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Reservoir quality of the Lower Triassic Buntsandstein in the Upper Rhine Graben (URG) is currently being
explored to better assess the possibility of geothermal production and associated lithium brine production.
Previous studies highlight a generally positive effect of increased detrital grain size and blocky cement content on
elevated porosity and permeability, while outlining a generally negative influence of compactional processes,
which are enhanced by tangential illite grain coatings and to a lesser extent by ductile rock fragments.

This overall assessment can be supported by the studied samples from a research well (Kraichgau-1002) on the
western graben shoulder, penetrating the coarser-grained Lower Buntsandstein at present-day depths between
500 and 710 m. The overall porosity and permeability is low (2.9 to 16.0 %, <0.0001 to 7.8 mD) in the studied
core section. Tangential illite grain coatings enhance the effect of chemical compaction, whereas blocky cements
(quartz, K-feldspar, carbonates, anhydrite) stabilize the grain framework against mechanical compaction.

In samples with the same porosity in this study, higher permeability is found in samples with a coarser grain
size. However, when also including other available Buntsandstein core samples, the overall correlation between
permeability and grain size is poor (R>=0.05). Furthermore, a reported correlation between clay mineral grain
coating characteristics (grain-to-IGV and grain-to-grain coating coverage) and detrital grain size could not be
established (R><0.01 and R?>=0.19, respectively) for neither the studied samples, nor the combined Buntsand-
stein sample series from core material. Therefore, the detrital grain size by itself is an unsuitable criterion to
assess Buntsandstein reservoir quality in the marginal basin facies.

However, the extension of available datasets, which assess reservoir quality controls in the Buntsandstein in
the area surrounding the URG highlights, that the previously defined reservoir quality controls are affecting
larger areas of the marginal facies of the Buntsandstein present in NE France and SW Germany.

1. Introduction

Reservoir quality is one of the key elements of any successful utili-
zation of the subsurface during the energy transition and decarbon-
ization (Underhill et al., 2023), especially in areas showing abnormally
high geothermal gradients like the Upper Rhine Graben (URG) (Clauser
and Villinger, 1990). While the clear focus in terms of a geothermal
utilization of the Triassic Buntsandstein in the URG is on the exploitation
of natural fracture networks (Haffen et al., 2013; Bertrand et al., 2018),
the sandstone matrix pore space may be an additional storage volume in
light of by-production of e.g., lithium from geothermal brines
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(Slunitschek et al., 2021), to access the largest possible fluid volume.
Previous studies on Buntsandstein core material from the graben center
(Busch et al., 2022a), 1100-1500 m present day depth highlight a
compactional dominated porosity loss. Economic porosity and perme-
abilities (porosity >15 %, permeability >100 mD) were preserved in
medium-grained sandstone samples containing quartz and dolomite
cements (Busch et al.,, 2022a). Illite cementation and chemical
compaction along illite-coated quartz grain contacts, predominantly in
finer-grained sandstones, were deteriorating reservoir quality (Busch
et al., 2022a). This overall trend was also observed in more deeply
buried Buntsandstein samples from the graben center (Busch et al.,
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_— Grain-to-IGV interface
— Grain-to-grain interface

Fig. 1. Sketch of grain to IGV interfaces (orange) and grain to grain interfaces
(GTG) in sands and sandstones (modified after Busch et al. (2024)).
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2024), ~3000 m TVD present day depth and outcrop-based studies
(Schmidt et al., 2020a; Schmidt, 2022), as well as from shallow explo-
ration wells from the eastern graben shoulder (Quandt et al., 2022).
However, the effectiveness of these processes has been shown to be
closely related to the burial history. Samples subjected to higher thermal
exposure (temperature over time) show more extensive quartz cemen-
tation, while uncemented samples exhibit lower intergranular volumes
(IGV) due to enhanced chemical compaction (i.e., pressure dissolution)
at illite coated grain contacts (Busch et al., 2024). However, the
Romerberg oilfield near Speyer in the center of the URG is a testament to
high reservoir quality preservation in Buntsandstein sandstones in
fractured and porous reservoir sections (Bocker, 2020). Further studies
relate the differences in reservoir quality in the Buntsandstein sand-
stones in the URG and surrounding areas to be controlled by quartz
cement contents around faults and fractures (Bossennec et al., 2021), the
detrital grain size (Busch et al., 2022a; Busch et al., 2024; Quandt et al.,
2022; Schmidt et al., 2020a; Busch et al., 2022b; Bofill et al., 2025), or
show a correlation to lithofacies (Bofill et al., 2025).

With multiple studies showing a general positive correlation be-
tween reservoir quality and detrital grain size (Busch et al., 2022a;
Busch et al., 2024; Quandt et al., 2022; Schmidt et al., 2020; Busch et al.,
2022b; Bofill et al., 2025), the detrital grain size may be a suitable cri-
terion to locate high reservoir quality intervals. Larger detrital grain
sizes in sandstones generally relate to higher permeability, as a function
of larger pore throat sizes as compared to finer grain sizes and resulting
narrower pore throats (e.g., Fiichtbauer, 1998). As specifically the
Lower Buntsandstein in the marginal basin facies follows a general
coarsening upward trend and contains pebble-bearing sandstones (e.g.,
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Fig. 2. a) Paleogeographic overview of the Central European Basin (Germanic Basin) with the reconstructed paleo-transport directions during the Lower Triassic
(modified after Rohling and Lepper (2013) and Quandt et al. (2022). b) Map of the State of Baden-Wiirttemberg in SW-Germany showing the location of the studied
well and the reconstructed Buntsandstein thickness (modified after Rupf and Nitsch (2008), Leiber and Bock (2014), and Quandt et al. (2022)). ¢) Schematic burial
history of the Buntsandstein for an outcrop type and basin type in the present day Upper Rhine Graben (modified after Bossennec et al. (2021), the outcrop type has
been adjusted to match present day depths of the Buntsandstein in the studied well). BF: Black Forest, BM: Bohemian Massif, FS: Fennoscandian Shield, GAM:
Gallic-Armorican Massif, KG: Kraichgau, LBM: London-Brabant Massif, MNH: Mid-North Sea High, OW: Odenwald, PCM: Proto-Carpathian Massif, RFH: Ring-

kebing-Fyn High, RM: Rhenish Massif, VM: Vindelician Massif.
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Leiber and Bock, 2014), the Lower Buntsandstein may be a suitable
target to explore and exploit geothermal resources if this correlation can
be extended across available, published core samples.

Furthermore, the detrital grain size has been correlated to grain
coating characteristics (Aro et al., 2023; Shammari et al., 2011; Wool-
dridge et al., 2017). Generally, the presence of tangential illite grain
coatings at grain-to-IGV (GTI) interfaces (orange in Fig. 1) has been
linked to syntaxial quartz cement inhibition and preservation of porosity
and permeability (Heald and Larese, 1974; Bloch et al., 2002), even at
depth of e.g., 4800 m in Permian Rotliegendes eolian sandstones from
the Southern Permian Basin in northern Germany (Monsees et al., 2020).
However, the samples from the Rotliegendes also indicated enhanced
chemical compaction in areas where grain-to-grain (GTG) interfaces
(green in Fig. 1) are covered by tangential illite (Monsees et al., 2020).
Similar observations have also been made for the fluvio-eolian sand-
stones of the Triassic Buntsandstein deposited in a semi-arid continental
setting in the marginal facies of the Germanic Basin (Busch et al., 2024).
Depending on the specific location on individual grain surfaces,
tangential illite can therefore both preserve and deteriorate reservoir
quality during burial. The effect of illite (or muscovite) to enhance
intragranular pressure dissolution (chemical compaction) has been
studied in sandstones for decades (Heald, 1955; Bjgrkum, 1996; Ste-
phenson et al., 1992; Oelkers et al., 1996; Wilson and Stanton, 1994),
but has only been assigned to electrochemical surface potential differ-
ences at these mineral interfaces within the past 15 years (Greene et al.,
2009; Kristiansen et al., 2011). Assessing sediment compaction can be
seen as a standard approach in reservoir-geology, based on the wide-
spread applications of concepts as the IGV (Paxton et al., 2002; House-
knecht, 1987) or compactional and cementational porosity loss
calculations (COPL and CEPL, Lundegard, 1992). The degree of me-
chanical and chemical compaction is a function of the (vertical) effective
stresses during sediment burial, the detrital grain composition (brittle
vs. ductile grains), experienced temperatures, pore-pressure, pressure
dissolution at grain contacts, and the onset of intergranular cementa-
tion/dissolution (Paxton et al., 2002).

