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Abstract

The Permocarboniferous siliciclastic formations represent the largest hydrothermal reservoir in the
northern Upper Rhine Graben in SW Germany and have so far been investigated in large-scale studies
only. The Cenozoic Upper Rhine Graben crosses the Permocarboniferous Saar Nahe Basin, a Variscan
intramontane molasse basin. Due to the subsidence in this graben structure, the top of the up to 2 km
thick Permocarboniferous is located at a depth of 600 to 2,900 m and is overlain by Tertiary and
Quaternary sediments. At this depth, the reservoir temperatures exceed 150 °C, which are sufficient for
geothermal electricity generation with binary power plants. To further assess the potential of this
geothermal reservoir, detailed information on thermophysical and hydraulic properties of the different
lithostratigraphical units and their depositional environment is essential. Here, we present an integrated
study of outcrop analogues and drill core material. In total 850 outcrop samples were analysed,
measuring porosity, permeability, thermal conductivity and thermal diffusivity. Furthermore, 62 plugs
were taken from drillings that encountered or intersected the Permocarboniferous at depths between
1,800 to 2,900 m. Petrographic analysis of 155 thin sections of outcrop samples and samples taken from
reservoir depth were conducted to quantify the mineral composition, sorting and rounding of grains and
the kind of cementation. Its influence on porosity, permeability, the degree of compaction and illitisation
was quantified. Three parameters influencing the reservoir properties of the Permocarboniferous were

detected. The strongest and most destructive influence on reservoir quality is related to late diagenetic



processes. An illitic and kaolinitic cementation and impregnation of bitumina document CO» rich acidic
pore water conditions, which are interpreted as fluids that migrated along a hydraulic contact from an
underlying Carboniferous hydrocarbon source rock. Migrating oil and acidic waters led to the
dissolution of haematite cements in the lower Permocarboniferous formations. During the Eocene
subsidence of the Upper Rhine Graben porosity and permeability of the sandstones of these formations
were strongly reduced. The second important influence on reservoir quality is the distinct depositional
environment and its influence on early diagenetic processes. In early stage diagenesis the best influence
on reservoir properties exhibits a haematite cementation that typically occurs in eolian and fluvial
depositional environments. It is characterized by grain covering haematite coatings, which are
interpreted to inhibit cementation, compaction and illitisation of pore space during burial and was found
in eolian sandstones of the Kreuznach Formation. The third important influence on reservoir quality is
the general mineral composition and the quartz content which is the highest in the Kreuznach Formation.
Based on the integrated study of depositional environments and diagenetic processes, reservoir
properties of the different Permocarboniferous formations within the northern Upper Rhine Graben and
their changes with burial depth can be predicted with satisfactory accuracy. This leads to a better
understanding of the reservoir quality and enables an appropriate well design for exploration and

exploitation of these geothermal resources.

Introduction

The current interest in the geothermal potential of the Upper Rhine Graben makes a detailed assessment
of potential target formations for future geothermal reservoir utilization necessary. Data from outcrop
analogue studies and from deep boreholes serve as reliable information for reservoir prognosis and are
the basis for geothermal field development and well design. Here, we present new petro- and
thermophysical data of Permocarboniferous sedimentary series of the northern Upper Rhine Graben and
report on the impact of the depositional environment and diagenesis with respect to reservoir quality.
Permocarboniferous siliciclastic deposits consisting of fine-, middle- and coarse-grained sandstones,
siltstones, volcanics and subsidiary volcaniclastics and carbonates (Schéfer 2005) presumably represent

the largest hydrothermal reservoir in the northern part of the Upper Rhine Graben in SW Germany and



have so far been investigated in large-scale studies only (Haenel and Staroste 1988, 2002, Hurter and
Schellschmidt 2003). At its northern end, the Eocene Upper Rhine Graben crosses the
Permocarboniferous Saar Nahe Basin, a Variscan intramontane molasse basin. In this area the top of the
up to 2 km thick Permocarboniferous is located at a depth between 600 and 2,990 m and covered by
Tertiary and Quaternary sediments (Fig. 1). Recently this succession has drawn attention for the
evaluation and exploitation of its geothermal potential (e.g., Bar 2008, 2012, Bér et al. 2011, Sass and
Hoppe 2011, Rohrer 2010, Wenke et al. 2009, 2011). It is crucial to understand the porosity in the
subsurface because it largely determines the thermal properties of sandstones (e.g. Abdulagatova et al.
2009, Clauser and Huenges 1995, Hartmann et al. 2005, Popov et al. 1999) and its matrix permeability
(e.g. Pape et al. 1999). The reservoir temperatures of the Permocarboniferous modeled by Arndt et al.
(2011) and by Agemar et al. (2012, 2013) for reservoir depth in the northern Upper Rhine Graben exceed
150 °C. Thus, electricity generation with binary geothermal power plants is feasible and deep
geothermal energy is already successfully exploited with power generation from plants in comparable
settings in the middle Upper Rhine Graben. In Landau, Insheim and Bruchsal the producing reservoirs
are fractured crystalline basement rocks, fractured sandstones of the Triassic Buntsandstein and from
the Permocarboniferous. The first power plant which will utilize geothermal energy from the siliciclastic
and volcanic succession of the Permocarboniferous in the northern Upper Rhine Graben is currently

planned in GroB-Gerau (Fig. 1).

Hydrothermal reservoirs

A hydrothermal reservoir suitable for the use of power generation with binary systems should at least
have reservoir temperatures of more than 100 °C and permeabilities of more than 1-10"° m? (e.g.
DGG/DGGT 2014). Referring to the fluid transport in hydrothermal reservoirs, the rock permeabilities
along fault and fracture systems may be two magnitudes higher than matrix permeabilities (Evans et al.
1997, Lockner et al. 2000, Rawling et al. 2001, Stober and Bucher 2007, Stober and Jodocy 2009).
However, high matrix permeabilities of the Buntsandstein in the middle Upper Rhine Graben may
contribute with 30 % to the overall fluid transport in fractured reservoir rocks (Bitzer 2007). Bir (2012)

and Aretz et al. (2013) investigated bulk rock permeabilities of the Permocarboniferous derived from



hydraulic tests in shallow wells. In the present study, the focus is on the investigation of rock matrix
properties and related petrophysical properties and their controlling factors. The effective thickness of
the hydrothermal reservoir of the Permocarboniferous as defined in this study is referred to the thickness
of sandstone beds with considerable matrix permeabilities of the siliciclastic part and ranges between

200 and 500 m (Schéfer 2005, Schifer 2011, Becker et al. 2012).

Outcrop analogue studies

The deep geothermal sandstone reservoir of the Permocarboniferous in the northern Upper Rhine
Graben is characterized by a small-scale distribution, different orientations and lengths of faults and
fractures affecting the properties of the rock matrix, which are controlled by the lithofacies type, porosity
and permeability relation and diagenetic history (Henk 1992, Stollhofen 1998, Schéfer 2011,. A broad
understanding of these complex interactions as well as the spatial distribution of the structural,
sedimentological and diagenetic key elements is usually limited in the subsurface but essential for a
reservoir characterization and can only be established by the use of outcrop analogue studies. The
advantages of outcrop analogue studies compared to the analysis of core material are the investigation
of large-scale sedimentary and structural features, the generation of a representative dataset and the cost-
effectiveness. First reservoir modelling on data based on outcrop analogues took place in the 1990s by
the Norwegian Oil Companies (Dreyer 1990, Koegh et al. 2014). The most robust match between the
analogue and the modelled interval (Howell et al. 2014) is documented for oil fields (Alsop et al. 2013,
Pranter et al. 2013) where the actual reservoir crops out next to them. Eschard et al. (2013) built synthetic
seismic profiles from their outcrop data in Pakistan to determine which aspects would change under
normal subsurface conditions. Furthermore, analogue studies were conducted for eolian depositional
systems (e.g. Mountney et al. 1999, Clemmensen 1987) and for fluvial depositional systems (e.g.
Fielding and Crane 1987, Gibling 2006, Koegh et al. 2014). For studying structural elements in outcrop
analogues today, photogrammetry and LiDAR techniques are used to provide 3D virtual outcrops (Enge
et al. 2007, Buckley et al. 2008, Hodgetts 2013) making outcrop analogue studies a well-established

method in the exploration industry (Jahn et al. 2008).



In geothermal exploration outcrop analogue studies were applied only recently. Homuth et al. (2014)
conducted an outcrop analogue study and comparison of petrophysical data for the assessment of a deep
geothermal carbonate reservoir in the Molasse Basin, southern Germany. Petrophysical data of wells
were related to petrography and sedimentary facies in the North German Basin by Barth et al. (2014)
and in the Thuringian Syncline in Central Germany by Beyer et al. (2014). In the Upper Rhine Graben
the two ongoing projects “AuGE” (Outcrop analogue studies for geothermal exploration, Grobe et al.
2013) and “StorTief” (“deep fault zones”, Schmidt et al. (2015)) focus on outcrop analogue studies of
all potential Mesozoic and Palaeozoic reservoir units. Earlier, the GeotIS project produced a Germany-
wide atlas for the description of options for geothermal use (Schulz et al. 2013). The Hessen 3D project
first used outcrop data to assess the geothermal potential in the northern Upper Rhine Graben (Bir 2012,
Sass and Hoppe 2011, Biér et al. 2011), and the GeORG project investigated the potential of deep

reservoirs of the central and southern Upper Rhine Graben (GeORG-Projektteam, 2013).

