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Abstract: A multi-proxy field and laboratory study was conducted to investigate the impact of a regional fault zone on De-
vonian carbonate geothermal reservoir properties. The outcrop analogue chosen is exposed in the Steltenberg quarry (North 
Rhine-Westphalia, Germany) and provides access to Devonian lime- and dolostone units affected by branches of the Ennepe 
Thrust Fault zone. Data presented include (i) field evidence from sedimentological and structural data, (ii) petrographic and 
mineralogical analyses, and (iii) geochemical and petrophysical data. Although the interpretation of the depositional envi-
ronment is not trivial, the carbonate facies present generally reflect the shedding of reefal material from large bioherms to 
the west of the study areas as well as localised, small bioherms prone to storm disintegration. The inherited properties of 
these carbonates at deposition, and a clear understanding of their diagenetic history, are the prerequisite for extrapolation 
between outcrop analogues and their corresponding subsurface units. We document a detailed interpretation of the parage-
netic sequence that affected these rocks from deposition, burial, subsequent hydrothermal overprint related to rock disinte-
gration and fluid circulation along the fault zone, and finally, late-stage meteoric overprint. Emphasis is placed on various 
forms of dolomitisation and its effect on rock properties and reservoir quality. The resulting scenario is complex, and when 
comparing the data from the Steltenberg quarry with nearby outcrops, significant regional heterogeneity is observed. It is 
important to separate between: (i) diffuse, locally distributed dolomitisation, (ii) replacive dolomitisation (fronts), spatially 
separating lime- and dolostones, and (iii) fault-bound, hydrothermal dolomitisation. The Devonian carbonates in the Stelten-
berg quarry examined here have higher thermal conductivity compared to the Jurassic (Malm) carbonate units in the Munich 
area, with some even higher than the values of massive limestone facies of the Munich area. As a large portion of North 
Rhine-Westphalia’s territory is underlain by Devonian carbonates, this is considered significant. However, emphasis is 
placed on the fact, that data shown here document the spatially complex organisation of rock types and their reservoir prop-
erties. This presents a warning against oversimplifications when extrapolating observations from outcrops into subsurface 
rock bodies.
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1. Introduction

1.1 Carbonate rock bodies as deep 
hydrothermal reservoir facies in North  
Rhine-Westphalia

Deep-geothermal applications have the potential to provide 
sustainable energy for district heating systems in urban re-
gions. In Germany, this technology is presently applied in 

the city of Munich, where heat from deep, karstified carbon-
ate reservoirs is exploited (Dirner & Steiner 2015). Accord-
ing to the long-term energy supply plan of the public services 
in Munich, heat extracted from deep geothermal reservoirs is 
intended to provide 100% of the necessary thermal energy 
by the year 2040 (Wissing 2009).

A large portion of North Rhine-Westphalia’s (NRW) ter-
ritory is underlain by Devonian carbonate rocks, most of 
which are located at burial depths between some hundreds 
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and several thousands of metres (Franke et al. 1990; Krebs 
1974; Lippert et al. 2019). Recently, these units have become 
a major research focus due to their stratigraphic thickness 
(up to 1,300 m), their position beneath the most populated 
and industrialised areas of NRW, and their potential as deep 
geothermal reservoirs (Balcewicz et al. 2021; Lippert et al. 
2019; Thiel 2018). The significance of the deep geothermal 
Devonian carbonate reservoirs in NRW is based on their po-
tential as industrial thermal energy supply and district-heat-
ing reservoirs. The aim is to convert the existing heating sys-
tem in the Ruhr metropolitan area – one of Europe’s largest 
district-heating networks with a total length of 4,300 km – 
from a primarily coal-fuelled system to a geothermal one. As 
the Ruhr metropolitan area includes 50 cities with over  
5 million people living within an area of approximately 
4,400 km2 (Knutzen et al. 2015), this conversion to environ-
mentally sustainable heat is of great environmental signifi-
cance.

Several case studies with the aim to work towards this 
larger goal exist. One case study referred to as the “Kabel 
Zero project” (https://www.ieg.fraunhofer.de/en/references/
geothermal-paper-drying.html) is an interdisciplinary ap-
proach with the goal to evaluate the deep geothermal reser-
voir potential of the Devonian carbonate units of the Rhenish 
Massif in NRW. Here, geothermal heat is intended to substi-
tute for natural-gas operated combined heat and power 
(CHP) generation plants to provide process steam for a paper 
factory located in the northern part of the city of Hagen. Ac-
cording to the Geological Survey of North Rhine-Westphalia, 
the subsurface in this area is characterised by Devonian car-
bonate rocks, located at depths between 3,200 and 4,100 m 
below the surface (Salamon et al. 2020). A seismic survey is 

currently under way to validate this claim (Fig. 1). Outcrops 
of Devonian carbonate rocks east of the Rhine River are lo-
cated in the southern Ruhr area on the northern flank of the 
Remscheid-Altena Anticline as well as on the edges of the 
Velbert Anticline (Fig. 1; Federal Agency for Cartography 
and Geodesy 2020). The present study focuses on exposed 
units in one of these quarries.

1.2 Evaluating complex, three-dimensional 
carbonate rock bodies in the subsurface

Despite significant potential, the exploitation of deep geo-
thermal energy is challenging in many ways. Carbonate res-
ervoirs at depth are highly heterogeneous across all scales 
(from pore- to field-scale), rendering it difficult to predict 
flow behaviour in the subsurface. Consequently, carbonate 
reservoir characterisation is associated with a high degree of 
uncertainty (Grammer et al. 2004). Depositional rock prop-
erties of carbonates – as found millions of years later in sub-
surface rock bodies – is defined by a multitude of biogenic 
and abiogenic, hydrodynamic and environmental parameters 
(Dunham 1962; Bjørlykke 2014). During subsequent burial, 
carbonates undergo significant degrees of alteration (diagen-
esis) driven by disequilibrium processes between pore fluids 
and minerals, resulting in dissolution-reprecipitation pro-
cesses that often involve mineral fluxes (Swart 2015). These 
processes have the potential to profoundly alter the mineral-
ogical and chemical characteristics of a given carbonate 
(Pederson et al. 2020), as well as affect its petrophysical 
properties (Eberli et al. 2003; Weydt et al. 2018). Compac-
tion often occurs as a consequence of vertical stress during 

Fig. 1: Geological map of the northern Rhenish Massif. The studied outcrop in the Devonian Massenkalk is indicated by a red star (modi-
fied from Götte 2004).
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burial. In order to achieve significant pore-volume reduc-
tion, dewatering and plastic or brittle grain deformation is 
required. Compaction is one of the key parameters control-
ling rock-fluid volumes at depth, and hence, the type and 
magnitude of alteration. During compaction, the system 
gradually changes from a fluid-dominated (fluid-filled, open 
porosity) to a rock-dominated (fluid-lean) system.

1.3 Relevance of facies architecture, 
diagenesis, regional fault zones and fracture 
networks

At some hundreds of metres burial depth, mechanical com-
paction gives way to chemical compaction (Shinn & Robbin 
1983), a feature often observed by dissolution seams. Min-
eralogical changes such as hydrothermal dolomitisation of 
calcitic and aragonitic carbonates in the subsurface can ei-
ther occlude or create pore networks (often referred to as 
“matrix porosity”). Later stages of dedolomitisation or silica 
cementation add further complexity. These changes are in 
addition to facies architecture and inherent heterogeneity 
between various layered units, particularly evident in car-
bonate strata. Along with vertical stress induced by burial, 
horizontal, and oblique stress fields related to compressive 
or extensive tectonism, induces fracturing and jointing of 
carbonates, a process controlled by rock properties (Mueller 
2020). Well-lithified (brittle) limestones may undergo ex-
tensive fracturing (here referred to as “fracture porosity”), 
while more argillaceous marly facies may form impermea-
ble units or flow baffles (Gunter et al. 1997; Ti et al. 1995). 
Fractures may be spatially distributed or present as fracture 
corridors. Whether the fracture sets are bound by existing 
strata, or cross cut various layers can be especially impor-
tant for indications of fluid flow between various carbonate 
units (Meier et al. 2017). Moreover, aspects such as fracture 
lengths and aspect ratios (height to length) are relevant 
when considering subsurface fluid flow. While open frac-
tures may act as fluid pathways, closed fractures often act as 
barriers (Maxwell et al. 2011). Large-scale structural fea-
tures (fault zones) are a case on their own, and are associ-
ated with slip surfaces, shearing, and heterogeneous strain 
distribution, sometimes over km scales (Mueller et al. 2020; 
Yielding et al. 1999).

Large fault zones are structurally anisotropic discontinui-
ties in the upper crust, which accommodate heterogeneous 
lithology and strain distribution over a wide range of scales 
(metres to kilometres; Agosta et al. 2012; Choi et al. 2016; 
Kim et al. 2004) and form primary controls on reservoirs 
fluid flow (Caine et al. 1996; Jourde et al. 2002). An estab-
lished fault zone contains: (i) a fault core (with a breccia and/
or a cataclasite), where most of the displacement occurs, and 
the pre-existing sedimentary and tectonic structures are pri-
marily destroyed, and (ii) an associated damage zone, which 
is mechanically related to the growth of the fault zone (Ago-
sta & Aydin 2006; Billi et al. 2003; Caine et al. 1996; Chester 
& Logan 1986; Igbokwe et al. 2020; Sibson 1977). In the 
damage zone, fault-related fracture networks crosscut the 

host rock and depositional structural, including fractures 
and/or small-scale faults that do not destroy host rock fab-
rics, may be preserved to variable degrees. Depending on the 
volume percentage of the fault core and damage zone, and 
the inherent variability in grain size and fracture permeabil-
ity, the fault zone may act as a conduit for fluids, a barrier, or 
a combined conduit-barrier system (Caine et al. 1996; Jourde 
et al. 2002). In addition, when faults are critically stressed, 
they become hydraulically conductive, having high permea-
bility (Townend & Zoback 2000). Both the fault core and 
damage zone are bounded by the host rock, which is fre-
quently characterised by background tectonic structures due 
to the previous deformation.

