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Abstract

Faulted and fractured systems form a critical component of fluid flow, especially within low-
permeable reservoirs. Therefore, developing suitable methodologies for acquiring structural
data and simulating flow through fractured media is vital to improve efficiency and reduce
uncertainties in modelling the subsurface. Outcrop analogues provide excellent areas for the
analysis and characterization of fractures within the reservoir rocks where subsurface data
are limited. Variation in fracture arrangement, distribution and connectivity can be obtained
from 2D fractured cliff sections and pavements. These sections can then be used for efficient
discretization and homogenization techniques to obtain reliable predictions on permeability
distributions in the geothermal reservoirs. Fracture network anisotropy in the Malm reservoir
unit is assessed using detailed structural analysis and numerical homogenization of outcrop
analogues from an open pit quarry within the Franconian Basin, Germany. Several events
are recorded in the fracture networks from the Late Jurassic the Alpine Orogeny and are
observed to be influenced by the Kulmbach Fault nearby with a reverse throw of 800 m.
The fractured outcrops are digitized for fluid flow simulations and homogenization to deter-
mine the permeability tensors of the networks. The tensors show differences in fluid transport
direction where fracture permeability is controlled by orientation compared to a constant value.
As a result, it is observed that the orientation of the tensor is influenced by the Kulmbach Fault,
and therefore faults within the reservoirs at depth should be considered as important controls
on the fracture flow of the geothermal system.

1. Introduction

Faults and fractures are abundant discontinuity features in rocks that govern fluid flow in the
subsurface (Caine et al. 1996; Sibson, 1996; Curewitz & Karson, 1997; Connolly and Cosgrove
1999; Sanderson & Zhang, 2004; Kurz et al. 2008; Zhang et al. 2008; Bense et al. 2013; Morley &
Nixon, 2016; La Bruna et al. 2021; Pisani et al. 2022). These structural features develop at a
variety of scales from large-scale regional faults to outcrop scale, fracture and stylolite networks,
all of which can either enhance or impede flow in the subsurface (Caine et al. 1996; Odling et al.
1999; Bour et al. 2002; Sanderson & Zhang, 2004; Manzocchi et al. 2010; Bense et al. 2013; Bruna
et al. 2019; Giuffrida et al. 2019; Araújo et al. 2021). Analysing these networks and characterizing
their impact on flow and transport, is paramount for a variety of subsurface applications, e.g.
geothermal energy extraction (Lipsey et al. 2016; Vidal et al. 2017; Smeraglia et al. 2021), hydro-
carbon production (Nelson, 2001), mineral exploration (e.g. Cox, 1999), CO2 sequestration
(CSS; e.g. Stork et al. 2015) and hydrogen storage (Saxena et al. 2018). This is especially impor-
tant in geothermal reservoirs where host-rock permeability is generally low, e.g. granite geother-
mal systems (Wibberley & Shimamoto, 2002), and fluid flow is controlled at first order by
fracture network geometry (Hollinsworth et al. 2019).

Efficient discretization and simulation techniques are required to obtain reliable prediction
of permeability distributions within geothermal reservoirs. We use a field example from an open
pit quarry near Kulmbach, Germany, to show how fracture network anisotropy in geothermal
reservoirs can be assessed using detailed analysis of outcrop analogues. Specifically, we analyse
variation of fracture networks in a cross-section towards the seismic-scale Kulmbach Fault. We
present the results of the structural analysis, followed by introducing a mixed-dimensional
approach for quick discretization of the network for the numerical analysis of flow in the dense
fracture networks. Based on our field data we will demonstrate the importance of linking geo-
logical field work to numerical model development. Finally, we propose a new approach to
numerical permeability homogenization that is informed by detailed field observations.
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1.a. Two-dimensional fracture modelling from surface
analogues

Fracture spatial arrangement and variations can be quantified from
several data sources at different dimensions such as 1D – scan lines
(Priest & Hudson, 1981), boreholes (e.g. Rajabi et al. 2010) – 2D –
drone imagery, pavement analysis (Boersma et al. 2019; Smith,
2020) – and 3D – seismic analysis (Jaglan et al. 2015), lidar
(Pontes et al. 2021), ground-penetrating radar (Grandjean and
Gourry, 1996; Elkarmoty et al., 2018) or outcrop mapping (Jones
et al. 2009). Subsurface data allow for larger-scale faults (e.g. seismic
surveys) and fractures (e.g. well logs) to be imaged directly from
reservoirs which can be implemented into models of the fractured
networks at depth (e.g. Boersma et al. 2021). For geothermal explo-
ration, acquiring reliable subsurface data can be too costly, and, with
the resolution limitations of seismic data, small-scale fracture net-
works are often overlooked (Lei et al. 2017). Therefore, surface frac-
tured features can be useful for quantifying fractured networks, in
particular the smaller networks, and making predictions at depth
(Welch et al. 2015; Gutmanis et al. 2018).

Geological analogues are a tool for generating representations
of the subsurface from outcrops and reduce uncertainty in devel-
oping geological and dynamic models (Pringle et al. 2006; Howell
et al. 2014). Analogues provide information on the structure of
units and fracture systems in place within formations and
larger-scale regions where geologists can directly see features in
the rocks. Interpreting and utilizing analogues is therefore vital
for understanding the fractured networks at depth. For reservoir
analogues, scan lines (1D) and fractured pavements (2D) are the
most used data techniques and, whilst scan lines can provide stat-
istical information on fracture arrangement, they are not useful for
developing further models (Priest and Hudson, 1976; Dershowitz
et al., 1992; Prabhakaran et al. 2021). Two-dimensional pavement
and fracture trace analysis allow for the interpretation and model-
ling of geometric and topological data (fracture orientation, length,
intersections, aperture) from the fracture networks using advanced
techniques of data acquisition, e.g. monopod and drone photo-
grammetry (Bisdom et al. 2017; Prabhakaran et al. 2019, Smith,
2020; Lopes et al. 2022).