Radial illitic grain coatings on the other hand have also been shown
to successfully inhibit syntaxial quartz overgrowth cementation (Busch
et al., 2022a) in the Triassic Buntsandstein and Permian Rotliegendes
sandstones from the Netherlands (Busch et al., 2020; Molenaar and
Felder, 2018; Gaupp and Okkerman, 2011). However, they have long
been known to negatively affect permeability by narrowing hydraulic
pore throat radii, especially if a pore-bridging texture is developed
(Neasham, 1977). The formation of authigenic clay mineral coatings in
buried sections of the Triassic Buntsandstein is related to hydrothermal
activity within the URG and neighboring areas prior to the Tertiary
(Clauer et al., 2008). Overall, the thermal evolution of reservoir sand-
stones will also have an influence on reservoir properties, as (i) detrital
grain rheologies are affected by temperature (Evans and Kohlstedt,
1995) and (ii) syntaxial quartz precipitation kinetics have been shown to
be temperature sensitive (Rimstidt and Barnes, 1980; Lander et al.,
2008). Therefore, the assessment of the influence of diagenesis is key to
an understanding of the controlling factors to predict economical or
uneconomical reservoir quality in the Buntsandstein in the URG.

The main aim of this study is to assess the reservoir quality controls
in the Lower Buntsandstein from a research well in the Kraichgau region
(well Kraichgau-1002), east of the Upper Rhine Graben and assess the
relation of diagenetic and detrital reservoir quality controls. Based on
petrographic and petrophysical analyses, we will assess if the previously
defined reservoir quality controls (grain size, quartz cement content and
IGV as a function of grain coating clay minerals) are also applicable to
the studied well, and if a relation between detrital grain sizes and grain
coating characteristics can be established for samples from the studied
well section and other available core samples from the Buntsandstein.
Furthermore, we assess if petrophysical properties cluster distinctly as a
function of petrographic properties (detrital and authigenic compo-
nents, grain size) in the studied samples. Correlation with published
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Fig. 3. a) Lithostratigraphic subdivision of the Triassic Buntsandstein with the
studied section highlighted in red (modified after Geyer and Gwinner (2011),
Leiber and Bock (2014), and Quandt et al. (2022)). b) Simplified lithological
column of the studied core material (modified after Nitsch (2024)). Circles
indicate gravelly horizons. OW: Odenwald, KG: Kraichgau, BF: Black Forest
(For location see Fig. 2).

samples from core material of the region may enable a more accurate
targeting of high reservoir quality intervals in the Buntsandstein.

2. Geological setting

During the Lower Triassic, the margins of the Central European Basin
(also Germanic Basin, Fig. 2a) accumulated continental deposits in a
semi-arid to arid climate following the gradual Permian regression trend
in central Europe (Fiichtbauer, 1967; Ziegler, 1982; Aigner and Bach-
mann, 1992; Bourquin et al., 2011). Those conditions prevailed during
the deposition of the fluvio-eolian sequence of the Buntsandstein, the
lowermost part of the tripartite subdivision of the Germanic Triassic,
overlain by the Muschelkalk and Keuper (Quandt et al., 2022).

The sediments of the marginal facies are sourced mainly from the
Gallic-Armorican Massif to the west to west-southwest of the studied
marginal basin facies in southern Germany (Bourquin et al., 2006)
(Fig. 2a). Toward the basin center in present-day northern Germany
sediment source areas also include the Vindelician Massif, Bohemian
Massif, Rhenish Massif, Pre-Carpathian Massif and London Brabant
Massif (Rohling and Lepper, 2013) (Fig. 2). The sediment thickness and
facies in this endorheic basin are distinctly different between the basin
center and basin margin (Fiichtbauer, 1967).

At the basin margin, fluvio-eolian, alluvial, and lacustrine deposits
are dominant (Fiichtbauer, 1967; Bourquin et al., 2009; Backhaus,
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1974), whereas deposition in the basin center is dominated by overall
finer grained lake margin, playa and locally shallow marine deposits
(Fiichtbauer, 1967; Leggewie et al., 1977), occasionally favoring con-
ditions of ooid formation if carbonate-saturated water ingressed into the
basin (Ziegler, 1982). Overall, the Buntsandstein in the studied marginal
basin area in the state of Baden-Wiirttemberg reaches thicknesses up to
500 m (Fig. 2b) (Nitsch, 2024). In the basin center thicknesses of the
Buntsandstein generally range between 1000 and 1200 m, in tectoni-
cally active grabens (Gliickstadt Graben and Horn Graben) thicknesses
may reach up to 4000 m.

The Lower Buntsandstein (Induan-Olenekian) in the studied well
from the Kraichgau region comprises the partially pebble-bearing
sandstones of the Eck-Formation (suE) and pebble-bearing sandstones
of the Badischer Bausandstein (sVs, Fig. 3a, b) (Nitsch, 2024). Where the
Badischer Bausandstein is not pebble-bearing, it is assigned to the Mil-
tenberg Fm. (suM). The Middle Buntsandstein (Olenekian-Anisian)
contains several unconformities (Bachmann et al., 2010), highlighting
the tectonic activity during the breakup of Pangea (Ziegler, 1990), while
the sedimentary deposits record higher seasonal rainfall and progressing
fluvial facies into the basin center. Three members (Lower, Middle, and
Upper Gerollsandstein, sVgu, sVgm, sVgo), each separated by erosional
surfaces can be subdivided in the studied well, which each show a fining
upward sequence, and are intercalated with fine-grained clastic deposits
(Aigner and Bachmann, 1992). They represent fluvio-eolian or
fluvio-lacustrine deposits (Mader, 1982). The base of the Gerollsand-
stein sequence represents the base of an overall base level rise sequence
extending further into the overlying fully marine Muschelkalk (Fig. 3c).
Due to a shift from arid to semi-arid climate during the late Middle
Buntsandstein, extensive dolomite-cemented soils are formed, which
show a characteristic violet color in individual layers (Carnelian-Dolo-
mite Horizon (belonging to sVK), Fig. 3a, b) (Mader, 1982). Due to an
initial ingression of the alpine Tethys through the Silesian-Moravian and
Carpathian gates during the Anisian Upper Buntsandstein, the basinal
deposition is characterized by fossiliferous limestones, sandstones, and
evaporites (Mader, 1982), whereas the marginal basin deposition is
dominated by fine-grained fluvial sandstones of the Plattensandstein
Formation (soPL) and playa-related siltstones and claystones of the
Rotton Formation (soT, Schmidt et al., 2020). Overall, the main depo-
sition of the Buntsandstein in the marginal facies is characterized by
braided fluvial channels, dry to wet sandflat (also characterized as
hybrid sand sheets), individual eolian beds, playa margin and playa
deposits (Bourquin et al., 2009; Mader, 1982; Bofill et al., 2024). The
transition to the Anisian to Ladinian Muschelkalk is marked by the last
occurrence of red claystones called Grenzletten, from which on exten-
sive marine limestone and evaporite sequences are formed in the region
(Aigner and Bachmann, 1992; Geyer and Gwinner, 2011). The overlying
Ladinian to Rhaetian Keuper is characterized by continental and marine
deposits, including evaporitic claystones, dolomites, marls, and sand-
stones of playa lake, playa margin or fluvial origin (Geyer and Gwinner,
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2011; Reinhardt and Ricken, 2000; Duringer et al., 2019).