Fault zones in NRW are common features that transect 
hydrothermal reservoirs (Balcewicz et al. 2021; Lippert et al. 
2019; Thiel 2018) and are thought to act as both lateral and 
vertical fluid pathways. Hydrothermal fluids migrate both 
upward and laterally within fault zones, and may induce sig-
nificant mineralisation. To address the challenges related to 
deep geothermal energy, feasibility studies on time-equiva-
lent units in outcrop are extremely helpful when performed 
with an understanding of the comparability of outcrop versus 
buried carbonate deposits. The investigation of outcrop ana-
logues is a key tool for the improvement of carbonate reser-
voir characterisation and modelling of subsurface migration 
of geothermal fluids (Barbier et al. 2012). Outcrop studies 
provide insight to the distribution and morphology of geo-
logic bodies and their rock properties across a broad range of 
scales, from tens-of-kilometre- down to micrometre-scale 
features. Regarding deep geothermal reservoirs, outcrop an-
alogue studies have been performed to evaluate the potential 
of the Jurassic (Malm) carbonates in the Munich area (Ho-
muth 2014; Homuth et al. 2014).

1.4 Relevance of outcrop studies and 
applicability of outcrop data to the subsurface

This study evaluates a Devonian carbonate outcrop in the 
Steltenberg quarry operated by the Hohenlimburger Kalk-
werke GmbH (Hagen-Hohenlimburg, NRW), which is an 
outcrop analogue for a deep geothermal reservoir in the re-
gion (Federal Agency for Cartography and Geodesy 2020; 
Fig. 1). A specific focus is on a regional fault zone and its 
effect on the host lithologies. This work is highly relevant as 
no well-logs or cores of the Devonian carbonates at greater 
depths exist in the study area, and extremely scarce and gen-
erally difficult to access within NRW. The approach in-
cluded: (i) field analysis and sampling of suitable geothermal 
reservoir lithologies; (ii) measurement of structural data and 
quantification of the fault core and damage zone properties; 
and (iii) the analysis of geochemical and petrophysical prop-
erties. The aim of this paper is to document the outcome of 
the outcrop analogue study. By doing so, it is intended to 
provide an accurate characterisation of reservoir architec-
ture, diagenetic evolution and deformation of the Devonian 
carbonate units that is critical for the accurate modelling of 
carbonate reservoirs, and predicting flow behaviour in deep 
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geothermal reservoirs. A limitation of outcrop studies in-
volved differential processes which have affected the rocks 
observed at the outcrop and those found in the subsurface. 
Especially when the target lithology is at great depths (such 
as the Devonian carbonates of NRW) the mechanical and 
chemical processes during burial cannot be replicated or ex-
trapolated to the units found at the surface and vice versa 
(see previous section for further details on stresses and al-
teration during burial). Work shown here has relevance for 
those in both the scientific and industrial realms interested in 
geothermal energy, reservoir characteristics and carbonate 
diagenesis.

2. Regional geotectonic setting

The Steltenberg quarry is located at the northern margin of 
the Remscheid-Altena Anticline, which belongs to the 
Rhenish Massif of North Rhine-Westphalia (NRW), Ger-
many (Fig. 1). The position of the Rhenish Massif during 
the Devonian was near the coast and on the open shelf south 
of the Old Red continent. During the Early to Middle Devo-
nian, the depositional environment was dominantly shallow 
marine to deltaic siliciclastic, while the late Middle Devo-
nian primarily comprised carbonate reefs development at 
the shelf edge and the open shelf. These carbonates form the 
massive limestone “Massenkalk” unit (Fig. 1), and are not 
necessarily deposited in reefal environments. Following 
previous work (Frech 1888; Kayser 1907; Paeckelmann 
1913; Krebs 1967), Krebs (1974) developed a depositional 
facies classification for the Devonian carbonates, specifi-
cally the three main facies types: Schwelm, Dorp and Iberg 
facies.

The Schwelm Facies is a bank or platform unit, which 
often forms the lower portion of the Middle Devonian car-
bonate sequence. This facies contains non-wave-resistant 
stromatoporoids and coral-reef structures, which resulted in 
a flat, biostromal environment. Distinctive features include a 
dark colouration, a dense matrix, and a broad variety of 
poorly-sorted angular fossils due to the low energy deposi-
tional environment (Krebs 1967, 1974).

The Dorp Facies represents carbonates with clear influ-
ences of biohermal reef buildups that formed locally during 
the early Late Devonian. This facies can be subdivided into 
a back-reef environment, the reef-core, and the seaward 
high-energy fore-reef environment. The Dorp Facies con-
sists of sparry calcite matrix (rather than calcitic-micritic 
matrix such as in the Schwelm Facies) and shows evidence 
of high energy depositional environments (Krebs 1967, 
1974).

The Iberg Facies consists of grey, sparry, crinoid-brachi-
opod limestone and typifies the convex caps of the former 
reef-sections. Here, the typical Devonian reef-building or-
ganisms, such as stromatoporoids are absent and replaced by 
tabulate corals (Burchette 1981). Deposited after the Dorp 
Facies, the Iberg Facies formed during the Late Devonian in 
low energy depositional environments below wave base due 
to an increase in subsidence (Krebs 1974). Additionally, the 

reduced thickness (up to a few tens of metres) differentiates 
the Iberg from the Dorp Facies.

The Devonian carbonate factories were active until the 
early Late Devonian. Afterwards, sediment deposition was 
again dominated by siliciclastics (Krebs 1974; Hesemann 
1975). The Variscan Orogeny during the Carboniferous led 
to extensive folding and faulting in the area (Oncken 1988; 
Fig. 1), during which hydrothermal mineralisation of the 
Rhenish Massif resulted in intensive dolomitisation of the 
massive limestone units (Kirnbauer 1998; Richter 2000; 
Gillhaus et al. 2003). The exposed units in the Steltenberg 
quarry are primarily massive upper Middle Devonian car-
bonates (Givetian; Koch-Früchtl & Früchtl 1993) with vary-
ing extents of dolomitisation. Two main fault types occur in 
the neighbouring region of the Steltenberg quarry, which 
may have caused secondary alteration of the Devonian 
units. Near-perpendicular (with respect to the quarry orien-
tation) fractures also create networks in the Devonian car-
bonates along the northern margin of the Remscheid-Altena 
Anticline. These are capable of forming interconnected, 
permeable units with geothermal reservoir potential. The 
first main fracture orientation is WSW–ENE-striking 
thrusts, such as the Ennepe-Thrust (Oncken 1988). Although 
the main strand of the Ennepe-Thrust Fault does not cross 
the Steltenberg quarry, the branches of this nearby system 
are partly responsible for the fracturing of the carbonates  
in the quarry. The second main type of faults in the study 
area is a NNW–SSE striking system of post-Variscan age 
normal faults, such as the “Großholthausener Sprung” or the 
“Rüdinghausener Sprung” (Gillhaus et al. 2003). These nor-
mal faults represent reactivated extensional structures that 
formed perpendicularly to the strike of the fold belt at the 
end of the Palaeozoic due to crustal uplift and stretching 
until the Givetian, prior to the Variscan Orogeny. During 
that time, a clockwise rotation of the compressive stress 
field caused a NNW–SSE extension. While the direction of 
this extensional regime changed slightly, this stress still ex-
ists in the present (Oncken 1988).

The Devonian carbonates of the northern part of the 
Rhenish Massif near the study area were buried to maximum 
depth of about 6,500 m during the later stages of the Variscan 
Orogeny, roughly 300 Ma ago. Since the Permian (Zech-
stein), the Palaeozoic pre- and syn-Variscan sediments of the 
region have been uplifted, and thus cooled, while overburden 
thicknesses of 4,000–5,500 m have been eroded in the study 
area (Littke et al. 2000).

3. Methodology

3.1 Fieldwork

The Devonian Massenkalk in the Steltenberg quarry was the 
chosen target for this study due to its high variety of strata, 
ranging from well-preserved limestones to various types of 
dolostones. Moreover, the Devonian geological and tectonic 
framework in this region is well-established (Gillhaus et al. 
2003; Götte 2004 and references therein). To assess the spa-
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tial variability of the diagenetic and tectonic impact on petro-
physical, petrographic, and geochemical data, and hence, 
corresponding geothermal reservoir properties, our sampling 
strategy was as follows: (i) samples were collected through-
out the quarry to assess the complete paragenetic succession 
and their geochemical composition for the reconstruction of 
palaeo-fluid flow and its relation to fault zone overprint; (ii) 
a suite of representative rock types from less disturbed sedi-
mentary rocks to highly-overprinted facies was collected for 
petrophysical analyses and facies determination; (iii) a strati-
graphic section was logged, with corresponding sample col-
lection (5 m resolution) along a 310 m long transect on the 
fifth sole to assess any spatial difference in alteration fea-
tures relative to the fault zone.