There are several software solutions that can be used to analyse
and capture data within the fractured pavements and 2D outcrops
(e.g. Hardebol & Bertotti, 2013; Healy et al. 2017). These enable the
simplification of fracture networks and focus on important param-
eters such as orientation, connectivity and aperture. Whilst these
programs are excellent in producing statistical data on the fracture
patterns, they do not provide the functionality to prepare the frac-
ture networks for numerical modelling through the formation of
fracture meshes and the clustering of fracture sets.

1.b. Numerical modelling of fractured networks

The analysis and interpretation of fracture networks provides a
base from which predictions can be made of the fracture distribu-
tion on the surface and within the subsurface. However, to quantify
how the fractures affect fluid flow, numerical modelling is required
to obtain data that represent the flow response of the fractured net-
work (e.g. permeability tensors; Zhang et al. 1996).

Integrating a fractured network into fluid flow simulations can
be difficult due to the variability of fracture properties (e.g. length,
orientation, aperture), but methods exist to bridge these uncertain-
ties between scales of the fractures and represent the network

properties at a multiscale level (Bonnet et al. 2001; Liu et al.
2016; Berre et al. 2019).

Explicitly representing fracture networks within large-scale
simulations poses significant computational challenges.
Homogenization of the fractures provides a suitable process to
integrate the small-scale networks within these simulations
(Berkowitz, 1995; Geers et al. 2017; Thovert et al. 2017; Berre
et al. 2019). It is important to accurately homogenize the fractures,
as high-density networks (large-scale) effectively act as completely
permeable media, and at the small scale fewer fractures will not
represent the network (Fourno et al. 2013; Meier et al. 2018;
Poulet et al. 2021).

Fracture networks within reservoirs represent thin features
which can be computationally costly to discretize due to the
required number of elements in the mesh. Newly developed tech-
niques have allowed for the simulation of fractures as flat features
(lower-dimensional elements) such that the fracture aperture is not
considered within the mesh but instead is accounted for numeri-
cally (e.g. Alboin et al. 2002; Nordbotten et al. 2018; Poulet et al.
2021). By considering the fractures as lower-dimensional elements
within the mesh, the required number of elements is reduced,
resulting in a more efficient simulation (Cacace & Jacquey,
2017; Poulet et al. 2021).

An important property in simulating flow through fractured
networks is fracture permeability. Faults and fractures can be
conceptualized as conduits, barriers or combined conduit–bar-
riers to fluid flow depending on various parameters such as
hydraulic or mechanical variations and interactions (Caine
et al. 1996; Poulet et al. 2021). Whilst fractures can be exclusively
barriers (closed) or conduits (open), many natural fractures
present characteristics that are between the end-members, form-
ing conduit–barrier systems with variable permeabilities (Caine
et al. 1996; Korneva et al. 2014; Bauer et al. 2016; Volatili et al.
2019; Giuffrida et al. 2020). For example, strike-slip faults can
comprise filled cores surrounded by distributed small-scale dam-
age zones with variable permeabilities (Mitchell & Faulkner,
2009). Techniques such as discrete fracture network (DFN) or
discrete fracture method (DFM) modelling have allowed for effi-
cient simulation of fracture networks; however, variations in per-
meability are frequently over-simplified (Berre et al. 2019).
Studies have successfully modelled both end-members of fracture
permeability and the integration of fractures within a mesh, sep-
arate from the matrix, thus allowing for distinct properties to be
applied (e.g. Martin et al. 2005; Nordbotten et al. 2018). Recent
advancements in these methods have enabled the modelling of
conduit–barrier systems independently within finite elements
(Poulet et al. 2021). Applying these approaches to fracture net-
works and assigning variable permeabilities to the individual
fracture generations reduce the uncertainties involved in homog-
enizing fluid flow through fractured rock.

This contribution primarily focuses on implementing an effi-
cient method for reliable homogenization of fluid flow properties
using small-scale fractured outcrop analogues which can be imple-
mented in a large-scale model. The simulations will be analysed
based on a regional context assessing how large-scale structures
may affect permeability. Improving this type of method is a vital
initial step towards developing large-scale models for fractured
geothermal systems of low-permeable host rocks (e.g. limestone)
where subsurface data may be unavailable or limited and the
use of outcrop analogues is essential.
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2. Geological setting of the Franconian Basin

2.a. Structural overview of the Franconian Basin

The outcrops analysed in this contribution are located within the
Franconian Basin, northern Bavaria (Fig. 1). The Franconian Basin
is primarily composed of Late Palaeozoic to Mesozoic sediments
with thicknesses up to 3500 m and bounded to the east by the
Franconian Lineament and the Bohemian Massif (Schröder,
1987; Peterek et al. 1997; Schröder et al. 1997). Subsidence and
crustal extension related to the culmination of the Varsican
Orogeny formed half-graben and graben structures allowing for
deposition to occur from the Late Palaeozoic onwards
(Freudenberger & Schwerd, 1996; Bauer, 2000; Schäfer et al.
2000; Kroner et al. 2007). The Franconian Basin deposition spans
from Permian (Rotliegend) to Cretaceous and is formed of sand-
stones, siltstones, mudstones and limestones (Schröder, 1987;
Schäfer et al. 2000, Freudenberger et al. 2013; Kämmlein et al.
2017). The outcrops of interest lie within the Malm (Upper
Jurassic) limestone unit deposited as an extensive carbonate-domi-
nated platform (Franconian Platform) along the passive Tethyian
margin (Meyer & Schmidt-Kaler, 1990; Ziegler 1990; Schintgen &
Moeck, 2021).

The basin has experienced several major regional events occur-
ring syn- and post- sedimentation along the pre-existing Varsican
structures, commencing with a major compressive phase of defor-
mation that occurred during a Late Cretaceous Inversion causing
steep-angled reverse and NW–SE-trending strike-slip faults (e.g.
Peterek et al. 1993, 1996, 1997; Mazur et al. 2005; Kley & Voigt,
2008; Navabpour et al. 2017; Voigt et al. 2021). Compressional

structural features related to this phase are primarily found within
the main thrust fault zones whilst the strike-slip components are
formed in the areas between faults (Peterek et al. 1996).

