combined effects of the Devonian diabase exposed
in the S-SW parts of the Berga Antiform and the uplift
of the deeper basement units in the hanging wall of the
FFS (Figure 7). The best fitting model was obtained
by including the lower Carboniferous turbidites below
the Permian-Mesozoic units (red line in Figure 7B).
Our modelling result indicates that scenarios assuming
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(see Table 1).

only Permian rocks (green line in Figure 7B) or only
shelf facies (blue line in Figure 7B) instead of the lower
Carboniferous turbidites below the Mesozoic cover lead
to larger RMS errors of 3 to 4 orders of magnitude.

4.4.2 Model B: Along the Composite
FRANKEN 1803/DEKORP
3B-MVE90 Profile

Perpendicular to the STB axis, Model B shows the
NW and the SE extension of the basin (Figure 8). In
the NW the Mid German Crystalline Zone (MGCZ)
shows transparent reflectivity and a regional gravity low
belt that is related to the granitic intrusions exposed
and drilled along the MGCZ (Figure 8A and B). High
amplitude and dipping reflections SE of the MGCZ have
been interpreted as the Vesser magmatic arc (Vesser
Zone) and the suture zone between the STZ in the
SE and the MGCZ to the NW (DEKORP Research
Group, 1994a; Schdfer et al., 2000). This area shows
a high gravity anomaly and is modeled with folding
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and thrusting of basement units, also described as the
Northwest-Wrench and Thrust Zone (NW-WTZ, Kroner
et al., 2007, Figure 8B and C). Local gravity lows along
this regional gravity high are related to the Permian
graben and half-graben structures (Figure 8B and C).
The negative gravity anomaly in the SE of the profile
is attributed to the lower Carboniferous turbidites and
to a lesser extent to the thicker remaining Mesozoic
units (GL-1, Figure 8B and C). Similar to Model A,
scenarios with only Permian (green line) or shelf facies
(blue line) below the Permian units cause higher RMS
errors (Figure 8B). The best fitting model with lower
Carboniferous turbidites is shown in Figure 8C which
corresponds to the red line in Figure 8B. In the SE
extremity of the profile observed GL-2 gravity low is
related to a Permian graben and a possible granitic
intrusion in the middle crust (Bayreuth granite, de Wall
et al., 2019). At this location, the Obernsees well
is located 1000 m SW of the profile and drilled into
the basement rocks that were originally interpreted as
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the shelf facies (Devonian metasediments, Stettner and
Salger, 1985, the models presented in Figure 8B and C
are based on this interpretation). However, recently the
basement rocks in well Obernsees are re-interpreted as
the lower Carboniferous turbidites (see Appendix B in
Supporting Information) and models shown in Figure 8D
and E are based on this new interpretation of the
basement rocks. The assumption of lower Carboniferous
turbidites in the SE part of the profile implies that
the STB extends further to the SE, most likely close
to the Saxo-Thuringian-Moldanubian boundary. Green
and blue lines in Figure 8D show models where lower
Carboniferous turbidites are replaced by the Permian or
shelf facies, respectively, causing higher RMS errors.

133 |

5 Discussion

5.1 Saxo-Thuringian Basin Extent West
of the Bohemian Massif

Lithologies encountered by the basement wells and
low magnetic field intensity areas west of the FFS
suggest that the lower Carboniferous turbidites extend
ca. 20 km SW from the exposed turbidites in the NW
Bohemian Massif. On the other hand, seismic reflection
interpretation and forward gravity models suggest that
the lower Carboniferous turbidites occupy larger areas
and possibly extend ca. 60 km SW. The latter is
supported by drilled Palaeozoic shelf facies overlaid by
the Carboniferous-Permian units in the Eltmann well
(Figures 4 and 5).

To the NW, well Mittelberg encounters lower
Carboniferous turbidites while further 4 km north, wells
Dohlau 1 and 2 encounter Devonian and older rocks,
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Figure 7 — Forward gravity model along the FRANKEN 1802 seismic profile. Mesozoic and top of Permian horizons are
based on the seismic interpretation tied to wells (see Table 3 for the Permian and Mesozoic lithologies from wells). Panel A
is the interpretation of the seismic profile FRANKEN 1802 showing the geometry of Permian and Mesozoic horizons, Variscan
shear zone and middle crustal units. Panel B shows the measured gravity anomaly (dotted line) and four scenarios modeled
with corresponding Root-Mean-Square (RMS) errors. The best fitting model is achieved by incorporating lower Carboniferous
turbidites (red line). Assuming only Permian (green line) or only shelf facies (blue line) instead of lower Carboniferous turbidites,
models show higher RMS errors. The violet line shows the scenario when excluding the Hassfurt granite effect located in the
vicinity of the profile. Panel C illustrates the final model with lower Carboniferous turbidites (red line in panel B) and the
out-of-plane influence of the Hassfurt granite. The regional gravity high (GH-1) in the NE of the profile is due to the uplift
of deeper and denser basement rocks and Devonian basalts in the hanging wall of the FF'S. Local negative gravity anomalies
(GL-1 to 4) are mainly related to the Permian grabens.

