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Abstract
The environmental consequences of mine flooding in the Saar hard coal district, post-mining re-use concepts in the course 
of the energy transition, and the potential of coalbed methane production require an understanding of subsurface rock prop-
erties on the microscale. In this study, mineralogy, microtexture, microstructure, porosity, permeability, and geochemistry 
of an Upper Carboniferous (Stephanian A–B) drill core recovered in the Saar–Nahe basin are quantified. Based on these 
data, the diagenetic history and reservoir quality are analyzed regarding mine flooding and coalbed methane potential. The 
feldspar-poor and igneous rock fragment-free siliciclastic rock succession shows multiple fining upward sequences deposited 
in a fluvial environment during the pre-volcanic syn-rift phase of the Variscan intramontane Saar–Nahe basin. Intercalated 
small-scale coarsening upward sequences are related to the floodplain where near-surface soft-sediment deformation and 
paleosol formation took place. Porosity (< 7%) of the tight siliciclastic rocks is mainly controlled by an interplay of authigenic 
microporous kaolinite, dissolution porosity, and quartz cement, whereas permeability (< 0.05 mD) shows no systematic 
variation with petrography. During burial, quartz cements preserved porosity by stabilizing the granular framework against 
mechanical compaction, while phyllosilicates were ductilely deformed reducing reservoir quality. Relative phyllosilicates 
and quartz contents and mean grain size are reliably inferred from SiO2/Al2O3 ratios (1.8–28.8), Ba (0.0108–0.0653 wt%), 
Rb (0.0024–0.0181 wt%), and Sr (0.0013–0.0086 wt%) concentrations measured with a portable x-ray fluorescence analyzer. 
Regarding coalbed methane production and mine flooding, sealing of cleats and heterogeneous subsurface rock properties 
due to dynamically changing depositional settings during the Late Carboniferous need to be considered.
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Introduction

The beneficial Late Carboniferous paleogeographic location 
of central Europe close to the equator with a humid tropical 
climate, the deposition of organic matter, and advantageous 

burial paths resulted in the formation of numerous extracta-
ble hard coal seams in several central European foreland and 
intramontane basins (Opluštil and Cleal 2007; Cleal et al. 
2009). One of these intramontane basins is the Saar–Nahe 
basin in SW Germany (Fig. 1a–b) where hard coal mining 
was abandoned in 2012 ahead of schedule after a series of 
mining-induced seismic events with a maximum magnitude 
of 4.0 in 2008 (Alber and Fritschen 2011).

With the abandonment of the Saar hard coal district, 
costly mine water pumping became technically redundant 
and a controlled two-phase mine flooding process was initi-
ated (Stemke and Wieber 2022). Mine flooding increases the 
pore fluid pressure of subsurface rocks affecting the local 
stress regime and thus may induce ground movements and 
micro-seismicity (e.g., Bischoff et al. 2010; Samsonov et al. 
2013; Konicek et al. 2022; Rische et al. 2023; Declercq et al. 
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2023; Quandt et al. 2023 and references therein). In regard 
of the energy transition and climate change, abandoned min-
ing areas worldwide also open new possibilities for re-use 
comprising geothermal energy applications, carbon dioxide 
underground storage, unconventional gas production, and 
biomass production (e.g., Bungart and Hüttl 2001; Durucan 
et al. 2004; Piessens and Dusar 2004; Busch et al. 2009; 
Wirth et al. 2012; Izart et al. 2016; Menéndez et al. 2019; 
Privalov et al. 2020; Everingham et al. 2022).

All these industrial applications have in common that 
they require an understanding of the reservoir quality, 
which is addressed in this study. In general, reservoir qual-
ity is a function of porosity and permeability and depends 
on depositional and diagenetic processes (e.g., Stonecipher 
et al. 1984; Burley et al. 1985; Worden et al. 2018). Among 
others, depositional and diagenetic processes comprising 
erosion, transport, deposition, burial, alteration, cementa-
tion, mechanical compaction, and uplift under specific phys-
icochemical conditions (e.g., pressure, temperature, fluid 
composition, time) control grain size, grain sorting, detrital 
and authigenic mineralogy, rock texture, and structure (e.g., 
Bloch 1991; Ajdukiewicz and Lander 2010; Morad et al. 
2010, 2012; Taylor et al. 2010; Bjørlykke and Jahren 2012; 
Worden et al. 2018). Thus, the quantitative analysis of these 
petrographic properties coupled with laboratory measured 
porosity and permeability values enables the determination 
of the crucial factors on reservoir quality (e.g., Becker et al. 
2017, 2019; Wüstefeld et al. 2017a; Busch et al. 2019, 2020, 
2022a; b; Quandt et al. 2022a, b).

Previously published geoscientific studies on the 
Saar–Nahe basin focused on its tectonic evolution using 
DEKORP seismic reflection profiles (e.g., Korsch and 
Schäfer 1991; Henk 1993a, b), the basin fill history based on 
analyses of sedimentary and igneous rock successions (e.g., 
Schäfer 1989; Stollhofen and Stanistreet 1994; Stollhofen 
1998), and the burial history inferred from vitrinite reflec-
tance and apatite fission track data (Littke et al. 2000; Izart 
et al. 2016). These studies were complemented by industrial 
hard coal mining activities including reconnaissance drill-
ing campaigns and hard coal seam mappings (Schäfer 1989; 
Juch et al. 1994). Taken together, these comprehensive data 
make the Saar–Nahe basin into a well-studied area in terms 

of its geological evolution (Schäfer 1989). However, pub-
lished studies on its diagenetic history and reservoir quality 
of such tight gas analogs are scarce and limited to a very few 
publications (Durucan et al. 2004; Aretz et al. 2016).

Here, we present a study on petrographical, petrophysi-
cal, and geochemical properties of a section of an Upper 
Carboniferous drill core from the Saar hard coal district. 
Depositional and diagenetic processes of the siliciclastic 
rocks are quantified by optical microscopy and point count-
ing, and correlated with laboratory measured porosity and 
permeability values as well as portable X-ray fluorescence 
(pXRF) whole-rock geochemical compositions. Based on 
these data, the diagenetic history is interpreted, the reservoir 
quality is evaluated, and the reservoir quality-controlling 
factors are assessed. Furthermore, microstructural analyses 
of (partially) mineralized cleats in coal are used to assess 
their influence on porosity and permeability. In addition, 
pXRF-derived geochemical compositions are correlated 
with petrographic features to evaluate the reliability of this 
technique and to test if textural and mineralogical properties 
can be inferred from pXRF geochemistry. This may ena-
ble the prediction of reservoir quality (e.g., Scherer 1987) 
of cutting material in case drill core material is not avail-
able. Our findings are placed within the regional geological 
framework and discussed in the context of mine flooding 
and coalbed methane potential. Since published literature on 
diagenesis and reservoir data on the Saar hard coal district 
is scarce (Durucan et al. 2004; Aretz et al. 2016), this study 
fills a data gap.

Geological setting

The drill core studied here was recovered in the Saar–Nahe 
basin (Fig.  1b), which extends over 100 km from Bad 
Kreuznach, situated SW of Frankfurt on the Main, to Saar-
brücken, Germany. It constitutes an asymmetric half-graben 
with Variscan anticlines and synclines whose folding axes 
are oriented parallel to the strike of the basin (e.g., Stoll-
hofen and Stanistreet 1994; Korsch and Schäfer 1995; Stoll-
hofen 1998). The formation of the Variscan intramontane 
Saar–Nahe molasse basin was controlled by the South Hun-
srück Fault that defines the northern boundary of the basin 
(Fig. 1a) (Korsch and Schäfer 1995). Basin formation was 
related to dextral strike-slip faulting creating a transtensional 
basin and, contrastingly, Variscan thrust fault reactivation 
forming a listric normal fault (e.g., Meissner et al. 1980, 
1984; Anderle 1987; Korsch and Schäfer 1991; Henk 1993a, 
b; Schäfer 2011).