3.2 Fault zone analysis and connectivity

Fracture analysis was performed in the field on selected out-
crops within the Steltenberg quarry. The data were acquired 
by (i) direct measurement of fractures in the area, and (ii) 
ortho-rectified photographs (using a Nikon P7800 camera) 
with >96% photo overlap (% of overlap = area of intersec-
tion/area of union × 100). Fractures were structurally charac-
terised and classified based on structural complexity. Struc-
tural data were collected for faults exposed along the quarry, 
including fault plane orientations and apparent fault dis-
placements. The high-resolution outcrop images were then 
merged, imported and georeferenced in ArcGIS where the 
fracture networks linked with the fault zone were digitised 
for further geometric, kinematic and topological analysis 
(e.g. Igbokwe et al. 2020; Nyberg et al. 2018). The topologi-
cal analysis was performed on the digitised fault zones to 
distinguish the fault network and to constrain connectivity. 
Topology determines the geometric relationship between 
fractures and demonstrates the arrangement of fractures to 
assess their connectivity. In 2D, the topology of fractures 
consists of nodes and branches between nodes. Three types 
of nodes and branches are recognised: I-, Y-, X-nodes, and 
II-, IC-, CC-branches (for a detailed classification and math-
ematical derivation see Manzocchi 2002; Sanderson & 
Nixon 2015; Sanderson & Nixon 2018). The proportion of 
different nodes and branch types defines the network topol-
ogy, and when plotted on a ternary diagram permits the as-
sessment of several fracture networks.

3.3 Petrophysics

Petrophysical parameters such as thermal conductivity, po-
rosity and permeability exhibit direct effects on reservoir 
potential and play a very significant role in their overall as-
sessment (Homuth 2014; Homuth et al. 2015a; Homuth et al. 
2015b; Bohnsack et al. 2020). Because carbonate facies type 
can have an extremely pronounced impact on their petro-
physical parameters compared to pressure and temperature 
associated to burial depth (Stober 2014), the petrophysical 
analyses performed in this study were facies related. To fa-

cilitate the comparison of different facies, only matrix prop-
erties were evaluated in order to clarify relative statements 
about the geothermal reservoir potential of the different fa-
cies. Due to the large effect of mineralogy on the thermal and 
particularly hydraulic properties of carbonates compared to 
the depositional facies, interpretations in this study were 
based on dolomite content, resulting in the following miner-
alogical facies types: limestone (<20% dolomite), dolomitic 
limestone (20–75% dolomite) and dolostone (75–100% do-
lomite). Reservoir potential can be hypothesised by compar-
ing petrophysical results to outcrop data, such as in studies of 
the Upper Jurassic carbonates near Munich (Dirner & Steiner 
2015; Weydt et al. 2018). Bulk XRD measurements were 
conducted for every specimen (n = 33) prior to petrophysical 
analysis.

Thermal conductivity (λ) highly depends on the mineral-
ogy, structure, density, pore volume, and amount of cracks in 
a sample, and provides insight to conductive subsurface heat 
transfer properties (Kaltschmitt et al. 2006), making it an im-
portant parameter for evaluating geothermal reservoir poten-
tial. Thermal conductivity is measured using a Thermal Con-
ductivity Scanner (TCS), which is a semi-automatic appara-
tus for a contactless determination of thermal conductivity 
(Popov et al. 1983).

Total and effective porosity of the mineralogical facies 
types helps elucidate thermal water storage and transport po-
tential in the subsurface. While total porosity (ϕtot) represents 
the overall pore volume within a rock volume, effective po-
rosity (ϕeff) depicts the connected pore space within a sam-
ple. Bulk and grain densities (ρbulk and ρgrain) were first deter-
mined to calculate total porosity. The bulk density is identi-
fied by simple weighing and geometrical measuring steps, 
while grain density is determined by pycnometer (Gay-Lus-
sac pycnometers; 101.156 and 25.299 ml) tests according to 
the DIN ISO 18124 (2019) for removing pore space prior to 
determining the mass. Total porosity is subsequently deter-
mined from ρbulk and ρgrain according to Manger (1963). Ef-
fective porosity (ϕeff) is calculated by the following equation:

ϕeff  = 100 ×
⎛
⎝

Δm/ρw⎞
⎠ Eq. 1

V

wherein ρw represents the density of the pore-filling fluid and 
∆m is the difference in mass of the sample core between dry 
and saturated states. Cores were considered “dry” following 
drying in an oven at 60 ºC for 24 hrs and allowed to cool to 
room temperature in ambient laboratory conditions.

The most direct way to determine hydraulic conductivity 
is by measuring the permeability (k), which is proportional 
to ϕeff  (Tan et al. 2017). Permeability measurements were 
performed in a Hoek cell, which administers triaxial pressure 
on a short core sample. Equal axial and confining pressures 
of 10 MPa were used. A Teledyne Isco pump system was 
connected to the lower axial permeability cap of the cell, 
which is in contact with the top of the sample (diameter =  
40 mm, length = 85 mm), and forces deionised water through 
the sample. Parameters used include runs at 30, 60, and 90% 
of the confining and axial pressures (here, 3, 6, and 9 MPa) 
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to determine the permeability. The upper axial permeability 
cap in contact with the opposite end of the sample is not con-
nected to the pump system, resulting in a constant outflow 
pressure of 0.1 MPa. Final permeability (K) is calculated us-
ing Darcy’s law (Darcy 1856), which considers the volumet-
ric fluid flow through the sample core (Q), the dynamic vis-
cosity of the fluid (η), the length (l) and the cross-sectional 
surface area (A) perpendicular to the sample, and the pres-
sure difference between in- and outflow (∆ρ), as in the fol-
lowing equation:

K = 
η × Q × l

Eq. 2
A × Δρ

3.4 Petrography

Depositional facies analysis
Eleven thin sections from macroscopically distinguishable 
rock sections and corresponding facies were analysed using 
a Zeiss polarising microscope (Axio Scope A1) to determine 
depositional facies. The most important parameters for dif-
ferentiating between the depositional facies described in sec-
tion 3.2 were the fossil or allochem content, the mineralogy, 
and the porosity. To determine the mineralogical composi-
tion, the thin sections were partially stained with Alizarin-
Red-S, which differentiates calcite from other mineral 
phases. If calcite is present, the thin section minerals appear 
reddish, while dolomite or other minerals do not react.

Cement stratigraphy
To determine the cement stratigraphy, polished thin sections 
were analysed using both polarised and cathodolumines-
cence microscopy. Polarised images were taken on a Leica 
DM4500P microscope (Leica Microsystems GmbH, Wetz-
lar, Germany). Cathodoluminescence analyses were per-
formed using a hot cathode (HC1-LM) facility at the Ruhr-
University Bochum (Neuser et al. 1996) equipped with a 
DC73 camera system (Olympus). Thin sections were sputter 
coated with a 15 nm thick gold layer to avoid charging. The 
electron beam had an acceleration voltage of the 14 kV, a 
current density from 5 to 10 μA/mm2, and a beam current 
from 0.1–0.2 mA. Dolomite and calcite cement phases were 
identified based on luminescence colours (following Bruck-
schen & Richter 1993) and textural criteria. By evaluating 
the various cement phases in relation to each other, a parage-
netic sequence, from earliest to latest precipitates, was devel-
oped. For further details on cement stratigraphy using 
cathodoluminescence microscopy, see Bruckschen et al. 
(1992); Bruckschen & Richter (1993) and Richter et al. 
(2003).

3.5 Geochemistry

Mineralogy of hand specimens from the stratigraphic sec-
tion, and individual cement phases was analysed using pow-
der X-Ray Diffraction (PXRD). To quantify the minerals 

present, 70–100 mg of powder was drilled from the samples 
with a handheld Dremel. Sampling locations within individ-
ual phases were based on previous petrographic evaluation 
using normal, polarised and cathodoluminescence micros-
copy. Sample powders were homogenously distributed on a 
silicon sample carrier, before mounting and aligning them on 
a rotating goniometer head. Measurements were performed 
on a PANalytical Empyrean diffractometer using copper ra-
diation (λ1 = 0.154 Å) equipped with a PIXcel1D detector 
(Medipix2 collaboration, Ruhr-University, Bochum, Ger-
many). Scanning range of 2-Theta was 5 to 80°, with a step 
size of 0.0131°, and a duration of 598.9 ms. Phases were 
identified using the software X’Pert HighScore Plus (PANa-
lytical B.V.).

Element concentrations, carbon- and oxygen-isotope val-
ues (δ13C and δ18O), and 87Sr/86Sr ratios were analysed at 
Ruhr-University Bochum. For δ13C and δ18O analysis, 90–
110 μg of carbonate sample powder was reacted with phos-
phoric acid at 70 °C before analysis. Isotope values were 
determined using a MAT 253 (Thermo Fisher Scientific) 
continuous flow isotope ratio mass spectrometer (CF-IRMS) 
coupled with a ConFloIV and a GasBenchII. Values are re-
ported in‰ relative to the VPDB standard. Measurement er-
ror is reported as 1σ standard deviation (SD). The certified 
standards IAEA-603 and NBS 18 were used for data correc-
tion. The 1σ-reproducibility of the internal limestone stand-
ard was 0.05‰ for δ13C and 0.08‰ for δ18O (n = 235, 2019-
2020) and 0.06‰ for δ13C and 0.16‰ for δ18O (n=80, 2019-
2020) for the internal dolomite standard.

Elemental concentrations (Ca, Mg, Sr, Fe, Mn) were 
measured on three representative samples from the strati-
graphic section – one in the Massenkalk unit (depth of 0 m in 
the measured section), one in the heart of the fault zone 
(depth of 140 m in the measured section), and one on the far 
side of the fault zone (depth of 300 m in the measured sec-
tion). Samples were run by dissolving approximately 1.5 mg 
of sample powder in 1 ml 3M HNO3 for 24 h at room tem-
perature before diluted with 2 ml deionised water. Concen-
trations were determined by inductively coupled plasma op-
tical emission spectrometry (ICP-OES, iCAP 6500 DUO, 
Thermo Fisher Scientific). Measurement error is reported as 
1σ standard deviation (SD). The long-term 1σ-reproducibility 
of the certified standards BCS-CRM512 (dolomite; Bureau 
of Analysed Samples Ltd) and BCS-CRM513 (limestone; 
Bureau of Analysed Samples Ltd) is 0.3 wt.% and 0.6 wt.% 
for Ca, 0.2 wt.% and 0.002 wt.% for Mg, 0.002 wt.% and 
0.0002 wt.% for Sr, 0.001 wt.% and 0.0009 wt.% for Fe, and 
0.0001 wt.% and 0.0002 wt.% for Mn, respectively (n = 116; 
2019-2020).

