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Abstract

Understanding reservoir quality is essential for subsurface use and exploration as it deter-
mines economic viability and reduces uncertainty, risk, and cost. In part I reservoir quality
for e.g., geothermal brines, CO; storage, and hydrocarbons are assessed for three different
areas. In part II the impact of the Russia-Ukraine conflict on global raw material supply
chains is evaluated and furthermore the role of selected African countries in raw material
supply is assessed. This study contributes with case studies on reservoir rocks and global
supply chains, to the optimal utilization of the subsurface for fluid and solid raw materials.

The Campanian lithologies in Beckum are studied as outcrop analog to understand petro-
physical and petrographic heterogeneity and the presence on possible fluid migration path-
ways from underlying Upper Carboniferous strata. He-pycnometry, Klinkenberg-corrected
air permeabilities, p-wave velocities, transmitted and reflected light analyses, point-count-
ing, and cathodoluminescence were used. Results show low matrix porosity (1.0-18.7%)
and permeability (<0.0001-0.2 mD), due to compaction, early (ferroan) calcite cementa-
tion, and formation of compaction bands in the vicinity to ductile clay mineral laminae. P-
wave velocities range from 2089 to 5843 m/s. The introduced “Compactable Depositional
Volume” (CDV) helps evaluate the timing of cementation relative to compaction, and the
effect of compactional volume loss on reservoir properties can be obtained. NW-SE ori-
ented, partially sealed veins with (ferroan) calcite and strontianite likely formed during
Late Cretaceous inversion and fault reactivation. Due to poor reservoir quality, these li-
thologies may act as barriers to rising mine water from abandoned coal mines, unless dis-
rupted by faults or fault-related damage zones.

An outcrop analog study evaluates diagenesis, fractures, and vein cementation in tight,
fractured limestones of the Upper Muschelkalk-Lower Keuper transition on the eastern
Upper Rhine Graben shoulder (SW Germany). Fracture occurrence, spacing, and clustering
are critical for reservoir performance, especially in tight formations. Early and burial dia-
genetic cementation with (ferroan) calcite and dolomite reduces matrix porosity (0.16—
10.58%) and permeability (<0.0001-9.7 mD). Samples with stylolites and partially sealed
fractures show highest permeability (up to 9.7 mD at 1.2 MPa) and retain up to 41% of the
initial permeability measured at 30 MPa. Fracture orientations were recorded manually and
analyzed using the normalized correlation count method. Clustering around a breached
kink band fault plane is not symmetrically arranged and contains fracture sets of different
strike. Fracture clusters are also recorded away from the fault. Slip and dilation tendencies
reveal, that fracture sets striking NNE-SSW, WNW-ESE, and NW-SE are more likely to
contribute to fluid flow as they are suitably oriented in the present-day stress field. The
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(breached) reverse kink bands are the first reported in this region (~180-200 km N-NE of
the Alpine front) and are likely related to compression by far field stresses induced by the
Alpine orogeny during the Eocene.

The Flysch play in the Vienna Basin is composed of several nappes, forming complex
reservoir compartments and hosts several sandstone-mudrock interbeds. This study focuses
on reservoir assessment using drill cuttings from two wells covering ~ 400 m of stratigra-
phy targeting the Paleocene-Eocene Greifenstein Fm. (Glauconite Sandstone, 1.—3. GLS).
The samples are analyzed for petrographic properties using transmitted light microscopy
and cathodoluminescence, and compared to well sections with known production data. The
sandstones are cemented by mostly ferroan calcite, resulting in low optical porosity (<5%).
Individually elevated porosity is related to partially dissolved K-feldspar. The highest glau-
conite content is observed in the 3. GLS. The paragenetic sequence indicate that reservoir
quality is independent of compaction. Depth accuracy of cuttings is improved using
handheld X-ray fluorescence (pXRF) based on Si/Al ratio, and gamma ray logs to distin-
guish sandstone- and mudrock-rich intervals. Diagenetic variations and the geochemical
fingerprint are linked to reservoir quality and known production performance of individual
well sections. The reservoir quality is restricted to fractures and partially sealed veins, and
areas of known production are related to lower optical porosity in finer-grained sandstones,
higher carbonate vein cement contents, and lower Fe+Mg contents. While fracture orien-
tations cannot be derived from cuttings, vein presence and internal textures can be identi-
fied. Drill cuttings are the first sample obtained while drilling a well and thus the first
opportunity to analyze the subsurface on-site. However, cuttings are often underutilized.

The Russia-Ukraine conflict disrupted global supply chains for oil, gas, metals, and other
raw materials. Both countries are resource-rich and had strong economic ties to the EU and
Germany. The EU27 lists currently 34 critical and 17 strategic raw materials. Individual
raw materials show a high market concentration in individual countries, often over 90%.
Russia plays a major role in mining and refining, using available and inexpensive energy.
Ukraine was a key alumina producer, and supplied ~50% of the global neon market before
production came to halt. The conflict’s impact on bauxite, alumina, titanium, lithium, noble
gases, nickel, palladium, platinum, and vanadium is assessed. Responses from countries
like South Korea and China show how infrastructure and affordable energy help offset
shortages. South Korea’s steelworks mitigated neon shortages, while China increased tita-
nium sponge production by ~1.6 in three years due to existing capacity and energy availa-
bility.

The mining potential of Botswana, Morocco, Namibia, and Zimbabwe in mining, pro-
cessing of mining products and participation in smelters, are highlighted which are to date
barely recognized by German investors. China e.g., directly invests in mining projects in
Africa, and Russia, and is also actively involved in the mining sector, some of which are
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accompanied by a military presence. Botswana shows comparatively good WGI indicators
and emphasizes the need for investment, which is to date not perceived from e.g., German
companies. For many African nations, mining and raw material exports are vital for eco-
nomic growth.
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Das Verstiandnis von Reservoirqualitit ist fiir die Nutzung und Erkundung des Untergrunds
von entscheidender Bedeutung, da sie die wirtschaftliche Durchfiihrbarkeit bestimmt und
Unsicherheiten, Risiken und Kosten verringert. In Teil [ werden Reservoirqualititen, z. B.
fiir geothermische Solen, CO»-Speicherung und Produktion von Kohlenwasserstoffen, fiir
drei verschiedene Regionen bewertet. In Teil II werden die Auswirkungen des Russland-
Ukraine-Konflikts auf die globalen Lieferketten von Rohstoffen analysiert und die Rolle
ausgewabhlter afrikanischer Lénder bei der Rohstoffversorgung untersucht. Die Studie tragt
mit Fallstudien zu Reservoirgesteinen und globalen Lieferketten zu einer Nutzung des Un-
tergrundes fiir fliissige und feste Rohstoffe bei.

Die Lithologien des Campanium in Beckum werden als Aufschlussanaloge untersucht, um
die petrophysikalische und petrographische Heterogenitét und mogliche Fluidmigrations-
pfade aus den darunter liegenden Schichten des Oberkarbons zu verstehen. Die Ergebnisse
zeigen niedrige Matrixporosititen (1,0-18,7 %) und Permeabilititen (<0,0001-0,2 mD),
die auf Kompaktion, frithe Zementation mit (Eisen-) Kalzit und die Bildung von Kompak-
tionsbénder am Ubergang zu duktilen Tonmineralschichten zuriickzufiihren sind. Die P-
Wellen-Geschwindigkeiten reichen von 2089 bis 5843 m/s. Der eingefiihrte Parameter
»Compactable Depositional Volume® (CDV) hilft den Zeitpunkt der Zementation im Zu-
sammenhang zur Kompaktion zu bewerten, und die Auswirkung auf die Reservoireigen-
schaften zu ermitteln. NW-SE orientierte, teilweise versiegelte Adern mit (Eisen-) Kalzit
und Strontianit bildeten sich wahrscheinlich wihrend der spétkreidezeitlichen Inversion
und Reaktivierung von Verwerfungen. Aufgrund der abdichtenden Lagerstittenqualitét
konnen diese Lithologien als Barrieren fiir aufsteigendes Grubenwasser aus stillgelegten
Kohlebergwerken wirken, sofern sie nicht durch Verwerfungen oder verwerfungsbedingte
Storungszonen unterbrochen werden.

Die Aufschlussanalogstudie bewertet Diagenese, Briiche und Aderzementierung in dich-
ten, gekliifteten Kalksteinen des Ubergangs vom Oberen Muschelkalk zum Unteren Keu-
per auf der ostlichen Schulter des Oberrheingrabens (SW Deutschland). Das Auftreten, die
Abstinde und die Orientierung von Kliiften sind entscheidend fiir die Qualitét des Reser-
voirs, speziell in dichten Formationen. Friihe- und versenkungsdiagenetische Zementation
mit (Eisen-) Kalzit und Dolomit reduziert die Matrixporositéten (0,16—10,58%) und Per-
meabilititen (<0,0001-9,7 mD). Proben mit Stylolithen und partiell versiegelten Kliiften
zeigen die hochste Permeabilitit (bis zu 9,7 mD bei 1,2 MPa) und erhalten bei 30 MPa
UmschlieBungsdruck bis zu 41 % der urspriinglichen Permeabilitit. Die Orientierungen
der Kliifte wurden manuell aufgenommen und mit der normalisierten Korrelationszdhlung
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analysiert. Die Clusterbildung um eine durchbrochene Knickbandverwerfungsebene ist
nicht symmetrisch angeordnet und enthdlt Kliifte mit unterschiedlichem Streichen.
Kluftcluster werden auch abseits der Verwerfung aufgezeichnet. Gleit- und Dilatationsten-
denzen zeigen, dass NNE-SSW, WNW-ESE und NW-SE streichende Kluftorientierungen,
mit groBerer Wahrscheinlichkeit zum Fluidtransport beitragen, da sie im gegenwértigen
Spannungsfeld entsprechend ausgerichtet sind. Die (durchbrochenen) umgekehrten Knick-
béander sind die ersten, die in dieser Region (~180-200 km N-NE der alpinen Deformati-
onsfront) beschrieben wurden, und stehen wahrscheinlich im Zusammenhang mit Kom-
pression durch Fernfeldspannungen wahrend des Eozéns.

Die Flysch-Reservoire im Wiener Becken bestehen aus mehreren Deckeniiberschiebungen
mit komplexen Lagerstittenkompartimenten aus Sandstein-Tonstein-Wechselfolgen.
Bohrklein aus zwei Bohrungen (ca. 400 m Stratigraphie der paldozidn-eozénen Greifen-
stein-Fm., Glaukonitsandstein, 1.—3. GLS) dient zur Ableitung von Kontrollfaktoren auf
die Lagerstéttenproduktivitit. Die Proben werden mikroskopisch untersucht und mit Ab-
schnitten bekannter Produktionsdaten verglichen. Die Sandsteine sind meist durch eisen-
haltigen Kalzit zementiert, was zu geringer optischer Porositédt (<5 %) fiihrt. Erhéhte Po-
rositat tritt bei teilweiser Losung von K-Feldspat auf. Der hochste Glaukonitgehalt findet
sich im 3. GLS. Die Reservoirqualitdt ist unabhingig von der Kompaktion. Die Tiefen-
genauigkeit des Bohrkleins wird durch Vergleich von pXRF (Si/Al-Verhiltnis) und
Gamma-Ray-Logs verbessert. Die Reservoirqualitét beschriankt sich auf Kliifte und partiell
versiegelte Adern; produktive Bereiche zeigen geringere Gesteinsporositit, hohere Kar-
bonatzementierung und niedrigere Fe+Mg-Gehalte. Kluftrichtungen sind nicht ableitbar,
das Vorhandensein von Kluftmineralisation und ihre interne Mikrostrukturen jedoch er-
kennbar.

Der Russland-Ukraine-Konflikt hat globale Lieferketten fiir Ol, Gas, Metalle und andere
Rohstoffe unterbrochen. Beide Lander sind rohstoffreich und wirtschaftlich mit der EU
und Deutschland verbunden. Die EU27 listet aktuell 34 kritische und 17 strategische Roh-
stoffe. Einige Rohstoffe zeigen Marktkonzentration von iiber 90 % in einzelnen Landern.
Russland ist bedeutend im Bergbau und in der Raffination aufgrund verfiigbarer, giinstiger
Energie. Die Ukraine war ein wichtiger Tonerdeproduzent und belieferte ~50 % des glo-
balen Neonmarkts vor Produktionsstopp. Untersucht werden Auswirkungen auf Lieferket-
ten von Bauxit, Tonerde, Titan, Lithium, Edelgase, Nickel, Palladium, Platin und Vana-
dium. Reaktionen Siidkoreas und Chinas zeigen, wie eine vorhandene Infrastruktur und
Energieverfiigbarkeit Engpidsse ausgleichen kann: Siidkoreas Stahlwerke kompensierten
Neonmangel, China steigerte die Titanschwammproduktion in drei Jahren um Faktor 1,6.

Die Bergbaupotenziale von Botswana, Marokko, Namibia und Simbabwe in den Bereichen
Bergbau, Verarbeitung von Bergbauprodukten und Beteiligung an Hiittenwerken werden
beleuchtet, die von deutschen Investoren bisher kaum wahrgenommen werden. China
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beispielsweise investiert direkt in Bergbauprojekte in Afrika, und auch Russland ist im
Bergbausektor aktiv, zum Teil begleitet von militérischer Présenz. Botswana weist ver-
gleichsweise gute WGI-Indikatoren auf und betont den Bedarf an Investitionen, der zum
Beispiel von deutschen Unternehmen bisher nicht wahrgenommen wird. Fiir viele afrika-
nische Staaten sind Bergbau und Rohstoffexporte entscheidend fiir das Wirtschaftswachs-
tum.
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1 Introduction

For geological subsurface utilization of sedimentary rocks, the understanding of reservoir
quality is crucial. It is influenced by the depositional system, fluid-rock interactions, and
structural geological overprint by faults and fractures, including cementation of fractures.
Understanding reservoir quality is key for successful exploration, helps to understand the
economic viability of natural resources, and limits uncertainties such as exploration risks
and costs in storage and production scenarios (e.g., Ozkan et al., 2011; Camp et al., 2018;
Worden et al., 2018; Ciriaco et al., 2020). Reservoir quality highly depends on the use case
whether a lithology should be porous and permeable or sealing. A reservoir rock for ex-
ploitation of hydrocarbons, geothermal energy or for CO; storage from CCS (carbon cap-
ture and storage) should be porous and permeable. Top seals and lateral seals of tight rocks
are important to constrain the migration of such fluids. Furthermore, impermeable litholo-
gies are required for nuclear waste disposal or rising mine water levels. The combined
structural and diagenetic alteration are a function of basin history and fluid-rock interac-
tion. As a result, petrophysical properties such as porosity and permeability vary between
sedimentary basin, across basins and within reservoirs in a basin (e.g., Quandt et al., 2022).
Besides the interconnected pore space in sedimentary rocks, natural fractures play an im-
portant role. Especially for reservoir exploitation in tight formations, fractures act as the
main fluid conduit besides faults (e.g., Narr, 1996; Olson et al., 2009; Bahrami et al., 2012;
Lamarche et al., 2012; Lavenu et al., 2013; Khelifa et al., 2014; Becker et al., 2018; Busch
etal., 2019).

Furthermore, with a geological perspective, the value chains from mines to smelters are
explored in two chapters, which summarize a more extensive study for the Think Tank
Industrial Resources Strategies (TTirs). Growing world population and increasing prosper-
ity demands for more raw materials and energy, which are essential for modern life, and
further improve the developed standard which has had to be built up over decades (BMWi,
2021). Technologies are constantly evolving; digitalization and the energy and mobility
transition are causing an increase in demand and variability for raw materials. Additionally,
industrially driven countries such as Germany want to increase the proportion of recycled
materials in all areas at the same time. The International Energy Agency estimates that the
demand for critical metals and industrial metals will triple by 2050 for the “net zero sce-
nario” (IEA, 2023). Not every material including metals can be recycled and provided as
secondary raw material, as suitable technologies are missing or technically not possible
(e.g., Tercero Espinoza, 2012; UNEP, 2013; Reuter et al., 2019). For many critical raw
materials the recycling rate is low, as e.g., less than 1% of rare earth elements are recycled
(Eurostat, 2022; Geng et al., 2023). Resilient access to and resilient supply chains for raw
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materials are essential for an industrialized country like Germany, but also for other coun-
tries with a high share of GDP in the manufacturing industry such as China, Japan, the
USA and South Korea, in order to remain competitive. This is jeopardized by price and
supply risks of raw materials and energy. There are currently no large, internationally ac-
tive mining companies in the field of metallic raw materials based in Germany and EU27.
To avoid supply bottlenecks the source of raw materials must be diversified.

1.1 Motivation

In this work, rock properties from sedimentary reservoir rocks are studied to derive reser-
voir-specific diagenetic and structural controls affecting reservoir quality. These are ad-
dressed in three chapters in part I of this thesis.

The second part (part IT) of this thesis addresses the critical raw material supply chain. This
covers an analysis of the interaction of supply and demand of selected raw materials and
how they are affected by the Russia-Ukraine conflict, and how selected African countries
may contribute to global raw material supply.

Addressing both the STEEL-PEG (social, technological, ecological, economic, legal, po-
litical, ethical, geological) may aid in defining required future developments, and result in
more resilient supply chains for geoenergy applications and georesources.

1.2 Research questions

Part I — Reservoir quality assessment

Part T of this thesis evaluates the location specific influences of faults, fractures, fracture
cementation, and (structural) diagenetic overprint on fluid flow behaviour in the subsurface
in three different use cases in Central Europe. The main questions that will be answered
are:

- Are Upper Cretaceous limestones in the Miinsterland Cretaceous Basin, which are
unconformably overlying coal-bearing Upper Carboniferous lithologies, baffles
for rising mine water levels? Are fractures affecting fluid pathways in the studied

lithology, or are they pervasively sealed? How can compaction be classified in

intraporous bioclastic carbonate rocks?
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- Which controlling factors affect fluid migration in fractured Middle Triassic Up-
per Muschelkalk lithologies? What is the influence of partially sealed veins and
stylolites on fluid flow? Are higher fracture intensities (i.e. fracture clusters) only
restricted to the vicinity of faults? Are all fracture clusters likely to contribute to
fluid flow?

- Can cuttings be used to perform structural diagenetic studies and for fingerprint-
ing of producing and non-producing intervals? Can cuttings deliver supporting
arguments to clearly define the studied sections of Vienna Basin Flysch play as a
fractured reservoir and highlight the main fluid conduits? Can cuttings be used to
define paragenetic sequences, as cuttings are so far underutilized samples, but the

most abundant sample type from the subsurface.

Part II — Raw materials

Part II of this thesis evaluates the effect of geopolitical conflicts on global raw material
supply chains based on a literature study published as booklets (in German) in the publica-
tion series of the Think Tank Industrial Resources Strategies (TTirs), and the mining po-
tential in African nations in relation to country-specific resource availability and current
developments. The main questions that will be answered are:

- Does the Russia-Ukraine conflict affect global raw material supply?

- What are the strategic plans of the EU to secure the supply with critical and stra-
tegic raw materials?

- Which options are available to diversify raw material supply chains? What factors
are limiting the extension of domestic raw material processing?

- What is the mining potential of selected African countries at different stages in
terms of ethical, societal, political, and economical situations? What are common
cultural differences that previously limited the extension of European raw mate-
rial cooperation’s with African countries?

- Did specific business models, that have been successfully established in African
countries, lead to increased prosperity and well-being? What is the ongoing re-

search and development cooperation between European and African partners?
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1.3 Aims

Part I — Reservoir quality assessment

The aim of part I of this study is to enhance the understanding of diagenetic and structural
controls on reservoir quality in naturally fractured tight carbonate and clastic lithologies
using outcrop analogs and drill cuttings. The understanding is relevant for geothermal ap-
plications, reservoir utilization, gas storage scenarios, and the assessment of the influence
of rising mine water levels. Therefore, three study locations in different settings, the Miin-
sterland Cretaceous Basin, the southern Germanic Basin (now exposed on the eastern
shoulder of the Cenozoic Upper Rhine Graben), and the Vienna Basin are studied in detail.

Especially in tight lithologies the understanding of fractures on fluid flow needs to be con-
sidered. To assess the influence of natural fractures on reservoir quality two outcrop ana-
logs from the Miinsterland Cretaceous Basin and the southern Germanic Basin are studied,
the rocks are furthermore petrographically analyzed and linked with petrophysical labora-
tory data. Additionally, for the Muschelkalk lithologies from the southern Germanic Basin,
fracture cluster and their relation to the vicinity of a fault are analysed, as well as the po-
tential influence of the present-day stress field. The formation of a compressive conjugate
reverse kink-band north of the alpine deformation front is discussed. In addition, the anal-
ysis of petrophysical and petrographic data in relation to early and burial diagenetic alter-
ation enables reservoir rock typing.

Cuttings are provided during drilling of every well and are only macroscopically assessed
as a standard workflow. To enhance the information gain in reservoir scenarios, cuttings
are also petrographically analyzed to study detrital and authigenic rock compositions, the
(structural) diagenetic sequence and to derive geochemical fingerprints using portable X-
ray fluorescence (pXRF). No published data on the (structural) diagenetic overprint for the
studied glauconite sandstone (1. to 3. GLS, Greifenstein Fm.-equivalent) from the Flysch
play in the Vienna Basin is available and strict reservoir quality controls are poorly defined.
The current working hypothesis is that the studied lithologies act as fractured reservoirs.
Hence, based on cuttings from two wells, a detailed paragenetic sequence is established
and microstructural observations linking production behaviour to partially sealed micro-
fractures are evaluated.

Part II — Raw materials

The aim of the second part of this study is to analyze the current critical and strategic raw
material supply chains, benchmarks of the EU’s critical raw materials act, and mining po-
tentials. As the global raw material supply is affected by geopolitical actors, conflicts,
global pandemics, the geological distribution of resources, and variable market prices, state
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or region-specific guidelines or policies, successfully achieving the set goals may become
challenging. Georesources including geofluids are still the basis of modern-day life and
will become increasingly more important in achieving the UN’s 17 sustainable develop-
ment goals. In light of these goals, the mining potential in e.g., African countries should
also try to fulfill the benchmarks during resource exploitation. The second part therefore
address STEEPLE and geological aspects (STEEL-PEG), as the societal, ethical, political,
and economical aspects of georesources. The EU defined 34 critical and 17 strategic raw
materials, and four benchmarks for strategic raw materials set for 2030 as (1) a minimum
of 10% of the EU’s annual consumption of strategic raw materials has to originate from
EU mines, (2) a minimum of 40% of the EU’s annual consumption of strategic raw mate-
rials has to originate from EU processing, (3) a minimum of 25% of the EU’s annual con-
sumption of strategic raw materials has to originate from domestic recycling and (4) a max-
imum of 65% of the EU’s annual consumption of a strategic raw material at any relevant
stage of processing is allowed to originate from a single third country as written in the
“Regulation (EU) 2024/1252” of the European Parliament and Council of April 11, 2024
(European Union, 2024).