Limitations of outcrop analogue studies consist in the comparability of petrophysical data from reservoir
and its outcrop analogue (Howell et al. 2014) since their degree of weathering, pressure and temperature
conditions and diagenetic history affecting these data are completely different for certain time periods.
Our study contributes to a better understanding of the petro- and thermophysical properties of
siliciclastic rocks of a graben system and the relation between the reservoir and its outcrop analogue

with respect to mineral content, depositional environment and diagenetic history.

Geologic setting

By late Variscan (Stephanian-Autunian) wrench tectonics a system of Permocarboniferous troughs and
highs was formed (Liitzner and Kowalczyk 2012). During Permocarboniferous times the study area was
located in peri- and intramontaneous basins in the Variscan mountain belt. With an extension of
approximately 100 x 30 km the Saar Nahe Basin is the largest and with a cumulated sediment thickness
of 8 km the deepest of about 70 intramontane basins that have been initially formed due to a rift phase
causing a long-range extensional regime and the erosion of the Variscan orogen (Hertle 2003, Henk
1992, Henk 1993a, Stollhofen 1998). At the northern border of the Saar Nahe Basin the reactivated NE

striking Variscan Hunsriick Taunus Boundary Fault (HTBF) acted as an oblique-normal fault with a



large throw, resulting in a half-graben geometry and a shifting location of the basin depocenter in the
northwest following the Variscan NE striking direction (Miiller 1996, Schifer 2011). The initial rift-
phase of this half-graben was accompanied by the deposition of claystones, sandstones, conglomerates,
limestones and coal beds (Schifer 1986) with a total thickness of 3,800 to 4,700 m (Stollhofen 1998).
Stratigraphically, this period comprises the Carboniferous and the Glan Subgroup as lower part of the
Permocarboniferous including the Kusel, Lebach and Tholey beds. With the onset of the Carboniferous
basin fill, NE prograding fluvial-deltaic depositional environments caused the deposition of sandstones
and mudstones and intercalated coal beds reaching the Frankfurt area (Henk 1993b, Miiller 1996). These

coals are the source rocks for hydrocarbons.

During the deposition of the 840 m thick Kusel beds (Boy 2005), which form the basal unit of the
Permocarboniferous, meandering rivers and lakes were the dominant depositional environments (Miiller
1996, Schifer 1980, Schifer 2011, Fig. 2). Fluvial deposits show intense oxidation (Fiichtbauer 1988,
Reading 1996, Miall 1996, Bjgrlykke 2010). During the deposition of the 930 m thick Lebach beds
(Boy 2005) a narrowing of the Saar Nahe Basin and a higher relief of the source areas caused a change
of the fluvial style to rather braided river systems (Schifer 1980). Due to the continuing depocenter shift
along the HTBF in NE direction, the basin extended towards the area of the Wetterau Basin (Kowalczyk
2001). Fluvial deposits with a thickness of up to 800 m are partly correlated with stratigraphic units
above the Kusel beds in the Saar Nahe Basin (Marell 1989). In the 360 m thick Tholey beds (Boy 2005)
a planation of the basin is recorded, causing the sedimentary regime to change back to a meandering
fluvial style. The axis of these meander belts with drainage areas reaching far beyond the basin, was

parallel to the Variscan basin axis (Schifer 2005).

This evolution resulted from a tectonic reorganization of the basin. A NW-SE compression of the
Variscan orogen caused a weak folding of the basin and was accompanied by the volcanism of the
Donnersberg Formation, which forms the basal unit of the Nahe Subgroup (Upper Permocarboniferous).
This formation comprises basaltic and andesitic lava flows, tuffs and pyroclastic deposits with large
lateral extend and a maximum thickness of 1,100 m (Stollhofen 1994). These volcanic products are

intercalated with coarse-grained siliciclastic deposits. The continuing oblique subsidence at the HTBF



led both to the formation of alluvial fans along the northern basin margin that reach into the basin for
several kilometres (Wadern Formation). The circulation of groundwater through these fan deposits
caused intense oxidation at least of the upper sediments (e.g. Bjgrlykke 2010). It also caused a
continuing shift of the depocenter towards NE (Schifer 1989, Marell 1989) which in turn affected the
deposition of up to 250 m thick fluvial and alluvial sediments of the Langen and Moret beds in the
Sprendlinger Horst area (Marell 1989, Boy 2005), the stratigraphic equivalents of the Donnersberg

Formation of the Saar Nahe Basin (Miiller 1996).

The top of the Donnersberg Formation marks the end of the syn-rift phase (Henk 1993b). In the post-
rift phase the sedimentation was not controlled tectonically anymore but by thermal subsidence
(Stollhofen 1998). The sediment thickness of the Upper Nahe Subgroup amounts to 1,500 m (Stapf
1982). The sedimentation crossed the tectonic borders and even covered the Hunsriick Mountains and
the southern source areas. The dominance of eolian and fluvial depositional environments led to the
deposition of middle- to coarse-grained sediments of the 260 m thick Kreuznach and 300 m thick
Sponheim formations (Boy 2005). Due to decreasing volcanic and tectonic activity as well as a climate
shift towards arid conditions, the basin geometry flattened and playa conditions became dominant,
leading to the deposition of red siltstones and fine sandstones of the 770 m thick Nierstein Formation in
the Saar Nahe Basin (Schwarz et al. 2011) and the 300 m thick Bleichenbach beds in the Wetterau Basin
(Kowalczyk 2001). Playa systems formed in depressions under arid conditions which led to the
formation of calcitic evaporates as the first member of evaporation cycles. A permanent flow to NW
into the North German Basin though inhibited the formation of anhydrites or other evaporites (Ziegler
1990).

The maximum burial depth of the study area is unknown. The primary post-depositional thickness of
the Permocarboniferous sediments, which had been eroded from Cretaceous to Tertiary times was
studied by Henk (1992) based on the compaction of clay minerals. The calculated overburden in the
southwestern part of the Saar Nahe Basin is 1,950 m and in the northeastern part up to 2,450 m. Thus,
in the Saar Nahe Basin a maximum burial depth of around 2 to 2.5 km is estimated based on shale
compaction (Henk 1992) and vitrinite reflection data (Hertle 2003). In the Mainz Basin east of the Saar

Nahe Basin 600 m overburden was eroded (Henk 1992). Angular unconformities reveal that during the



Permian, from the Buntsandstein until the Jurassic and from the Eocene until the Lower Miocene erosion

events took place.

In the Oligocene a Trans-European rift system developed between the Mediterranean and the North Sea
(Illies 1972, Behrmann et al. 2005, Walter and Dorn 2007), the 300 km long and up to 40 km wide N-S
trending Upper Rhine Graben representing its largest part. Its subsidence led to a vertical fault throw of
up to 4.5 km and resulted in an increased geothermal gradient by the upwelling of hot fluids from the
fractured upper crust (Teichmiiller and Teichmiiller 1979, Clauser and Villinger 1990, Pribnow and
Schellschmidt 2000). At the northern end of the Upper Rhine Graben the top of the 2 km thick
Permocarboniferous is located at depths between 600 and 2,990 m (Miiller 1996, Schifer 2005, Becker
et al. 2012). With an area of about 1,000 km? the Permocarboniferous siliciclastic formations represent
the largest hydrothermal reservoir with temperatures of more than 150°C in the northern Upper Rhine

Graben (Arndt et al. 2011, Bér et al. 2011, Sass and Hoppe 2011, Bér 2012, Aretz et al. 2013).

Materials and methods
In the present study, outcrop analogue studies have been conducted in the Saar Nahe Basin, the
Sprendlinger Horst and in the Wetterau Basin west and east of the northern Upper Rhine Graben (Fig.

3) to gain a new dataset of petro- and thermophysical rock properties.

Sampled outcrops include mainly active and abandoned quarries and additionally road cuts and natural
scarp slopes. Depending on the outcrop conditions, a detailed sedimentological analysis was conducted.
Macro- to mesoscopic sedimentary structures of the outcrop, including layer thickness, horizontal and
vertical sequences of beds were described as well as internal bedding structures such as ripple marks,
cross bedding and erosional surfaces, internal grading and sorting and intercalations. Finally, together
with the colour and grain size of the individual beds, all these observations were used to detect the type
of the predominant depositional environments including playa, eolian, alluvial, lacustrine, meandering
fluvial and braided fluvial systems according to classifications of Fiichtbauer (1988), Miall (1996),

Reading (1966) and Bjgrlykke (2010).