Strontium-isotope ratio analyses were performed by dis-
solving between 0.3 to 16.3 mg (to receive a Sr content of 
400 ng per sample) of sample powder in 1 ml 6M HCl and 
dried on a hot plate at 90 °C before being re-dissolved in  
0.4 ml 3M HNO3. PFA columns filled with TrisKem Sr ion 
exchange resin (100–150 mesh) were used to collect the Sr 
fraction with 2 ml of deionised water. Subsequently, samples 
are dried on a hot plate at 90 °C and re-dissolved in 1 ml of a 
H2O2-HNO3 to remove organic remains. Samples were then 
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evaporated on a hot plate at 60 °C and re-dissolved in 0.4 ml 
6M HCl. After evaporation at 90 °C, samples were re-dis-
solved in 1 μl of ionisation-enhancing solution (after Birck 
1986) and loaded on Re single filaments. Isotope (87Sr/86Sr) 
ratios were analysed by thermal ionisation mass spectrome-
try (TIMS) TI-BOX (formerly MAT 262; Spectromat). 
Measurement error is reported as 2σ standard error (SE). The 
long-term reproducibility of NIST NBS 987 and USGS EN-1 
is 87Sr/86Sr = 0.710242 ± 0.000001 2σ SE (n = 526) and 
87Sr/86Sr = 0.709161 ± 0.000002 2σ SE (n = 444), respec-
tively.

4. Results

4.1 Sedimentology and stratigraphy

The analysis of mineralogical and depositional facies types 
in the Steltenberg quarry is a fundamental step in assessing 
the geothermal reservoir potential, as dolomite content deter-
mines the petrophysical behaviour of the Devonian carbon-
ates, while the depositional facies helps determine the local 
formation thickness. Of a total of 33 measured samples, 14 
were classified as limestone (<20% dolomite), 8 as dolomitic 
limestone (20–75% dolomite), and 11 as dolostones (>75% 
dolomite) according to the mineralogical facies classifica-

tion. Table 1 shows one typical example from each deposi-
tional facies type occurring in the quarry – Schwelm (A) and 
Dorp fore-reef (B) – as well as one dolomitised sample (C) 
to demonstrate the main differences between the deposi-
tional and mineralogical facies. The main distinguishing fac-
tors include: carbonate rock type (according to Dunham 
1962), the matrix analysis, porosity characteristics, the allo-
chem content (including both fossil assemblage and non-bi-
ogenic constituents) and mineralogy from thin section stain-
ing (Table 1). Of the 11 thin sections, 3 belonged to the 
Schwelm facies, 3 to the hydrothermal dolomite facies, and 
5 to the fore-reef Dorp facies.

The facies also change along the measured stratigraphic 
section (Figs. 2–4). Generalised facies description along the 
section in relation to the quarry is shown in Fig. 2, with a 
more detailed description of the units shown in Figs. 3 and 4. 
The section is separated into five units of similar thickness 
(in E–W direction; Fig. 2). A Massenkalk facies represents 
the beginning of the section (to the east; Figs. 3A–B, 4), fol-
lowed by the fault zone which contains the highest amount 
of Variscan dolostones and calcites (Figs. 3D, 4). Towards 
the western side of the stratigraphic section, nearly equal 
amounts of Massenkalk and Variscan dolostones occur, fol-
lowed by another unit dominated by the Massenkalk. The 
final unit (to the west) within the section is dominated by 
Variscan dolostone (Figs. 3D, 4).

Table 1: Description of the depositional and diagenetic facies in the Steltenberg quarry – Schwelm, Dorp fore-reef, and hydrothermal do-
lostone. Depositional facies according to Krebs (1974), and rock types after Dunham (1962). Thin section images are 5 cm in width.

Facies Schwelm: bank/platform Dorp: fore-reef Hydrothermal dolostone

Rock type Peloid-grainstone Grain- to framestone Crystalline

Rock matrix Micritic Mostly sparry matrix Dolomitic matrix

Staining &  
mineralogy

Calcite >> Dolomite Calcite Dolomite > Calcite

Porosity Very low;
fracture-related

Low;
fenestral, interparticle and  
microporosity

Medium;
mostly fenestral, vuggy and 
intercrystalline

Allochem content Calcispheres, peloids, thin-shelled 
bivalves, Amphipora-stromatopores

Tabular stromatopores, crinoids, 
brachiopods, rugose and tabular 
corals

No recognisable fossil content 

Other features Stylolites;
recrystallised Amphipora

Fracture-bound calcite cementation;
poorly sorted

Calcite veins and voids replace 
dolomite  dedolomitization

Stained thin  
section image
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Fig. 3: Field images of the main facies types in the Steltenberg quarry. (A, B) Devonian Massenkalk limestone. (C, D) Partly dolomitised 
limestones and Variscan dolostones including dolomite cement veins. (E, F) Fault zone core including very porous post-Variscan dolo-
mite-, dedolomite- and calcite cements.
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Fig. 4: Stratigraphic column of the measured section (0–310 m). Colour coding is based on estimated dolomite content from field and thin 
section observations.
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The first fault network comprises a set of large normal 
faults with NNW–SSE orientation, which dip approximately 
60–75°, with a 20–50 m wide fault zone. This fault zone in-
cludes a wide (10–40 m) damage zone composed of intensely 
fractured rocks with numerous fault cores defined by high 
strain fault rocks, including non-cohesive and cohesive crush 
breccia and cataclasites (Figs. 5A, B). The fault cores vary 
from 0.2–2 m in thickness and accommodate a few centime-
tres to tens-of-metre offset. In contrast, the second, minor 
fault has a low dip (ca. 20–35°), ENE–WSW orientation, is 
largely sub-horizontal, much narrower (average of 3 m, but 
locally reaching 5 m). This fault zone’s outer margin has 

4.2 Fault zone analysis and connectivity

Mesoscale (outcrop scale) fault zones including several bed-
perpendicular and sub-parallel faults (slip surfaces) cut 
through the Steltenberg quarry’s outcrops. The shear dis-
placement was observed from the offset of bed boundaries 
and/or slip indicators (e.g. slickensides). Fig. 5 illustrates two 
main fault networks with many geometrical and kinematic 
complexities including increasing fault width, numerous fault 
cores, and associated subsidiary structures. The subsidiary 
structures are open fractures and veins that are mostly perpen-
dicular to bedding and bedding-parallel stylolites.

Fig. 5: Fracture/fault network architecture in the Steltenberg quarry. “S0” indicates bedding parallel. (A) High-resolution 2D outcrop ortho-
rectified photograph showing the NE–SW view into the quarry with the dominant bedding perpendicular fault zones. (B) Map of digitised 
fracture/fault network patterns from the area shown in Fig. A; high angle NNW–SSE (red) and low angle ENE–WSW (blue). (C) Distribu-
tion analysis of fracture lengths from cumulative frequency plots and statistics from the digitised network of fractures/faults shown in Figs. 
A and B. The stereo plot shows the direction of the leading fracture/fault networks. (D) Field image (E–W view) of a typical bedding paral-
lel fault zone with damage zones and fault cores, which cut bedding perpendicular open fractures. (E) Outcrop showing slip surfaces, 
bedding-parallel stylolites, and associated fractures. The stereo plot shows the fracture and bedding directions. (F) Topology of the fracture 
network shown in Figs. A–C classified into nodes and branches.



350 Chelsea Pederson et al.

Fig. 6: Mean thermal conductivity (λ) values of the Devonian carbonate samples from the Steltenberg quarry in Hagen plotted against the 
hydraulic properties represented by the mean values of the total porosity φtot (a), the effective porosity φeff (b) and the permeability k (c) for 
the three different mineralogical facies types. The lines crossing the mean data points represent the respective ranges from the minimum to 
the maximum values measured for every facies.

more resistant outcrops (in the narrow damage zone), while 
the inner core contains clay gouge, cohesive crush breccia 
and/or cataclasites (ca. 1 m thick), accommodating most of 
the local cumulative slip. Two similar striation sets were ob-
served on these faults surfaces. One of the striations exhibits 
a horizontal movement in the same direction of the fault 
zone’s hanging wall (approximately NNW–SSE). Con-
versely, the second set of striae lacks a visible sense of move-
ment but generally trend N–S.

Overall, the number of the fault segments varies along 
the fault zones, exhibiting several connections due to differ-
ences in fault orientations (Fig. 5). Connections predomi-

nantly occur where two or more fault segments intersect, 
splay, cross-cut, or abut against another. A digitised fracture/
fault network (Figs. 5B–F) suggests that both NNW–SSE 
and ENE–WSW fractures/faults are sub-parallel, pervasive, 
and regularly spaced (at 5–8 m and 3–5 m spacing, respec-
tively). The cumulative length distribution has an average 
fracture/fault length of 12 m, fitting the negative exponential 
and power-law plots. These fracture/fault networks appear to 
have a moderate degree of connectivity based on their inter-
section (see Igbokwe et al. 2020 for a detailed description of 
topological analysis). Topologically, the abundance of iso-
lated and splayed fault interactions linked with a high pro-
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portion of I- and Y-nodes, and II or IC branches (Fig. 5F), 
while areas with dominant X-nodes and CC branches show 
higher fracture abundance and are linked to structurally com-
plex zones.