Following the inversion, the European Cenozoic Rift System
initiated an extensional regime, and normal faults and related
structural features formed within the basin (Ziegler, 1992; Dèzes
et al. 2004; Rajchl et al. 2009; Voigt et al. 2021). This rifting system
is found across northern Europe and results in the formation of
large NE–SW-striking grabens and half-grabens (Eger Graben;
see Fig. 1) east of the Franconian Basin (Schröder, 1987; Peterek
et al. 1997; Schröder et al. 1997; Dèzes et al. 2004).

The final phase of major deformation is the Alpine Orogeny
during the Eocene convergence of Africa and Europe (e.g.
Scheck-Wenderoth et al. 2008; Köhler et al. 2020). This event
caused a large strike-slip regime in the region corresponding to
a NW–SE compressional NE–SW extensional stress field
(Schröder et al. 1997; Wagner et al. 1997; Zulauf & Duyster,
1997; Köhler et al. 2020). In the Franconian Basin, this phase pri-
marily causes the reactivation of the eastern fault system (Peterek
& Schröder, 2010).

The deformation caused by these major phases significantly
influences the large-scale faults in the region (Köhler et al.
2020). At the site in Kirchleus, the main fault that influences the
structural features is the Kulmbach Fault, part of the Franconian
Fault System (Heinrichs et al. 1994; Peterek et al. 1996). This fault
is located c. 30 m from the quarry (Fig. 2) and records a reverse
throw of c. 800 m, positioning the Muschelkalk (Trissaic) beside
the Malm units (Behrens et al. 1967; Franke, 1989; Fazlikhani
et al. 2022).

Fig. 1. Tectonic overview of central
Germany and the Franconian Basin
showing the main fault lines and basins
within the region (modified from
Peterek et al. 1996; Kämmlein et al.
2017).
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2.b. Geothermal potential and exploration of the Franconian
Basin

Current geothermal exploration of the Franconian Basin suggests
the main heat source may be deep-seated late-Varsican granite
intrusions within the Saxothurigan crust underlying the sedimen-
tary cover (Kämmlein et al. 2017; de Wall et al. 2019; Drews et al.
2019). This causes a geothermal gradient of 38 °C km−1 observed in
the Obernsees 1 borehole (Stettner & Salger, 1985; de Wall et al.
2019). Recent studies have primarily focused on characterizing
and modelling the deep geothermal potential of the granite sys-
tems; however, little research has been undertaken to explore
the fractured sedimentary cover and the influence of the fracture
networks on geothermal flow (Kämmlein et al. 2017; de Wall et al.
2019; Bohnsack et al. 2020). In the Molasse Basin (Fig. 1) to the
south, the Malm unit is currently utilized for geothermal energy
where structural features (fractures, faults and karst) play a key role
in producing high flow rates up to 10−4 m s−1 to the north of the
basin (Birner et al. 2012; Birner, 2013; Przybycin et al. 2017;
Bohnsack et al. 2020; Schintgen & Moeck, 2021). It is therefore
important that geothermal flow through fractured networks of
the Franconian Basin be better understood for future exploration.

3. Structural analysis of outcrop analogue

3.a. Analysis of Kirchleus Quarry

Kirchleus Quarry (4 × 104 km2) is located on the western flank of
the Franconian Basin (Fig. 1) within the Malm Formation and in
the footwall of the Kulmbach Fault situated 7 km SW of the
Franconian Lineament. The quarry complex (Fig. 2) is split into
two areas: towards the north, an inactive quarry site contains c.
14 fractured quarry cliff sections (outcrops 1 and 2); towards
the south, active quarrying is still operating where the most
recently exposed cliff sections are located (outcrop 3). Both sites
provide good access, making it possible to measure features within
the fractured outcrops and to take detailed images for structural
analysis.

These fractures, faults and other structural features can be
divided into several stress fields through cross-cutting relation-
ships. The oldest observed structural lineations are observed
through normal faults trending NW–SE, with associated striations
indicating a NE–SW extension (Fig. 3a).

Reverse faults orientated 025/59 and 200/50 (azimuth/dip) are
observed within the quarry and as reactivated structural lineations
of the previous extensional features. The movement on these faults
and associated tectonic stylolites (σ1 ~ 205°) corresponds to NE–
SW compression (Fig. 3b). Strike-slip faults (Fig. 3d) orientated
244/80 and 131/85 are observed to cross-cut these previous struc-
tural features and record a NNE compression. Also observed
within this set of faults are reverse oblique faults (Fig. 3c) orien-
tated 225/43, recording a similar NE–SW-directed compression.
These also appear to cross-cut the structural features observed
in Fig. 3b, and these three groups of faults and fractures
(Fig. 3b–d) appear the most dominant structural features in the
quarry.

A set of dextral strike-slip faults orientated 252/82 and 110/85
(Fig. 3e–f) cross-cut the tectonic stylolites from the previous com-
pressional stress field. Furthermore, tectonic stylolites related to
these strike-slip faults are present in a NW–SE compressional
direction. These structural features represent the youngest faults
that outcrop in the quarry sections.

3.b. Analysis of 2D quarry outcrops

To present the capabilities of the modelling process and the
impact of the Kulmbach Fault on the fracture network, three
5 m × 5 m fractured outcrops are imaged at increasing distance
from the fault (Fig. 2). The outcrops captured the main fractures
within the quarry described in Section 3.a which represent the
different deformation phases within the Malm unit. In order to
analyse networks present, the images are processed, and fractures
are traced using a digital graphics editor (Fig. 4). Geometric
analysis of the network is undertaken using FracPaQ which pro-
vides results of connectivity and density of the fracture traces
(Healy et al. 2017).

The fractures vary in orientation, spacing and fill. Five different
sets are identified (Table 1; Fig. 4) across the three fractured out-
crops identified and measured in the field. Fracture set orientation
is averaged for each set by calculating the Fisher distribution mean
vector (Fisher et al. 1993; Cardozo & Allmendinger, 2013). Not all
sets are observed at every outcrop; however, sets 1–3 are consistent
throughout. Bedding is represented within set 1 and is treated as
structural lineation. This is due to observed structural movements
along the bedding planes acting as faults and fractures and there-
fore these planes can be considered a structural set. The outcrops
are all approximately perpendicular to themain Kulmbach Fault to
provide a suitable comparison between sites at increasing distance
from the fault.