In the Saar Nahe Basin 686 samples were taken from 71 outcrops. Additionally, one drill core with
depths from 10 to 70 meters was sampled. In the Sprendlinger Horst 94 samples were taken from 4
outcrops and two drill cores with depths from 0 to 55 and 65 meters respectively were sampled. In the
Wetterau Basin 43 samples were taken from 5 outcrops. Additionally, 62 plugs were sampled from drill
cores of the 6 hydrocarbon exploration wells Worms 3, Nordheim 1, Gimbsheim 2, Stockstadt 33R,
Weiterstadt 1 and Konigstétten 3. These wells intersected the Permocarboniferous in the northern Upper
Rhine Graben at depths of 1,550 to 2,900 m. Each of the identified 14 lithostratigraphic units and six
depositional environments including fluvial braided and meandering, lacustrine, alluvial, eolian and
playa settings were sampled.

The rock samples were cut to cylindrical plugs with lengths of 20 to 30 mm and diameters of 40 mm.
They are orientated either parallel or orthogonal to bedding and were oven dried at 105 °C for at least
24 hours. The petro- and thermophysical parameters measured include porosity, permeability, density,
thermal conductivity and thermal diffusivity. Petrographic analyses include mineral composition,
sorting and rounding of grains, the kind of cementation and the determination of cementation types.
These analyses complement the macroscopic outcrop analyses, enabling the identification of distinct

depositional environments.

The porosity was measured with the helium pycnometer AccyPyc 1330 (micromeritics) and the bulk (or
raw) density with the powder pycnometer GeoPyc 1360 (micromeritics). For the determination of the
matrix permeability a columnar gas permeameter was used (Filomena et al. 2014). The apparent
permeability is measured at five different pressure stages from 1 to 5 bar to enable the calculation of the
intrinsic permeability (Klinkenberg 1941). The thermal conductivity and diffusivity was measured with
an optical thermal scanner (Lippmann and Rauen 2005). The measurement is based on the optical
scanning method after Popov et al. (1999). The measurement methods do not consider reservoir
temperature, pressure and fluid properties. Samples are therefore measured oven-dry to enable
comparability and improving accuracy. A tool for the prognosis of geothermal reservoir properties of
deep sedimentary basins and graben settings is the thermofacies concept introduced by Sass and Gétz

(2012) who showed that permeability and thermal conductivity, significantly responsible for the heat



flow, are depending on the distinct lithofacies type. In the present study, the petro- and thermophysical

data from outcrops and boreholes were evaluated in terms of depositional environments.

For petrographic analyses one thin section per sampling locality was prepared. In total 120 thin sections
of outcrop and shallow borehole samples and 35 thin sections of samples taken from reservoir depth
were examined. The mineral composition was studied by pointcounting of at least 300 grains per sample.
The sorting and rounding and the kind of cementation were studied and porosity was pointcounted
according to Paxton et al. (2002). Since diagenetic processes have a strong influence on the evolution
of porosity and permeability with burial (Gaupp 1996, Molenaar 1998, Wolfgramm 2005) the influence
of different cementations and depositional environments on porosity and permeability, degree of

compaction (Houseknecht, 1988), and illitisation of pore space were investigated.

Results
Sandstone petrography and depositional environments
Six depositional environments including playa, eolian, alluvial, lacustrine, fluvial braided and

meandering settings were identified in the Permocarboniferous outcrops studied (Fig. 4):

(1) Sandstones of playa depositional systems have a dark red colour, are fine laminated and exhibit
small-scale cross-bedding structures in outcrops (Fig. 4.A1). These sandstones are very poorly to poorly
sorted with grain sizes ranging from silt to fine-grained sand (Fig. 4.A2, 4.A3) showing a high feldspar

content (Fig. 5a).

(2) Sandstones of eolian depositional systems are characterized by a red colour and up to 3 to 5 meter
thick cross-bedding structures in outcrops (Fig. 4.B1). They have rounded to well-rounded and well to
very well-sorted grains with middle to coarse grain sizes and high porosities (Fig. 4.B2). In outcrops,
eolian sandstones show a high amount of rock fragments (Fig. 5a), in the reservoir they are quartz-rich

(Fig. 5b).

(4) Sandstones deposited in alluvial depositional systems exhibit a grey and reddish colour in outcrops

and show a characteristic stacking pattern of small-scale, 15 to 40 cm thick fining-upward cycles. The



base of the cycles is marked by up to 5 cm long angular rock fragments, the top features middle sand
size (Fig. 4.C1) which we interpreted as proximal fan deposits. Alluvial sandstones are poorly sorted
with grain sizes from fine-grained sand to gravel (Fig. 4.C2). In outcrops, alluvial sandstones show a

high amount of rock fragments (Fig. 5a), in the reservoir they are enriched in feldspar (Fig. 5b).

(5) Sandstones of lacustrine depositional systems are characterized by millimetre thick laminations of
silt and fine-grained sand (Fig. 4.D1, Fig. 4.D2, Fig. 4.D3), partly rich in organic matter and plant
fragments or micas at the bedding surfaces. Lacustrine sandstones in the reservoir are enriched in

feldspar and mica (Fig. 5b).

(5+6) Sandstones of fluvial depositional systems are characterized by grey and reddish colours in
outcrops, cross-bedding structures and ripple marks (Fig. 4.E1, F1). Outcrops of braided fluvial
sandstones exhibit thick beds of coarse-grained sandstones (Fig. 4.E1). Braided fluvial sandstones show
subangular to subrounded and very poorly to moderately sorted grains with middle to coarse grain sizes
(Fig. 4.E2, Fig. 4.E3). Outcrops of meandering fluvial sandstones exhibit alternating beds of coarse-
grained and fine-grained sandstones and intercalated thin silt and mudstone beds (Fig. 4.F1).
Meandering fluvial sandstones consist of fine sand grains including rock fragments, feldspar and mica
(Fig. 4.F3). Fluvial sandstones in the reservoir exhibit higher feldspar contents than those from outcrops

(Fig. 5a, b).

Cementation types
The following cementation types were identified in samples taken from outcrops and reservoir depth. In

general, cementation types are not restricted to certain depositional environments.

(1) Carbonate cements are pore filling and occur as carbonate crystals (Fig. 4.C3) with high interference
colours or dolomitic crystals with low interference colours. Sampled sandstones with calcitic cements

are summarized as C-type sandstones and with dolomitic cement as D-type sandstones, respectively.



(2) Ilitic palates exhibit sizes of less than 5 micrometres. Their growth is restricted on the surface of
grains (Fig 4.E2). Sampled sandstones with illitic palates covering grain surfaces are summarized as I-

type sandstones.

(3) Haematite cement is characterized by 5 to 20 micrometre thick aggregates of opaque to reddish and
brown coatings covering grain surfaces (Fig. 4.B2, van Houten 1973, Gaupp 1996, Schoner 2006).

Sampled sandstones with haematite cement are summarized as H-type sandstones.

(4) Pore filling illitic cement consists of illite crystals at pore necks that grow into the pore space and
may fill it completely (Fig 4.F3). Sandstones with pore filling illitic cement are summarized as IL-type

sandstones.

(5) Kaolinitic cement consists of small kaolinitic crystals in the pore space (Fig 4.F2). Sandstones with

kaolinitic cements are summarized as K-type sandstones.

(6) Bitumina cement is a pore filling opaque black cement (Fig. 4.F2). Sandstones with bitumina

impregnations are summarized as B-type sandstones.

Petro- and thermophysical parameters of the stratigraphic units

The highest porosities and permeabilities occur in outcrops of the Thallichtenberg Formation’s Tholey
beds with 19.1 % and 1.4-10""° m2, the Remigiusberg Formation’s Kusel beds with 16.4 % and 3.8-10°
15 m2, and the Kreuznach Formation of the Nahe Subgroup with 16.3 % and 2.9-10""> m2 (Table 1a). The
highest thermal conductivities and diffusivities of outcrop samples exhibit the Quirnbach Formation
with 2.78 Wm'k! and 1.62-10° m?/s, the Wadern Formation with 2.59 W/m'k ! and 1.76-10°° m?/s, and

the Langen Formation of the Sprendlinger Horst with 2.61 Wm''k'! and 1.54-10°° m?/s.

Samples taken from reservoir depth exhibit the highest porosities and permeabilities in the Kreuznach
Formation with 14.0 % and 1.6-10"* m? and in the Wadern Formation with 8.5 % and 4.9-10"'5 m?
(Table 1b). The highest thermal conductivities were measured on samples from the Lauterecken

Formation with 2.92 Wm'k'! and on samples from the Disibodenberg Formation with 2.88 Wm'k"!; the



highest thermal diffusivities were obtained from the Nierstein Formation with 1.65-10° m%s and the

Kreuznach Formation with 1.59-10° m?/s.

