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Abstract
The Upper Cretaceous limestones unconformably overlie Upper Carboniferous coal-bearing lithologies and are studied to assess 
their effect on rising mine-water levels in the Ruhr mining district. Upper Cretaceous sedimentary rocks from the Münsterland 
Cretaceous Basin have previously been studied regarding their sedimentary structures and fossil content. However, understanding 
the petrophysical and petrographic heterogeneity in regard to sedimentary properties and their effect on fluid migration pathways 
is yet missing. Utilizing He-pycnometry, Klinkenberg-corrected air permeabilities, p-wave velocities, transmitted and reflected 
light analyses, point-counting and cathodoluminescence, we assess the petrophysical, geomechanical and mineralogical properties. 
Porosity ranges from 1.0 to 18.7% and permeability ranges from < 0.0001 to 0.2 mD, while p-wave velocity ranges between 2089 
and 5843 m/s. Mechanical compaction leads to grain rearrangement, deformation of calcispheres, foraminifera and ductile clay 
mineral laminae. Above and below clay laminae, compaction bands of deformed calcispheres develop. Early diagenetic mineral 
precipitation of ferroan calcite in inter- and intragranular pores reduces porosity and permeability and influences geomechanical 
properties. An underestimated aspect of limestone petrography is the relationship of the original primary compactable depositional 
volume and the influence of compaction, deformation and cementation during early and late diagenesis on reservoir properties. 
The detrital dominated limestones show an originally high compactable depositional volume (CDV). Overall, reservoir qualities 
are poor and indicate the sealing potential of the studied lithologies. The Upper Cretaceous (Campanian) limestones thus may act 
as a barrier for increasing mine-water levels from dismantled, post-mining subsurface hard coal mines in the region.
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Introduction

Carbonate rocks have very heterogeneous reservoir proper-
ties from bed to reservoir scale (Lucia et al. 2003; Ehrenberg 
and Nadeau 2005; Rashid et al. 2017). The reservoir proper-
ties rely on depositional, diagenetic and structural modifica-
tion (Worden et al. 2018). Usually, the reservoir quality of 
a formation is determined to identify porous and permeable 
lithologies, e.g. for oil and gas exploration, carbon capture 
and storage (CCS) or geothermal use-cases (Choquette and 
Pray 1970; Amthor et al. 1994; Ehrenberg 2006; Ehrenberg 

et al. 2006; Ahr 2008; Armitage et al. 2013; Abuamarah 
and Nabawy 2021). Since the reservoir quality is influenced 
by diagenetic modification (compaction, mineral precipita-
tion, alteration and dissolution) and the fracture network, 
an understanding of controlling factors and anisotropies is 
important. Understanding the diagenetic overprints in Cre-
taceous sediments as sandstones and limestones is important 
for the successful exploration of a reservoir or storage poten-
tial for gas sequestration and were studied, e.g. in Abu Dhabi 
(Morad et al. 2019), in the Amposta offshore oil reservoir 
in Spain (Playà et al. 2010) and in China (Xi et al. 2015). 
However, macro- and microscale natural fractures addition-
ally influence the reservoir or sealing potential of carbonate 
rocks (La Bruna et al. 2020). Although carbonate turbidite 
systems are heterogeneous, fractured carbonate turbiditic 
deposits can be of interest, e.g. for oil and gas production 
(Coffa et al. 2015).
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This study aims to determine the porosity and perme-
ability as well as their controlling factors as the Upper Cre-
taceous limestones unconformably overly Upper Carbonif-
erous coal-bearing strata. The Upper Cretaceous deposits 
are discussed to be sealing lithologies on top of the north-
ernmost extent of the former coal mining district (Fig. 1a), 
which are discussed to decouple the rising mine-water levels 
or gas seepages from the ground water since the cessation 
of coal mining in Germany (Rudolph et al. 2010; Coldewey 
and Wesche 2017). The sedimentary rocks of the Upper 
Cretaceous in the Münsterland Cretaceous Basin have so 
far mainly been studied in lithological and paleontologi-
cal terms (e.g. Giers 1958; Arnold et al. 1960; Voigt and 
Häntzschel 1964; Kappel 2002; Wilmsen et al. 2019; Pütt-
mann and Mutterlose 2021). The stratigraphic sequences of 
the Campanian rocks were determined by Giers (1958), Wolf 
(1995), Kaplan (2004) and Kappel (2002) using detailed 
regional designations. Prior mineralogical analyses have 
mainly been carried out to determine mineable formations 
for the cement industry. However, limited research has 
focused on the diagenetic parasequence and petrophysical 
properties of the studied lithologies. An under-researched 
aspect in this region is therefore the small-scale distribu-
tion of petrographic and petrophysical heterogeneities and 
their influence on the reservoir rock as well as the relation 
to the fracture network. Since compaction and diagenesis 
influence porosity and permeability, a detailed investiga-
tion of the petrographic and petrophysical properties can 
identify controlling factors for reservoir properties. Here, 
we determine the reservoir quality and the diagenetic par-
asequence to assess the impact of diagenesis and compaction 
on the compactable depositional volume. For this purpose, 
outcrop analogues were studied and sampled. Outcrop ana-
logues also provide information on lateral layer continuity, 
the fracture network and their influence on the fluid flow 
on the basin scale. Results can be applicable to assess the 
interaction of rising mine-water and outline future potential 
for regional geothermal use of the formation.

Geological setting

The study location is in the opencast mine of Phoenix 
Zementwerke Krogbeumker GmbH & Co. KG in Beckum, 
NW Germany. Beckum is located in the southeast of the 
Central Münsterland Cretaceous Basin and exposes Upper 
Cretaceous (Campanian) marlstones, claystones/shales and 
limestones of the Beckum Member. The Münsterland Cre-
taceous Basin itself contains Lower Cretaceous to Upper 
Cretaceous deposits and is surrounded by the Osning fault 
in the north/northeast, the Egge mountains to the east and 
the Haarstrang to the south. The basin opens towards the 
Lower Rhine Embayment in the west/northwest (Fig. 1a, b).

During the late Cretaceous, Europe was influenced by 
compression and deformation events of the Central Euro-
pean Basement, resulting in basement shortening and anti-
cline uplift and folding and inversion of normal faults (Voigt 
et al. 2021 and references therein). The North Atlantic rift 
in conjunction with a tectonically induced regression at the 
transition from the Upper Jurassic to the Lower Cretaceous, 
based on the subsidence of the Lower Saxony Basin during 
transtensional tectonics, led to a change in sedimentation 
in Northwestern and Central Europe (Vejbæk et al. 2010). 
During the Cretaceous, smaller transgression and regres-
sion events occurred, and NW–SE to W–E compressional 
directions affected NW Europe (Kley and Voigt 2008). The 
long-term sea level during the Cretaceous had a maximum 
at 100 ± 50 m (Miller et al. 2005). Increased crustal exten-
sion of the Atlantic leads to intensive rifting and subsidence 
in the Central European Basin System, e.g. in the Lower 
Saxony Basin until the end of the Aptian (ca. 125–115 Ma) 
(Mazur and Scheck-Wenderoth 2005; Vejbæk et al. 2010). 
The South Atlantic Ocean opening resulted in a drift of the 
African Plate northwards and compression transfer to the 
Iberian-Peninsula to Europe (Voigt et al. 2021). Further-
more, Africa shifted relatively ESE to Europe (ca. 120 Ma), 
which caused a sinistral strike-slip movement along the 
plate boundary (Kley and Voigt 2008). During the Santo-
nian (ca. 84 Ma), Africa drifted in a NE direction (Kley 
and Voigt 2008) and led to a compression towards the NE 
in Central Europe, which caused the inversions of NW–SE 
striking basins and increased subsidence (cf. Dölling et al. 
2017). The southern edge of the inverted Lower Saxony 
Basin is represented by the Münsterland Cretaceous Basin 
(Voigt et al. 2021). As a result, the Late Cretaceous base-
ment thrusts and inversion basins are formed as intraplate 
structures due to the weak lithosphere resulting from the 
Variscan orogeny and the overlying Palaeozoic to Meso-
zoic extensional basins (Kley and Voigt 2008). The NW–SE 
striking uplift and overthrust in the intraplate area is the 
result of the beginning of the Africa–Iberia–Europe conver-
gence (Kley and Voigt 2008). NW–SE-oriented overthrust-
ing of the Lower Saxony Tectogen onto the Münsterland 

Fig. 1   a Simplified stratigraphic overview of the Münsterland Cre-
taceous Basin; the study location Beckum is marked in red. Lime-
stones, claystones/shales and marlstones are exposed and mined 
for the cement industry (modified after Hiss and Mutterlose 2010; 
Janetschke and Wilmsen 2013 and references therein; Drozdzewski 
and Dölling 2018). The red box displays the Münsterland Cretaceous 
Basin, the red dot marks the approximate location of the study area 
in Germany (Beckum) and the hatched area marks the distribution of 
former hard coal mines (Wirges and Dodenhoff 2019; Geologischer 
Dienst NRW 2020), D—Germany, B—Belgium, FR—France, NL—
Netherlands. b Paleogeographic map of the North German Basin area 
and the present-day outline of the approximate study location (red 
dot) in the Beckumer Berge with possible terrestrial sediment supply 
(white arrows) from the Rhenish massif during the late Cenomanian, 
modified after Hiss (1995) and Erbacher et al. (2020)

◂
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Cretaceous Basin led to curvature and partial overthrusting 
of the Cretaceous formations in the Teutoburg Forest (Wulff 
et al. 2017).