Mesozoic subsidence continued until the Cretaceous and led to the
deposition of marine Jurassic claystones, limestones, and sandstones
(Bossennec et al., 2021; Bocker and Littke, 2015). Burial model re-
constructions require additional Cretaceous deposits on top of the pre-
served sequence to match vitrinite reflectance values in the Heidelberg
and Sexau areas (Bocker, 2015; Bossennec et al., 2015). Heterogeneous
uplift from the Upper Cretaceous to Early Eocene resulted in a younging
of strata in the subcrop of the base Eocene unconformity from north to
south in the URG (Bocker, 2015; Schumacher, 2002). Whereas lithol-
ogies in the URG experienced another phase of subsidence, areas located
on the Graben shoulder were not buried to great depths again since the
Eocene formation of the URG (Bossennec et al., 2021; Bauer, 1994)
(Fig. 2¢).

3. Materials and methods

In total, 40 plug samples were retrieved from the Lower Buntsand-
stein section of the Kraichgau-1002 core material (509 — 708 m present-
day depth). Samples were taken approximately every 5 m (average: 5.1
m) while also targeting the present lithofacies, resulting in individual
intervals from 2.6 to 8.5 m. During sampling, lithofacies classification
was done based on Miall (1978). The 2.54 cm (1 inch) plug samples were
cut to length and dried at 40 °C in a vacuum oven for 72 h. The trim ends
were used for thin section preparation. Trim ends were embedded in
blue-dyed epoxy resin to highlight porosity, fixed on a glass slide and
ground to ~30 pm thickness. Thirty-seven of these samples are polished,
while three samples are stained using a combined Alizarin Red S and
potassiumferricyanide staining solution in 0.3% HCI (Dickson, 1965) to
aid the identification of carbonate cement phases for staining colors, see
(Olmez et al., 2024; Greve et al., 2024).

Porosity and density measurements were performed on the dried
plug samples in a micromeritics He-pycnometer (AccuPyc II 1340)
(Schmidt et al., 2020), Klinkenberg-corrected air permeabilities were
measured in an air permeameter manufactured by Westphal Mechanik
(Monsees et al., 2021). Permeability measurements are performed at
steady-state flow rates at a confining pressure of 1.2 MPa. The lower
measurement limit is at 0.0001 mD, values below that are plotted at
0.0001 mD, while the upper measurement limit is 10,000 mD. The
reproducibility of permeability measurements is within an average of
1.8 % of the given values (Greve et al., 2024). The reproducibility of
porosity measurements is within an average of 0.045 % of the given
value. Measurement error bars are thus smaller than the plotted data-
points and are therefore omitted.

Point-counting was performed to assess the detrital and authigenic
mineralogy and to assess optical porosity. Using a semi-automatic Pel-
con point-counting stage mounted on a Leica DMLP microscope equip-
ped with a Jenoptik Gryphax Subra camera, 300 points are counted per
sample on a grid adjusted to the maximum observed grain size, to gain
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B. Busch et al.

’al’KG-020

Geothermics 132 (2025) 103453

Fig. 5. a) Detrital quartz, K-feldspar, chert, siltstone rock fragments encased in quartz cement. b) Shale RF and muscovite flake. The more rigid quartz grains are
deforming the margin of the shale RF. c) Ductile RF, phyllite, and MRF squeezed in between more rigid quartz and feldspar grains. d) Plutonic RF in between

quartz grains.

area-weighted results (Busch et al., 2017). Grain sizes are measured on
thin section photographs as the long axis of at least 100 grains per
sample on a grid adjusted to the maximum observed grain size to gain
area-weighted results. Sorting characteristics, skewness, and kurtosis
are calculated according to Folk and Ward (1957) based on the grain size
distribution. The detrital composition of sandstones is plotted according
to Folk (1980). Based on the point-counting results, the intergranular
volume (IGV) is calculated according to Paxton et al. (2002) as the sum
of intergranular porosity, intergranular cements, and depositional clay
mineral matrix. Compactional and cementational porosity loss is
calculated according to Lundegard (1992) using an initial porosity of 45
% for fluvial deposits.

Grain coating coverages are differentiated as grain-to-IGV (GTI) and
grain-to-grain (GTG) (Fig. 1) coating coverages according to Monsees
et al. (2020)) using calibrated comparator images. Comparator images
were evaluated using ImageJ by measuring the contact length between
detrital grains covered by illite and relating it to the overall contact
length between the two detrital grains, giving the GTG coating coverage.
The GTI coating coverage is determined by measuring the length of
illite-coated quartz grain surface in contact with the IGV and relating it
to the total outline length of quartz grains in contact to the IGV (see also
Busch et al., 2024). All sample data is provided in supplementary ma-
terials I.

During reservoir quality rock typing, the classification of two distinct
subsets of samples was additionally confirmed using k-means clustering
analyses performed in OriginPro based on the petrographically deter-
mined properties.

4. Results
4.1. Texture and structure

The studied samples are classified as very fine-grained sandstone (N
= 1), fine-grained sandstone (N = 19), medium-grained sandstone (N =
12), and coarse-grained sandstone (N = 8) (Fig. 4a, mean grain size
range: 0.107 — 0.852 mm). Samples are well sorted (N = 13), moderately
well sorted (N = 23), and moderately sorted (N = 4) (Fig. 4b). Mostly,
samples’ grain size distributions are near-symmetrical (N = 26) with
only 13 samples being fine-skewed and one sample being coarse-skewed
(Fig. 4c).

The retrieved plug samples originate from the following lithofacies:

Quartzarenite

Subarkose Sublitharenite

m suE
msVs

2)lualeyi
dlyyedsp|a

SR ot

F

R

Fig. 6. The studied samples are classified as litharenite, feldspathic litharenite,
lithic arkose, subarkoses, and sublitharenites. The two studied formations do
not show distinct compositional differences.

massive sandstones (Sm, N = 8), planar cross-laminated sandstones (Sp,
N = 7), trough cross-bedded sandstones (St, N = 8), horizontally lami-
nated sandstones (Sh, N = 13), and ripple laminated sandstones (Sr, N =
4).

4.2. Detrital composition

The most abundant detrital constituent based on point-count ana-
lyses is quartz (incl. mono-, poly- and undulose quartz grains, Fig. 5a)
with an average of 52 % (range: 38.3-66.7 %, supplementary materials
1, Fig. 7a). Rock fragments (RF) are the second most frequently occur-
ring grain type with 15.7 % on average (range: 0.7-60.3 %). With an
average of 7.8 % (range: 0.7-14.0 %) feldspar appears exclusively as K-
feldspar which also appear partially dissolved containing intragranular
porosity (Fig. 5a).

Rock fragments include chert, (avg.: 4.7 % range: 0.7-14.3 %,
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Fig. 7. Box-Whisker plots of a) the detrital and b) the authigenic mineral
contents of the 40 studied samples.

Fig. 5a), undifferentiated metamorphic rock fragments (MRF, avg.: 3.0
%, range: 0.0-8.0 %, Fig. 5¢), ductile RF, (avg.: 2.4 %, range: 0.0-11.3
%, Fig. 5¢), sandstone RF (avg.: 1.9 %, range: 0.0-7.0 %), siltstone RF
(avg.: 1.5 %, range: 0.0-5.3 %, Fig. 5a), quartzite (avg.: 0.5 %, range:
0.0-4.3 %-), phyllite (avg.: 0.5 %, range: 0.0-3.3 %, Fig. 5c), schist
(avg.: 0.5 %, range: 0.0-2.3 %), shale (avg.: 0.4 %, range: 0.0-3.0 %,
Fig. 5b), and plutonic RF (avg.: 0.3 %, range: 0.0-1.3 %, Fig. 5d). Un-
differentiated ductile rock fragments contain grains, which are
deformed in between more rigid grains, which omits an identification of
the original detrital grain type. In addition to the undifferentiated
ductile rock fragments, chert, shale, phyllite, schist, and sheet silicate-
rich metamorphic rock fragments also often appear deformed in be-
tween detrital quartz grains (Fig. 5b and c) and are combined as ductile
grains for further rock typing.

According to the sandstone classification of Folk (1980), samples are
classified as litharenite, feldspathic litharenite, lithic arkose, subarkoses,
and sublitharenites (Fig. 6). No distinct differences between the studied
formations (suE and sVs) can be seen with regard to their detrital
composition.