Russia and the Ukraine host large amount of natural resources, mining and refinery capac-
ities, and both had economic ties with Germany. The Russia-Ukraine conflict has height-
ened geopolitical tensions, and impacted the supply of raw materials for industries relying
on oil and gas but also metals. The Ukraine was one of the largest exporters of neon glob-
ally, which is needed e.g., for semiconductor manufacturing. Russia’s inexpensive energy
is used to refine metals such as aluminium, which are than exported. However, it is shown
that, if stockpiling and heavy industry infrastructure such as existing steelworks are pre-
sent, shortages can be counterbalanced. Countries that not only hosts natural resources but
are also socially and politically stable may be considered in order to build a resilient supply
chain. African countries such as Botswana, Morocco, Namibia, and Zimbabwe offer vari-
ous opportunities to secure raw materials through mining, the processing of mining prod-
ucts and participation in smelters. However, these opportunities are hardly being taken up
by German investors today, meaning that investments are coming from other countries that
are thus generating secure access to raw materials.

1.4 Objectives

Part I — Reservoir quality assessment

The Upper Cretaceous and Middle Triassic Upper Muschelkalk to Lower Keuper lime-
stones are studied petrophysically for porosity and permeability using He-pycnometry and
an air permeameter, and petrographically using a transmitted light microscope, reflected
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light microscope and cold cathodoluminesence to assess the (structural) diagenetic history.
Fracture orientation for both outcrop analogs are assessed using a manual compass, and for
the Upper Cretaceous additionally drone images.

For the Upper Cretaceous, one quarry in the Miinsterland Cretaceous Basin was studied.
In total, 49 thin sections, and 74 porosity and permeability measurements on plugs are
carried out. Fracture orientation is measured including veins (N=499). This study focusses
mainly on porosity and permeability variations in comparison to the structural and diage-
netic history (incl. cementation, compaction, and fracture orientation).

For the Middle Triassic Upper Muschelkalk to Lower Keuper porosity and permeability
values of 109 plug samples from a quarry on the eastern Upper Rhine Graben shoulder are
studied. In total, 30 thin and thick sections are analyzed petrographically. Fracture orienta-
tions including veins (N=576) are measured with respect to the recorded vertical litholog-
ical columns, as well as on scan lines where one scan line was placed parallel to a wall with
a breached compressional conjugate reverse kink band and the other scan line was placed
on a perpendicular wall without heterogeneities as faults to investigate if clustering is only
restricted to faults and their fault damage zone. In this work, the focus is on petrophysical
and petrographic analyses to understand the (structural) diagenetic history, and structural
analysis to understand the paleo-stress influence with respect to future application, if the
same fracture sets are available in the subsurface.

Drill cuttings have a high potential to be used for rock characterization where drill cores
are missing. Petrographic analyses of cuttings using thin sections allows the determination
of grain sizes and sorting, but also the determination of the (structural) diagenetic history.
With regard to the Paleocene-Eocene Greifenstein Fm. equivalent (Glauconite Sandstone,
GLS) from the Vienna Basin in Austria 83 cutting samples from two wells, covering
~400 m of stratigraphy are studied. For the 1.-3. GLS series, the detrital composition and
thus rock composition (QRF) varies between subarkose to sublitharenites to feldspathic
litharenites and subordinary litharenites and one lithic arkose. Samples from well 1 shows
higher quartz content than samples from well 2. Petrographic analyses reveal the impact of
(structural) diagenetic processes and thus cementation, dissolution, and compaction on res-
ervoir quality.

All investigated samples either from outcrop or the cuttings from two wells are mostly
pervasively cemented by mostly ferroan calcite and calcite. Analyzing vein material under
the microscope and using cold cathodoluminescence, the cross-cutting relationships and
therefore the paragenetic sequence of vein composition and growth is constrained.
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Part II — Raw materials

The current supply of raw materials is examined using selected examples (alumina, baux-
ite, titanium, nickel, noble gases, palladium and platinum, vanadium) using open access
data as e.g., reports, data platforms, articles and trading websites. Stable supply chains are
important for a resilient supply, especially for industrialized nations such as Germany,
where the storage of critical raw materials is not politically secured. Information about
global and EU needs on raw materials are combined from reports by e.g., DERA, BGR or
OECD. Political statements are mostly based on Government announcements and reports.
Using the example of the Russia-Ukraine conflict, the production countries for mining and
smelting products are shown for selected raw materials using data from USGS mineral
commodities and trading data as e.g., from UN Comtrade.

The supply chains are examined and how nations with different strategies compensate for
possible shortages or shortfall, as shown for the example of neon from Ukraine, where a
steel manufacturer in South Korea started to produce their own neon and now develops a
recycling process for neon to reduce dependencies. At the same time, the importance of
countries with unexploited mining potential is growing in the search for strategic partner-
ships to diversify the supply of raw materials, as also addressed by the EU in the Critical
Raw Materials Act and its benchmarks. For this, selected African countries (Botswana,
Morocco, Namibia, and Zimbabwe) are selected to illustrate the role of China and Russia
in the mining industry. For example, Botswana is a country rich in raw materials with a
stable political situation, but direct investments in mining from Germany or the EU27 is
lacking. To illustrate social and political factors the Worldwide Governance Indicator from
the World Bank is used.
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1.5 Summary

Part I — Reservoir quality assessment
Carbonate rocks in the German Miinsterland Cretaceous Basin

Sedimentary Cretaceous rocks in the Miinsterland Cretaceous intracratonic basin (Fig. 1.1)
unconformably overly folded Upper Carboniferous formations, the latter was mined over
decades for hard coal. The Cretaceous sedimentary basin composed of marly claystone,
marls and limestones is discussed to have a sealing character on the northernmost extent of
the former coal mining district of the Ruhr area. The rocks are interpreted to decouple rising
mine-water levels or gas seepages from ground water horizons (Rudolph et al., 2010;
Coldewey and Wesche, 2017). The sedimentary rocks of the Upper Cretaceous in the Miin-
sterland Cretaceous Basin have so far been studied regarding lithological, stratigraphic,
and paleontological questions (e.g., Giers, 1958; Arnold et al., 1960; Voigt and Héntzschel,
1964; Wolf, 1995; Kappel, 2002; Kaplan, 2004; Wilmsen et al., 2019; Piittmann and
Mutterlose, 2021). Furthermore, previous mineralogical analyses focused on identifying
mineable formations for the cement industry. Therefore, data on the impact of diagenesis
and compaction on fluid flow properties are not available. An outcrop analog was selected
to provide data on the fracture network, the diagenetic alteration, and the effect of diagen-
esis and compaction on hydraulic properties of the exposed Campanian lithologies. The
Campanian limestones show a diagenetic overprint, resulting in low porosity and permea-
bility values (Fig. 1.2). Therefore, only fractures might enhance reservoir quality by
providing fluid pathways (Fig. 1.3). The studied fractures are mostly pervasively sealed by
(Fe-)calcite and strontianite.
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Figure 1.1 Overview map of study locations and basins. The Miinsterland Cretaceous Ba-
sin (MCB, green fill for Cretaceous) is located in NW Germany, the star marks the Beckum
quarry. The Upper Rhine Graben (URG, yellow for Quaternary) is located in SW Germany,
France and Switzerland, the study location is situated on the eastern graben shoulder. The
Knittlingen quarry is marked with a red star next to Karlsruhe. The distribution of Triassic
lithologies in outcrops is given in purple. The Vienna Basin (VB, yellow for Tertiary) is
located in NE Austria and parts of Czech Republic and Slovakia, the two investigated wells
are located north of Vienna (red star). The map is redrawn and modified after BGR (2025)
»Geoportal der Bundesanstalt fiir Geowissenschaften und Rohstoffe®. Lxb — Luxemburg.
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Carbonate rocks in the SW-Germanic Basin: Middle Triassic Upper Muschelkalk and
Lower Keuper

The Eocene to recent Upper Rhine Graben (Fig. 1.1) rift basin was traditionally of interest
for hydrocarbon exploration and exploitation (e.g., Reinhold et al., 2016; Bocker et al.,
2017). In recent years, the Upper Rhine Graben is increasingly becoming the focus for
geothermal exploration (Kushnir et al., 2018; Harlé et al., 2019; Heap et al., 2019), as the
graben hosts the largest geothermal anomaly in Germany (Clauser and Villinger, 1990;
Pribnow and Schellschmidt, 2000). High geothermal gradients exceed 100 K/km in certain
areas atop the Triassic sedimentary rocks, such as at Soultz-sous-Foréts in France (Pribnow
and Schellschmidt, 2000) or ~90 K/km in Landau (Vidal et al., 2018). In the pre-Jurassic
Mesozoic and Palacozoic sedimentary succession and underlying hydrothermally altered
granites geothermal gradients in the active hydrothermal system reduce to approximately
10 K/km, before reaching 30 K/km in the deep granitic basement (Vidal et al., 2018). Fluid
migration pathways are related to faults and fractures, with elevated fracture permeability
in active fault zones (Frey et al., 2022) while convection cells are expected to also rely on
fractures in the Triassic lithologies below the Keuper claystones (Vidal et al., 2015). Alt-
hough the Middle Triassic Muschelkalk rocks are located at sufficient depths within the
Upper Rhine Graben and are expected to host relevant temperatures for geothermal usage
(Stober and Bucher, 2015), geothermal projects so far mostly focused on the deeper crys-
talline basement, Permian Rotliegend, or Triassic Bunter formations (Vidal and Genter,
2018; Frey et al., 2022).

The petrography, facies or sequence stratigraphy for Upper Muschelkalk lithologies in the
southern part of the Germanic Basin (Fig. 1.1) are well constrained but highlight some
heterogeneity in the amounts of cements (Vollrath, 1938; Briiderlin, 1970; Mehl, 1982;
Seufert, 1984; Aigner, 1985; Brunner and Simon, 1985; Seufert and Schweizer, 1985;
Aigner, 1986; Aigner and Bachmann, 1992; Geng and Zeeh, 1995; Geng, 1996; Zech and
Geng, 2001; Hagdorn and Simon, 2021). The Germanic intracontinental basin formed due
to thermal relaxation from the Rotliegend to the Muschelkalk, after a post-Variscan rifting
phase in the late Carboniferous to earliest Permian (Scheck and Bayer, 1999). At the
Soultz-sous-Foréts geothermal site (Fig. 1.1), Lower and Middle Muschelkalk lithologies
were studied for their petrophysical, thermal, and geomechanical properties (Heap et al.,
2019). Diagenetic studies on the Upper Muschelkalk exposed on the Eastern Upper Rhine
Graben shoulder mainly focused on dolomite formation during burial and uplift (Geng and
Zeeh, 1995; Geng, 1996; Zeeh and Geng, 2001). However, the understanding of the influ-
ence of diagenetic processes on reservoir quality for Upper Muschelkalk lithologies in this
region is limited. Developing a carbonate reservoir is often challenging, as they are often
heterogenous, making predictions difficult (e.g., Burchette, 2012; Garland et al., 2012).

10
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Figure 1.2 He-porosity and permeability (1.2 MPa confining pressure, Klinkenberg-cor-
rected, 1-inch diameter plugs) cross-plot of Upper Cretaceous, Middle Triassic Upper Mus-
chelkalk and Lower Keuper limestone samples.

Most carbonate reservoirs are naturally fractured reservoirs (Lamarche et al., 2012), but
the understanding about fracture orientation and clustering within the Upper Muschelkalk
in Germany is sparse. Open fractures are given as the preferred fluid pathways in tight
rocks such as the studied Upper Muschelkalk lithologies. Therefore, fracture networks are
of interest in e.g., geothermal energy production, hydrocarbon recovery, gas storage, and
groundwater reservoir assessment, as they improve the reservoir quality (Narr, 1996;
Laubach et al., 2004; Bahrami et al., 2012; Lamarche et al., 2012; Khelifa et al., 2014;
Carlos de Dios et al., 2017). Although previous studies highlight fracture corridors to be
important in Mesozoic lithologies in the Upper Rhine Graben area (Reinhold et al., 2016),
reliable data on fracture spacing and clustering are not available. However, fracture clusters
have been shown to be important for the success of reservoir development (Narr, 1996; Li

11
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et al., 2018; Marrett et al., 2018). Furthermore, the ability of faults and fractures to transmit
fluids is governed by the current stress field (e.g., Barton et al., 1995; Finkbeiner et al.,
1997; Mattila and Tammisto, 2012) and has been shown to be effective in controlling fluid
migration pathways in the Upper Rhine Graben (Allgaier et al., 2023a).

In an outcrop analog on the eastern graben shoulder Upper Muschelkalk and Lower Keuper
limestones are studied to derive controlling factors on host rock and partially sealed frac-
ture permeability, the fracture intensity of the five most frequent fracture sets (based on
strike orientation) in association to faults and in the undisturbed host rock, the dilation and
slip tendency of fracture sets in the present day stress field, and to deliver first measure-
ments on the permeability preservation of partially sealed fractures, and stylolites at up to
30 MPa confining stresses. The Upper Muschelkalk and Lower Keuper limestones illus-
trate a diagenetic overprint mostly by cementation with (ferroan) calcite and/or dolomite
which reduces porosity and permeability (Fig. 1.2). Fracture strike is studied as fractures
may enhance reservoir quality by providing fluid pathways, if oriented suitable in the pre-
sent-day stress field (Fig. 1.3).

Upper Cretaceous Middle Triassic
Munsterland Cretaceous Basin Southern Germanic Basin (eastern URG shoulder)
N N=499 N N=576

20% -20% 10% 10%

Figure 1.3 Fracture strike of Upper Cretaceous (chapter 2, Beckum quarry) and Middle
Triassic (chapter 3, Knittlingen quarry) Upper Muschelkalk to Lower Keuper lithologies
plotted as rose diagrams.

Clastic turbidite rocks of the Flysch play in the Austrian Vienna Basin

The Vienna Basin is a strike-slip pull apart basin and a major hydrocarbon province in
Central Europe (Fig. 1.1), with exploration starting 150 years ago, and first economically
producible discoveries of conventional oil and gas fields were made in the early 1930s
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(Arzmiiller et al., 2006; Rupprecht et al., 2017; Mébius et al., 2023). Since the 20" century,
about 6000 wells have been drilled (Arzmiiller et al., 2006), making the Vienna Basin a
well-studied area in terms of the stratigraphic history and depositional settings (see
Harzhauser et al., 2020 and references therein). However, the understanding of reservoir
rock properties in sandstone reservoirs in the flysch is challenging due to small scale res-
ervoir compartmentalization and the lack of comprehensive data within the flysch. The
primary composition of sandstones is controlled by several factors e.g., the provenance,
the depositional system, transport energy and distance, grain size and sorting, which can
affect reservoir properties (e.g., Dickinson and Suczek, 1979; Coskun et al., 1993;
Johnsson, 1993; Bjerrlykke, 1998; Griffiths et al., 2019; Lupin and Hampson, 2020). Dia-
genetic alteration due to compaction, cementation and dissolution can overprint the pri-
mary sedimentary controls, resulting in improvement or reduction of given matrix perme-
ability and porosity (e.g., Bjorlykke, 1988; Coskun et al., 1993; Dutton and Loucks, 2010;
Morad et al., 2010; Busch et al., 2024). Predictive and reliable controls on reservoir quality
for the Flysch play in the Vienna Basin are not established so far, which leads to a challenge
for well planning, as finding high reservoir quality intervals with open or partially sealed
fractures is complex and can only partially be resolved by seismic data (Mobius et al.,
2023).

Although fracture or vein orientations cannot be reconstructed from drill cuttings, the pres-
ence of partially sealed veins in specific formation sections can be identified and used for
reservoir quality assessments. Core runs typically do not exceed 20 m, while drill cuttings
are often continuously sampled along the whole well, covering the up to 750 m thick glau-
conitic sandstone series which, due to alpine nappe stacking, appears twice or thrice in
certain areas (Wessely, 20006). Cuttings are generally used to better understand the reservoir
performance based on optical assessment (Rupprecht et al., 2017). Drill cuttings can be
used to classify the rocks and distinguish different rock types in formations (Fig. 1.4). Frac-
tures are commonly present in the two investigated well sections (Mobius et al., 2023),
therefore fracture and vein characteristics are interpreted to influence reservoir quality and
thus productivity. Additionally, using a portable X-ray fluorescence device to analyze the
geochemical compositions, a depth correction between cuttings and gamma ray well logs
can be achieved. This improves the understanding of reservoirs, controlled by fractures and
partially sealed veins. However, this research approach is not only applicable to hydrocar-
bon production, but also to the future development in the Vienna Basin towards deep geo-
thermal energy, for which high flow rates are required and therefore an understanding of
fractures or partially sealed veins.
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Figure 1.4 Detrital composition for sandstone drill cuttings derived from thin section anal-
yses (Q=quartz, F=feldspar, R=rock fragments, in %).

Part II — Raw materials

In addition to geofluids such as geothermal brine, hydrocarbons, sequestered CO,, among
others, raw materials such as metals, and their availability in a geopolitical context are
important for e.g., the planned energy transition. Frequently reservoir rocks and metals
precipitates are related. The previously studied Miinsterland Cretaceous Basin lithologies
are not only relevant as cap rocks for potential rising mining water, but were also the host
lithology for strontianite veins, which were mined from 1871 onwards. At that time, stron-
tianite was extracted in around 700 mines in the region, the last mine extracted the last 70
tons of strontianite from the Miinsterland in 1945 (Bornchen, 2007). Today, strontium is a
critical raw material according to the EU27 Critical Raw Materials Act (CRMA) list
(European Union, 2024).

In the Upper Rhine Graben, Vulcan Energy Resources Ltd. are pursuing the approach of
using the extracted thermal water to additionally produce battery grade lithium (Vulcan
Energy, 2025). Lithium is a critical and strategic raw material, and the company’s “Zero
Carbon Lithiumproject” is one of the 47 strategic projects supported by the EU to secure
the supply of strategic raw materials from domestic sources (European Commission, 2025).
Critical raw materials have an increased supply risk but are essential for the implementation
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of the EU's economic goals with its most relevant industrial sectors renewables, e-mobility,
energy industry, information & communication technology (ICT), and aerospace & de-
fense (Europdische Kommission, 2021; European Commission, 2023). The currently
funded 47 strategic projects are a possible step towards diversification and enhancement of
recycling within the EU countries. But imports from third countries still remain essential
and the recent as well as future enhanced demand cannot be supplied by recycling and
circular economy alone.

The production of individual critical raw materials and thus the market concentration are
often over 90% in individual countries (Europdische Kommission, 2023b). However, most
of the raw materials with a high market concentration originate from countries that do not
adhere to German or EU regulations regarding human rights, environmental protection or
safety aspects. A high market concentration is particularly at risk during supply bottlenecks
or shortfall (Europaische Kommission, 2023b). Countries as e.g., South Korea demonstrate
the importance of hosting domestic heavy industry, as the production capacities of domes-
tic steel mills were able to establish the production of the missing noble gases for the chip
industry. Additionally, the stockpiling of critical raw materials can ensure against supply
bottlenecks or failures, where feasible. An energy-intensive smelting and refining industry
is required for recycling, which requires sufficient amounts of recyclable materials from
high-quality waste and primary raw materials. For this, the access to reliable and affordable
energy is required. In light of this, countries like China were able to significantly increase
their titanium sponge production in three years (2021-2024) by a factor of c. 1.6 (USGS,
2023, 2025), when Russian and Ukrainian supply was reduced. Due to the EU's inability
to mine and refine the full demand of the critical raw materials domestically, foreign trade
will remain necessary (Europédische Kommission, 2023b). Diversifying EU imports, reduc-
ing market concentrations, and improving the European value chain for strategic and criti-
cal raw materials are the objectives of the European regulation on critical raw materials
(Européische Kommission, 2023b). The EU is supporting bilateral agreements with third
countries and local supply chains to reduce reliance on market concentrations, which calls
for both short and long-term actions (Europdische Kommission, 2023c). Direct partner-
ships or direct investments in mining, also in third countries not only within the EU mem-
ber states, could also be formed with countries that have undeveloped mining potential.
Botswana, for example, might play a crucial role here, as this country is rich in raw mate-
rials, and shows a relatively stable political and social environment. Therefore, assessing
the effect of current geopolitical conflicts on raw material supply chains and the possibili-
ties for mining collaborations in African countries may outline future potentials for a more
resilient and reliable supply chain regarding critical and strategic raw materials. None of
the raw materials are considered to run short in supply due to adaptation strategies, based
on alternative mines, smelters and refineries, and associated industries.
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1.6 Overview of the thesis

1.6.1 Reservoir quality of Upper Cretaceous limestones
(Ahlen-Fm., Beckum Member, Miinsterland
Cretaceous Basin): Effects of cementation and
compaction on the compactable depositional volume

In this chapter the reservoir quality of Upper Cretaceous limestones (Campanian) is stud-
ied, as the Upper Cretaceous lithologies in the Miinsterland Cretaceous Basin in NW Ger-
many unconformably overlie folded Carboniferous lithologies, currently affected by rising
mine water levels. Petrophysical and petrographic heterogeneity and their effect on possi-
ble fluid migration pathways for e.g., rising mine water is analyzed. Early diagenetic ce-
mentation, compaction and the individual formation of compaction bands of deformed and
cemented calcispheres around ductile clay mineral laminae result in low matrix porosity
(1.0% to 18.7%) and permeability (<0.0001 mD to 0.2 mD). Using cold cathodolumines-
cence, host rock and vein cementation is analyzed for cross-cuttings relationship and tex-
tures. The compaction of bioclasts derived from petrographic analyses with original intra-
particle porosity are described using the compactable depositional volume (CDV) for
carbonate rocks, which may be a useful tool to assess the timing of cementation in relation
to compaction and to assess the effect of compactional volume loss on reservoir properties.
Partially sealed fractures sealed by (ferroan) calcite and strontianite are preferentially NW-
SE oriented, and are discussed to originate most likely due to Late Cretaceous inversion
and reactivation of fault systems. The Upper Cretaceous limestones may act as baffle
against increasing mine-water levels from dismantled, post-mining subsurface hard coal
mines in the region, if not faulted and containing fractured damage zones.