Upper Cretaceous clastic and carbonate sediments were 
deposited into a shallow basin north of the Rhenish Massif 
(Fig. 1b) (Wilmsen et al. 2019; Erbacher et al. 2020). In 
general, the thickness of the Upper Cretaceous sediments 
reaches up to 2,000 m in the north of the basin and 500 m 
at the southern margin due to low sedimentation rates and 
formation gaps (Scheck-Wenderoth et al. 2008; Voigt et al. 
2021). The thickness distribution of the Upper Cretaceous 
in the Central European Basin System shows a dominance 
of NW–SE striking structural pattern, e.g. reactivation of 
faults due to inversion with local WNW–ESE striking folds 
and thrusts (Scheck-Wenderoth et al. 2008). From the west-
ern margin of the Ruhr area in Duisburg to the Paderborn 
Plateau in the east (Fig. 1a), the shallowly north-dipping 
rocks of the Münsterland Cretaceous Basin unconformably 
overlie the folded Upper Carboniferous of the Ruhr and Sau-
erland regions. The youngest deposits are present in the cen-
tre of the Münsterland Cretaceous Basin (Beckumer Berge 
and Baumberge) and are exposed from old to young from 
Stromberg, Beckum and Vorhelm Members, which are to 
date combined in the Ahlen-Formation (Ahlen-Fm.) (STD 
2016). The Lower Campanian consists of the Stromberg 
Member, comprising bioturbated grey limestones and marls 
with a mottled background. Slightly pronounced gradations 
indicate turbiditic fillings. Parallel to the strata, horizontally 
to obliquely bedded glauconitic, sandy limestones may occur 
(cf., Giers 1958; Kappel 2002; Wilmsen et al. 2019). The 
Upper Campanian starts with the Beckum Member, consist-
ing of alternating limestone–marly shale sequences with a 
thickness of up to 25 m (Giers 1958). The limestone banks 
are deposits of debrite and turbidite flows and separated 
by thin (< 0.2 m) claystone/marlstone to marly shale layer 
(Wolf 1995; Kaplan et al. 1996; Kappel 2002; Kaplan 2004). 
The overlying Vorhelm Member consists of a limestone-
marlstone or marly shale alternation sequence with a total 
thickness up to 80 m (Giers 1958), showing no marker hori-
zons and lateral inhomogeneities (Kappel 2002). In general, 
the Campanian lithologies in the Münsterland Cretaceous 
Basin are described as allochthonous sediments, resulting 
from debris flows, turbidites or submarine slumping (Giers 
1958; Wolf 1995; Kaplan et al. 1996; Kappel 2002).

Materials and methods

In the Phoenix quarry in Beckum, a total of ~ 17.5 m lime-
stone–marly shale alternations were recorded on successive 
vertical walls. Samples were taken from each limestone 
layer. In addition, samples were also taken from the vicinity 
of a fault zone to assess the influence on petrophysical and 

petrographic properties. Rock classification in the field was 
performed according to Dunham (1962) and is supplemented 
by microscopic classification after Folk (1959) and Dunham 
(1962). For the fracture strike orientation, images were taken 
with a Mavic 2 Enterprise drone on a plane surface on the 
highest strata of the quarry. The fracture pattern was ana-
lysed and plotted with FracPaQ using the workflow from 
Healy et al. (2017).

For the petrophysical analysis, a total of 74 plug samples 
were drilled parallel and perpendicular to stratification from 
a hand specimen using a water-cooled 1-inch (~ 2.54 cm) 
core drill. The trim ends of the plugs drilled parallel to the 
stratification were used for thin section preparation. The 
plugs were dried at 40 °C in a drying oven for one week 
until weight constancy. Helium porosity and grain density 
were determined using a Micrometrics AccuPyc II 1340 
pycnometer (e.g. Monsees et al. 2021). The Klinkenberg-
corrected intrinsic permeability measurements were carried 
out with an air permeameter from Westphal Mechanic using 
dry, oil-free laboratory air (80% N2, 20% O2) as permeant at 
1.2 MPa confining pressure to avoid sample bypassing (e.g. 
Klinkenberg 1941; Rieckmann 1970; Schmidt et al. 2021). 
The measurement range for the device is between 0.0001 
and 10,000 mD (1 mD ≙ 9.869*10−16 m2). Ultrasonic pulse 
velocity measurements were carried out using a Proceq Pun-
dit 200 ultrasound system with two 54 kHz transducers at 
200 V pulse voltage and 50 × receiver gain. The longitudinal 
wave (p-wave) was determined by measuring the transit time 
t0 (µs) via the longitudinal axis of the plugs and converted 
into the wave velocity (vp; m/s). A coupling gel was used 
for direct and soft contact with the plugs. The measurement 
frequency depends on the sample diameter. For samples with 
a diameter of 2.54 cm, the frequency has to be below 1 MHz 
to secure physical consistency (Kummerow 2006).

A total of 49 samples were embedded in blue dyed epoxy 
resin to highlight porosity and were used to prepare thin sec-
tions with a thickness of 30 µm. Thirty-five of these thin sec-
tions were stained with a combined solution of alizarin red S 
and potassium ferricyanide (Dickson 1965) in 0.3% HCl on 
one half of the thin section to distinguish different carbonate 
phases and covered with a glass cover slip. Calcite will stain 
reddish (pink, orange) and ferroan calcite will stain blue, while 
dolomite remains unstained (Dickson 1965). The remaining 
14 thin sections were polished for further microscopic analy-
ses. A Leica DMLP and a Progres Gryphax camera system 
were used for petrographic examination. Polished thin sections 
were also examined using cold cathode cathodoluminescence 
(CITL CL8200 Mk5-2 Optical Cathodoluminescence System 
mounted on a Leica DIALUX 20 ES) (e.g. Monsees et al. 
2020) in a low vacuum < 0.001 mbar, at an acceleration volt-
age of 10.3 kV and a current of 325 µA to distinguish different 
cement phases and zonations. Opaque minerals were analysed 
by reflected light microscopy on polished thin sections with a 
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Leitz OrthoplanP and a Progres Gryphax camera system using 
oil immersion. For the grain size determination of the calci-
spheres, at least 100 grains were measured in each thin section 
with ImageJ on a grid adjusted to the largest observed grain 
size to gain area weighted results (e.g. Becker et al. 2017). 
The width of clay laminae, compaction bands and veins were 
also measured using ImageJ. For micrite (≤ 4 µm) and micro-
sparite (5–10 µm), grain size values by Folk (1959) and Folk 
(1974) were used. As the grain size could not be determined 
during point-counting, the distinction between micrite and 
microsparite was not possible; therefore, the term micrite is 
used. Point counts were performed on 300 points using a Pel-
con semi-automatic point counter installed on a Leica DMLP 
microscope using a step-length adjusted to the maximum 
observed particle size (e.g. Busch et al. 2019) of 100 µm. The 
porosity types were determined according to Choquette and 
Pray (1970). The compaction of the calcispheres was further 
determined following Fry’s method (Fry 1979) using ImageJ. 
To determine the compaction ratio, horizontal (long) and ver-
tical (short) lengths of the calcispheres were measured, but 
were only recorded in the vicinity of the clay mineral laminae.

Compactable depositional volume

The concept of ‘compactable depositional volume (CDV)’ 
was introduced to determine the volume loss as a function 
of compaction prior to cementation. The CDV is the volume 
that is potentially compactable after deposition and before the 
formation of authigenic cements similar to the intergranular 
volume (IGV) commonly used in sandstones (Houseknecht 
1987; Paxton et al. 2002). The CDV is the sum of interparti-
cle porosity, intraparticle porosity, microporous clay and mic-
rite and all authigenic phases, which precipitated in primary 
pores (including intraparticle pores) (Eq. 1). Just as the IGV, it 
measures the amount of intergranular porosity and pore-filling 
cements. In contrast to IGV, however, carbonate rocks often 
contain porous fossils, which may break or compact. Thus, 
the CDV also considers intraparticle porosity. This may aid in 
further assessing the degree of compaction in carbonate rocks 
within samples of the same lithology, especially when distin-
guishing inter- and intraparticle porosity, while also capturing 
the stabilizing effects of authigenic phases.