Geometric analysis of the outcrops indicates that whilst average
trace length varied between outcrops 3.2 m, 1.86 m, 2.76 m respec-
tively, fracture density (P20) across the 2D traces are similar
(5.2 m−2, 5.7 m−2, 4.4 m−2). Connectivity between the nodes of
the fracture traces (Table 2) based on Y-X-I analysis
(Manzocchi, 2002) shows the fractures are well connected with
intersections (X) and relatively few are isolated fractures.

3.c. Integration of geological data into numerical simulations

In order to simulate fluid flow through the fractured outcrops
assessed from Kirchleus, several parameters are obtained and esti-
mated from the structural analysis. Based on field observations, the
fractures were sorted as open (conduits), closed or filled (barriers)
(Fig. 5). As this study focuses primarily on field-based data, the
apertures from the field are used for the fluid flow simulations;
however, it is known that aperture can vary (increase and decrease)
from surface to subsurface due to elevated fluid pressure (e.g.
Ghassemi & Kumar, 2007) or in situ stresses (e.g. Bisdom et al.
2016). In order to undertake the fluid flow simulation, a general
estimation of aperture and corresponding fracture permeability
is required. This is difficult to obtain and for this work we measure
aperture for each of the five fracture sets determined from the field
through an approximation of fracture widths (Table 1) using image
processing software. From these values, permeability along the
fracture (longitudinal permeability) is estimated using empirical
cubic laws which approximate fracture permeability of each set
based on the Hagen–Poiseuille solution of the Navier–Stokes equa-
tion (Snow, 1969; Witherspoon et al. 1980; Zhang, 2019). These
values indicate that flow could more likely occur through sets 3
and 4 compared to set 1 which is infilled. The values are used as
the initial input for the numerical modelling of the sets to simulate
the flow through the network.

In addition to the estimated permeability values, the digitized
cliff sections provide the base for a discrete fracture network from
which a fractured mesh can be generated for numerical simula-
tions. The fractured mesh is used in combination with the different
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fracture permeabilities for each set as the initial input for the
numerical modelling. This process presents a method that utilizes
fractured outcrop analogue structural data in the homogenization
and simulation of fractured networks.

4. Fractured numerical modelling

4.a. Numerical homogenization of the permeability tensor

Instead of simply using only empirical laws with the property of the
fracture network, a more exact determination of the full permeabil-
ity tensor can be obtained through a homogenization procedure
based on numerical fluid flow simulations through the fracture
network. The permeability K can be expressed in its tensorial form
from Darcy’s law:

vx
vy
vz

0
@

1
A ¼ 1

�f

Kxx Kxy Kxz

Kyx Kyy Kyz

Kzx Kzy Kzz

0
@

1
A rPx

rPy
rPz

0
@

1
A (1)

where vi denotes the flow velocity, �f the fluid viscosity, and rPi
the pressure gradient.

In order to isolate any specific component of the permeability
tensor Kij, Eq. (1) shows that we can constrain the fluid flow to a
single direction j such that the resulting pressure gradient vector is
equal to rPj ¼ DPj=Lj;ref , where Lj;ref represents the reference
length of the model in that direction and DPj is the corresponding
pressure differential between the boundaries. In this case, we can
extract Kij from Eq. (1), expressed as:

Fig. 2. Sketch outline of Kirchleus
Quarry showing the locations of the
studied fractured cliff sections for
numerical modelling. Stereonet shows
the main fracture orientations observed
along the outcrops within the quarry.
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Kij ¼
�fLj;refvi
DPj

; 1 � i � 3 (2)

To obtain every component of the permeability tensor, three sim-
ulations need to be run, each with a pressure gradient imposed in
one different orthogonal direction, from which the longitudinal
and transversal fluid velocity can be post-processed. Note that
experimental methods cannot calculate the off-diagonal compo-
nents of the permeability tensor because, as seen from Eq. (4) fur-
ther below, velocities transversal to the direction of the flow need to
bemeasured, which is very complex to do (Renard et al. 2001). This
numerical method is therefore the only way to obtain the full per-
meability tensor. At the scale of fracture networks, fluid flow is
already described by Darcy’s law, with the rock matrix usually hav-
ing a different permeability than the fractures. The simulations
performed for homogenizing the permeability tensor then consist
in solving for Darcy’s law through the matrix and the fracture net-
work as explained in the following subsections for a fluid flow in
one given orthogonal direction, then post-processing for the value
of the fluid velocity.

To homogenize the network, the flow is simulated with the
finite element method. Several FEM solvers are available to run
numerical simulations of fluid flow through fractured media,
including ABAQUS (e.g. Cruz et al. 2019), COMSOL
Multiphysics (e.g. Koyama et al. 2009; Lepillier et al. 2019) and

MOOSE Framework (e.g. Grimm Lima et al. 2020; Poulet et al.
2021), and various methods have been developed through these
solvers (Berre et al. 2019). We use the open-source finite element
simulator REDBACK (Poulet et al. 2017) based on theMulti-phys-
ics Object Oriented Simulation Environment (MOOSE; Permann
et al. 2020). The applied REDBACK functionalities have been
developed directly for fault-reactivation simulations (e.g.
Lesueur et al. 2020; Poulet et al. 2021), and MOOSE provides
adaptability of the solver for new development and in modifying
existing meshes generated initially in GMSH (Geuzaine &
Remacle, 2009).

The simulations require a finite elementmesh of the 2D fracture
features captured from Kirchleus Quarry as discrete fracture net-
works (DFN; Fig. 4). The use of the DFN is necessary for the sim-
ulations as the individual fractures are required to be treated as
infinitely thin geometric features (lower-dimensional elements)
whereby their thickness is implemented within the flow equations.
By using the fracture networks as lower-dimensional elements
within the mesh in which the fractures defined in the DFN are
treated as an interface between lower-dimensional elements, the
complexities involved can be reduced and the process becomes
more efficient compared to continuum-based methods (Cacace
& Jacquey 2017; Poulet et al. 2021). This process removes the
necessity for very small elements within the discretized fracture
and reduces the elements within the mesh.