suggesting the NW limit of the STB. This observation shear zone suggest that it might have been developed

supports the interpretation of the Variscan shear zone as a strike-slip shear zone related to a top-to-the SW
in seismic reflection data to be developed between tectonic transport prior and coeval to sedimentation of
lower Carboniferous turbidites and the older shelf facies. the upper Tournaisian-upper Visean turbidites. This
However, the magnetic field intensity map shows similar strike-slip shear zone was potentially reactivated during
signatures at the location of the Déhlau and Mittelberg the latest Variscan tectonics in a top-to-the SE tectonic
wells, which can be due to the low magnetization of the transport as a thrust shear zone (Stephan et al., 2016),
Palaeozoic metasedimentary units (Figure 5). locally overprinting its initial SW-directed development.

Based on outcrop analysis and K-Ar dating, Schdfer Detailed mapping and analysis of Hahn et al. (2010)
et al. (2000) conclude that in the NW parts of, the STZ show that the distal turbidite sedimentation started at
the deformation occurred after 320 Ma and terminated cNaW 3;11"2 thMea,S;(;fogs dﬂ;ieendce;fotr}?; a;% hgj tztilf“ttegeué%}];e
at ca. 310 Ma. This is the time interval at which the . pats o A
Lehesten Thrust is developed during the latest Variscan Therefore, the lower Carboniferous turbidity basin is not
NW-SE compressional tectonics between the Upper controlled by or developed on top of a shear zone (here
Devonian metabasalts and the lower Carboniferots the Lehesten Thrust/shear zone) similar to the classical

piggy-back basin in the orogenic belts (Busby and

turbidites (Schdfer et al, 2000)'. However, t.he arcuate Ingersoll, 1995). To the SE, defining the basin boundary
geometry and westward shallowing of the interpreted . . . .
is more challenging owing to the lack of the seismic
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Figure 8 — Forward gravity model along the composite FRANKEN 1803/DEKORP 3B-MVEQ0 profile. See Figure 7 for the
density values used in the modelling and Table 3 for the Permian and Mesozoic lithologies from wells. Panel A is a composite
FRANKEN 1803/DEKORP 3B-MVE90 profile showing stratigraphical units, major Permian basins, Variscan shear zones and
related folding. Panel B illustrates measured gravity anomaly (dotted line) and three scenarios modeled with corresponding
Root-Mean-Square (RMS) errors. The best fitting-model is achieved by incorporating lower Carboniferous turbidites (red line).
Models assuming only Permian (green line) or only shelf facies (blue line) instead of lower Carboniferous turbidites show higher
RMS errors. Panel C shows the final model with lower Carboniferous turbidites (red line in panel B). The regional negative
gravity anomaly in the NW (panel B and C) is modeled by granitic intrusion along the Mid German Crystalline Zone (MGCZ)
while the adjacent gravity high is related to the upper crustal folding and thrusting along the Vesser Zone and the Northwest
Wrench and Thrust Zone (NW-WTZ). Panel B and C are models based on the original interpretation of the basement rocks
in well Obernsees as the “shelf facies”. Note that the well Obernsees is located 1000 m SW of the profile in the footwall of a
Permian graben. Panel D shows models based on the recent interpretation of the basement rocks in well Obernsees as “lower
Carboniferous turbidite”. Similarly, scenarios at which there is only shelf facies (blue line) or Permian units (green line) below
the Mesozoic cover are modeled. Panel E shows the final model with lower Carboniferous turbidites below the Permian graben
(red line in panel D).

reflection and well data. The SE boundary of the basin turbidites are absent at well Obernsees. However, by

on the Bohemian Massif is also unclear (Falk et al., 1995;
Hahn et al., 2010). Basement rocks being drilled by the
well Obernsees have originally interpreted as Palaeozoic
shelf facies based on the assumption that the reddish
colour of the units is of a primary nature even if there
are evidences showing a secondary nature of the reddish
colour (Helmkampf, 2006; Stettner and Salger, 1985).
According to this interpretation the lower Carboniferous

135 |

a recent interpretation based on the lithostratigraphic
correlation with exposed Palaeozoic shelf facies and the
secondary nature of the observed reddish colour, the
basement rocks in the well Obernsees are assigned to
the lower Carboniferous turbidities (Leutenberg Group,
Bavarian Environment Agency (LfU), see Appendix B
in Supporting Information). With the shelf facies as the
basement rocks, the model requires 1400 m of Permian
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units, which is not supported by the observed seismic
facies, while with the presence of the lower Carboniferous
turbidites, the model is satisfied with 800 m of Permian
rocks (Figure 8C and E).