As this indicator calculation also includes microporous 
micrite and clay mineral laminae, it is possible that the value 
does not reach 0%, but samples rich in micrite or clay mineral 
laminae will show high CDV, which can still be correlated 

(1)

CDV (%)

= (ΣInterparticle porosity(%) + ΣIntraparticle porosity(%)

+ΣInterparticle cement(%) + ΣIntraparticle cement(%)

+ ΣMicrite(%) + ΣClay laminae(%))

to high microporosity contents. Similarly, sandstone samples 
containing abundant depositional clay mineral matrix will 
also show high IGV values (Paxton et al. 2002). In samples 
which contain abundant porous particles (e.g. calcispheres), 
the presented approach can aid in comparing the effect of com-
paction, as uncompacted samples will have higher CDV than 
compacted samples. However, just as the IGV, the CDV is 
not directly comparable to the petrophysically measured He-
porosity, as intraparticle cements can fill cavities within porous 
particles, reducing the porosity, while stabilizing the particle 
itself against compaction. Therefore, this point-count-based 
calculation enables the comparison of the state of compac-
tion within a lithology and its relation to assessed reservoir 
properties.

Results

Lithology

The lithological profile contains alternating, layered argil-
laceous limestones to calcareous marlstone and marlstone 
to claystone or marly shale deposits of varying thick-
nesses (Fig. 2). The total recorded lithological thickness 
is ~ 17.5 m. Due to further simplification, the terminologies 
limestone and marly shales are used. The marly shale lay-
ers are dark grey, finely bedded and up to 1.6 m thick at 
the upper level, but generally are < 0.2 m thick. Overall, a 
fining-upwards trend is recognizable; the marly shale bed 
thickness increases towards the top, while the limestone beds 
recede (Fig. 2 and Fig. 3a, b). The limestones and marly 
shales are both fine-grained and the limestones are classified 
as mudstones to wackestones after Dunham (1962). Firm, 
dark, claystone to marly shale layers (approx. 5 cm thick), 
which occur at irregular intervals between the limestones 
and marly shales, are apparent. The observed fault (Fig. 3c) 
was characterized as a normal fault using slickensides. Some 
of the fracture surfaces show a brownish to yellowish coat-
ing, which is due to iron hydroxide precipitation associated 
with alteration of idiomorphic pyrite and marcasite in the 
formation. One well-preserved belemnite was found at about 
2.6 m (Fig. 2), which was determined as belemnite mucro-
nate due to its slenderness. In higher strata (Fig. 2), two 
belemnite fragments were found, but could not be classified 
because of missing morphology information.

Structure

Three main fracture orientations were obtained from the 
drone imagery evaluation, showing three main sets striking 
WSW–ENE, NNE–SSW and NW–SE (Fig. 4). Fractures are 
partly continuous, penetrate limestone and marly shale layers 



2212	 International Journal of Earth Sciences (2024) 113:2207–2232

or are interrupted during layer changes, but open fractures 
(mm range aperture) are only rarely found.

Petrography: texture

The average size of the calcispheres is 0.042 mm (avg. 
range 0.038 to 0.044 mm). For micrite-dominated layers, 
the average grain size is limited by the maximum grain size 
(0.004 mm) per definition after Folk (1959); Folk (1974). The 
well-rounded calcispheres with a calcitic test appear evenly 
distributed (Fig. 5a) and as elongated rock fragments within 
the micritic matrix (Fig. 5b). The calcispheres (stained red) 
are partly deformed around clay laminae (Fig. 5c, d), and 
rarely broken (Fig. 5e). By microscopical analyses, the lime-
stones are classified as wackestone to packstone according 
to Dunham (1962). Grains as detrital quartz, glauconite and 
some unstained carbonate grains have a rounded to elliptical 
shape, but are not aligned parallel to bedding.

Detrital composition

The most abundant detrital component is micrite with an aver-
age content of 51.5% (min.: 17.7%, max.: 88.0%). The second 
most abundant are calcispheres with an average content of 
16.4% (min.: 0.0%, max.: 34.7%). The third most abundant are 
clay minerals in laminae (avg.: 4.8%, min.: 0%, max.: 22.7%). 
In addition, different foraminifera types (avg.: 1.2%, min.: 0%, 
max.: 4.0%), detrital quartz and chert grains (avg.: 0.2%, min.: 
0%, max.: 2.7%), test or shell fragments (avg.: 0.8%, min.: 
0%, max.: 3.3%), unidentified carbonate grains (avg.: 0.2%, 
min.: 0%, max.: 2.7%), phosphate grains (avg.: 0.3% min.: 0%, 
max.: 1.0%), glauconite (avg.: 0.4%, min: 0%, max.: 2.0%), 
micrite in calcispheres (avg.: 0.1%, min.: 0%, max.: 2.0%), 
dolomite rhombs (avg.: 0%, min.: 0%, max.: 1.0%), bivalves 
(avg.: 0%, min.: 0%, max.: 0.3%), undifferentiated fossils 
(avg.: 0%, min.: 0%, max.: 0.3%) and micrite in foraminifera 
(avg.: 0.0%, min.: 0.0%, max.: 0.3%) are recorded (full sam-
ple table in supplementary materials). In total, the detrital 
composition varies between 51.7% and 94.0% (avg.: 76.3%).

Micrite, calcispheres, test and shell fragments, foraminifera 
and other microfossils in this study are primarily composed 
of calcite, as indicated by the red stain (Fig. 5a, e), while 
only individual foraminifera have a dolomitic composition and 
remain unstained (Fig. 5f). Dolomite occurs rarely as single 
rhombic crystal within the micrite matrix. Chert occurs as 
yellow grains or as silicified shell fragments and show small 
microcrystalline spheroids with crossing extinction. Glauco-
nite is found occasional in thin sections as rounded grains 
(Fig. 5c). The detrital composition in limestones varies with 
the calcisphere content and the position along the lithologi-
cal profile. If the calcisphere content decreases, the micrite 
content increases (cf., Fig. 2). In younger strata, where clay 

laminae are mostly missing, the micrite matrix is densely 
packed and individual calcispheres are deformed both in a 
ductile way and locally crushed. In general, the calcisphere 
content decreases towards the top of the studied section (cf., 
Fig. 2). Calcispheres are also found as parts of densely packed 
clasts, which are partially aligned to the bedding direction 
(Fig. 5b). Surrounding clay laminae, calcispheres often appear 
deformed in a ductile way (Fig. 5c, d). The clay laminae 
thickness varies between 0.04 and 0.37 mm (avg.: 0.16 mm). 
Cemented calcisphere clasts occur occasional with an average 
length of 1.08 mm (min.: 0.24 mm, max.: 2.09 mm).

In a single layer at ~ 12.5 m (Fig. 6) consisting mainly of 
clay and micrite, partially or completely dissolved peloids/
pellets with an average size of 0.35 mm (min.: 0.2 mm, 
max.: 0.49 mm) occur frequently. They contain fossil frag-
ments or pyrite and are crosscut by most likely (ferroan) 
calcite veins (Fig. 6a, b). In stained thin sections, the rem-
nants of the peloids/pellets remain unstained, indicating a 
dolomitic composition.

Authigenic composition

The most abundant authigenic minerals are sparry ferroan 
calcite, which precipitated in the calcispheres (stained 
blue, avg.: 10.4% min.: 0%, max.: 23.3%). The second most 
common authigenic mineral is pore-filling ferroan calcite, 
e.g. within the micrite matrix (avg.: 6.9%, min.: 0%, max.: 
27.0%), while the third most abundant are unstained pore-
filling carbonates (avg.: 1.7%, min.: 0%, max.: 10.3%). Other 
authigenic minerals include pore-filling calcite (avg.: 1.3%, 
min.: 0%, max.: 6.7%), sparry ferroan calcite in foraminif-
era chambers (avg.: 0.5%, min.: 0%, max.: 2.3%), (ferroan) 
calcite and strontianite vein cements (avg.: 0.4%, min.: 0%, 
max.: 10.0%), pyrite/marcasite in calcispheres (avg.: 0.3%, 
min.: 0%, max.: 5.3%) and in clay laminae (avg.: 0.2%, 
min.: 0%, max.: 1.3%). Pore-filling green clay minerals 
(avg.: 0.7%, min.: 0%, max.: 2.7%), sparry ferroan calcite in 
bivalves (avg.: 0%, min.: 0%, max.: 0.3%), clay minerals in 
calcispheres (avg.: 0.0%, min.: 0.0%, max.: 0.3%) and clay 
minerals in foraminifera (avg.: 0.0%, min.: 0.0%, max.: 0.3%) 
reflect minor authigenic minerals. In total, the authigenic 
composition varies between 6.0 and 48.3% (avg.: 23.4%).