Tangential illite, encasing detrital grains, is present at grain contacts
and appears with an average of 5.3 % (range: 0-12.7 %; Fig. 5d). Other
detrital components are iron oxide (FeOx-) grains (0.2 % on average),
biotite (0.1 % on average), clay mineral laminae (0.1 % on average),
muscovite (0.07 % on average), rutile (0.04 % on average), chlorite
(0.03 % on average), tourmaline (0.03 % on average), opaque grains
(0.02 % on average) and zircon (0.01 % on average).
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4.3. Authigenic components

The most prominent authigenic component based on point-counting
analyses is radial and meshwork illite that is on average present with 5.3
% (range: 0.7-14.3 %, Fig. 7b) radially encasing detrital grains (Fig. 8a
and g) or filling intergranular pores. Radial illite is observed to form
directly on the detrital grain surfaces or may precipitate on pre-existing
tangential illite, growing into the pore space and possibly resulting in
pore-bridging textures close to pore throats (Fig. 9¢). Radial illite is only
observed at the interfaces of detrital grains with the IGV. Meshwork illite
mostly fills intergranular pores and appears fiber-like and pore-bridging
in thin sections. Meshwork and pore-bridging illite are occasionally
encased in the outer margins of quartz overgrowth cements (Fig. 8i).

Additionally, dissolved grains, especially feldspars (Fig. 8c, e, h) and
rock fragments containing feldspar minerals are filled with replacive
illite (avg.: 0.5 %, range: 0.0-3.3 %) (Fig. 8c). Illite that replaces feldspar
still resembles the cleavage planes of the original K-feldspar grains
(Fig. 8c) and rarely replaces kaolinite that initially replaced the feldspar
grains (avg.: <0.1 %, range: 0.0-1.3 %). Rarely kaolinite is also observed
in intergranular pores (avg.: <0.1 %, range 0.0-0.3 %).

The second-most prominent authigenic constituent that can perva-
sively fill pore spaces in some samples is syntaxial quartz overgrowth
cement that is on average present with 4.5 % (Fig. 8a, f, h). The amount
of quartz cement varies greatly (0.0-22.7 %) throughout the studied
sample series. Where tangential and radial illite as well as well-
developed hematite rims are continuously surrounding the quartz
grains, syntaxial quartz cement is observed to occur in smaller quantities
or to be absent (compare Fig. 9b, e, f).

The detrital tangential illite rims are often associated with pigmented
hematite dust rims or are completely stained red by hematite which also
rims detrital grains (avg.: 1.4 %, range: 0.0-5.3 %) (Fig. 9c, d). Rarely,
hematite appears pore-filling (avg.: 0.7 %, range: 0.0-2.7 %).

Syntaxial feldspar overgrowth cementation (avg.: 0.7 %, range:
0.0-5.0 %) shows either syntaxial facets encased in dolomite or quartz
cements (Fig. 8f), or shows compromise boundaries with quartz cements
(Fig. 8h). In areas where radial illite rims are not completely encasing
detrital feldspar grains, syntaxial feldspar cements precipitate on the
uncoated feldspar grain outlines.

Dolomite cement is present in the studied samples with an average of
1.1 % (range: 0-8.7 %) and is either observed as localized nodules with a
poikilotopic texture, encasing detrital grains and preserving a floating
grain texture (Fig. 8d), or fills residual pore spaces in compacted sedi-
ments, also encasing syntaxial quartz or feldspar cements (Fig. 8a, b).
Furthermore, dolomite is observed to fill the intragranular porosity in
feldspar(-containing) grains and cherts (avg.:<0.1 %, range 0.0-1.0 %)
(Fig. 8e). In a stained sample, the nodular dolomite is outlined by a thin
rim of ferroan dolomite (pale blue, Fe-dolomite), which is itself again
partially encased in rhomb-shaped siderite precipitates (rusty brown
color in ppl, Fig. 8b). Both of the latter carbonate cement phases were
not encountered during point-counting. The nodular dolomite cements
also exhibit two distinctly different paragenetic relationships to encased
grains. In the center of the nodule, dolomite mostly encases detrital
quartz grains without a syntaxial overgrowth or grain coating phase
(Fig. 8d), whereas the quartz grains at the margin of the nodule can
contain syntaxial quartz overgrowths or radial illite rims (Fig. 8a, d, j).
Therefore, two generations of dolomite cement precipitation are inter-
preted (dol I and II).

Authigenic Ti-oxides (TiOx) range from 0.0 to 3.7 % (avg.: 0.9 %,
Fig. 8c and g). They appear encased by syntaxial quartz cement (Fig. 8g),
at the margin inside dolomite nodules (Fig. 8j), between compacted
grains in intergranular pores, and within dissolved K-feldspar together
with replacive illite and kaolinite phases (Fig. 8c). Authigenic Ti-oxides
are also prominently observed in between radial illite crystals and in
close spatial association to biotite (Fig. 8g). The TiOx appear as small
isotropic crystals dispersed in the pore space.

In one sample, anhydrite cement (avg.: <0.1 %, range: 0.0-1.3 %)
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Fig. 8. a) Radial illite encased by dolomite (dol II), which also encases syntaxial quartz overgrowth cements. b) Margin of a dolomite nodule (dol II) overgrown by
Fe-dolomite (stained blue) and siderite. ¢) Intragranular dissolution porosity in K-feldspar grain filled by replacive illite and TiOx crystals. The TiOx crystals are also
present in between radial illite rims. d) Dolomite nodule, where in the center (dol I) a floating grain texture is preserved, whereas toward the margin a second
dolomite texture (dol II) also encases quartz grains including a syntaxial overgrowth cement. e) Dolomite and anhydrite replacing partially dissolved K-feldspar
grains. f) Anhydrite cement encasing euhedral quartz and K-feldspar overgrowth cements. g) TiOx crystals in the vicinity of biotite flake and intergrown with radial
illite coatings and encased in quartz cement. h) Intragranular dissolution porosity in K-feldspar grain partially filled by quartz outgrowth. The original K-feldspar
grain still preserved the syntaxial K-feldspar overgrowth with a compromise boundary with syntaxial quartz cement. i) Pore-bridging illite which is marginally
encased in quartz cement. j) TiOx encased in dolomite cement (dol II), which also encases quartz overgrowths and replaces and encases K-feldspar grains including a

euhedral overgrowth cement.

was observed and occurs either in small intergranular pores or more
pervasively filling intergranular pores and dissolved K-feldspar and rock
fragments (avg.:<0.1 %, 0.0-0.3 %, Fig. 8e). Anhydrite cement encases
syntaxial quartz overgrowth cement and K-feldspar cement, both
showing euhedral crystal faces (Fig. 8f).

4.3.1. Optical porosity

Optical porosity (i.e., porosity from point-counting) is present as
either intergranular porosity (avg.: 3.0 %, range: 0.0-8.0 %), intra-
granular porosity in either K-feldspar grains (avg.: 0.2 %, range: 0.0-1.0
%), chert (avg.: <0.1 %, range: 0.0-1.0 %), or undifferentiated RF (avg.:
0.1 %, range: 0.0-1.0 %). In one sample fracture porosity (0.3 %) was
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Fig. 9. a) Tangential illite grain coatings. b) Tangential illite grain coatings and sutured grain contacts. ¢) Hematite stained tangential illite grain coatings. d)
Unstained tangential illite rims. e) Radial illite grain coatings, occasionally developing a pore-bridging texture. Where the grain coating coverage is incomplete,
syntaxial quartz cement can precipitate. f) Pigmented and more continuous hematite rims encased in syntaxial quartz cement. cem: cement, ill: illite, tang: tangential,
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Fig. 10. a) Most of the studied samples show a compaction dominated porosity loss. b) Samples with a high GTG coating coverage show the highest compactional
porosity loss. ¢) An increase in the ductile grain contents poorly correlates negatively with the IGV.

observed. Total optical porosity ranges from 0.0 to 8.3 %, with an
average of 3.3 %.

4.4. Compaction and porosity loss

The IGV, as an indicator for compaction, ranges from 5.7 to 34.3 %
(avg.: 17.7 %) (supplementary materials I). The IGV only shows a poor
negative correlation with the ductile grain content (R>=0.22, Fig. 11c).
The compactional porosity loss (COPL) ranges from 16.2 to 41.7 % (avg.:
32.7 %) (Fig. 10a), while the cementational porosity loss (CEPL) only
ranges from 2.3 to 27.9 % (avg.: 10.3 %).