4.3 Petrophysics

Effective and total porosity was determined for all 33 sam-
ples, while 32 were measured for thermal conductivity and 
17 were measured for permeability (Fig. 6). The dolostone 
samples had the highest mean thermal conductivity values 
(3.32 Wm-1K-1) of all mineralogical facies types (limestone 
2.34 Wm-1K-1; dolomitic limestone 2.79 Wm-1K-1), but the 
lowest mean total porosity (5.1%) and permeability 
(3.35 × 10-17 m2). The examined limestone samples had the 
highest mean total (10.8%) and effective (5.5%) porosity, 
while the dolomitic limestone samples had the highest mean 
permeability (3.51 × 10-16 m2). The standard deviation of all 
datasets (Fig. 6, supplementary tables) – especially the hy-
draulic properties – is the lowest for the dolostones, followed 
by the dolomitic limestones, while large deviations were ob-
served for the limestone samples. The recognition of this 
large deviation is essential for the evaluation of reservoir po-
tential of the limestone facies, especially as the minimum 
permeability of the limestone facies type is over three orders 
of magnitude lower than the mean, while the permeability  
of the dolostones only ranges from 5.23 × 10-18 to 8.86 ×  
10-17 m2. The standard deviation in thermal conductivity val-
ues are fairly similar for all facies types (Fig. 6, supplemen-
tary tables).

4.4 Petrology and geochemistry

4.4.1 Cement stratigraphy

A paragenetic succession of the carbonates in the Steltenberg 
quarry was established from field observations (Fig. 3), thin 
section data, and cathodoluminescence analysis (Fig. 7). Do-
lomite terminology used here follows Sibley & Gregg 
(1987). The limestone (Massenkalk) precursor is character-
ised by fine- to medium-grained depositional facies, which 
include fossil brachiopods (Stringocephalus burtini), 
sponges, corals, bivalves, and crinoids. This phase generally 
has red luminescence (Figs. 7A, B). Occasionally, medium- 
to coarse crystalline dolomite rhombs occur in the rock ma-
trix. The precursor limestone was partially or fully replaced 
by five dolomite cements and several hydrothermal and me-
teoric calcite cements. Dol 1 consists of fine to medium pla-
nar-s dolomite with patchy red luminescence (Figs. 7C, D). 
Dol 2 is divided into a fine- to medium-crystalline planar-s to 
nonplanar matrix dolomite (Dol 2A) and a nonplanar coarse-
crystalline saddle dolomite (Dol 2B) with sweeping extinc-
tion and red-orange patchy luminescence (Figs. 7C, D).  
Dol 3 contains a medium- to coarse-crystalline planar-s do-
lomite (Dol 3A) and a coarse-crystalline saddle dolomite 
(Dol 3B) characterised by dark to bright red patchy lumines-

cence (Figs. 7E, F). Dol 3 is often overgrown by fine- to 
coarse-crystalline quartz phases (Qz 1 and Qz 2) with pale 
green to dark blue luminescence (Figs. 7E, F). Hydrothermal 
and meteoric calcites often fill open pores between dolomite 
grains or vugs, and overprint each other. These cements are 
characterised by dark red to yellow luminescence (Figs. 7G, 
H). Calcite cementation (LMC1 to LMC 4) is often associ-
ated with dedolomitisation (Dedol 1 and Dedol 2) of former 
dolomite phases (Figs. 7E, F). Stylolites are a product of 
pressure solution and often occur in the precursor limestone 
and Dol 1 to Dol 2 phases.

4.4.2 Bulk geochemistry

The samples from the stratigraphic section bulk matrix dis-
play a large range in mineralogy, elemental concentration, 
and isotopic values (Table 2). Based primarily on field and 
laboratory estimates, mineralogy ranged from ca. 20–70% 
dolomite, with higher dolomite fractions located near the 
fault zone (Figs. 2–4). Elemental concentrations (n = 30) 
vary correspondingly based on mineralogy and location rela-
tive to the fault zone. Ca concentrations range from 106,800–
405,570 ppm (average = 273,848 ppm), Mg concentrations 
vary from 734–125,200 ppm (average = 40,395 ppm), Sr 
concentrations from 13–1,032 ppm (average = 243 ppm), Fe 
concentrations from 97–19,060 ppm (average = 4831 ppm), 
and Mn concentrations range from 124–3800 ppm (average 
= 895 ppm) (Table 2). In general, as Ca concentrations de-
crease, Mg and/or Fe concentrations increase. δ13C and δ18O 
values also vary greatly throughout the stratigraphic section, 
with δ13C values ranging from -7.3 to 4.6‰, and δ18O values 
varying from -11.3 to -7.1‰ (Table 2). The lowest δ18O val-
ues occur towards the end of the section around 280 m, and 
the highest values occurring at 180 m. For clarity, the geo-
chemical data plot into three main clusters with regard to the 
measured section: (i) the easternmost unit dominated by 
Massenkalk facies (0–75 m), (ii) the fault zone unit in  
the centre of the section (75–175 m), and the Variscan dolo-
mite unit towards the westernmost point (175–320 m). The 
fault zone unit is characterised by the lowest δ13C values  
(average = 0.5‰), highest δ18O values (average = -6‰), the 
highest Mg and Mn concentrations (average = 56,470 and 
1,559 ppm, respectively), and the lowest Sr concentrations 
(average = 149 ppm) (Table 2). Strontium ratios show great 
variation between the three major stratigraphic units. The 
Massenkalk unit at the beginning of the section (measured at 
0 m) has a 87Sr/86Sr ratio of 0.707962, the fault zone (meas-
ured at 140 m) has the highest ratio at 0.710712, and the 
Variscan unit towards the end of the section has a ratio of 
0.707988 (Fig. 8).

4.4.3 Phase-specific cement geochemistry

The limestone precursor (MK) bulk matrix contains up to 
30% quartz and up to 20% dolomite, while all dolomite 
phases contain traces of calcite (Table 2). Phases Dol 1 and 
Dol 3A are iron-rich and may contain traces of ankerite. The 
calcite cements are primarily low in Mg concentrations, with 
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Fig. 7: Transmitted light and corresponding cathodoluminescence images of the carbonates in the Steltenberg quarry. (A, B) Massenkalk 
limestone including few dolomite rhombs grown in the matrix. (C, D) Variscan dolomites Dol 1, Dol 2A and Dol 2B. Note the stylolite that 
developed during pressure solution. (E, F) Post-Variscan phases from the fault zone core including the typical post-Variscan paragenesis 
from dolomite precipitation to quartz and later hydrothermal calcite cements. (G, H) Hydrothermal calcite cements, which show typical 
features of later overprint by meteoric calcites precipitating from microfractures and along cleavage planes.

Table 2: Geochemistry results of all samples including the stratigraphic section (“section”) and cement specific phases (“cement”). All 
values are reported as averages for each sample group. See supplementary tables for all corresponding data and standard deviations.

Sample 
type

Facies/Cement type δ13C av.  
(‰ VPDB)

δ18O av.  
(‰ VPDB)

Ca av. 
(ppm)

Mg av. 
(ppm)

Sr av. 
(ppm)

Fe av. 
(ppm)

Mn av. 
(ppm)

Section All samples 1.9 -7.1 273,848 40,395 243 4,831 895

Section Massenkalk (n = 7) 1.8 -7.0 315,669 5,516 363 3,278 389

Section Fault Zone (n = 10) 0.5 -6.0 268,589 56,470 149 3,463 1,559

Section Variscan (n = 13) 3.0 -8.0 255,375 46,811 250 6,720 657

Cement Massenkalk matrix (n = 6) 2.9 -6.0 336,152 6,632 568 4,499 159

Cement Dol 1 (n = 6) 3.3 -9.1 219,902 125,183 31 509 943

Cement Dol 2A (n = 6) 3.2 -7.5 245,090 105,712 57 5,020 1,720

Cement Dol 2B (n = 3) 3.2 -9.3 224,167 123,300 41 721 625

Cement Dedol 1 (n = 3) -1.8 -6.2 300,673 67,137 33 2,249 1,993

Cement Dol 3A (n = 3) 3.1 -7.0 216,530 110,500 24 7,968 2,123

Cement Dol 3B (n = 5) 0.4 -4.6 225,904 114,176 20 6,750 2,876

Cement Dedol 2 (n = 6) -5.1 -5.8 360,828 11,487 36 2,710 2,067

Cement LMC 2 (n = 3) 1.0 -6.0 397,373 988 97 1,708 1,497

Cement LMC 3 (n = 8) 1.8 -11.3 396,243 2,534 215 312 450

Cement LMC 4 (n = 6) 0.4 -6.5 392,093 2,601 193 1,795 2,230

low amounts of Mg-calcite also present. Average carbon 
(δ13C) and oxygen (δ18O) isotope values of all paragenetic 
phases are shown in Table 2. The limestone precursor matrix 
has average δ13C and δ18O values of 2.9‰ and -6.0‰ (n = 6), 
respectively. Dol 1 has an average δ13C value of 3.3‰ and 
δ18O value of -9.1‰ (n = 6). Dol 2A has average δ13C and 
δ18O values of 3.2‰ and -7.5‰ (n = 6), respectively. Dol 2B 
has an average δ13C value of 3.2‰ and δ18O value of -9.3‰ 
(n = 3). Dedol 1 has average δ13C and δ18O values of -1.8‰ 
and -6.2‰ (n = 3), respectively. Dol 3A has an average δ13C 
value of 3.1‰ and δ18O value of -7.0‰ (n = 3). Dol 3B has 
average δ13C and δ18O values of 0.4‰ and -4.6‰ (n = 5), 
respectively. Dedol 2 has an average δ13C value of -5.1‰ 
and δ18O of -5.8‰ (n = 6). LMC 2 has an average δ13C of 
1.0‰ and δ18O value of -6.0‰ (n = 3). LMC 3 has an aver-
age δ13C of 1.8‰ and δ18O of -11.3‰ (n = 8). LMC 4 has an 
average δ13C of 0.4‰ and δ18O of -6.5‰ (n = 6).