1.6.2 Structural and diagenetic controls on fluid pathways
in fractured Triassic Muschelkalk and Keuper
limestones, southern Germany

This chapter combines petrographic and petrophysical data with fracture analysis in a
quarry on the eastern Upper Rhine Graben shoulder which exposes Middle Triassic Upper
Muschelkalk to Lower Keuper limestones in SW Germany. The outcrop analog is studied
to understand the diagenetic and structural interactions in formations that are also found at
depth in the Upper Rhine Graben, which is of interest for geo-energy production (geother-
mal and hydrocarbons). Cementation and compaction occurred during early and burial di-
agenesis and reduced the matrix porosity (0.16% to 10.58%) and permeability
(<0.0001 mD to 9.7 mD). As partially sealed veins are interpreted to maintain fracture
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porosity, the impact of increasing confining stress on the permeability of undisturbed lime-
stones, as well as limestones containing stylolites, and partially sealed veins are analyzed.
Cross-cutting relationships and textures on host rock and vein cementation is analyzed us-
ing cold cathodoluminescence. It is shown, that a sample with a partially sealed vein pre-
serve higher permeability at 30 MPa confining stress (41% of initial value, compared to
16% for stylolite and 11% for an undisturbed host rock of the initial value). Fracture ori-
entation is analyzed using the normalized correlation count method (NCC) and shows, that
fracture clustering does not only occur in fracture sets striking parallel to fault strike or
only in the vicinity of faults, but also in a wall without a fault. Slip and dilation tendencies
indicate that clustered fracture sets striking NNE-SSW, WNW-ESE, and NW-SE are more
likely to contribute to fluid flow under present-day stress. (Breached) conjugate reverse
kink bands are interpreted to be caused by compression by far field stresses induced by the
Alpine orogeny during the Eocene. Microstructural analysis on thin section from veins of
the breached kink band show cemented fault planes, and euhedral crystal facets, indicating
locally persevered pore space.

1.6.3 Reservoir characterization and well production
proxy analyses on drill cuttings: Case study from the
Flysch play in the Vienna Basin (NE Austria)

In this chapter drill cuttings from two hydrocarbon wells in the Vienna Basin in Austria
are analyzed for petrographic properties and compared to sections of the wells with known
production data. The wells target the Paleocene-Eocene Greifenstein-Fm. equivalent
(Glauconite Sandstone, GLS) and cover ~400 m of stratigraphy covering sections from
three different reservoir sections (1. to 3. GLS). Cuttings are continuously available during
drilling, unlike core material, and they still allow a semi-quantitative determination of rock
properties from the subsurface but are often underutilized. Fracture and vein orientation
cannot be reconstructed from drill cuttings, but their presence and their internal texture
(open, partially sealed, sealed) and some cross-cutting relationships in specific formation
sections can be identified and analyzed, e.g., using combined transmitted light microscopy
and cathodoluminescence. Vein texture and composition can be linked to known areas of
production for petrographic reservoir quality assessments. Borehole gamma ray logs in
combination with handheld portable X-ray fluorescence (pXRF) analyses on cleaned and
dried drill cuttings is used to improve the depth accuracy of the cutting samples and to
geochemically fingerprint the samples based on the Si/Al ratio, which is a proxy for sand-
stone-rich and mudrock-rich sections. The diagenetic variation and the geochemical fin-
gerprint by pXRF from cuttings are linked to reservoir quality and production performance
of individual well perforations and can thus provide additional information on reservoir
quality where core material is unavailable. The reservoir quality in the studied section is
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discussed to be independent of the detrital and authigenic mineralogy of the studied sand-
stone cuttings and only related to fractures and partially sealed veins. Productive intervals
in this study are related to lower Fe+Mg ratios obtained from pXRF.

1.6.4 Effects of the Russia-Ukraine conflict on the supply of
selected raw materials

This chapter presents the effects of the Russia-Ukraine conflict on the supply of selected
raw materials (bauxite and alumina, titanium, lithium, noble gases, nickel, palladium and
platinum, vanadium). In 2022, the Russia-Ukraine conflict has heightened geopolitical ten-
sions, resulted in war, and influenced global supply chains of raw materials such as oil,
gas, and metals. Russia and the Ukraine are resource-rich countries, both with long-stand-
ing economic ties to Germany and important exporter of raw materials to the EU. Russia
has a large global share in mining and refining of nickel and vanadium, while aluminium
ore (bauxite), alumina, and titanium ore are imported to Russia, and are refined and ex-
ported using the available and inexpensive energy. Ukraine was a large producer of alu-
mina, and exporter of the noble gas neon with a global market share of around 50%, which
came to a halt. The example of South Korea’s steel industry reveals, that if existing stock-
piling and infrastructure construction at existing steelworks are present, shortages can be
counterbalanced, as shown for the noble gas neon. The EU27 member states requests to
reduce reliance on third nations, increasing mining awareness among EU countries and
signing strategic agreements for critical and strategic raw materials, which is possibly ac-
celerated by the Russia-Ukraine conflict. China shows, that if production capacities are
present and reliable and cheap energy can be ensured, the production of titanium sponge
could be increased by a factor of c. 1.6 within three years.

1.6.5 Resilient supply of critical and strategic raw
materials for Germany - Potentials in Africa

This chapter highlights the potential of selected African countries Botswana, Morocco,
Namibia, and Zimbabwe on mining, processing of mining products and participation in
smelters, which are to date barely recognized by German investors. China directly operates
and invests in mining projects in African countries. Russia is also actively involved in the
mining sector in African countries. However, some of which are accompanied by a military
presence. The share of German imports of over 10% of industrial metals and metal alloys
from African counties, and mining/processing data from USGS mineral commodities high-
lights the importance and potential of individual countries. The Worldwide Governance
Indicator data from the World Bank and the Mining Contribution Index map gives infor-
mation about the current evolution stage of the selected countries and how important the

18



1.7 Parts of this thesis which have been published

mining sector is for the country’s economy. African countries host large volume of re-
sources, of which some that are still unknown but could be developed through responsible
mining.
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2 Reservoir quality of Upper
Cretaceous limestones (Ahlen-
Fm., Beckum Member,
Miinsterland Cretaceous Basin):
Effects of cementation and
compaction on the compactable
depositional volume

2.1 Abstract

The Upper Cretaceous limestones unconformably overlie Upper Carboniferous coal-bear-
ing lithologies and are studied to assess their effect on rising mine-water levels in the Ruhr
mining district. Upper Cretaceous sedimentary rocks from the Miinsterland Cretaceous Ba-
sin have previously been studied regarding their sedimentary structures and fossil content.
However, understanding the petrophysical and petrographic heterogeneity in regard to sed-
imentary 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 petro-
physical, 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 lami-
nae, compaction bands of deformed calcispheres develop. Early diagenetic mineral precip-
itation of ferroan calcite in inter- and intragranular pores reduces porosity and permeability
and influences geomechanical properties. An underestimated aspect of limestone petrog-
raphy 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 compacta-
ble depositional volume (CDV). Overall, reservoir qualities are poor and indicate the seal-
ing 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 subsur-
face hard coal mines in the region.
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2 Reservoir quality of Upper Cretaceous limestones (Ahlen-Fm., Beckum Member, Miinsterland Cretaceous
Basin): Effects of cementation and compaction on the compactable depositional volume

2.2 Introduction

Carbonate rocks have very heterogeneous reservoir properties from bed to reservoir scale
(Lucia et al., 2003; Ehrenberg and Nadeau, 2005; Rashid et al., 2017). The reservoir prop-
erties rely on depositional, diagenetic and structural modification (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 geother-
mal 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 Creta-
ceous sediments as sandstones and limestones are important for the successful exploration
of'a reservoir or storage potential for gas sequestration and were studied e.g., in Abu Dhabi
(Morad et al., 2019), the Amposta offshore oil reservoir in Spain (Playa et al., 2010), and
China (Xi et al., 2015). However, macro- and microscale natural fractures additionally in-
fluence the reservoir or sealing potential of carbonate rocks (La Bruna et al., 2020). Alt-
hough carbonate turbidite systems are heterogeneous, fractured carbonate turbiditic depos-
its can be of interest for e.g., oil and gas production (Coffa et al., 2015).

This study aims to determine the porosity and permeability as well as their controlling
factors as the studied Upper Cretaceous limestones unconformably overly Upper Carbon-
iferous coal-bearing strata. The Upper Cretaceous deposits are discussed to be sealing li-
thologies on top of the northernmost extent of the former coal mining district (Fig. 2.1a),
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 Miin-
sterland Cretaceous Basin have so far mainly been studied in lithological and paleontolog-
ical terms (e.g., Giers, 1958; Arnold et al., 1960; Voigt and Héntzschel, 1964; Kappel,
2002; Wilmsen et al., 2019; Piittmann and Mutterlose, 2021). The stratigraphic sequences
of the Campanian rocks were determined by e.g., Giers (1958), Wolf (1995), Kaplan
(2004), and Kappel (2002) using detailed regional designations. Prior mineralogical anal-
yses have mainly been carried out to determine mineable formations for the cement indus-
try. However, limited research has focused on the diagenetic parasequence and petrophys-
ical properties of the studied lithologies. An underresearched aspect in this region is
therefore the small-scale distribution 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 investigation of
the petrographic and petrophysical properties can identify controlling factors for reservoir
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properties. Here, we determine the reservoir quality and the diagenetic parasequence to
assess the impact of diagenesis and compaction on the compactable depositional volume.
For this purpose, outcrop analogues were studied and sampled. Outcrop analogues 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.

2.3 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
Miinsterland Cretaceous Basin and exposes Upper Cretaceous (Campanian) marlstones,
claystones/shales and limestones of the Beckum Member. The Miinsterland Cretaceous
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. 2.1a, b).
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Figure 2.1 (previous page) a) Simplified stratigraphic overview of the Miinsterland Creta-
ceous Basin, the study location Beckum is marked in red. Limestones, 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
Délling, 2018). The red box displays the Miinsterland 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 present day outline of the
approximate study location (red dot) in the Beckumer Berge with possible terrestrial sedi-
ment supply (white arrows) from the Rhenish massif during the late Cenomanian, modified
after Hiss (1995) & Erbacher et al. (2020).

During the late Cretaceous, Europe was influenced by compression and deformation events
of the Central European Basement, resulting in basement shortening and anticline 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 North-
western and Central Europe (Vejbak et al., 2010).

During the Cretaceous, smaller transgression and regression 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 extension 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; Vejbaek et al., 2010). The South
Atlantic ocean opening resulted in a drift of the African Plate northward and compression
transfer due to the Iberian-Peninsula to Europe (Voigt et al., 2021). Furthermore, Africa
shifted relatively ESE to Europe (ca. 120 Ma), which caused a sinistral strike-slip move-
ment along the plate boundary (Kley and Voigt, 2008). During the Santonian (ca. 84 Ma)
Africa drifted in a NE direction (Kley and Voigt, 2008) and lead to a compression towards
the NE in Central Europe, which caused the inversions of NW-SE striking basins and in-
creased subsidence (cf. Dolling et al., 2017). The southern edge of the inverted Lower
Saxony Basin is represented by the Miinsterland Cretaceous Basin (Voigt et al., 2021). As
aresult, the Late Cretaceous basement thrusts and inversion basins are formed as intraplate
structures due to the weak lithosphere resulting from the Variscan orogeny and the overly-
ing Palacozoic to Mesozoic extensional basins (Kley and Voigt, 2008). The NW-SE strik-
ing uplift and overthrust in the intraplate area is the result of the beginning of the Africa-
Iberia-Europe convergence (Kley and Voigt, 2008). NW-SE oriented overthrusting of the
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Lower Saxony Tectogen onto the Miinsterland Cretaceous Basin led to curvature and par-
tial overthrusting of the Cretaceous formations in the Teutoburg Forest (Wulffet al., 2017).

Upper Cretaceous clastic and carbonate sediments were deposited into a shallow basin
north of the Rhenish Massif (Fig. 2.1b) (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
ofthe 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 western margin
of the Ruhr area in Duisburg to the Paderborn Plateau in the east (Fig. 2.1a), the shallowly
north-dipping rocks of the Miinsterland Cretaceous Basin uncomfortably overlie the folded
Upper Carboniferous of the Ruhr and Sauerland regions. The youngest deposits are present
in the center of the Miinsterland Cretaceous Basin (Beckumer Berge and Baumberge) and
are exposed from old to young from Stromberg, Beckum and Vorhelm Member, which are
to date combined in the Ahlen-Formation (Ahlen-Fm.) (STD, 2016). The Lower Campa-
nian consists of the Stromberg Member, comprising bioturbated grey limestones and marls
with a mottled background. Slightly pronounced gradations indicate turbiditic fillings. Par-
allel 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, consisting 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 horizons and lateral inhomogenei-
ties (Kappel, 2002). In general, the Campanian lithologies in the Miinsterland 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).

2.4 Materials and methods

In the Phoenix quarry in Beckum, a total of ~ 17.5 m limestone—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 per-
formed according to (Dunham, 1962) and is supplemented by microscopic classification
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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 analysed 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 Klinken-
bergcorrected intrinsic permeability measurements were carried out with an air perme-
ameter from Westphal Mechanic using dry, oil-free laboratory air (80% N2, 20% O) 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 2 9.869*1071¢ m?). Ultrasonic pulse velocity meas-
urements were carried out using a Proceq Pundit 200 ultrasound system with two 54 kHz
transducers at 200 V pulse voltage and 50 x receiver gain. The longitudinal wave (p-wave)
was determined by measuring the transit time to (ts) 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 c¢m, the frequency has to be below 1 MHz to secure phys-
ical consistency (Kummerow, 2006).

A total of 49 samples were embedded in blue dyed epoxy resin to highlight porosity and
were used to prepare thin sections with a thickness of 30 um. Thirty-five of these thin
sections were stained with a combined solution of alizarin red S and potassium ferricyanide
(Dickson, 1965) in 0.3% HCI on one half of the thin section to distinguish different car-
bonate 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 analyses. 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
MkS5-2 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 voltage of 10.3 kV
and a current of 325 pA to distinguish different cement phases and zonations. Opaque min-
erals were analysed by reflected light microscopy on polished thin sections with a Leitz
OrthoplanP and a Progres Gryphax camera system using oil immersion. For the grain size
determination of the calcispheres, 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 ImagelJ. For micrite (<4 pm) and microsparite (5—10 um), grain
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size values by Folk (1959) and Folk (1974) were used. As the grain size could not be de-
termined 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 Pelcon 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 pm. 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 vertical (short)
lengths of the calcispheres were measured, but were only recorded in the vicinity of the
clay mineral laminae.

2.4.1 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 interparticle porosity, intraparticle po-
rosity, microporous clay and micrite and all authigenic phases, which precipitated in pri-
mary pores (including intraparticle pores) (Eq. 2.1). 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 con-
siders intraparticle porosity. This may aid in further assessing the degree of compaction in
carbonate rocks within samples of the same lithology, especially when distinguishing 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 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
compaction, as uncompacted samples will have higher CDV than compacted samples.
However, just as the IGV, the CDV is not directly comparable to the petrophysically meas-
ured Heporosity, 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 compaction within a lithol-
ogy and its relation to assessed reservoir properties.
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Eq.2.1
CDV (%) = (ZInterparticle porosity (%) + XIntraparticle porosity (%)
+ ZInterparticle cement (%) + XIntraparticle cement (%)

+ XMicrite (%) + ZClay laminae (%))

2.5 Results

2.5.1 Lithology

The lithological profile contains alternating, layered argillaceous limestones to calcareous
marlstone and marlstone to claystone or marly shale deposits of varying thicknesses (Fig.
2.2). The total recorded lithological thickness is ~ 17.5 m. Due to further simplification,
the terminologies limestone and marly shales are used. The marly shale layers 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. 2.2 and Fig. 2.3a, 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. 2.3¢) was characterized as a normal fault using slicken-
sides. Some of the fracture surfaces show a brownish to yellowish coating, 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. 2.2), which
was determined as belemnite mucronate due to its slenderness. In higher strata (Fig. 2.2),
two belemnite fragments were found, but could not be classified because of missing mor-
phology information.
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Marly shale

Figure 2.3 Overview parts of the studied outcrop with different wall sections. a) The lower
part of the studied lithologies hosts limestone-marly shale alternations. The faintly lami-
nated limestone surfaces are rough, the interbedded marly shales are of varying thickness
and occur as thinner or thicker beds (e.g., in the lower part of the Fig. 2.3a). 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) 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. ¢) Fault zone with nor-
mal fault (white arrow) and (ferroan) calcite/strontianite vein (yellow arrow). The wall
strikes NNE-SSW to NE-SW. Hammer for scale.

2.5.2 Structure

Three main fracture orientations were obtained from the drone imagery evaluation, show-
ing three main sets striking WSW-ENE, NNE-SSW and NW-SE (Fig. 2.4). Fractures are
partly continuous, penetrate limestone and marly shale layers or are interrupted during
layer changes, but open fractures (mm range aperture) are only rarely found.
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Figure 2.4 Fracture data from drone imagery plotted as rose diagram (strike plot). Fracture
data were generated using the FragPaQ workflow from Healy et al. (2017). Main striking
sets from WSW-ENE, NNE-SSW and NW-SE.

2.5.3 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, 1974). The well-rounded calcispheres with a
calcitic test appear evenly distributed (Fig. 2.5a) and as elongated rock fragments within
the micritic matrix (Fig. 2.5b). The calcispheres (stained red) are partly deformed around
clay laminae (Fig. 2.5¢c, d), and rarely broken (Fig. 2.5¢). By microscopical analyses, the
limestones are classified as wackestone to packstone according to Dunham (1962). Grains
as detrital quartz, glauconite and some unstained carbonate grains have a rounded to ellip-
tical shape, but are not aligned parallel to bedding.
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2.5.4 Detrital composition

The most abundant detrital component is micrite with an average 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.: 0.0%, max.: 22.7%). In addition, different foraminifera types (avg.:
1.2%, min.: 0.0%, max.: 4.0%), detrital quartz and chert grains (avg.: 0.2%, min.: 0.0%,
max.: 2.7%), test or shell fragments (avg.: 0.8%, min.: 0.0%, max.: 3.3%), unidentified
carbonate grains (avg.: 0.2%, min.: 0.0%, max.: 2.7%), phosphate grains (avg.: 0.3% min.:
0.0%, max.: 1.0%), glauconite (avg.: 0.4%, min: 0.0%, max.: 2.0%), micrite in calcispheres
(avg.: 0.1%, min.: 0.0%, max.: 2.0%), dolomite rhombs (avg.: 0.0%, min.: 0.0%, max.:
1.0%), bivalves (avg.: 0.0%, min.: 0.0%, max.: 0.3%), undifferentiated fossils (avg.: 0.0%,
min.: 0.0%, max.: 0.3%) and micrite in foraminifera (avg.: 0.0%, min.: 0.0%, max.: 0.3%)
are recorded (full sample table in digital appendix — chapter 2). In total, the detrital com-
position varies between 51.7% and 94.0% (avg.: 76.3%). Micrite, calcispheres, tests and
shell fragments, foraminifera and other microfossils in this study are primarily composed
of calcite, as indicated by the red stain (Fig. 2.5a, ¢), while only individual foraminifera
have a dolomitic composition and remain unstained (Fig. 2.5f). Dolomite occurs rarely as
single rhombic crystal within the micrite matrix. Chert occurs as yellow grains or as silic-
ified shell fragments and show small microcrystalline spheroids with crossing extinction.
Glauconite is found occasional in thin sections as rounded grains (Fig. 2.5¢). The detrital
composition in limestones varies with the calcisphere content and the position along the
lithological profile. If the calcisphere content decreases, the micrite content increases (cf.
Fig. 2.2). In younger strata, where clay laminae are mostly missing, the micrite matrix is
densely packed and individual calcispheres are deformed both in aductile way and locally
crushed. In general, the calcispherecontent decreases towards the top of the studied section
(cf. Fig. 2.2). Calcispheres are also found as parts of densely packed clasts, which are par-
tially aligned to the bedding direction (Fig. 2.5b). Surrounding clay laminae, calcispheres
often appear deformed in a ductile way (Fig. 2.5¢, 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).
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2.5 Results

Figure 2.5 (previous page) Photomicrographs 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 und ferroan calcite is stained blue.
However, also green clay minerals occur as filling in calcispheres or foraminifera. b) Some
thin sections showing clasts of reworked former calcisphere packstones (sample PHX30).
Without staining, the distinction between calcite and ferroan calcite is not possible. ¢) Cal-
cispheres are deformed elliptical in areas where clay laminae are present, 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 (sam-
ple PHX33). The opaque minerals occur either pore filling in fossils or dispersed in the
clay laminae or the micritic matrix. ) The upper lithologies consist mostly of micrite and
clay (sample PHX12). f) Dolomite or dolomitization of former fossils occur sporadically
(sample PHX19). g) Reworked and broken fossils and tests are occurring within a more
clay dominated matrix (sample PHX12). h) Deformed calcispheres also occur at the tran-
sition to cemented calcisphere packstone clasts (sample PHX16). Cal: calcite, Fe-Cal: fer-
roan calcite, (Fe-)Cal: (ferroan) calcite, foram: foraminifera, pf: pore filling, Py/Mrc: py-
rite/marcasite, Glt: glauconite, Dol: dolomite.

In a single layer at ~ 12.5 m (Fig. 2.6) 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 fragments or pyrite and are crosscut by
most likely (ferroan) calcite veins (Fig. 2.6a, b). In stained thin sections, the remnants of
the peloids/pellets remain unstained, indicating a dolomitic composition.
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Figure 2.6 (Figure caption on next page)
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Figure 2.6 (previous page) a) Photomicrographs showing micrite to clay matrix, contain-
ing smaller test or shell fragments, foraminifera, and glauconite. Former pellets are com-
pletely or partially dissolved and therefore causes moldic porosity. A carbonate vein, most
likely (ferroan) calcite crosscuts the former pellet. b) The pellets are roundish, and disso-
lution is more pronounced at the outline of the pellet. c) Sheared carbonate (likely ferroan
calcite) vein, which includes host rock material. d) The syntaxial (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.

2.5.5 Authigenic phases

The most abundant authigenic phase is sparry ferroan calcite, which precipitated in the
calcispheres (stained blue, avg.: 10.4% min.: 0.0%, max.: 23.3%). The second most com-
mon authigenic phase is pore-filling ferroan calcite, e.g., within the micrite matrix (avg.:
6.9%, min.: 0.0%, max.: 27.0%), while the third most abundant are unstained porefilling
carbonates (avg.: 1.7%, min.: 0.0%, max.: 10.3%). Other authigenic minerals include pore-
filling calcite (avg.: 1.3%, min.: 0.0%, max.: 6.7%), sparry ferroan calcite in foraminifera
chambers (avg.: 0.5%, min.: 0.0%, max.: 2.3%), (ferroan) calcite and strontianite vein ce-
ments (avg.: 0.4%, min.: 0.0%, max.: 10.0%), pyrite/marcasite in calcispheres (avg.: 0.3%,
min.: 0.0%, max.: 5.3%) and in clay laminae (avg.: 0.2%, min.: 0.0%, max.: 1.3%). Pore-
filling green clay minerals (avg.: 0.7%, min.: 0.0%, max.: 2.7%), sparry ferroan calcite in
bivalves (avg.: 0.0%, min.: 0.0%, 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 be-
tween 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. 2.5a). Porefilling green clay minerals
and green clay minerals in fossils most often coat the inside of individual fossil tests (Fig.
2.5a). Where the fossils or calcispheres are broken, further sparry ferroan calcite cements
are also encasing the broken fragments (Fig. 2.5g).