Regarding the petrographic composition of the outcrop samples, the Wahnwegen Formation has the
highest quartz content with 68.1 % (Table 2a). The highest feldspar content occurs in the Quirnbach
Formation with 25.4 %, the highest content of lithic fragments in the Sponheim Formation with 76.4 %
and the highest mica content in the Altenglan Formation with 15.5 %. The highest intergranular porosity
was found in samples from the Remigiusberg Formation with 18.6 %, the Wahnwegen Formation with

16.3 %, the Langen beds with 13.7 %, and the Kreuznach Formation with 13.2 %.

Samples taken from reservoir depth exhibit the highest quartz content (73.8 %) in the Kreuznach
Formation, the highest feldspar content (51.5 %) in the Jeckenbach Formation, the highest content of
lithic fragments (34.9 %) in the Wadern Formation, and the highest mica content (28.6 %) in the
Odernheim Formation (Table 2b). The Kreuznach and Wadern formations have the highest intergranular

porosities with 20.0 % and 14.3 %, respectively.

Petro- and thermophysical parameters of depositional environments

In terms of depositional environments, outcrop samples of eolian sandstones have the highest mean
porosities (16.4 %) and the highest mean permeabilities (2.0- 107> m2) (Fig. 6a). Sandstones deposited
in fluvial meandering systems exhibit mean porosities of 16.1 % and lower mean permeabilities of
7.6-107'® m2, compared to eolian sandstones. The lowest values were identified for lacustrine sandstones

with a mean porosity of 4.2 % and a mean permeability of 1.0- 1078 m2.

Of the reservoir rocks, the eolian sandstones also exhibit the highest porosities with 12.3 % and the
highest permeabilities with 8.4-107'° m? (Fig. 6b). Both, the sandstones deposited in a fluvial meandering
setting and those deposited in a fluvial braided setting are characterized by low porosities of 2.7 % and
2.5 % and permeabilities of 6.1-10"® m2 and 3.2-10°'® m2, respectively. The thermal conductivities range

between those of eolian sandstones with 2.06 Wm™'K™! and lacustrine sandstones with 2.56 Wm'K!.



Correlation of cementation types and petrophysical properties

The permeability-porosity plot of the cementation types of outcrop samples (Fig. 7a) illustrates low
porosities and permeabilities of C-type sandstones (9.5 %; 6.2- 107 m2) and of I-type sandstones (5.3 %;
1.3-10" m?). For D-type sandstones low porosities and high permeabilities were observed (7.2 %;
2.6-10"1> m2). H-type sandstones show a linear trend of porosity and permeability (16.3 %; 3.2-10"> m2),
which follows the general trend for different comparable sandstones according to Pape et al. (1999).
Among the H-type sandstones, those deposited under playa conditions exhibit lower porosities
compared to those deposited under eolian conditions (Fig. 7a, b). IL-type and B-type sandstones show
similar mean porosity and permeability values (15.5 %; 4.1-107'° m? and 16.5 %; 5.4-10"'® m?). K-type
sandstones exhibit high porosities and permeabilites (18.8 %; 1.6-10'* m2). The permeability-porosity
plot of the dominant cementation types of samples taken from reservoir depth reveals low porosities and
permeabilities of C-type sandstones (4.6 %; 1.7-10""7 m2), I-type sandstones (1.8 %; 1.4-10""® m?), D-
type sandstones (0.6 %; 1-10"'¥m2), IL-type sandstones (5.3 %; 1.5-10""7 m2), and B-type sandstones
(0.6 %; 1.0-10"® m2, Fig. 7¢c). The H-type sandstones are the only ones showing considerably higher
values and a linear trend of porosity and permeability (12.3 %; 2.5-10"> m?), whilst alluvial H-type

sandstones have lower porosities than eolian H-type sandstones (Fig. 7c, d).

Degree of compaction

The intergranular volume (IGV) (Houseknecht 1988, Paxton et al. 2002) can be used to quantify the
degree of compaction of sandstones which strongly influences their porosity and permeability
(Houseknecht 1987, Houesknecht 1988). The mechanical compaction caused by lithostatic overburden
pressures during burial leads to the reorientation and repacking of grains and to the reduction of the bulk

volume, which is characterized entirely by the reduction of the IGV (Houseknecht 1987).

The reduction of the IGV caused by mechanical compaction from the initial 40 % assumed for well-
sorted and rounded loose sand is limited to 26 % characterizing the arrangement of an ideal sphere
packing (Houseknecht 1987). For poorer sorted sandstones with angular or subangular grains, as

represented by the rather proximal to medial sandstones sampled in the present study, these values



proposed by Houseknecht (1987) need to be reduced. The IGV can be further reduced only by chemical
compaction (grain dissolution) of framework grains at point contacts. This is characterized by

intergranular pressure solution and indicates deeper burial depths.

Within the outcrop samples, H-type sandstones exhibit the highest IGVs between 20 and 39 %, and
intergranular porosities between 5 and 19 % (Fig. 8a). Of the H-type sandstones, only the eolian
sandstones exhibit IGVs above 26 % (Fig. 8a, b). B-type sandstones exhibit IGVs of 12 to 30 %, and
intergranular porosities of 8 to 24 %. The IL-type sandstones display lower IGVs of 17 to 26 % and
lower porosities of 3 to 10 %. The C-type sandstones are characterized by IGVs between 8 and 34 %
and low porosities of up to 6 %. Similar low porosities were observed for the D-type and I-type
sandstones. In case of the samples taken from reservoir depth, H-type sandstones also have the highest
IGVs between 20 and 40 %, and the highest intergranular porosities of up to 25 % (Fig. 8c). As observed
for outcrop samples, of the reservoir samples, the Eolian H-type sandstones exhibit higher intergranular
porosities than alluvial H-type sandstones as well (Fig. 8c, d). All samples with other cementation types
are characterized by porosities below 2 % whilst the C-type and D-type sandstones display slightly

higher IGVs than the IL-type, I-type and B-type sandstones.

llitisation of pore space

[llitisation strongly reduces the permeability in reservoir sandstones (Bjgrlykke 1996, Rossi et al. 2002,
Worden and Morad 2003). Since the degree of illitisation is linked directly to the feldspar content, it
significantly influences reservoir quality (Rossi et al. 2002).

Among the samples taken from outcrops, the pore filling cements of IL-type sandstones consist of up to
51 % of illite with increasing feldspar content in the modal composition (Fig. 9a). The highest illite
content exhibit the cements of I-type sandstones with up to 82 %. The illite content of cements of B-
type sandstones amounts up to 30 %. Pore fillings of C- and D-type sandstones exhibit minor illite
contents of mostly less than 20 %, despite feldspar contents of up to 37 %. Cements of H-type sandstones
exhibit the lowest illite content in the pore space with less than 18 %. Among those, the H-type

sandstones deposited under playa conditions exhibit no pore filling illite, despite feldspar contents of up



to 42 % (Fig. 9b). Eolian H-type sandstones exclusively exhibit illite contents in the cements of less than

10 % (Fig. 9a, b).

Among the samples taken from reservoir depth, the cements of the IL-type sandstones exhibit illite
contents of up to 79 % (Fig. 9c). Pore fillings of C- and D-type sandstones exhibit minor illite contents
of less than 10 %, with feldspar contents in the modal composition of more than 40 %. Among the H-
type sandstones, those deposited in eolian environments are the only ones with illite contents of less

than 9 % (Fig. 9d).

Correlation of cementation types and lithostratigraphic units

A key finding of our investigations is that both, outcrop samples and reservoir samples of the same
stratigraphic units have either been defined as H-cementation type or as IL- /B-cementation types. B-
and IL-type sandstones (Fig. 10) characterize the entire Glan Subgroup and the Donnersberg Formation
of the Nahe Subgroup. Besides the occurrence of K-type sandstones in the Wadern Formation, the H-
cementation type is dominant in the Wadern, Sponheim and Kreuznach formations of the Saar Nahe
Basin and the stratigraphic units of the Sprendlinger Horst and Wetterau Basin, respectively. C-, D- and

I-type cementations occur irregularly in the entire Permocarboniferous succession.

