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A B S T R A C T

Understanding structural and diagenetic interactions is key in analyzing flow pathways in tight lithologies in the 
focus of geo-energy production as e.g., geothermal energy. Fracture spacing and clustering is crucial for reservoir 
production success and reduces uncertainty in reservoir exploration and utilization. This outcrop analog study 
evaluates diagenesis, fractures, vein cement generations, kink bands, and faults in tight fractured limestones of 
the Upper Muschelkalk-Lower Keuper transition on the eastern Upper Rhine Graben shoulder in SW Germany. 
Early and burial diagenesis led to cementation of former pore spaces and therefore drastically reduced the matrix 
porosity and permeability (porosity: 0.13–10.87 %, permeability: <0.0001 mD to 9.7 mD). Highest permeabil
ities are recorded in samples containing partially sealed veins and stylolites (up to 9.7 mD) at 1.2 MPa confining 
stress. The impact of increasing confining stress on the permeability of undisturbed limestones, as well as 
limestones containing stylolites and partially sealed veins, indicate that besides an undisturbed host rock sample 
and a sample containing stylolites, partially sealed veins preserve higher permeability at 30 MPa confining stress 
(41 % of initial value, compared to 16 and 11 % of the initial value).

Fracture cluster analyses using the normalized correlation count method indicates that clustering around a 
breached kink band and associated fault is not symmetrically arranged and contains fracture sets of different 
strike. Fracture clusters also exist away from the fault at the breached kink band. Slip and dilation tendencies 
indicate that clustered fracture sets striking NNE-SSW parallel to the Rhine graben rift, WNW-ESE, and NW-SE 
parallel to the in-situ maximum principal horizontal stress are more likely to contribute to fluid flow as they are 
suitably oriented in the present-day stress field. Breached, decameter-scale reverse kink bands are the first re
ported in the region, c. 180–200 km N-NNE of the Alpine deformation front. Kink bands are most likely related to 
compression by far field stresses induced by the Alpine orogeny during the Eocene, and show partially cemented 
fault planes indicating locally persevered pore space.

The applied methods of structural and diagenetic reservoir quality assessment and obtained outcomes aid in 
the understanding of fluid migration pathways for geoenergy applications in the Upper Rhine Graben area. 
Further, the results are also transferrable to other fractured tight reservoirs worldwide, which can help to solve 
problems for energy or heat supply that are of societal importance.

1. Introduction

Porosity and permeability of carbonate reservoirs worldwide is 
affected by the depositional environment, diagenetic overprint resulting 
in a deterioration or enhancement by cementation, dissolution, and 
dolomitization, and fractures (e.g., Roehl and Choquette, 2012, their 
tables 1.1 and 1.2). Excellent matrix porosity and permeability can be 

retained in carbonates (e.g., Ehrenberg et al., 2006; Melzer and Budd, 
2008), but where cementation reduced the fluid flow potential of a 
formation, fractures can be the dominant porosity type (Garland et al., 
2012; Lamarche et al., 2012). Therefore, assessing the depositional 
environment, diagenetic alteration, and structural inventory is essential 
to understand porosity and permeability in carbonates. Fractures in 
reservoirs can enhance the local permeability and thus positively 
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influence production if not sealed. Fracture mineralization can result in 
increased uncertainty during reservoir development (e.g., Almansour 
et al., 2020), because sealed fractures can result in reservoir compart
mentalization (Moore and Wade, 2013). However, fractured carbonates 
host a large amount of conventional reserves globally (Burchette and 
Britton, 1985; Burchette, 2012; Harbaugh, 1967), such as giant fields 
producing hydrocarbons as the Ghawar oil field in Saudi Arabia (Kosari 
et al., 2017), the Gachsaran oil field in Iran, Kirkuk in Iraq (Tavakoli, 
2020) or pre-salt carbonate reservoirs of the Santos Basin at the Brazilian 
Atlantic margin (e.g., Wagner Moreira et al., 2023). Fractured carbon
ates are also relevant as energy storage sites such as Europe’s largest gas 
storage site Rehden, Germany, with 3.95 bcm working gas at 1.9–2.3 km 
depth (LBEG, 2023), and supply drinking water for approximately 25 % 
of the world population worldwide, where the reservoir is found at 10s 
of meters depth (Medici et al., 2021; Suski et al., 2008). Furthermore, 
carbonate reservoirs are of recent interest for geothermal energy pro
duction. For example, deep geothermal exploration in the NW European 
Carboniferous Basin in the Netherlands and the Molasse Basin in Ger
many target fractures, faults and karstification (Gutteridge et al., 2025; 
Kaminskaite-Baranauskiene et al., 2023).

Fluid flow and surface area for heat exchange depend on permeable 
host rock porosity and the size and abundance of naturally occurring or 
engineered fractures. Additionally, fluid pathways depend on several 
factors such as the depositional environment and facies, rock-fabric, and 
the diagenetic overprint (Ahr, 2008; Burchette and Britton, 1985; 
Burchette, 2012; Worden et al., 2018). Diagenetic processes can cause 
cementation, calcification/dolomitization, but also dissolution of min
erals, and/or compaction and formation of stylolites (Gomez-Rivas 
et al., 2022; Humphrey et al., 2019; Ölmez et al., 2024; Schoenherr 
et al., 2018), which increases the complexity in predicting petrophysical 
properties. Therefore, when assessing carbonate reservoirs, a combina
tion of rock classification, diagenetic analysis, petrophysical analysis (e. 
g., Machel, 2005) and the assessment of the structural inventory provide 
constraints on reservoir properties and thus limit exploration risks (e.g., 
Becker et al., 2019b).

Open fractures (joints) in tight rocks may be preferred fluid pathways 
in the subsurface, and are therefore of increasing interest in research 
related to geothermal energy production, hydrocarbon recovery, gas 
storage, and groundwater reservoir assessment (Bahrami et al., 2012; 
Carlos de Dios et al., 2017; Elliott et al., 2025; Khelifa et al., 2014; 
Laubach et al., 2004). Although the ability of fractures to transmit fluids 
is widely considered to be principally governed by the current stress 
field (e.g., Barton et al., 1995; Finkbeiner et al., 1997; Mattila and 
Tammisto, 2012) in some cases the openness of fractures is relatively 
insensitive to small differences in confining pressures in the subsurface 
(Laubach et al., 2004) and mineral deposits in the fractures may be 
determinative of the capacity of fractures to support flow (e.g., 
Almansour et al., 2020; Olson et al., 2009).

Furthermore, the understanding of fracture spacing and clustering 
are important for the success or failure of production of reservoirs (Li 
et al., 2018; Marrett et al., 2018; Narr, 1996). Especially in tight for
mations (low matrix porosity and permeability), the reservoir is domi
nantly controlled by its fracture network (Agosta et al., 2010; Becker 
et al., 2018, 2019a; Elliott et al., 2025; Rashid et al., 2023). A combi
nation of fracture data from outcrop studies and the subsurface help to 
understand fracture patterns and can be used for fractured reservoir 
modelling, and thus reduce uncertainties for geoenergy applications 
(Allgaier et al., 2023a; Becker et al., 2018).

Because data from the subsurface is scarce and mostly only allows 
the delineation of properties from a point source (i.e. individual plugs) 
or line-source (e.g., geophysical logs) in wells, outcrop analog studies 
can aid in understanding lateral variations (Becker et al., 2019a). 
Assuming that fractures formed as different generations over time with 
different strike orientations per generation, care has to be taken to only 
assess fractures with the same strike orientation (e.g., Li et al., 2018) 
when assessing fracture clustering and intensity. Tectonic processes 

such as lateral compression, extension, fluid overpressure or uplift can 
cause fracturing and enhance flow properties (e.g., Moore and Wade, 
2013) or affect pre-existing fractures by dilation or shearing in a 
present-day stress field (Ferrill et al., 2020; Morris et al., 1996), which 
can adjust fluid pathways in open and partially sealed veins. Especially 
partially sealed veins, occasionally preserving bridging textures, are 
interpreted to preserve permeability at depth (Gale et al., 2010; Lander 
and Laubach, 2015). However, the analysis especially of barren fractures 
in quarries does not necessarily reflect fracture intensities at depths (e. 
g., Becker et al., 2018; Li et al., 2018).

The Upper Rhine Graben hosts the largest geothermal anomaly in 
Germany (Clauser and Villinger, 1990; Pribnow and Schellschmidt, 
2000) and is in the focus of geothermal exploration (Harlé et al., 2019; 
Heap et al., 2019; Kushnir et al., 2018). At the Soultz-sous-Forêts 
geothermal site in France, Lower and Middle Muschelkalk lithologies 
were studied with a focus on petrophysical, thermal, and geomechanical 
properties (Heap et al., 2019). So far, the Upper Muschelkalk lithologies 
were of interest in terms of facies and sequence stratigraphy (Aigner, 
1985, 1986; Aigner and Bachmann, 1992; Brüderlin, 1970; Brunner and 
Simon, 1985; Geng, 1996; Geng and Zeeh, 1995; Hagdorn and Simon, 
2021; Mehl, 1982; Seufert, 1984; Seufert and Schweizer, 1985; Vollrath, 
1938; Zeeh and Geng, 2001). The Upper Muschelkalk carbonate plat
form in southern Germany has previously been used as an outcrop 
analog for carbonate reservoirs in the Middle East, e.g., Khuff, Hanifa, 
and Arab Formation due to conceptually comparable characteristics 
(Koehrer et al., 2012; Kostic and Aigner, 2004; Warnecke and Aigner, 
2019). The petrophysical values can vary within microfacies types, 
therefore a grouping for petrophysical values with respect to facies types 
is not applicable in all regions (Kostic and Aigner, 2004). While the 
relation between microfacies types as a function of the depositional 
environment and petrophysical values has been shown, the relation of 
petrophysical values with diagenetic processes and the structural over
print is not established yet for the Southern Germanic Basin. Structural 
analysis of the Triassic Muschelkalk so far focused on fracture intensity 
related to the vicinity of normal, strike-slip, and reverse faults (Meier 
et al., 2015). However, successfully assessing the reservoir quality of 
limestones may be key in unlocking geothermal and hydrocarbon 
reservoir potential in the Upper Rhine Graben.

In this study, we first link lithological, petrographic, and petro
physical analyses to assess reservoir quality in limestones of the Upper 
Muschelkalk to Lower Keuper transition to fill the knowledge gap on 
primary porosity in relation to microfacies and diagenesis. We then 
assess the relation between petrophysical analyses with compressional 
and tensional deformation structures in form of (breached) conjugate 
reverse kink bands and different fracture and vein cement generations. 
We also determine the effect of increases in confining stress on the 
permeability of undisturbed limestones, and limestones containing sty
lolites, and partially sealed veins. As partially sealed veins contribute to 
the fluid flow network in fractured carbonate reservoirs and are dis
cussed to preserve fluid pathways in unsuitable stress fields, the inte
gration of structural diagenetic properties thus helps to understand the 
fluid flow system. In combination with structural and diagenetic as
sessments, fracture cluster analyses using the normalized correlation 
count (NCC) method, and slip tendency (Ts) and dilation tendency (Td) 
evaluations, we evaluate the controlling factors on fluid pathways in 
carbonates. The studied quarry is located on the eastern Upper Rhine 
Graben shoulder in SW Germany and also contains breached, decameter- 
scale conjugate kink bands. Kink bands are tabular fold zones cutting 
foliation as e.g., bedding, where foliation is rotated as result from shear 
coupling and commonly occur as conjugate sets (box fold-like conjugate 
system) (Dewey, 1965) and are used as paleo-stress indicator in rocks 
(Srivastava et al., 1998). We assess the structural diagenetic properties 
of fractures, and their likely contribution to fluid flow, and evaluate 
their formation in reconstructed stress fields affecting the region.

The applied workflows and derived results contribute to the under
standing of migration pathways of fluids for e.g., geothermal energy or 
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hydrocarbons in the Upper Rhine Graben and other fractured carbonates 
elsewhere.