Drill cores recovered by the hydrocarbon industry 
(Fig. 1b) provide insights into the entire approximately 8 
km thick Early Permian to Late Carboniferous molasse basin 
fill and its underlying basement (Schäfer 1989, 2011). The 

Fig. 1   a Simplified paleogeographic map showing the Variscan tec-
tonic units and coal basins in central Europe (modified after Brix 
et al. 1988 and Quandt et al. 2022a). b Simplified geological map of 
the Saar–Nahe basin (modified after Meschede 2018). c Lithostratig-
raphy of the Saar–Nahe basin (modified after Deutsche Stratigra-
phische Kommission 2016). d Simplified lithological column (not to 
scale) of the Stephanian A–B drill core logged in this study. e Photo-
graphs of parts of the drill core highlighting cross bedding in occa-
sionally reddish sandstones and features indicative of soft-sediment 
deformation (e.g., load casts, flame structures, silt and sand lenses, 
deformed lamination)

◂
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basement and the different sedimentary successions filling 
the basin were subdivided into pre-rift, proto-rift, pre-vol-
canic and volcanic syn-rift, and post-rift phases (Fig. 1c; 
Henk 1993a; Stollhofen and Stanistreet 1994). The onset 
of basin formation was attributed to the latest Namurian 
(Spiesen Fm.; Korsch and Schäfer 1995). The Namurian 
basin fill consists of coarse conglomerates and an upward 
fining sandstone succession probably associated with an 
alluvial fan or fluvial depositional system (Schäfer and 
Korsch 1998). These sedimentary rocks correspond to the 
proto-rift phase that continues into the Westphalian A-D 
(Saarbrücken Gr.; Schäfer and Korsch 1998; Stollhofen 
1998).

The Westphalian basin fill is characterized by argilla-
ceous sandstones that were deposited in fluvial (Westphal-
ian A–C) and deltaic (Westphalian C–D) environments in 
a tropical climate (Schäfer et al. 1990; Schäfer and Korsch 
1998; Schäfer 2011). Coals seams lack in Westphalian A 
strata, but become abundant in Westphalian B–D strata. Sed-
iments were sourced from the Rhenohercynian (i.e., Rhenish 
Massif) where quartzitic sandstones and slates were eroded 
and subsequently transported by braided and meandering 
rivers as indicated by well-rounded clasts (Schäfer 2011). 
Westphalian strata document the proto-rift phase of the 
Saar–Nahe basin (Stollhofen 1998; Schäfer 2011).

From the Westphalian to the Stephanian (Ottweiler Gr.) 
and Early Rotliegend (Glan Gr.), the Saar–Nahe basin 
underwent progressive geological and climatic changes. 
The sedimentary source area changed from the northern 
Rhenohercynian (i.e., Rhenish Massif) to the southern 
Moldanubian (i.e., Black Forest, Vosges, Massif Central). 
Coincidentally, deltaic depositional environments associated 
with lakes gained in importance relative to meandering and 
braided fluvial settings, which dominated in the previous 
Westphalian A–C (Schäfer 2011). The Stephanian cor-
responds to the pre-volcanic syn-rift phase and is mainly 
characterized by upward coarsening successions (Stollhofen 
1998), which consist of reworked Westphalian siliciclastics, 
shales, rounded to well-rounded arkosic sandstones and 
arkoses with high contents of detrital feldspar, as well as 
minor conglomerates, limestones, and coal seams (Schäfer 
1986; Stollhofen 1998; Schäfer 2011 and references therein). 
Thus, the Stephanian lithostratigraphy shows a high varia-
tion in rock color and grain size with conglomerates becom-
ing more abundant in the Stephanian–Rotliegend boundary 
(Schäfer 1989).

The subsequent Early Rotliegend marks the onset of the 
volcanic syn-rift phase (Stollhofen 1998). Igneous rocks 
are intercalated with limestones and siliciclastic rocks. Fur-
thermore, the tropical climate of the Westphalian transitions 
into a sub-tropical climate during the Stephanian and Early 
Rotliegend (Schäfer and Sneh 1983; Roscher and Schnei-
der 2006; Schäfer 2011). Consequently, coal seams become 

progressively sparser from the Stephanian to Early Rotlieg-
end (Schäfer 2011). The termination of major tectonic exten-
sion and igneous activity in the Late Rotliegend marks the 
onset of the post-rift phase (Stollhofen 1998). In the Late 
Rotliegend (Nahe Gr.), a hot arid climate prevails and results 
in the deposition of fining upward red beds. Deposition took 
place in alternating environments comprising alluvial, flu-
vial, lacustrine (playa lakes), and eolian settings without coal 
(Schäfer 2011).

Burial depth culminated in Late Carboniferous to Early 
Permian (Hertle and Littke 2000; Littke et al. 2000). Deposi-
tion probably persisted until the Cretaceous (Henk 1993b), 
but was interrupted by a temporary uplift phase in the Late 
Permian accompanied by an erosional event that removed up 
to 2 km of the sedimentary succession (Henk 1993a; Littke 
et al. 2000; Izart et al. 2016). In the Jurassic to Early Creta-
ceous, the base of the Stephanian A reached its maximum 
burial temperature of 120–150 °C during a reheating phase, 
possibly caused by the opening of the Atlantic Ocean (Littke 
et al. 2000; Izart et al. 2016). Subsequent uplift beginning 
in Early Cretaceous times exposed the Saar–Nahe basin fill 
again to erosion. This was followed by a hiatus that lasted 
until the Oligocene (Henk 1993b; Littke et al. 2000).

Methods

Material, core logging, and sampling

In this study, a cored interval of 29 m from the drill core 
Primsweiler-1 (1753.15–1782.15 m NN, WGS84 N 
49.397089 E 6.848970, depth: 204.62 m NN) is investigated. 
According to the unpublished well report by the Saar hard 
coal mine (Bergwerk Saar) from 1991, the drill core covers 
the top of the Stephanian A (upper Dilsburg Fm.) and the 
base of the Stephanian B (lower Heusweiler Fm.; Fig. 1c–d). 
The Stephanian A–B boundary is marked by the coal seam 
Schwalbach (Bhardwaj 1955; Uhl and Jasper 2021). This 
coal seam is also documented in the unpublished well report 
by the Saar hard coal mine. Core logging involved the mac-
roscopic determination of grain size and grading, structures 
such as fractures and bedding type, secondary mineraliza-
tion, and fossil and trace fossil contents at the Geological 
Survey North Rhine–Westphalia core store in Krefeld, Ger-
many. These observations were considered for the construc-
tion of the lithological column using the software EasyCore 
(The EasyCopy Company).

Representative sections of the drill core were sampled par-
allel to bedding using a drill press. The cylindrical one-inch 
diameter plugs were then cut to length to ensure cylindricality. 
Remaining trim ends were used for preparation of ca. 30 µm 
thick thin sections. Thin sections were impregnated with blue-
dyed epoxy resin and stained by a combination of Alizarin 
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red S and potassium ferricyanate in dilute HCl. This enables 
the identification of blue pore space and the differentiation 
between carbonate minerals.

Petrography

Mean grain sizes of each sample were measured using image 
analysis of thin section microphotographs. For this purpose, a 
grid adjusted to the maximum grain size per sample observed 
during thin section microscopy was applied. Subsequently, the 
long axes of 100 grains per sample were measured. Based on 
the grain sizes determined, sorting and skewness were calcu-
lated according to Folk and Ward (1957).

Modal mineralogical and textural analyses were conducted 
using a semi-automatic point counting stage attached to a 
transmitted light microscope. Step length was adjusted to the 
maximum grain size observed in each sample. Per sample 
300 points were counted yielding statistically reliable results 
(Ingersoll et al. 1984). Each point count was attributed to a cat-
egory shown in Table A (Online Resources). These categories 
comprise detrital and authigenic minerals as well as textural 
components such as porosity subdivided into intergranular, 
dissolution, and fracture porosity. Fractures are distinguished 
from cleats. Cleats studied here refer to opening-mode frac-
tures (Laubach et al. 1998) in coal fragments and millimeter-
thick coal seams.

Total point counts were normalized to 300 to obtain per-
centages. In addition, points counted as detrital quartz, feld-
spar, and rock fragment were normalized to their total sum 
to plot the normalized values in the ternary QFR (quartz, 
feldspar, rock fragment) diagram after Folk (1980). These 
values are referred to as normative quartz, feldspar, and rock 
fragments.