Discussion

The results suggest a time sequence of the formation of the different cementation types. The C- and D-
type sandstones (Fig. 4C3) which exhibit low illite contents despite enhanced feldspar contents (Fig. 9)
can be interpreted to have formed during the early diagenesis before the infiltration of clay minerals
(Velde 1995, Worden and Morad 2003) which is connected with the formation of the I- and H-type
sandstone (Fig. 11). According to Morad (1998) carbonate cement is formed under high salinar pore
waters very early in eodiagenesis. According to van Houten (1973), Hasner (2004) and Gaupp (1996)
haematite is formed e due to the alteration of instable iron-rich minerals such as pyroxene, hornblende,
biotite and heavy minerals during the infiltration of clay minerals. Under oxidizing conditions
precipitation of iron takes place in form of iron hydroxides (Fe(OH)3) whose Fe3+ ions are absorbed at

the negative charged mud mineral surfaces as ferrihydrite (SFe203 + 9H20) and goethite (aFeOOH)



(Langmuir, 1997; Scheffer und Schachtschabel, 1992; Turner, 1980; Stumm, 1992). Haematite if formed
due to the substitution of ferrihydrite and goethite during dehydration (van Houten, 1973; Metcalfe et
al., 1994, Weibel 1999). The syntaxial coatings of haematite occur due to a vertical growth of bigger
crystals of up to a few 10er micrometres to the grain surface (Turner, 1980).
Furthermore our data show that sandstones either exhibit H-type or IL- K- and B-types, suggesting that
the H-type has been dissolved and replaced by them (Fig. 11).
For iron oxide reduction and bleaching of red sandstones liquid hydrocarbons are considered to be the
most reducing agents (Garden et al. 2001, Parry et al. 2004, Schoner 2006). Bleaching of red sandstones
often occurs close to faults and fracture zones that acted as conduits for the transport of acidic fluids
(Foxford et al. 1996, Beitler et al. 2003, Schoner 2006). There are a number of possible processes that
can lead to the reduction of haematite in CO»-contaminated pore waters. Typical chemical reactions for
the reduction of haematite are as follows (Chan et al. 2000):
For hydrocarbons:

CH>0 + 2Fe;03 + 8H* > CO, + SH>O + 4Fe?

CHa + 4Fe;0s + 16H* = 10H20 + CO, + 8Fe**
For organic acids:

CH3;COOH + 4Fe;03 + 16H" > 2CO» + 8Fe** + 10H,0
The IL-, K- and B-type are interpretated as being formed due to late diagenetic organic processes (Fig.
11). The IL-type is formed in acidic/CO,-bearing pore waters when the appropriate pore fluids like K*
ions are available that may have been provided by kalifeldspar dissolution (Surdam et al. 1984, Gaupp
et al. 1993, Cookenboo and Bustin 1999, Barcley and Worden 2000). The K-type is formed in CO»-
bearing pore waters due to the dissolution of kalifeldspar (Emery et al. 1993, Worden and Barcley 2000)
in deeply buried sandstones in the vicinity of stratigraphic or structural borders to hydrocarbon source
rocks (Gaupp 1996). The B-Type is interpreted as former oil fill (Gaupp 1996, Schoner 2006) that
migrated from underlying organic-rich source rocks as for example Carboniferous coal seams (Littke et
al. 1996) or oil reservoir rocks in the Upper Rhine Graben (Plein 1993). The strongest and most

destructive influence on reservoir quality is related to late diagenetic processes.



According to Worden and Morad (2003), clay reactions slow down after oil migration in a water-wet
sandstone and completely stop in an oil-wet sandstone. In the North German Basin Gaupp (1996),
Grotsch and Gaupp (2011) and Schéner (2006) have outlined the importance of organic maturation and
migration in Permocarboniferous reservoir sandstones. They postulated that the bleaching of sandstones,
the illite formation and the bitumen impregnation are closely connected to each other and happen

successively.

Our data show that outcrop and reservoir samples of H-type sandstones exhibit the highest porosities
and permeabilities (Fig. 7a, c), the highest intergranular volume (Fig. 8a, c), and the lowest illite content
in the pore space (Fig. 9a, c¢). Hence, the H-type can be interpreted as protection against compaction and
illitisation during burial. Since the H-type mainly forms in eolian depositional environments (Gaupp
1996, Schoner 2006), increased porosities and permeabilities of eolian reservoir sandstones (Fig. 6b)
are expected. The second important influence on reservoir quality is therefore the distinct depositional
environment, its influence on early diagenetic processes and formation of haematite cementations that

typically occurs in eolian and fluvial depositional environments.

The observation that sandstones from outcrops and reservoir depth of the Glan Subgroup and
Donnersberg Formation exhibit IL.- and B-type sandstones and almost no H-type sandstones, suggests a
migration of liquid hydrocarbons from underyling Carboniferous source rocks or of other CO, or CHy
rich fluids into these formations causing a bleaching of sandstones. Going beyond the assumption of
Schoner (2006) that bleaching is limited to the vicinity of faults, we suggest a basin-wide migration that
happened either through the matrix as migration of oil or as a progressive bleaching front moving
laterally from the faults with time. In the overlying Wadern, Sponheim and Kreuznach formations and
in the formations of the Sprendlinger Horst and Wetterau Basin, the occurrence of H-type sandstones
suggests that these formations were not contaminated by the occurrence of liquid hydrocarbons. Possible
reasons for their absence could be a too large vertical distance from the underyling Carboniferous source
rocks since the thickness of the Glan Subgroup and Donnersberg Formation amounts approx. to 3,200 m
(Fig. 2, Stollhofen 1998, Boy 2005). Also the lateral pinging out of the Carboniferous towards the East

westward of the Sprendlinger Horst might be a reason (Miiller 1996). Another reason might be the



termination of the syn-rift phase and the beginning of the post rift-phase at the transition of the
Donnersberg, Wadern and Sponheim formations (Henk 1993a), leading to the termination of
synsedimentary fault zones and thus absence of conduits for hydrocarbons or CO; rich fluids (Fig. 11).
Another reason might be the hundreds of meter thick volcanic deposits of the Donnersberg Formation
(Stollhofen 1998) that could have acted as a barrier for the migrating hydrocarbon fluids. The
observation that in the formations of the Sprendlinger Horst and the Wetterau Basin east of the graben
the H-type sandstone is dominant, suggests an absence of hydrocarbon or CO: rich fluids since
underlying Carboniferous sediments are missing. According to Miiller (1996) the occurrence of

Carboniferous deposits ended westward of the Sprendlinger Horst (Fig. 1).

Due to the post-Permocarboniferous erosion processes and loss of up to 2.5 km thickness (Henk 1992),
the remaining Permocarboniferous succession, which underwent subsidence by at least these amounts,
was uplifted and present outcropping sandstones were exposed to telodiagenetic processes where
formation waters are replaced by meteoric waters (Worden and Morad 2003). The reducing pressure
conditions during the uplift and telodiagenetic processes could have caused a decompaction of the
Permocarboniferous sandstones, leading to higher intergranular volumes and increasing matrix
porosities and permeabilities of outcrop B-, K- and IL-type sandstones. This effect has always to be kept
in mind when conducting outcrop analogue studies to determine petrophysical parameters. In the study
presented here, the availability of reservoir samples from deep wells at different depths, which enable
direct measurements of petrophysical properties, enables to directly check this effect. Thus, our dataset
would allow for a depth dependent prediction of those properties considering the cementation types and

depositional environment.

Later, during Eocene times the subsidence of the Upper Rhine Graben affected at its northern end the
Permocarboniferous succession (Teichmiiller and Teichmiiller 1997), leading to a second phase of burial
and diagenesis. Only H-type sandstones which formed during the first diagenesis phase kept their
haematite coatings as a protection against cementation, further compaction and illitisation and preserved
their high porosities and permeabilities at greater depth. In contrast, the B-, K- and IL-type sandstones,

which had lost this protection during the first diagenesis phase were strongly reduced in porosity and



permeability. The low porosities and permeabilities of C-, D- and I-type sandstones observed from

outcrops were even more reduced during the second diagenesis phase.

This leads to the assumption that the reservoir properties of the Permocarboniferous are primarily
dependent on the primary diagenetic processes during Permian times, which strongly influenced those
processes that are connected with the Eocene subsidence of the Upper Rhine Graben. Hence, the results

of our study prove in general the applicability of outcrop analogue studies for reservoir characterization.

Among the H-type sandstones the eolian H-type sandstones from outcrops and reservoir depth exhibit
the highest porosities and permeabilities (Fig. 7b, d), the highest intergranular porosity (Fig. 8b, d), the
lowest illite content in the pore space (Fig. 9b, d), and the highest quartz content of 73.8 % (Tab. 2b).
H-type cementation was also identified in fluvial, alluvial and playa depositional environments. The
reduced porosities of alluvial H-type sandstones from reservoir depth (Fig. 7b, d) could be explained
with their higher content of presumably ductile rock fragments, since rock fragment-rich sandstones lose
their porosity mainly physically by mechanical compaction (Worden et al. 1997). A reason for the
reduced porosities and permeabilities of fluvial H-type sandstones (Fig. 7b, d) could be their higher
feldspar content (Fig. 5b). Since kaolinite and smectite alterate to permeability reducing illite at greater
depth (Perry and Hower 1972, Bjgrlykke 1996, Rossi et al. 2002, Worden and Morad 2000, Worden and
Morad 2003) and are transformation products of feldspar in eodiagenesis (Bjgrlyyke 1996), reservoir
quality of sandstones is mainly controlled by the feldspar content (Rossi et al. 2002). H-type sandstones
deposited under playa conditions exhibit no illite in the pore space despite high contents of feldspar (Fig.
9a, c), but their porosities are comparably low (Fig. 7a, c). This could be due to their smaller grain size
(Fig 4.A2) compared to the eolian (Fig. 4.B2) and alluvial H-type sandstones. The third important
influence on reservoir quality is therefore seen in the general mineral composition and the quartz content

which is the highest in the Kreuznach Formation.