5.2 The Saxo-Thuringian Basin a
‘Lateral Foreland’ Basin

The STB has been previously studied based on the
outcrop observations and used to explain the NW-SE
collisional tectonic scenario (Franke, 1984b). In such a
view, deposition in a long lived Palaeozoic marine basin
changed to synorogenic deep marine sedimentation due
to flexural loading in the southeast. Ongoing northwest
directed nappe transport transformed such a flexural
foreland basin in a late Variscan subcylindrical fold-
and thrust-belt. As mentioned above, this traditional
view is in conflict with various constraints as it cannot
explain the complex and prolonged tectono-metamorphic
record in the allochthonous units of the STZ (Jouvent
et al., 2022; Schulz and Krause, 2024). Moreover,
the axis of the STB is parallel to the initial NE-SW
nappe transport, and on the southeastern margin of the
basin the mass flows were deposited on already exhumed
metasediments (Hahn et al., 2010). Therefore, the STB
cannot be explained as a flexural foreland basin caused
by prolonged and exclusive NW-SE convergence. The
SW extent of the STB described here, appears to be
less affected by the NW-SE oriented Variscan tectonics
as it is positioned in the low-strain area between the
transform plate boundary and the lateral edge of the
collisional pile (high-strain areas, Figure 9 cross-sections
X-X’, and Y-Y’). Late Variscan NNW-SSE compression
is highly oblique compared with the NE-SW oriented
Gondwana-Laurussia plate convergence and postdates
the sedimentation of the STB (Kroner and Romer, 2010).

The STB evolved adjacent to the Gondwana-Laurussia
plate boundary that is represented by the NE-SW
oriented MGCZ (Figure 9). This sinistral
lithospheric-scale shear zone strikes parallel to the
small circle trajectories of the Gondwana-Laurussia
Euler pole (Kroner et al., 2016, 2022), representing
a transform fault connecting the convergent plate
boundary of the French Massif Central with the frontal
collision zone at the NE edge of the Bohemian Massif
(Stephan et al., 2016). Thus, the syncollisional STB
evolved in a marginal position and low-strain zone
between a transform plate boundary in the NW and
the lateral edge of the collisional pile of the Bohemian
Massif in the SE (Figure 9). As evidenced by the
NE-SW arranged proximal synorogenic deposits NW
of the Fichtelgebirge, this voluminous collisional pile
constitutes the boundary of the STB in the SE. Because
the transform plate boundary in the NW (future MGCZ
and the NW-WTZ) did not significantly contribute
to the basin infill, the STB was exclusively supplied
by detritus from the collisional pile (equivalent of the
Erzgebirge-Fichtelgebirge Zone) in the SE. Nevertheless,
in some respect the depositional environment is
similar to classical foreland basins. For example, the
southeastern boundary of the STB is adjacent to the
thickened collision zone, and the uplifting collisional
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wedge delivered detritus to the basin. Moreover, the
transition from distal to proximal sediments changed
through time from SE to NW.

There are differences between the STB and classical
foreland basins. The sedimentation occurred in a
strike-slip dominated part of the plate boundary zone,
and the basin boundaries are characterized by strike-slip
faulting. Omne of these faults constitutes the boundary
fault to the collisional wedge. No initial flexural bending
occurs and the axis of this narrow basin is parallel or
acute-angled to the convergence direction during the
collision. Late orogenic deformation after the overfill
stage is able to obliterate the initial architecture of the
basin. To distinguish such an architecture from classical
foreland basins, we propose the term “lateral foreland
basin”.