Fig. 3. Fracture results and interpreted stress fields from Kirchleus Quarry showing the main deformation phases affecting the Malm at the outcrop (Köhler et al., 2022).
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4.c. Outcrop to 2D fractured mesh

A script has been developed to create the 2D fractured mesh from
the traced networks (SVG) using GMSH (Geuzaine & Remacle,
2009) which independently meshes the network of fractures from
the matrix. The script identifies the intersection and end nodes of
each fracture and converts these into points and lines within
GMSH. This provides additional control on the handling of spe-
cific nodes, in particular for nearby nodes that should be merged.
The geometries are assigned as physical lines within separate
groups/sets based on the orientation of the fractures. This tagging
process through GMSH allows the fractures to be used in the 2D
fluid flow modelling as lower-dimensional elements. This enables
the engine to focus the modelling on the fractures independently of
the matrix and, when grouping the fractures by orientation, varia-
tion of property values can be implemented. To allow the setting of
periodic boundary conditions at the numerical stage, extra nodes
are also inserted on the bounding box (lines) to ensure that all
boundary nodes match on the opposite faces.

4.d. DFN simulation and post-processing

With the mesh generated, finite element simulations can be run to
solve for Darcy’s law and the fluid mass balance described in steady
state as a diffusion of pressure:

r � rP ¼ 0 (3)

This equation describes the behaviour within the rock matrix.
The DFN is treated separately. The fractures are modelled as

lower-dimensional interfaces (Poulet et al. 2021) allowing simu-
lation of any kind of behaviour for the fracture, from conduit to
barrier, and distinguishing longitudinal flow from transversal,
allowing for the implementation of more complex conduit–
barrier type of behaviour. The system requires as input the aper-
ture (0.1 cm), as well as the longitudinal and the transversal per-
meability values associated with each fracture. Two simulations
are run for each site: (1) fully homogeneous case where all frac-
tures are of equal permeability (transversal = 0.01 mD;
longitudinal = 100 mD); (2) non-homogeneous case where longi-
tudinal permeability of each fracture is controlled by orientation
(Table 1). This range of permeability values is justified from the
measured aperture and previous fault permeability modelling
(Cappa & Rutqvist, 2011).

For the simulation set-up, the pressure gradient is imposed
through a high-pressure value as Dirichlet boundary condition
at the inlet and a low value at the outlet. On the other sides, periodic
boundary conditions of pressure are imposed between parallel
faces. Results of the simulations for site 1 of DFN can be seen
in Fig. 6.

In order to solve for Eq. (2), the average value of the fluid veloc-
ity needs to be computed, where the challenge is to correctly take
into account the contribution of the DFN. Specifically, fluid veloc-
ity is integrated over the whole domain but the integral over the
DFN has to be multiplied by the virtual aperture a to consider
the correct volumetric contribution of the fractures. Similarly,
the virtual volume of the fractures needs to be added to the total
volume for the averaging. The average of fluid velocity in one direc-
tion is eventually post-processed as:

Fig. 4. Fractured cliff sections and digitized interpreted fracture traces from Kirchleus Quarry. Sets identified in fracture traces correspond to the sets presented in Table 1.
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where VM is the total volume of the matrix, AF the area of the frac-
ture network, vM the fluid velocity in thematrix, vF;li the fluid veloc-
ity longitudinal to the fractures and vF;ti the fluid velocity
transversal to the fractures.

4.e. Permeability ellipses

The raw permeability tensors (Table 3) do not allow the properties
of the fracture network to be read directly. Instead, most geoscient-
ists prefer to plot ellipses associated with the symmetrical part of
the tensor. The ellipses can be plotted using the eigenvalues of the
tensor for the radii, and the orientation of the eigenvectors for the
rotation of the ellipse. From this plot (Fig. 7), one can visually
assess θ, the direction of the principal axis of flow, Kmax, the maxi-
mum value of permeability found on the principal axis, and Kmin

the minimum value.
The permeability ellipses show that the highest Kmax for both

scenarios is from site 1, closest to the main Kulmbach Fault, whilst
the lowest Kmax is within site 3. The lowest Kmin is also located at
site 1. For both sites 1 and 2 the ellipse from the non-homogeneous
case, whereby the fracture permeability is defined by variation in
orientation, is larger than the ellipse for the homogeneous case. At
site 3, the non-homogeneous case is more spherical and has a lower
Kmax than the corresponding homogeneous case. In general, this
points towards the non-homogeneous case showing a higher per-
meability than the homogeneous case. Site 1 also shows strongly
orientated ellipses with θ orientated−29.0° and−42.5° respectively
for each scenario, whilst the ellipses for sites 2 and 3 show a more
level and spherical shape.

The results of the numerical modelling show the capability of
using fault and fracture information from outcrop images to

simulate fluid flow through the networks to homogenize and
extract permeability tensors which can be used for upscaling to
geothermal reservoir scale.

5. Discussion

The results of the structural analysis and numerical simulations
show how outcrop analogues can be used to model fluid flow
and the effect of varying permeabilities of the fracture sets on fluid
transport. Furthermore, this process can act as initial steps towards
upscaling and larger-scale numerical simulations of geothermal
fluid flow for the Northern Bavarian region, and in particular
the use of faults and fractures as flow medium.

5.a. Effect of variable fracture permeability on fluid transport

The permeability tensors and associated ellipses (Fig. 7) presented
in the results show that during homogenization varying permeabil-
ity values of the fractures could have a large impact on the flow
magnitude and orientation. For sites 1 and 2, the permeability
ellipses for a constant permeability across all fractures (Fig. 7, black
ellipses) are smaller than when the permeability is controlled by
fracture orientation (Fig. 7, red ellipses). For site 3, it is shown that
the ellipses controlled by fracture orientation have a lower Kmax

(0.93D) compared to the tensor with constant fracture permeabil-
ities (Kmax = 1.07D). To illustrate the effects of varying fracture
permeability, we used the tensors from site 1 to simulate transport
of a non-reactive tracer through a 5 m × 5 m block (Fig. 8). This
allows for transport through a homogenized area using the
obtained tensor values to be simulated. The simulation was per-
formed with a constant time increment (1 hour) for 48 hours
and with a constant pressure gradient from right (5E5 Pa) to left
(1E5 Pa) with a normalized constant tracer concentration of 1 at
the source node.