Pervasively sealed veins (Fig. 2.5a, h) are composed of an intergrowth of ferroan calcite
(stained blue) and calcite (stained red, Fig. 2.5a). This mineral paragenesis will be abbre-
viated as (ferroan) calcite. Narrow veins show a width from 0.012 to 0.05 mm (avg.: 0.026
mm), while 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. 2.6¢c, d). Composite veins of (ferroan)
calcite and strontianite still retain open intercrystalline porosity between the strontianite
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crystals (Fig. 2.6d). Depending on the crystal section, strontianite can be fibrous to radiat-
ing spherulitic, bladed or botryoidal (Fig. 2.6d). They partly fill the remaining inner frac-
ture porosity, which is outlined by euhedral crystal terminations of elongate blocky (fer-
roan) calcite crystals (Fig. 2.6d). 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. 2.6d, Fig. 2.8). Larger strontianite or (ferroan) calcite/strontianite veins are found in
samples from the fault zone and in samples PHX10, PHX26 and PHX27. Pyrite and mar-
casite are mostly found surrounding or within clay laminae as framboids, within cal-
cispheres and other fossils (Fig. 2.5d).

The framboidal pyrite present in intraparticle pores of calcispheres and foraminifera is ad-
ditionally encased in ferroan calcite in some samples (Fig. 2.5a, 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 lumines-
cence (Fig. 2.7a, 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 tran-
sition from host rock to vein, the (ferroan) calcite crystals show syntaxial growth and
growth competition (Fig. 2.7b, 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. 2.7b). In addition, the host rock inclusions appear to be cut again
and are overgrown by an even larger syntaxial (ferroan) calcite phase (top of Fig. 2.7b).
The euhedral terminations of these crystals are again encased in strontianite (Fig. 2.7b).
Strontianite shows a turquoise-bluish luminescence and zones of brighter and duller lumi-
nescence or non-luminescence in larger crystals (Fig. 2.7b, ¢, d). The micritic matrix gen-
erally shows a pale orange luminescence (Fig. 2.7 a, c, f), while only the sample containing
a sheared vein shows a purple luminescence of the micrite both at the host rock-vein inter-
face (Fig. 2.7d) and in the narrowly spaced (20—100 pm) host rock inclusions inside the
vein (Fig. 2.7b, e). The peloids/pellets (interpreted as faecal pellets) encased in a micritic
matrix show a reddish luminescence (Fig. 2.7f).
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Figure 2.7 Photomicrographs of cold cathodoluminescence showing different lumines-
cence properties of calcite (Cal), ferroan calcite (Fe-Cal), and strontianite (Str). a) Calcite
shows bright orange luminescence color, 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), ¢) The wide veins contain zones of both bright and dull lumi-
nescence up to non-luminescence calcite to Ferroan calcite, while reactivated veins (vein
1) also contain strontianite which shows a bluish luminescence (sample PHX10). Multiple
parallel veins also contain host rock fragments (HR). d) Larger strontianite veins also show
zonation within the crystals with brighter and darker zones (sample PHX10). Faecal pellets
(FP) are partially dissolved. e) Host rock inclusions in (ferroan) calcite veins show a purple
luminescence (sample PHX10). f) Remaining faecal pellets show a reddish luminescence
(sample PHX10).
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Figure 2.8 Thin section scans (layer PHX10), the top of the layer is marked with an arrow
on the upper left corner. Wider (ferroan) calcite veins precipitate syntaxially and include
host rock fragments. Smaller (ferroan) calcite veins are parallel to each other. Faecal pellets
are locally dissolved (moldic porosity, left side) or preserved (e.g., in the center). White
arrows highlight normal fault displacement and associated extensional fracturing, resulting
in a sheared (ferroan) calcite vein and vein reactivation with strontianite precipitation. (Fe)-
Cal: (ferroan) calcite, moldic poro: moldic porosity, FP: faecal pellet, Str: strontianite.

2.5.6 Optical porosity

Optical porosity is low with an average of 0.32% (min.: 0.0%, max.: 3.0%) and includes
intergranular porosity (min.: 0.0%, max.: 1.0%) mostly between calcispheres and micrite,
vuggy porosity in micrite (min.: 0.0%, max.: 1.0%), porosity in clay laminae (min.: 0.0%,
max.: 0.7%), intraparticle porosity in foraminifera (min.: 0.0%, max.: 0.3%) and intercrys-
talline porosity in veins (min.: 0.0%, 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.

2.5.7 Compaction and deformation

Compaction is recorded mainly by deformed calcispheres in contact with clay laminae and
an absence of intergranular porosity. The calcispheres are partially pressed into the clay
laminae and thereby elliptically deformed or even broke (Fig. 2.5c¢, d). This elliptical de-
formation 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
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(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 ImagelJ, the average thickness of the compac-
tion 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 average 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.

2.5.8 Compactable depositional volume

The compactable depositional volume (CDV) is the sum of potentially compactable vol-
ume 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 rearrangement 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 com-
pacted (detrital) micrite, clay laminae, authigenic sparry ferroan calcite cements in cal-
cispheres and foraminifera, pore-filling and intergranular calcite and ferroan calcite, calcite
and unstained carbonate cements, clay minerals in calcispheres and foraminifera, pore-fill-
ing clay minerals in micrite, pyrite and marcasite in clay laminae, calcispheres or forami-
nifera, 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%.

2.5.9 Petrophysical data

The He-porosity of the plugs drilled parallel to the stratification ranges from 1.0% to 18.7%
(avg.: 8.1%). The grain density is 2.69 g/cm? to 2.85 g/cm® (avg.: 2.74 g/cm®). The He-
porosity of the plugs drilled perpendicular to the stratification ranges from 1.2% to 14.7%
(avg.: 7.7%). The grain density range is 2.68 g/cm? to 2.78 g/cm? (avg.: 2.74 g/cm?). For
the fault zone, the He-porosities range from 4.1% to 9.9% (avg.: 6.0%) and grain densities
from 2.73 g/cm?® to 2.78 g/cm? (avg.: 2.74 g/cm?). 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 perpendicular 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 per-
pendicular to 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
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to the stratification ranges from 3333 to 5659 m/s (avg.: 4662 m/s). The v, of the plugs
drilled perpendicular to the stratification ranges from 2089 to 5843 m/s (avg.: 4230 m/s).

2.5.10 Correlations of petrophysical and petrographic

properties

He-porosity and permeability values show no consistent correlation to each other (Fig.
2.9a). The correlation of grain density and He-porosity (Fig. 2.9b) indicates that porosity
generally increases with higher grain density (parallel: R?=0.63, perpendicular: R>=0.54).
Grain density (parallel: R>=0.52, perpendicular: R>=0.45) and porosity (parallel: R>=0.91,
perpendicular: R>=0.81) both show a negative correlation with v, (Fig. 2.9c, d).
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Figure 2.9 Cross-plots of petrophysical data, a) porosity (%) and permeability (mD), b)
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In addition, porosity decreases with higher amounts of authigenic components (parallel:
R?=0.30, perpendicular: R?=0.59) (Fig. 2.10a), while this correlation is more robust in sam-
ples prepared perpendicular to bedding. Porosity furthermore decreases with higher
amounts of detrital calcispheres (parallel: R?=0.38, perpendicular: R?>=0.54) (Fig. 2.10d),
but increases with higher amount of total detrital components (parallel: R?>=0.28, perpen-
dicular: R?=0.58) and micrite (parallel: R?>=0.43, perpendicular: R?>=0.67) (Fig. 2.10b, c).
Samples containing more than 4% clay laminae show a slightly positive trend with porosity

and grain density (Fig. 2.11a, b), whereas the v, decreases with a higher amount of clay
laminae (Fig. 2.11c¢).
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Figure 2.10 Cross-plots of petrophysical and petrographic data, all given in (%), a) authi-
genic components and He-porosity, b) detrital components and He-porosity, ¢) micrite and
He-porosity, and d) calcispheres and He-porosity. The cross-plots indicates lower porosi-
ties in samples containing higher amounts of authigenic components and higher porosities
in samples containing higher amounts of detrital components. Since micrite and cal-
cispheres are the main detrital parts, higher micrite content results in higher porosity, while
samples containing higher amounts of calcispheres show lower porosities.
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The CDV shows a negative correlation with the sum of authigenic components (Fig. 2.12a;
R?=0.42), a positive correlation with sum of the detrital components (Fig. 2.12b; R?=0.45)
and also a positive correlation with the amount of micrite (Fig. 2.12¢; R?=0.79). The cor-
relation of CDV and He-porosity indicates a generally positive correlation (Fig. 2.12d; par-
allel: R?>=0.40, perpendicular: R?=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.
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Figure 2.12 (previous page) Cross-plot for compactable depositional volume (CDV) with
petrophysical and petrographic data, all given in (%). CDV versus a) authigenic compo-
nents, b) detrital components, ¢) micrite and d) He-porosity. Higher CDV thus correlates
negatively with the amount of authigenic components, but positively with detrital compo-
nents, while micrite shows the best correlation. Higher CDV also correlate with higher
measured porosity. PHX10 marks the value for a sample with a CDV of 73.33%, contain-
ing no calcispheres but 67.67% micrite (porosity parallel and perpendicular to stratification
of 18.69%, 13.38%) (Fig. 2.6). PHX34 marks a sample with a CDV of 74.33% containing
25% calcispheres and 33.33% micrite (porosity parallel and perpendicular to stratification
of 6.69%, 7.07%) (Fig. 2.5a).

2.6 Discussion

2.6.1 Lithology and petrographic analyses

The alternation of pelagic, allochthonous limestone beds (argillaceous limestones to cal-
careous 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 inversion, 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 individual densely packed calcispheres could
represent erosion and re-deposition by turbidity currents. As typical turbiditic sequence
lithologies are not recognized in the studied lithologies, 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 Héntzschel, 1964). The visible fining upward trend in thin sections
and field observations (Fig. 2.2, 2.3) may thus represent a combination of smaller sea-level
fluctuations 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 discussion (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 detrital, as the lithologies are described as redepos-
ited. 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
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are classified as detrital due to the redeposition. Additional authigenic occurrence 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. 2.5¢e, g). The macroscopic fossil content is
low; apart from three preserved belemnites, other macroscopic fossils are rarely present at
the studied wall sections (Fig. 2.2). One belemnite was completely 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 be-
long to the Beckum Member, in the transitional area of the Stromberg to the Beckum Mem-
ber (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 depo-
sition on a shelf in shallow to deep marine environment (e.g., Wilson, 1975; Grobe and
Machel, 2002). Calcispheres are described as oligostegines (e.g., Giers, 1958; Voigt and
Haéntzschel, 1964; Kappel, 2002) or calcareous dinoflagellate cysts in previous publications
(e.g., Wendler and Willems, 2004; Wiese et al., 2004). Also, the term calcisphere is de-
scribed as ‘problematic’ 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 shal-
low-water and shelfmargin to slope deposits (e.g., Masters and Scott, 1979), the deposi-
tional environment cannot be clearly classified by the calcispheres as an indicator. How-
ever, 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. 2.6b) were interpreted as non-skeletal grains and because of the average
grain size of 0.35 mm as peloids, which are partly or completely dissolved. Since they are
not stained, a dolomitic composition is derived. Since some of the peloids also contain
round structures, small opaque components or foraminifera fragments, the peloids are fur-
ther interpreted as lithified faecal pellets (cf. Fig. 2.6a, b). Generally, faecal pellets prefer-
entially occur in slope or shelf/ramp facies as well as deep water environments (Deik et al.,
2019), and are therefore not considered as depositional indicators. Rarely occurring green
clay minerals, filling intraparticle pores in foraminifera or calcispheres, and individual
glauconite grains are interpreted to be redeposited, since all former pore spaces from mi-
crofossils are filled by either ferroan calcite cement, pyrite/marcasite, micrite or green clay
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minerals. Both green clay minerals (berthierine, odinite or verdine facies) and glauconite
indicate 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 par-
tially dissolved pellets are crosscut by a ferroan calcite veins (Fig. 2.6a) and the intragran-
ular porosity of the pellets remains uncemented, we interpret the formation of intragranular
porosity to occur after fracturing and ferroan calcite vein formation, most likely during late
diagenesis and exposure at the surface.

2.6.2 Paragenesis
2.6.2.1 Early diagenesis

Early diagenesis begins instantly after deposition and in conjunction with mechanical com-
paction of detrital components during overall shallow to intermediate burial (Fig. 2.13a).
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 laminae,
which additionally release elements (e.g., Fe*" and Ca?") into solution, which is also de-
scribed in the transformation of smectite to illite (Boles and Franks, 1979). Furthermore,
this initial compaction due to overburden resulted in the elliptical deformation and occa-
sional fracturing of calcispheres close to clay laminae (Fig. 2.13c¢).

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 spontaneous, if organic-rich sediments and
lower oxygen penetration are present (Machel and Grobe, 2001 and references therein).
The main process of BSR is the microbial reduction 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 references 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 (Reuning 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 do-
lomite cementation starts in a shallow burial environment (Reuning et al., 2022). The dol-
omitic composition of the pellets is supported by the pellets remaining unstained and show-
ing a reddish luminescence in CL (Fig. 2.7f) (e.g., Gotze, 2012). Also, further microbial
mediated processes such as iron reduction and methanogenesis could lead to diagenetic
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dolomite formation (Petrash et al., 2017, and references therein). Iron is a redox-sensitive
element, and therefore the reduction by Fe(IlI)-respiring microorganisms leads to incorpo-
ration of iron in dolomite or newly formed carbonate overgrowths (Petrash et al., 2017, and
references therein). The latter is depending on the occurrence of biologically produced sul-
phide 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. 2.5a, 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
pyrite/marcasite formation and compaction as it encases iron sulphides and fills intraparti-
cle 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 intra-
formational 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 diagenetic calcite cements is debated as shown by Munnecke et al.
(2023). Further mechanical compaction and fracturing of these initially hollow cal-
cispheres (Voigt and Héntzschel, 1964), which are now filled by ferroan calcite, is inhib-
ited, while uncemented foraminifera or calcispheres would likely crush under further me-
chanical stresses as derived from geomechanical laboratory tests on calcisphere-containing
calcarenites (cf. Leuthold et al., 2021).

2.6.2.2 Late diagenesis

As (ferroan) calcite veins are following the outline of calcispheres filled by ferroan calcite
(Fig. 2.5a, b), it is interpreted that they formed following the precipitation of intraparticle
ferroan calcite, as thehollow calcispheres would have likely fractured. Within these veins,
cathodoluminescence indicates areas with higher amount of Fe or Mn, or REE, based on
its luminescence (Fig. 2.7a) (Budd et al., 2000), and may indicate slight changes in fluid
compositions 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 variability in the Fe content during vein cement
precipitation is also supported by carbonate staining showing calcitic (red) and ferroan cal-
citic (blue) zones in stained thin sections (Fig. 2.5a). As (ferroan) calcite in the wider com-
posite veins often encases pyrite/marcasite in contact with the host rock, the initial precip-
itate 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 transition of the rock before the fractures are filled by (ferroan) calcite
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or strontianite (Grobe and Machel, 2002). The elongate blocky (ferroan) calcite crystals
with euhedral crystal terminations (Fig. 2.7b) indicate a large open fracture aperture in
which crystal facets could form (Prajapati et al. 2018). The remaining fracture porosity was
then filled by strontianite precipitating on the euhedral crystal facets (Fig. 2.7¢c, d) (cf.
Giers, 1958; Grobe and Machel, 2002). Since the veins in general contain strontianite, (fer-
roan) calcite and sulphides, the paleo-fluid is interpreted as sodium chloride rich, probably
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 Miinsterland (Dé6lling and Juch, 2009, and references therein). These
mineralized fluids may precipitate strontianite in contact with lower salinity formation wa-
ters in Cretaceous limestones, at lower pressures and temperatures of near-surface condi-
tions (Dolling and Juch, 2009, and references therein). Although no correlation between
the regional concentrations of Sr in mineralized fluids from the Ruhr area and the presence
of strontianite veins could be established, it is the more likely source for strontianite veins
(Délling and Juch, 2009, and references therein). Earlier assumptions of lateral secretion
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 not
change with increasing distance from the veins (Dolling and Juch, 2009, and references
therein). However, the formation 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 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 compressional event and inversion (e.g., Osning thrust) as a result of stress field
change is interpreted (e.g., Drozdzewski, 1988; Kley and Voigt, 2008; Délling et al., 2017;
Voigt et al., 2021). Fault-controlled movement of warm and saline strontiumrich formation
fluids from fractured and deformed Palaeozoic bedrocks could be an additional source
(Grobe and Machel, 2002). As the host rock surrounding the sheared vein (Fig. 2.7¢) also
shows a purple luminescence of the micritic host rock, it is likely that in the vicinity to this
sheared vein, the host rock was altered prior to (ferroan) calcite vein precipitation. Alter-
natively, 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. 2.7b-d).
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Figure 2.13 (previous page) Schematic illustration of the studied sections, a) paragenetic
sequence from deposition to late diagenesis of the studied carbonate rocks. Combination
of rock and mineral composition, compaction and tectonic influence. b) Calcispheres,
foraminifera and other fossils, clay laminae, and micrite are the main detrital components.
Following (re-)deposition, calcispheres and other cavities within fossils are on occasion
filled by green clay minerals and micrite or retain primary porosity. ¢) Intermediate burial
compaction due to overburden stress leads to grain rearrangement and deformation. The
still hollow calcispheres are elliptically deformed and rarely broken, especially at the tran-
sition to ductile clay laminae, forming compaction bands. Simultaneously, BSR enables
the formation of pyrite/marcasite framboids and ferroan calcite cements. d) (Ferroan) cal-
cite veins following the outlines of cemented fossils are completely sealed. ) Larger syn-
taxial euhedral (ferroan) calcite veins showing growth competition of elongate blocky crys-
tals are also completely sealed. f) Fault controlled re-opening of (ferroan) calcite veins and
late diagenetic fluid interaction leads to the formation of strontianite encasing euhedral
calcite and ferroan calcite facets. g) The upper part of the studied lithologies shows less
fossils in general and a high micrite/clay content. Clay laminae are mostly missing. The
fossils are broken and mainly ferroan calcite cement precipitates in intraparticle pores.
Framboidal pyrite/marcasite is found within the clay-rich micritic matrix. PF: pore filling,
BSR: bacterial sulphate reduction, Py/Mrc: pyrite/marcasite, Fe-Cal: ferroan calcite, (Fe-
)Cal: (ferroan) calcite, NF: normal fault (or normal fault reactivation), Str: strontianite.

Shearing of the studied vein in sample PHX10 syndates the precipitation of (ferroan) cal-
cite veins, as the displaced and cut host rock inclusions, which are stabilized by (ferroan)
calcite veins, are again overgrown by calcite and ferroan calcite (Fig. 2.6b and 2.7). The
shearing furthermore predates the precipitation of strontianite, as the (ferroan) calcite over-
growing cut host rock inclusions is encased in strontianite (Fig. 2.6c). As the partially dis-
solved faecal pellets are crosscut by narrow (ferroan) calcite veins (Fig. 2.6a), their disso-
lution is interpreted to postdate the latest phase of (shear) fracturing, (ferroan) calcite and
strontianite precipitation. 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 dissolution, 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. 2.3a, b), most likely goethite stains, it is suggested 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.

2.6.3 Compaction and CDV

The average optical porosity derived from point counting is 0.32%. A lack of visible po-
rosity, including macroporosity, may be caused by compaction. Macroporosity is only
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visible in samples containing dissolved pellets or within wider veins containing strontian-
ite. Also, mechanical compaction is indicated by well-defined laminae interpreted as com-
paction 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 compac-
tion 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 Miinsterland Cretaceous Ba-
sin was already recognized by Giers (1958), but not quantified. As the combination of
compacted calcispheres and clay laminae forms compaction bands parallel to bedding, di-
rection-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 Munnecke, 1997) as
a compaction indicator in fine-grained carbonates, 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 ‘compactable depositional volume’ was evaluated. As both compaction and cemen-
tation 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 po-
rosity and volume is retained and can be assessed using the CDV. However, a higher pro-
portion of authigenic cements shows lower CDV and porosity values (Fig. 2.10a and
2.12a), indicating that the cementation reduces porosity but does not effectively inhibit
compaction, supporting the assessment that the cements formed after initial compaction.
Furthermore, the CDV shows a positive correlation with detrital minerals (Fig. 2.12b). 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; Goldhammer,
1997; Zhang and Lu, 2019), it is included in this assessment, just as depositional clay min-
eral 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. 2.12d.
The sample PHX10 (Fig. 2.7b-f) shows a CDV of 73.33% and a porosity of 18.69% parallel
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to the stratification and 13.38% perpendicular to the stratification, whereas the sample
PHX34 (Fig. 2.7a, 2.5a) shows a CDV of 74.33%, but a porosity of 6.69% parallel to the
stratification and 7.07% perpendicular to the stratification. The sample PHX10 is com-
posed 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 overrepresentation 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 counting
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 depositional 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 fossils, which can be reduced by compaction. As the primary porosity in car-
bonate 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 lithol-
ogies, the CDV may be a suitable indicator for post-depositional compaction in limestones
containing components or fossils with intraparticle porosity and may capture the compac-
tional 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 petrophysical parameters as
measured porosity and permeability. Also, as described by Lee et al. (2021), the compac-
tion behaviour of carbonate rocks varies, as well as the early stage of porosity.

2.6.4 Reservoir quality controlling factors

The reservoir quality controlling factors for the analysed lithology are (1) mechanical com-
paction, which leads to grain rearrangement, (micro)porosity loss and formation of com-
paction bands at ductile clay laminae boundaries; (2) cementation of former pore spaces
with mainly ferroan calcite and (3) vein formation of (ferroan) calcite and strontianite,
overall reducing the porosity and permeability. The subordinate dissolution of faecal pel-
lets slightly enhances porosity but not permeability, since the moldic pores are not con-
nected (Fig. 2.6b, 2.7f, 2.8). Also, particle sizes influence porosity, as micrite and clay
laminae still contain microporosity, 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 v, values, likely related to larger volumes of ferroan calcite cements precipitat-
ing in the intraparticle pores. Also, compaction and a decrease of porosity enhance v, val-
ues (e.g., Anselmetti and Eberli, 1993).
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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 v, and
porosity values parallel to bedding are related to clay laminae and compacted calcispheres
or calcisphere clasts aligned to the bedding. Also, the mineralogical composition as well
as fabric can influence 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 v,, (Fig. 2.11c). Another influencing factor are pore types,
as carbonate rocks can include various pore sizes and types (e.g., Weger et al., 2009). Pos-
itive deviations of a porosity-velocity trend and therefore higher velocity values can be
caused by the pore type and the depositional and diagenetic 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 permea-
bility values are generally low and show no log-linear correlation (Fig. 2.9a). For samples
drilled parallel to the stratification, higher grain density correlates with higher He-porosity
(Fig. 2.9b), which also correlates with higher amounts of clay laminae (Fig. 2.11a, b) and
the presence of compaction bands in samples containing clay laminae (Fig. 2.5d).