Mineral contents from outcrop samples suggest there are at least two different source areas for the
Permocarboniferous in the Saar Nahe Basin (Fig. 5a). One source area is the Mid-German Crystalline
High as part of the Saxothuringian in the southwest built of granites, granodiorites, amphibolites, mica

schists and sediments (Oncken 1997) whose quartz- and feldspar-rich detritus was transported via rivers



into the basin and deposited mainly in fluvial and lacustrine environments (Fig. 5a). A second source
area is the Rhenohercynian in the north mainly consisting of weakly deformed schists (Lorenz 1976,
Anderle 1987). Its lithoclast-rich detritus was transported mainly alluvially and partly in eolian
depositional environments into the basin. The alluvial quartz-rich sandstones are explained by the
mixture with quartz-rich fluvial deposits of the Glan-Subgroup. According to Boy (2005) the alluvial
fans of the Wadern Formation reached up to 14 km into the basin and mixed with other deposits.
Furthermore, high feldspar contents from reservoir samples (Fig. 5b) suggest that there is another source
area for the Permocarboniferous in the northern Upper Rhine Graben which could be the Moldanubian

in the south built of granulites and basalts (McCann 2008).

A difference between eolian and fluvial sandstones is recognized by the evaluation of the degree of
compaction since the assumed initial porosity of 40 % might be applicable for well-sorted and rounded
eolian sandstones, but not for proximal alluvial to medial fluvial sandstones, where the IGV is
furthermore reduced by detrital matrix. In mature sedimentary deposits of fluvial and eolian systems
lower values of detrital matrix are present. However, the Permocarboniferous basin representing an
internal molasse basin of the Variscan orogen is rather restricted in its size and sediment transport paths
are short. Thus, the proximal to medial sediments still contain high amounts of small grain size fractions
and are less mature than deposits of the Southern Permian Basin (Gaupp et al. 1993, Gaupp 1996,
Schoner 2006). Hence, the sediments might in some cases be classified as “wackes” as well.
Investigations by Miiller (1996) of samples from the same deep wells investigated in our study showed
that there is no clear correlation between grain contacts (Fiichtbauer 1988) and burial depth.

In the Southern Permian Basin of Northern Germany, where rather the sedimentary end members of
fluvial, alluvial and eolian systems can be expected (McCann 1998), eodiagenetic formation of
haematite coatings covering grain surfaces are meant to be responsible for the preservation of high

porosities at greater depth during diagenesis as well (Ehrenberg 1993, Gaupp 1996).

Measured thermal conductivities and diffusivities of the sandstones investigated are interpreted to be
dominantly a function of the pore space (Buntebarth 1989). Only in rocks without pores, e.g.
metamorphic, volcanic or plutonic rocks, the influence of different minerals on thermophysical

parameters can be clearly identified (Clauser and Huenges 1995). Nonetheless, the database established



will allow for the identification of correlations between the modal composition or cementation types

with the thermal properties of the matrix. Therefore, matrix thermal conductivities and diffusivities can

be calculated based on approaches presented by Abdulagatova et al. (2009) and Fuchs et al. (2013).

These would be independent of porosity and could thus be correlated with the petrography, which is a

topic for future studies.

Conclusions

The present study on the Permocarboniferous of the northern Upper Rhine Graben has shown:

1.

The strongest and most destructive influence on reservoir quality is related to late organic
diagenetic processes. The cementation of deposits of the Glan Subgroup and the Donnersberg
Formation is characterized by contamination of CO, bearing fluids and oil that most probably
migrated from underlying Carboniferous hydrocarbon source rocks. Under these conditions, the
grain covering haematite coatings were dissolved and the protection against cementation,
compaction and illitisation was eliminated, resulting subsequently in the reduction of porosity
and permeability during the Cenozoic subsidence of the Upper Rhine Graben.

The second important influence on reservoir quality is the distinct depositional environment and
its influence on early diagenetic processes. Especially in eolian depositional environments the
H-type cementation acts as protection against cementation, compaction and illitisation during
burial and preserves the original porosity even at greater depths. These sandstones frequently
occur in the Wadern, Sponheim, Kreuznach and Nierstein formations of the Nahe Subgroup and
the stratigraphic units of the Sprendlinger Horst and Wetterau Basin. Eolian H-type sandstones
of the Kreuznach Formation exhibit the highest porosities and permeabilities, are least
compacted and show the lowest illite content.

The third important influence on reservoir quality is the general mineral composition and the
quartz content. During burial feldspar reduces the permeability of sandstones chemically by

alteration to pore filling clay minerals. On the other hand, rock fragments reduce the porosity



during mechanical compaction due to their mostly ductile behaviour. In the reservoir studied

the Kreuznach Formation exhibits the highest quartz content with 73.8 %.

Only if all of these three conditions are favourably fulfilled, whose importance is contrary to their timing,
good matrix reservoir qualities can be expected. Eolian H-type sandstones of the Kreuznach Formation
match these criteria and are thus considered to be suitable for hydrothermal exploitation. In conclusion,
the Kreuznach Formation is seen as the only horizon where the matrix permeability can contribute to
the flow rate needed for future geothermal exploitation of the Permocarboniferous in the northern Upper
Rhine Graben. Nonetheless, since all sandstones of the Permocarboniferous encountered in our study
are strongly lithified and should therefore behave brittle when tectonically stressed, the overall formation
has to be considered as a fractured aquifer and thus suitable for geothermal use. The main contribution
to the required flow rates is expected from the fracture network and especially from the highly tectonized
fault zones. Thus, for economic efficiency, the main targets of geothermal exploration should be faults

and fractures along which sufficient fluid flow rates can be expected (Bir 2012, Aretz et al. 2013).
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Table 1. Petrophysical parameters of the stratigraphic units of the Permocarboniferous; a) outcrop samples and b)

samples taken from reservoir depth. ® = porosity. K = permeability. A = thermal conductivity. k = thermal

diffusivity. Ble = Bleichenbach beds of the Wetterau Basin. Ni = Nierstein Formation. Kr = Kreuznach Formation.

Sp = Sponheim Formation. Wa = Wadern Formation. La = Langen beds of the Sprendlinger Horst. Do =

Donnersberg Formation. Th = Thallichtenberg Formation. Ob = Oberkirchen Formation. Di = Disibodenberg

Formation. Me = Meisenheim Formation. Od = Odernheim Formation. Je = Jeckenbach Formation. Lau =

Lauterecken Formation. Qb = Quirnbach Formation. Wah = Wahnwegen Formation. Alt = Altenglan Formation.

Rem = Remigiusberg Formation.. min = minimum. mn = mean value. std = standard deviation. max = maximum.

n = number of samples.