Fig. 8: Strontium ratios for the three measured units within the 
stratigraphic section. Depths correspond to the E–W trending strati-
graphic section shown in Fig. 2. The blue rectangle indicates the 
range of depositional 87Sr/86Sr values of seawater (SW) during the 
Devonian as indicated by Howarth & McArthur (1997).
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5. Interpretation and discussion

5.1 Depositional model and facies types

The large-scale platform and basin architecture of the Devo-
nian carbonates in the subsurface of NRW is poorly under-
stood, with the majority of evidence coming from outcrops 
and their correlation. Ongoing work will provide a refined 
degree of knowledge by means of cores and seismic lines. 
The findings presented here reveal the shedding of reefal 
material derived from the Devonian bioherms near Hagen 
(Krebs 1974), to the west of the study area. A compilation of 
these two aspects and their effects in the Steltenberg quarry 
is displayed in Fig. 9A. The mostly siliciclastic top and foot-
wall layers of the Flinz shales and limestones, and the Upper 
Honsel Beds respectively, framing the Schwelm and fore-
reefal subtype of the Dorp Facies, do not actually crop out in 
the quarry. According to Krebs (1974), the dark-bituminous 
Flinz shales form the inter-reef basins in regions where the 
reefal buildups of the Dorp Facies is not developed. Further-
more, Krebs (1974) stated that one of the largest reefal bio-
herms of the Devonian carbonate complex along the north-
ern flank of the Remscheid-Altena Anticline is located 10– 
12 km west of the study area, while a smaller reefal buildup 
of the Dorp Facies is located to the west of the Steltenberg 
quarry (Fig. 9B). We argue that the core of this minor reefal 
body is not cropping out in the quarry itself. Our argument is 
that evidence for massive coral-stromatoporoid framestone 
or bafflestone units, fringed by reefal debris are not present. 
Having said that, we do not exclude the possibility that local-
ised metre-scale patch reefs in a lagoonal setting existed at 
some stage. Where this was the case, these small bioherms 
were prone to storm-wave disintegration resulting in frag-
mentation and transport of the reefal components.

Because the coastline of the Old Red continent was lo-
cated to the northwest (Grabert 1998), and the regionally im-
portant reefal bodies were situated to the west of the study 
area, the occurrence of fore reef lithologies of the Dorp Fa-
cies in the Steltenberg quarry is easily explained. The Devo-
nian carbonate complexes on the northern flank of the Rem-
scheid-Altena Anticline arguably formed isolated patches of 
barrier reef bodies on the outer shelf, rather than a coherent 
fringing reef shielding off a lagoonal and a protected back 
reef environment. The Devonian reefal systems are not eas-
ily separated into fore-reef, main reefal body and back-reef 
environments. Hence, we propose that the well-defined fore-
reef facies, as exposed in the Steltenberg quarry (Krebs 
1974) is not necessarily a template for other locations situ-
ated at similar distances/orientation to the main reefal belts. 
No detailed allocation of the reefal debris contained in out-
crops and in thin sections of the fore-reef facies to one of the 
two potential reefs west of the study area has been performed, 
if at all possible. The assumption, however, that the availa-
bility of this facies type decreases towards the east (Fig. 9A) 
is highly likely due to the position of the reef bodies  
(Fig. 9B).

According to Krebs (1974), the Schwelm Facies is strati-
graphically the lowermost succession of the Devonian car-

bonates in the study area. Hence, its location in the Stelten-
berg quarry and its position in Fig. 9A is coherent. In con-
trast, better understanding the exact local depo-facies 
geometry withing the quarry is a work in progress. Problems 
occur due to widespread fabric-destructive dolomitisation of 
the precursor facies, which hinders the assignment of rock 
types and biota to specific environments and provenance. 
The Iberg Facies is absent in the study area, which can be 
explained by its generally stratigraphically patchy occur-
rence and the lack of exposures of the Dorp Facies reef-core 
in the quarry (Krebs 1974). The facies type colour code in 
Fig. 9A documents the distribution and relative volumetric 
significance of the various facies types and carbonate miner-
alogies throughout the Steltenberg quarry.

In summary, given the regionally limited outcrop data at 
hand, the interpretation of the depositional environment in 
the Steltenberg quarry is not trivial. Moreover, the Devonian 
reefal complex formed during a period in Earth’s history that 
facilitated reef growth even in depositional areas that are 
otherwise hostile (sediment-stressed) to reefal organisms. 
The largest regional reefal bioherms of the Devonian carbon-
ate complex are located 10–12 km west of the study area and 
outcrops in the Steltenberg quarry likely reveal a complex 
interplay of reefal debris transported by currents and waves 
and localised patch reefs that were prone to wave disintegra-
tion. Different facies types adds to the regional complexity. 
Fabric-destructive dolomitisation of the precursor facies of-
ten limits the assignment of rock types and biota to specific 
environments and provenance.

5.2 Palaeo-fluid flow related to a regional fault 
zone

The three-dimensional porous media fluid flow (and heat 
transfer) in geothermal reservoirs, and the volume of the 
fluid migration averaged over time, are the most significant 
parameters in geothermal reservoir characterisation (Mueller 
et al. 2010; Hu et al. 2013; Balcewicz et al. 2021). We argue 
that in order to understand these parameters, the diagenetic 
pathways and the palaeo-fluid flow in a given reservoir unit 
are of great significance. This is because next to fracture-re-
lated flow, facies spatial distribution and the formation and 
destruction of porosity and permeability in carbonates, affect 
these parameters. These patterns in turn, are directly linked 
to the diagenetic reactivity of carbonates throughout their 
burial and the nature and volume of corrosive or oversatu-
rated fluids the carbonates encounter in the subsurface. Evi-
dence for palaeo-fluid flow is recorded in the paragenetic 
succession of various carbonate cements as present in the 
fault zones studied here. The paragenetic succession of the 
carbonates in the Steltenberg quarry is complex, with cement 
petrography (Fig. 10) and phase specific geochemistry  
(Fig. 11) being closely linked to processes which generate 
and reduce porosity.

The history of the studied Devonian carbonates com-
mences with the deposition of Givetian-Frasnian (388 to  
372 Ma) shallow marine reefal deposits. During early marine 
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Fig. 9: (A) Cross-sectional schematic redrafted from Krebs (1974) through the carbonate range on the northern flank of the Remscheid-
Altena Anticline from Hagen to Hemer (after Beckmann 1948; Rosenfeld 1961; Kamp 1968; Krebs 1974). The yellow frame marks the 
location of the Steltenberg quarry, which is schematically displayed in (A). (B) Depositional and mineralogical facies model of the Devo-
nian carbonate depositions of the Steltenberg quarry in Hagen including top and footwall layers of siliciclastic sediments: the limestone-
bearing Flinz shales and the Upper Honsel Beds mostly made up of fine-grained sandstone (Krebs 1974; Koch et al. 2018). The carbonates, 
displayed as a tiled pattern, are represented by the Schwelm Facies and the fore-reef subtype of the Dorp Facies and are equally affected by 
the fracture-related, hydrothermal dolomitisation leading to the quarry-wide mineralogical facies distribution as indicated by the coloura-
tion of the tiles and shown in the cake diagram.

diagenesis of the Massenkalk precursor sediments (MK; 
Figs. 7A, B), a first stage of cementation and low-grade po-
rosity reduction was marked by precipitation of marine ce-
ments and recrystallisation of aragonitic shells (Götte 2004). 
During subsequent shallow- to deep-burial diagenesis in the 
Devonian and Carboniferous, extensive cementation and 
compaction significantly reduced the porosity and permea-

bility of these limestones (Fig. 10). Most precursor units re-
cord marine Givetian-Frasnian carbon-isotope values (δ13C) 
between 2.5 and 3.0‰. The trend toward lighter δ18O values 
from -5 to -7‰ may indicate warm burial fluids (Fig. 11). 
This interpretation is supported by dark-red to bright-orange 
luminescence colours, typical for the burial diagenetic re-
gime (Bruckschen & Richter 1993). The process of porosity 
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reduction was completed when the replacement dolostone 
(Dol 1) formed. Dol 1 is generally abundant along bedding 
planes and was previously interpreted as burial dolomite that 
may also be related to tectonism in an early stage of the Vari-
scan Orogeny (Gillhaus et al. 2003). A burial diagenetic ori-
gin is further suggested by low δ18O values (down to -9‰) of 
this cement phase.

During the course of peak tectonic activity during the 
Variscan Orogeny (Late Carboniferous), hydrothermal flu-
ids traversed through and reactivated older, early stage 
Variscan faults. One of these faults is the Ennepe Thrust, 
which is partly exposed in the Steltenberg quarry (Thome 
1970; Drozdzewski & Wrede 1994). The dolomite phases 

Dol 2A and Dol 2B (Fig. 7C, D) are abundant along frac-
tures following the main strike-direction of the Ennepe 
Thrust. While Dol 2A exclusively occurs as matrix dolo-
mite in former precursor limestones, Dol 2B generally 
forms as void-filling saddle dolomite cement around brec-
cia clasts in decimetre-sized fractures and in millimetre- to 
centimetre-sized fractures in precursor limestones. Saddle 
dolomite is characterised by curved crystal faces and 
sweeping extinction (Radke & Mathis 1980), and indicates 
fluid temperatures above 80 °C (Mueller et al. 2020; Davies 
& Smith 2006). Both dolomite phases were previously in-
terpreted to have one contemporaneous formation mecha-
nism (Gillhaus et al. 2003). However, their oxygen isotope 

Fig. 10: Complete paragenesis of diagenetic phases in the Steltenberg quarry with typical cathodoluminescence colours related to their 
diagenetic and tectonic environment of precipitation or formation. Porosity and permeability reducing phases are marked with a “-“. Poros-
ity and permeability generating phases are marked with a “+”. Tectonic activity phases and formation environments were compiled after 
Götte (2004) and references therein.
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values differ by up to 2.5‰ (Fig. 11), suggesting different 
precipitation pathways.