2. Geological setting

The Muschelkalk was deposited in the southern Germanic Basin, 
following a northwards marine ingression into the basin (Fig. 1d), which 
was separated from the open-marine Tethys by the Vindelician/Bohe
mian Massif in the south (Aigner, 1985, 1986; Kostic and Aigner, 2004). 
Following the opening of the Burgundy gate, the East Carpathian gate 
and the Silesian-Moravian gate (Fig. 1d), the transgression during the 
Muschelkalk formed a gently inclined carbonate ramp comprising 
limestone, dolostone, claystone, and evaporite deposits (Kostic and 
Aigner, 2004). The transition to the Vindelician-Bohemian Massif during 
the Muschelkalk is characterized by coast-parallel deposition of terres
trial sediments (Aigner, 1985; Kostic and Aigner, 2004 and references 

therein). The Muschelkalk limestones have been replaced by a dolomitic 
limestone facies towards the terrestrial sediments (Kostic and Aigner, 
2004). The studied top part of the Upper Muschelkalk (Meißner Fm., 
LGRB, 2022) is characterized by an overall shallowing up sequence of a 
highstand systems tract at the end of the Muschelkalk and comprises an 
increasing amount of bioclastic, oolitic, and oncolitic beds and shows 
more intense dolomitization (Aigner and Bachmann, 1992). This 
regressive trend during the uppermost Muschelkalk continues into the 
Lower Keuper (Aigner and Bachmann, 1992). The overlying Keuper 
(Early Ladinian to Rhaetian) is characterized by transgressive and 
regressive deposits, which lead to the formation of clastic to transitional 
marine and evaporitic deposits (Ziegler, 1982). The lowermost Keuper 
(Erfurt Fm.) is present as claystone/dolomite intercalations, which may 
contain fine-to medium-grained sandstone beds. Furthermore, coaly 
layers and limey and phosphatic bonebeds can occur marking the lith
ostratigraphic boundary between the Muschelkalk and Keuper (Etzold 

Fig. 1. Overview of the study location and the Upper Rhine Graben. a) The study location is around 30 km east of the city of Karlsruhe in Knittlingen, isolines for the 
Heidelberg pull apart basin (red) and Rastatt trough outlining the depocenters (blue) (modified after Böcker et al., 2017; Busch et al., 2024; Gabriel et al., 2013; 
Schumacher, 2002). b) Marked location of the Upper Rhine Graben in blue box and Kraichgau area in SW Germany (modified after Busch et al., 2022b). Alpine 
deformation front (Alpine DF, dashed red line) adapted from Käßner et al. (2024). c) Simplified geological and tectonically map, the approximal location of the 
Knittlingen quarry is marked with a red star (redrawn and modified after Meier et al., 2015). d) Study location (red star) with paleogeographic distribution of 
landmasses during the middle Triassic Upper Muschelkalk (redrawn and modified after Franz et al., 2015; Warnecke and Aigner, 2019, and references therein). BG: 
Burgundy Gate, CG: East-Carpathian Gate, SMG: Silesian-Moravian Gate, LB: London Brabant Massif.
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and Franz, 2005). The general evolution is described as subsidence and 
deposition from the Triassic to the Cretaceous, followed by uplift and 
erosion throughout the Cretaceous to Eocene. The remaining Mesozoic 
and newly deposited Cenozoic lithologies in the Upper Rhine Graben 
experience another phase of subsidence from the Eocene onwards 
(Bossennec et al., 2021 and references therein). In contrast to the Upper 
Rhine Graben, the Mesozoic lithologies on the graben shoulders did not 
experience an additional burial since the Eocene but were uplifted and 
are now exposed in outcrop. The present investigation is focused on 
rocks of the Knittlingen quarry. This study area is located on the eastern 
Upper Rhine Graben shoulder, approximately 30 km east of the city of 
Karlsruhe in Germany (Fig. 1a, b, c) where Middle Triassic Muschelkalk 
and Keuper lithologies (Early Anisian to Early Ladinian) are exposed.

The Upper Rhine Graben is a ca. 300 km long (Basel to Frankfurt/ 
Main), and ca. 30–40 km wide intracontinental rift basin. It has an 
overall NNE-SSW strike direction (Fig. 1a), and was formed as part of the 
European Cenozoic Rift System (Schumacher, 2002; Ziegler, 1992). The 
region and location of the Upper Rhine Graben rift is linked to changing 
stress fields (Fig. 2) and reactivation of Permo-Carboniferous NNE-SSW 
oriented fault systems (Schumacher, 2002; Ziegler, 1992). During the 
Permian and Early Triassic, the region experienced N-S and NNE-SSW 
extension in a normal faulting regime (Dezayes and Lerouge, 2019).

For Central Europe, the σ1-axis is reconstructed as NW-SE during the 
Early Cretaceous and NE-SW compression during the Late Cretaceous, 
persisting into the Paleocene (Kley and Voigt, 2008), leading to uplift in 
the area of the southern Germanic Basin (Böcker, 2015 and references 
therein) (Fig. 2).

During the Middle Eocene W-E directed extension resulted in reac
tivation of Permo-Carboniferous NNE-SSW oriented fault systems and 
initiated the Upper Rhine Graben rift formation (Schumacher, 2002; 
Ziegler, 1992). Subsequently, the maximum principal stress rotated 
clockwise towards a NNE-SSW oriented compression around the Middle 
to Late Eocene (Schumacher, 2002). In the late Eocene, extension and 
subsidence of the southern part of the graben occurred due to NNE 
trending Alpine compression (Rotstein and Schaming, 2011 and refer
ences therein).

During the Oligocene, rifting of the Upper Rhine Graben was char
acterized by W-E to WNW-ESE extension, leading to the development of 
NNE-SSW striking graben-parallel faults (Schumacher, 2002). The 
NNE-SSW striking faults are abundant in the Cenozoic sequence, 
whereas the NNW-SSE oriented faults mostly abut against these large 
faults (Reinhold et al., 2016).

Reorientation of the stress field during the Miocene resulted in a 
sinistral strike-slip movement along the boundary faults of the Upper 
Rhine Graben, leading to a direction of the maximum principal stress to 
NNW-SSE to NW-SE and development of minor faults with a predomi
nant NNW-SSE strike (Schumacher, 2002). Consequently, NNE-SSW 
trending faults have been reactivated in the same shear direction 
(Ahorner, 1975; Schumacher, 2002).

The current stress field (principal stress directions and magnitudes) 
for the central region of the Upper Rhine Graben derived from well data 
from the Bruchsal geothermal site matches with σHmax oriented 
approximately NW-SE (Meixner et al., 2014).

The continental Upper Rhine Graben rift basin accumulated Paleo
gene and Neogene marine and terrestrial deposits, which unconform
ably overly the Mesozoic sequence. Burial depths of Mesozoic units 
partly exceed 5000 m (Anders et al., 2013), related to pull-apart basins 
(Rastatt trough, south of Karlsruhe, Fig. 1a) forming in releasing bends. 
The structural configuration of the Upper Rhine Graben is characterized 
by intricate horst and graben formations, anticlines, monoclines, faulted 
anticlines and roll over-structures (Durst, 1991).

The Upper Rhine Graben is of primary focus for deep geothermal 
exploration in Central Europe, owing to high geothermal gradients 
exceeding 100 ◦C/km in certain areas, recorded for Tertiary, Jurassic 
and Upper Triassic (Keuper) sediments and sedimentary rocks from drill 
holes (Pribnow and Schellschmidt, 2000; Vidal et al., 2015), e.g., at the 

Fig. 2. Changes in stress field over time in Central Europe. For the Permian and 
Triassic, a normal faulting regime with σ1 = σV is given (modified and redrawn 
from Dezayes and Lerouge, 2019). For Early Cretaceous to Late Eocene the 
stress field was dominantly compressional with σ1 = σHmax. Stress orientations 
are adapted from literature (modified and redrawn from Kley and Voigt, 2008; 
Schumacher, 2002).
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Soultz-sous-Forêts site (Fig. 1a). High temperature gradients are gener
ally related to conduction-dominated heat transfer, and low temperature 
gradients are indicative for convective fluid flow (Pribnow and 
Schellschmidt, 2000). Main fluid conduits are interpreted to be perme
able fault damage zones and fractures, hosting convection cells in the 
Permo-Carboniferous basement and Permian to Middle Triassic sedi
mentary rocks (Vidal and Genter, 2018; Vidal et al., 2015).

3. Materials and methods

In the Knittlingen quarry a total of 32.3 m stacked vertical litho
logical profiles were recorded using the carbonate rock classification 
after Dunham (1962) to assess the depositional environment and link 
petrophysical measurements to lithotypes. The quarry has an overall 
north-south extension of ~440 m, a west-east extension of ~450 m 
while the main investigated southern part of the quarry has a 
north-south extension of ~275 m and a west-east extension of ~280 m. 
Measurements of spectral gamma ray (sGR) were conducted with a 
hand-held gamma ray spectrometer RS-230 BGO Super-SPEC detecting 
natural gamma radiation of 40Th, 232K and 238U (cf. Schmidt et al., 
2021). The measuring time was 60 s per spot with a distance of 20 cm 
between individual measurement spots. Measured sGR values were 
converted to API units using the following multipliers 1 ppm U = 8.09 
API units, 1 ppm Th = 3.93 API units and 1 % K = 16.32 API units 
following Rider and Kennedy (2011). During lithological profile acqui
sition, individual limestone layers were sampled for petrophysical 
measurements and petrographic characterization. In addition, vein 
samples and samples of slickensides in the breached kink band planes 
were collected to assess their microstructure.

In total 109 plugs were drilled parallel (N = 45) and perpendicular 
(N = 64) to stratification using a water-cooled core drill with ~2.54 cm 
diameter (one-inch) from hand specimen for petrophysical analysis. 
Trim ends of individual plugs oriented parallel to the stratification were 
used for thin section preparation. The plugs were dried in a vacuum- 
oven until weight constancy at 40 ◦C for one week. Grain density and 
porosity were measured using a micrometrics AccuPycII 1340 pyc
nometer using helium (cf. Becker et al., 2017). Klinkenberg-corrected 
(Klinkenberg, 1941; Rieckmann, 1970) intrinsic permeability was 
measured with an air permeameter manufactured by Westphal Me
chanic, with a measurement range between 0.0001 mD and 10,000 mD, 
using dry, oil-free laboratory air as permeant at a confining pressure of 
1.2 MPa to avoid sample bypass under steady-state flow conditions 
(Busch et al., 2022a).

The assessment of permeability of undisturbed host rock samples and 
samples with partially sealed veins or stylolites at elevated confining 
pressures (30, 20, 10, 1.25 MPa) was assessed on three plug samples in 
an isostatic flow cell using helium as a permeant at room temperature 
(22 ± 1 ◦C) (cf. Monsees et al., 2020). Permeabilities were measured 
during the unloading cycle after all samples were loaded up to a 
maximum confining pressure of 30 MPa. The cell is fitted with a HPLC 
pump (high-performance liquid chromatography pump) using water to 
regulate confining pressures. As the results are apparent permeabilities, 
the Klinkenberg correction was used to correct possible slip flow 
(Amann-Hildenbrand et al., 2016; Klinkenberg, 1941). Pressure sensi
tivity coefficients of permeability (γ) were calculated after David et al. 
(1994) to compare the results. Since the reference effective confining 
pressure (P0 in David et al. (1994)) is 1.25 MPa, the respective mea
surements at elevated confining pressures are plotted at 8.75, 18.75, and 
28.75 MPa.

For petrographic analysis a total of 30 thin (~28 μm) and thick 
sections (100 μm) were prepared. All samples were embedded in blue 
dyed epoxy resin to visualize optical porosity. In total, 24 thin sections 
were stained on one half with a combined solution of alizarin red S and 
potassium ferricyanide to distinguish different carbonate phases after 
Dickson (1965) and covered with a glass cover slip. Dolomite remains 
unstained, whereas calcite will stain reddish (pink to orange), ferroan 

calcite will stain blueish (purple to blue), and ferroan dolomite will stain 
pale blue (cf. Ölmez et al., 2024). Additionally, six samples were pre
pared as thick sections with a thickness of 100 μm and were polished for 
cathodoluminescence (CL) analysis. Furthermore, eight trim ends of 
plugs were fine ground with 4000 grit sand paper to assess fracture 
cements in CL.

For petrographic analysis a Leica DMLP fitted with a Progres Gry
phax camera system was used, and polished thin sections were addi
tionally examined using cold cathode cathodoluminescence (CITL 
CL8200 Mk5-2 Optical Cathodoluminescence System mounted on a 
Leica DIALUX 20 ES) in a vacuum to assess zonation or possible cross 
cutting relationships of individual vein and cement generations. Point 
counting was performed to link detrital or diagenetic cement phases to 
reservoir quality. Therefore, point counts were performed on 300 points 
on 24 thin sections using a Pelcon semi-automatic point count stage 
using a step-length of 250 μm to account for the variety of grain size 
(from micrite to mm sized shells) installed on a Leica DMLP microscope 
(as also shown in Busch et al., 2019). Optical porosity types were 
determined using the classification of Choquette and Pray (1970). As the 
grain size of micrite (≤4 μm) and microsparite (5–10 μm) by Folk (1959, 
1974) could not be determined during point-counting, the term micrite 
is used (cf. Ölmez et al., 2024). Grain size of dolomite was measured on 
the long axis of each crystal (at minimum 20 measurements per thin 
section) on microphotographs using ImageJ.