Based on point counting results, the intergranular volume 
(IGV), compactional porosity loss (COPL), cementational 
porosity loss (CEPL), and compaction index (ICOMPACT) 
were calculated. The IGV represents the sum of intergranular 
pore space Pintergranular, intergranular cements Cintergranular, and 
depositional matrix Mdepositional (Eq. 1) Paxton et al. 2002). 
COPL and CEPL are a function of initial porosity Pi, total opti-
cal porosity Po, total pore-filling cement C, and minus cement 
porosity Pmc. The latter represents the sum of Po and C (Eqs. 2 
and 3, Lundegard 1992). An initial porosity of 45% typical 
for fluvial sediments were consistently used for calculations 
(Lundegard 1992). ICOMPACT represents the ratio of COPL 
to the sum of COPL and CEPL (Eq. 4, Lundegard 1992).

(1)IGV = Pintergranular + Cintergranular +Mdepositional

(2)COPL = P
i
−

(

(100 − P
i
) × Pmc

)

(

100 − Pmc

) with Pmc = P
o
+ C

Petrophysics

Prior to any petrophysical measurement, rock plugs were 
dried in a vacuum oven for 2 days at 40 °C. Klinkenberg-cor-
rected permeability of cylindrical rock plugs was measured 
using an air permeameter (Westphal Mechanik) at steady 
state with a confining pressure of 1.2 MPa at the Institute 
of Structural Geology and Tectonics, Institute of Applied 
Geosciences, Karlsruhe Institute of Technology. Dry and 
oil-free lab air (80% N2, 20% O2) served as the permeant 
(Klinkenberg 1941, Rieckmann 1970).

Density of rock plugs with known dimensions (length and 
diameter) was measured using a semi-automated micromer-
itics Accupyc II 1340 helium pycnometer at the Institute 
of Structural Geology and Tectonics, Institute of Applied 
Geosciences, Karlsruhe Institute of Technology, Germany. 
Based on rock plug volume obtained by this measurement 
and rock plug dimensions measured with a caliper, sample 
porosity was calculated.

Whole‑rock pXRF geochemistry

Elemental concentrations from Mg to U were determined 
using a Bruker S1Titan800 pXRF analyzer at the Institute 
of Structural Geology and Tectonics, Institute of Applied 
Geosciences, Karlsruhe Institute of Technology, Germany. 
The analyzer was operated with an electric power of 4 W, a 
maximum electric current of 200 µA, and a maximum volt-
age of 50 kV. It is equipped with a Rh-target X-ray tube, a 
Graphene window silicon drift detector, and an Ultralene 
window. Elemental concentrations were determined in the 
GeoExploration software mode. Sample measurements 
were performed on the same plugs that were also used for 
petrophysical methods and thin section production. The 
plugs have smooth circular surfaces larger than the instru-
ment window and are thus well-suitable for pXRF analyses 
regarding data reliability and radiation protection. Before 
and after measuring the sample series, the in-house stand-
ard CS-M2 provided by Bruker was measured ten times 
to ensure precision and accuracy of the instrument. Each 
sample and standard measurement lasted three times 20 s. 
Mean values for Al2O3, K2O, Ca, Mn, Fe, Cu, and Pb are 
within the respective minimum and maximum acceptance 
limits reported by Bruker. Lack of major oxide or element 
data for single or multiple samples resulted in the omission 
of all analyses of this specific element. Consequently, only 

(3)CEPL =
(

P
i
− COPL

)

×
C

Pmc

(4)ICOMPACT =
COPL

COPL + CEPL
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concentrations of MgO, Al2O3, SiO2, K2O, Ca, Fe, Ti, Mn, 
Cr, Ni, Ni, Cu, Zn, Rb, Sr, Y, Zr, Ba were considered in this 
study.

Results

Lithology

The logged core section is characterized by a 29 m thick 
sequence of alternating siliciclastic rocks with mean grain 
sizes varying from silt to very coarse sand (Fig. 1d–e and 
Fig. A, Online Resources). Three approximately 10 m thick 
fining upward sequences are distinguished. Their bases are 
composed of fine to very coarse sandstones overlain by finer 
sandstones and siltstones with 0.1–1.7 m thick coal seams 
on top. Locally, the large-scale fining upward sequences are 
interrupted by cm-thick coarser sandstones defining small-
scale coarsening upward sequences. The contacts between 
the sequences are sharp.

The lowermost sandstones of the section are massive 
and structureless and show greenish gray to gray colors. 
Toward the top, faintly wavy or horizontally planar lami-
nated, low-angle planar laminated (5–10° dip), and planar 
cross-bedded (up to 30° dip) sandstones become increas-
ingly prominent. Similarly, intercalated reddish sandstones 
become more abundant toward the top (Fig. 1e). The bottom 
of a section of cross-bedded sandstones is marked by an 
erosional contact (− 1762.67 m). Siltstones are massive or 
wavy to horizontally planar laminated. These laminations 
may be disturbed resulting in convolute lamination that is 
also observed among some sandstones. Convolute lamina-
tion is spatially accompanied by load casts and flame struc-
tures with related silt and sand lenses within a finer grained 
matrix forming pseudo-nodules. Convolute lamination 
extends over a few centimeters in thickness and transitions 
downwards and upwards into undisturbed laminated or struc-
tureless siliciclastic rocks. In addition, convolute bedding 
is crosscut by an approximately 50 cm long, undeformed 
root fragment (Fig. 1e). Locally, siltstones exhibit a patchy, 
irregular reddening.

Fractures are commonly mineralized forming veins and 
are bedding parallel or steeper than 45°. Non-mineralized 
fractures are horizontally to sub-horizontally oriented. 
Slickenlines and microfractures have been observed but are 
scarce.

Petrography

Mean grain sizes range from 0.006 to 0.251 mm correspond-
ing to silt, very fine sand, fine sand, and medium sand frac-
tions. Sorting coefficients vary between 0.6 and 1.5 compris-
ing moderately well, moderately, and poorly sorted samples. 

Skewness values range between − 0.2 and 0.4 corresponding 
to coarse, nearly symmetrical, fine skewed, and strongly fine 
skewed samples. Fine and very fine silt samples are charac-
terized by low sorting coefficients < 0.7 and negative skew-
ness. Coarse silt and coarser samples show the whole range 
of sorting coefficients and consistently positive skewness 
(Fig. 2). Grain contacts range from long to concavo-convex 
to sutured contacts.

Most samples (n = 23) are composed of > 80% detrital 
quartz and rock fragments, while K-feldspar and plagioclase 
are almost absent (one point count each) (Fig. 3a–h). Con-
sequently, the samples are classified as litharenites and sub-
litharenites with coarser samples being richer in quartz (up 
to 77.3% normative quartz) and finer samples being richer 
in rock fragments (up to 97.3% normative rock fragments) 
(Fig. 4a).

Rock fragments are dominantly metamorphic compris-
ing phyllites (0–13.0%) and quartzite (0–1.3%) and subor-
dinately siliciclastic like shale (0–8.7%), siltstone (0–2.7% 
in average per sample), sandstone (0–2.0% in average per 
sample), and chert (0–0.7% in average per sample) (Fig. 4b). 
Igneous rock fragments are absent. Muscovite (0–1.3% per 
sample), chlorite (0–0.7% per sample), titanite (0–0.7% per 
sample), and zircon (0–0.3% per sample) are accessory detri-
tal minerals.

The remaining < 20% components encompass paleosol 
(0.0–15.0% omitting one sample with 55.3%), authigenic 
cement phases (0–6.3% per sample), porosity (0–5.0% per 
sample), coal fragments (0.0–4.7% per sample), and detri-
tal accessories (0–2.0% per sample) in order of decreasing 
abundance. Coal fragments are oriented parallel to bedding 
and are commonly associated with (partially) mineralized 
and non-mineralized fractures (i.e., cleats). Cleats are ori-
ented parallel (horizontal, non-mineralized) and normal 
(vertical) to the bedding-parallel coal fragments. Vertical 
cleats may be filled with quartz (Fig. 3h) or Fe-rich carbon-
ate cements.