Blue-stained sparry ferroan calcite fills the inner part of 
calcispheres or other fossils and most veins (Fig. 5a). Pore-
filling green clay minerals and green clay minerals in fossils 
most often coat the inside of individual fossil tests (Fig. 5a). 
Where the fossils or calcispheres are broken, further sparry 
ferroan calcite cements are also encasing the broken frag-
ments (Fig. 5g). Pervasively sealed veins (Fig. 5a, h) are 
composed of an intergrowth of ferroan calcite (stained blue) 
and calcite (stained red, Fig. 5a). This mineral paragenesis 
will be abbreviated as (ferroan) calcite. Narrow veins show 
a width from 0.012 to 0.05 mm (avg.: 0.026 mm), while 
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Fig. 2   Stratigraphic column including grain size distribution and pet-
rographic data (point-counting data for calcispheres and micrite con-
tent). Faintly laminated limestones are in the lower studied part, inter-

bedded with marly shale layers. A fining-up trend is noted towards 
the top. In addition, faintly laminated limestones are predominant in 
the lower section. Missing part is marked by a white box
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wide veins around the fault show widths between 0.25 and 
0.63 mm (avg.: 0.42 mm). Composite veins composed of 
(ferroan) calcite and strontianite were observed around the 
fault and within the undisturbed lithology (Fig. 6c, d). Com-
posite veins of (ferroan) calcite and strontianite still retain 
open intercrystalline porosity between the strontianite crys-
tals (Fig. 6d). Depending on the crystal section, strontianite 
can be fibrous to radiating spherulitic, bladed or botryoi-
dal (Fig. 6d). They partly fill the remaining inner fracture 
porosity, which is outlined by euhedral crystal terminations 
of elongate blocky (ferroan) calcite crystals (Fig. 6d). In 
these composite veins, pyrite/marcasite is often present at 
the host rock–vein interface and encased in (ferroan) calcite. 
Also, a sheared (ferroan) calcite vein contains elongated host 
rock inclusions and remaining fracture porosity is filled by 
strontianite, where strontianite again retains intercrystalline 
porosity within the vein (Fig. 6d, Fig. 8). Larger strontianite 
or (ferroan) calcite/strontianite veins are found in samples 
from the fault zone and in samples PHX10, PHX26 and 

PHX27. Pyrite and marcasite are mostly found surround-
ing or within clay laminae as framboids, within calcispheres 
and other fossils (Fig. 5d). The framboidal pyrite present in 
intraparticle pores of calcispheres and foraminifera is addi-
tionally encased in ferroan calcite in some samples (Fig. 5a, 
f, g).

Cathodoluminescence analyses show that the calcitic 
calcispheres show a bright orange luminescence and a dull 
luminescing centre, where they are filled by ferroan calcite. 
Narrow authigenic, syntaxial (ferroan) calcite veins (avg. 
0.01 to 0.05 mm wide) show no consistent zonation but a 
rather dull orange luminescence or non-luminescence with 
individual areas of brighter luminescence (Fig. 7a, b). In 
wider veins (0.25 to 0.63 mm wide), the brightest orange 
zones occur at calcite crystal boundaries showing euhedral 
terminations, while the centre mostly exhibits a dull orange 
luminescence indicating the presence of ferroan calcite. At 
the transition from host rock to vein, the (ferroan) calcite 
crystals show syntaxial growth and growth competition 

Fig. 3   Overview parts of the studied outcrop with different wall sec-
tions. a The lower part of the studied lithologies hosts limestone–
marly shale alternations. The faintly laminated limestone surfaces 
are rough, and the interbedded marly shales are of varying thickness 
and occur as thinner or thicker beds (e.g. in the lower part of Fig. 3a). 
The limestone surface is partly coated with pyrite/marcasite and thus 
brownish to yellowish due to iron hydroxide precipitation. The wall 

strikes W–E. b Portrait view, in strata above, the thickness of inter-
bedded marly shale is increasing, and the limestones are no longer 
faintly laminated, but massive with even surface. The wall strikes 
NNW–SSE to NW–SE. c Fault zone with normal fault (white arrow) 
and (ferroan) calcite/strontianite vein (yellow arrow). The wall strikes 
NNE–SSW to NE–SW. Hammer for scale
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(Fig. 7b, c). In sample PHX10, the (ferroan) calcite vein 
cements precipitate syntaxially on the host rock inclusions, 
and their crystal size increases towards the centre of the 
vein (Fig. 7b). In addition, the host rock inclusions appear 
to be cut again and are overgrown by an even larger syn-
taxial (ferroan) calcite phase (top of Fig. 7b). The euhedral 
terminations of these crystals are again encased in stronti-
anite (Fig. 7b). Strontianite shows a turquoise-bluish lumi-
nescence and zones of brighter and duller luminescence 
or non-luminescence in larger crystals (Fig. 7b, c, d). The 
micritic matrix generally shows a pale orange luminescence 
(Fig. 7 a, c, f), while only the sample containing a sheared 
vein shows a purple luminescence of the micrite both at the 
host rock–vein interface (Fig. 7d) and in the narrowly spaced 
(20–100 µm) host rock inclusions inside the vein (Fig. 7b, 
e). The peloids/pellets (interpreted as faecal pellets) encased 
in a micritic matrix show a reddish luminescence (Fig. 7f).

Optical porosity

Optical porosity is low with an average of 0.32% (min.: 0%, 
max.: 3.0%) and includes intergranular porosity (min.: 0%, 
max.: 1.0%) mostly between calcispheres and micrite, vuggy 
porosity in micrite (min.: 0%, max.: 1.0%), porosity in clay 
laminae (min.: 0%, max.: 0.7%), intraparticle porosity in 

foraminifera (min.: 0%, max.: 0.3%) and intercrystalline 
porosity in veins (min.: 0%, max.: 3.0%). Secondary porosity 
is visible in PHX10, due to (partial) faecal pellet dissolution. 
Due to the low content, no point-counting data on secondary 
porosity of faecal pellets are available.

Compaction and deformation

Compaction is recorded mainly by deformed calcispheres 
in contact with clay laminae and an absence of intergranu-
lar porosity. The calcispheres are partially pressed into the 
clay laminae and thereby elliptically deformed or even broke 
(Fig. 5c, d). This elliptical deformation allows the calculation 
of the degree of compaction with the Fry method (Fry 1979). 
The average ratio for undeformed calcispheres in areas lacking 
clay laminae 1.03 (min.: 0.97, max.: 1.14) and for deformed 
calcispheres within clay laminae is 1.82 (min.: 1.30, max.: 
4.24) (PHX21-PHX34). Using ImageJ, the average thickness 
of the compaction bands formed by deformed calcispheres 
and clay laminae is 0.35 mm (min.: 0.26 mm, max.: 0.52 mm) 
(PHX24, PHX 26, PHX27, PHX33 and PHX34). The aver-
age vertical shortening measured on calcispheres around clay 
laminae is therefore 38.5% (min.: 4.5%, max.: 73.6%) and 
is restricted to the compaction bands formed by deformed 
calcispheres and clay laminae. No chemical compaction (e.g. 
stylolitization) was observed in the thin sections.

Compactable depositional volume

The compactable depositional volume (CDV) is the sum of 
potentially compactable volume after deposition and before 
diagenetic processes (which can cause the formation of 
cements in former pore spaces) and compaction (which can 
cause porosity and therefore volume loss due to grain rear-
rangement and fracturing of porous (micro)fossils). High 
CDV values thus represent samples, which retained most 
of this volume and could be less compacted than samples 
having lower CDV values. In this study, the CDV includes 
compacted (detrital) micrite; clay laminae; authigenic sparry 
ferroan calcite cements in calcispheres and foraminifera; 
pore-filling and intergranular calcite and ferroan calcite; 
calcite and unstained carbonate cements; clay minerals in 
calcispheres and foraminifera; pore-filling clay minerals in 
micrite; pyrite and marcasite in clay laminae, calcispheres or 
foraminifera; microcrystalline cement in calcispheres and all 
visible porosity in thin sections. In this study, the average 
CDV is 79.3% and ranges from 63.7 to 96.0%.

Petrophysical data

The He-porosity of the plugs drilled parallel to the stratifi-
cation ranges from 1.0% to 18.7% (avg.: 8.1%). The grain 
density is 2.69 g/cm3 to 2.85 g/cm3 (avg.: 2.74 g/cm3). The 

n=499
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Fig. 4   Fracture data from drone imagery plotted as rose diagram 
(strike plot). Fracture data were generated using the FraqPaQ work-
flow from Healy et  al. (2017). Main striking sets from WSW–ENE, 
NNE–SSW and NW–SE
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He-porosity of the plugs drilled perpendicular to the strati-
fication ranges from 1.2% to 14.7% (avg.: 7.7%). The grain 
density range is 2.68 g/cm3 to 2.78 g/cm3 (avg.: 2.74 g/cm3). 
For the fault zone, the He-porosities range from 4.1% to 
9.9% (avg.: 6.0%) and grain densities from 2.73 g/cm3 to 
2.78 g/cm3 (avg.: 2.74 g/cm3).