Drone image acquisition for orthomosaic generation to document the 
kink bands was performed using a DJI Phantom 4 Advanced Plus. The 
photogrammetric point-cloud and orthomosaic generation was done 
using Agisoft PhotoScan (now Metashape) (Allgaier et al., 2023b; 
Cawood et al., 2017). Fracture dip direction and dip angle were recorded 
using a manual compass (N = 576) and processed using OpenStereo 
(Grohmann and Campanha, 2010). We prepared two scan lines, 
recording fracture orientations once subperpendicular to the exposed 
breached kink band (striking NNW-SSE, 26.7 m length, N = 346) and 
once along a perpendicular wall (striking ENE-WSW, 11.88 m long, N =
133) in order to analyze fracture set intensities and clustering. Manual 
fracture detection (dip direction, dip angle) of the northern kink bands 
are based on point clouds in CloudCompare (Girardeau-Montaut, 2017) 
using the compass tool (e.g., see Allgaier et al., 2023b).

To assess fracture set intensities and gain information about spatial 
arrangement, we use the normalized correlation count (NCC) method 
(Marrett et al., 2018). This method distinguishes random fracture ar
rangements from clustered and periodic arrangements using the 
two-point correlation function or correlation sum (Bonnet et al., 2001; 
Wang et al., 2019). As fracture strike is not always perpendicular to the 
scan line, the recorded apparent distances between the fractures require 
correction using the Terzaghi method (Li et al., 2018; Terzaghi, 1965). 
For this purpose, sub-parallel sets of five main fracture strike orienta
tions were grouped into sets (striking 10◦, 50◦, 70◦, 110◦, 140◦), 
resulting in corresponding 338 fractures in total for these analyses. The 
sets were differentiated based on strike rose and polar plot density 
clusters. The respective angle between the strike of the fracture set and 
the scan line was used to obtain corrected distances (Li et al., 2018; 
Terzaghi, 1965). The generated data was analyzed using CorrCount in 
Matlab (cf. Marrett et al., 2018). Pattern morphology of normalized 
correlation counts were described after Marrett et al. (2018) and Li et al. 
(2018), as either indistinguishable from random, anti-clustered in
dividuals, regularly-spaced individuals, regularly-spaced fractal clus
ters, clustered individuals, fractal cluster or log-periodic cluster (Marrett 
et al., 2018, their Fig. 12). As no bedding planes were accessible in the 
quarry, no data on fracture length and connectivity can be obtained.

To assess the relation of present fracture orientations and present- 
day stress orientation, we also performed dilation and slip tendency 
analyses (Allgaier et al., 2023b; Ferrill et al., 2020; Morris et al., 1996) in 
FracTend (Healy, 2023). Dilation and shear tendency analyses identifies 
fractures in which the ratio of shear stress (τ) to effective normal stress 
(σn) exceeds the frictional strength (μ) of the fracture, they are therefore 
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critically stressed and show a higher probability of being hydraulically 
conductive (Barton et al., 1995; Ferrill et al., 2020). The slip tendency Ts 
(Eq. (1)) reflects the likelihood of fracture reactivation in shear mode 
assuming no cohesion (Morris et al., 1996) and the dilation tendency Td 
(Eq. (2)) reflects the likelihood of a plane to dilate (to open) in tensile 
mode (Ferrill et al., 1999): 

Ts =
τ

σn
≥ μ Eq. 1 

Td =
(σ1 − σn)

(σ1 − σ3)
Eq. 2 

Using the trend and plunge of the poles of recorded fractures from 
the two scanlines and the reconstructed present-day stress orientation 
and magnitude in the Upper Rhine Graben (Allgaier et al., 2023a; 
Meixner et al., 2014) at 1000 m depth using stress gradients σ2 = σV =

23.8 MPa/km, σ1 = σHmax = 28.8 MPa/km, σ3 = σhmin = 15.3 MPa/km 
and pore pressure of 10.2 MPa/km allows the assessment which fracture 
orientations are more likely to contribute to fluid flow.

4. Results

4.1. Lithological description and gamma ray signature

4.1.1. Overview
The Knittlingen quarry exposes Upper Muschelkalk to Lower Keuper 

lithologies, fractures, veins and faults. In both quarry parts (northern 
and southern part, Fig. 3a), kink bands are present, and in one wall a 
breached kink band with mineralization is exposed. This study focuses 
on the southern part of the quarry (red box in Fig. 3a). In the studied 
area (Fig. 3b) stacked vertical lithological profiles were recorded (red 
lines in Fig. 3b–d). Manual compass measurements were taken along the 
lithological profiles, and on scan lines (orange lines in Fig. 3b).

4.1.2. Upper Muschelkalk
In total, 25.8 m of limestone – marly claystone alternations for the 

Upper Muschelkalk is recorded (Figs. 4 and 6). The Upper Muschelkalk 
lithologies are composed of dark grey to very dark grey, mostly calcitic, 
mudstones, wackestones, and packstones (further called limestones) 
classified after Dunham (1962) and very dark grey marly claystone in
tercalations (Figs. 4 and 6).

The number of intercalated marly claystones decreases toward the 
top of the studied lithology (Fig. 4a and b). The recorded wacke- or 
packstones include (recrystallized) shell fragments (Fig. 4b), showing a 
dark grey or white color. Some of the shells are non-reactive to HCl 
indicating a dolomitic or silicic composition. The limestone texture is 
mostly massive. Toward the younger strata, wacke- and packstones are 
more abundant than mudstones (Fig. 4a (older strata), b (younger 
strata), 6). Subordinately, erosional surfaces and bioturbation between 
underlying mudstones and overlying wacke-/packstones can be 
observed (Fig. 4c and d). Both, decreasing marly claystone contents and 
the increasing amount of shells within the limestones indicate a general 
shallowing upward trend. Calcitic veins (mm-thick) are present 
perpendicular to bedding, mostly strata-bound and rarely crosscutting 
multiple limestone beds.

4.1.3. Lower Keuper
For the Lower Keuper, a total of 6.5 m of limestone – marly claystone 

alternation is recorded. The limestones are mostly massive mudstones. 
At the base of a dark grey marly claystone layer (Vitriolschiefer), an 
approximately 2 cm thick bonebed layer can be found (Fig. 5a). This is 
followed by a thicker limestone layer (Blaubank) with brachiopod im
pressions, bioturbation, and cavities at the base indicating dissolution 
(Fig. 5b). Toward younger strata, the claystone content increases and 
only thinner calcitic limestone beds are exposed (Figs. 5c and 6).

4.1.4. Lithological column and spectral gamma ray (sGR)
The calculated sGR for the Upper Muschelkalk profiles (N = 135) 

varies between 16 and 86 API and generally decreases from the base of 
the studied Upper Muschelkalk section toward the top, reflecting the 
recorded decrease in marly claystone layers throughout the lithological 
column (Fig. 6). The calculated sGR for the Lower Keuper profiles (N =
30) ranges from 48 to 151 API (Fig. 6). The base of the Keuper is indi
cated by increasing gamma ray values, related to the sudden increase in 
marly claystone content.

4.2. Petrography

The stained thin sections confirm the macroscopic classification as 
limestones. A detailed point-count table is found in supplementary 
materials I and all contents are given as vol% of the bulk sample. As most 
of the point-counted thin sections are limestones from the Upper 
Muschelkalk and only one is from the Lower Keuper, samples are not 
classified based on their stratigraphy. The fine-grained, calcitic, matrix 
is summarized as micrite.

4.2.1. Detrital components
The samples are dominantly composed of calcitic micrite (crystal 

sizes between <4 and ~13 μm), biodetritus (e.g., shells, crinoids, gas
tropods, teeth, or fish scales), or peloids. The most abundant detrital 
components are micrite (Fig. 7a), ranging from 0 to 93 %, peloids 
(Fig. 7a, 0–21.7 %) which are distributed without any orientation and 
mostly composed of calcitic micrite, and crinoid fragments (0–6.7 %). 
Intercrystalline clay between dolomite spar (0–6.0 %) is present in three 
samples. Phosphatic peloids, bone fragments, scales, and teeth are 
summarized as phosphates (0–1.3 %) and occur in most of the samples 
(Fig. 7f), but were not always encountered during point counting. In
dividual samples show mostly undeformed ooids (up to 12 %, Fig. 7c) 
with mostly bioclastic centers. Quartz grains (0–0.3 %) occur rarely, 
whereas shell fragments showing primary textures and calcitic compo
sition (0–9.3 %) are present in most of the samples. Gastropods (0–0.3 
%) were observed in different samples, but were only point counted 
twice. Ostracods (0–4.7 %) are only encountered in one sample, but are 
highly concentrated in individual layers (Fig. 7d).

4.2.2. Authigenic components
The main authigenic phases are calcite spar (0–48.7 %, Fig. 7c) that 

occurs distributed in the samples, replacive chert in shell fragments 
(0–41.0 %), and neomorphic replacements of shells with calcite spar 
(0–31.3 %, Fig. 7f) growing from the rim into the center of the shell. 
Micritic envelopes are mostly seen on recrystallized shells and only 
subordinately on crinoid fragments, and make up between 0 and 19.7 % 
(Fig. 7e). Some of the recrystallized shells additionally show both, the 
replacement with calcite spar at the shell rim, and Fe-calcite in the 
center (Fig. 7f), the latter ranging between 0 and 15.0 %. Individual 
shells are additionally replaced by not only chert but also macro
crystalline quartz (0–9.3 %). Where chert replaces bioclasts, it often 
transitions into macrocrystalline quartz, which is again encased in Fe- 
calcite replacements of bioclasts (Fig. 7l). Individual shells also show 
additional replacement by dolomite (Dol, 0–10.0 %), of which some 
additionally show a Fe-dolomite (Fe-Dol) rim (0–2.0 %) (Fig. 7k). 
Dolomite and Fe-dolomite replacements often show curved crystal fac
ets, pleochroism, and undulose extinction, typical of saddle dolomite. 
Dolomite spar (Fig. 7c–e) also replaces peloids and ooids in individual 
samples (0–21.7 %), as well as micrite (0–31.3 %, Fig. 7b) mostly as 
planar-e to planar-s rhombs, where few of the dolomite spars also show a 
Fe-dolomite rim (0–3.0 %). These dolomite rhombs show almost no 
pleochroism in plane-polarized light. In some samples, only the peloidal 
shape remains, whereas the detritus is fully dolomitized. Where dolo
mite spar in e.g., bioclasts is (partially) dissolved, FeO/FeOOH outlines 
(0–4.3 %) are often observed. Because of different optical properties of 
the dolomite, the crystal size was additionally measured, to distinguish 
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Fig. 3. Overview of the quarry. a) Aerial image of the quarry, the NE part is currently mined, the study location is marked with a red box and redrawn as schematic 
map in b). Orange lines indicate location and strike of kink band planes (Bing maps, 2025). b) Schematic map of the study area and locations of sampling and stacked 
vertical lithology descriptions (red lines), roman numbers are shown in Fig. 4 (I, II, III) and 5 (IV and V). c) View from top into the quarry, where Upper Muschelkalk 
lithologies are exposed. d) Record of vertically stacked lithologies profiles, and one kink band in the background, location is marked with a dark green star in b).
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three dolomite types: 

- Dolomite type I crystals (Fig. 7c), observed as fabric-selective dolo
mitization of ooids/peloids (almost no pleochroism, dusty appear
ance, normal extinction) with crystal sizes from 0.03 to 0.30 mm 
(avg.: 0.11 mm).

- Dolomite type II crystals (Fig. 7b), replacing the matrix (no pleoch
roism, dusty appearance in the center) with smaller crystal sizes from 
0.01 to 0.14 mm (avg.: 0.05 mm), often associated to intercrystalline 
clay minerals.

- Dolomite type III crystals (Fig. 7i–k) replacing bioclasts, matrix and 
vein cements (strong pleochroism, dusty appearance, undulose 
extinction) with larger crystal sizes from 0.04 to 1.30 mm (avg.: 0.27 
mm).