4.5. Grain coatings

The main grain coating phases are tangential (Fig. 9a—d) and radial
illite (Fig. 9e), as well as hematite (Fig. 9f). Hematite mainly occurs as
pigmented dust rims on quartz grains (Fig. 9f), extensively covering the
initial grain outline, or staining the tangential illite rims (Fig. 9c).
Tangential illite may also occur as an unstained mineral phase (Fig. 9d).
Radial illite, oriented perpendicular to the grain surface, grows into the
pore space, occasionally forming a pore-bridging texture (Fig. 9¢). All
three grain coating textures and minerals are included in the assessment
of the GTI coating coverage. For the GTG coating coverage, only
tangential illite is considered, as radial illite is not observed at grain
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Fig. 12. Porosity-permeability cross plot.
contacts.

The GTI coating coverage ranges from 5.8 to 96 % (avg.: 65.1 %) and
shows a negative correlation with the amount of syntaxial quartz cement
contents (Figs. 9¢c, e and 11a, R*=0.84). GTG coating coverages range
from 8.1 to 86.5 % (avg.: 57.5 %) and show a negative correlation to the
IGV (Fig. 11b, R?=0.56). In samples with large GTG coating coverages,
this effect is also represented in form of sutured grain contacts covered
by illite (Fig. 9b).

4.6. Porosity and permeability

Porosity of the studied samples ranges from 2.4 — 16.0 %, with
permeability ranging from 0.0014 to 7.7 mD, with two samples below
the measurement limit (<0.0001 mD) (Fig. 12a). Overall, porosity and
permeability show a general positive correlation, where samples with
higher porosity generally have higher permeabilities. However, with
average permeabilities of 0.28 mD and average porosities of 9.2 %,

reservoir quality is poor.

4.7. Rock typing

Color coding porosity-permeability cross plots for petrographic
properties allows the delineation of controlling factors on reservoir
quality (RQ) (Fig. 13).

When assessing the influencing factors, it becomes apparent that the
sample series can be divided into two separate classes. For simplicity,
only one class is outlined by a dashed line (class I), all other samples
belong to the other class (class II).

The IGV shows a variable influence on RQ, as the lowest porosity and
permeability values are recorded in samples having the lowest IGV
(Fig. 13a), while at moderate porosity (5-12.5 %) samples that show
higher IGV (>20-25 %) have higher permeabilities, than samples with
lower IGV (<25 %). Samples showing the highest porosities and per-
meabilities have moderate IGV values between 10 and 30 %.

The subdivision into two classes becomes obvious when assessing the
COPL and CEPL (Fig. 13b and c). At the same porosities (5-12.5 %),
samples with lower COPL (<30 %, class I) show higher permeabilities
than samples with higher COPL (mostly >30 %) (Fig. 13b). For samples
from class II a general decrease in porosity with an increase in COPL can
be observed (Fig. 13b). This assessment is supported by analysis of Box-
Whisker plots (Fig. 14b), where a general decrease in porosity can be
observed above a COPL of 30 %. Similarly, the permeability generally
decreases above a COPL of 20 % (Fig. 14e). The opposite can be seen for
the CEPL (Fig. 13c). At the same porosities (5-12.5 %) samples, which
experienced a higher CEPL (>15 %, class I) show higher permeabilities
than samples which experienced a lower CEPL (<15 %). For the
remaining samples of class II, the correlation to the CEPL remains
indistinct, while the lowest CEPL values correspond to lowest porosities.
When assessing the Box-Whisker plots a general increase in porosity
(Fig. 14a) and permeability (Fig. 14d) can be associated to an increase in
CEPL.

Color-coding for the GTG coating coverage again shows samples of
class I (GTG <50 %) behaving differently than samples of class II (GTG
>40 %). Lower GTG coating coverages of samples in class I result in
higher permeabilities at porosities between 5-12.5 %. Samples of class I
show a general decrease in porosity with an increase in GTG coating
coverage. This is also observed when assessing the tangential illite
content, which is the grain coating mineral phase at grain contacts,
where highest porosities and permeabilities are observed in samples
containing small tangential illite contents (Fig. 14c and f).

There appears to be no difference in the ductile grain content of
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Fig. 13. Porosity-permeability cross plot color coded for: a) IGV, b) COPL, c¢) CEPL, d) GTG coating coverage, e) ductile grain content, f) detrital grain size, g) GTI
coating coverage, h) quartz cement content, i) total blocky cement content (Sum of quartz, feldspar, dolomite, and anhydrite cements), j) intragranular dissolution
porosity, k) radial illite content, and 1) the result from k-means cluster analysis.

samples from both classes (Fig. 13e) with only some samples containing
>18 % ductile grains having lowest permeabilities (0.001-0.0001 mD).
When assessing the effect of the detrital grain size, it becomes apparent,
that generally samples with larger detrital grain sizes show higher per-
meabilities at the same porosity than samples with smaller detrital grain

size (Fig. 13f).

Samples with a lower GTI coating coverage (generally <60 %, class I)
show higher permeabilities at porosities between 5-12.5 %. Samples of
class II have generally higher GTI coating coverages (>60 %) (Fig. 13g).
As the GTI coating coverage also correlates with the syntaxial quartz
cement contents, samples of class I with low GTI coating coverages show
higher quartz cement contents than samples of class II. Samples with

10
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Fig. 14. Box-Whisker plots comparing the CEPL and porosity (a), or permeability (d), the COPL and porosity (b), or permeability (e), and the tangential illite content

and porosity (c), or permeability (f).

higher quartz cement contents are characterized by higher permeabil-
ities in the porosity range of 5-12.5 %, than samples with lower quartz
cement contents in the same range (Fig. 13h). A similar effect can be
seen when assessing the influence of the total blocky cement content
(quartz-, K-feldspar-, dolomite-, and anhydrite cements, Fig. 13i).
Samples with higher blocky cement contents are characterized by higher
permeabilities in the porosity range of 5-12.5 %, than samples with
lower blocky cement contents in the same range (Fig. 13i).

The sample with the highest intragranular dissolution porosity (2.0
%, in K-feldspars, chert, and undifferentiated RF, Fig. 13j) is the most
permeable sample. Other samples containing 1.0-1.5 % intragranular
dissolution porosity however, are found in samples with lower He-
porosity (~8.3 %) and much lower permeability (between 0.001-0.01
mD). The same two samples are also characterized by the highest radial
illite contents (12-15 %, Fig. 13k) further reducing permeability.

The two defined classes are also obtained when performing a k-
means clustering analysis on porosity, permeability, IGV, COPL, CEPL,
GTI coating coverage, quartz cement content, and blocky cement con-

controls mostly driven by cementational processes (cementation type) as
cementation rather preserves permeability, when assessing the porosity
range between 5-12.5 % (Fig. 13c, h, i) largely related to GTI coating
coverages (Figs. 11a and 13g). Conversely, samples of class Il show that
RQ is mostly controlled by compactional processes, highlighted by the
correlation with the IGV and COPL (Fig. 13a and b). Compaction is
enhanced by elevated GTG coating coverages and in individual samples
by the elevated ductile grain content (Figs. 10b, 11b, 13d, e).

4.7.1. Relation of grain coating properties and permeability to grain sizes
The main controls on RQ are related to the detrital grain size, quartz
cement, and grain coating coverage, the latter composed of tangential
and radial illite grain coatings (Fig. 13). As grain coating coverages (GTI
and GTG) have already been linked to compaction and quartz over-
growth cementation, the main focus of this chapter is on the relation of
grain coating characteristics and permeability to detrital grain sizes of
the studied samples and available published datasets from core material
(Busch et al., 2022a; Busch et al., 2024; Quandt et al., 2022; Busch et al.,

tent data (Fig. 131). Samples of class I can be assigned to show RQ 2022b).
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Fig. 15. a) Relation of grain size and grain-to-IGV (GTI) coating coverage. b) Relation of grain size and grain-to-grain (GTG) coating coverage. c) Relation of grain
size and permeability. vfs: very fine sand, fs: fine sand, ms: medium sand, cs: coarse sand, su: Lower Buntsandstein, sm: Middle Buntsandstein, so: Upper Bunt-
sandstein. (Additional data from Busch et al. (2022a, 2024) and Quandt et al. (2022)).
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Fig. 16. Paragenetic sequence of the authigenic mineral formation in the
studied well section. rad: radial, rp: replaces, tang: tangential. Grey boxes
indicate this process was only observed in individual samples, the question
mark indicates possible alterations.