The results of the simulation show that there is a significant dif-
ference in tracer concentration (Fig. 8c) between the two simula-
tions such that treating the fractures with varying permeabilities
influences the transport orientation compared to fractures with
a constant permeability value. Furthermore, given that the
differences observed in this simulation over a 5 m × 5 m block
are significant, the results over a larger area, for example at reser-
voir scale (kilometres), would be even more pronounced.
Therefore, the data suggest that the homogenization of the fracture
network is unlikely to result in a realistic scenario for fluid flow
simulations. This highlights the importance of defining the frac-
ture apertures and permeabilities prior to numerical simulations
during the homogenization process and understanding the effects
of upscaling the fracture networks to larger areas and volumes.

The fracture networks simulated within this contribution are
treated as linear lower-dimensional elements with assigned per-
meability values across the interface. Previous fracture studies have
also shown that other fracture properties can influence the fluid
flow within the network. Properties such as fracture roughness
and tortuosity have been modelled to show the impact on flow
from including channelling which reduces the efficiency of the net-
work (Li et al. 2016; Liu et al. 2016; Lee & Babadagli, 2021). Whilst
this property is an important feature in fracture flow simulations,
as the networks in this study treat the fractures as lower-dimen-
sional elements within the mesh, the effects of other fracture prop-
erties can be accounted for numerically (Cacace & Jacquey 2017;
Poulet et al. 2021). As this method treats the fracture as a flat inter-
face between lower-dimensional elements, the properties (e.g.

Table 1. Structural parameters of the measured fracture sets observed and
estimated within the fractured outcrops

Set Site
Average

orientation
Conduit
or barrier

Estimated
aperture
(mm)

Longitudinal
permeability

(mD)

1 1,2,3 004/17 Barrier
(clay
infill)

0.05 1.00Eþ01

2 1,2,3 204/50 Semi-
conduit

0.175 4.00E þ02

3 1,2,3 025/52 Conduit 0.25 1.00Eþ03

4 1.2 232/79 Conduit 0.25 1.00Eþ03

5 2 116/83 Semi-
conduit

0.15 2.50Eþ02

Table 2. Y-X-I connectivity of the fractured outcrops

Site

Y-X-I connectivity
(%)

Total PointsY (abutment) X (intersection) I (isolated)

1 0.01 0.84 0.15 1084

2 0.07 0.68 0.24 1132

3 0.01 0.79 0.20 520
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aperture and roughness) are accommodated numerically, creating
a more efficient simulation.

The numerical methodology presented in this contribution
shows a process that can effectively homogenize fracture networks
and reduce uncertainties occurring during the upscaling process
that can have significant impacts on fluid transport. In terms of
geothermal energy, understanding where the tracer is transported
to is vital for development planning to create an efficient geother-
mal system and avoid contamination of the surrounding area.

5.b. Influence of regional events and seismic structures

5.b.1. Regional stress fields from outcrop analysis
The structural features observed in the quarry outcrops (Fig. 3)
present several different deformation phases that have affected

the units present. The first phase recorded in the Malm unit of
the Franconian Basin is the NE–SW extensional phase (Fig. 3a)
which causes normal faulting observed in Kirchleus Quarry.
This phase occurred at the earliest Late Jurassic, post-Malm sedi-
mentation and into the Early Cretaceous (S Köhler et al., 2022.
Similar structures have been observed in surrounding basins
(e.g. Thuringian Basin) and can be related to the continued sub-
sidence in the Central European Basin System throughout the
Mesozoic (Scheck-Wenderoth et al. 2008; Sollhofen et al. 2008;
Navabpour et al. 2017; S Köhler et al., 2022).

The second stress regime interpreted in the quarry presents a
general compressional phase orientated NE–SW (Fig. 3b–d). The
structures observed in the outcrops at Kirchleus are related to the
Late Cretaceous Inversion deformation phase which involved the
uplift and exhumation of the Mesozoic basins (Mazur et al. 2005;

Fig. 5. Fracture aperture variation observed at Kirchleus Quarry. (a) Normal fault within the Malm unit observed at site 2 (Fig. 2). (b) Clay infill of the normal fault (Fig. 5a) showing
evidence of a fracture barrier to flow. (c) Fractures observed at site 1 showing examples of open and closed sets of fractures which act as conduits and barriers to flow respectively.
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Kley and Voigt, 2008; Voigt et al. 2021; S Köhler et al., 2022. It is
observed in Kirchleus that this is a multiphase event whereby the
initial deformation is primarily composed of the reactivated reverse
faults (Fig. 3b) and its culmination characterized by strike-slip faults
(Fig. 3d). Furthermore, it is observed that an intermediary transi-
tional phase occurs during the inversion event which forms the
oblique reverse faults (Fig. 3c) within the quarry, possibly due to
local stress variations and disturbances (Kley and Voigt, 2008;

Sippel et al. 2010; Navabpour et al. 2017; S Köhler et al., 2022.
The reactivation of faults during this phase likely also affected the
nearby Kulmbach Fault which influenced the deformation observed
in the outcrops, and it is generally observed that inversion deforma-
tion causes the largest faults and fractures, controlling the structure
of the quarry outcrops observed from satellite view (Fig. 2).