Detrital components show an isopachous fibrous to bladed radial 
calcitic rim cement (0–31.7 %) which is the dominant cement in two 
samples (Fig. 7c, e), and is less frequent in samples containing higher 
micritic matrix contents. Additionally, one sample also shows parts of 
calcitic rim cements replaced by SiO2 (0.7 %), where the detrital 
component is also (partly) replaced by chert. Pore filling cements are Fe- 
calcite (0–10.3 %), dolomite (0–2.3 %), and chert (0–1.3 %), which are 

observed in between biodetritus, occasionally also encasing rim cements 
where present (Fig. 7c). Pyrite (0–7.0 %) is present within the majority 
of the samples, and mostly present in the matrix and in bioclasts, and 
rarely occurs as geopetal pyrite in bioclasts in individual samples. 
Additionally, pyrite is also present in one sample at the interface be
tween the host rock and a composite dolomite and Fe-calcite vein. One 
sample shows a druse, which is filled by chert, which transitions into 
macro quartz, and some of the remaining pore space is filled with calcite 
and/or Fe-calcite, with some areas of the thin section showing non- 
pervasive quartz pseudomorphs after sulphates (up to 4.3 %, Fig. 7g), 
indicated by bladed crystal morphologies filled by quartz. Additionally, 
one sample with a larger recrystallized shell also shows quartz pseu
domorphs after sulphate evaporites (0.7 %). Authigenic quartz is present 
as laths with euhedral outlines within the matrix (Fig. 7c), containing 
solid inclusions of the replaced material, in some thin sections, but 
where only point counted once (0.3 %).

Clay mineral-rich stylolites are not always encountered during point- 
counting and vary between 0 and 4.3 %. In one sample, the stylolite 
shows defined sutured boundaries (Fig. 7i), whereas this effect is less 
pronounced in other samples (Fig. 7j). Stylolites are characterized by 
enrichment of e.g., clay minerals along pressure dissolution fronts. The 
columnar side of the stylolites show thinner clay mineral accumulations. 

Fig. 4. Overview of the Upper Muschelkalk, locations in the quarry are marked in Fig. 3b as roman numbers. a) Lower part of the studied succession with more marly 
claystone interbeds. b) Upper Muschelkalk, alternation of marly claystones, mudstones and packstones with bioclasts (bivalves and brachiopods), and a calcite vein 
penetrating several banks. c) Upper Muschelkalk, bioturbation trace, maybe glossifungites or similar. d) Upper Muschelkalk, erosion (some parts outlined in red) of 
underlying mudstone.
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Some stylolites are associated to veins and displace them (Fig. 7j). 
Wispy, discontinuous dissolution seams, not yet forming a stylolite (i.e. 
lacking the columnar features), were not encountered during point 
counting, but are present in individual samples.

Vein cements are of calcitic composition (0–10.7 %), Fe-calcite 
(0–17.7 %) or occur as veins showing internal zonation of these. Dolo
mite vein cements (0–7.0 %) show pleochroism and undulose extinction 
typical for saddle dolomite, which is on occasion encased by Fe-calcite 
and subordinately Fe-dolomite (0.3 %).

4.2.3. Optical porosity
Optical porosity was differentiated into intraparticle porosity 

(0–14.7 %), fracture porosity (0–2.0 %) in partially sealed veins, and in 
one sample mouldic porosity (0.3 %). Intraparticle porosity is mostly 
restricted to areas where bioclasts are dissolved or replaced, e.g., in 
dolomitized peloids or ooids.

4.2.4. Cathodoluminescence
Cathodoluminescence (CL) analyses were performed to gain addi

tional insight into the structural and diagenetic development based on 
characteristic luminescence behavior of components and cements. 
Furthermore, CL analyses may allow a more detailed assessment of 
fracture cement paragenesis, based on cross-cutting relationships. Slight 
differences in luminescence intensity between samples are due to 
different surface qualities of polished thin sections and fine ground trim 
ends.

In the studied samples calcite mostly shows an orange luminescence, 
Fe-calcite and Fe-dolomite are dull to non-luminescent and dolomite 
shows a purple-reddish luminescence (Fig. 8a). Veins or recrystallized 
shells often show internal sector zoning of calcite and Fe-calcite and are 
combined as (Fe-)calcite cements (Fig. 8b).

Some veins show partially sealing cements with sector zoned crystals 
bridging the fracture (Fig. 8c), other veins are pervasively sealed and 
cross-cut and displaced by a younger vein generation. Individual 
micritic peloids cannot be accurately distinguished from cements or 

Fig. 5. Overview of the Lower Keuper, locations in the quarry are marked in Fig. 2 as roman numbers. a) Succession of bonebed containing fish teeth, phosphatic 
pellets, bone fragments, ostracods and dark grey Vitriolschiefer, Blaubank and marly claystone. b) The calcitic Blaubank show layer of ostracods and dissolution 
cavities. c) The topmost studied section is dominantly composed of marly claystone and only thinner limestone beds (mudstones) occur.
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micrite forming the matrix based on different luminescence colors. 
Crystal boundaries or the boundary between peloid/ooid and the rim 
cement only occasionally show a slightly brighter luminescence 
(Fig. 8c). In individual samples larger shells are also overgrown by 
saddle dolomite with reddish-purple luminescence and a non- 
luminescent Fe-dolomite rim, encased by (Fe-)calcite (Fig. 8d).

4.2.5. Relation of fracture cementation
In addition to cathodoluminescence analyses on host rocks, three 

vein samples and two samples of the cemented slickensides from the 
breached kink band were studied. Partially fracture filling saddle dolo
mite shows a reddish-purple luminescence and pyrite at the host rock- 

vein interface (1, Fig. 9a and b). This vein also includes (Fe-)calcite 
cements encasing euhedral dolomite crystal facets (2, Fig. 9b). This 
composite vein is crosscut by a dull to non-luminescent (Fe-)calcite vein 
(3, Fig. 9a and b). These mostly pervasively sealed blocky (Fe-)calcite 
veins show weak internal sector zoning in dull orange luminescing ce
ments in CL analyses (3, Fig. 9c). These are crosscut by a brighter (Fe-) 
calcite vein, showing internal sector zoning in bright and dull orange 
luminescing cements (4, Fig. 9c). A vein generation composed of mostly 
dull luminescing Fe-calcite cement, which in some samples shows 
slightly brighter luminescence, is only found in a sample from the fault 
zone (5, Fig. 9g) and is crosscut by brighter cement phases (6, 7, Fig. 9g). 
One of those brighter vein cements is also only found in samples from 
the fault area and shows a heterogeneous luminescence without distinct 
zoning (6, Fig. 9f and g). A partially fracture-filling (Fe-)calcite phase 
showing internal zonation of more dull or bright zones and euhedral 
crystal facets is observed (7, Fig. 9d, f, h). This vein phase is crosscut 
other vein cement generations if present in host rock and fault samples. 
This zoned luminescence cement phase (7) is additionally enclosed by a 
dull-non-luminescent Fe-calcite phase forming the rim of a partially 
sealed vein in the fault core (8, Fig. 9h). Additionally, some veins 
include host rock inclusions in both host rock samples and fault samples, 
which are in some cases arranged parallel to the host rock-vein interface 
(Fig. 9d), and imply fracturing following initial fracture cementation.

4.3. Porosity, permeability and density

For Muschelkalk samples drilled parallel to stratification, He- 
porosity ranges between 0.13 and 10.87 % (avg.: 1.33 %), grain den
sity ranges between 2.68 and 2.73 g/cm3 (avg.: 2.73 g/cm3), and bulk 
density ranges between 2.41 and 2.72 g/cm3 (avg.: 2.67 g/cm3), while 
the permeability ranges between <0.0001 mD and 9.7 mD (avg.: 0.27 
mD). Two Keuper samples show He-porosity of 1.53 % and 2.13 %, 
permeabilities of <0.0001 mD, grain density for both of 2.7 g/cm3 and 
bulk density of 2.65 g/cm3 and 2.66 g/cm3.

The measured He-porosities for Upper Muschelkalk samples drilled 
perpendicular to bedding range from 0.16 to 10.58 % (avg.: 1.33 %), 
while grain density ranges from 2.67 to 2.75 g/cm3 (avg.: 2.71 g/cm3), 
and bulk density ranges from 2.44 to 2.74 g/cm3 (avg.: 2.67 g/cm3). Gas 
permeability varies between <0.0001 mD and 0.6283 mD (avg.: 0.0186 
mD). He-porosity for two Keuper samples are 2.16 and 2.18 %, perme
ability is < 0.0001 mD, grain density is 2.69 g/cm3 and 2.70 g/cm3, and 
bulk density is 2.63 and 2.64 g/cm3. The highest porosity values are 
measured in samples showing druses.

Due to the measurement limit of the device, samples measured below 
the limit are given as 0.0001 mD for further rock typing. He-porosity and 
gas permeability show no correlation (Fig. 10a). Rock types (mudstone, 
wackestones, and packstone) show no correlation with porosity or 
permeability (Fig. 10b). The highest permeability is measured in sam
ples showing either veins and stylolites or partially sealed veins 
(Fig. 10b).

Three samples were additionally measured under elevated confining 
stress (Fig. 11). Sample I contains a partially sealed vein, axially crossing 
the whole plug, sample II contains stylolites parallel to stratification and 
the axis of the plug, and sample III is a host rock sample without any 
special features and is described as a massive wackestone (Fig. 11). At 
30 MPa confining pressure permeabilities are 0.13 mD for sample I, 0.05 
mD for sample II and 3.0*10− 6 mD for sample III. At 1.25 MPa confining 
pressure, permeabilities are 0.32 mD for sample I, 0.27 mD for sample II 
and 2.7*10− 5 mD for sample III. The calculated pressure sensitivity 
coefficients of permeability γ are 0.03 for sample I, 0.06 for sample II 
and 0.071 MPa− 1 for sample III (supplementary material I) and are at 
lowest for the sample containing the partially sealed vein. When 
normalizing the permeability measurements to the highest measured 
value of each sample (1.0), the sample containing the partially sealed 
vein retains 41 % of the initial permeability, whereas the sample con
taining the stylolite only retains 16 % and the undisturbed host rock only 

Fig. 6. Lithological column of stacked vertical logs from topmost Lower Keuper 
(6.5 m in total) to Upper Muschelkalk (25.8 m in total), sGR in API, helium 
porosity (%, blue) and permeability (mD, red) of plug samples from limestone 
beds drilled parallel or perpendicular to bedding.

J.A. Ölmez et al.                                                                                                                                                                                                                                Journal of Structural Geology 202 (2026) 105566 

10 



(caption on next page)
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retains 11 % of the initial permeability at 1.25 MPa confining pressure.

4.4. Rock typing

Rock typing links the porosity and permeability measurements with 
petrographic properties and enables the assessment of reservoir quality 
controls (Fig. 12). As not every plug has a corresponding thin section, 
the plots only represent a part of the petrophysical measured samples 
shown in Fig. 10. The micrite content does not correlate to differences in 
reservoir quality (Fig. 12a), only one sample with comparatively higher 
amount of micrite shows higher permeability but not enhanced porosity. 
The content of shells (with primary features) and recrystallized shells 
does not correlate to enhanced porosity or permeability (Fig. 12b), since 
samples with shell contents between 20 and 30 % show among the 
lowest and highest permeabilities. The fracture porosity and vein ce
ments (Fig. 12c) and stylolite content (Fig. 12d) appear to affect 
permeability of individual samples, since individual samples with higher 
permeability show higher stylolite contents or preserved fracture 
porosity in partially cemented veins. Where veins are pervasively sealed, 
permeability remains low (~0.0001 mD). One sample displaying a sty
lolite which is oriented parallel to the plug’s long axis and bedding 

enhances the fluid flow at 1.2 MPa confining pressure (Fig. 12d, blue 
square).

Our study established that the matrix permeability of the studied 
limestones is low (max. 9.7 mD for one sample with a partially sealed 
vein and parallel to the measurement direction, else max. ~1 mD). 
Fractures and partially sealed veins enhance permeability if they have a 
suitable orientation parallel to measurement direction (Figs. 10–12). 
Hence, reservoir quality seems to be mostly related to structural ele
ments in the studied lithology.

4.5. Structures and fractures

Fractures recorded along the lithological column and the two scan
lines (N = 576) show three main strike orientations (NNE-SSW, WNW- 
ESE, NW-SE) and subordinate sets (NE-SW, ENE-WSW, W-E and NNW- 
SSE) (Fig. 13). The highest frequency is observed in WNW-ESE and 
NNE-SSW orientations.