Micrite, clay laminae and fossil tests contain microporosity, 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; Smode;j
etal., 2019). Samples containing more than 4% clay laminae show a slightly positive trend
with higher porosity and grain density (Fig. 2.11a, b). Plugs drilled parallel to the stratifi-
cation are of factor 1.4 higher for the maximum permeability than that of samples drilled
perpendicularly to the stratification. This is largely related to the anisotropy related to com-
pacted calcispheres and clay laminae (Fig. 2.5d), since clay layers and compaction bands
are known to act as fluid flow barriers (cf. Kayser, 2006). But in average, the permeability
is in the same order. In addition, mechanical compaction decreases porosity and permea-
bility in general (e.g., Halley and Schmoker, 1983; David et al., 2001; Croizé et al., 2013),
since grain rearrangement and calcisphere 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 inter-
preted to be related to a higher amount of micrite (Fig. 2.2) and a lower degree of compac-
tion. 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 sealing potential of the
host rock.

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
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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 Miinster (Mohrdieck, 1996). Veins are
mostly sealed with (ferroan) calcite, rarely strontianite or both, and only a few open frac-
tures were observed in the quarry. However, they may also be an effect of carbonate vein
dissolution 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. 2.3c), and petrophysical
data do not vary distinctly around the fault (digital appendix — chapter 2), the fault zone is
interpreted to not influence porosity and permeability in the host rock. Dissolution is lim-
ited 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 lithologies in the
Central Miinsterland 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 thicknesses are known, the lithologies
show a continuous lateral extent on up to 150 km? (Giers, 1958). Only at the transition to
the basin border, inhomogeneities can be expected (Giers, 1958). However, the studied
lithologies are partially overlying the northern extend of former coal-mining districts, and
thus may not be representative for the whole coal-mining district. The facies with its de-
posited sediments will vary towards the south (c.f. Fig. 2.1a).

2.7 Conclusions

The study of Upper Campanian limestones (Beckum Member) illustrates the impact of
early and late diagenetic processes in former high porosity, mostly detrital rocks. Low ma-
trix 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 dissolution 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 further diminished large-scale fluid pathways. The rocks
around the studied fault do not show different petrophysical properties or diagenetic alter-
ation 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
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depth may be limited. Overall, the up to 25-m-thick Beckum Member limestone and marly
shale alternation from the Upper Cretaceous acts as a regional seal, if not faulted with as-
sociated fractured damage zones. Only open fractures and faults, if present in the subsur-
face, could enhance fluid pathways. Therefore, fault-related fluid flow may have been lim-
ited. The compactable depositional volume (CDV) for carbonate 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 overrepresen-
tation 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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3  Structural and diagenetic controls
on fluid pathways in fractured
Triassic Muschelkalk and Keuper
limestones, southern Germany

3.1 Abstract

Understanding structural and diagenetic interactions is key in analyzing reservoir quality
(i.e. fluid pathways) in tight lithologies in the focus of geo-energy production as e.g., geo-
thermal energy. Fracture spacing and clustering is crucial for reservoir production success
and reduces uncertainty in reservoir exploration and utilization. This outcrop analog study
evaluates diagenesis, fractures, and vein cement generations in tight fractured limestones
of the Upper Muschelkalk-Lower Keuper transition on the eastern Upper Rhine Graben
shoulder in SW Germany. Early and burial diagenesis led to cementation of former pore
spaces and therefore drastically reduced the matrix porosity and permeability (porosity:
0.16 to 10.58%, permeability: <0.0001 mD to 9.7 mD). Highest permeabilities are recorded
in samples containing partially sealed veins and stylolites (up to 9.7 mD) at 1.2 MPa con-
fining stress. The impact of increasing confining stress on the permeability of undisturbed
limestones, as well as limestones containing stylolites and partially sealed veins, indicate
that besides an undisturbed host rock sample and a sample containing stylolites, partially
sealed veins preserve higher permeability at 30 MPa confining stress (4 1% of initial value,
compared to 16 and 11% of the initial value).

Fracture cluster analyses using the normalized correlation count method indicates that clus-
tering around the fault is not symmetrically arranged and contains fracture sets of different
strike. Fracture clusters also exist away from the fault. Slip and dilation tendencies indicate
that clustered fracture sets striking NNE-SSW parallel to the Rhine graben rift, WNW-
ESE, and NW-SE parallel to the in-situ maximum principal horizontal stress are more
likely to contribute to fluid flow as they are suitably oriented in the present-day stress field.
Breached, decameter-scale reverse kink bands are the first reported in the region, c. 180-
200 km N-NNE of the Alpine deformation front. Kink bands are most likely related to
compression by far field stresses induced by the Alpine orogeny during the Eocene, and
show partially cemented fault planes indicating locally persevered pore space.
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The applied methods of structural and diagenetic reservoir quality assessment and obtained
outcomes aid in the understanding of fluid migration pathways for geoenergy applications
in the Upper Rhine Graben area and are transferrable to other fractured tight reservoirs
worldwide, which can help to solve problems for energy or heat supply that are of societal
importance.

3.2 Introduction

Most carbonate reservoirs are naturally fractured (Garland et al., 2012; Lamarche et al.,
2012). Fractures in reservoirs can enhance the local permeability and thus positively influ-
ence production, but can thus also result in increased uncertainty during reservoir develop-
ment (e.g., Almansour et al., 2020), as sealed fractures can result in reservoir compartmen-
talization (Moore and Wade, 2013). However, fractured carbonates host a large amount of
conventional reserves globally (Harbaugh, 1967; Burchette and Britton, 1985; Burchette,
2012), such as giant fields producing hydrocarbons as the Ghawar oil field in Saudi Arabia
(Kosari et al., 2017), the Gachsaran Oil Field in Iran, Kirkuk in Iraq (Tavakoli, 2020) or
pre-salt carbonate reservoirs of the Santos Basin at the Brazilian Atlantic margin (e.g.,
Wagner Moreira et al., 2023). Fractured carbonates are also relevant as energy storage sites
such as Europe’s largest gas storage site Rehden, Germany, with 3.95 becm working gas at
1.9-2.3 km depth (LBEG, 2023), and supply drinking water for approximately 25% of the
world population worldwide, where the reservoir is found at 10s of meters depth (Suski et
al., 2008; Medici et al., 2021). Furthermore, carbonate reservoirs are of recent interest for
geothermal energy production. For example, deep geothermal exploration in the NW Eu-
ropean Carboniferous Basin in the Netherlands and the Molasse Basin in Germany target
fractures, faults and karstification (Kaminskaite-Baranauskiene et al., 2023; Gutteridge et
al., 2025).

Fluid flow and surface area for heat exchange depend on permeable host rock porosity and
the size and abundance of naturally occurring or engineered fractures. These in turn depend
on several factors such as the depositional environment and facies, rock-fabric, and the
diagenetic overprint (Burchette and Britton, 1985; Ahr, 2008; Burchette, 2012; Worden et
al., 2018). Diagenetic processes can cause cementation, calcification/dolomitization, but
also dissolution of minerals, and/or compaction and formation of stylolites (Schoenherr et
al., 2018; Humphrey et al., 2019; Gomez-Rivas et al., 2022; Olmez et al., 2024), which
increases the complexity in predicting petrophysical properties. Therefore, when assessing
carbonate reservoirs, a combination of rock classification, diagenetic analysis, petrophysi-
cal analysis (e.g., Machel, 2005) and the assessment of the structural inventory provide
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constraints on reservoir properties and thus limit exploration risks (e.g., Becker et al.,
2019b).

Open fractures (joints) in tight rocks may be preferred fluid pathways in the subsurface,
and are therefore of increasing interest in research related to geothermal energy production,
hydrocarbon recovery, gas storage, and groundwater reservoir assessment (Laubach et al.,
2004; Bahrami et al., 2012; Khelifa et al., 2014; Carlos de Dios et al., 2017; Elliott et al.,
2025). Although the ability of fractures to transmit fluids is widely considered to be prin-
cipally governed by the current stress field (e.g., Barton et al., 1995; Finkbeiner et al., 1997;
Mattila and Tammisto, 2012) in some cases the openness of fractures is relatively insensi-
tive to small differences in confining pressures in the subsurface (Laubach et al., 2004) and
mineral deposits in the fractures may be determinative of the capacity of fractures to sup-
port flow (Olson et al., 2009; Almansour et al., 2020). Furthermore, the understanding of
fracture spacing and clustering are important for the success or failure of production of
reservoirs (Narr, 1996; Li et al., 2018; Marrett et al., 2018). Especially in tight formations
(low matrix porosity and permeability), the reservoir is dominantly controlled by its frac-
ture network (Agosta et al., 2010; Becker et al., 2018; Becker et al., 2019a; Rashid et al.,
2023; Elliott et al., 2025). A combination of fracture data from outcrop studies and subsur-
face help understand fracture pattern and can be used for fractured reservoir modelling, and
thus reduce uncertainties for geoenergy applications (Becker et al., 2018; Allgaier et al.,
2023a).

Because data from the subsurface is scarce and mostly only allows the delineation of prop-
erties from a point source (i.e. individual plugs) or line-source (e.g., geophysical logs) in
wells, outcrop analog studies can aid in understanding lateral variations (Becker et al.,
2019a). Assuming that fractures formed as different generations over time to have different
strike orientations per generation, care has to be taken to only assess fractures with the
same strike orientation (e.g., Li et al., 2018) when assessing fracture clustering and inten-
sity. Tectonic processes such as lateral compression, extension, fluid overpressure or uplift
can cause fracturing and enhance flow properties (e.g., Moore and Wade, 2013) or affect
pre-existing fractures by dilation or shearing in a present-day stress field (Morris et al.,
1996; Ferrill et al., 2020), which can adjust fluid pathways in open and partially sealed
veins. Especially partially sealed veins, occasionally preserving bridging textures, are in-
terpreted to preserve permeability at depth (Gale et al., 2010; Lander and Laubach, 2015).
However, the analysis especially of barren fractures in quarries does not necessarily reflect
fracture intensities at depths (e.g., Becker et al., 2018; Li et al., 2018).

The Upper Rhine Graben hosts the largest geothermal anomaly in Germany (Clauser and
Villinger, 1990; Pribnow and Schellschmidt, 2000) and is in the focus of geothermal ex-
ploration (Kushnir et al., 2018; Harlé et al., 2019; Heap et al., 2019). At the Soultz-sous-
Foréts geothermal site in France, Lower and Middle Muschelkalk lithologies were studied

61



3 Structural and diagenetic controls on fluid pathways in fractured Triassic Muschelkalk and Keuper
limestones, southern Germany

with a focus on petrophysical, thermal, and geomechanical properties (Heap et al., 2019).
So far, the Upper Muschelkalk lithologies were of interest in terms of facies and sequence
stratigraphy (Vollrath, 1938; Briiderlin, 1970; Mehl, 1982; Seufert, 1984; Aigner, 1985;
Brunner and Simon, 1985; Seufert and Schweizer, 1985; Aigner, 1986; Aigner and
Bachmann, 1992; Geng and Zeeh, 1995; Geng, 1996; Zeeh and Geng, 2001; Hagdorn and
Simon, 2021). Structural analysis of the Triassic Muschelkalk focused on fracture intensity
related to near normal, strike-slip and reverse faults (Meier et al., 2015). The understanding
of the interplay of rock properties (e.g., porosity and permeability), diagenetic processes,
structural overprint, and the influences on reservoir quality is not established yet. However,
successfully assessing the reservoir quality of fractured limestones may be key in unlock-
ing geothermal and hydrocarbon reservoir potential in the Upper Rhine Graben.

The Upper Muschelkalk carbonate platform in southern Germany has been described as a
reservoir which can be related to carbonate reservoirs in the Middle East due to conceptu-
ally comparable characteristics (Kostic and Aigner, 2004; Koehrer et al., 2012; Warnecke
and Aigner, 2019). The petrophysical values can vary within microfacies types, therefore
a grouping for petrophysical values with respect to facies types is not applicable in all
regions (Kostic and Aigner, 2004).

In this study, we evaluate compressional and tensional deformation structures in form of
(breached) conjugate reverse kink bands, different fractures and vein cement generations,
in combination with lithological, petrographic, and petrophysical analyses to assess reser-
voir quality in fractured limestones of the Upper Muschelkalk to Lower Keuper transition.
Kink bands are tabular fold zones cutting foliation as e.g., bedding, where foliation is ro-
tated as result from shear couple and commonly occur as conjugate sets (box fold like
conjugate system) (Dewey, 1965) and are used as paleo-stress indicator in rocks
(Srivastava et al., 1998). The studied quarry is located on the eastern Upper Rhine Graben
shoulder in SW Germany highlights breached, decameter conjugate kink bands. We also
determine the effect of increases in confining stress on the permeability of undisturbed
limestones, and limestones containing stylolites and partially sealed veins. In combination
with structural and diagenetic assessments, fracture cluster analyses using the NCC
method, and T4 and T, evaluations, we evaluate the controlling factors on fluid pathways
in carbonates. The applied workflows and derived results contribute to the understanding
of migration pathways of fluids for e.g., geothermal energy or hydrocarbons in the Upper
Rhine Graben and other fractured carbonate platforms elsewhere.
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3.3 Geological setting

The Muschelkalk was deposited in the southern Germanic Basin, following a northwards
marine ingression into the basin (Fig 3.1d), which was separated from the open-marine
Tethys by the Vindelician/Bohemian Massif in the south (Aigner, 1985; Aigner, 1986;
Kostic and Aigner, 2004). Following the opening of the Burgundy gate, the East Carpathian
gate and the Silesian-Moravian gate (Fig. 1d), the transgression during the Muschelkalk
formed a gently inclined carbonate ramp comprising limestone, dolostone, claystone, and
evaporite deposits (Kostic and Aigner, 2004). The transition to the Vindelician-Bohemian
Massif during the Muschelkalk is characterized by coast-parallel deposition of terrestrial
sediments (Aigner, 1985; Kostic and Aigner, 2004 and references therein). The Mus-
chelkalk limestones has been being replaced by a dolomitic limestone facies towards the
terrestrial sediments (Kostic and Aigner, 2004). The studied top part of the Upper Mus-
chelkalk (Meiflner Fm., LGRB, 2022) is characterized by an overall shallowing up se-
quence of a highstand systems tract at the end of the Muschelkalk and comprises an in-
creasing amount of bioclastic, oolitic and oncolitic beds and shows increasing and more
intense dolomitization (Aigner and Bachmann, 1992). This regressive trend during the up-
permost Muschelkalk continues into the Lower Keuper (Aigner and Bachmann, 1992). The
overlying Keuper (Early Ladinian to Rhaetian) is characterized by transgressive and re-
gressive deposits, which lead to the formation of clastic to transitional marine and evapo-
ritic deposits (Ziegler, 1982). The lowermost Keuper (Erfurt Fm.) is present as clay-
stone/dolomite intercalations, which may contain fine- to medium-grained sandstone beds.
Furthermore, coaly layers and limey and phosphatic bonebeds can occur marking the
lithostratigraphic boundary between the Muschelkalk and Keuper (Etzold and Franz,
2005). The general evolution is described as subsidence and deposition from the Triassic
to the Cretaceous, followed by uplift and erosion throughout the Cretaceous to Eocene,
while remaining Mesozoic and newly deposited Cenozoic lithologies in the Upper Rhine
Graben experience another phase of subsidence from the Eocene onwards (Bossennec et
al., 2021 and references therein). In contrast to the Upper Rhine Graben, the Mesozoic
lithologies on the graben shoulders did not experience an additional burial since the Eocene
but were uplifted and are now exposed in outcrop. The studied Knittlingen quarry is located
on the eastern Upper Rhine Graben shoulder, approximately 30 km east of the city of Karls-
ruhe, Germany (Fig. 3.1a, b, ¢) and exposes Middle Triassic Muschelkalk and Keuper li-
thologies (Early Anisian to Early Ladinian).
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Figure 3.1 Overview of the study location and the Upper Rhine Graben. a) The study lo-
cation is around 30 km east of the city of Karlsruhe in Knittlingen, isolines for the Heidel-
berg pull apart basin (red) and Rastatt trough outlining the depocenters (blue) (modified
after Schumacher, 2002; Gabriel et al., 2013; Bocker et al., 2017; Busch et al., 2024). b)
Marked location of the Upper Rhine Graben in blue box and Kraichgau area in SW Ger-
many (modified after Busch et al., 2022b). Alpine deformation front (Alpine DF, dashed
red line) adapted from KaBner et al. (2024). ¢) Simplified geological and tectonically map,
the approximal location of the Knittlingen quarry is marked with a red star (redrawn and
modified after Meier et al., 2015). d) Study location (red star) with paleogeographic distri-
bution of landmasses during the middle Triassic Upper Muschelkalk, redrawn and modi-
fied after (redrawn and modified after Franz et al., 2015; Warnecke and Aigner, 2019, and
references therein). BG: Burgundy Gate, CG: East-Carpathian Gate, SMG: Silesian-Mora-
vian Gate, LB: London Brabant Massif.

The Upper Rhine Graben is an about 300 km long (Basel to Frankfurt/Main), approxi-
mately 30 to 40 km wide intracontinental rift basin with an overall NNE-SSW strike

64



3.3 Geological setting

direction (Fig. 3.1a), and was formed as part of the European Cenozoic Rift System
(Ziegler, 1992; Schumacher, 2002). The region and location of the Upper Rhine Graben
rift is linked to changing stress fields (Fig. 3.2) and reactivation of Permo-Carboniferous
NNE-SSW oriented fault systems (Ziegler, 1992; Schumacher, 2002). During the Permian
and Early Triassic, the region experienced N-S and NNE-SSW extension in a normal fault-
ing regime (Dezayes and Lerouge, 2019).

For Central Europe, the oi-axis is reconstructed as NW-SE during the Early Cretaceous
and NE-SW compression during the Late Cretaceous, persisting into the Paleocene (Kley
and Voigt, 2008), leading to uplift in the area of the southern Germanic Basin (Bocker,
2015 and references therein) (Fig. 3.2).

During the Middle Eocene W-E directed extension resulted in reactivation of Permo-Car-
boniferous NNE-SSW oriented fault systems and initiated the Upper Rhine Graben rift
formation (Ziegler, 1992; Schumacher, 2002). Subsequently, the maximum principal stress
rotated clockwise towards a NNE-SSW oriented compression around the Middle to Late
Eocene (Schumacher, 2002). In the late Eocene, extension and subsidence of the southern
part of the graben occurred due to NNE trending Alpine compression (Rotstein and
Schaming, 2011 and references therein).

During the Oligocene, rifting of the Upper Rhine Graben was characterized by W-E to
WNW-ESE extension, leading to the development of NNE-SSW striking graben-parallel
faults (Schumacher, 2002). The NNE-SSW striking faults are abundant in the Cenozoic
sequence, whereas the NNW-SSE oriented faults mostly abut against these large faults
(Reinhold et al., 2016).

Reorientation of the stress field during the Miocene resulted in a sinistral strike-slip move-
ment along the boundary faults of the Upper Rhine Graben, leading to a direction of the
maximum principal stress to NNW-SSE to NW-SE and development of minor faults with
a predominant NNW-SSE strike (Schumacher, 2002). Consequently, NNE-SSW trending
faults have been reactivated in the same shear direction (Ahorner, 1975; Schumacher,
2002).

The current stress field (principal stress directions and magnitudes) for the central region
of the Upper Rhine Graben derived from well data from the Bruchsal geothermal site
matches with Gumax oriented approximately NW-SE (Meixner et al., 2014).

65



3 Structural and diagenetic controls on fluid pathways in fractured Triassic Muschelkalk and Keuper
limestones, southern Germany

Age (Ma) Period Stress fields

20—

25—

30—

I Oligocene I

§ | \\4:«—\\\,« s

Dezayes & Lerouge (2019) |Kley &Voigt (2008)

357

40 —

Eocene

45

Schumacher (2002)

50

120

2525

Figure 3.2 Changes in stress field over time in Central Europe. For the Permian and Tri-
assic, a normal faulting regime with 6;=cv is given (modified and redrawn from Dezayes
and Lerouge, 2019). For Early Cretaceous to Late Eocene the stress field was dominantly
compressional with 61=06umax (modified and redrawn from Schumacher, 2002; Kley and
Voigt, 2008).
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The continental Upper Rhine Graben rift basin accumulated Paleogene and Neogene ma-
rine and terrestrial deposits, which unconformably overly the Mesozoic sequence. Burial
depths of Mesozoic units partly exceeding 5000 m (Anders et al., 2013), related to pull-
apart basins (Rastatt trough, south of Karlsruhe, Fig. 3.1a) forming in releasing bends. The
structural configuration of the Upper Rhine Graben is characterized by intricate horst and
graben formations, anticlines, monoclines, faulted anticlines and roll over-structures
(Durst, 1991).

The Upper Rhine Graben is of primary focus for deep geothermal exploration in Central
Europe, owing to high geothermal gradients exceeding 100 °C/km in certain areas, rec-
orded for Tertiary, Jurassic and Upper Triassic (Keuper) sediments and sedimentary rocks
from drill holes (Pribnow and Schellschmidt, 2000; Vidal et al., 2015), e.g., at the Soultz-
sous-Foréts site (Fig. 3.1a). High temperature gradients are generally related to conduction-
dominated heat transfer, and low temperature gradients are indicative for convective fluid
flow (Pribnow and Schellschmidt, 2000). Main fluid conduits are interpreted to be perme-
able fault damage zones and fractures, hosting convection cells in the Permo-Carboniferous
basement and Permian to Middle Triassic sedimentary rocks (Vidal et al., 2015; Vidal and
Genter, 2018).

3.4 Materials and methods

In the Knittlingen quarry a total of 32.3 m stacked vertical lithological profiles were rec-
orded using the carbonate rock classification after Dunham (1962). The quarry has an over-
all north-south extension of ~ 440 m, a west-east extension of ~ 450 m while the main
investigated southern part of the quarry has a north-south extension of ~ 275 m and a west-
east extension of ~ 280 m. Measurements of spectral gamma ray (sGR) were conducted
with a hand-held gamma ray spectrometer RS-230 BGO Super-SPEC detecting natural
gamma radiation of “°Th, 2*?K and 238U (cf. Schmidt et al., 2021). The measuring time was
60 s per spot with a distance of 20 cm between individual measurement spots. Measured
sGR values were converted to API units using the following multipliers 1 ppm U=8.09 API
units, 1 ppm Th=3.93 API units and 1 % K=16.32 API units following Rider and Kennedy
(2011). During lithological profile acquisition, individual limestone layers were sampled
for petrophysical measurements and petrographic characterization. In addition, vein sam-
ples and samples of the slickensides in the breached kink band planes were collected to
assess their microstructure.