When assessing the relation of grain coating coverages (GTI and
GTG) and grain size, no consistent correlation for samples from this and
other available cores from the Buntsandstein can be established
(Fig. 15a and b). The coefficients of correlation are very low (R?<0.01
for GTI coating coverages and R*=0.19 for GTG coating coverages).
While, across individual sample series a positive correlation between
grain sizes and enhanced permeability could be established (this study,
Fig. 15¢) no correlation can be established if other available core sample
are included (R®>=0.05, all samples, Fig. 15c).

5. Discussion
5.1. Paragenetic sequence

The paragenetic sequence derived for the studied well section is
comparable to other previously published sequences in the marginal
facies of the Buntsandstein within the Germanic Basin (Busch et al.,
2024; Quandt et al., 2022; Bossennec et al., 2021; Schmidt et al., 2020;
Busch et al., 2022b; Soyk, 2015) however, some location specific al-
terations are observed.

5.1.1. Early diagenesis

As pigmented hematite rims are encased in syntaxial quartz cements,
are present at grain contacts (Fig. 9f), and stain the detrital or syn-
depositional tangential illite rims (Fig. 9¢), they are interpreted to be
the earliest diagenetic alteration. This generally fits the formation time
derived from other red bed deposits from arid or semi-arid depositional
settings (Walker, 1967) as an alteration product from Fe-rich alumosi-
licates. The hematite rims and hematite-stained tangential illite rims are
often observed to be thicker in grain indentations (Fig. 9f), whereas they
are absent at grain protrusions, which has previously been related to
grain remobilization in non-stabilized fluvio-eolian deposits
(Ajdukiewicz et al., 2010). Therefore, they may theoretically be
considered as part of the detrital grains at the time of deposition.
However, some samples show hematite stained tangential illite
completely encasing the grain outlines, therefore grain remobilization
only affected individual samples. For the sake of simplicity, these pro-
cesses are not differentiated for the paragenetic sequence (Fig. 16).

Syntaxial K-feldspar overgrowth cements, encasing pigmented he-
matite rims (Fig. 8e and f), are encased in dolomite nodules and quartz
cement (Fig. 5a), thus an early diagenetic formation is interpreted. A
possible intraformational source for K-feldspar cements is the partial

12

Geothermics 132 (2025) 103453

dissolution of detrital K-feldspar grains, which are also filled by nodular
dolomite cements (Fig. 8d). An early diagenetic K-feldspar cement
generation in the Buntsandstein from the URG and the western graben
shoulder was also observed by Bossennec et al. (2021) and dated using
the “°Ar/3°Ar method. The early diagenetic dissolution of K-feldspar and
subsequent precipitation of syntaxial cements was also observed in
Permian Rotliegendes deposits, also formed in an arid to semi-arid
depositional environment, from the Netherlands (Gaupp and Okker-
man, 2011; Amthor and Okkerman, 1998). The alteration of detrital
feldspar grains also produces kaolinite, which is present in deformed
intragranular pores, where surrounding rigid grains indent the original
feldspar grain outline (Fig. 8c), indicating that the intragranular
porosity formed prior to the onset of mechanical compaction.

As dolomite cemented nodules (dol I) preserve a floating grain
texture, where detrital grains are not in contact with each other
(Fig. 8d), their formation is interpreted to pre-date the onset of me-
chanical compaction. As the dolomite also encases K-feldspar cements
and filling intragranular pores in partially dissolved K-feldspar grains, it
syn- to postdates these processes. Similar interpretations are supported
by results from the Buntsandstein in the Upper Rhine Graben area
(Quandt et al., 2022) as well as Triassic samples from the UK (Lippmann,
2012) and Thuringia in Germany (Aehnelt et al., 2021). Previously their
formation was interpreted as a pedogenic dolocrete (Achnelt et al.,
2021), which would fit into the semi-arid climate during deposition of
the sandstones. Similar dolomite formation in Late Triassic (Carnian--
Norian) sandstones in central-eastern France was linked to
pedogenic/near-surface processes using U-Pb dating (Regnet et al.,
2024).

5.1.2. Burial diagenesis

As syntaxial quartz overgrowth cements are absent on GTI interfaces
covered by radial and tangential illite grain coatings, burial diagenetic
alteration likely initiated with the precipitation of radial illite on detrital
grain surfaces and tangential illite (Fig. 8a and 9e) prior to quartz
cementation. Soyk (Soyk, 2015) found indications of illite/smectite
mixed layer clays as grain coatings in samples from the Buntsandstein
from southern Germany, implying a recrystallization of previous smec-
titic precursor coatings in the studied region and lithology. However,
fluvial samples from recent fluvio-eolian deposits, that did not experi-
ence any burial diagenetic overprint, can also contain illitic grain
coatings (Esch et al., 2008; Busch, 2020), highlighting that a smectitic
grain coating precursor might not be necessary to form tangential and
radial illitic coatings. Where tangential and radial illite grain coatings
are not completely encasing grain surfaces, the coatings are marginally
encased in quartz cement (Fig. 8a). The burial diagenetic formation of
illite is also supported by K/Ar-age dating of illite in the Buntsandstein
from the URG area by Clauer et al. (2008), which give age ranges from
210-155 Ma and 110-95 Ma, which, when correlated with burial and
thermal reconstructions from the URG (Bossennec et al., 2021), corre-
spond to temperature ranges between 56-102 °C and 115-117 °C,
respectively. In samples, which are characterized by intense chemical
compaction along tangential illite coated quartz grain interfaces, radial
illite is mostly absent, indicating that porosity and permeability was
already reduced in these samples at the time of radial illite precipitation.

As syntaxial quartz cements encase the radial illite coatings (Fig. 8a),
quartz cements have to form during or after the precipitation of radial
illite coatings. As the precipitation kinetics of quartz are temperature
dependent (Lander et al., 1997; Walderhaug et al., 2000; Lander and
Bonnell, 2008), a formation during burial diagenesis is likely. Based on
the petrographic observations, the most likely source is either from the
enhanced chemical compaction at tangential illite coated quartz grain
contacts (Fig. 9b) (Heald, 1955), clay mineral alterations, K-feldspar
dissolution (Lanson et al., 2002), or associated to the hydrothermal
event, resulting in the precipitation of illite (Clauer et al., 2008).

As some syntaxial K-feldspar cements on (partially dissolved) grains
show compromise boundaries to syntaxial quartz cement (Fig. 8h)
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another phase of K-feldspar dissolution and precipitation is interpreted
to coincide with the precipitation of quartz cements. As uncompacted
intragranular porosity in K-feldspar grains is rarely filled by kaolinite,
another minor phase of kaolinite authigenesis is interpreted. This is in
general agreement with other studies from the region (Busch et al.,
2022b).

As small anhedral TiOx particles are growing in between replacive
kaolinite and radial illite (Fig. 8c and g) it is interpreted that it is syn- to
postdating the feldspar replacement by kaolinite and radial illite pre-
cipitation. Furthermore, the TiOx particles are partly encased in syn-
taxial quartz overgrowth cements (Fig. 8g), indicating formation prior to
or during quartz cementation. We interpret a relative age during burial
diagenetic quartz cementation, while post-dating radial illite precipita-
tion. This is generally in agreement with Morad and Aldahan (1987),
who observed a similar paragenesis. They also observed TiOx authi-
genesis sourced by biotite (Morad and Aldahan, 1987), which was also
observed in the studied samples (Fig. 8g). As the TiOx were also
observed encased in dolomite at the margins of dolomite nodules
(Fig. 8j), where dolomite also encases radial illite and syntaxial quartz
cements (Fig. 8a, b, d), the TiOx precipitation furthermore has to pre-
date the second phase of dolomite precipitation.