Several decameter-scale reverse kink bands are exposed in the 
southern (Figs. 3a and 14a-c) and northern quarry parts (Figs. 3 and 
14d). While the four kink bands in the northern quarry part consistently 
dip toward 021◦–034◦ with dips ranging from 49◦ to 67◦ (Fig. 15, blue 

Fig. 7. Photomicrographs of detrital components and authigenic phases of Upper Muschelkalk and one Keuper sample. a) Calcitic micrite and micritic peloids. b) 
Sparitic dolomite (planar-s) with cloudy centers, clear rims and intercrystalline clay (interxtal clay) between the spars. c) Calcitic ooids of which some are replaced by 
dolomite spar show a calcitic isopachous fibrous rim cement and authigenic quartz laths. d) Keuper sample, ostracods are aligned parallel to bedding, dolomite spars 
are distributed between bioclasts and calcite spar cements or in bioclasts. e) Partially sealed vein with internal zonation of ferroan calcite and calcite, one shell 
fragment is replaced by chert, ooids are either dolomitized or not and one show one dolomite rhomb in the ooid rim. f) Shell fragments with elongate blocky to 
euhedral calcite cement, and sparitic Fe-calcite (Fe-Cal) cement in the center, and a calcitic crinoid fragment. g) In former shells, chert and replacive quartz are 
abundant, in some areas overgrown by macroquartz (h), and some of the remaining porosity is filled with calcite or ferroan calcite. i) Columnar stylolites and 
dolomite cement. j) Stylolite displaces a vein (unstained section). k) Saddle dolomite overgrown a shell shows a ferroan dolomite rim and is encased in ferroan calcite 
and calcite. l) Macroquartz overgrows chert and is encased by ferroan calcite and calcite.

Fig. 8. Cathodoluminescence on thin sections and plug trim ends. a) Reddish-purple luminescence of dolomite and non-luminescence Fe-dolomite rim with sur
rounding calcite spar with orange luminescence and some calcite spar with dolomite cementer (M15). b) Euhedral (Fe-)calcite crystal facets with internal zonation of 
calcite and non-luminescent Fe-calcite in a vein (M15). c) Dolomitized former ooids or peloids with purple luminescence, whereas calcitic ooids/peloids with calcitic 
rim cements (blue box) show (dull) orange luminesce, but not as bright as calcitic zones in the vein (M16). Partially sealed (Fe-)calcite vein with bridging crystals. d) 
Larger shell replaced by saddle dolomite with Fe-dolomite rim and (Fe-)calcite (M43).
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Fig. 9. Cathodoluminescence on vein thin sections from host rocks and fault area. a), b) Dolomite vein show some patches of (Fe-)calcite cement and is crosscut by a 
Fe-calcite vein (M25). c) Dull to non-luminescent Fe-calcite vein is crosscut by a (Fe-)calcite vein with internal zonation (M27). d) Partially sealed (Fe-)calcite vein 
with bridging crystals and internal zonation. Dolomite in ooids/peloids show reddish-purple luminescence (M14). e) Darker and brighter Fe-calcite veins are crosscut 
by a darker, partially non-luminescent (Fe-)calcite vein (KB_vein). f) Perversely sealed bright vein crosscut a darker luminescent (Fe-)calcite vein. A younger phase 
shows remaining pore space and cementation with (Fe-)calcite and euhedral crystals (KB_FL). g) Non-luminescent Fe-calcite vein and a brighter cement phase with is 
displayed by a (Fe-)calcite phase (KB_VB). e) Larger euhedral (Fe-)calcite and Fe-calcite cement in partially sealed vein (KB_FL).
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Fig. 10. He-porosity and gas permeability plots. a) Porosity and permeability show no correlation; green dots are samples drilled parallel to bedding and purple 
squares are samples drilled perpendicular to bedding. b) Rock type after Dunham (1962) (shape of symbols) show no correlation with porosity and permeability. Only 
samples which include either (partially sealed) veins or stylolites, or both, can enhance the permeability. The samples showing the highest permeability value shows 
a fracture oriented parallel to measurement direction, which is only marginal sealed and thus enhances the fluid flow in measurement direction. Samples with 
stylolites are shown as unfilled symbols with black outline, samples with (partially sealed) vein and stylolite are displayed as unfilled symbols with red outline.

Fig. 11. Normalized permeability measured with decreasing effective confining pressures of 30 to 1.25 MPa and exponential trend lines. The permeabilities are 
normalized to initial permeabilities measured at 1.25 MPa. Thus, the permeability of a partially sealed vein sample at 30 MPa is c. 41 % lower than the permeability 
at 1.25 MPa.
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great circles and poles), the decameter-scale conjugate reverse kink- 
band with a breached kink-band boundary in the SSE show a dip di
rection/dip of 024/65 and 018/55 in the SSE part and of 157/59 and 
160/66 in the NNW part (Figs. 14 and 15).

The calcite cementation on the breached kink band boundary show 
slickensides, which indicate reverse, strike-slip, and normal faulting, but 
clear cross-cutting relationships are absent. The conjugate kink band 
itself indicates compression with the maximum principal stress σ1 in N-S 
direction (179/01), the intermediate principal stresses σ2 is located in 
the intersection of the kink planes (088/33), minimum principal stress 
σ3 (271/56) is normal to σ2. In addition, normal faulting is observed at 
the topmost part of the quarry wall, at the transition to the Lower Keuper 
(Fig. 14, red arrow at topmost part).

To analyze if fracture intensities are affected by the presence of faults 
of the breached kink band, fracture intensity and clustering analyses are 
performed on a scanline parallel to the wall strike (348◦). Clustering 
would imply that more fractures are encountered than can be expected 
in a random fracture arrangement, whereas anti-clusters would imply 
that fewer fractures are encountered than can be expected in a random 

fracture arrangement.
For the scanline parallel to the NNW striking quarry wall with a fault 

zone of 2 m width (Fig. 14c), statistically significantly higher fracture 
intensities are observed in fracture sets (cf. Fig. 13) of all strike orien
tations (Kink 10◦, 50◦, 70◦, 110◦ and 140◦ in Fig. 16), where major and 
minor peaks occur in different fracture sets (Figs. 16 and 17). However, 
for sets with strike orientations of 10◦, 50◦, 110◦, and 140◦, the higher 
fracture intensity is found in the hanging wall of the fault zone, while 
higher fracture intensities in the fracture set striking to 70◦ are found in 
the footwall of the breached kink band (to the right of the breached kink 
band in Fig. 16). Assessing the normalized correlation count, all fracture 
sets show significantly higher and lower peaks than a random fracture 
arrangement, except for set 70◦, where only subordinary higher peaks 
than in a random arrangement can be determined. Sets 10◦ and 50◦ are 
mostly indistinguishable from random with only small peaks indicating 
clusters at 10s of cm length scales above the 95 % confidence limit. Sets 
10◦ and 50◦, however, show anti-clustering, indicating length scales, 
where fewer fractures than in a random arrangement are observed at 
length scales of three to 8 m. Set 70◦ is mostly indistinguishable from 

Fig. 12. Color-coded porosity-permeability plots linked with petrographic analyses. a) Micrite content, b) shells and recrystallized shells and their cements, c) 
fracture porosity + vein cements, permeability is higher in one sample containing fracture porosity + vein cements, d) stylolite, permeability is higher one the sample 
containing stylolites. Point counting data given in volume percent. Only individual samples show elevated permeability with occurring fracture porosity + vein 
cements and stylolites.
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random. Set 110◦ aligns subparallel to the main faults of the breached 
kink band (kink band planes strike 114◦ and 108◦). It shows regularly- 
spaced fractal clusters up to 1 m length scales and three to 5 m length 
scales, but also anti-clustering at length scales of one to 2 m and between 
five and 20 m. Fractal clusters themselves contain clusters which are 
consisting of smaller, self-similar, clusters (Marrett et al., 2018). Set 
140◦ is mostly indistinguishable from random with only weak clusters at 
the meter scale and anti-clusters at length scales of four to 6 m.

Fracture intensities in the quarry wall perpendicular to the previous 
one, striking E to ENE (084◦), for the same fracture set orientations 
striking 10◦–140◦ (Base 10◦, 50◦, 70◦, 110◦ and 140◦ in Fig. 17), show 
statistically significant clusters of higher fracture intensity in four of five 
strike sets, although no fault is present in the direct vicinity. Set 10◦

shows two minor and one larger peak, set 50◦ three larger peaks, set 70◦

show no statistically relevant intensity clusters, set 110◦ one interval 
with high fracture intensities and nine subsidiary peaks and set 140◦

show four larger peaks. Due to the shorter length of the scanlines, and 
fewer recorded fractures, the normalized correlation counts cannot be 
accurately assessed for all length scales. The normalized correlation 
count for set 10◦ is indistinguishable from random with only weak peaks 
above the confidence limit at 10s of centimeter and six to 7 m length 
scales. Set 50◦ show contains too few fracture data to accurately assess 
the correlation count. Set 70◦ is indistinguishable from random with no 
indication for clusters at any recorded length scales. Set 110◦ is indis
tinguishable from random with minor weak clusters at 0.5 m to 1 m 
length scales. Set 140◦ is mostly indistinguishable from random with 
weak clustering at 10 cm length scales and weak anti-clustering at seven 
to 8 m length scales.

4.5.1. Dilation and slip tendency
While the presence of fracture clusters in the vicinity of faults and the 

undisturbed lithology is promising to possibly enhance the fluid flow, 
the assessment of fracture orientation in relation to the present-day 
stress field is required to assess their influence on subsurface fluid 
flow. Therefore, we also assess dilation (Td) and slip (Ts) tendencies.

Td and Ts analyses are performed for all measured fractures (Fig. 18a 
and b) and separately for the fracture strike sets included in the clus
tering analyses (Fig. 18c and d). For the present-day stress field, values 

from Meixner et al. (2014) derived for the nearby Bruchsal geothermal 
well (15 km NE of the studied quarry) were used. Low to medium Td are 
observed for strike set 10◦, medium Td for strike set 110◦ and high Td for 
strike set 140◦. For slip tendencies, low to medium Ts for strike set 50◦, 
70◦, 140◦ and high for strike set 110◦ and 10◦.

5. Discussion

5.1. Lithology and depositional environment

The studied lithologies are composed of limestones and (marly) 
claystones from the Upper Muschelkalk (Meiβner Fm.) from the base, to 
the Lower Keuper (Erfurt Fm.) at the top. The elevated marly claystone 
content and limited dolomite content aligns with the description of the 
basin facies (Hagdorn and Simon, 2021) (Fig. 1d), located toward the 
depositional center of the southern Germanic Basin. The topward 
decrease in marly claystone intercalations and relative increase in 
wacke- and packstones toward the top of the studied Upper Muschelkalk 
section and accompanying generally decreasing sGR response (Fig. 6) is 
in agreement with gamma-log measurements and lithology descriptions 
from boreholes in the studied area (Brunner and Simon, 1985). The data 
suggest a general shallowing upward trend, which is also described by e. 
g., Aigner (1985) and Aigner and Bachmann (1992) for the Germanic 
Basin and by Vollrath (1938) in the studied area. The uppermost part of 
the studied lithologies show some quartz pseudomorphs after sulphates, 
which may indicate a short period of brackish environment which lead 
to formation of evaporitic minerals, as e.g., described for authigenic 
euhedral quartz replacements after sulphates described by Friedman 
and Shukla (1980) for middle Silurian rocks.

Mud- and wackestones are interpreted to be deposited in low energy 
regimes, likely indicating an off-shoal environment recording occasional 
input from storm events in wackestones (Kostic and Aigner, 2004). The 
observed transition from micritic to shell-bearing layers is either sharp 
or undulating/bioturbated (Fig. 4), as also described by Mehl (1982) for 
tempestites in the southern Germanic Basin. In the upper part of the 
studied Upper Muschelkalk succession, rarely packstones are exposed, 
mostly composed of shell debris occasionally containing micritic enve
lopes, rarely composed of ooids, suggesting a more storm wave 

Fig. 13. Rose and pole point contour plot. a) Fracture strike of compass measurements for the Upper Muschelkalk and Lower Keuper from lithological columns and 
two scan lines (N = 576). Fracture sets were selected to represent the most prominent strike orientations (set 1 (10◦), set 2 (50◦), set 4 (110◦)), strike orientations that 
are most suitably oriented in the present day stress field (set 1 (10◦), set 4 (110◦), set 5 (140◦)), or to showcase that clustering analyses still require assessment of the 
stress field (set 3 (70◦)). b) Fracture data plotted as poles to planes (lower hemisphere), arrows highlight highest pole densities, colors are related to facture sets in a). 
Partially sealed veins are highlighted as green poles (N = 103).
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dominated environment, found in off-shoal areas and tempestites by 
Kostic and Aigner (2004).

The transition from the Upper Muschelkalk to Lower Keuper in the 
quarry is marked by a color change of the lithologies to beige claystones 
following the last grey claystone of the Vitriolschiefer (Fig. 5), and by an 
increase in the sGR signal (Fig. 6). This is in line with borehole gamma 
ray logs in the northern part of the southern Germanic Basin (Brunner 
and Simon, 1985; Etzold and Franz, 2005). In addition, the 

interpretation of the lithostratigraphic boundary is supported by the 
observed phosphatic bonebed layer (Grenzbonebed, approx. 2–3 cm 
thick), and the thick-bedded blueish-grey limestones (“Blaubank”, 
Figs. 5 and 6). The base of the bone bed overlays the upper boundary of 
the Muschelkalk unconformity in southwest Germany (Hagdorn and 
Simon, 2021).