Due to the fracture-bound nature of these two dolomites 
and the already very low porosity of precursor phases, the 
bulk rock porosity did not significantly change. This diage-
netic stage was followed by the precipitation of LMC 1 in 
some locations (Fig. 10). Dedol 1 marks a shift in fluid 
chemistry from Mg-saturated fluid to undersaturated condi-
tions (with respect to carbonate minerals) following Late 
Variscan hydrothermal activity. Götte (2004) interpreted 
this phase (and subsequent stages of dedolomitisation) as 
alteration phases of instable hydrothermal minerals, karsti-
fication and neomorphism in the meteoric realm. This inter-
pretation is strengthened by low carbon-isotope values 
(down to -3.5‰) in Dedol 1 (Fig. 11). Dissolution of cement 
phases also resulted in increased porosity and permeability 
(Fig. 10).

After a precipitation hiatus in the order of tens-of-mil-
lions-of-years, the rocks in the Steltenberg quarry were in-
fluenced by several intervals of post-Variscan hydrothermal 
activity, potentially tectonically-triggered (Drozdzewski & 
Wrede 1994; Gillhaus et al. 2003; Götte 2004). The first 
Mesozoic, and arguably the most influential of these inter-
vals, was driven by over-pressured hydrothermal fluids, 
which migrated along the NNW–SSE striking faults. Their 
cement precipitates dominate portions of the Steltenberg 
quarry (Fig. 2). The formation of the most volumetrically 
significant Dol 3A and Dol 3B phase led to a general de-
crease in porosity. These fabrics are saddle dolomites pre-
cipitated at elevated temperatures (Fig. 10). Geochemically, 
Dol 3A is very similar to the precursor limestone and  
Dol 2A, with nearly identical δ18O values (Fig. 11). Gillhaus 
et al. (2003) recognised growth of Dol 3A on top of Variscan 
dolomite phases, which may point to a spatially close inter-
growth of dolomite phases that are difficult to isolate and 
analyse. In contrast, Dol 3B from the core of the post-Vari-
scan mineralisations (Figs. 7E, F) is geochemically distinct 
from Dol 3A. Carbon-isotope values of Dol 3B are 3‰ lower 
compared to Dol 3A, while δ18O values are up to 4‰ higher 
(Fig. 11). A change in fluid composition resulted in two 
stages of quartz cementation. Sulphides precipitated locally 
in open vugs (Figs. 7F, 10).

For geothermal reservoir potential, the second phase of 
dedolomitisation and karstification merit attention. All car-
bonates along the NNW–SSE striking fault system were af-
fected by intense dedolomitisation and in part brecciation. 
This resulted in reactivation of pathways for fluid circulation 
and a significant increase in bulk-rock porosity and the open-
ing of vugs up to several decimetres in diameter. Dedol 2 is 
characterised by even lower δ13C values compared to Dedol 1 
(as low as -7.5‰; Fig. 11), indicating meteoric fluids may 
have interacted with oxidised organic matter in overlying 
soils (Swart 2015). Subsequent precipitation of post-Variscan 
hydrothermal calcite cements LMC 2, 3 and 4 suggest addi-
tional hydrothermal activity (Fig. 10). Cements LMC 2 and 4 
yield similar oxygen isotope values as younger hydrothermal 
phases. Only LMC 3 is characterised by significantly more 
negative δ18O values compared to all other phases, indicating 

a strong burial diagenetic influence (Fig. 11). Based on oxy-
gen isotope thermometry, Götte (2004) proposed a fluid tem-
perature between 100 and 140 °C.

Regional hydrothermal activity became less significant 
in the Palaeogene. The renewed influence of meteoric di-
agenesis resulted in corrosion of post-Variscan dolostones 
and the precipitation of volumetrically important calcite ce-
ments. As recognised in the Steltenberg quarry, this process 
along with the near-surface exposure of the carbonates led to 
large-scale karstification in this portion of NRW between the 
Oligocene and particularly the Quaternary (Hammerschmidt 
et al. 1995; Richter 1995). There is no indication that these 
later stage processes should be relevant for the analogous 
units in the subsurface.

In conclusion, a clear understanding of the diagenetic 
history of a given geothermal reservoir unit is a prerequisite 
for extrapolation between outcrop analogues and their cor-
responding subsurface units. The case example documented 
here clearly documents the complexity of the processes in-
volved. Of particular interest are dissolution-reprecipitation 
processes and changes in carbonate mineralogy (such as 
limestone-dolostone recrystallisation) along burial pathways 
often controlled by tectonic processes. Next to burial hydro-
thermal dolomitisation (and dedolomitisation), meteoric 
karstification is of great relevance. Care must be taken, how-
ever, to separate between Holocene (post exhumation) karst 
features and ancient karstification. Whereas the most recent 
karstification as exposed in quarries has often limited sig-
nificance for deep-seated carbonate rock bodies, a careful 
evaluation of cement fabrics and their mineralogical and 
geochemical properties has great potential to reveal evidence 
for ancient stages of karst formation that may have affected 
units prior to burial.

5.3 Effect of regionally-important fault zones 
and related hydrothermal dolomitisation on 
geothermal reservoir properties

Fault zones control the upper crust’s mechanical and fluid-
flow properties, where the semi-brittle shear zone or pre-ex-
isting or early formed brittle structures that locally perturb 
the stress state dominate the process of fault development 
(Davatzes et al. 2005; Davatzes & Aydin 2003; Faulkner et 
al. 2010). Recently, several studies of carbonate rocks have 
documented the control of fault activity by pre-existing ani-
sotropies within the host rock, for example, bedding sur-
faces, veins, pressure solution seams and barren fractures 
(Agosta & Aydin 2006; Billi et al. 2003; Rustichelli et al. 
2012 and references therein). Such anisotropies induce vari-
ations in the attitude of fault segments and fracturing mode. 
As fault zones grow, progressive shearing and interaction of 
the inherited structures lead to slip zones and slip surfaces – 
adapted in the fault cores and damage zones – and, in turn, 
affect the host rock properties. The degree to which the fault 
zone impacts the host rock properties is related to (i) the 
morphological position of the fault’s internal structure com-
ponents (i.e. core, damage zone or protolith), (ii) material 
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Fig. 11: Cross-plot of phase specific δ18O and δ13C data for all analysed samples of dolomite and calcite phases at Steltenberg quarry. The 
stable isotopic composition of Devonian (Givetian-Frasnian) marine calcites are indicated in the yellow and stippled purple boxes (from 
Grossman 2012; Saltzman & Thomas 2012; Veizer & Prokoph 2015). Two dominant trends are present: burial diagenesis led to lighter 
oxygen values (down to -14 ‰) and meteoric diagenesis to lighter carbon values (down to -7.5 ‰).
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properties, and (iii) fault dimensions (Davatzes et al. 2005). 
The impact of the local fault systems, such as the WSW–
ENE striking Ennepe Thrust (Variscan) and the NNW–SSE 
striking normal faults (post-Variscan Orogeny), on the distri-
bution of dolostone and limestone in the study area (Gillhaus 
et al. 2003) is of general significance.

At Steltenberg quarry, the NNW–SSE and WSW–ENE 
oriented fault zones (Fig. 5) are composed of high-strain 
fault cores (approximately 0.2 to 5 metres in width) sur-
rounded by a damage zone, ranging between 10 and 40 me-
tres in width. In general, the damage zones in Steltenberg 
quarry are 5 to 10 times larger in width compared to the fault 
cores, which may play critical role in fluid flow (e.g. Faulkner 
et al. 2010). The width of the damage zone has been shown 
to positively correlate with the displacement magnitude of 
the fault, which was also observed in the Steltenberg quarry 
(Fig. 5A). The fault core comprising fault gouge, breccia and 
cataclasites accommodate most of the displacement. The slip 
zones cut the Devonian cataclasite dolostones, some of 
which are cement-supported. Clasts are sub-angular and 
fragmented by bulk extensional fracturing and comminution. 
Reduction in grain-size towards the slip surfaces leads to the 
formation of ultracataclasites. As documented here, the mul-
titude of minor structural features in the damage zone, com-
bined with the high porosity and permeability fault core, are 
genuine fluid “highways” that significantly affect reservoir 
properties. In case these fluids are oversaturated with respect 
to CaMg carbonate, pervasive replacement of precursor 
limestones by dolostones would result. Although the pres-
ence of cataclasites and ultracataclasites can suggest high 
anisotropic permeability, the volume of cataclastic rocks in 
the quarry is relatively low, especially from a regional con-
text. Thus, it is assumed that the observed cataclasites will 
have little impact on the fluid movement.