The second phase of dolomite cements (dol II) encases syntaxial
quartz cements and radial illite rims (Fig. 8a and b), and therefore syn-
to postdates the precipitation of these cements. The second phase of
dolomite precipitation either syntaxially precipitates marginally on the
early diagenetic dolomite nodules, or in compacted pores, where it is
observed to replace K-feldspar grains and cements, while encasing
quartz cements (Fig. 8e). As the second dolomite phase at the margin of
dolomite nodules is itself syntaxially overgrown by a light blue-stained
Fe-dolomite rim (Fig. 8b) whose euhedral facets are encased by siderite,
a continuously more Fe-rich carbonate cement precipitation during
burial diagenesis can be reconstructed, which is in agreement with
previously studied carbonate cemented samples from the region sur-
rounding and within the URG (Busch et al., 2022; Soyk, 2015).

As the meshwork and pore-bridging illite (Fig. 8e) is not observed to
be encased in dolomite and only at the margins of quartz cements
(Fig. 81), its formation is interpreted to post-date dolomite II formation
and syn-date burial diagenetic quartz cement precipitation (Fig. 8e). Itis
conceivable that this late stage of illite authigenesis corresponds to the
younger illite authigenesis around 110-95 Ma derived by Clauer et al.
(2008). It is interpreted that the authigenic kaolinite and feldspar were
also replaced by illite during this phase, although a replacement during
the earlier radial illite precipitation phase is also possible. However,
replacive illite (or kaolinite) was not observed to be present in K-feldspar
grains which have been (partially) replaced by dolomite cement.
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As anhydrite cement fills intergranular pores encasing euhedral
quartz overgrowth cements (Fig. 8f) and fills intragranular pores after K-
feldspar dissolution (Fig. 8e), it is interpreted to be a late burial diage-
netic product syn- to postdating quartz precipitation and feldspar
dissolution, while postdating dolomite precipitation. As it was only
observed in one sample, and no paragenetic relation to illite meshworks
or pore-bridging illite was observed, it may have formed prior to illite
meshworks or pore-bridging illite. Ramseyer (1987) presented both
early diagenetic and burial diagenetic anhydrite and barite precipitation
phases in the Buntsandstein. Early diagenetic sulfate precipitation was
assigned to the formation of a caliche, while the burial diagenetic sulfate
precipitation mostly filled intragranular pores while it could not be
related to a specific process (Ramseyer, 1987). Kunkel et al. (2018) also
observed anhydrite cements encasing quartz overgrowth cements but
relate their formation to early diagenetic, possibly hypersaline solutions
in a sabkha/playa environment. In this study, its paragenetic relation
points to a burial diagenetic origin, likely associated to the burial
diagenetic sulfate precipitation (mostly of barite) previously derived by
Dubois et al. (1996)) in veins, showing homogenization temperatures of
fluid inclusions in barite of 114.4-128.8 °C. Further burial diagenetic
barite precipitation in veins and the host rock was also derived by other
researchers in the Buntsandstein in the area surrounding the URG (Busch
et al., 2024; Bocker, 2020; Bossennec et al., 2021; Soyk, 2015; Griffiths
et al., 2016). As vein barite is also associated to sulfide ore mineraliza-
tions (Busch et al., 2022), a genetic relation to the Zn-Pb-Ag MVT de-
posits, e.g., in Wiesloch at the western margin of the URG, dated to the
Miocene (Pfaff et al., 2010) is conceivable.

Due to basin inversion from the Cretaceous to Eocene, the studied
deposits have been uplifted (Schumacher, 2002). However, as previ-
ously described uplift diagenetic (i.e. contact to undersaturated mete-
oric water close to the surface, sensu Worden et al. (2018) alteration
(goethite authigenesis, carbonate nodule dissolution and formation of
Wadflecken (Busch et al., 2022; Hiibl, 1942)) was not observed, it is
likely that the overlying Upper Buntsandstein Rot claystones, Muschel-
kalk limestones and evaporites, as well as Lower Keuper claystones
overlying the Buntsandstein in the studied area (Geyer and Gwinner,
2011) act as sufficient seals against alteration by meteoric waters near
the present-day surface. Therefore, uplift diagenetic alteration is not
being considered.

5.2. Reservoir quality controls

The derived reservoir quality controls in the presented Lower Bunt-
sandstein section generally match well with previously derived controls
from other study areas in and around the URG in SW Germany and NE
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France (Busch et al., 2022; Busch et al., 2024; Quandt et al., 2022;
Schmidt et al., 2020; Busch et al., 2022). While the overall reservoir
quality is low, positive permeability anomalies are still related to larger
grain sizes when comparing samples of the same porosity range
(Fig. 13f), which initially result in larger pore throat sizes, enhancing
fluid flow (see also Quandt et al., 2022). This general assessment is in
line with previous analyses from Buntsandstein samples specifically
(Kunkel et al., 2018) and sand(stone) samples in general (Beard and
Weyl, 1973).

Furthermore, the framework stabilizing effect of blocky cements,
counteracting compaction, and preserving intergranular volume and
thereby porosity and permeability, was also previously derived for other
Buntsandstein (e.g., quartz, dolomite, K-feldspar cements in Busch et al.,
2022) and Late Triassic sandstones (dolomite cements in Regnet et al.,
2024) (Fig. 13c, h, i). However, as especially the quartz cement content
is a function of the thermal exposure (Lander et al., 1997; Walderhaug
et al., 2000; Lander and Bonnell, 2008), the burial history has to be
considered for reservoir quality assessments (Busch et al., 2018).
Opposed to samples from the western graben shoulder (Palatine Forest
and northern Vosges), and shallowly buried samples in the western part
of the Upper Rhine Graben, which show lower maximum quartz cement
contents (Busch et al., 2022), samples from the eastern graben shoulder
show higher maximum quartz cement contents (Soyk, 2015). This cor-
relation can also be extended to the studied Kraichgau-1002 well on the
eastern graben shoulder. More deeply buried samples experiencing
higher thermal exposures in the eastern part of the URG, show even
higher maximum quartz cement contents, which further reduce the
porosity and decrease the reservoir quality (Busch et al., 2024).

While most cited studies in the Buntsandstein highlight a generally
porosity-preserving effect of blocky cements (quartz, carbonates, K-
feldspar, sulfates), it does not necessarily mean that the preserved per-
meabilities are economical. While studies from the western part of the
central URG show permeabilities up to 200 mD in shallowly buried
samples (up to 1500 m present-day depth (Busch et al., 2022)), the re-
ported samples from the eastern graben shoulder, with maximum per-
meabilities of 7.8 mD have to be critically assessed for a geothermal use
case.

As the quartz cement content can be related to the grain coating
coverage by illite, they have to be considered as well. GTI coating cov-
erages in core samples from the Buntsandstein in the URG and the
graben shoulders have consistently been highlighted to negatively
correlate with quartz cement contents (Fig. 17a). The same can be
observed in the studied samples (Fig. 11a). However, the effect of
porosity preservation by quartz cement inhibition is overprinted by the
enhanced chemical compaction at GTG interfaces coated by illite. This
enhancement of chemical compaction by illite is often observed in illite
coated sandstone lithologies (Heald, 1955; Bjgrkum, 1996; Thomson,
1959; Robin, 1978; Molenaar, 1986; Tada and Siever, 1989; Dewers and
Ortoleva, 1991). This leads to a counteracting effect on reservoir quality,
by enhancing compactional porosity loss in samples containing high
GTG coating coverages, while higher GTI coating coverages inhibit
syntaxial quartz cementation and may preserve porosity. Furthermore,
the radial texture of illite at GTI interfaces, and the observed pore
bridging textures have a deteriorating effect on permeability in indi-
vidual samples (Fig. 13k) (Neasham, 1977). Tangential illite at GTG
interfaces reduces porosity and permeability by enhancing chemical
compaction, whereas radial illite at GTI interfaces results in a preser-
vation of porosity, by inhibiting syntaxial quartz overgrowth cementa-
tion, but also reduces permeability by narrowing the hydraulic diameter
at pore throats.