5.3 Implication for the Variscan
Tectonics

Radial transport directions of lower Carboniferous
tubidites from surrounding highlands into the spoon
shaped STB, suggest that the northwest and west parts
of the STZ also sourced sediments into the basin.
However, at the latest stages of the basin fill (at the
time of deposition of the proximal turbidite) sedimentary
input from the northwest and west increases before
the STB becomes over-filled (Franke, 1984a; Gribe and
Wucher, 1967; Hahn et al., 2010). Contrasting to this
observation is that so far no sign of sediments sourced
from the MGCZ in the NW of the STB has been detected
(Eder et al., 1983; Falk et al., 1995). Based on the
architecture of the STB, occupying low-strain areas of
the STZ, source of sediments and transport direction
discussed above, we propose that the northwest and
west areas of the STB, i.e. the high-strain zone (future
MGCZ and the NW-WTZ) experienced transpression
and uplift during lower Carboniferous time coeval to
the ongoing sedimentation in the STB. Deformation
and uplift of the high-strain zone continues during the
Carboniferous producing detritus feeding the STB and
eventually exposes the crystalline basement. At the
time of which the crystalline basement is exposed in
the NW, the STB is already over-filled and therefore
erosional products are transported north-ward into the
Rheno-Hercynian basin (Figure 9B and cross section X).
Our interpretation can explain described radial transport
directions into the STB and at the same time the
lack of detritus sourced from the MGCZ in the NW,
and it is supported by the U-Pb ages obtained from
detrital and magmatic zircons farther north (Linnemann
et al., 2024). Spatial deformation of the STZ and
surrounding high-strain areas are also heterogeneous.
While the SE and the central low-strain parts of the
STZ accommodated distal turbidites, the remaining part
of the STZ was still in a marine environment. The
general pattern of coarser grained and more proximal
facies in the SE versus more distal facies towards the NW
of the basin is the common configuration of the STB.
Such heterogeneous temporal and spatial deformation
and sedimentation explains the coexistence of the high
and low strain (partly occupied by the STB) areas in the
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STZ between the Laurussia-Gondwana transform plate
boundary and the lateral edge of the Variscan collisional
pile.

5.4 An integrated Methodology for
Subsurface Characterization

Information about the subsurface rock types in the
study area, such as Permian clastics (Rotliegend),
lower Carboniferous turbidites, Palaeozoic shelf facies
or orogenic granitic intrusions, influence subsurface
development strategies. For instance, identified lower
Carboniferous turbidites and Permian fault-bounded
basins (graben and half-graben structures) above the
possible granitic intrusions can be investigated as
potential reservoirs in the course of deep geothermal
investigations, despite having medium to low porosities
(Drews et al., 2019; de Wall et al., 2019). Equally
important is the characterization of the subsurface
structural discontinuities and their spatial evolution
bounding the reservoir rocks, here Permian and Mesozoic
units.  Some of the Permian deep-reaching normal
faults are blind, while some others localize strain
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and got reactivated as reverse faults during Mesozoic
tectonic activities (Fazlikhani et al., 2022; Kohler
et al., 2022; Wiest et al., 2025). Such multiphase
activity and deep reaching Permian faulting increase
structural permeability, and thus fluid transport capacity
in tight granitic reservoirs in the case of enhanced
geothermal systems. The presence and extent of
the Variscan granitic intrusion modeled in the study
area has also been discussed previously (de Wall
et al., 2019), the presented approach however, better
constrains the subsurface rock units and structural
patterns as important parameters for estimating the
deep geothermal potential in the study area. The
integrated methodology presented here can be applied
as a first step to characterize the subsurface, especially
in the underexplored regions or areas with very limited
subsurface data, in response to the growing need to
diversify energy resources (e.g. deep geothermal and
natural hydrogen) and to understand the subsurface
geological settings in estimating storage capacities (e.g.
COs4, Hs or nuclear waste).
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6 Conclusion

In this study, we integrate magnetic, gravity, seismic
reflection and well data to characterize the subsurface
lithologies and structures in the western Bohemian
Massif, central European Variscides. The results of our
interpretation and modelling demonstrate that:

1. The lower Carboniferous turbidites exposed in the
NW Bohemian Massif, extend approximately 60 km
west of the Franconian Fault System. These units
exhibit low energy and transparent reflections in
both exposed (NW Bohemian Massif) and covered
(Franconian Platform) portions of the basin. The
lower Carboniferous turbidites are separated from
Devonian and older rocks by high amplitude and
continuous reflections interpreted as Variscan shear
zones.

2. Based on our modelling results and published field
studies, we define the Saxo-Thuringian Basin as
a “lateral foreland” basin because it is located in
the upper plate in a marginal position relative
to the collisional pile. The STB evolved in a
low-strain zone between two high-strain zones, the
transform plate boundary in the NW (future Mid
German Crystalline Zone) and the lateral edge of
the collisional pile of the Bohemian Massif.

3. Gravity highs in the Franconian Platform are
related to the folding and thrusting of the basement
rocks while the gravity lows are likely related to the
late- to post-orogenic granitic intrusions and local
Permian graben and half-graben structures.
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