As reconstructed for other Muschelkalk samples, a clear clustering of 
petrophysical values with lithotypes cannot be established (Kostic and 

Fig. 14. Wall panel in the quarry with kink band recorded with drone. a) Overview of the wall striking NNW-SSE with kink band in the NNW part. b) Breached kink 
band in SSE part of the quarry. c) On top of the Upper Muschelkalk in a layer (a, red arrow) a normal fault is observed. d) Overview of a kink band occurring in the 
northern part of the quarry (Fig. 3a).
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Aigner, 2004).

5.2. Paragenetic sequence

As no absolute ages are known, the paragenetic sequence is sub
divided in early and burial diagenesis and based on cement parageneses 
and cross-cutting relationships.

Peloids or pellets, combined as peloids in this study as this term 
describes ovoid particles of micro- or cryptocrystalline appearance 
(McKee and Gutschick, 1969), are overall composed of calcitic micrite. 
In general, the origin of these allochems could be faecel pellets, algae, 
reworking of mud grains, recrystallization of bioclasts, or they can be 
formed in situ (Chafetz, 1986; Folk, 1959; Kazmierczak et al., 1996; 
Macintyre, 1985). Most of the crinoid fragments show a dusty appear
ance, which is due to micrite-filled intraparticle pores.

5.2.1. Early diagenesis of carbonate sediments
As some bioclasts (shells and crinoids) and peloids show either 

micritic envelopes or are completely composed of micrite the earliest 
interpreted alteration is the recrystallization/micritization of peloids 
and bioclasts. Micritization of ooids and the loss of former structures are 
also described by Brüderlin (1970) for Upper Muschelkalk biosparites in 
the southwestern part of the southern Germanic Basin and possibly due 
to algae, cyanobacteria, or boring (Bathurst, 1966). Especially boring 
and precipitation is often used to define the term micritic envelope, 
forming a cryptocrystalline isopachous rim on clasts which preserves 
these from alteration (Bathurst, 1966). Micritic envelopes are common 
in biosparites (Alexandersson, 1972 and references therein). Further
more, micritic envelopes may indicate a former composition of high 
Mg-calcite or aragonite, as micritic envelopes form on skeletal particles 
composed of high Mg-calcite or aragonite in modern environments 
(Buchbinder and Friedman, 1970 and references therein).

The previous presence of sulphates is indicated by bladed crystal 
mouldic morphologies which are now partially occluded by chert and 
clear macro quartz. The precipitation of sulphates is interpreted to occur 
during early diagenesis. Furthermore, former dissolution pores at the 

margin of sulphate molds are filled by calcite and Fe-calcite, indicating a 
formation of sulphates prior to carbonate cement precipitation.

Pyrite is found in e.g., shells or gastropods and encased in calcitic 
intraparticle cements. The formation of pyrite is interpreted to be early 
diagenetic likely due to bacterial sulphate reduction (BSR) (Berner, 
1970), shortly after the deposition of bioclasts. This is a typical early 
diagenetic cement formation, also recorded in fine grained Jurassic 
limestones (Honjo et al., 1965).

Sparry replacive calcite cement grows from the rim of bioclasts into 
their center, which is encased by sparry ferroan calcite, where the 
crystal size also increases away from the test of the former shells. The 
occurrence of two generation of calcite spar is also described in e.g., 
Bathurst (1975), where the first generation is described to be caused by 
neomorphism in subaerial to submarine environments, leading to 
remaining preserved pore space, now also filled by Fe-calcite.

Based on the different optical properties of dolomite, two phases of 
dolomitization of former fossils or components as e.g., shells, ooids and 
peloids are observed in the samples (Fig. 7). The first phase (crystal size: 
0.03–0.30 mm, avg.: 0.11 mm, dusty appearance mostly in center, non- 
pleochroitic) predominantly replaces ooids and peloids, whereas the 
intraparticle cements remain mostly unaltered by this phase. Active 
marine phreatic environments in shallow marine settings, especially in 
the mixing zone, are liable to form post-depositional dolomite by reflux 
down to 200 m below the surface or 300 m in marine dominated mixing 
zones (Budd, 1997; Cander, 1994; Gaswirth et al., 2007; Read et al., 
2016). Furthermore, active marine phreatic environments are often 
characterized by high Mg-calcite precipitation, implying Mg availability 
in fluids (Longman, 1980). As ooids/peloids are partly or completely 
dolomitized, whereas the cements and matrix are unaltered, selective 
dolomitization is indicated. The dolomitization of individual ooids is in 
agreement with observations by Brüderlin (1970) for Upper Muschel
kalk lithologies in the southern Germanic Basin. The onset of dolomi
tization of ooids and peloids is interpreted to pre-date the formation of 
cement phases filling interparticle porosity. The dolomitization of the 
matrix in individual samples (type II, crystal size 0.01–0.14 mm, avg.: 
0.05 mm) (Fig. 7b) is interpreted to be related to temporarily 

Fig. 15. Stereonet projection of kink bands in the northern quarry part (cf. Fig. 3a) in blue, and conjugate kink band planes as great circle and poles in black using 
OpenStereo. The opening angle for the conjugate kink band is 64◦–72◦, and the maximum principal stress σ1 (green) is oriented N-S.
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hypersaline/evaporative or occasionally supratidal conditions, as also 
observed in samples from supratidal environment from the Jurassic 
(Rameil, 2008) or described by Zeeh and Geng (2001) in the Upper 
Muschelkalk in southwestern Germany.

Furthermore, saddle dolomite in shells, matrix replacive or as vein 
cement was observed as the third phase of dolomite. The dolomite types 
are distinguished by petrographic properties as pleochroism or extinc
tion pattern, similar as in previous works (Zeeh and Geng, 2001). 
Similarly, the crystal sizes of our three dolomite types are in alignment 
with measured sizes by Zeeh and Geng (2001), where the crystal size of 
dolomites vary between <0.0 and 0.3 mm, classified as very fine crys
talline dolomite type I, recrystallized dolomite type II and dolomite type 
III of subhedral to anhedral crystals with nonplanar texture.

The presence of isopachous/bladed fibrous calcite rim cement 
encasing partially replaced peloids/ooids (Fig. 7) and other skeletal 
fossil fragments, implies a formation during early diagenesis prior to 
mechanical compaction and following dolomitization. As the rim ce
ments are interlocked in some samples, most interparticle porosity is 
occluded by this process. Generally, rim cements form in active marine 
phreatic environments (Longman, 1980) during early diagenesis (e.g., 
Geng and Zeeh, 1995). The rim cements showed an orange to dull or
ange luminescence (Fig. 8), whereas Geng and Zeeh (1995) described 
rim cements as dull orange or non-luminescent. The relative age 
constraint and low degree of compaction prior to cementation implies 
that all preceding alteration occurred in shallow water depth, poten
tially including short-lived supratidal conditions. Calcite and sub
ordinary Fe-calcite cements encase isopachous fibrous/bladed calcite 
rim cement on particles and occlude either all or most of the remaining 
interparticle pore space following very minor mechanical compaction 
(Fig. 7e and f). They therefore have to post-date formation of rim ce
ments and form during early diagenesis (cp. Immenhauser, 2022). As the 
calcite and Fe-calcite cements are partially replaced by chert and quartz 
laths, they have to pre-date their formation.

As some bioclasts are also replaced by chert and quartz laths replace 
intraparticle calcite cement, as well as fibrous/bladed rims cements and 
also partially replacing the rim cements on neighboring grains, the 
replacement by chert is interpreted to post-date calcite rim cement 
precipitation. Silicification is a prominent early diagenetic alteration in 
the mixing zone of active marine phreatic systems (Knauth, 1979) and 
the Muschelkalk (Geng, 1996). As chert and quartz are observed to fill 
bladed crystal molds, they are interpreted to have replaced sulphate 
minerals. Similar replacements are described in evaporitic settings in the 
US, forming at temperatures below 40 ◦C (Chowns and Elkins, 1974; 
Milliken, 1979). The early diagenetic dissolution of gypsum was also 
described by Geng (1996) for Muschelkalk deposits in the region. 
However, remaining intracrystalline pore space is visible in former 
sulphate molds lined by chert and quartz, indicating that the replace
ment was not pervasive and some sulphate may have been preserved, or 
that chert and quartz replacements stabilized the molds against 
compaction (Fig. 7). All chert and quartz replacements are interpreted to 
post-date the formation of initial cement phases and to be contempo
raneous to the initial replacement of bioclasts by the same.

5.2.2. Burial diagenesis of carbonate sediments
The overall low preserved porosity (0–14.7 %, the latter in particles) 

indicates that most burial diagenetic alteration is restricted to 

cementation of remaining pore spaces prior to further mechanical and 
chemical compaction, formation of fractures and (partial) cementation 
of these. Individual samples show stylolitization and formation of 
dissolution seams, which are an effect of increasing vertical effective 
stresses during burial.

The third phase of dolomite (type III) is the replacement of bioclasts 
and matrix which is characterized by larger crystal sizes (0.04–1.30, 
avg.: 0.27 mm), curved crystal outlines, undulose extinction, and are in 
some cases outlined by a phase of Fe-dolomite, and classified as saddle 
dolomite (Fig. 19). These features are also observed in shallow-water, 
mixed siliciclastic-carbonate sequences in Lower Triassic ramp succes
sion in western Hungary (Győri et al., 2020). The undulose or sweeping 
extinction is caused by distorted crystal lattice structure (Warren, 2000). 
To form saddle dolomite, elevated temperatures of 60◦–150 ◦C during 
burial are needed (Warren, 2000), indicating a burial depth of at least 2 
km for a geothermal gradient of 30 ◦C/km.

Saddle dolomite rhombs in shell fragments show a bright reddish 
luminescence and a non-luminescent rim using CL and a blue stain 
around some rims of saddle dolomite, indicating an increase of iron 
incorporated into dolomite, leading to non-luminescence (Pierson, 
2006). Clay minerals de-water during mechanical compaction and 
provide Fe in solution (Miocic et al., 2020), as does pressure dissolution 
in Fe-bearing lithologies (Bathurst, 1975), which could be incorporated 
during further cementation of dolomite or calcite in the studied 
limestone-marly claystone section. The burial diagenetic dolomitization 
of shell fragments by saddle dolomite, was also interpreted by Geng and 
Zeeh (1995). As saddle dolomite and Fe-dolomite rims are encased in 
Fe-calcite, the saddle dolomite precipitation is pre-dating the last phase 
of Fe-calcite cementation in bioclasts. The matrix replacive, undulose 
dolomite (type III) pre-dates the formation of stylolites, as replacive 
dolomite is dissolved along them (Fig. 7j). In individual samples veins 
are displaced along stylolites, indicating that the formation of some 
veins predates the formation of stylolites (Toussaint et al., 2018).

5.2.3. Burial diagenesis of carbonate veins
As most veins in host rock samples and from a breached kink band 

crosscut all other diagenetic products, they are interpreted to post-date 
diagenetic alteration of the host rock. The paragenetic sequence 
(Fig. 19) of fracture filling carbonate cements is color coded with the 
observed colors from cathodoluminescence analyses (Figs. 8 and 6).

Pyrite at vein boundaries pre-dates or syn-dates the formation of the 
saddle dolomite vein (1, first vein generation). The occurrence of 
dolomite and pyrite in veins are also described in the Muschelkalk e.g., 
from the Mississippi-Valley-Type (MVT) Pb-Zn-Ag deposit near Wiesloch 
(see Fig. 1a) approximately 40 km north of our study area (Pfaff et al., 
2010). The MVT deposits emplaced due to fluid mixing of ascending 
fluids in a releasing bend along the eastern Upper Rhine Graben fault in 
the Miocene (Pfaff et al., 2010). However, in this study pyrite most likely 
coprecipitates with saddle dolomite, as pyrite is not always present at 
the host rock – vein interface. The occurrence of saddle dolomite as 
fracture mineralization is also described by Geng and Zeeh (1995). Since 
saddle dolomite veins (generation 1) in a host rock sample also include 
(Fe-)calcite cements (generation 2), the formation of the latter is inter
preted to postdate the formation of saddle dolomite (Fig. 19).