Paleosols are composed of siderite or calcite. Siderite 
paleosol occurs as spherulitic nodules with radial extinction 
(Fig. 3e) or as granular, partly microcrystalline, aggregates 
with high relief finely dispersed within the paleosol pseu-
domatrix. Spherulitic siderite is rare and restricted to silt-
size samples and spatially associated with coal fragments, 
whereas the more common granular and microcrystalline 
aggregates occur in rocks of all grain sizes. Calcite paleo-
sol is less common than siderite paleosol and composed 
of microcrystalline aggregates surrounded by isopachus 
fibrous to elongate blocky calcite and radial fibrous nodules 
(Fig. 3f).

Among the authigenic cements (Fig. 3b–c), syntaxial 
quartz is the most abundant cement phase (0–5.0% per 
sample) followed by calcite including Fe-calcite (0–4.0% 
per sample). Quartz cements show optical continuity with 



International Journal of Earth Sciences	

their detrital grains. Detrital quartz grains are typically 
rich in fluid inclusions, whereas their overgrowth are 
fluid inclusion-poor enabling distinction between them. 
Syntaxial quartz cements often show euhedral crystal 
facets adjacent to kaolinite booklets (Fig. 3d). Where 
syntaxial quartz cement is in contact with calcite or Fe-
calcite, quartz overgrowths usually show better developed 
crystal facets than calcite cements. Calcites may have an 
Fe-rich core and thin Fe-poor rim. Between the different 
cements, interlocking contacts are observed.

Authigenic kaolinite (0–3.3% per sample) occurs as 
a replacement with the original grain shapes preserved. 
Kaolinite developed characteristic booklet textures with 
microscopic intragranular porosity. Kaolinite may be 
partially replaced by chlorite (0–0.3%) with a carbonate 
phase and quartz in close spatial association (Fig. 3d). 
Chlorite also replaces rock fragments and feldspar 
(0–0.3%) and is typically characterized by a green color 
and anomalous dark blue interference colors.

Total optical porosity mainly represents intragranular 
dissolution porosity (0–5.0% per sample) related to the 
dissolution of rock fragments (0–5.0% per sample) and 
non-mineralized fractures (0–0.3% per sample). These 
fractures are typically oriented along coal fragments. 
Intergranular porosity is almost absent (0–0.3% per sam-
ple, two point counts in total).

Compaction

Shale, slate, phyllite, and schist rock fragments, paleosol, 
coal fragments, detrital muscovite, and chlorite show a 
ductile deformation behavior along rigid detrital compo-
nents such as quartz and their syntaxial overgrowths. Taken 
together, the sum of all ductile components per sample 
ranges from 15.7 to 99.0%. IGV values range from 0.0 to 
6.3% resulting in a mean IGV of 2.3%. Samples consist-
ently have COPL values > 39% up to 45%. CEPL values are 
consistently < 4% (Fig. 5).

Petrophysics

Sample densities are between 2.6 and 3.3 g/cm3 with most 
values (n = 22) ≤ 2.8 g/cm3 resulting in a mean density of 
2.7 g/cm3. Porosity varies between 0.6 and 7.0% (Fig. 6). 
The mean porosity of the sample set is 3.4% (Fig. 6). Perme-
ability ranges from values below detection limit (i.e., 0.0001 
mD, n = 2) to 0.0481 mD. Mean permeability of the sample 
set is 0.0102 mD.

Geochemistry

The major element oxides SiO2 and Al2O3 are the main geo-
chemical components making up > 75% of the geochemical 

Fig. 2   Sorting coefficients plot-
ted against mean grain size with 
skewness indicated by a color 
code. Thresholds are taken from 
Folk (1980)
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Fig. 3   Thin section microphotographs. a Ductilely deformed phyllitic 
rock fragment between rigid quartz grains with syntaxial overgrowths 
(PW04, parallel polarized light, ppl). b Interlocking grain contacts 
between authigenic quartz, calcite, and kaolinite (PW08, cross polar-
ized light, xpl). c Syntaxial quartz cements in contact with each other 
preserving (dark blue) primary porosity (PW08, ppl). d Chloritized 
kaolinite and secondary porosity due to dissolution of rock fragments 
(PW08, ppl). Original microporosity of kaolinite booklets is pre-
served after chloritization. e Euhedrally developed sideritic spheru-
lites spatially associated with thin coal seams in a siltstone sample 

(PW12, xpl). In contrast to coal fragments, siderite spherulites do 
not show evidence of plastic deformation. f Calcite paleosol consist-
ing of microcrystalline aggregates surrounded by isopachus fibrous 
to elongate blocky calcite and radial fibrous nodules (PW20, xpl). g 
Deformed horizontal lamination and flame structures give evidence 
of soft-sediment deformation in a siltstone sample (PW21, ppl). h 
Vertical cleat in coal fragment partially filled with syntaxial quartz 
cement (PW11, ppl). Horizontal cleats are commonly non-mineral-
ized
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composition of most samples (n = 23). The proportions of 
SiO2 (16.1–97.0 wt%) and Al2O3 (3.4–24.8 wt%) per sample 
vary significantly resulting in SiO2/Al2O3 ratios between 1.8 
and 28.8 (Table A, Online Resources). Further major geo-
chemical components are Fe (0.7–37.0 wt% per sample), 
K2O (0.6–4.1 wt%), MgO (0.4–3.6 wt%), Ca (0.1–3.5 wt%), 
Ti (0.1–1.5 wt%), and Mn (0.0–1.5 wt%). Ba (0.0108–0.0653 
wt%), Rb (0.0024–0.0181 wt%), Sr (0.0013–0.0086 wt%), 

Cr (0.0044–0.0202 wt%), Ni (0.0013–0.0365 wt%), 
Cu (0.0006–0.0051 wt%), Zn (0.0015–0.0228 wt%), Y 
(0.0006–0.0039 wt%), and Zr (0.0008–0.0711 wt%) occur 
as trace elements (Table A, Online Resources).

Correlations between petrophysics and petrography

The cross plot of porosity against permeability reveals two 
features: a point cloud with a weak positive correlation 
(R2 = 0.05) for samples with porosity < 3% and a positive 

Fig. 4   a Ternary classification of sandstones and siltstones based on normalized quartz, feldspar, and rock fragment contents according to Folk 
(1980). Colors indicate mean grain size. b Ternary diagram showing type of rock fragments

Fig. 5   Compaction porosity loss (COPL) plotted against cementation 
porosity loss (CEPL). Color code indicates mean grain size

Fig. 6   Porosity–Permeability cross plot. Samples with permeability 
values at 0.0001 mD are below detection limit
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trend (R2 = 0.4) for samples with porosity > 3% (Fig. 6). 
Correlations are observed between petrographic features 
and porosity values. In contrast, permeability values do not 
show any systematic correlation with petrographic features. 
In order of decreasing significance, correlations with poros-
ity are observed for (1) kaolinite content (Fig. 7a), (2) quartz 
cement content (Fig. 7b), (3) secondary porosity (Fig. 7c), 
(4) IGV (Fig. 7d), (5) COPL (Fig. 7e), (6) CEPL (Fig. 7f), 
(7) ductile component content (Fig. 7g), (8) mean grain size 
(Fig. 7h), and (9) coal fragment content (Fig. 7i). Among 

these factors, kaolinite, quartz cements, secondary porosity, 
IGV, CEPL, and grain size are positively correlated with 
porosity, whereas COPL, ductile components, and coal frag-
ments show negative correlations.