While the effect of enhanced chemical compaction at illite coated
GTG contacts has previously been demonstrated for samples from the
subsurface of the Upper Rhine Graben, experiencing burial prior to and
following Cretaceous inversion, the studied samples show similarly low
minimum IGV values and an overall similar correlation between the
GTG coating coverage and the IGV (Fig. 17b). Considering that the
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studied well is located at the eastern graben shoulder and the lithologies
did not experience another phase of burial since the Eocene formation of
the Upper Rhine Graben, as the two other sample series used for cor-
relation (Busch et al., 2024), this implies that the effect of chemical
compaction has already reduced porosity during the initial Mesozoic
burial phase.

Ductile rock fragment contents show a poor correlation to reservoir
quality and only deteriorate porosity and permeability of individual
samples (Fig. 13e). This poor correlation of ductile grains with the IGV
and reservoir quality is in contrast to other reservoir scenarios (e.g.,
Worden et al., 1997; Greve et al., 2024) however, just implies that GTG
coatings are more strongly affecting compactional porosity loss in the
Buntsandstein of the marginal facies.

As the permeability of only individual samples is positively affected
by intragranular dissolution porosity in K-feldspar, chert, and undiffer-
entiated RF (Fig. 13j) a general positive influence on reservoir properties
of the Buntsandstein can be excluded. This is also supported by general
assessments of intragranular porosity formation, where resulting iso-
lated intragranular pores unlikely contribute to enhanced permeability
(Kumar et al., 2023; Pittman, 1979).

Comparison to other published porosity and permeability data from
core material from the Buntsandstein in and around the Upper Rhine
Graben, highlights that the studied Lower Buntsandstein samples are at
the lower end of the porosity permeability range (Fig. 17¢). The overall
measurement range is overlapping with results of Quandt et al. (2022),
who sampled the Upper Buntsandstein from the same well. The mea-
surement data from (Junghans (2003) from the Lower and Middle
Buntsandstein (the majority is derived from the Middle Buntsandstein),
mostly show comparable porosities, with higher maximum porosities up
to 25 %. However, permeabilities are mostly higher at given porosities.
It has to be noted, that the measurements by Junghans (2003) were
performed at confining pressures of 0.8 MPa, as opposed to measure-
ments of all other compared studies, which were performed at 1.2 MPa
confining pressure. The lower confining stresses may be a reason for the
higher permeabilities. Stratigraphically comparable samples from the
Lower Buntsandstein from well A in Quandt et al. (2022) show markedly
higher permeabilities and porosities (Fig. 17c), which implies that the
stratigraphic position does not systematically correlate to reservoir
properties. Similarly, samples from the Middle Buntsandstein of Jun-
ghans (2003), Quandt et al. (2022), and Busch et al. (2022a) cover the
whole range of porosities and permeability between 0.01 to 1000 mD.

While the samples from the studied well, located on the graben
shoulder, did not experience deep burial since the Eocene (Fig. 2c), as
comparable samples from the graben center, but show moderate to poor
reservoir qualities, when compared to other core samples (Fig. 17c) they
must have experienced the bulk of their burial diagenetic alteration and
reservoir quality deterioration prior to the Cretaceous basin inversion.

5.2.1. Relation of grain coating characteristics and permeability to grain
size

As the Lower Buntsandstein succession in the marginal basin facies in
SW-Germany is characterized by a coarsening upward sequence toward
the Middle Buntsandstein succession (Leiber and Bock, 2014) and pre-
vious studies highlight a generally positive influence of the detrital grain
size on reservoir properties in the Buntsandstein (Busch et al., 2024;
Quandt et al., 2022; Schmidt et al., 2020; Busch et al., 2022b; Bofill
et al., 2025) the relationships of detrital grain size and reservoir quality
controls were further evaluated. Although the present study contains
some coarse sand-sized samples (Fig. 15c), reservoir quality is lower
than in other, finer grained Buntsandstein samples. For available Bunt-
sandstein core samples the correlation between grain size and perme-
ability is poor and overprinted by diagenetic processes, such as
cementation and compaction (Fig. 13). This implies that coarse grain
size (by itself) is not a suitable criterion to accurately target high
reservoir quality sections.

As tangential illite coatings are discussed to be emplaced during clay
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mineral illuviation (e.g., Ajdukiewicz et al., 2010) prior to the onset of
substantial mechanical compaction, a correlation to detrital grain sizes
could be expected and is reported in literature (Aro et al., 2023;
Shammari et al., 2011; Wooldridge et al., 2017). The poor correlations
between grain size and grain coating coverages (GTI (R><0.01) and GTG
(R?*=0.19), Fig. 15a, b) implies that detrital grain size and relevant
properties affecting reservoir quality (e.g., framework stabilizing
cementation at non-grain coated GTI interfaces, enhanced pressure
dissolution at illite coated GTG interfaces) in the marginal facies of the
Buntsandstein are either unrelated or overprinted by post-depositional
processes. While tangential illite grain coatings are contributing to
both, GTI and GTG coating coverages, radial illite coatings only
contribute to GTI coating coverages, and are a diagenetic product
(Clauer et al., 2008). However, the presence of tangential illite is often
attributed to promote the later precipitation of radial illite (Gaupp et al.,
1993). In the studied samples radial illite is also present on grain sur-
faces devoid of a tangential clay mineral coating (Fig. 8i, 9¢), implying
their formation is unaffected by a detrital/early diagenetic precursor
clay mineral grain coating. It is therefore unlikely that radial illite
coatings are correlated to detrital grain sizes and likely additionally
skew the correlation between the grain size and GTI coating coverages.

The non-correlation of grain coating characteristics and detrital
grain sizes may furthermore be related to remobilization and tangential
grain coating abrasion in semi-arid depositional systems (e.g., Ajdu-
kiewicz et al., 2010; Esch et al., 2008; Busch, 2020), temporally and
spatially variable clay mineral infiltration/soil formation (e.g., Ortlam,
1974; Molenaar et al., 2019), or varying clay mineral availability from
the sediment source area (Busch, 2020) resulting in the observed
tangential grain coating clay mineral distributions. The formation,
emplacement, and preservation of grain coating clay minerals in (semi-)
arid continental red beds therefore cannot be related to a single gran-
ulometric property. However, understanding the spatial variability of
grain coating coverages will be key in understanding and predicting
reservoir quality differences in the Buntsandstein, given their influence
on framework stabilizing blocky cement formation and compactional
porosity loss.

Reservoir quality in the Buntsandstein in the area of the URG is a
complex interplay of spatially variable enhanced compaction and
cementation, closely related to illite grain coatings at GTG and GTI in-
terfaces (Figs. 9a, b, 11b, 13b, d). Where grain coating clay minerals at
GTI interfaces are absent, blocky cements can preserve the IGV and
higher permeability than in compacted samples with the same porosity
(Figs. 13c, g, h, I, 18). In individual samples containing radial illitic GTI
coatings, which inhibit syntaxial quartz cement precipitation, thereby
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preserving porosity (Figs. 8i and 9e), permeability is locally reduced
further (Fig. 13k and 18). Anhydrite only reduced inter- and intra-
granular porosity in a single sample (Fig. 18).

6. Conclusion

The overall poor reservoir quality of Triassic Lower Buntsandstein
samples in the studied well section is related to the enhanced compac-
tional porosity loss in samples containing tangential illite as GTG coat-
ings. Samples containing low tangential and radial grain coating
coverages (GTI <50 %) are characterized by pervasive quartz over-
growth cements, reducing porosity, but preserving higher permeability
than chemically compacted samples in the same porosity range.

While the detrital grain size positively correlates with permeability
in the studied samples, the correlation across available core samples
from SW-Germany is poor. Furthermore, grain coating characteristics
(GTI and GTG coating coverage, which affect reservoir properties) and
detrital grain size do only show a poor correlation across available core
samples from the Buntsandstein from the URG and adjacent areas.
Therefore, just targeting coarse grained sections of the Buntsandstein,
will unlikely automatically result in good reservoir quality. This high-
lights the necessity to integrate reservoir quality controls, rather than
using individual proxies based on individual well sections.
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