The final stress recorded in Kirchleus Quarry formed the strike-
slip faulting (Fig. 3e, f) and tectonic stylolites which overprint the

Table 3. Calculated permeability tensors for both scenarios at each site from the numerical modelling and homogenization

Site 1 2 3

Homogeneous [1.0127 −0.1529] [1.0092 0.0173] [1.0710 0.0246]

[−0.1592 0.8101] [0.0175 0.8764] [0.0361 0.8015]

Non-homogeneous [1.0608 −0.2200] [1.1783 −0.0440] [0.8859 0.0266]

[−0.2306 1.0109] [−0.0419 1.1488] [0.0275 0.9078]

Fig. 6. Pressure distributions and fluid
flow velocity vectors of two simulations
run with (a) horizontal and (b) vertical
pressure gradient on the DFN of cliff sec-
tion 1 (Fig. 4a).
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structural lineations formed during the Late Cretaceous Inversion.
This NW–SE shortening and thrusting is likely related to the
Alpine Orogeny and the regional-scale strike-slip regime affecting
Central Europe (Schröder et al. 1997; Zulauf & Duyster, 1997;
Peterek & Schröder, 2010). These are the youngest natural faults
observed within the quarry that are cutting all the other faults.

5.b.2. Influence of the Kulmbach Fault
The importance of faults to fluid flow is well documented through
reservoir characterization and development (Caine et al. 1996;

Bense et al. 2013; Vidal et al. 2017; La Bruna et al. 2021;
Smeraglia et al. 2021), and whilst faults can be observed using sub-
surface data analysis (e.g. seismic imaging) the fractures related to
the faults commonly are not. Therefore, utilizing alternative data
sources, such as outcrop analogues, for further understanding the
influence of seismic-scale faults on the fracture network and ulti-
mately the fluid flow is vital. Initial results of the structural analysis
show that the fractures are well connected and therefore could pro-
vide suitable pathways due to the high concentration of fracture
intersections. In combination with the results of the numerical

Fig. 8. (a, b) Tracer transport through a 5 m × 5 m block using (a) constant permeability for all fractures and (b) variable permeability controlled by fracture orientation and
defined conduit, barrier and conduit–barrier sets. (c) Difference in tracer concentration between the two scenarios. Simulations were performed using the PorousFlow module
(Permann et al. 2020; Wilkins et al. 2021) within MOOSE.

Fig. 7. Permeability ellipses from the homogenization process and tensor calculation. Black permeability ellipse is calculated using a constant permeability for all fractures. Red
permeability ellipse is calculated using varying permeabilities based on fracture orientation. Site 1 shows tilting of the ellipse towards themain Kulmbach Fault. Sites 2 and 3 show
lessening impact of the fault to the ellipse orientation and magnitude.
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simulations they provide a detailed analysis of the impact of the
fault on the fracture permeability.

The Kulmbach Fault is a seismic-scale fault, and the fractured
cliff sections analysed were an increasing distance from the fault
(Fig. 2). Whilst the results of the permeability tensors and ellipses
obtained from homogenization of the fractured outcrops showed
the importance of classifying fractures through aperture and per-
meability magnitude, they also show variation in the ellipses by
site. In particular, the influence of the fault on the orientation of
the flow patterns is clearly seen. The permeability ellipses for site
1 show a tilted nature (−29.0°) in comparison to the generally hori-
zontal nature of the tensors from site 2 (7.4°) and site 3 (7.5°). The
increased dip in the anisotropic permeability is noted as also par-
allel to the main dip of the Kulmbach Fault. Therefore, the fault
directly influences the orientation of the permeability tensors
and ellipses and thus fluid flow. Fluid flow orientation is important
within the reservoir, particularly when primary permeability is
controlled by structural features rather than sedimentological
properties as observed within the Malm (Birner et al. 2012;
Schintgen and Moeck 2021).

However, all the fracture outcrops analysed, and modelled
from, have generally the same orientation (NE–SW). Therefore,
only the fracture network perpendicular to the fault strike is
observed in the results. Whilst this could limit the understanding
of the fracture flow parallel to the fault, observing perpendicular
fracture networks ensures that the horizontal flow and possible
fluid pathways away from the fault are captured.

Furthermore, the magnitude (kmax) is also larger at site 1
(1.26D) compared to sites 2 and 3 (1.21D and 0.93D respectively).
This implies that the permeability increases towards the fault and
thus fluid flow transport could be higher. This increased per-
meability corresponds to a damage zone near the Kulmbach
Fault (Fig. 9). This damage zone is situated on the footwall of
the reverse fault and impacts on the fracture networks as seen at
site 1. Given that site 1 is located c. 30 m from the fault, the damage
zone could be up to 100 m from the fault. This large distance could
significantly influence the fluid flow around the faults at depth.
From the hanging wall towards the ENE another damage zone
is expected; however, width is unknown and there are likely addi-
tional effects to the fracture networks from the fold–thrust system
(e.g. Watkins et al. 2018).

Overall, the Kulmbach Fault has a direct influence over fluid
transport through the fractured networks. This is important for
modelling fractured reservoirs in general, in particular the low-per-
meability Malm reservoirs, as by further understanding how the
faults affect the fracture networks, uncertainties throughmodelling
these faulted systems can be reduced. The outcrop to tensor meth-
odology presented in this paper can be utilized to effectively model,
homogenize and upscale these systems, with particular detail on
the influence of seismic-scale faults such as the Kulmbach Fault
on reservoir flow.

Field-based studies on fracture networks can lead to some
uncertainties in the data collection which can be accounted for
(e.g. Peacock et al. 2019). Outcrop quality is an important factor
to consider when capturing 2D imagery of fracture networks,
and it is key that a link to the subsurface is established
(Gutmanis et al. 2018). Kirchleus Quarry was chosen as a suitable
site to assess the fractures within the Malm unit of the Franconian
Basin due to its close proximity to the main Kulmbach Fault. The
quarry provides excellent access to large cliff sections, some of
which have limited weathering effects and therefore good outcrops
for analysis. However, this could lead to uncertainties and bias

from outcrop quality and choice. For fracture network imaging,
unweathered, clean outcrops are most effective for tracing linea-
tions for analysis, and therefore these outcrops are preferred over
weathered cliff sections. These sections are therefore discounted
from analysis and thus fractures may be missed.