Correlations between geochemistry 
and petrography

SiO2 concentrations show good (R2 ≥ 0.6) to very good 
(R2 ≥ 0.8) negative correlations with Al2O3 (R2 = 0.81), 

Fig. 7   Porosity and permeability values plotted against a authigenic kaolinite, b quartz cement, c secondary porosity, d IGV, e COPL, f CEPL, g 
ductile components, h mean grain size, and i coal fragments
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K2O (R2 = 0.81), MgO (R2 = 0.83), Ba (R2 = 0.81), Rb 
(R2 = 0.80), and Sr (R2 = 0.68) when sample PW20 with 
a relative high Fe content (37 wt%) is excluded (Fig. 8). 
Similarly, Fe (R2 = 0.75) and Ti (R2 = 0.66) reveal good-
negative correlations when samples with high Fe concen-
trations ≥ 19% (PW16, PW20) and samples with high (1.5 
wt%) and low Ti (0.11 wt%) concentrations (PW09, PW20) 
are excluded, respectively (Fig. 8). Further very good posi-
tive correlations exist for K2O with Ba (R2 = 0.97) and Rb 
(R2 = 0.99) (Fig. 9). Moreover, good (R2 ≥ 0.6) to very good 
correlations (R2 ≥ 0.8) are observed between point counting 
results and major element oxide and trace element concen-
trations (Figs. 10, 11). Both, SiO2 and Al2O3, show good 
to very good opposing correlations with total quartz con-
tent (R2 = 0.85, 0.96), detrital quartz content (R2 = 0.84, 
0.96), total content of ductile components (R2 = 0.86, 0.95), 
total clay mineral content comprising kaolinite, shale, and 
slate rock fragments (R2 = 0.80, 0.92), and mean grain 
size (R2 = 0.63, 0.71) when sample PW20 is rejected due 
to anomalous high Fe concentration and paleosol content 
(Fig. 10). Consequently, SiO2/Al2O3 ratios are positively 
correlated with total quartz content (R2 = 0.76), total detrital 
quartz content (R2 = 0.76), total content of ductile compo-
nents (R2 = 0.80), total clay mineral content (R2 = 0.68) com-
prising kaolinite, shale and slate rock fragments, and mean 
grain size (R2 = 0.79) (Fig. 10). Correlation coefficients can 
be slightly increased up to R2 = 0.83 by selectively adding 
K2O, Ca, and/or MgO on Al2O3. Similarly, Ba, Rb, and 
Sr show good to very good correlations with total quartz 
content (R2 = 0.76, 0.75, 0.83), total detrital quartz content 
(R2 = 0.76, 0.75, 0.82), total content of ductile components 
(R2 = 0.77, 0.75, 0.83), total clay mineral content comprising 
kaolinite, shale, and slate rock fragments (R2 = 0.91, 0.91, 
0.74), and mean grain size (R2 = 0.64, 0.61, 0.59) (Fig. 11).

Discussion

Depositional environment

Different tectono-sedimentary phases are proposed for the 
intramontane Saar–Nahe basin ranging from Late Carbon-
iferous proto-rift and pre-volcanic syn-rift to Permian vol-
canic syn-rift and post-rift phases (Henk 1993a; Stollhofen 
and Stanistreet 1994; Stollhofen 1998). In this study, the 1.72 
m thick coal seam observed between 1767.82 and 1766.10 m 
(Fig. 1c–d) probably represents the coal seam Schwalbach, 
which determines the Stephanian A–B boundary (Bhardwaj 
1955; Uhl and Jasper 2021). Thus, the rock sequence studied 
here belongs to the Stephanian A–B pre-volcanic syn-rift 
phase of the Saar–Nahe basin (Henk 1993a; Stollhofen and 
Stanistreet 1994; Stollhofen 1998). This is supported by the 
absence of igneous rock fragments and scarcity of feldspar 

(two point counts in total), which is usually sourced from 
igneous rocks (Fig. 4b).

Published mineralogical data on Upper Carboniferous 
siliciclastic rocks from the Saar–Nahe basin report increas-
ing feldspar contents over time beginning in the Stephanian 
(Schäfer 1989, 2011). This observation was interpreted as 
a change in the source area from the Rhenohercynian zone 
(i.e., Rhenish Massif) in the NW toward the Moldanubian 
zone (i.e., Black Forest, Vosges, Massif Central) in the S and 
SW (Schäfer 1989, 2011). The almost complete lack of feld-
spar observed in this study on Stephanian A–B deposits (i.e., 
litharenites and sub-litharenites in Fig. 4a) rather resembles 
the feldspar-poor compositions of Westphalian siliciclastic 
rocks (Schäfer 1989, 2011). Therefore, Westphalian and 
Stephanian A–B siliciclastic rocks had possibly the same 
source areas and the change in source area occurred in the 
Stephanian B or later. Alternatively, feldspar dissolution at 
depth may cause low feldspar contents (Blackbourn and Col-
linson 2022). However, the dominance of sedimentary and 
phyllitic rock fragments and the absence of feldspar-bearing 
plutonic rock fragments argue for a source effect. Moreover, 
even when depositional feldspar contents (detrital K-feldspar 
and plagioclase, authigenic minerals replacing K-feldspar 
and plagioclase, secondary porosity due to K-feldspar and 
plagioclase dissolution) are recalculated, contents are < 4% 
indicating a feldspar-poor source area.

Fining upward cross-bedded fine to medium-grained 
sandstones, especially observed in the upper part of the sec-
tion (Fig. 1d–e), are in accordance with previous sedimen-
tological studies, which proposed fluvial deposition with 
prograding alluvial fans into the basin center (Stollhofen and 
Stanistreet 1994; Schäfer and Korsch 1998; Stollhofen 1998; 
Stollhofen et al. 1998; Schäfer 2011). Moreover, freshwater 
carbonate rocks typical for Late Carboniferous lacustrine 
environments within the intramontane Saar–Nahe basin 
(Stollhofen and Stanistreet 1994; Schäfer 2011) are absent 
in the section studied here. Small-scale coarsening upward 
sequences within large-scale fining upward sequences are 
interpreted as crevasse splays within the fluvial floodplains. 
Such depositional environments have also been suggested 
for other locations in the Saar–Nahe basin (Stollhofen and 
Stanistreet 1994; Stollhofen 1998; Stollhofen et al. 1998; 
Schäfer 2011). The floodplains are probably the areas where 
pedogenic features like paleosols formed and organic mate-
rial deposited, which later formed coal seams.

The observation of convolute bedding, disrupted lami-
nations, load casts, flame structures, and pseudo-nodules 
(Fig. 1d–e) indicates soft-sediment deformation. Soft-sed-
iment deformation describes a rapid, near-surface process 
during which unlithified, water-saturated sedimentary strata 
are mobilized and original sedimentary structures may be 
altered (e.g., Allen 1977; Mills 1983; Owen 2003; Owen 
et  al. 2011). Moreover, direct evidence of near-surface 
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deformation of unconsolidated sediment is given by an 
approximately 50 cm long undeformed root crosscutting the 
convolute bedding (Fig. 1e).

Soft-sediment deformation typically occurs in silt to fine 
sand deposits (Mills 1983), but has also been observed in 
coarser sandstones overlain by a less permeable sedimentary 
cover in close proximity to steep slopes (Postma 1983; Owen 
2003). This may explain the occurrence of convolute bed-
ding observed among coarse sandstones in this study, which 
are overlain by tight siltstones. Steep slopes may be related 
to cross-bedding or fault scarps due to normal fault activity 
during the syn-rift phase.

Diagenetic sequence

The diagenetic processes of the sample set are subdivided 
into early-stage (i.e., eodiagenesis) and later stage (i.e., mes-
odiagenesis) characteristics (Foscolos et al. 1976; Burley 
et al. 1985). For this purpose, published burial curves and 
isotherms indicating Late Carboniferous to Early Permian 
maximum burial, Early Permian to Late Permian/Early Tri-
assic uplift, and Late Permian/early Triassic to Late Juras-
sic renewed burial (Littke et al. 2000; Izart et al. 2016) are 
considered (Fig. 12).