The earliest vein cement generation in a breached kink band sample 
includes (Fe-)calcite cements with similar luminescence characteristics 

Fig. 16. CorrCount results for normalized fracture intensities (left column) and normalized correlation count (right column) for the wall striking 348◦ (NNW-SSE). 
Green areal marks the position of the breached kink band. Black lines indicate the boundaries of the 95 % confidence interval. Red highlighted areas (peaks) are 
exceeding the 95 % confidence interval and are therefore statistically significant. Green line is random value given by the NCC program, values in this area are not 
classified as clustered and thus indistinguishable. a) Statistically significant fractures of strike orientation 10◦ (red colored peaks) are limited to the footwall of the 
breached kink band, the values are (b) indistinguishable from random with only weak clusters above and beneath the lower confidence limit (N = 38). c) One peak is 
present at foot wall, and two on hanging wall, which are (d) are indistinguishable from random, as they do not clearly exceed the 95 % confidence interval (N = 59). 
e) Three peaks occur at hanging wall, which are (f) indistinguishable from random (N = 38). g) Main peak is present at foot wall and minor at hanging wall, which 
can be classified as (h) regularly-spaced fractal clusters with peaks and troughs over larger length scales (N = 69). i) Peaks occur at the foot wall, but are (j) 
indistinguishable from random with only weak clusters (N = 44).
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as the vein cement generation 2 of the host rock samples. This composite 
vein and the generation 2 veins in the breached kink band samples are 
crosscut by a dull to non-luminescent (Fe-)calcite vein, which is 

interpreted to be vein generation 3. These are crosscut by a brighter (Fe-) 
calcite vein (generation 4) (Fig. 9). Veins from generation 5 are only 
found in a breached kink band sample (mostly dull Fe-calcite, Fig. 19) 

Fig. 17. CorrCount results for normalized fracture intensities and normalized correlation count for the undisturbed wall striking 084◦ (W–E). The 95 % confidence 
interval is given as black lines. Peaks are highlighted with red filling and exceeding the 95 % confidence interval and are thus statistically significant. The green line is 
what is classified as random value given by the NCC program, thus, values plotting this area are not classified as clustered and thus indistinguishable from random. a) 
One major and two minor peaks occur, which are (b) indistinguishable from random with only weak clusters above the confidence limit (N = 17). c) Three peaks 
occur, and the only (d) five points but are above the confidence limit, but cannot clearly be classified as cluster, because of the small amount of fracture values (N =
5). e) No statistically significant peaks occur; thus, the fractures are (f) indistinguishable from random (N = 30). g) One major and nine minor peaks are present, 
which are (h) indistinguishable from random with minor weak clusters above the confidence (N = 13). i) Four peaks are present which are (j) indistinguishable from 
random with weak clusters above and below the confidence limit (N = 26).

Fig. 18. Slip Dilation (Td) and slip (Ts) tendency for clustered fracture strike sets (cf. Fig. 13). a), b) Dilation and slip tendency for all fractures of both scan lines. 
Fracture data for c) and d) are filtered in set classes as used for normalized correlation count. c) Dilation tendency for grouped striking sets in both scan lines, low to 
medium Td for strike set 10◦, medium Td for strike set 110◦ and high for strike set 140◦. d) Slip tendency for grouped striking sets in both scan lines, low to medium Ts 
for strike set 50◦, 70◦, 140◦ and high for strike set 110◦ and 10◦.
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and are crosscut by very bright orange luminescing vein cement gen
eration 6 and bright orange luminescing vein cement generation 7, 
which is found in both host rock and breached kink band samples. The 
partially fracture filling (Fe-)calcite generation 7 crosscuts generation 6 
and always shows euhedral crystal facets in contact with fracture 
porosity. Vein generation 7 is furthermore encased by a dull to non- 
luminescent Fe-calcite vein cement (generation 8) in a breached kink 
band sample. Due to the observed paragenesis, generation 8 is likely the 
latest vein cement generation in the studied samples.

Overall, luminescence colors similar to vein cement generations 1–4 
and 7 are found in host rock samples. Generations 2–8 (based on lumi
nescence) are also found in the veins in the breached kink band 
boundary, highlighting a complex interplay of interacting vein sets.

5.3. Structures and fracture correlation to regional stress field

Previous studies on fractures and faults, as well as UAV aerial image 
assessments in the Knittlingen quarry (Merz et al., 2018, 2019) indicated 
that the Upper Muschelkalk was subject to normal faulting (Fig. 14, red 
arrow on the uppermost part). This was followed by later compression, 
resulting in decameter scale reverse kink bands with locally breached 
kink band boundaries with associated faults. Slickenlines on mineralized 
breached kink-band faults indicating normal, strike-slip, and reverse 
faulting.

5.3.1. Fracture orientation and history
The fracture sets were analyzed on two walls and additionally along 

the vertical lithological columns in the quarry (Fig. 13). The NNE-SSW 
striking fractures are parallel to the Upper Rhine Graben boundary, 
and are, in contrast to Meier et al. (2015), the fracture set with the 

highest frequency. This may be related to the selection of scanline 
orientation. Therefore, our study compares two approximately orthog
onal scanlines to capture all available fracture orientations. Because age 
data e.g., from calcite veins is missing, the corresponding fracture strike 
direction is related to published tectonic phases within Central Europe 
and the Upper Rhine Graben area (Dezayes and Lerouge, 2019; Kley and 
Voigt, 2008; Schumacher, 2002) (Fig. 2). However, this remains spec
ulative as cross-cutting and abutting relationships are missing, and no 
large bedding planes exposing the fracture network were accessible.

The two most prominent fracture sets are NNE-SSW (parallel to the 
Upper Rhine Graben) and WNW-ESE, with additional sets striking NE- 
SW, ENE-WSW, NW-SE, W-E and NNW-SSE. Dezayes and Lerouge 
(2019) described three major sets: N-S, NE-SW/NW-SE and W-E in the 
sedimentary cover of the Upper Rhine Graben, Hemes (2008) described 
sets striking NNE-SSW, WNW-ESE, NW-SE, NNW-SSE, ENE-WSW and 
W-E for the Upper Muschelkalk lithologies on the eastern Graben 
shoulder approximately 40 km–50 km N to NE of the study location.

W-E striking fractures were related to pre-existing basement struc
tures formed by the collapse of the Variscan range, which were reac
tivated during the Tertiary (Dezayes and Lerouge, 2019). Fracture sets 
striking NE-SW may be related to NE-SW directed Early Eocene Pyr
enean collision and South Atlantic rifting during the Late Cretaceous 
until the Early Eocene (Kley and Voigt, 2008). During the Early/Middle 
Eocene, N-S striking fractures may have formed (Dezayes and Lerouge, 
2019; Schumacher, 2002) (Fig. 2). NNE-SSW oriented compression 
during the Late Eocene most likely reactivated earlier faults and frac
tures (Meier et al., 2015; Schumacher, 2002).

The main rifting phase occurred during the Early Oligocene in an 
extensional setting (σ3 oriented W-E to WNW-ESE) forming the normal 
faults of the Upper Rhine Graben (Schumacher, 2002). Simultaneously 

Fig. 19. Paragenetic sequence of the studied samples of Lower Keuper and Upper Muschelkalk. Black boxes highlight diagenetic products observed in all samples. 
Grey boxes correspond to diagenetic products only observed in individual samples. Colored boxes correspond to the observed CL color, no frame means observed only 
in host rock samples, purple frame means observed in host rock and breached kink band samples, and a red frame means observed only in breached kink 
band samples.
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the graben shoulders underwent pronounced rift flank uplift as well as 
erosion (Villemin et al., 1986).

Reactivation of the Upper Rhine Graben faults as dextral strike slip 
faults probably occurred during the Late Oligocene, where the central 
Upper Rhine Graben part formed a releasing bend (Schumacher, 2002) 
forming the Heidelberg pull apart basin (Fig. 1a) accumulating more 
than 3000 m of Tertiary and Quaternary deposits (Edel et al., 2007).

Hemes (2008) relate the occurrence of fractures striking ENE-WSW 
to Early Miocene changes in stress regime. The NW-SE oriented σ1 
stress direction was active during the Miocene and Pliocene, caused by 
the Alpine orogeny, also leading to a left lateral strike-slip phase of the 
graben-bounding faults (Dezayes and Lerouge, 2019; Schumacher, 
2002; Ziegler, 1992).

5.3.2. Fracture clustering and Td/Ts
Analyzing the fracture clustering using the normalized correlation 

count (NCC) method, random fracture arrangements could be distin
guished from clustered and periodic arrangements. It is shown, that 
clustering does not only occur in fracture sets striking parallel to strike 
orientation of the breached kink band (fracture set 110◦) (Fig. 14) or 
only in the vicinity of faults, but can also be present in a wall without a 
fault (Fig. 17). This extends previous datasets, which so far only linked 
higher fracture intensity to the vicinity of faults in the Muschelkalk in 
the same quarry (Meier et al., 2015).

Our results indicate the potential for elevated fracture intensities 
(fracture clusters) away from fault zones in the Muschelkalk. Explora
tion of fracture clusters may reduce the risk associated with drilling into 
fault zones and induced seismicity (e.g., Kruszewski et al., 2023).

Since the quarry is located on the eastern Upper Rhine Graben 
shoulder, which experienced approximately 800–1200 m uplift with 
respect to the same lithology in the graben center (Schwarz and Henk, 
2005; Villemin et al., 1986), care has to be taken to match observed 
fracture orientations and intensities to the subsurface. However, for 
other limestone successions in northern Germany, this correlation could 
successfully be performed, where a variation of main strike direction is 
assumed to be caused by e.g., an influence of near-field stress pertur
bations around faults bounding the reservoir (e.g., Becker et al., 2018). 
Other studies report lower fracture intensities in outcrops than in the 
subsurface (Li et al., 2018).

The reported clusters show characteristics of regularly spaced fractal 
clusters or weak clustering with cluster spacings between 1 and 10 m 
and cluster widths <1 m and between 3 and 5 m (Figs. 16 and 17) (cf. Li 
et al., 2018; Marrett et al., 2018). If subsurface fracture orientations 
were similar, this analysis may guide horizontal drilling orientations and 
placements of perforated or open-hole sections in reservoir utilizations.

The normalized correlation count method performed on individual 
strike orientations with Terzaghi-corrected perpendicular fracture dis
tances, deliver values for fracture intensities in the studied region, and 
are therefore less liable to artificially inflated fracture intensities if 
fractures of different strike sets are assessed in one combined dataset. 
This is essential, as only individual fracture sets are likely contributing 
to fluid flow in the studied region, based on the evaluation of dilation 
and slip tendencies. These have also been successfully used to assess the 
presence of individual hydrocarbon reservoirs in the Upper Rhine 
Graben, as varying fault strikes show different dilation and slip ten
dencies (Allgaier et al., 2023a). As mentioned by Li et al. (2018), the 
spatial arrangement of fracture clusters are important features referred 
to in industry application (Questiaux et al., 2010) and for reservoir 
models (Panza et al., 2016).

Dilation and slip tendencies of fracture surfaces as a function of 
present-day stress provide additional insights and quantify the individ
ual reactivation potential of each cluster set (Barton et al., 1995; Becker 
et al., 2019a; Collettini and Trippetta, 2007; Ferrill et al., 1999, 2020; 
Morris et al., 1996). Slip potential for fracture strike set 110◦ and 10◦ are 
at highest, low to medium Ts is observed for strike set 50◦, 70◦, 140◦

using the present-day stress orientation and magnitude from Meixner 

et al. (2014). The dilation tendency for fracture strike set 140◦ is high, 
and medium for sets 110◦ and 10◦ under present-day stress. The 
(strongly) clustered sets striking NNE-SSW (10◦), WNW-ESE (110◦), and 
NW-SE (140◦) do therefore likely contribute to flow in the subsurface as 
they are suitably oriented, whereas the other orientations are unlikely to 
contribute to fluid flow, as they are unsuitably oriented in the 
present-day stress field. Fracture roughness classification was not part of 
this study. However, fractures which are shear displaced may show a 
misfit between surfaces and therefore shear dilation (Barton et al., 
1985). Shear dilation of fractures can cause an enhancement of 
stress-resistant permanent permeability (e.g., Cheng and Milsch, 2021).

Additional controls on fluid flow in fractures and faults are chemical 
alterations and the formation of cements. Cements can act as bridges 
between fracture surfaces and thus preserve fracture porosity (Hilgers 
et al., 2004; Laubach et al., 2004). Our results indicate that samples 
containing partially cemented veins do preserve permeability higher 
than samples containing stylolites or the undisturbed host rock even at 
30 MPa confining stress (Fig. 11). When the permeability measurements 
are normalized to the highest measured value of each sample as 1.0, the 
partially sealed vein retains 41 % of the initial permeability, the stylolite 
retains 16 %, and the undisturbed host rock retains only 11 % of the 
initial permeability if measurements at confining pressures of 1.25 
(initial) and 30 MPa (highest) are compared. Partially sealed veins are 
interpreted to preserve permeability at depths (Gale et al., 2010; Lander 
and Laubach, 2015). Our laboratory results demonstrate for the first 
time the predicted permeability preservation due to partly open frac
tures as well as showing that stylolites can increase permeability. The 
lab measurements therefore confirm the applicability of literature 
models to reservoir scenarios, and imply the necessity for structural 
diagenetic assessment of samples from fractured reservoir plays.