For plugs drilled parallel to stratification, permeability 
ranges from < 0.0001 mD (technical measurement limit) to 
0.201 mD (avg.: 0.0038 mD). For plugs drilled perpendicu-
lar to the stratification, the permeability ranges from < 0.0001 
mD to 0.079 mD (avg.: 0.0097 mD). The maximum values 
measured parallel to stratification are thus up to one order of 
magnitude higher than the plugs measured perpendicular to 
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the stratification. For the fault zone, the permeability ranges 
from < 0.0001 mD to 0.0003 mD (avg.: 0.0002 mD). The 
p-wave velocity (vp) of the plugs drilled parallel to the stratifi-
cation ranges from 3333 to 5659 m/s (avg.: 4662 m/s). The vp 
of the plugs drilled perpendicular to the stratification ranges 
from 2089 to 5843 m/s (avg.: 4230 m/s).

Correlations of petrophysical and petrographic 
properties

He-porosity and permeability values show no consistent cor-
relation to each other (Fig. 9a). The correlation of grain den-
sity and He-porosity (Fig. 9b) indicates that porosity gener-
ally increases with higher grain density (parallel: R2 = 0.63, 
perpendicular: R2 = 0.54). Grain density (parallel: R2 = 0.52, 
perpendicular: R2 = 0.45) and porosity (parallel: R2 = 0.91, per-
pendicular: R2 = 0.81) both show a negative correlation with 
vp (Fig. 9c, d).

In addition, porosity decreases with higher amounts of 
authigenic components (parallel: R2 = 0.30, perpendicular: 
R2 = 0.59) (Fig. 10a), while this correlation is more robust in 
samples prepared perpendicular to bedding. Porosity further-
more decreases with higher amounts of detrital calcispheres 
(parallel: R2 = 0.38, perpendicular: R2 = 0.54) (Fig. 10d), but 
increases with higher amount of total detrital components (par-
allel: R2 = 0.28, perpendicular: R2 = 0.58) and micrite (paral-
lel: R2 = 0.43, perpendicular: R2 = 0.67) (Fig. 10b, c). Samples 
containing more than 4% clay laminae show a slightly positive 
trend with porosity and grain density (Fig. 11a, b), whereas the 
vp decreases with a higher amount of clay laminae (Fig. 11c).

The CDV shows a negative correlation with the sum 
of authigenic components (Fig. 12a; R2 = 0.42), a positive 
correlation with sum of the detrital components (Fig. 12b; 
R2 = 0.45) and also a positive correlation with the amount 

of micrite (Fig. 12c; R2 = 0.79). The correlation of CDV 
and He-porosity indicates a generally positive correlation 
(Fig. 12d; parallel: R2 = 0.40, perpendicular: R2 = 0.60). 
Samples having lower present-day CDV values thus have 
lost more porosity and volume during compaction and thus 
have lower present-day porosity.

Discussion

Lithology and petrographic analyses

The alternation of pelagic, allochthonous limestone beds 
(argillaceous limestones to calcareous marlstone) with marly 
shale layers (claystone to marlstone) and an overall fining 
upward trend indicate turbiditic or debris flow deposits as 
also previously described by Kappel (2002). Turbidites 
and debrites often originate due to overload at slopes and 
slope failure or due to tectonic triggers, e.g. basin inver-
sion, earthquakes or gravity driven flow (e.g. Dott 1963; 
Bouma 1964; Lowe and Guy 2000 and references therein; 
Bouma 2004). The presence of clasts composed of indi-
vidual densely packed calcispheres could represent erosion 
and re-deposition by turbidity currents. As typical turbiditic 
sequence lithologies are not recognized in the studied lith-
ologies, the layers can also be interpreted as debris flows 
with silt grain sizes. Due to the small grain size and high 
micrite content towards the top of the studied interval, the 
layers can also be interpreted as suspension flow in general 
(cf., Voigt and Häntzschel 1964). The visible fining upward 
trend in thin sections and field observations (Fig. 2, 3) may 
thus represent a combination of smaller sea-level fluctua-
tions in combination with suspension flow. Furthermore, the 
absence of calcispheres at the top of the studied interval may 
be an indication for sea-level or environmental changes (e.g. 
Masters and Scott 1979; Vodrazkova and Munnecke 2010). 
In this case, the sedimentation rate may be controlled by the 
Late Cretaceous inversion (e.g. Voigt et al. 2021) and thus 
slumping (cf., Wolf 1995). The origin and transformation 
of carbonate muds and micrite is still an ongoing discus-
sion (e.g. Munnecke et al. 2023), and detrital micrite can be 
classified as allomicrite (e.g. Wolf 1965; Munnecke et al. 
2023). Micrite observed in this study was classified as detri-
tal, as the lithologies are described as redeposited. But also, 
autochthonous micrite could be part of the lithologies, after 
redeposition, and thus the term allomicrite was not applied. 
Also, glauconite, phosphate and dolomite are classified as 
detrital due to the redeposition. Additional authigenic occur-
rence cannot be excluded.

Textures observed in thin sections and hand specimen 
from higher strata indicate rapid deposition, since fossils, 
e.g. foraminifera or test and shell fragments, are broken and 
do not show any preferential orientation (cf., Fig. 5e, g). The 

Fig. 5   Photomicrograph showing a former hollow calcispheres which 
are cemented by ferroan calcite and also smaller veins are completely 
sealed by (ferroan) calcite (sample PHX34). Calcite is stained red 
and ferroan calcite is stained blue. However, also green clay miner-
als occur as filling in calcispheres or foraminifera. b Some thin sec-
tions showing clasts of reworked former calcisphere packstones 
(sample PHX30). Without staining, the distinction between calcite 
and ferroan calcite is not possible. c Calcispheres are deformed ellip-
tical in areas where clay laminae are present, and glauconite occurs 
occasional (sample PHX27). d The appearance of pyrite/marcasite 
framboids is mostly limited to the vicinity of clay laminae or high 
clay content within the micritic matrix (sample PHX33). The opaque 
minerals occur either pore filling in fossils or dispersed in the clay 
laminae or the micritic matrix. e The upper lithologies consist mostly 
of micrite and clay (sample PHX12). f Dolomite or dolomitization of 
former fossils occurs sporadically (sample PHX19). g Reworked and 
broken fossils and tests are occurring within a more micrite and clay 
dominated matrix (sample PHX12). h Deformed calcispheres also 
occur at the transition to cemented calcisphere packstone clasts (sam-
ple PHX16). Cal: calcite, Fe-Cal: ferroan calcite, (Fe-)Cal: (ferroan) 
calcite, foram: foraminifera, pf: pore filling, Py/Mrc: pyrite/marcasite, 
Glt: glauconite, Dol: dolomite

◂
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macroscopic fossil content is low; apart from three preserved 
belemnites, other macroscopic fossils are rarely present at 
the studied wall sections (Fig. 2). One belemnite was com-
pletely preserved and described as belemnite mucronate, 
due to its slenderness (Giers 1958; Kappel 2002). Based on 
the limestone–marly shale alternation, the calcispheres and 
foraminifera content, the identified belemnite and the overall 
rarely found macrofossils, the deposits can be interpreted to 
belong to the Beckum Member, in the transitional area of the 
Stromberg to the Beckum Member (c.f., Giers 1958; Kappel 
2002). The transition to the Vorhelm Member in the hanging 
wall cannot be excluded.

The most abundant detrital components are micrite and 
calcispheres. They indicate deposition on a shelf in shal-
low to deep marine environment (e.g. Wilson 1975; Grobe 
and Machel 2002). Calcispheres are described as oligoste-
gines (e.g. Giers 1958; Voigt and Häntzschel 1964; Kap-
pel 2002) or calcareous dinoflagellate cysts in previous 
publications (e.g. Wendler and Willems 2004; Wiese et al. 
2004). Also, the term calcisphere is described as ‘problem-
atic’ by Versteegh et al. (2009), since the terminology and 
grouping is not clearly defined. In general, the abundance 

of calcispheres in Cretaceous lithologies worldwide (Albian 
to Upper Campanian) is well known (e.g. Vodrazkova and 
Munnecke 2010; Wendler and Bown 2013). As Cretaceous 
calcispheres are common between shallow-water and shelf-
margin to slope deposits (e.g. Masters and Scott 1979), the 
depositional environment cannot be clearly classified by 
the calcispheres as an indicator. However, the association 
with mostly planktic foraminifera indicates a shelf-margin 
to slope deposit (Masters and Scott 1979). The observed 
roundish-to-elliptical peloids/pellets exhibiting dissolution 
porosity along their margins (Fig. 6 b) were interpreted as 
non-skeletal grains and because of the average grain size 
of 0.35 mm as peloids, which are partly or completely dis-
solved. Since they are not stained, a dolomitic composition is 
derived. Since some of the peloids also contain round struc-
tures, small opaque components or foraminifera fragments, 
the peloids are further interpreted as lithified faecal pellets 
(cf., Fig. 6a, b). Generally, faecal pellets preferentially occur 
in slope or shelf/ramp facies as well as deep water environ-
ments (Deik et al. 2019), and are therefore not considered as 
depositional indicators. Rarely occurring green clay miner-
als, filling intraparticle pores in foraminifera or calcispheres, 