Initial early-stage diagenesis involves near-surface pro-
cesses after deposition under surface-like P–T conditions 
(Burley et al. 1985). This comprises the formation of paleo-
sols of different mineralogical compositions such as siderite 
and calcite paleosol (Figs. 3e–f, 12). Ferruginous paleosols 
including siderite paleosols have been described for the Late 
Carboniferous in central Europe (e.g., Hampson et al. 1999; 
Fleck et al. 2001; Pearce et al. 2010; Opluštil et al. 2015, 
2019) and are often spatially associated with coal depos-
its (Faure et al. 1995). Siderite paleosol typically forms in 
humid climates under reducing conditions in water-saturated 
soils (e.g., Mozley 1989; Browne and Kingston 1993; Faure 
et al. 1995; Ludvigson et al. 1998, 2013; Rosenau et al. 
2013; Driese and Ober 2005; Letourmy et al. 2021). There-
fore, siderite paleosol observed in this study is in accord-
ance with the humid climatic conditions of the Stephanian 
(Roscher and Schneider 2006; Schäfer 2011). The presence 
of well-preserved euhedral siderite spherulites (Fig. 3e) 
points to an early-diagenetic near-surface formation process 
with little sedimentary overburden before the onset of sig-
nificant mechanical compaction (Faure et al. 1995) (Fig. 12). 
The less-common calcite paleosol with textures similar to 

rhizoliths are also early diagenetic products (Figs. 3f, 12), 
but contrasts the conditions indicated by siderite paleosol 
as they form in well-drained soils (Ludvigson et al. 2013; 
Rosenau et al. 2013). This may reflect the climatic changes 
from Stephanian humid to Rotliegend arid conditions or 
seasonal variations (Schäfer and Sneh 1983; Roscher and 
Schneider 2006; Schäfer 2011). Rather (semi-) arid condi-
tions are also indicated by intercalated reddish sandstone 
layers that become more prominent toward the top (Fig. 1e).

In addition to paleosol formation, early-stage diagenesis 
also involves syn-depositional soft-sediment deformation 
(Figs. 3g, 12). It requires unconsolidated, water-saturated 
sediment and thus must have occurred in the shallow subsur-
face before significant mechanical compaction (Mills 1983; 
Owen 2003; Owen et al. 2011).

Some cleats are partially mineralized by syntaxial quartz 
cements indicating cleat formation before onset of or during 
quartz cementation (Figs. 3h, 12). In contrast, typically hori-
zontal and non-mineralized fractures are probably related 
to unloading and thus represent induced structures (e.g., 
Holzhausen 1989).

With ongoing burial, the eodiagenesis transitions into 
mesodiagenesis involving chemical and mechanical com-
paction as well as dissolution processes. Mostly, rigid 
quartz grains are embedded in ductile components such as 
muscovite, slate, phyllite, and schist rock fragments, which 
deformed due to mechanical compaction (Fig. 3a). On occa-
sion however, quartz overgrowth cements on quartz grains 
are in contact with ductile components pointing to the onset 
of quartz cementation before significant mechanical com-
paction initiated (Fig. 12). With the onset of mechanical 
compaction, detrital mica, clay- and muscovite-bearing rock 
fragments deformed in a ductile manner and were squeezed 
into the pore space resulting in a tighter rock fabric (Fig. 3a). 
Furthermore, point contacts between adjacent grains evolved 
into long, concavo-convex, and sutured contacts. This first 
burial phase peaked in Early Permian times and was fol-
lowed by an uplift phase culminating in the Permian–Trias-
sic boundary (Littke et al. 2000; Izart et al. 2016).

Kaolinite-filled pores formed by the dissolution of 
feldspar grains and rock fragments appear grain shaped 
(Figs. 3b, d, 12). This implies that the dissolution of feldspar 
grains and rock fragments and the subsequent formation of 
kaolinite took place after maximum burial and mechanical 
compaction reached during the Early Permian. If dissolution 
and kaolinite formation occurred prior to maximum compac-
tion, secondary pores and/or kaolinite should show features 
of deformation, which is not observed here. As the intergran-
ular-dissolution porosity is also only partially filled by cal-
cite cements, this process occurred during burial diagenesis.

Chlorite replacing kaolinite (Fig. 3d) producing quartz 
and calcite as observed in some thin sections generally 
begins to form at temperatures > 120 °C (Worden et al. 

Fig. 8   Harker variation diagrams based on pXRF whole-rock com-
positions. After exclusion of samples with anomalous Fe (≥ 19 wt%) 
and Ti (≥ 1.5 wt% and ≤ 0.11 wt%) concentrations, SiO2 shows good 
to very good correlations with a Al2O3 (R2 = 0.81), b Fe (R2 = 0.75), c 
K2O (R2 = 0.81), d MgO (R2 = 0.83), e Ba (R20.81), f Rb (R2 = 0.80), 
g Sr (R2 = 0.68), and h Ti (R2 = 0.66). Color code indicates mean 
grain size

◂
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2020 and references therein) and thus at higher temperatures 
than initial quartz cement formation at approximately 75 °C 
(Walderhaug 1994). Therefore, chloritization of kaolinite 
occurred after initial quartz cementation (Fig. 12). Moreo-
ver, the required temperatures > 120 °C were reached during 
the Permian burial peak and again during the Late Jurassic-
Early Cretaceous reheating event (Littke et al. 2000; Izart 
et al. 2016). Since chloritization of kaolinite depends on 
the temporal onset of kaolinite formation that was placed 
after the Early Permian peak burial and after dissolution, 
the chloritization of kaolinite is probably associated with 
renewed subsidence and reheating between Early Trias-
sic and mid Cretaceous times when the Stephanian A–B 
boundary exceeded the 120 °C isotherm again (Fig. 12). The 
iron required to form chlorite on the expense of kaolinite 
(Worden et al. 2020) may have been provided by the break-
down of pedogenic siderite. The breakdown of siderite was 
proposed to occur at temperatures > 120 °C (Worden et al. 
2020) matching the temporal framework and temperature 
conditions proposed for chloritization. In contrast to chlor-
itization of authigenic kaolinite, chloritization of rock frag-
ments may have initiated slightly earlier.

The second, weaker burial phase from Late Permian to 
Late Jurassic accompanied by reheating and associated with 
chloritization also provides the required temperature condi-
tions (75–150 °C) for a second quartz cementation phase. 
This is necessary to explain the interlocking grain contacts 
between authigenic quartz, calcite, and kaolinite, which 
have been locally observed (Fig. 3b) and cannot be placed 
before Early Permian peak burial because of grain-shaped 
dissolution features placed after mechanical compaction. 

The calcite cements may have a Fe-rich core and a thin 
Fe-poor rim indicating depletion of Fe in the parental fluid 
during growth. The diagenetic sequence proposed here can 
be compared with published diagenetic sequences for other 
Late Carboniferous basins such as the Ouachita foreland 
basin (Walton et al. 1995), Ruhr basin (Greve et al. 2023, 
2024), and present-day Lower Saxony basin (Wüstefeld 
et al. 2017a; Becker et al. 2017, 2019; Busch 2019). The 
different diagenetic sequences have in common that quartz 
cementation precedes mechanical compaction, although both 
may temporally overlap. However, differences in dissolution 
porosity and authigenic chlorite content may be related to 
different burial and uplift histories of the respective basins. 
Accordingly, the fault-controlled Saar–Nahe basin reveals 
higher subsidence rates, deeper burial, and thus higher 
diagenetic temperatures than the Variscan foreland basins 
(Littke et al. 1994, 2000; Bruns et al. 2013; Izart et al. 2016) 
whose subsidence is driven by the load of the Variscan fold 
and thrust belt causing lithospheric flexure (e.g., Opluštil 
and Cleal 2007). However, localized fault-controlled hydro-
thermal activity and uplift with surface exposure result in 
a further variation of the diagenetic sequence (Becker et al. 
2017, 2019; Wüstefeld et al. 2017a, b). In general, higher 
temperatures increase diagenetic reaction rates (e.g., Trevena 
and Clark 1986; Lundegard 1992 and references therein).