In total 109 plugs were drilled parallel (N=45) and perpendicular (N=64) to stratification
using a water-cooled core drill with ~ 2.54 cm diameter (one-inch) from hand specimen
for petrophysical analysis. Trim ends of individual plugs oriented parallel to the
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stratification were used for thin section preparation. The plugs were dried in a vacuum-
oven until weight constancy at 40 °C for one week. Grain density and porosity were meas-
ured using a micrometrics AccuPycll 1340 pycnometer using helium (cf. Becker et al.,
2017). Klinkenberg-corrected (Klinkenberg, 1941; Rieckmann, 1970) intrinsic permeabil-
ity was measured with an air permeameter manufactured by Westphal Mechanic, with a
measurement range between 0.0001 mD and 10,000 mD, using dry, oil-free laboratory air
as permeant at a confining pressure of 1.2 MPa to avoid sample bypass under steady-state
flow conditions (Busch et al., 2022a).

The assessment of permeability of undisturbed host rock samples and samples with par-
tially sealed veins or stylolites at elevated confining pressures (30, 20, 10, 1.2 MPa) was
assessed on three plug samples in an isostatic flow cell using helium as a permeant at room
temperature (22 = 1 °C) (cf. Monsees et al., 2020). Permeabilities were measured during
the unloading cycle after all samples were loaded up to a maximum confining pressure of
30 MPa. The cell is fitted with a HPLC pump (high-performance liquid chromatography
pump) using water to regulate confining pressures. As the results are apparent permeabili-
ties, the Klinkenberg correction was used to correct possible slip flow (Klinkenberg, 1941;
Amann-Hildenbrand et al., 2016). Pressure sensitivity coefficients of permeability (y) were
calculated after David et al. (1994) to compare the results. Since the reference effective
confining pressure Py in David et al. (1994) is 1.25 MPa, the respective measurements at
elevated confining pressures are plotted at 8.75, 18.75, and 28.75 MPa.

For petrographic analysis a total of 30 thin (~ 28 pm) and thick sections (100 um) were
prepared. All samples were embedded in blue dyed epoxy resin to visualize optical poros-
ity. In total, 24 thin sections were stained with a combined solution of alizarin red S and
potassium ferricyanide to distinguish different carbonate phases after Dickson (1965) and
covered with a glass cover slip. Dolomite remains unstained, whereas calcite will stain
reddish (pink to orange), ferroan calcite will stain blueish (purple to blue), and ferroan
dolomite will stain pale blue (cf. Olmez et al., 2024). Additionally, six samples were pre-
pared as thick sections with a thickness of 100 um and were polished for cathodolumines-
cence (CL) analysis. Furthermore, eight trim ends of plugs were fine ground with 4000 grit
sand paper to assess fracture cements in CL.

For petrographic analysis a Leica DMLP fitted with a Progres Gryphax camera system was
used, and polished thin sections were additionally examined using cold cathode cathodo-
luminescence (CITL CL8200 Mk5-2 Optical Cathodoluminescence System mounted on a
Leica DIALUX 20 ES) in a vacuum to assess zonation or possible cross cutting relation-
ships of individual vein and cement generations. Point counting was performed to link de-
trital or diagenetic cement phases to reservoir quality. Therefore, point counts were per-
formed on 300 points on 24 thin sections using a Pelcon semi-automatic point count stage
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using a step-length of 250 pm to account for the variety of grain size (from micrite to mm
sized shells) installed on a Leica DMLP microscope (as also shown in Busch et al., 2019).
Optical porosity types were determined using the classification of Choquette and Pray
(1970). As the grain size of micrite (<4 pm) and microsparite (5—10 um) by Folk (1959)
and Folk (1974) could not be determined during point-counting, the term micrite is used
(cf. Olmez et al., 2024). Grain size of dolomite was measured on the long axis of each
crystal (at minimum 20 measurements per thin section) on microphotographs using ImageJ.

Drone image acquisition for orthomosaic generation to document the kink bands was per-
formed using a DJI Phantom 4 Advanced Plus. The photogrammetric point-cloud and or-
thomosaic generation was done using Agisoft PhotoScan (now Metashape) (Cawood et al.,
2017; Allgaier et al., 2023b). Fracture dip direction and dip angle were recorded using a
manual compass (N=576) and processed using OpenStereo (Grohmann and Campanha,
2010). We prepared two scan lines, recording fracture orientations once subperpendicular
to the exposed breached kink band (striking NNW-SSE, 26.7 m length, N=346) and along
a perpendicular wall (striking ENE-WSW, 11.88 m long, N=133) in order to analyze frac-
ture set intensities and clustering. Manual fracture detection (dip direction, dip angle) of
the northern kink bands are based on point clouds in CloudCompare (Girardeau-Montaut,
2017) using the compass tool (e.g., see Allgaier et al., 2023b).

To assess fracture set intensities and gain information about spatial arrangement, we use
the normalized correlation count (NCC) method (Marrett et al., 2018). This method distin-
guishes random fracture arrangements from clustered and periodic arrangements using the
two-point correlation function or correlation sum (Bonnet et al., 2001; Wang et al., 2019).
As fracture strike is not always perpendicular to the scan line, the recorded apparent dis-
tances between the fractures require correction using the Terzaghi method (Terzaghi, 1965;
Li et al., 2018). For this purpose, sub-parallel sets of five main fracture strike orientations
were grouped into sets (striking 10°, 50°, 70°, 110°, 140°), resulting in corresponding 338
fractures in total for these analyses. The sets were differentiated based on strike rose and
polar plot density clusters. The respective angle between the strike of the fracture set and
the scan line was used to obtain corrected distances (Terzaghi, 1965; Li et al., 2018). The
generated data was analysed using CorrCount in Matlab (cf. Marrett et al., 2018). Pattern
morphology of normalized correlation counts were described after Marrett et al. (2018) and
Li et al. (2018). As no bedding planes were accessible in the quarry, no data on fracture
length and connectivity can be obtained.

To assess the relation of present fracture orientations and present-day stress orientation, we
also performed dilation and slip tendency analyses (Morris et al., 1996; Ferrill et al., 2020;
Allgaier et al., 2023b) in FracTend (Healy, 2023). Dilation and shear tendency analyses
identifies fractures in which the ratio of shear stress (1) to effective normal stress (on) ex-
ceeds the frictional strength () of the fracture, they are therefore critically stressed and
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show a higher probability of being hydraulically conductive (Barton et al., 1995; Ferrill et
al., 2020). The slip tendency Ts (Eq. 3.1) reflects the likelihood of fracture reactivation in
shear mode assuming no cohesion (Morris et al. 1996) and the dilation tendency Tq (Eq.
3.2) reflects the likelihood of a plane to dilate (to open) in tensile mode (Ferrill et al., 1999):

Eq. 3.1
T, = ! >
s = o, u
Eq. 3.2
0. 0,
Td — ( 1 n)
(0y —03)

Using the trend and plunge of the poles of recorded fractures from the two scanlines and
the reconstructed present-day stress orientation and magnitude in the Upper Rhine Graben
(Meixner et al., 2014; Allgaier et al., 2023a) at 1000 m depth using stress gradients
6,=0v=23.8 MPa/km, 61=01max=28.8 MPa/km, 63=Gnmin=15.3 MPa/km and pore pressure
of 10.2 MPa/km allows the assessment which fracture orientations are more likely to con-
tribute to fluid flow.

3.5 Results

3.5.1 Lithological description and gamma ray signature
3.5.1.1 Overview

The Knittlingen quarry exposes Upper Muschelkalk to Lower Keuper lithologies, fractures,
veins and faults. In both quarry parts (northern and southern part, Fig. 3.3a), kink bands
are present, and in one wall a breached kink band with mineralization is exposed. This
study focuses on the southern part of the quarry (red box in Fig. 3.3a).

In the studied area (Fig. 3.3b) stacked vertical lithological profiles were recorded (red lines
in Fig. 3.3b, d). Manual compass measurements were taken along the lithological profiles,
and on scan lines (orange lines in Fig. 3.3b).
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Figure 3.3 (previous page) Overview of the quarry. a) Aerial image of the quarry, the NE
part is currently mined, the study location is marked with a red box and redrawn as sche-
matic map in b). Orange lines indicate location and strike of kink band planes (Bing maps,
2025). b) Schematic map of the study area and locations of sampling and stacked vertical
lithology descriptions (red lines), roman numbers are shown in Fig. 3.4 (I, II, III) and 3.5
(IV and V). ¢) View from top into the quarry, where Upper Muschelkalk lithologies are
exposed. d) Record of vertically stacked lithologies profiles, and one kink band in the back-
ground, location is marked with a dark green star in b).

3.5.1.2 Upper Muschelkalk

In total, 25.8 m of limestone to marly claystone alternations for the Upper Muschelkalk is
recorded (Fig. 3.4, 3.5, 3.6). The studied Upper Muschelkalk lithologies are composed of
dark grey to very dark grey, mostly calcitic, mudstones, wackestones, and packstones (fur-
ther called limestones) classified after Dunham (1962) and very dark grey marly claystone
intercalations (Fig. 3.4, 3.6).

The number of intercalated marly claystones decrease toward the top of the studied lithol-
ogy (Fig. 3.4a, b). The recorded wacke- or packstones include (recrystallized) shell frag-
ments (Fig. 3.4b), showing a dark grey or white color. Some of the shells are non-reactive
to HCl indicating a dolomitic or silicic composition. The limestone texture is mostly mas-
sive. Toward the younger strata, wacke- and packstones are more abundant than mudstones
(Fig. 3.4a (older strata), b (younger strata), 6). Subordinately, erosional surfaces and bio-
turbation between underlying mudstones and overlying wacke-/packstones can be ob-
served (Fig. 3.4c, d). Both, decreasing marly claystone contents and the increasing amount
of shells within the limestones indicate a general shallowing upward trend. Calcitic veins
(mm-thick) are present perpendicular to bedding, mostly strata-bound and rarely crosscut-
ting multiple limestone beds.
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Figure 3.4 Overview of the Upper Muschelkalk, locations in the quarry are marked in Fig.
3.3b as roman numbers. a) Lower part of the studied succession with more marly claystone
interbeds. b) Upper Muschelkalk, alternation of marly claystones, mudstones and pack-
stones with bioclasts (bivalves and brachiopods), and a calcite vein penetrating several
banks. c) Upper Muschelkalk, bioturbation trace, maybe glossifungites or similar. d) Upper
Muschelkalk, erosion (some parts outlined in red) of underlying mudstone.

3.5.1.3 Lower Keuper

For the Lower Keuper, a total of 6.5 m of limestone to marly claystone alternation is rec-
orded. The limestones are mostly massive mudstones. At the base of a dark grey marly
claystone layer (Vitriolschiefer), an approximately 2 cm thick bonebed layer can be found
(Fig. 3.5a). This is followed by a thicker limestone layer (Blaubank) with brachiopod im-
pressions, bioturbation, and cavities at the base indicating dissolution (Fig. 3.5b). Toward
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younger strata, the claystone content increases and only thinner calcitic limestone beds are
exposed (Fig. 3.5c¢, 3.6).
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Figure 3.5 Overview of the Lower Keuper, locations in the quarry are marked in Fig. 3.3b
as roman numbers. a) Succession of bonebed containing fish teeth, phosphatic pellets, bone
fragments, ostracods and dark grey Vitriolschiefer, Blaubank and marly claystone. b) The
calcitic Blaubank show layer of ostracods and dissolution cavities. ¢) The topmost studied
section is dominantly composed of marly claystone and only thinner limestone beds (mud-
stones) occur.

3.5.2 Lithological column and spectral gamma ray (sGR)

The calculated sGR for the Upper Muschelkalk profiles (N=135) varies between 16 and 86
API and generally decreases from the base of the studied Upper Muschelkalk section
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toward the top, reflecting the recorded decrease in marly claystone layers throughout the
lithological column (Fig. 3.6). The calculated sGR for the Lower Keuper profiles (N=30)
ranges from 48 to 151 API (Fig. 3.6). The base of the Keuper is indicated by increasing
gamma ray values, related to the sudden increase in marly claystone content.
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Figure 3.6 Lithological column of stacked vertical logs from topmost Lower Keuper
(6.5 m in total) to Upper Muschelkalk (25.8 m in total), sGR in API, helium porosity (%,
blue) and permeability (mD, red) of plug samples from limestone beds drilled parallel or
perpendicular to bedding.
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3.6 Petrography

The stained thin sections confirm the macroscopic classification as limestones. A detailed
point-count table is found in the digital appendix — chapter 3, and all contents are given as
vol% of the bulk sample. As most of the point-counted thin sections are limestones from
the Upper Muschelkalk and only one is from the Lower Keuper, samples are not classified
based on their stratigraphy. The fine-grained, calcitic, matrix is summarized as micrite.

3.6.1 Detrital components

The samples are dominantly composed of calcitic micrite (crystal sizes between <4 and
~ 13 pum), biodetritus (e.g., shells, crinoids, gastropods, teeth, or fish scales), or peloids.
The most abundant detrital components are micrite (Fig. 3.7a), ranging from 0.0% to 93%,
peloids (Fig. 3.7a, 0.0%—21.7%) which are distributed without any orientation and mostly
composed of calcitic micrite and crinoid fragments (0.0%—6.7%). Intercrystalline clay be-
tween dolomite spar (0.0%—-6.0%) is present in three samples. Phosphatic peloids, bone
fragments, scales, and teeth are summarized as phosphates (0.0%—1.3%) and occur in most
of the samples (Fig. 3.7f), but were not always encountered during point counting. Individ-
ual samples show mostly undeformed ooids (up to 12%, Fig. 3.7c) with mostly bioclastic
centers. Quartz grains (0.0%-0.3%) occur rarely, whereas shell fragments showing primary
textures and calcitic composition (0.0%—9.3%) are present in most of the samples. Gastro-
pods (0.0%—-0.3%) were observed in different samples, but were only point counted twice.
Ostracods (0.0%—4.7%) are only encountered in one sample, but are highly concentrated
in individual layers (Fig. 3.7d).

3.6.2 Authigenic components

The main authigenic phases are calcite spar (0.0%—48.7%, Fig. 3.7¢) that occurs distributed
in the samples, replacive chert in shell fragments (0.0%—-41.0%), and neomorphic replace-
ments of shells with calcite spar (0.0%—-31.3%, Fig. 3.7f) growing from the rim into the
center of the shell. Micritic envelopes are mostly seen on recrystallized shells and only
subordinately on crinoid fragments, and make up between 0.0% and 19.7% (Fig. 3.7¢e).
Some of the recrystallized shells additionally show both, the replacement with calcite spar
at the shell rim, and Fe-calcite (Fe-Cal) in the center (Fig. 3.7f), the latter ranging between
0.0%—-15.0%. Individual shells are additionally replaced by not only chert but also macro-
crystalline quartz (0.0%9.3%). Where chert replaces bioclasts, it often transitions into
macrocrystalline quartz, which is again encased in Fe-calcite replacements of bioclasts
(Fig. 3.71). Individual shells also show additional replacement by dolomite (Dol, 0.0%—
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10.0%), of which some additionally show a Fe-dolomite (Fe-Dol) rim (0.0%-2.0%) (Fig.
3.7k). Dolomite and Fe-dolomite replacements often show curved crystal facets, pleochro-
ism, and undulose extinction, typical of saddle dolomite. Dolomite spar (Fig. 3.7c, ¢) also
replaces peloids and ooids in individual samples (0.0%—21.7%), as well as micrite (0.0%—
31.3%, Fig. 3.7b) mostly as planar-e to planar-s rhombs, where few of the dolomite spars
also show a Fe-dolomite rim (0.0%—3.0%). These dolomite rhombs show almost no ple-
ochroism in plane-polarized light. In some samples, only the peloidal shape remains,
whereas the detritus is fully dolomitized. Where dolomite spar in e.g., bioclasts is (par-
tially) dissolved, FeO/FeOOH outlines (0.0%—4.3%) are often observed. Because of dif-
ferent optical properties of the dolomite, the crystal size was additionally measured, to
distinguish three dolomite types:

- Dolomite type I crystals (Fig. 3.7c), observed as fabric-selective dolomitization
of ooids/peloids (almost no pleochroism, dusty appearance, normal extinction)
with crystal sizes from 0.03—0.30 mm (avg.: 0.11 mm).
- Dolomite type II crystals (Fig. 3.7b), replacing the matrix (no pleochroism, dusty
appearance in the center) with smaller crystal sizes from 0.01-0.14 mm (avg.:
0.05 mm), often associated to intercrystalline clay minerals.
- Dolomite type III crystals (Fig. 3.71, k) replacing bioclasts, matrix and vein ce-
ments (strong pleochroism, dusty appearance, undulose extinction) with larger
crystal sizes from 0.04—1.30 mm (avg.: 0.27 mm).
Detrital components show an isopachous fibrous to bladed radial calcitic rim cement
(0.0%-31.7%) which is the dominant cement in two samples (Fig. 3.7c, e), and is less
frequent in samples containing higher micritic matrix contents. Additionally, one sample
also shows parts of calcitic rim cements replaced by SiO» (0.7%), where the detrital com-
ponent is also (partly) replaced by chert. Pore filling cements are Fe-calcite (0.0%—10.3%),
dolomite (0.0%—2.3%), and chert (0.0%—1.3%), which are observed in between biodetritus,
occasionally also encasing rim cements where present (Fig. 3.7¢c). Pyrite (0.0%—7.0%) is
present within the majority of the samples, and mostly present in the matrix and in bio-
clasts, and rarely occurs as geopetal pyrite in bioclasts in individual samples. Additionally,
pyrite is also present in one sample at the interface between the host rock and a composite

dolomite and Fe-calcite vein. One sample shows a druse, which is filled by chert, which
transitions into macro quartz, and some of the remaining pore space is filled with calcite
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and/or Fe-calcite, with some areas of the thin section showing non-pervasive quartz pseu-
domorphs after sulphates (up to 4.3%, Fig. 3.7g), indicated by bladed crystal morphologies
filled by quartz. Additionally, one sample with a larger recrystallized shell also shows
quartz pseudomorphs after sulphate evaporites (0.7%). Authigenic quartz is present as laths
with euhedral outlines within the matrix (Fig. 3.7¢c), containing solid inclusions of the re-
placed material, in some thin sections, but where only point counted once (0.3%).

Clay mineral-rich stylolites are not always encountered during point-counting and vary
between 0.0% and 4.3%. In one sample, the stylolite shows defined sutured boundaries
(Fig. 3.71), whereas this effect is less pronounced in other samples (Fig. 3.7j). Stylolites are
characterized by enrichment of e.g., clay minerals along pressure dissolution fronts. The
columnar side of the stylolites show thinner clay mineral accumulations. Some stylolites
are associated to veins and displace them (Fig. 3.7j). Wispy, discontinuous dissolution
seams, not yet forming a stylolite (i.e. lacking the columnar features), were not encountered
during point counting, but are present in individual samples.

Vein cements are of calcitic composition (0.0%—10.7%), Fe-calcite (0.0%—17.7%) or occur
as veins showing internal zonation of these. Dolomite vein cements (0.0%—7.0%) show
pleochroism and undulose extinction typical for saddle dolomite, which is on occasion en-
cased by Fe-calcite and subordinately Fe-dolomite (0.3%).
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ostracodes

Figure 3.7 (Figure caption on next page)
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Figure 3.7 (previous page) Photomicrographs of detrital components and authigenic
phases of Upper Muschelkalk and one Keuper sample. a) calcitic micrite and micritic
peloids. b) Sparitic dolomite (planar-s) with cloudy centers, clear rims and intercrystalline
clay (interxtal clay) between the spars. c) calcitic ooids of which some are replaced by
dolomite spar show a calcitic isopachous fibrous rim cement and authigenic quartz laths.
d) Keuper sample, ostracods are aligned parallel to bedding, dolomite spars are distributed
between bioclasts and calcite spar cements or in bioclasts. e) Partially sealed vein with
internal zonation of ferroan calcite and calcite, one shell fragment is replaced by chert,
ooids are either dolomitized or not and one show one dolomite rhomb in the ooid rim. f)
Shell fragments with elongate blocky to euhedral calcite cement, and sparitic Fe-calcite
(Fe-Cal) cement in the center, and a calcitic crinoid fragment. g) In former shells, chert and
replacive quartz are abundant, in some areas overgrown by macroquartz (h), and some of
the remaining porosity is filled with calcite or ferroan calcite. i) Columnar stylolites and
dolomite cement. j) Stylolite displaces a vein (unstained section). k) Saddle dolomite over-
grown a shell shows a ferroan dolomite rim and is encased in ferroan calcite and calcite. 1)
Macroquartz overgrows chert and is encased by ferroan calcite and calcite.

3.6.3 Optical porosity

Optical porosity was differentiated into intraparticle porosity (0.0%—14.7%), fracture po-
rosity (0.0%—2.0%) in partially sealed veins and in one sample mouldic porosity (0.3%).
Intraparticle porosity is mostly restricted to areas where bioclasts are dissolved or replaced,
e.g., in dolomitized peloids or ooids.

3.6.4 Cathodoluminesence

Cathodoluminescence (CL) analyses were performed to gain additional insight into the
structural and diagenetic development based on characteristic luminescence behavior of
components and cements. Furthermore, CL analyses may allow a more detailed assessment
of fracture cement paragenesis, based on cross-cutting relationships. Slight differences in
luminescence intensity between samples are due to different surface qualities of polished
thin sections and fine ground trim ends.

In the studied samples calcite mostly shows an orange luminescence, Fe-calcite and Fe-
dolomite are dull to non-luminescent and dolomite shows a purple-reddish luminescence
(Fig. 3.8a). Veins or recrystallized shells often show internal sector zoning of calcite and
Fe-calcite and are combined as (Fe-)calcite cements (Fig. 3.8b).
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Some veins show partially sealing cements with sector zoned crystals bridging the fracture
(Fig. 3.8c), other veins are pervasively sealed and cross-cut and displaced by a younger
vein generation. Individual micritic peloids cannot be accurately distinguished from ce-
ments or micrite forming the matrix based on different luminescence colors. Crystal bound-
aries or the boundary between peloid/ooid and the rim cement only occasionally show a
slightly brighter luminescence (Fig. 3.8c). In individual samples larger shells are also over-
grown by saddle dolomite with reddish-purple luminescence and a non-luminescent Fe-
dolomite rim, encased by (Fe-)calcite (Fig. 3.8d).