Thus, the presence of partially sealed veins in all strike orientations 
(green dots in Fig. 13b) shows that in addition to suitably oriented 
fracture orientations in the present-day stress field, partial sealing can 
also preserve fluid pathways in all studied fracture orientations. This 
highlights that in addition to Td and Ts evaluations, the study of struc
tural diagenetic properties of partially sealed veins is necessary to fully 
understand the fluid flow system, because they additionally contribute 
to the fluid flow network in fractured carbonates irrespective of the 
current present-day stress.

5.3.3. Kink band formation
The reconstructed σ1-orientation during kink band formation is N-S 

(Fig. 15), matching the Middle Eocene stress field orientation related to 
the Alpine orogeny (Fig. 2). Additionally, reactivation of the kink band 
could have occurred during the Miocene, where also the releasing bend 
in Wiesloch (~30 km N of the study location) is interpreted to be formed 
(Pfaff et al., 2010).

Calcite cemented fault planes are exposed along the breached kink 
band boundary (Fig. 9g and h). Microstructures show euhedral crystal 
facets in contact with fracture porosity, with some fracture porosity 
locally preserved in the breached kink band. The breached kink band 
boundaries indicate thrust, normal, and strike slip movement, the latter 
likely related to fault reactivation, e.g., synchronous with the Miocene 
MVT Pb-Zn impregnation near Wiesloch (Fig. 1a–Pfaff et al., 2010) and 
the subsidence of the pull-apart basins near Heidelberg and Rastatt 
(Fig. 1a and Böcker et al., 2017; Gabriel et al., 2013). Normal fault 
reactivation by younger reverse faults was also reported from the 
eastern graben fault (Ziegler, 1992).

5.4. Reservoir quality controls

The matrix reservoir quality of the Upper Muschelkalk and Lower 
Keuper limestones is influenced by small grain size (micrite to micro
spar), early and burial diagenetic cementation with mostly (Fe-)calcite 
and dolomite/saddle dolomite (Fig. 19). Both result in low porosity 
(0.13–10.9 %) and low permeability (<0.0001–9.7 mD) of the host rock. 
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Permeability is only enhanced where open or partially sealed fractures 
are present (9.7 mD) and porosity is enhanced where druses are present 
(10.9 %). Samples containing partially sealed veins, measured under 
higher confining pressures (up to 30 MPa) indicate that permeability is 
preserved, as the permeability measurement using 1.25 MPa confining 
stress do not represent the stresses in the subsurface at depths. This 
assessment is also supported by lower pressure sensitivity coefficient of 
permeability (γ) in the sample containing partially sealed vein, indi
cating a lower stress sensitivity than in samples containing a stylolite or 
of the undisturbed host rock. While permeability in a reservoir is not 
controlled by the permeability of an individual fracture, the fracture 
network (fracture lengths and connectivity) requires further analyses in 
the studied region. However, as partially sealed fractures are observed in 
all strike orientations (green points in Fig. 13b), it is likely that they will 
contribute to reservoir-scale fluid migration.

Rock typing shows that only one sample showed positive correlation 
with micrite and permeability (Fig. 12a), but this is solely due to higher 
amount of fracture porosity and vein cements (Fig. 12d). Micrite 
therefore has no positive effect on porosity or permeability in this study. 
However, the micrite content can enhance porosity due to microporosity 
in other limestones (Ölmez et al., 2024). Also, the content of shells (with 
primary features) and recrystallized shells does not correlate to 
enhanced porosity or permeability (Fig. 12b), whereas the stylolites 
(Fig. 12c), fracture porosity, and partially sealed veins (Fig. 12d) appear 
to positively affect permeability in individual samples. However, 
stylolite-bearing samples show a more drastic decrease in permeability 
at higher confining pressures as samples containing partially sealed 
veins (Fig. 11).

Previous studies on Muschelkalk samples highlight, however, that 
matrix porosity and permeability may be locally enhanced in porous 
coquinite layers, and peloid or ooid grainstones formed in shoal areas 
(Koehrer et al., 2010; Petrovic and Aigner, 2017; Warnecke and Aigner, 
2019). Other studies on less cemented samples from the Upper 
Muschelkalk in SW Germany show a weak positive correlation (Ruf and 
Aigner, 2004), which is not similar to this study, and highlights the 
heterogeneity found in the Muschelkalk in south-western Germany.

The Lower Keuper lithologies with higher amounts of claystones and 
some smaller interbeds of limestones are more prone to act as a seal on 
top of the fractured Upper Muschelkalk reservoir. This is similar to 
Upper Muschelkalk reservoirs in NE Netherlands (Pöppelreiter et al., 
2004). Fractured carbonates in Muschelkalk thus may contribute to 
accessible reservoir volumes in the Upper Rhine Graben.

6. Conclusion

Pervasively sealed veins, fine grained mudstones or pervasive early 
diagenetic pore space cementation have been shown to generally reduce 
matrix reservoir quality in the presented study. Thus, the reservoir 
quality in the tight carbonate reservoir is solely related to natural frac
tures and partially sealed veins, and to some extent stylolites if they are 
aligned parallel to fluid flow direction.

The measurement of plugs containing partially sealed veins under 
elevated confining pressure of 30 MPa show permeabilities of 0.13 mD, 
upon normalizing the permeability measurements to the maximum 
recorded value of each sample, this sample retains c. 41 % of the initial 
permeability as opposed to only 11 % of retained permeability in an 
undisturbed host rock sample.

Decameter-scale reverse kink-bands form reverse faults along 
breached kink band boundaries and indicate a N-S compressional tec
tonic phase during formation. They thus formed by Alpine far-field stress 
during the Eocene in the studied region, which were not documented so 
far. Kink-related reverse and thrust faults were locally reactivated by 
strike slip and may be synchronous with Miocene shear along the NNE 
striking Rhine graben fault, associated with pull apart basins and MVT- 
mineralization in the region.

Fracture clusters striking 10◦, 110◦ and 140◦ occur in the 

undisturbed host rock, indicating, that fracture clusters are not neces
sarily restricted to faults or their damage zone. Integrating shear and 
dilation tendency analyses with clustering analyses highlight that likely 
only fracture clusters striking NNE-SSW, WNW-ESE, and NW-SE are 
potential fluid conduits and thus of importance for geoenergy applica
tion, if these fracture sets are also developed in the subsurface.
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Erdgas-Zeitschrift, Heft 2 (86), 36–51.

Roehl, P.O., Choquette, P.W., 2012. Carbonate Petroleum Reservoirs, 1 ed. Springer, 
New York, NY. 

Rotstein, Y., Schaming, M., 2011. The Upper Rhine Graben (URG) revisited: Miocene 
transtension and transpression account for the observed first-order structures. 
Tectonics 30.

Ruf, M., Aigner, T., 2004. Facies and poroperm characteristics of a carbonate shoal 
(Muschelkalk, South German Basin): a reservoir analogue investigation. J. Petrol. 
Geol. 27, 215–239.

Schmidt, C., Busch, B., Hilgers, C., 2021. Lateral variations of detrital, authigenic and 
petrophysical properties in an outcrop analog of the fluvial plattensandstein, Lower 
Triassic, central S-Germany. Z. Dtsch. Ges. Geowiss. 172 (4), 541–564.

Schoenherr, J., Reuning, L., Hallenberger, M., Lüders, V., Lemmens, L., Biehl, B.,C., 
Lewin, A., Leupold, M., Wimmers, K., Strohmenger, C.,J., 2018. Dedolomitization: 
review and case study of uncommon mesogenetic formation conditions. Earth Sci. 
Rev. 185, 780–805.

Schumacher, M.E., 2002. Upper Rhine Graben: role of preexisting structures during rift 
evolution. Tectonics 21, 6-1-6-17. 

Schwarz, M., Henk, A., 2005. Evolution and structure of the Upper Rhine Graben: 
insights from three-dimensional thermomechanical modelling. Int. J. Earth Sci. 94, 
732–750.

Seufert, G., 1984. Lithostratigraphische Profile aus dem Trochitenkalk (Oberer 
Muschelkalk, mo1) des Kraichgaus und angrenzender Gebiete. Jahresber. Mittl. 
Oberrheinischen Geol. Vereins 66, 209–248.

Seufert, G., Schweizer, V., 1985. Stratigraphische und mikrofazielle Untersuchungen im 
Trochitenkalk (Unterer Hauptmuschelkalk, mo 1) des Kraichgaues und angrenzender 
Gebiete. Jahresber. Mittl. Oberrheinischen Geol. Vereins 67, 129–171.

Srivastava, D.,C., Lisle, R.,J., Imran, M., Kandpal, R., 1998. The kink-band triangle: a 
triangular plot for paleostress analysis from kink-bands. J. Struct. Geol. 20, 
1579–1586.

Suski, B., Ladner, F., Baron, L., Vuataz, F.D., Philippossian, F., Holliger, K., 2008. 
Detection and characterization of hydraulically active fractures in a carbonate 
aquifer: results from self-potential, temperature and fluid electrical conductivity 
logging in the combioula hydrothermal system in the southwestern Swiss alps. 
Hydrogeol. J. 16, 1319–1328.

Tavakoli, V., 2020. Chapter 4 Macroscopic Heterogeneity - 4.2 Fractures, Carbonate 
Reservoir Heterogeneity - overcoming the challenges. Springer, Cham, pp. 73–76.

Terzaghi, R.D., 1965. Sources of error in joint surveys. Geotechnique 15, 287–304.
Toussaint, R., Aharonov, E., Koehn, D., Gratier, J.P., Ebner, M., Baud, P., Rolland, A., 

Renard, F., 2018. Stylolites: a review. J. Struct. Geol. 114, 163–195.
Vidal, J., Genter, A., 2018. Overview of naturally permeable fractured reservoirs in the 

central and southern Upper Rhine Graben: insights from geothermal wells. 
Geothermics 74, 57–73.

Vidal, J., Genter, A., Schmittbuhl, J., 2015. How do permeable fractures in the Triassic 
sediments of northern Alsace characterize the top of hydrothermal convective cells? 
Evidence from soultz geothermal boreholes (France). Geotherm. Energy 3, 8.

Villemin, T., Alvarez, F., Angelier, J., 1986. The Rhinegraben: extension, subsidence and 
shoulder uplift. Tectonophysics 128, 47–59.

Vollrath, A., 1938. Zur Stratigraphie und Bildung des Oberen Hauptmuschelkalkes in 
Mittel- und Westwürttemberg. Jahresber. Mittl. Oberrheinischen Geol. Vereins 27, 
69–80.

Wagner Moreira, L., Tuany Younis Abdul, F., Maria Cordeiro do, C., Antonio Fernando 
Menezes, F., Luiz Antonio Pierantoni, G., 2023. Controls of fracturing on porosity in 
pre-salt carbonate reservoirs. Energy Geosci. 4, 100146.

Wang, Q., Laubach, S.E., Gale, J.F.W., Ramos, M.J., 2019. Quantified fracture (joint) 
clustering in Archean basement, Wyoming: application of the normalized correlation 
count method. Pet. Geosci. 25, 415–428.

Warnecke, M., Aigner, T., 2019. Asymmetry of an epicontinental basin—facies, cycles, 
tectonics and hydrodynamics: the Triassic Upper Muschelkalk, South Germanic 
Basin. Deposition. Record 5, 147–187.

Warren, J., 2000. Dolomite: occurrence, evolution and economically important 
associations. Earth Sci. Rev. 52, 1–81.

Worden, R., Armitage, P., Butcher, A., Churchill, J., Csoma, A., Hollis, C., Lander, R., 
Omma, J., 2018. Petroleum Reservoir Quality Prediction: Overview and Contrasting 
Approaches from Sandstone and Carbonate Communities, 435. Geological Society, 
London, Special Publications, pp. 1–31.

Zeeh, S., Geng, A., 2001. Origin and diagenesis of dolomite from the Muschelkalk Group 
(Middle Triassic) of SW Germany. Neues Jahrbuch fur Geologie und Palaontologie - 
Abhandlungen 221, 359–395.

Ziegler, P.,A., 1982. Geological Atlas of Western and Central Europe. Shell Internationale 
Petroleum Maatschapij B.V., The Hague, p. 239.

Ziegler, P.,A., 1992. European Cenozoic rift system. Tectonophysics 208, 91–111.
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