Reservoir quality

The sample set consistently reveals a tight texture domi-
nated by rigid quartz grains and ductilely deformed compo-
nents lacking porosity (Fig. 3). This qualitative petrographic 

Fig. 9   Correlations of a Ba (R2 = 0.97) and b Rb (R2 = 0.99) with K2O
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observation is supported by quantitative petrophysical data. 
Point-counted optical porosity underestimates porosity, pos-
sibly due to microporous minerals such as kaolinite (Hurst 
and Nadeau 1995). However, optical and measured poros-
ity values show same order of magnitude. Based on low 
porosity < 7% and low permeability < 0.05 mD (Fig. 6), the 
sample set is consistently classified as tight (Smith et al. 
2009). Published permeability data of coal (< 0.1 mD) and 
fractured coal (< 1 mD) samples from the Saar–Nahe basin 
(Durucan et al. 2004) are in accordance with permeabil-
ity values of coal bearing samples (< 0.05 mD) presented 
in this study. Published porosity and permeability data for 
summarized Permo-Carboniferous lacustrine outcrop sam-
ples from the Saar–Nahe basin (Aretz et al. 2016) cover the 
same range of reservoir quality as presented in this study 
(< 10%, < 1 mD). Published porosity and permeability val-
ues of summarized Permo-Carboniferous eolian, alluvial, 
and fluvial outcrop samples (Aretz et al. 2016), however, 
exceed the values reported here by a few orders of magni-
tude. This may be due to the Permian red bed deposits and/
or exposure and weathering in outcrop resulting in better 
reservoir qualities. Furthermore, Westphalian A–D sam-
ples from the Variscan foreland basin (Becker et al. 2017; 
Wüstefeld et al. 2017a; Busch et al. 2019; Greve et al. 2023, 
2024; Quandt et al. 2022a) show higher maximum and mean 
porosity values than Stephanian A–B samples from the intra-
montane Saar–Nahe basin. Permeability values of the intra-
montane Saar–Nahe and foreland basins are comparable.

Controls on reservoir quality

Porosity and permeability do not show a simple positive cor-
relation with a single factor that controls reservoir quality 
(Fig. 7). Instead, an interplay of different factors is inter-
preted to control reservoir quality and porosity in particular. 
In contrast, permeability does not show any systematic cor-
relation with petrographic features. The porosity controlling 
factors comprise (1) kaolinite, (2) quartz cement, (3) dis-
solution porosity, (4) IGV, (5) COPL and CEPL, (6) ductile 
components, (7) grain size, and (8) coal fragments in order 
of decreasing influence.

(1)	 The highest porosity values are observed among 
samples with relative high authigenic kaolinite con-
tents > 1%. Kaolinite is associated with dissolution 
porosity. The porous booklet-like microfabric probably 
preserved some secondary porosity (Figs. 3d, 7a). In 
contrast, authigenic carbonate minerals precipitated in 
pore space, but are not characterized by intragranular 
porosity (Fig. 3b) and thus reduced porosity to a larger 
degree.

(2)	 Samples with relatively high syntaxial quartz cement 
contents > 2% show the highest porosity (Figs. 3c, 7b). 

Syntaxial quartz cement is interpreted as an early stage 
diagenetic phase. Therefore, quartz cements probably 
stabilized the grain framework and thus preserved pri-
mary porosity. Similar conclusions were made on Early 
Triassic red beds (i.e., Buntsandstein/Bunter) from 
southwest Germany (Quandt et al. 2022b).

(3)	 The highest porosity values are observed among sam-
ples with > 2% intragranular porosity due to dissolution 
of feldspar and rock fragments (Figs. 3d, 7c). Thus, 
the secondary pore space remained open without any 
significant authigenic cementation.

(4)	 The IGV represents an indicator of chemical and 
mechanical compaction (Paxton et  al. 2002). With 
increasing IGV, porosity increases (Fig. 7d).

(5)	 In accordance with observed positive correlations of 
authigenic quartz and kaolinite with porosity, the high-
est porosity values are observed among samples with 
high CEPL values (Fig. 7f). This is due to the reservoir 
quality preserving effects explained in (1) and (2) since 
CEPL is a function of pore-filling cements among oth-
ers. Consequently, an increase in COPL values due to 
mechanical compaction reduces porosity (Fig. 7e).

(6)	 With an increase in the content of ductile components, 
porosity decreases (Fig. 7g). This reflects the qualita-
tive, petrographic observation that ductile components 
were squeezed into the pore space due to mechanical 
compaction reducing porosity (Fig. 3a).

(7)	 Samples with larger mean grain sizes show better 
porosity than samples with smaller mean grain sizes 
(Fig. 7h). Grain size in turn is a function of total detri-
tal quartz content and content of ductile components 
(Fig. 4a). Thus, mean gran size and detrital quartz con-
tent are positively correlated.

(8)	 Samples bearing coal fragments are frequently asso-
ciated with incompletely or non-sealed natural cleats 
(Fig.  3h). This qualitative observation implies an 
increase in reservoir quality, which is not well substan-
tiated by quantitative data (Fig. 7i). Therefore, this may 
be a local effect.

Similarly, a range of factors were proposed to control 
reservoir quality of the Variscan foreland basin rock succes-
sions. They include grain size, pore-filling cement content, 
content of ductile components, and dissolution porosity (Busch 
et al. 2019; Quandt et al. 2022a; Greve et al. 2024). As in 
the Saar–Nahe basin, they particularly exert an influence on 
porosity. In contrast, permeability is rather unaffected by these 
factors.
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Applicability and utility of pXRF data 
and implications for sandstone geochemistry

Since the first commercially available devices in the 1980s, 
pXRF have been refined and are increasingly used in sci-
ence and industry (e.g., Young et al. 2016; Ryan et al. 2017; 
Gallhofer and Lottermoser 2018; Lemiere 2018). The pXRF 
data collected in this study have been evaluated with petro-
graphic point counting data. The observed correlations (R2 
up to 0.96) between geochemistry and mineralogy (Figs. 10, 
11) suggest reliable pXRF data. In detail, SiO2/Al2O3 ratios 
based on pXRF-measured SiO2 and Al2O3 concentrations 
provide an estimate on relative quartz and clay contents in 
a rock sample (Fig. 10c, f, l). Since quartz and clay con-
tents correlate with mean grain size, SiO2/Al2O3 ratios con-
sequently enable the derivation of the relative mean grain 
size (Fig. 10o). Similarly, the Ba, Rb, and Sr concentrations 
show correlations with quartz content, clay content, and 
mean grain size (Fig. 11a–f, j–o). Therefore, pXRF analyz-
ers represent a rapid alternative to laboratory XRF set-ups 
to in-situ measure large rock sample sets, rock outcrops, or 
cutting material in case drill core material is not available 
without the necessity for sample preparation.

The correlations are largely due to the geochemical purity 
of quartz (SiO2) and due to aluminum being a constituent 
of feldspars and all phyllosilicates such as illite, kaolinite, 
and muscovite as prominent rock forming minerals (Herron 
1988; Pearce et al. 2005, 2010; Svendsen et al. 2007; Götze 
et al. 2021). Similarly, Ba, Rb, and Sr concentrations of the 
samples studied here are controlled by mica and clay miner-
als such as muscovite and illite. Very good correlations of 
Ba (R2 = 0.97) and Rb (R2 = 0.99) with K2O indicate sub-
stitution for K in detrital muscovite and muscovite-bearing 
rock fragments (e.g., Tischendorf et al. 2007). However, Ba 
concentrations have to be interpreted with care due to the 
potential use of barite-bearing additives in drilling fluids 
(Pearce et al. 2010). Furthermore, sandstones richer in car-
bonate cements may have elevated Sr concentrations due to 
carbonate minerals (Pearce et al. 2010).

The derivation of mineralogy and grain size from pXRF 
measurements may require some data processing such as 
rejecting samples with anomalous high Fe contents. How-
ever, data processing can be avoided when the SiO2/Al2O3 
ratio is used instead of SiO2 or Al2O3 concentrations alone 
by which the effect of anomalous geochemical compositions 

is attenuated. In turn, relative high Fe contents may be used 
to detect siderite paleosols within sandstone sample sets.