Fig. 6   a Photomicrograph showing micrite to clay matrix, containing 
smaller test or shell fragments, foraminifera and glauconite. Former 
pellets are completely or partially dissolved and therefore cause mol-
dic porosity. A carbonate vein, most likely (ferroan) calcite, crosscuts 
the former pellet. b The pellets are roundish, and dissolution is more 
pronounced at the outline of the pellet. c Sheared carbonate (likely 
ferroan calcite) vein, which includes host rock material. d The syn-

taxial (ferroan) calcite vein is completely sealed and shows growth 
competition, whereas bladed to fibrous strontianite veins retain 
intercrystalline porosity (sample PHX10). foram: foraminifera, Glt: 
glauconite, moldic poro: moldic porosity, poro: porosity, (Fe-)Cal: 
(ferroan) calcite, HR: host rock, FP: faecal pellet; Py/Mrc: pyrite/
marcasite, Str: strontianite
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and individual glauconite grains are interpreted to be rede-
posited, since all former pore spaces from microfossils are 
filled by either ferroan calcite cement, pyrite/marcasite, 
micrite or green clay minerals. Both green clay minerals 
(berthierine, odinite or verdine facies) and glauconite indi-
cate a shallow marine origin (Odin 1990; Ryan and Hillier 
2002; Huggett 2013) prior to redeposition. Since aragonite, 

the main component of other faecal pellets, is metastable and 
would be converted into calcite at shallow burial depths (e.g. 
Deik et al. 2019; Reuning et al. 2022), a recrystallization to 
dolomite is interpreted. However, as the partially dissolved 
pellets are crosscut by a ferroan calcite veins (Fig. 6a) and 
the intragranular porosity of the pellets remains uncemented, 
we interpret the formation of intragranular porosity to occur 

Fig. 7   Photomicrographs of cold cathodoluminescence showing dif-
ferent luminescence properties of calcite (Cal), ferroan calcite (Fe-
Cal) and strontianite (Str). a Calcite shows bright orange lumines-
cence colour, while ferroan calcite is dull (sample PHX34). Calcite 
occurs in the test of calcispheres or other fossils, while ferroan calcite 
cements occur as pore-filling cement or vein. The luminescence of 
micrite between the fossils is not as bright as pure calcite. b, c The 
wide veins contain zones of both bright and dull luminescence up to 

non-luminescence calcite to ferroan calcite, while reactivated veins 
(vein II) also contain strontianite which shows a bluish luminescence 
(sample PHX10). Multiple parallel veins also contain host rock frag-
ments (HR). d Larger strontianite veins also show zonation within the 
crystals with brighter and darker zones (sample PHX10). Faecal pel-
lets (FP) are partially dissolved. e Host rock inclusions in (ferroan) 
calcite veins show a purple luminescence (sample PHX10). f Remain-
ing faecal pellets show a reddish luminescence (sample PHX10)
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after fracturing and ferroan calcite vein formation, most 
likely during late diagenesis and exposure at the surface.

Paragenesis

Early diagenesis

Early diagenesis begins instantly after deposition and in con-
junction with mechanical compaction of detrital components 
during overall shallow to intermediate burial (Fig. 13a). 
Based on regional reconstructions, the maximum burial 
depth likely did not exceed 1.5 km depth (Uffmann 2014). 
The compaction also allowed dehydration of the clay lami-
nae, which additionally release elements (e.g. Fe2+ and Ca2+) 
into solution, which is also described in the transformation 
of smectite to illite (Boles and Franks 1979). Furthermore, 
this initial compaction due to overburden resulted in the 
elliptical deformation and occasional fracturing of calci-
spheres close to clay laminae (Fig. 13c). The observed pyrite 
and marcasite as framboids in clay laminae and calcispheres 
likely incorporated iron deliberated from clay mineral 
dehydration during initial compaction formed by bacterial 
sulphate reduction (BSR) in a shallow burial environment 
(Berner 1970; Coleman 1985). The BSR onset is often spon-
taneous, if organic-rich sediments and lower oxygen pen-
etration are present (Machel and Grobe 2001 and references 
therein). The main process of BSR is the microbial reduc-
tion of sulphate to hydrogen sulphide to form iron sulphide, 
aragonite dissolution, and an increase of alkalinity is the 

consequence (Biehl et al. 2016; Deik et al. 2019 and refer-
ences therein). This leads to precipitation of calcite cements 
(e.g. Friis 1995; Reuning et al. 2006; Deik et al. 2019) or 
dolomite and therefore to the lithification of the interpreted 
faecal pellets. However, incipient sulphate reduction can 
lead to carbonate dissolution due to a drop in pH (Reun-
ing et al. 2022). The authors show that for specific cases a 
slightly higher concentration of organic matter allows an 
increased aragonite dissolution during sulphate reduction in 
the same depth, where dolomite cementation starts in a shal-
low burial environment (Reuning et al. 2022). The dolomitic 
composition of the pellets is supported by the pellets remain-
ing unstained and showing a reddish luminescence in CL 
(Fig. 7f) (e.g. Götze 2012). Also, further microbial mediated 
processes such as iron reduction and methanogenesis could 
lead to diagenetic dolomite formation (Petrash et al. 2017, 
and references therein). Iron is a redox-sensitive element, 
and therefore the reduction by Fe(III)-respiring microorgan-
isms leads to incorporation of iron in dolomite or newly 
formed carbonate overgrowths (Petrash et al. 2017, and ref-
erences therein).The latter is depending on the occurrence 
of biologically produced sulphide anions, which could also 
lead to pyrite formation (Petrash et al. 2017, and references 
therein). As the calcispheres (both, deformed and intact) and 
also other fossils are filled with iron sulphides in the vicinity 
of clay laminae (Fig. 5a, d, f, g), a contemporaneous process 
of clay mineral dehydration and BSR (additional processes 
cannot be excluded) is interpreted. Furthermore, ferroan 
calcite precipitation is interpreted to postdate framboidal 

Fig. 8   Thin section scans (layer PHX10); the top of the layer is 
marked with an arrow on the upper left corner. Wider (ferroan) cal-
cite veins precipitate syntaxially and include host rock fragments. 
Smaller (ferroan) calcite veins are parallel to each other. Faecal pel-
lets are locally dissolved (moldic porosity, left side) or preserved (e.g. 

in the centre). White arrows highlight normal fault displacement and 
associated extensional fracturing, resulting in a sheared (ferroan) cal-
cite vein and vein reactivation with strontianite precipitation. (Fe)-
Cal: (ferroan) calcite, moldic poro: moldic porosity, FP: faecal pellet, 
Str: strontianite
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pyrite/marcasite formation and compaction as it encases 
iron sulphides and fills intraparticle pores in deformed and 
undeformed calcispheres and foraminifera. The precipitation 
of ferroan calcite likely was enhanced by the release of Fe 
and Ca into solution by the clay mineral dehydration. The 
formation of ferroan carbonates by elemental uptake from 
intraformational claystones is also observed in sandstones 
(cf., Miocic et al. 2020), where Fe- and Mg-rich carbonates 

are present in close proximity to clay layers. Also, the early 
burial release of Ca-ions by carbonate dissolution coupled 
to BSR could be feasible. However, the origin of early dia-
genetic calcite cements is debated as shown by Munnecke 
et al. (2023). Further mechanical compaction and fracturing 
of these initially hollow calcispheres (Voigt and Häntzschel 
1964), which are now filled by ferroan calcite, is inhibited, 
while uncemented foraminifera or calcispheres would likely 
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crush under further mechanical stresses as derived from 
geomechanical laboratory tests on calcisphere-containing 
calcarenites (cf., Leuthold et al. 2021).

Late diagenesis

As (ferroan) calcite veins are following the outline of 
calcispheres filled by ferroan calcite (Fig. 5a, b), it is 
interpreted that they formed following the precipitation 
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of intraparticle ferroan calcite, as the hollow calcispheres 
would have likely fractured. Within these veins, cathodo-
luminescence indicates areas with higher amount of Fe or 
Mn, or REE, based on its luminescence (Fig. 7a) (Budd 
et al. 2000), and may indicate slight changes in fluid com-
positions during vein precipitation. Most of the ferroan 
calcite cements present a dull orange luminescence up to 
non-luminescence representing Fe enrichment relative to 
Mn (cf., Budd et al. 2000). The assessment of a variabil-
ity in the Fe content during vein cement precipitation is 
also supported by carbonate staining showing calcitic (red) 
and ferroan calcitic (blue) zones in stained thin sections 
(Fig. 5a). As (ferroan) calcite in the wider composite veins 
often encases pyrite/marcasite in contact with the host 
rock, the initial precipitate in the fracture is interpreted to 
be pyrite/marcasite.