a 0 [%] K [m?] A [w/(m-K)] K [E-6 m?%/s]
min {mn |std max| n | min | mn | std | max | n |min|mn | std [max| n |min|mn |std f[max| n
Ble | 2.1/14.3|5.1({19.8| 42[4.1E-18/1.2E-15|4.1E-14|1.7E-13| 47|1.34|1.99|0.53|3.16| 58|0.62|1.12|0.20|1.47| 59
Sch (11.9 16.1| 5.9(23.4| 9[8.4E-162.6E-15|3.0E-14.8.3E-14]  9|1.42|1.77|0.58|2.22| 9|0.83|0.94|0.31|1.19 9
La | 6.0(13.6| 3.4{20.0| 94/8.8E-18/1.7E-16|2.5E-15|1.1E-14| 31|1.84(2.36|0.36|3.26| 96|0.80|1.24|0.28|1.97| 96
Mo | 3.4 9.0| 3.1|11.8| 11[5.9E-18/4.7E-15|2.0E-14/6.0E-14| 11|1.82|2.16|0.94|4.27| 11|0.65/0.98|0.39(1.77| 11
Ni - - - - 0 of - | -1 - - o - | - | - - 0
Kr | 7.3/16.3| 3.5/23.8|106/>-5E-18(2.9E-15|2.8E-14|1.3E-13| 73|1.48(2.04|0.25|2.74(132|0.60(1.17|0.14| 1.54| 134
Sp | 6.010.0| 3.6]18.1| 13|7.0E-18|2.6E-17|2.7E-15|6.5E-15|  §|1.33|2.15|0.39|2.50| 13|0.70|1.24(0.25| 1.45| 13
Wa | 1.0(15.3| 6.8/22.1| 50|1.0E-18(2.3E-15|2.1E-14|5.8E-14| 501.40|2.59/0.53|5.03| 50(0.91|1.76/0.36| 2.77| 50
Do | 4.113.4|3.7|21.2|118[1.0E-18/4.0E-16|7.2E-15|5.2E-14| 53|1.40|2.43|0.37|3.26|118|0.79|1.35|0.32| 2.42| 118
Th [12.8(19.1| 2.5(22.3| 77[1.7E-17/1.4E-15|6.2E-14|5.2E-13| 75|1.68|2.19|0.32|3.06| 75/1.06|1.41|0.21|1.87| 79
Ob | 6.9(16.1| 3.5(20.9| 47/5.2E-172.9E-15|8.0E-152.5E-14| 47|1.87|2.47|0.38|3.06| 46|1.12/|1.60|0.24|2.19| 47
Di |13.4{15.4| 1.5/19.8| 252.2E-16|5.3E-16|5.9E-163.2E-15| 22]1.93|2.26|0.22| 259| 25/1.16/1.43|0.16|1.72| 24
Me | - -l - - 0 - - - o -1 -1 - - 0] - -] - - 0
Od [11.715.7| 3.4{19.5| 101.9E-17/1.0E-15|4.0E-162.4E-16] 11|1.59|1.92|0.24(2.25| 9|0.90/1.13|0.15|1.31 9
Je 2.7/114.2| 5.5(23.1| 98|1.0E-18(3.5E-16|6.7E-15|5.3E-14|1107|1.73|2.44|0.29|3.12(111|1.03|1.50|0.27| 2.84| 98
Lau| 1.5(13.4|4.3|23.5| 69[1.0E-18|3.6E-16(3.6E-15/1.4E-14| 71|1.68|2.31|0.38|3.59| 67|0.98(1.38|0.33|2.48| 32
Qb | 3.0[10.0| 6.0{18.2| 274.0E-18/1.3E-16|1.9E-155.4E-15| 18|1.95|2.78|0.43|3.29| 28|1.21|1.62|0.23| 2.35| 32
'Wa | 13.6(17.8| 2.7|20.4| 22[5.1E-16|7.7E-16|7.8E-15(2.3E-14| 10/1.66|2.19|0.43|2.83| 22|0.88|1.27|0.25/1.91| 18
Alt | 0.1] 4.2| 3.7|17.0| 55[1.0E-18|1.0E-18|2.0E-16/1.1E-15| 53|1.95/|2.56|0.22|3.04| 52|0.80(1.30(0.21|2.11| 52
Re [12.1(16.4| 2.3(18.2| 7/>-3E-163.8E-15|2.0E-15/5.4E-15]  6|1.99|2.15|0.11(2.34| 7|1.30/1.38|0.09| 1.57 7
b 0 [%] K [m?] A [w/(m-K)] K [E-6 m?%/s]
min {mn |std max| n | min | mn | std | max | n |min|mn | std [max| n |min|mn |std [max| n

Ni 6.7| 7.2| 0.7 7.7| 2[3.8E-18(9.6E-18|8.2E-18|1.5E-17| 212,.54|2.63|0.13|2.78| 3|1.57|1.65|0.07| 1.69 3
Kr | 5.6(14.0| 4.3(17.5| 11[9.6E-17/1.6E-15|2.2E-15|7.7E-15 11|2.16|2.45|0.36|3.28| 14(1.32|1.59/0.17|1.90| 13
Sp | 2.3| 7.6/ 5.3{12.7| 4[3.7E-182.6E-17|4.0E-1719.3E-17|  4|2.05|2.17|0.15|2.35| 5/1.15/1.33|0.22|1.70 5
Wa | 7.1 8.5/1.2| 9.3| 33.1E-15]8.2E-15|4.9E-151.3E-14|  3|1.68|2.04/0.31|2.23| 3|0.92(1.29(0.32|1.49 3
Do | 0.8] 6.3 3.2{10.9| 11[1.0E-18|1.6E-17(3.1E-15/1.0E-14| 11|2.13|2.41|0.31|2.98| 11|1.05[1.36/0.27{1.99, 11
Th | - -l - - 0 of - | -1 - - o - | - | - - 0
Ob | - -l -0 - 0 of - | -1 - - o - | - | - - 0
Di 1.8| 1.8 1.8| 1|1.4E-18/1.4E-18 1.4E-18| 1[2.88(2.88 2.88| 1/1.44/1.44 1.44 1
Me | 0.1 2.3/ 2.2| 5.1| 7[1.0E-18/1.0E-18|5.4E-16\1.4E-15| 7|2.44|2.80|0.42|3.55| 9|1.07|1.40|0.34|2.14 9
Od | 0.2 2.0/ 1.2| 3.3 7[.0E-181.1E-17|1.2E-17|2.5E-17| 7|2.27|2.52|0.26(2.89| 7|0.98/1.20/0.20| 1.48 7
Je 3.0| 3.6/ 0.9| 4.2| 2P3.7E-18]3.7E-18 3.78-18| 1| 3.1| 3.1 3.1 1| 1.6] 1.6 1.6 1
Lau| 0.4| 2.8/3.1| 6.2| 3[1.0E-18/6.1E-18|2.4E-16/4.1E-16| 3|2.86|2.92|0.05/2.96| 3|1.30(1.58|0.25|1.79 3




Table 2. Petrographic composition of sandstones listed according to the stratigraphic units; a) outcrop samples
and b) samples taken from reservoir depth. Gr = grain content. Qt = quartz. Pl = plagioclase. Ka = Kalifeldspar.
Lt = lithic rock fragments. Mi = mica. Ca = calcite. Ma = matrix. GM = grain plus matrix content. Ce = cement
content. Cc = calcitic cement. Dc = dolomitic cement. Hec = haematite cement. Ic = illitic cement. B¢ = bitumina
cement. Qc = quartzitic cement. Kc = kaolinitic cement. 8 = Intergranular porosity. n = number of samples. For

details on the abbreviations of stratigraphic units see Table 1.