Implications for mine flooding and coalbed 
methane extraction

Among others, mine water rebound is a function of porosity 
and permeability of the subsurface including rock matrix, 
fractures, and mine workings. With porosity and perme-
ability values < 10% and < 1 mD, respectively, the reservoir 
quality of the analyzed section is poor. In addition, non-
mineralized fractures are induced structures due to unload-
ing and are not expected to be present in the subsurface rock 
volume. Therefore, it is suggested that mine workings such 
as shafts and galleries are the main contributors to mine 
water rebound as also pointed out for the German Ruhr and 
Ibbenbüren hard coal districts (Allgaier et al. 2022; Greve 
et al. 2023; Quandt et al. 2022a). Similarly, potential geo-
thermal applications would be restricted to mine workings 
and permeable faults. With progressive mine flooding, mine 
water will also permeate the rock column surrounding the 
mine workings and thus changing the local pore pressure 
regime. For simulations attempting to model the resulting 
ground movement, the heterogeneity of the subsurface rock 
volume shown in this study needs to be taken into account. 
This also involves overlying Autunian strata, which are 
characterized by changing depositional environments and 
climatic conditions pointing to an even more heterogeneous 
geological architecture in terms of facies and resulting rock 
properties.

Moreover, the Lorraine-Saar basin has been studied in 
terms of its coalbed methane reservoir potential with a focus 
on cleats (Izart et al. 2016; Privalov et al. 2020). In coal-
bed methane reservoirs, reservoir volume is determined by 
pores and cleats, i.e., mostly opening-mode fractures in coal. 
In contrast to conventional gas plays, methane is adsorbed 
on the coal surface. Therefore, the pore surface area is an 
important measure for coalbed methane reservoir quality 
(Laubach et al. 1998; Moore 2012). Coalbed methane may 
be replaced by injecting CO2 (i.e., carbon capture and stor-
age) (e.g., Kalkreuth et al. 2013).

This study provides a qualitative understanding to which 
extend cleats are sealed by secondary mineralization. The 
microscopic features studied here are restricted to cleats 
crosscutting up to millimeter-thick coal seams and coal 
fragments. However, macroscopic cleats crosscutting the 
meter-thick Schwalbach coal seams are also observed. The 
cleats observed in this study are oriented parallel (i.e., hori-
zontal) and normal (i.e., vertical) to the bedding-parallel 
coal fragments. Horizontal cleats are typically open and 
may be related to unloading effects (Holzhausen 1989) and 
are probably absent in the subsurface under reservoir condi-
tions. Some vertical cleats are partially or completely sealed 

Fig. 10   Correlations of SiO2, Al2O3, and SiO2/Al2O3 with a–c total 
quartz content comprising detritus and cement (R2 = 0.85, 0.96, 0.76), 
d–f detrital quartz content (R2 = 0.84, 0.96, 0.76), g–i total content of 
ductile components (R2 = 0.86, 0.95, 0.80), j–l total clay mineral con-
tent comprising authigenic kaolinite, slate and shale rock fragments 
(R2 = 0.80, 0.92, 0.68), and m–o mean grain size (R2 = 0.63, 0.71, 
0.79). Outliers with anomalous high Fe (≥ 19 wt%) concentrations 
have been partly excluded for R2 calculation

◂
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with quartz or Fe-rich carbonate cements. The latter may 
show multiple host rock-parallel inclusion bands indicating 
repeated crack and sealing events (Hilgers and Urai 2002) 
or an oscillation process (Wiltschko and Morse 2001; Hilg-
ers and Urai 2005). This implies that cleats must have been 
present during quartz and Fe-carbonate cementation. Cleats 
may have formed during early diagenesis or during progres-
sive burial, possibly until a temperature of approximately 
75 °C was reached and quartz cementation initiated. As a 
result, cleat-filling minerals reduce the cleat surface and thus 
deteriorate coalbed methane reservoir quality. The bond-
ing of vein cement in coal horizons, however, may control 
induced refracturing (Virgo et al. 2014).

Furthermore, spherulitic siderite occurs within coal 
fragments and formed during early diagenesis. Since early-
diagenetic euhedrally developed siderite spherulites are 
undeformed and syntaxial quartz cement represent only a 
partial infill of cleats leaving some porosity, cleat-related 

porosity may have been preserved during burial. Completely 
sealed cleats in contrast probably reduce reservoir quality. 
However, samples bearing coal fragments associated with 
cleats do not show any systematic enhancement of reservoir 
quality. Therefore, the effect of cleat mineralization on coal-
bed methane reservoir potential remains inconclusive, but a 
deteriorating effect of authigenic cementation on reservoir 
quality is suggested based on qualitative observations. These 
microscopic observations on cleats make aware of the pos-
sibility of complete and incomplete cleat sealing. In stud-
ies focusing on large-scale cleats in meter-thick coal seams, 
microtextures and secondary mineralization of cleats need to 
be considered to evaluate coalbed methane potentials.

Conclusion

The siliciclastic rock section shows large-scale fining upward 
sequences in agreement with deposition in a river channel. 
Intercalated small-scale coarsening upward sequences indi-
cate crevasse splays along a floodplain that is characterized 
by soft-sediment deformation and sideritic paleosol forma-
tion under a humid climate. Calcitic paleosols and reddish 
sandstone layers possibly adumbrate the beginning climate 
change toward the arid Rotliegend. The detrital mineralogy 
lacking igneous rock fragments and feldspar is in accordance 

Fig. 11   Correlations of Ba, Rb, and Sr with a–c total quartz content 
comprising detritus and cement (R2 = 0.76, 0.75, 0.83), d–f detri-
tal quartz content (R2 = 0.76, 0.75, 0.82), g–i total content of duc-
tile components (R2 = 0.77, 0.75, 0.83), j–l total clay mineral con-
tent comprising authigenic kaolinite, slate and shale rock fragments 
(R2 = 0.91, 0.91, 0.74), and m–o mean grain size (R2 = 0.64, 0.61, 
0.59)

◂

Late

Fig. 12   Diagenetic sequence of the sample set in comparison with 
published burial curves and associated isotherms for the Saar–Nahe 
basin (modified after Littke et al. 2000). The sample set stratigraphi-
cally covers the Stephanian A–B boundary. The diagenetic sequence 
is established considering the relative sequence of diagenetic phases 

inferred from microscopic analyses and the temperature conditions 
at which these diagenetic phases are stable using the 50–250 °C iso-
therms proposed by Littke et al. (2000). Dotted lines indicate uncer-
tainty
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with the Stephanian A–B pre-volcanic syn-rift phase of the 
Saar–Nahe basin.

With permeability and porosity values < 0.05 mD 
and < 7%, respectively, reservoir quality is consistently 
poor. Porosity is controlled by an interplay of different fac-
tors, whereas permeability shows no systematic variation 
with any petrographic feature. Syntaxial quartz cements 
stabilizing the grain framework against mechanical com-
paction preserved primary porosity. In addition, dissolu-
tion of feldspar and rock fragments forming secondary 
porosity and partly replaced by microporous kaolinite 
also enhanced porosity. In contrast, mechanical com-
paction postdating the onset of quartz cementation and 
local carbonate cements reduced porosity. Compaction 
porosity loss dominates over cementation porosity loss 
and is reflected by a tight grain framework with ductilely 
deformed phyllosilicates squeezed into pore space.

The SiO2/Al2O3 ratios and Ba, Rb, and Sr concentra-
tions of the feldspar-free and carbonate-poor sandstones 
measured with a pXRF analyzer enable a first-order esti-
mation of relative grain size, quartz content, and phyllo-
silicate content. Thus, the pXRF workflow provides a rapid 
in-situ determination of whole-rock geochemical composi-
tion of a rock sample from which mineralogical and tex-
tural rock parameters can be approximately inferred. The 
pXRF does not require sample preparation and may be 
applied on cutting material in case no drill core material is 
available. In how far this conclusion can be transferred to 
rock sequences with differing mineralogical composition 
needs to be tested.

With regard to post-mining in the Saar hard coal district, 
mine water rebound focuses on the open mine workings, 
whereas the rock volume is tight except where non-miner-
alized fractures are open and connected within the current 
stress regime. Qualitative macroscopic core logging, how-
ever, suggest that most fractures are mineralized and thus do 
not significantly contribute to the mine water rebound. With 
ongoing time of mine flooding, however, mine water will 
slowly permeate the rock volume. Regarding the potential 
of coalbed methane, the observation of minerals partially or 
completely sealing cleats needs to be considered.
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