300um

c)

peloid/ooid
saddle Dol

rim cement

Dol
Cal peloid/ooid

Figure 3.8 Cathodoluminescence on thin sections and plug trim ends. a) Reddish-purple
luminescence of dolomite and non-luminescence Fe-dolomite rim with surrounding calcite
spar with orange luminescence and some calcite spar with dolomite cementer (M15). b)
Euhedral (Fe-)calcite crystal facets with internal zonation of calcite and non-luminescent
Fe-calcite in a vein (M15). ¢) Dolomitized former ooids or peloids with purple lumines-
cence, whereas calcitic ooids/peloids with calcitic rim cements (blue box) show (dull) or-
ange luminesce, but not as bright as calcitic zones in the vein (M16). Partially sealed (Fe-
)calcite vein with bridging crystals. d) Larger shell replaced by saddle dolomite with Fe-
dolomite rim and (Fe-)calcite (M43).
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3.6.5 Relation of fracture cementation

In addition to cathodoluminescence analyses on host rocks, three vein samples and two
samples of the cemented slickensides from the breached kink band were studied. Partially
fracture filling saddle dolomite shows a reddish-purple luminescence and pyrite at the host
rock-vein interface (1, Fig. 3.9a, b). This vein also includes (Fe-)calcite cements encasing
euhedral dolomite crystal facets (2, Fig. 3.9b). This composite vein is crosscut by a dull to
non-luminescent (Fe-)calcite vein (3, Fig. 3.9a, b). These mostly pervasively sealed blocky
(Fe-)calcite veins show weak internal sector zoning in dull orange luminescing cements in
CL analyses (3, Fig. 3.9¢). These are crosscut by a brighter (Fe-)calcite vein, showing in-
ternal sector zoning in bright and dull orange luminescing cements (4, Fig. 3.9c). A vein
generation composed of mostly dull luminescing Fe-calcite cement, which in some samples
shows slightly brighter luminescence, is only found in a sample from the fault zone (5, Fig.
3.9g) and is crosscut by brighter cement phases (6, 7, Fig. 3.9g). One of those brighter vein
cements is also only found in samples from the fault area and shows a heterogeneous lu-
minescence without distinct zoning (6, Fig. 3.9f, g). A partially fracture-filling (Fe-)calcite
phase showing internal zonation of more dull or bright zones and euhedral crystal facets
(7, Fig. 3.9d, f-h). This vein phase is crosscut other vein cement generations if present in
host rock and fault samples. This zoned luminescence cement phase (7) is additionally
enclosed by a dull-non-luminescent Fe-calcite phase forming the rim of a partially sealed
vein in the fault core (8, Fig. 3.9h). Additionally, some veins include host rock inclusions
in both host rock samples and fault samples, which are in some cases arranged parallel to
the host rock-vein interface (Fig. 3.9d), and imply fracturing following initial fracture ce-
mentation.
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Figure 3.9 (Figure caption on next page)
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Figure 3.9 (previous page) Cathodoluminescence on vein thin sections from host rocks
and fault area. a), b) Dolomite vein show some patches of (Fe-)calcite cement and is cross-
cut by a Fe-calcite vein (M25). c¢) Dull to non-luminescent Fe-calcite vein is crosscut by a
(Fe-)calcite vein with internal zonation (M27). d) Partially sealed (Fe-)calcite vein with
bridging crystals and internal zonation. Dolomite in ooids/peloids show reddish-purple lu-
minescence (M14). e) Darker and brighter Fe- calcite veins are crosscut by a darker, par-
tially non-luminescent (Fe-)calcite vein (KB_vein). f) Perversely sealed bright vein cross-
cut a darker luminescent (Fe-)calcite vein. A younger phase shows remaining pore space
and cementation with (Fe-)calcite and euhedral crystals (KB_FL). g) Non-luminescent Fe-
calcite vein and a brighter cement phase with is displayed by a (Fe-)calcite phase (KB_VB).
e) Larger euhedral (Fe-)calcite and Fe-calcite cement in partially sealed vein (KB_FL).

3.7 Porosity, Permeability, Density

For Muschelkalk samples drilled parallel to stratification, He-porosity ranges between
0.13% to 10.87% (avg.: 1.33%), grain density ranges between 2.68 g/cm? and 2.73 g/cm?
(avg.: 2.73 g/cm?), and bulk density ranges between 2.41 g/cm? and 2.72 g/cm?® (avg.: 2.67
g/cm?), while the permeability ranges between <0.0001 mD and 9.7 mD (avg.: 0.27 mD).
Two Keuper samples show He-porosity of 1.53% and 2.13%, permeabilities of
<0.0001 mD, grain density for both of 2.7 g/cm® and bulk density of 2.65 g/cm® and
2.66 g/cm®.

The measured He-porosities for Upper Muschelkalk samples drilled perpendicular to bed-
ding range from 0.16% to 10.58% (avg.: 1.33%), while grain density ranges from
2.67 g/em? to 2.75 g/em?® (avg.: 2.71 g/cm?®), and bulk density ranges from 2.44 g/cm?® and
2.74 g/em?® (avg.: 2.67 g/cm?®). Gas permeability varies between <0.0001 mD and
0.6283 mD (avg.: 0.0186 mD). He-porosity for two Keuper samples are 2.16% and 2.18%,
permeability is <0.0001 mD, grain density is 2.69 g/cm? and 2.70 g/cm?, and bulk density
15 2.63 g/cm?® and 2.64 g/cm?. The highest porosity values are measured in samples showing
druses.

Due to the measurement limit of the device, samples measured below the limit are given
as 0.0001 mD for further rock typing. He-porosity and gas permeability show no correla-
tion (Fig. 3.10a). Rock types (mudstone, wackestones and packstone) show no correlation
with porosity or permeability (Fig. 3.10b). The highest permeability is measured in samples
showing (partially sealed) veins (Fig. 3.10b).
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Figure 3.10 He-porosity and gas permeability plots. a) Porosity and permeability show no
correlation; green dots are samples drilled parallel to bedding and purple squares are sam-
ples drilled perpendicular to bedding. b) Rock type after Dunham (1962) (shape of sym-
bols) show no correlation with porosity and permeability. Only samples which include ei-
ther (partially sealed) veins or stylolites, or both, can enhance the permeability. The
samples showing the highest permeability value shows a fracture oriented parallel to meas-
urement direction, which is only marginal sealed and thus enhances the fluid flow in meas-
urement direction. Samples with stylolites are shown as unfilled symbols with black out-
line, samples with (partially sealed) vein and stylolite are displayed as unfilled symbols
wirh red outline.

Three samples were additionally measured under elevated confining stress (Fig. 3.11).
Sample I contains a partially sealed vein, axially crossing the whole plug, sample II con-
tains stylolites parallel to stratification and the axis of the plug, and sample III is a host
rock sample without any special features and is described as a massive wackestone (Fig.
3.11). At 30 MPa confining pressure permeabilities are 0.13 mD for sample I, 0.05 mD for
sample II and 3.0*¥10°° mD for sample III. At 1.25 MPa confining pressure, permeabilities
are 0.32 mD for sample I, 0.27 mD for sample II and 2.7*10° mD for sample III. The
calculated pressure sensitivity coefficients of permeability y are 0.03 for sample I, 0.06 for
sample I and 0.071 MPa"! for sample III (digital appendix — chapter 3) and are at lowest
for the sample containing the partially sealed vein. When normalizing the permeability
measurements to the highest measured value of each sample (1.0), the sample containing
the partially sealed vein retains 41% of the initial permeability, whereas the sample con-
taining the stylolite only retains 16% and the undisturbed host rock only retains 11% of the
initial permeability at 1.25 MPa confining pressure.
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Figure 3.11 Normalized permeability measured with decreasing effective confining
stresses of 30 to 1.25 MPa and exponential trend lines. The permeabilities are normalized
to initial permeabilities measured at 1.25 MPa. Thus, the permeability of a partially sealed
vein sample at 30 MPa is c. 41% lower than the permeability at 1.25 MPa.

3.8 Rock typing

Rock typing links the porosity and permeability measurements with petrographic proper-
ties and enables the assessment of reservoir quality controls (Fig. 3.12). As not every plug
has a corresponding thin section, the plots only represent a part of the petrophysical meas-
ured samples shown in Fig. 3.10. The micrite content does not correlate to differences in
reservoir quality (Fig. 3.12a), only one sample with higher amount of micrite shows com-
paratively higher permeability but not enhanced porosity. The content of shells (with pri-
mary features) and recrystallized shells does not correlate to enhanced porosity or perme-
ability (Fig. 3.12b), since samples with shell contents between 20% and 30% show among
the lowest and highest permeabilities. The fracture porosity and vein cements (Fig. 3.12c)
and stylolite content (Fig. 3.12d) appear to affect permeability of individual samples, since
individual samples with higher permeability show higher stylolite contents or preserved
fracture porosity in partially cemented veins. Where veins are pervasively sealed,
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permeability remains low (~ 0.0001 mD). One sample displaying a stylolite which is ori-
ented parallel to the plug’s long axis and bedding and enhances the fluid flow at 1.2 MPa
confining pressure (Fig. 3.12d, blue square). Because the matrix permeability of the studied
limestones is low (max. 9.7 mD for one sample with a fracture sealed only marginal and
parallel to the measurement direction, else max. ~ 1 mD), and thus only fractures and par-
tially sealed veins enhance permeability if oriented suitable parallel to measurement direc-
tion (Fig. 3.10, 3.11, 3.12), reservoir quality seems to be mostly related to structural ele-
ments in the studied lithology.
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Figure 3.12 Color-coded porosity-permeability plots linked with petrographic analyses. a)
Micrite content, b) shells and recrystallized shells and their cements, ¢) fracture porosity +
vein cements, permeability is higher in one sample containing fracture porosity + vein ce-
ments, d) stylolite, permeability is higher one the sample containing stylolites. Point count-
ing data given in in volume percent. Only individual samples show elevated permeability
with occurring fracture porosity + vein cements and stylolites.
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3.9 Structures and fractures

Fractures recorded along the lithological column and the two scanlines (N=576) show three
main strike orientations (NNE-SSW, WNW-ESE, NW-SE) and subordinate sets (NE-SW,
ENE-WSW, W-E and NNW-SSE) (Fig. 3.13). The highest frequency is observed in
WNW-ESE and NNE-SSW strike.

B set o
B setso
Set 70°
B setii0°
[ set140°

10% 10%

Nmm:576

o Partially sealed veins (N=103)

Figure 3.13 Rose and pole point contour plot. a) Fracture strike of compass measurements
for the Upper Muschelkalk and Lower Keuper from lithological columns and two scan
lines (N=576). Fracture sets were selected to represent the most prominent strike orienta-
tions (set 1 (10°), set 2 (50°), set 4 (110°)), strike orientations that are most suitably oriented
in the present day stress field (set 1 (10°), set 4 (110°), set 5 (140°)), or to showcase that
clustering analyses still require assessment of the stress field (set 3 (70°)). b) Fracture data
plotted as poles to planes (lower hemisphere), arrows highlight highest pole densities, col-
ors are related to facture sets in a). Partially sealed veins are highlighted as green poles
(N=103).

Several deca-meter scale reverse kink bands are exposed in the southern (Fig. 3.3a, 3.14a-
¢) and northern quarry parts (Fig. 3.3, Fig. 3.14d). While the four kink bands in the northern
quarry part consistently dip toward 021° to 034° with dips ranging from 49° to 67° (Fig.
3.15, blue great circles and poles), the decameter-scale conjugate reverse kink-band with a
breached kink-band boundary in the SSE show a dip direction/dip of 024/65 and 018/55 in
the SSE part and of 157/59 and 160/66 in the NNW part (Fig. 3.14, 3.15).

The calcite cementation on the breached kink band boundary show slickensides, which
indicate reverse, strike-slip, and normal faulting, but clear cross-cutting relationships are
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absent. The conjugate kink band itself indicates compression with the maximum principal
stress 61 in N-S direction (179/01), the intermediate principal stresses o, is located in the
intersection of the kink planes (088/33), minimum principal stress o3 (271/56) is normal to
6>. In addition, normal faulting is observed at the topmost part of the quarry wall, at the
transition to the Lower Keuper (Fig. 3.14a, red arrow at topmost part).

Figure 3.14 Wall panel in the quarry with kink band recorded with drone. a) Overview of
the wall striking NNW-SSE with kink band in the NNW part. b) Breached kink band in
SSE part of the quarry. ¢) On top, of the Upper Muschelkalk in a layer (a), red arrow) a
normal fault is observed. d) Overview of a kink band occurring in the northern part of the

quarry (Fig. 3.3a).
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Figure 3.15 Sterconet projection of kink bands in the northern quarry part (cf. Fig. 3.3a)
in blue, and conjugate kink band planes as great circle and poles in black using OpenStereo.
The opening angle for the conjugate kink band is 64° to 72°, and the maximum principal
stress o (green) is oriented N-S.

To analyze if fracture intensities are affected by the presence of faults of the breached kink
band, fracture intensity and clustering analyses are performed on a scanline parallel to the
wall strike (348°). Clustering would imply that more fractures are encountered than can be
expected in a random fracture arrangement, whereas anti-clusters would imply that fewer
fractures are encountered than can be expected in a random fracture arrangement.

For the scanline parallel to the NNW striking quarry wall with a fault zone of 2 m width
(Fig. 3.14c), statistically significantly higher fracture intensities are observed in fracture
sets (cf. Fig. 3.13) of all strike orientations (Kink 10°, 50°, 70°, 110° and 140° in Fig. 3.16),
where major and minor peaks occur in different fracture sets (Fig. 3.16, 3.17). However,
for sets with strike orientations of 10°, 50°, 110°, and 140°, the higher fracture intensity is
found in the hanging wall of the fault zone, while higher fracture intensities in the fracture
set striking to 70° are found in the footwall of the breached kink band (to the right of the
breached kink band in Fig. 3.16). Assessing the normalized correlation count, all fracture
sets show significantly higher and lower peaks than a random fracture arrangement, except
for set 70°, where only subordinary higher peaks than in a random arrangement can be
determined. Sets 10° and 50° are mostly indistinguishable from random with only small
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peaks indicating clusters at 10s of cm length scales above the 95% confidence limit. Sets
10° and 50°, however, show anti-clustering, indicating length scales, where fewer fractures
than in a random arrangement are observed at length scales of three to eight meters. Set
70° is mostly indistinguishable from random. Set 110° aligns subparallel to the main faults
of the breached kink band (kink band planes strike 114° and 108°). It shows regularly-
spaced fractal clusters up to one meter length scales and three to five meter length scales,
but also anti-clustering at length scales of one to two meters and between five and 20 m.
Set 140° is mostly indistinguishable from random with only weak clusters at the meter
scale and anti-clusters at length scales of four to six meters.

Fracture intensities in the quarry wall perpendicular to the previous one, striking E to ENE
(084°), for the same fracture set orientations striking 10° to 140° (Base 10°, 50°, 70°, 110°
and 140° in Fig. 3.17), show statistically significant clusters of higher fracture intensity in
four of five scanlines, although no fault is present in the direct vicinity. Set 10° shows two
minor and one larger peak, set 50° three larger peaks, set 70° show no statistically relevant
intensity clusters, set 110° one interval with high fracture intensities and nine subsidiary
peaks and set 140° show four larger peaks. Due to the shorter length of the scanlines, and
fewer recorded fractures, the normalized correlation counts cannot be accurately assessed
for all length scales. The normalized correlation count for set 10° is indistinguishable from
random with only weak peaks above the confidence limit at 10s of centimeter and six to
seven meters length scales. Set 50° show contains too few fracture data to accurately assess
the correlation count. Set 70° is indistinguishable from random with no indication for clus-
ters at any recorded length scales. Set 110° is indistinguishable from random with minor
weak clusters at 0.5 m to one meter length scales. Set 140° is mostly indistinguishable from
random with weak clustering at 10 centimeters length scales and weak anti-clustering at
seven to eight meters length scales.
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Figure 3.16 (previous page) CorrCount results for normalized fracture intensities (left col-
umn) and normalized correlation count (right column) for the wall striking 348° (NNE-
SSW). Green areal marks the position of the breached kink band. Black lines indicate the
boundaries of the 95% confidence interval. Red highlighted areas (peaks) are exceeding
the 95% confidence interval and are therefore statistically significant. Green line is random
value given by the program, values in this area are not classified as clustered and thus
indistinguishable. a) Statistically significant fractures of strike orientation 10° (red colored
peaks) are limited to the footwall of the breached kink band, the values are (b) indistin-
guishable from random with only weak clusters above and beneath the lower confidence
limit (N=38). c¢) One peak is present at foot wall, and two on hanging wall, which are (d)
are indistinguishable from random, as they do not clearly exceed the 95% confidence in-
terval (N=59). e) Three peaks occur at hanging wall, which are (f) indistinguishable from
random (N=38). g) Main peak is present at foot wall and minor at hanging wall, which can
be classified as (h) regularly-spaced fractal clusters with peaks and troughs over larger
length scales (N=69). i) Peaks occur at the foot wall, but are (j) indistinguishable from
random with only weak clusters (N=44).
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3.9 Structures and fractures

Figure 3.17 (previous page) CorrCount results for normalized fracture intensities and nor-
malized correlation count for the undisturbed wall striking 084° (W-E). The 95% confi-
dence interval is given as black lines. Peaks are highlighted with red filling and exceeding
the 95% confidence interval and are thus statistically significant. The green line is what is
classified as random value given by the program, thus, values plotting this area are not
classified as clustered and thus indistinguishable from random. a) One Major and two mi-
nor peaks occur, which are (b) indistinguishable from random with only weak clusters
above the confidence limit (N=17). c¢) Three peaks occur, and the only (d) five points but
are above the confidence limit, but cannot clearly be classified as cluster, because of the
small amount of fracture values (N=5). ¢) No statistically significant peaks occur; thus, the
fractures are (f) indistinguishable from random (N=30). g) One major and nine minor peaks
are present, which are (h) indistinguishable from random with minor weak clusters above
the confidence (N=13). i) Four peaks are present which are (j) indistinguishable from ran-
dom with weak clusters above and below the confidence limit (N=26).

3.9.1 Dilation and slip tendency

While the presence of fracture clusters in the vicinity of faults and the undisturbed lithology
is promising to possibly enhance the fluid flow, the assessment of fracture orientation in
relation to the present-day stress field is required to assess their influence on subsurface
fluid flow. Therefore, we also assess dilation (Tq4) and slip (Ts) tendencies.

Tq and Ts analyses are performed for all measured fractures (Fig. 3.18a, b) and separately
for the fracture strike sets included in the clustering analyses (Fig. 3.18c, d). For the pre-
sent-day stress field, values from Meixner et al. (2014) derived for the nearby Bruchsal
geothermal well (15 km NE of the studied quarry) were used. Low to medium Ty are ob-
served for strike set 10°, medium Ty for strike set 110° and high Ty for strike set 140°. For
slip tendencies, low to medium T; for strike set 50°, 70°, 140° and high for strike set 110°
and 10°.
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Figure 3.18 Dilation (Tq4) and slip (Ts) tendency for clustered fracture strike sets (cf. Fig.
3.13). a), b) Dilation and slip tendency for all fractures of both scan lines. Fracture data for
¢) and d) are filtered in set classes as used for normalized correlation count. ¢), d) Dilation
tendency for grouped striking sets in both scan lines, low to medium T for strike set 10°,
medium Ty for strike set 110° and high for strike set 140°. d) Slip tendency for grouped
striking sets in both scan lines, low to medium T; for strike set 50°, 70°, 140° and high for
strike set 110° and 10°.
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3.10 Discussion

3.10.1 Lithology

The studied lithologies are composed of limestones and (marly) claystones from the Upper
Muschelkalk from the base, to the Lower Keuper at the top. The elevated marly claystone
content and limited dolomite content aligns with the description of the basin facies
(Hagdorn and Simon, 2021) (Fig. 3.1b), located toward the depositional center of the south-
ern Germanic Basin. Upper Muschelkalk shoals in Germany indicate the transition from
an open ramp towards sheltered backshoal lagoon (Aigner, 1985; Adams and Diamond,
2019). Shoals are expected between the London Brabant Massif to the west and the
Vindelician-Bavarian Massif to the east (Franz et al., 2015; Adams and Diamond, 2019).
The topward decrease in marly claystone intercalations and relative increase in wacke- and
packstones toward the top of the studied Upper Muschelkalk section and accompanying
generally decreasing sGR response (Fig. 3.6) is in agreement with gamma-log measure-
ments and lithology descriptions from boreholes in the studied area (Brunner and Simon,
1985). The data suggest a general shallowing upward trend, which is also described by e.g.,
Aigner (1985) and Aigner and Bachmann (1992) for the Germanic Basin and by Vollrath
(1938) in the studied area. The uppermost part of the studied lithologies show some quartz
pseudomorphs after sulphates, which may indicate a short period of brackish environment
which lead to formation of evaporitic minerals, as e.g., described for authigenic euhedral
quartz replacements after sulphates described by Friedman and Shukla (1980) for middle
Silurian rocks.

Mud- and wackestones are interpreted to be deposited in low energy regimes, likely indi-
cating an off-shoal environment. Wackestones show some shell debris, which might results
from occasional input from storm events as is also described for other Upper Muschelkalk
lithologies in the Germanic Basin (Kostic and Aigner, 2004). In the upper part of the stud-
ied Upper Muschelkalk succession, rarely packstones are exposed, mostly composed of
shell debris. Ooids occur in some of the layer, which suggests a more storm wave domi-
nated environment, which is also described for off-shoal areas and tempestites by Kostic
and Aigner (2004). Tempestites are classified as storm flood rhythmites and where de-
scribed for the Triassic Muschelkalk and Jurassic storm deposits (Ager, 1974; Mehl, 1982).
The interpretation of storm dominated deposition is furthermore supported by the chaotic
arrangement of skeletal components. Only few shells show a convex up alignment within
the bed, which is describes as a common feature during less energetic phases of tempestite
sequence (Ager, 1974).

One layer from the uppermost part additionally shows dominantly skeletal components as
shell debris with a micritic envelope and dolomitized shell fragments, which is described
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for a more shoal margin environments with episodic input from the shoal complex (Kostic
and Aigner, 2004). The presence of likely stenohaline crinoid fragments (Hagdorn and
Simon, 2021) in combination with shell fragments and other skeletal components, and al-
ternating micritic layers are interpreted as multiphase storm events (multiphase tem-
pestites) (Hagdorn and Simon, 2021). The crinoid content in the formation is reduced as a
result of a clayey facies encroaches from the north, occasionally introducing brackish water
(Hagdorn and Simon, 2021).