a Kg| Qz | Pl | Ka| Lt |Gl | Kt Ma | KM | Zg |Klz|Dz| Hz |1z |Bz|Qz|Kz| 0 |n
Ble |46.2] 22.6/ 9.0, 8.4| 5.3| 0.6/ 0.3] 19.6| 65.8| 29.4| 6.9| 1.4| 21.0| 0.1] 0.0| 0.0| 0.0 4.7| 3
Sch |72.1| 51.3] 2.5/ 9.9 82|0.1 0.2 22| 74.3| 15.6| 6.9| 0.1| 5.6/ 2.5/ 0.2/ 0.0| 0.3| 10.1]| 4
La |60.8] 43.1 4.8 1.2 5.9 1.9/ 3.9 2.5| 63.3| 23.0/ 8.8/ 0| 10.7| 3.6 0.0| 0.0| 0.0| 13.7| 4
Mor (72.2| 31.1| 12.7| 5.1 21.1| 1.5 0.7 4.8] 77.0| 20.6| 9.7| 1.4 7.2/ 2.0/ 0.1| 0.0{ 0.2| 23| 4
Kr |60.7| 36.1] 5.2| 4.1 15.1] 0.2| 0.1/ 8.0/ 68.7| 18.1 3.9 0| 13.2| 0.8 0.0| 0.2| 0.0 13.2/15
Sp |70.4| 124 1.2| 29| 53.7| 0] 03| 4.2| 74.6| 19.1| 3.8 0| 15.2| 0| 0.0/ 0.1| 0.0 6.3] 2
Wa (71.8 37.2| 1.4| 3.7/ 26.8 0.6/ 2.2 5.2| 77.0| 13.3| 1.2| 0.1| 3.4/ 3.5/ 0.0, 0.2| 5.0/ 9.7 8
Do |64.6 43.3) 3.7 87 7.5/ 1.2/ 0.1 11.7| 76.3) 14.1| 0.2| 4.1 0.1 5.5/ 3.5/ 0.8/ 0.0, 9.7 4
Th |61.0] 38.0] 2.7 7.3| 9.0/ 3.5/ 0.4/ 8.7| 69.7| 20.4| 3.6/ 0| 3.5{4.6/ 6.9 1.1/ 0.8/ 9.9 9
Ob |70.9| 439 3.7| 15.8| 6.1| 1.2| 0| 3.7| 74.6| 16.1| 4.0/ 0.4 0.4/ 2.7/ 5.0/ 0.5| 3.1 9.3| 6
Di |e8.2] 40.7 6.3| 7.7| 7.7/ 5.8 0| 8.3| 76.5| 13.6| 0.2| 0| 1.1 6.4| 3.7/ 0.4/ 1.8/ 9.8 4
Me - - - - - - - - - - - - - -l - -] - - 0
Od |61.2| 26.5| 6.2| 9.3] 11.4| 7.2| 0.4| 12.3| 73.5| 20.9| 13.| 0| 0.6 3.0| 3.8/ 0.0| 0.0 5.6/ 1
Je 164.7| 34.3] 99| 6.7| 9.4| 4.1 0.2| 11.4| 76.1| 19.1| 2.8/ 0| 3.3| 8.1 4.0/ 0.8/ 0.0 4.9/ 9
Lau |60.4| 31.7 7.3/ 6.1 10.8| 4.4/ 0.1| 15.2| 75.6| 18.0| 4.2| 0| 2.3| 6.8/ 4.1/ 0.7/ 0.0/ 6.4 8
Qb |71.2| 37.1] 12.2| 5.9 89| 5.5/ 1.7 6.0 77.2| 19.0, 10.; 0| 0.1| 2.9/ 5.5/ 0.0| 0.0 5.5 2
Wah|72.2| 49.2| 5.4/ 5.4| 105/ 1.7] 0| 2.0/ 74.2] 9.5/ 0.7 O 0| 0| 8.8/ 0.0/ 0.0] 16.3| 1
Alt |54.0| 27.5| 5.0 5.4| 7.6/ 84| 0| 22.8| 76.8| 21.2| 2.9/ 0| 0.2 15.| 2.5/ 0.1/ 0.0 1.6 3
Rem |68.6| 41.4| 49| 5.6| 13.9| 2.8/ 0| 1.6/ 70.2| 11.2| 0| 0| 0.5/ 3.3] 7.4/ 0.0/ 0.0] 18.6| 1
b Gr| Qt | Pl | Al | Lt Mi|Ca|Ma |[GM| Ce [Cc|Dc| He |[Ic [Bc|Qc|Kc| 6 |n
Kr (66.9] 49.4| 4.4| 2.1| 10.6| 0.3 0.0| 2.4| 69.3] 10.7| 0O 0| 4.0/ 3.9 0|28 0] 20.0/ 5
Sp [36.8| 24.1] 6.0 2.5 2.2|0.8 1.3| 24.9| 61.7| 35.2| 6.9 0| 11.9| 15| 0/ 0.7, 0O 3.2] 2
Wa |73.7| 27.2| 11.7 6.2| 25.7/ 0.7 2.1 0.6/ 74.3 11.4/ 12| 0 87/14] 0/ 0.1 0] 143 3
Do |76.3] 25.4| 17.0, 6.6 21.3| 2.7/ 3.4/ 2.0] 78.3| 20.1 54| 2.2| 2.6/ 5.5/ 1.9/ 2.4/ 0 1.6/10
Th - - - - - - - - - - - - - - - - - - 0
Ob - - - - - - - - - - - - - - - - - - 0
Di |79.5| 26.5| 21.9) 4.1 14.6/ 2.7/ 9.7 1.1| 80.6| 18.9| 2.4| 1.4/ 0.8| 13./ 0.0/ 0.5/ O] 0.5 1
Me |63.6] 35.00 8.0, 54| 7.3]|1.2 6.7/ 6.1 69.7| 29.8 0| 3.9| 16.8| 8.6/ 0.3| 0.3 0| 0.4/ 5
Od |73.9| 15.7| 23.8/ 3.0 9.2| 21| 1.0, 3.8| 77.7| 22.2| 7.6/ 0.3| 3.4/ 5.1| 2.2/ 3.7, 0O 0.1 5
Je |74.4| 22.3| 329| 54| 7.5| 1.8 4.2| 0.7 75.1| 24.7| 13.| 1.6/ 7.8/ 0.5/ 0.9/ 0.2 0| 0.2] 1
Lau | 81.2] 32.9| 16.1) 3.2| 17.1] 3.6/ 8.2| 1.5| 82.7| 17.4| 1.9| 2.4/ 0.4| 10./ 0.0 2.5/ O 0 3
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Fig. 1. Simplified geological overview map of the northern Upper Rhine Graben in SW Germany. In this area the
top of the Permocarboniferous reservoir is located in a depth of 600 to 2,990 m (red shaded area). The modelled
reservoir temperatures exceed 150 °C (Arndt et al. 2011) making it suitable for hydrothermal power production.
The adjacent areas (Saar Nahe Basin, Sprendlinger Horst and Wetterau Basin) where the Permocarboniferous is

exposed in outcrops are the targets of the outcrop analogue studies. Occurrence of Carboniferous coals after Miiller

(1996). Profiles along the indicated transect are shown in figure 2.
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Fig. 2. Correlation of the lithostratigraphic units in consideration of the depositional environments based on deep
exploration wells in the northern Upper Rhine Graben (Weiterstadt 1, Stockstadt 33R, Gimbsheim 2, Worms 3,
Nordheim 1, Konigstitten 3) as well as west of the graben (Olm 1), and compiled profiles of wells and outcrop
areas of the Sprendlinger Horst and the Wetterau Basin east of the graben. For location of wells and compiled
profiles see figure 1. Lithostratigraphic units after Liitzner and Kowalczyk (2012), Saar Nahe Basin after Schéfer
(2005), Upper Rhine Graben after Becker et al. (2012), Sprendlinger Horst after Marell (1989) and Miiller (1996),

Wetterau Basin after Kowalczyk (2001).



Legend
[ Andesite, Basalt
Il Rhyolite, Dacite
I Nahe Subgroup
I S fTholey Beds
B £ Lebach Beds
== :’ Upper Kusel Beds
=] £| Middle Kusel Beds
Il ©‘Lower Kusel Beds
I Carboniferous, Stefanian
I carboniferous, Westfalian
HTBF
Sampling
@ outcrop
/\ Boreholes

0 5 10 15 20

ﬁ"ﬁ\ km

Fig. 3. Geological overview map of the outcrop analogue study areas west and east of the northern Upper Rhine
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Fig. 4. Overview of outcrops of different depositional environments (1) and thin sections of samples taken from
these outcrops in normal light (2) and under polarized light (3) with their petrographic characteristics. A) playa,

B) eolian, C) alluvial, D) lacustrine, E) fluvial braided, F) fluvial meandering.
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Fig. 5. Triangular QFL diagram showing the composition of the studied sandstones according to the Pettijohn

(1975) classification scheme, a) outcrops sampled in the Saar Nahe Basin, Sprendlinger Horst and Wetterau Basin,

and b) reservoir sampled in the northern Upper Rhine Graben.
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Fig. 6. Porosity, permeability and thermal conductivity box plot diagrams of a) outcrop samples from the Saar

Nahe Basin, Sprendlinger Horst and Wetterau Basin and b) samples taken from reservoir depth from the northern

Upper Rhine Graben, grouped according to the depositional environments. Porosities of outcrop samples are

considerably higher for all depositional environments compared to the values of the reservoir samples, resulting

in a significant increase of thermal conductivity and thermal diffusivity compared to the outcrop samples.
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Fig. 7. Permeability-porosity plots grouped according to a) cementation types of outcrop samples, b) depositional

environments of outcrop samples, c) cementation types of samples taken from reservoir depth and d) depositional

environments of samples taken from reservoir depth. The general correlation of porosity and permeability follows

the relationship described by Pape et al. (1999) for comparable settings of the Permocarboniferous of the Southern

Permian Basin (Northern Germany). Abbreviations used: B — B-type sandstone, C — C-type sandstone, D — D-type

sandstone, H — H-type sandstone, I — I-type sandstone, IL — IL-type sandstone, K — K-type sandstone.
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Fig. 8. Compaction diagram after Houseknecht (1988) grouped according to a) cementation types of outcrop

samples, b) depositional environments of outcrop samples, ¢) cementation types of samples taken from reservoir

depth, and d) depositional environments of samples taken from reservoir depth. Abbreviations used: B — B-type

sandstone, C — C-type sandstone, D — D-type sandstone, H — H-type sandstone, I — I-type sandstone, IL — IL-type

sandstone, K — K-type sandstone.
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Fig. 9. Feldspar-illite diagram showing sandstone samples grouped according to a) cementation types of outcrop
samples, b) depositional environments of outcrop samples, ¢) cementation types of samples taken from reservoir
depth and d) depositional environments of samples taken from reservoir depth. Abbreviations used: B — B-type
sandstone, C — C-type sandstone, D — D-type sandstone, H — H-type sandstone, I — I-type sandstone, IL — IL-type

sandstone, K — K-type sandstone.
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Fig. 10. Cementation types of outcrop samples of the Saar Nahe Basin, Sprendlinger Horst and Wetterau Basin

and reservoir samples grouped according to the stratigraphic units of the Permocarboniferous. For each formation,

the mean content of cement (Ce), porosity and IGV is listed. Abbreviations used: B — B-type sandstone, C — C-

type sandstone, D — D-type sandstone, H — H-type sandstone, I — I-type sandstone, IL. — IL-type sandstone, K — K-

type sandstone.
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Fig. 11. Diagenesis diagram for the Permocarboniferous for the northern Upper Rhine Graben showing that the
formation of the C- and D-type occurred before the formation of the I- and H-type. The rise of oil and CO,-rich
fluids from Carboniferous source rocks and dissolution of the H-type were bound to the rift phase and the formation
of extension-related faults. The absence of IL-, K- and B-type sandstones in the post-rift phase is interpreted as
reflecting the absence of newly formed extension-related faults which led to the preservation of the H-type and the
best reservoir conditions in sandstones deposited in the post-rift phase after the decompaction due to erosion from
the Permian to the Cretaceous (Henk, 1992), and the compaction due to the subsidence of the Upper Rhine Graben

in the Miocene.
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