Fault controlled, late diagenetic fluid interactions can also 
precipitate iron sulphides (pyrite and marcasite) at the transi-
tion of the rock before the fractures are filled by (ferroan) 
calcite or strontianite (Grobe and Machel 2002). The elon-
gate blocky (ferroan) calcite crystals with euhedral crystal 
terminations (Fig. 7b) indicate a large open fracture aperture 
in which crystal facets could form (Prajapati et al. 2018). 
The remaining fracture porosity was then filled by stronti-
anite precipitating on the euhedral crystal facets (Fig. 7c, d) 
(cf., Giers 1958; Grobe and Machel 2002). Since the veins in 
general contain strontianite, (ferroan) calcite and sulphides, 
the paleo-fluid is interpreted as sodium chloride rich, prob-
ably influenced by Zechstein salts from Northern Germany 
(e.g. Harder 1964; Grobe and Machel 2002). Alternatively, 
the strontium content in mineralized deep water of the Ruhr 
area is up to 1530 mg Sr/l, which would be high enough for 
the formation of strontianite deposits in the central Münster-
land (Dölling and Juch 2009, and references therein). These 
mineralized fluids may precipitate strontianite in contact 
with lower salinity formation waters in Cretaceous lime-
stones, at lower pressures and temperatures of near-surface 
conditions (Dölling and Juch 2009, and references therein). 
Although no correlation between the regional concentrations 
of Sr in mineralized fluids from the Ruhr area and the pres-
ence of strontianite veins could be established, it is the more 
likely source for strontianite veins (Dölling and Juch 2009, 
and references therein). Earlier assumptions of lateral secre-
tion from Upper Cretaceous limestones and marls (Kramm 
1985) based on similar Sr isotope signatures have mostly 
been discarded, as the Sr content in these limestones does 
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not change with increasing distance from the veins (Dölling 
and Juch 2009, and references therein). However, the for-
mation of strontianite veins due to lateral secretion would 
also result in a more homogeneous occurrence of strontianite 

veins in joints. In this study, as well as described by Bauch 
et  al. (2003), strontianite veins are mostly restricted to 
NW–SE striking veins, and (subordinate) in NE–SW. As the 
strontianite veins are dominantly found in areas surrounding 
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faults within the Upper Cretaceous limestones of the region 
and mainly in NW–SE and only subordinately in NE–SW 
orientation, a relation with the Upper Cretaceous compres-
sional event and inversion (e.g. Osning thrust) as a result of 
stress field change is interpreted (e.g. Drozdzewski 1988; 
Kley and Voigt 2008; Dölling et al. 2017; Voigt et al. 2021). 
Fault-controlled movement of warm and saline strontium-
rich formation fluids from fractured and deformed Palae-
ozoic bedrocks could be an additional source (Grobe and 
Machel 2002). As the host rock surrounding the sheared 
vein (Fig. 7e) also shows a purple luminescence of the mic-
ritic host rock, it is likely that in the vicinity to this sheared 
vein, the host rock was altered prior to (ferroan) calcite vein 
precipitation. Alternatively, a violet-blue luminescence in 
carbonates has previously been assigned to intrinsic lattice 
deformation in calcites (Toffolo et al. 2019). However, this 
cannot be linked to the shear displacement, as other host 
rock inclusions in the same sample still show an orange 
luminescence (Fig. 7b-d).

Shearing of the studied vein in sample PHX10 syndates 
the precipitation of (ferroan) calcite veins, as the displaced 
and cut host rock inclusions, which are stabilized by (fer-
roan) calcite veins, are again overgrown by calcite and 
ferroan calcite (Fig. 6b and 7). The shearing furthermore 
predates the precipitation of strontianite, as the (ferroan) 
calcite overgrowing cut host rock inclusions is encased in 
strontianite (Fig. 6c). As the partially dissolved faecal pel-
lets are crosscut by narrow (ferroan) calcite veins (Fig. 6a), 
their dissolution is interpreted to postdate the latest phase of 
(shear) fracturing, (ferroan) calcite and strontianite precipi-
tation. The most likely interpretation is dissolution due to 
exposure to meteoric water. However, the presence of faecal 
pellets is only restricted to this individual layer showing dis-
solution, resulting in moldic porosity, which enhances the 
porosity but not the permeability. As the fracture surfaces 
of the few observed open fractures contain brownish iron 
residue (Fig. 3a, b), most likely goethite stains, it is sug-
gested that the open fractures formed near to the present-day 
surface in a humid, oxidizing climate (e.g. Burgess et al. 
2016), likely during uplift and stress release.

Compaction and CDV

The average optical porosity derived from point counting is 
0.32%. A lack of visible porosity, including macroporosity, 
may be caused by compaction. Macroporosity is only vis-
ible in samples containing dissolved pellets or within wider 
veins containing strontianite. Also, mechanical compaction 
is indicated by well-defined laminae interpreted as compac-
tion bands, where elliptically deformed calcispheres and 
clay laminae are in contact. Initial mechanical compaction 
after (re)deposition causes grain rearrangement, while duc-
tile clay laminae form boundaries, where the calcispheres 

deformed elliptically and even break. The average vertical 
compaction is 38.5%, but since the determination of com-
paction by Fry (1979) is in this case related to calcispheres 
at the transition to clay laminae, no overall correlation could 
be done, since not every thin section contains calcispheres 
and clay laminae. The elliptical deformation of calcispheres 
in the Münsterland Cretaceous Basin was already recog-
nized by Giers (1958), but not quantified. As the combi-
nation of compacted calcispheres and clay laminae forms 
compaction bands parallel to bedding, direction-dependent 
hydraulic properties, e.g. permeability perpendicular to 
the compaction band, are decreased by on avg. 0.4 orders 
of magnitude. This effect is also observed for compaction 
bands formed during geomechanical lab experiments (c.f. 
Stanchits et al. 2009; Baud et al. 2012; Leuthold et al. 2021). 
Similar to the use of palynomorphs (cf. Pliocene of Great 
Bahama Bank or Silurian of Gotland, Westphal and Mun-
necke 1997) as a compaction indicator in fine-grained car-
bonates, calcispheres and also other intraporosity bearing 
fossils can record localized compaction. To further assess 
the impact of compaction based on petrographic parameters, 
similar to the IGV calculations in sandstones (Houseknecht 
1987; Paxton et al. 2002), the concept of the ‘compacta-
ble depositional volume’ was evaluated. As both compac-
tion and cementation influence the volume and porosity 
loss during diagenesis and one process may limit the other, 
we chose the CDV to assess controlling factors on volume 
and porosity. Samples with higher measured He-porosity 
show higher CDV, which means that depositional porosity 
and volume is retained and can be assessed using the CDV. 
However, a higher proportion of authigenic cements shows 
lower CDV and porosity values (Fig. 10a and 12a), indi-
cating that the cementation reduces porosity but does not 
effectively inhibit compaction, supporting the assessment 
that the cements formed after initial compaction. Further-
more, the CDV shows a positive correlation with detrital 
minerals (Fig. 12b). This is related to the large proportion 
of micritic matrix, which preserves microporosity (Zhang 
and Lu 2019) which enhances the CDV. As micrite has a 
high intercrystalline porosity at deposition of up to ~ 80% 
(Bathurst 1970; Shinn et al. 1977; Moshier 1989; Goldham-
mer 1997; Zhang and Lu 2019), it is included in this assess-
ment, just as depositional clay mineral matrix is included in 
IGV assessments in sandstones (Paxton et al. 2002). After 
Lee et al. (2021), the initial porosity of Miocene to Holocene 
wackestones of the west coast of Australia starts at ~ 60%. 
Although the composition or texture of some samples, as 
well as the measured He-porosity varies, the CDV can show 
similar values, as shown in Fig. 12d. The sample PHX10 
(Fig. 7b-f) shows a CDV of 73.33% and a porosity of 18.69% 
parallel to the stratification and 13.38% perpendicular to the 
stratification, whereas the sample PHX34 (Fig. 7a, 5a) shows 
a CDV of 74.33%, but a porosity of 6.69% parallel to the 
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stratification and 7.07% perpendicular to the stratification. 
The sample PHX10 is composed mostly of micrite (67.67%) 
and no calcispheres, whereas the sample PHX34 contains 
25% calcispheres and 33.33% micrite. High CDV values 
(e.g. 96% in sample PHX05) are an effect of overrepresenta-
tion of micrite. The same effect, however, can be observed in 
IGV calculations of sandstone samples rich in depositional 
clay minerals (c.f. Paxton et al. 2002). However, the optical 
porosity in the thin sections is determined by point count-
ing and does not include microporosity in micrite and clay 
minerals or clay minerals in laminae because of the limited 
magnification of the microscope. Also, just as with depo-
sitional clay mineral matrix in sandstones and their effect 
on compaction (i.e. IGV in Paxton et al. 2002), the initial 
microporosity of micrite is not included in the calculation of 
the CDV. In contrast, sandstones do not necessarily contain 
grains with primary intraparticle porosity apart from fos-
sils, which can be reduced by compaction. As the primary 
porosity in carbonate rocks is influenced by pre-depositional 
and depositional processes (Choquette and Pray 1970), both 
have to be considered to analyse the CDV. If applicable in 
similar lithologies, the CDV may be a suitable indicator 
for post-depositional compaction in limestones containing 
components or fossils with intraparticle porosity and may 
capture the compactional effect on reservoir properties. The 
CDV should be a basis to compare samples within the same 
stratigraphy and to relate the effect of compaction on petro-
physical parameters as measured porosity and permeabil-
ity. Also, as described by Lee et al. (2021), the compaction 
behaviour of carbonate rocks varies, as well as the early 
stage of porosity.