A further consideration when using the fractured analogues is
to ensure the captured fractured networks are representative of the
modelled network scale. The 5 m × 5 m window size for sampling
the fracture networks allows for a large area of the network to be
imaged, reducing the sensitivity to bias (Zeeb et al. 2013). There are
several other methods that could be utilized to estimate the repre-
sentative scale required for the model, such as Monte Carlo sim-
ulations (e.g. Rong et al. 2013). However, for the scope of this
study we assumed the simulated area is representative of the frac-
ture network observed in outcrop (e.g. Bear, 1972; Bear & Bachmat,
1990; Andrianov & Nick, 2019) and at outcrop scale (up to tens of
metres) the imaged networks are suitable for numerical modelling
without over- or undersaturation of fractures (Fourno et al. 2013;
Meier et al. 2018; Berre et al. 2019; Poulet et al. 2021). Furthermore,
the selection of the outcrops at increasing distance from the main
Kulmbach Fault enables a good spread of data to be collected to
minimize fractures lost to bias or outcrop quality, thereby limiting
the uncertainties that could arise from the data collection and
analysis.

5.c. Implications for the Geothermal system and future
modelling

Geothermal energy use is increasingly prevalent, and it is a vital
necessity to effectively model these systems and reduce uncertain-
ties in reservoir modelling (Witter et al. 2019). Where data for the
exploration and development of geothermal projects are limited,
analogues can be a useful tool. In the Franconian Basin, there
are limited subsurface data and therefore the modelling of the sub-
surface is driven by outcrop analysis. Work has primarily focused
on the geothermal potential of the deep granite systems within the
Fraconian Basin, with limited emphasis on the influence of struc-
tural elements (Kämmlein et al. 2017). However, it is known that
fracture networks within theMalm in southern Germany (Molasse
Basin) contribute significantly to flow (Birner et al. 2012; Schintgen
& Moeck, 2021).

Karstification is also observed at the Kirchleus outcrop affecting
the Malm units and can be both advantageous and disadvanta-
geous to production from carbonate reservoirs. Karst within reser-
voirs can enhance fluid flow in the subsurface depending on the
size of the feature, but also can cause serious uncertainties and
safety issues regarding drilling and production (e.g. Sloan,
2003). In Kirchleus, several different karst features are observed
in and around the fault zones. Wormholes and vugs up to c.
1.5 m wide are recorded within faults, fractures and along stylolites
within the limestone. Whilst karstification is outwith the scope of
this contribution, it should be noted for future modelling that it is
present within the reservoir units and should be considered as a
possible subsurface fluid pathway.

The results of the fracture modelling and numerical simulations
show that seismic-scale faults are influencing the fracture networks
in the vicinity, forming damage zones which could be pathways for
geothermal flow at depth. It is also observed that the Malm reser-
voir in the Franconian Basin hosts good fracture networks formed
through several deformation events (Late Cretaceous Inversion
and Alpine phases) and that act as the primary conduits for flow.
Given that these faults and fractures are linked to deformation
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phases, it can be predicted that the same networks are located at
depth. Therefore, further modelling of the subsurface can use
the presence of major faults as a driver for the fracture networks
present. The homogenized models presented show the small-scale
flow through theMalm units; however, further upscaling (up to km
scale) would be required to better model the flow through the res-
ervoir. For this, additional data would be required such as addi-
tional larger-scale outcrop sites (e.g. drone imagery) and the use
of subsurface data (wells and seismic) to integrate into a reser-
voir-scale fracture network model.

Currently, new seismic acquisition is underway for northern
Bavaria and these additional data could be utilized to directly
image the fracture networks at depth to compare with the net-
works at the surface (Fazlikhani et al. 2022). Similar datasets have
already been acquired and analysed in the Molasse Basin, and
similar approaches and integration from this basin could be

utilized within the Franconian Basin (Budach et al. 2018;
Wawerzinek et al. 2021). Seismic in combination with well and
outcrop data can be used to create discrete fracture networks
(e.g. Smith, 2020; Boersma et al. 2021). These DFN models can
additionally be driven by the outcrops and the understanding
of how the faults are tilting the transport direction, as observed
at Kirchleus Quarry. The aperture values used for the numerical
modelling were determined directly from outcrop; however,
future modelling could integrate the numerical flow simulations
with aperture modelling based on current stress conditions at
depth (Prabhakaran et al. 2018 and references therein). These
further fracture acquisition and modelling techniques, in combi-
nation with the permeability tensors acquired from outcrop,
would enhance understanding of the subsurface structure of
the Malm and reduce the uncertainties involved in the geother-
mal exploration of the Franconian Basin.

Fig. 9. Conceptual model showing a cross-section through the Kulmbach Fault and how the homogenized permeability of the fracture networks is affected by the fault within the
fault damage zone.
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6. Conclusions

The Malm units in the Franconian Alps in southern Germany are
an important aquifer for geothermal exploration that is dominated
by fracture networks which play a vital role in increasing per-
meability for fluid flow. Structural analysis of theMalm unit within
the basin showed that several events have affected the fracture net-
works present. From the Late Jurassic onwards, an early exten-
sional phase followed by Late Cretaceous Inversion and the
Alpine Orogeny have caused movements along major faults (e.g.
Kulmbach Fault) which have fractured the limestone formation.

This contribution implements a suitable method for applying
2D outcrop analogue data to the simulation of fluid flow through
small-scale fracture networks. The fracture networks have been
imaged and digitized to create 2D fracture network models that
can be used to analyse and acquire permeability tensors of the
Malm units. Analysis of the 2D networks shows that the fractures
are well connected through intersections. The networks are
meshed and homogenized to acquire the 2D permeability tensors
which represent the flow through the rock. The tensors showed
that the Kulmbach Fault influences the orientation and magnitude
of fluid transport, tilting the flow in the direction of dip. This
implies that large-scale (seismic) structures are likely to affect fluid
flow in the reservoirs, and, as such, subsurface modelling should
account for the effects of these features. There is likely a critical
distance at which deformation occurs around the fault.
Furthermore, it is shown that variable fracture permeability
directly affects the orientation of fluid transport. It is therefore vital
for homogenization and upscaling of fracture network flow that
conduits, barriers and conduit–barriers are properly quantified.
These results of outcrop image to 2D homogenization and per-
meability tensor acquisition show how using analogues can further
improve the understanding of subsurface flow and reduce uncer-
tainty in the modelling of fractured reservoirs.
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