Based on local bulk XRD-measurements and visual in-
terpretation of carbonate mineralogy in the studied section in 
the quarry, the following relative percentages of carbonate 
mineralogies result: ca. 17% limestone, 52% partly dolo-
mitised limestone and 31% dolostone, depending on the lo-
cation within the quarry (Fig. 9). The quantitative evaluation 
will be studied in greater detail in forthcoming work by con-
ducting bulk XRD-measurement along the measured strati-
graphic section. Nevertheless, the data indicated here serves 
to contrast and compare the significance of carbonate miner-
alogies along the northern flank of the Remscheid-Altena 
Anticline. For instance, the present data suggest considera-
bly higher amounts of dolostone and dolomitic limestone in 
Hagen compared to quarries in Wuppertal and in the Hönne 
Valley. This has implications for geothermal reservoirs as 
dolomitised (and dedolomitised) carbonate lithologies have 
significant potential. However, the data shown here also doc-
ument the difficulty of simplistic correlations of data from 
one location to the subsurface. Moreover, our data reveal a 
rather complex suite of different dolomite types that repre-
sent different formation stages.

The local predominance of the dolostone along the cen-
tral part of the section in Figs. 2B and 9 is in good agreement 
with the hydrothermal, fracture-related origin of dolomitis-

ing fluids (Gillhaus et al. 2003; Götte 2004). Moreover, the 
common occurrence of saddle dolomite cements in that area 
is also in agreement with hydrothermal fluids. We argue that 
in contrast to diffuse regional bulk-rock dolomitisation, spa-
tially well-constrained hydrothermal dolomitisation is most 
pronounced along regional fault systems, such as the case of 
the Ennepe Thrust. Given the significance of the NNW–SSE 
striking normal fault zones present throughout the southern 
Ruhr area (Balcewicz et al. 2021), this observation is consid-
ered significant. Given the pervasive, fracture-bound nature 
of the dolomitisation, a clear assignment of carbonate pre-
cursor facies and degree of dolomitisation was not possible. 
Other work however (see Krebs 1974), stated that dolomiti-
sation preferably occurs in fine-grained, micritic sections of 
the Schwelm Facies and the back-reef subtype of the Dorp 
Facies. Krebs (1974) did not specify if he refers to early dia-
genetic fabric preserving or late diagenetic, hydrothermal 
dolomitisation.

With increasing volumetric abundance of dolostone, the 
geothermal reservoir potential increases from a thermal 
property standpoint, due to an increase in the mean thermal 
conductivity. The thermal conductivity of a given rock 
mainly depends on two factors: (i) the porosity – given that 
elevated pore space volumes lead to decreased thermal con-
ductivities of the bulk sample due to the low thermal con-
ductivity of air (or a hydrous fluid) compared to minerals – 
and (ii) the mineralogy (Francl & Kingery 1954; Robertson 
1988). The total porosity values of the Devonian carbonates 
in the Steltenberg quarry display an inverse relationship 
with thermal conductivity and dolomite content (Fig. 6). 
According to Robertson (1988), the thermal conductivity of 
dolomite is higher compared to that of calcite (by up to  
4 Wm-1K-1). Hence, the volume of open pore space and the 
carbonate mineralogy both result in elevated λ-values in the 
case of dolostones.

The relationship between hydraulic properties and car-
bonate diagenesis are highly complex, given that these cor-
relations depend on many superimposed factors. This com-
plexity is documented in Fig. 10, illustrating the paragenetic 
sequence and associated diagenetic phases, and their influ-
ence on hydraulic properties. However, the authors note that 
plugs with fractures cutting through both end-faces of the 
cylindrical specimen have not been investigated in the con-
text of this study, and hence, no quantitative trend of hydrau-
lic parameters in relation of dolomite content is documented 
here (Fig. 6). Future work to better address the hydraulic 
properties in the quarry could include in-situ hydraulic test-
ing. Pure limestone samples exhibit the highest mean poros-
ity and the second-highest mean permeability values. Conse-
quently, as opposed to dolostones, limestones are, from the 
viewpoint of geothermal reservoir research, the most promis-
ing mineralogy in the Steltenberg quarry – or so it seems in a 
first approximation. We wish to point out, however, that even 
what we refer to as limestones (Figs. 3, 6, 9), are in fact com-
posite materials containing variable amounts of dolomite. 
Moreover, dolostones generally exhibit higher fracture densi-
ties compared to limestones (Korneva et al. 2018), indicating 
that fractured dolostones yield better hydraulic properties.
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In conclusion, different areas of the Steltenberg quarry 
and the corresponding rocks, have experienced differential 
diagenetic and tectonic pathways leading to spatially com-
plex distribution patterns of limestone and dolostone as well 
as intermediate lithologies. Each pathway resulted in a dif-
ferent effect on porosity and permeability, and therefore a 
range of hydraulic patterns that is spatially highly complex. 
Clearly, this is a warning to not oversimplify the spatial vari-
ability in subsurface reservoirs. This becomes particularly 
evident when extrapolating information from one or a lim-
ited number of core(s) across a km-scale rock body. Clearly, 
when referring to dolomitisation, the nature and timing of 
this diagenetic process must be considered. Further, it is im-
portant to separate between: (i) diffuse, locally distributed 
dolomitisation, (ii) replacive dolomitisation (fronts), spa-
tially separating lime- and dolostones, and (iii) fault-bound, 
hydrothermal dolomitisation. Acknowledging these limita-
tions, the value of large-scale outcrops is, in the view of the 
authors, undisputed.

5.4 Comparison of Devonian (Hagen) and 
Jurassic (Munich) geothermal rock properties

The thermal and hydraulic parameters presented here can be 
compared to the petrophysical properties of the Malm (Up-
per Jurassic) carbonates in the Munich area. There, karstified 
geothermal carbonate reservoirs have been successfully ex-
ploited for decades (Dirner & Steiner 2015). As these karst 
features are of high importance in the geothermal potential 
of the Malm carbonates, further work could investigate the 
possibility of similar features in the subsurface Devonian 
carbonates of NRW. The focus must be on Palaeozoic (and 
perhaps Mesozoic) karstification that is expected to affect 
carbonates independent of their present burial depth. Table 3 
shows the comparison of the mean values of the study in 
Hagen and in the Molasse Basin in Bavaria based on Ho-
muth (2014). Although differences in the facies properties 
and the diagenetic and burial pathways between these two 
case examples limit a simple correlation, the petrophysical 
and hydraulic properties documented here seem promising. 
On average, the dolomitised Devonian carbonates in the 
Steltenberg quarry exhibit higher thermal conductivities 
compared to the Jurassic ones in the Munich area, with  
the limestone samples from Hagen also plotting above the 

values of the basinal limestone facies of the Munich area 
(Table 3). Furthermore, the Devonian carbonates in the 
Steltenberg quarry show high total porosity values compared 
to those of the basin facies determined by Homuth (2014), 
while the porosity of the limestones and dolomitic lime-
stones in Hagen exceeds those of the massive facies of the 
Malm carbonates. The permeability values of Devonian 
(Hagen) and Jurassic (Munich) reservoir rocks are within the 
same range. The partly dolomitised limestones of the Stelten-
berg quarry exhibit the highest permeability of all reported 
facies types in both case studies. Depositional facies-related 
petrophysical studies using thin sections from every plug 
analysed for thermal and hydraulic properties have the po-
tential to increase the comparability of Devonian reservoir 
rocks to the Jurassic ones in the Munich area, and should be 
considered for future work. Furthermore, in combination 
with an understanding of the tectonic history and any recent 
reactivation of fault structures, hydraulic testing of deep and 
shallow faulted and non-faulted successions can help to bet-
ter assess overall reservoir permeability.

6. Conclusions

Devonian carbonates as exposed in the Steltenberg quarry 
near Hagen (North Rhine-Westphalia) were analysed to pro-
vide insight to the depositional and diagenetic progression of 
the rock units, and to be used as an analogue for similar units 
in the subsurface with the potential for deep geothermal en-
ergy production. These outcrops are particularly suitable as 
they expose a regional fault zone providing access to a wide 
range of rocks and fabrics exposed to tectonic and hydrother-
mal overprint. A very diverse range of data is shown here, 
which documents that it is the combination of these ap-
proaches that results in a solid understanding of the com-
plexity of the features studied here. Stratigraphic and petro-
graphic analyses indicate a predominance of reefal Dorp and 
bank/platform Schwelm facies within the carbonate units, 
with large variations of diagenetic overprint. Both major and 
minor faults cut through the studied section, which experi-
enced multiple phases of activation and the circulation of 
hydrothermal fluids through the host rock. This resulted in 
large scale geochemical and textural alteration within the 
fault core and damage zone, and a complicated paragenetic 
sequence that includes alteration in both the meteoric and 

Table 3: Facies-related comparison of mean petrophysical values of carbonate units from the Munich area and the Steltenberg quarry in 
Hagen gained in outcrop analogue studies examining the deep geothermal reservoir potential (after Homuth 2014). See supplementary ta-
bles for all corresponding data and standard deviations.

Munich (Homuth 2014) Steltenberg quarry Hagen (this study)

Basin facies Massive facies Limestone Dolomitic limestone Dolostone

Thermal conductivity  λ 
(W m-1K-1)

1.9 2.6 2.3 2.8 3.3

Total porosity φtot (%) 3.5 6.0 10.8 6.0 5.1

Permeability k (m2) 5.0 × 10-17 1.0 × 10-16 6.7 × 10-17 3.5 × 10-16 3.4 × 10-17
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burial zone. Alteration processes resulted in a large variation 
of petrophysical characteristics and corresponding fluid flow 
potential. Although recrystallised, units further from the 
fault core display geochemical values similar to their deposi-
tional values, possibly indicating relatively early and shal-
low burial alteration. This study indicates geothermal reser-
voir potential based on comparison with reported data from 
a currently exploited reservoir in the Malm facies in the Mu-
nich area, but warrants further work in assessing fault zone 
permeability to better predict hydraulic productivity. The 
authors stress the documented high variability within the 
units due to differential alteration, and the necessity for cor-
relation of as many properties of carbonate rocks as possible.
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