Reservoir quality controlling factors

The reservoir quality controlling factors for the analysed 
lithology are (1) mechanical compaction, which leads to 
grain rearrangement, (micro)porosity loss and formation 
of compaction bands at ductile clay laminae boundaries; 
(2) cementation of former pore spaces with mainly ferroan 
calcite and (3) vein formation of (ferroan) calcite and stron-
tianite, overall reducing the porosity and permeability. The 
subordinate dissolution of faecal pellets slightly enhances 
porosity but not permeability, since the moldic pores are 
not connected (Figs. 6b, 7f, 8). Also, particle sizes influence 
porosity, as micrite and clay laminae still contain microporo-
sity, whereas calcispheres are fully cemented. Tests are most 
likely not cemented, which contributes to the microporosity 
(e.g. Abouelresh and Mahmoud 2022). However, a higher 
amount of calcispheres causes lower He-porosities and 
higher vp values, likely related to larger volumes of ferroan 
calcite cements precipitating in the intraparticle pores. Also, 
compaction and a decrease of porosity enhance vp values 
(e.g. Anselmetti and Eberli 1993). The recorded sonic matrix 

compressional velocity range is typical for limestones with 
an average porosity of 5–20% (Rider and Kennedy 2011). 
Slightly better correlating vp and porosity values parallel to 
bedding are related to clay laminae and compacted calci-
spheres or calcisphere clasts aligned to the bedding. Also, 
the mineralogical composition as well as fabric can influ-
ence the sonic matrix compressional velocity (Kenter et al. 
2007). In this study, the amount of clay laminae in samples 
with a minimum content of 4% shows a slightly negative 
correlation with vp (Fig. 11c). Another influencing factor are 
pore types, as carbonate rocks can include various pore sizes 
and types (e.g. Weger et al. 2009). Positive deviations of a 
porosity–velocity trend and therefore higher velocity values 
can be caused by the pore type and the depositional and dia-
genetic overprint, which is shown by Anselmetti and Eberli 
(1999). However, macroporosity within the thin sections in 
this study is poor, except for layer PHX10 due to dissolution 
processes. Porosity and permeability values are generally 
low and show no log-linear correlation (Fig. 9a). For sam-
ples drilled parallel to the stratification, higher grain density 
correlates with higher He-porosity (Fig. 9b), which also cor-
relates with higher amounts of clay laminae (Fig. 11a, b) and 
the presence of compaction bands in samples containing clay 
laminae (Fig. 5d).

Micrite, clay laminae and fossil tests contain microporos-
ity, which is not visible in the thin sections using transmitted 
light microscopy, but can influence petrophysical properties, 
which is known from clays in sandstones (e.g. Nadeau and 
Hurst 1991). In general, the influence of micrite and clay 
laminae depends on their texture, pore space geometry and 
sizes (e.g. Volery et al. 2010; Deville de Periere et al. 2011; 
Regnet et al. 2015; Smodej et al. 2019). Samples containing 
more than 4% clay laminae show a slightly positive trend 
with higher porosity and grain density (Fig. 11a, b). Plugs 
drilled parallel to the stratification are of factor 1.4 higher for 
the maximum permeability than that of samples drilled per-
pendicularly to the stratification. This is largely related to the 
anisotropy related to compacted calcispheres and clay lami-
nae (Fig. 5d), since clay layers and compaction bands are 
known to act as fluid flow barriers (c.f. Kayser 2006). But 
in average, the permeability is in the same order. In addition, 
mechanical compaction decreases porosity and permeabil-
ity in general (e.g. Halley and Schmoker 1983; David et al. 
2001; Croizé et al. 2013), since grain rearrangement and cal-
cisphere deformation reduce the inter- and intragranular pore 
space and pore throat sizes. Smaller amounts of calcispheres 
in higher strata of the lithological column can thus be related 
to slightly higher permeabilities, which is interpreted to be 
related to a higher amount of micrite (Fig. 2) and a lower 
degree of compaction. As the lower measurement limit of 
the permeameter is 0.0001 mD, the permeability of samples 
given as 0.0001 mD will likely be lower, enhancing the seal-
ing potential of the host rock.
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The effect of diagenesis in the studied samples reduces the 
reservoir quality in general, since carbonate cements filled 
former pore spaces and fractures. Large-scale, near-surface 
fluid flow is thus likely restricted to faults and fractures (e.g. 
Grobe and Machel 2002), as also observed in injection tests 
in the area of Münster (Mohrdieck 1996). Veins are mostly 
sealed with (ferroan) calcite, rarely strontianite or both, and 
only a few open fractures were observed in the quarry. How-
ever, they may also be an effect of carbonate vein dissolu-
tion during weathering and quarry operation or an effect of 
stress release during uplift (e.g. Wyrick and Borchers 1981). 
Goethite was formed likely by the alteration of pyrite in the 
host rock and stained the surface (cf., Burgess et al. 2016). 
Otherwise, the fractures would have likely been sealed by 
(ferroan) calcite or strontianite, as documented for the veins, 
and do not contribute to fluid flow in the subsurface. As the 
studied samples originate directly from and further away 
from the fault zone (Fig. 3c), and petrophysical data do not 
vary distinctly around the fault (supplementary material), the 
fault zone is interpreted to not influence porosity and perme-
ability in the host rock. Dissolution is limited to one layer 
(PHX10), which increases porosity, but not the permeability. 
Due to the presence of (ferroan) calcite and strontianite as 
vein precipitates, the reservoir quality is low and the studied 
lithologies are therefore tight. Therefore, the studied litholo-
gies in the Central Münsterland Cretaceous Basin, overlying 
the northernmost extent of subsurface coal mining, are likely 
acting as sealing lithologies. Although vertical variations in 
the composition of limestones and marly shales and thick-
nesses are known, the lithologies show a continuous lateral 
extent on up to 150 km2 (Giers 1958). Only at the transition 
to the basin border, inhomogeneities can be expected (Giers 
1958). However, the studied lithologies are partially overly-
ing the northern extend of former coal-mining districts, and 
thus may not be representative for the whole coal-mining 
district. The facies with its deposited sediments will vary 
towards the south (c.f. Figure 1a).

Conclusions

The study of Upper Campanian limestones (Beckum Mem-
ber) illustrates the impact of early and late diagenetic pro-
cesses in former high porosity, mostly detrital rocks. Low 
matrix porosity (1.0 to 18.7%) and permeability (< 0.0001 
to 0.2 mD) is related to mechanical compaction, resulting 
in compaction bands and early cementation of former pore 
spaces with mainly ferroan calcite. Only marginal disso-
lution of faecal pellets slightly improves porosity but not 
permeability, which is seen only in one layer. Fractures 
are cemented and sealed by (ferroan) calcite and mostly 
preferred NW–SE orientated strontianite, due to the Late 
Cretaceous inversion and reactivation of fault systems. The 

precipitation of (ferroan) calcite and strontianite veins fur-
ther diminished large-scale fluid pathways. The rocks around 
the studied fault do not show different petrophysical prop-
erties or diagenetic alteration as surrounding rocks in the 
quarry. Open and brownish coated fractures are most likely 
uplifted related. Due to the low matrix permeability below 
0.2 mD, lithologies can be considered as seals. This also 
indicates that a geothermal utilization of this formation at 
depth may be limited. Overall, the up to 25-m-thick Bec-
kum Member limestone and marly shale alternation from 
the Upper Cretaceous acts as a regional seal, if not faulted 
with associated fractured damage zones. Only open fractures 
and faults, if present in the subsurface, could enhance fluid 
pathways. Therefore, fault-related fluid flow may have been 
limited.

The compactable depositional volume (CDV) for carbon-
ate rocks, derived from petrographic thin section analyses, 
may be a useful tool to assess the timing of cementation 
in relation to compaction if components with intraparticle 
porosity are present and to assess the effect of compactional 
volume loss on reservoir properties. The effect of overrep-
resentation by micrite and therefore high CDV values is 
comparable to the effect from IGV calculations of sandstone 
samples rich in depositional clay minerals.
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