The observed transition from micritic to shell-bearing layers is either sharp or undulat-
ing/bioturbated (Fig. 3.4), as also described by Mehl (1982) for tempestites in the southern
Germanic Basin. The skeletal layer however always transitions into a micritic layer or
marly claystone on top. Mehl (1982) described vertically aligned bioturbation traces caused
by glossifungites in the Upper Muschelkalk. Furthermore, the occurrence of an erosive
contact between a wackestones with the underlying mudstone (Fig. 3.4d) is also described
by (Ager, 1974). The observed contact types (Fig. 3.4c, d) are therefore either formed by
greater bottom currents or bioturbation during quieter periods.

The transition from the Upper Muschelkalk to Lower Keuper in the quarry is marked not
only by a color change of the lithologies to beige claystones following the last grey clay-
stone of the Vitriolschiefer (Fig. 3.5), but also by an increase in the sGR signal (Fig. 3.6).
This increase was also described for borehole gamma ray logs in the northern part of the
southern Germanic Basin (Brunner and Simon, 1985; Etzold and Franz, 2005). In addition,
the interpretation of the lithostratigraphic boundary is supported by the observed phos-
phatic bonebed layer (Grenzbonebed), and the thick-bedded blueish-grey limestones
(“Blaubank™, Fig. 3.5, 3.6). The base of the bone bed overlays the upper boundary of the
Muschelkalk unconformity in southwest Germany (Hagdorn and Simon, 2021). The bone
bed is a thin layer (approx. 2-3 cm) and contains higher contents of phosphatic components
as small bone fragments, scales, teeth, coprolites, some ostracods, and inorganic phospho-
rite pellets than lithologies above and below (Parrish, 1978; Reif, 1982). Due to their high
lateral persistence and thickness up to 20 cm (incl. their subseries, Reif, 1982 and
references therein) they are the dominant lithostratigraphic marker horizon at the transition
of the Upper Muschelkalk to the Lower Keuper. Bone beds generally form in shallow water
during the early part of a transgression cycle or near the end of a regressive cycle. For the
studied Muschelkalk/Keuper transition their formation is related to an alternation of low
sedimentation phases below the normal wave base on an open shelf and phases influenced
by strong currents and turbulence (Reif, 1982 and references therein). The Grenzbonebed
is interpreted as depositional sequence boundary and subsequent transgressive flooding
(Warnecke and Aigner, 2019). The Blaubank additionally contains layers composed of os-
tracods, teeth, bone fragments, and other phosphatic grains. The occurrence of ostracods is
linked to brackish environments, which is also described by Hagdorn and Simon (2021).
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The described lithological section therefore matches previous descriptions and can be as-
signed to the Meifiner Fm. of the Upper Muschelkalk (moM) and the base of the Erfurt Fm.
(kul) from the Lower Keuper.

3.10.2 Paragenetic sequence

As no absolute ages are known, the paragenetic sequence is subdivided in early and burial
diagenesis and based on cement parageneses and cross-cutting relationships. Peloids or
pellets, combined as peloids in this study as this term describes ovoid particles of micro-
or cryptocrystalline appearance (McKee and Gutschick, 1969), are overall composed of
calcitic micritic. In general, the origin of these allochems could be faecel pellets, algae,
reworking of mud grains, recrystallization of bioclasts, or they can be formed in situ (Folk,
1959; Macintyre, 1985; Chafetz, 1986; Kazmierczak et al., 1996). Most of the crinoid frag-
ments show a dusty appearance, which is due to micrite-filled intraparticle pores. However,
the primary porous stereo of crinoids can also be filled with other diagenetic cements,
which can occur before or after burial, which favors the crinoid components to sink in the
water column (Savarese et al., 2007).

3.10.2.1 Early diagenesis of carbonate sediments

As some bioclasts (shells and crinoids) and peloids show either micritic envelopes or are
completely composed of micrite the earliest interpreted alteration is likely the recrystalli-
zation/micritization of peloids and bioclasts. Micritization of ooids and the loss of former
structures are also described by Briiderlin (1970) for Upper Muschelkalk biosparites in the
southwestern part of the southern Germanic Basin. The formation of micritic envelopes,
prominently observed on shells and crinoid fragments, is possibly due to algae or cyano-
bacteria (Bathurst, 1966). However, different mechanisms on micritization have been re-
ported e.g., recrystallisation, dissolution and reprecipitation as well as borings by e.g., al-
gae and micrite precipitation in those borings (Bathurst, 1966). Especially the later (boring
and precipitation) is often used to define the term micritic envelope, forming a cryptocrys-
talline isopachous rim on clasts which preserves these from alteration (Bathurst, 1966).
Micritic envelopes were part of most of the biosparitic samples, which is aligned with the
assumption that micrite envelopes are common in biosparites (Alexandersson, 1972 and
references therein). Furthermore, micritic envelopes may indicate a former composition of
high Mg-calcite or aragonite, as micritic envelopes form on skeletal particles composed of
high Mg-calcite or aragonite in modern environments (Buchbinder and Friedman, 1970
and references therein).

The previous presence of sulphates is indicated by bladed crystal mouldic morphologies
which are now partially occluded by chert and clear macro quartz. The precipitation of

99



3 Structural and diagenetic controls on fluid pathways in fractured Triassic Muschelkalk and Keuper
limestones, southern Germany

sulphates is interpreted to occur during early diagenesis. Furthermore, former dissolution
pores at the margin of sulphate molds are filled by calcite and Fe-calcite, indicating a for-
mation of sulphates prior to carbonate cement precipitation.

Pyrite is found in e.g., shells or gastropods and encased in calcitic intraparticle cements.
The formation of pyrite is interpreted to be early diagenetic likely due to bacterial sulphate
reduction (BSR) (Berner, 1970), shortly after the deposition of bioclasts. This is a typical
early diagenetic cement formation, also recorded in fine grained Jurassic limestones (Honjo
et al., 1965). However, redeposition of pyrite cannot be excluded.

Sparry replacive calcite cement grows from the rim of bioclasts into their center, which is
encased by sparry ferroan calcite, where the crystal size also increases away from the test
of the former shells. The occurrence of two generation of calcite spar is also described in
e.g., Bathurst (1975), where the first generation is described to be caused by neomorphism
in subaerial to submarine environments, leading to remaining preserved pore space.
Changes of pore fluid composition may lead to a cementation with Fe-calcite in the re-
maining pore space.

Based on the different optical properties of dolomite, two phases of dolomitization of for-
mer fossils or components as e.g., shells, ooids and peloids are observed in the samples
(Fig. 3.7). The first phase (crystal size: 0.03—0.30 mm, avg.: 0.11 mm, dusty appearance
mostly in center, non-pleochroitic) predominantly replaces ooids and peloids, whereas the
intraparticle cements remain mostly unaltered by this phase. As only parts of the matrix in
individual samples are dolomitized, the dolomitization process was limited. Active marine
phreatic environments in shallow marine settings, especially in the mixing zone, are liable
to form post-depositional dolomite by reflux down to 200 m below the surface or 300 m in
marine dominated mixing zones (Cander, 1994; Budd, 1997; Gaswirth et al., 2007; Read
et al., 2016). Furthermore, active marine phreatic environments are often characterized by
high Mg-calcite precipitation, implying Mg availability in fluids (Longman, 1980). In some
samples, ooids/peloids are partly or completely dolomitized, whereas the cements and ma-
trix are unaltered, indicating selective dolomitization, which does not necessarily pre-date
the formation of rim and pore-filling cements. The dolomitization of individual ooids is in
agreement with observations by Briiderlin (1970) for Upper Muschelkalk lithologies in the
southern Germanic Basin. The onset of dolomitization of ooids and peloids is interpreted
to pre-date the formation of cement phases filling interparticle porosity. The dolomitization
of the matrix in individual samples (type II, crystal site 0.01-0.14 mm, avg.: 0.05 mm)
(Fig. 3.7b) is interpreted to be related to temporarily hypersaline/evaporative or occasion-
ally supratidal conditions, also affecting the sediments during early diagenesis, as also ob-
served in samples from supratidal environment from the Jurassic (Rameil, 2008). The de-
scribed early diagenetic dolomite which may have formed under evaporitic conditions are
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also described by Zeeh and Geng (2001) for the top part of the Meifiner Fm. in the Upper
Muschelkalk in southwestern Germany.

We distinguish between three types of dolomite: 1) selective in ooid/peloids, 2) matrix
replacive and 3) saddle dolomite in shells, matrix replacive or as vein cement. The dolomite
types are, distinguished by petrographic properties as pleochroism or extinction pattern,
while Zeeh and Geng (2001) distinguish Trigonodus-dolomite I-I1I, compaction dolomites
and saddle dolomite in matrix. The presence of some stylolites, and co-existence of dolo-
mite within these stylolites are not interpreted as individual dolomite phase in our study,
as the grain size does not differ from matrix replacement dolomite. However, the observed
crystal size of our three dolomite types are in alignment with measured sizes by Zeeh and
Geng (2001), where the crystal size of Trigonodus-dolomites vary between <0.0 to 0.3 mm,
classified as very fine crystalline dolomite type I, recrystallized dolomite type II and dolo-
mite type III of subhedral to anhedral crystals with nonplanar texture. The observed dusty
appearance in dolomite centers and clear rims also match the description by Zeeh and Geng
(2001).

The presence of isopachous/bladed fibrous calcite rim cement encasing partially replaced
peloids/ooids (Fig. 3.7) and other skeletal fossil fragments, implies a formation during early
diagenesis prior to mechanical compaction and following dolomitization. As the rim ce-
ments are interlocked in some samples, most interparticle porosity is occluded by this pro-
cess. Generally, rim cements form in active marine phreatic environments (Longman,
1980) during early diagenesis. An isopachous fibrous/bladed calcite rim cement was also
described by Geng and Zeeh (1995) for Muschelkalk samples from the Upper Rhine Gra-
ben and nearby areas and assigned to early diagenesis. The rim cements showed an orange
to dull orange luminescence (Fig. 3.8), whereas Geng and Zeeh (1995) described rim ce-
ments as dull orange or non-luminescent. The relative age constraint to isopachous fi-
brous/bladed calcite rim cement and low degree of compaction prior to cementation implies
that all preceding alteration occurred in shallow water depth, potentially including short-
lived supratidal conditions with limited evaporative alteration. Calcite and subordinary Fe-
calcite cements encase isopachous fibrous/bladed calcite rim cement on particles and oc-
clude either all or most of the remaining interparticle pore space following very minor
mechanical compaction (Fig. 3.7e, f). They therefore have to post-date formation of rim
cements and form during early diagenesis (cp. Immenhauser, 2022). As the calcite and Fe-
calcite cements are partially replaced by chert and quartz laths, they have to pre-date the
formation of quartz and chert replacements. The orange luminescence of the (Fe-)cal ce-
ment (Fig. 3.8), however, does not match the described non-luminescence with only indi-
vidual bright orange subzones or outer rims in slightly ferroan calcite cements encasing
earlier generations as described by Geng and Zeeh (1995).
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Some bioclasts are also replaced by chert, partially replacing the rim cements on neighbor-
ing grains as well, the replacement by chert is interpreted to post-date calcite rim cement
precipitation. Silicification (incl. chert replacement) is a prominent early diagenetic alter-
ation in the mixing zone of active marine phreatic systems (Knauth, 1979). Silicification
of shells is also described as early diagenetic to syn-sedimentary process in Muschelkalk
deposits by Geng (1996). As chert and quartz are observed to fill bladed crystal molds, they
are interpreted to have replaced sulphate in nodules. Similar replacements are described in
evaporitic settings in the US, forming at temperatures below 40 °C (Chowns and Elkins,
1974; Milliken, 1979). Possible dissolution of gypsum is also described by (Geng, 1996)
for Muschelkalk deposits in and around the Upper Rhine Graben during early diagenesis.
However, remaining intracrystalline pore space is visible in former sulphate molds lined
by chert and quartz, indicating that the replacement was not pervasive and some sulphate
may have been preserved, or that chert and quartz replacements stabilized the molds against
compaction (Fig. 3.7). As quartz laths are also observed to replace intraparticle calcite ce-
ment, as well as fibrous/bladed rims cements and margins of bioclasts (Fig. 3.7¢), and con-
tain inclusions of the cement phases, they are interpreted to post-date the formation of these
cement phases and contemporaneously to the initial replacement of bioclasts by chert and
macroquartz.

3.10.2.2 Burial diagenesis of carbonate sediments

The overall low preserved optical porosity (0.0% to 14.7%, the latter in particles) indicates
that most burial diagenetic alteration is restricted to cementation of remaining pore spaces
prior to further mechanical and chemical compaction, formation of fractures and (partial)
cementation of these. Individual samples show stylolitization and formation of dissolution
seams, which are an effect of increasing vertical effective stresses during burial.

The third phase of dolomite (type III) is the replacement of bioclasts and matrix which is
characterized by larger crystal sizes (0.04—1.30 um, avg.: 0.27 um), curved crystal outlines,
undulose extinction, and are in some cases outlined by a phase of Fe-dolomite, and there-
fore classified as saddle dolomite (Fig. 3.19). Saddle dolomite is characterized by subordi-
nately curved crystal facets and undulose extinction under crossed polarizers. These fea-
tures are also observed in shallow-water, mixed siliciclastic-carbonate sequences in Lower
Triassic ramp succession in western Hungary (Gy®éri et al., 2020). The undulose or sweep-
ing extinction is caused by distorted crystal lattice structure (Warren, 2000). To form sad-
dle dolomite, elevated temperatures of 60 °C to 150 °C during burial are needed (Warren,
2000), indicating a burial depth of at least 2 km for a geothermal gradient of 30 °C/km.
Saddle dolomite rhombs in shell fragments show a bright reddish luminescence and a non-
luminescent rim using CL and a blue stain around some rims of saddle dolomite, indicating
an increase of iron incorporated into dolomite, leading to non-luminescence behavior
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(Pierson, 2006). As clay minerals de-water during mechanical compaction and provide Fe
in solution (Miocic et al., 2020), iron could be incorporated during further cementation of
dolomite or calcite in the studied limestone-marly claystone section. The burial diagenetic
dolomitization of shell fragments by saddle dolomite, was also interpreted by Geng and
Zeeh (1995). As saddle dolomite and Fe-dolomite rims are encased in Fe-calcite, the saddle
dolomite precipitation is pre-dating the last phase of Fe-calcite cementation in bioclasts.
The enrichment of iron in calcite during burial, may be caused by pressure solution from
relatively iron-rich lithologies was also described by Bathurst (1975). Matrix replacive,
undulose dolomite (type III) pre-date the formation of stylolites, as replacive dolomite is
dissolved along them (Fig. 3.7j). In individual samples veins are displaced along stylolites,
indicating that the formation of some veins predates the formation of stylolites (Toussaint
etal., 2018).

3.10.2.3 Burial diagenesis of carbonate veins

As most veins in host rock samples and from a breached kink band crosscut all other dia-
genetic products, they are interpreted to post-date diagenetic alteration of the host rock.
The paragenetic sequence (Fig. 3.19) of fracture filling carbonate cements is color coded
with the observed colors from cathodoluminescence analyses (Fig. 3.8, 3.6). Pyrite at vein
boundaries pre-dates or syn-dates the formation of the saddle dolomite vein (1, first vein
generation). The occurrence of dolomite and pyrite in veins are also described in the Mus-
chelkalk e.g., from the Mississippi-Valley-Type (MVT) Pb-Zn-Ag deposit near Wiesloch
(see Fig. 3.1a) approximately 40 km north of our study area (Pfaff et al., 2010). The MVT
deposits emplaced due to fluid mixing of ascending fluids in a releasing bend along the
eastern Upper Rhine Graben fault in the Miocene (Pfaff et al., 2010). However, in this
study pyrite most likely coprecipitates with saddle dolomite, as pyrite is not always present
at the host rock-vein interface. The occurrence of saddle dolomite as fracture mineraliza-
tion is also described by Geng and Zeeh (1995). Since saddle dolomite veins (generation
1) in a host rock sample also include (Fe-)calcite cements (generation 2), the formation of
the latter is interpreted to postdate the formation of saddle dolomite (Fig. 3.19).

The earliest vein cement generation in a breached kink band sample includes (Fe-)calcite
cements with similar luminescence characteristics as the vein cement generation 2 of the
host rock samples. This composite vein and the generation 2 veins in the breached kink
band samples are crosscut by a dull to non-luminescent (Fe-)calcite vein, which is inter-
preted to be vein generation 3. These are crosscut by a brighter (Fe-)calcite vein (generation
4) (Fig. 3.9). Veins from generation 5 are only found in a breached kink band sample
(mostly dull Fe-calcite, Fig. 3.19) and are crosscut by very bright orange luminescing vein
cement generation 6 and bright orange luminescing vein cement generation 7, which is
found in both host rock and breached kink band samples. The partially fracture filling (Fe-
)calcite generation 7 crosscutts generation 6 and always shows euhedral crystal facets in
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contact with fracture porosity. Vein generation 7 is furthermore encased by a dull to non-
luminescent Fe-calcite vein cement (generation 8) in a breached kink band sample. Due to
the observed paragenesis, generation 8 is likely the latest vein cement generation in the
studied samples. Overall, luminescence colors similar to vein cement generations 1—4 and
7 are found in host rock samples. Generations 2—8 (based on luminescence) are also found
in the veins in the breached kink band boundary, highlighting a complex interplay of inter-
acting vein sets.

Early diagenesis Burial diagenesis

Mechanical compaction -<
Recrystallization/micritization | [l
Sulphates| W
Pyrite [ | ]
Replacive ((Fe)-)Cal cements in bioclasts| N
Dol in ooids/peloids =
Dolomitization matrix [ ]
Calcitic rim cement | |
((Fe)-)Cal cements intergranular | |
Replacive chert [ |
Macroquartz i
Quartz laths il
Saddle dolomite [ ]
Fe-Dol | |
(Fe-)Cal
Diss. seams & stylolitization .
Fracturing L | I O O O A |
Fracture filling Dol (1) |
Fracture filling (Fe)-Cal (2) [ |
Fracture filling Fe-Cal (3) ||
Fracture filling (Fe-)Cal int. zon. (4) =
Fracture filling Fe-Cal (5) =
Fracture filling Cal (6) =3
Fracture filling (Fe-)Cal int. zon. (7)
Partially fracture filling Fe-Cal (8) -

Fracture paragenesis

individual occurence ll  host rock & breached kink band samples [] breached kink band samples [}

Figure 3.19 Paragenetic sequence of the studied samples of Lower Keuper and Upper
Muschelkalk. Gray boxes correspond to diagenetic products only observed in individual
samples. Colored boxes correspond to the observed CL color, no frame means observed
only in host rock samples, purple frame means observed in host rock and breached kink
band samples, and a red frame means observed only in breached kink band samples.
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3.10.3 Structure and fracture correlation to regional stress
field

Previous studies on fractures and faults, as well as UAV aerial image assessments in the
Knittlingen quarry (Merz et al., 2018; Merz et al., 2019) indicated that the Upper Mus-
chelkalk was subject to normal faulting (Fig. 3.14a, red arrow on the uppermost part). This
was followed by later compression, resulting in decameter scale reverse kink bands with
locally breached kink band boundaries with associated faults. Slickenlines on mineralized
breached kink-band faults indicating both normal strike-slip and reverse faulting.

3.10.3.1 Fracture orientation and history

The fracture sets were analyzed on two walls and additionally along the vertical lithological
columns in the quarry (Fig. 3.13). The NNE-SSW striking fractures are parallel to the Up-
per Rhine Graben boundary, and are, in contrast to Meier et al. (2015), the fracture set with
the highest frequency. This may be related to the selection of scanline orientation. There-
fore, our study compares two approximately orthogonal scanlines to capture all available
fracture orientations. Because age data e.g., from calcite veins is missing, the correspond-
ing fracture strike direction is related to published tectonic phases within Central Europe
and the Upper Rhine Graben area (Schumacher, 2002; Kley and Voigt, 2008; Dezayes and
Lerouge, 2019) (Fig. 3.2), but remains speculative as cross-cutting and abutting relation-
ships are missing, as no large bedding planes exposing the fracture network were accessi-
ble.

The two most prominent fracture sets are NNE-SSW (parallel to the Upper Rhine Graben)
and WNW-ESE, with additional sets striking NE-SW, ENE-WSW, NW-SE, W-E and
NNW-SSE. Dezayes and Lerouge (2019) described three major sets: N-S, NE-SW/NW-
SE and W-E in the sedimentary cover of the Upper Rhine Graben, Hemes (2008) described
sets striking NNE-SSW, WNW-ESE, NW-SE, NNW-SSE, ENE-WSW and W-E for the
Upper Muschelkalk lithologies on the eastern Graben shoulder approximately 40 km—50
km N to NE of the study location.

W-E striking fractures were related to pre-existing basement structures formed by the col-
lapse of the Variscan range, which were reactivated during the Tertiary (Dezayes and
Lerouge, 2019). Fracture sets striking NE-SW may be related to NE-SW directed Early
Eocene Pyrenean collision and South Atlantic rifting during the Late Cretaceous until the
Early Eocene (Kley and Voigt, 2008). During the Early/Middle Eocene, N-S striking frac-
tures may have formed (Schumacher, 2002; Dezayes and Lerouge, 2019) (Fig. 3.2). NNE-
SSW oriented compression during the Late Eocene most likely reactivated earlier faults
and fractures (Schumacher, 2002; Meier et al., 2015).
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The main rifting phase occurred during the Early Oligocene in an extensional setting (o3
oriented W-E to WNW-ESE) forming the normal faults of the Upper Rhine Graben
(Schumacher, 2002). Simultaneously the graben shoulders underwent pronounced rift
flank uplift as well as erosion (Villemin et al., 1986).

Reactivation of the Upper Rhine Graben faults as dextral strike slip faults probably oc-
curred during the Late Oligocene, where the central Upper Rhine Graben part formed a
releasing bend (Schumacher, 2002) forming the Heidelberg pull apart basin (Fig. 3.1a) ac-
cumulating more than 3000 m of Tertiary and Quaternary deposits (Edel et al., 2007).

Hemes (2008) relate the occurrence of fractures striking ENE-WSW to Early Miocene
changes in stress regime. The NW-SE oriented o, stress direction was active during the
Miocene and Pliocene, caused by the Alpine orogeny, also leading to a left lateral strike-
slip phase of the graben-bounding faults (Ziegler, 1992; Schumacher, 2002; Dezayes and
Lerouge, 2019).

3.10.3.2 Fracture clustering and Ta/Ts

Analyzing the fracture clustering using the normalized correlation count (NCC) method,
random fracture arrangements could be distinguished from clustered and periodic arrange-
ments. It is shown, that clustering does not only occur in fracture sets striking parallel to
strike orientation of the breached kink band (fracture set 110°) (Fig. 3.14) or only in the
vicinity of faults, but can also be present in a wall without a fault (Fig. 3.17). This extends
previous datasets, which so far only linked higher fracture intensity to the vicinity of faults
in the Muschelkalk in the same quarry (Meier et al., 2015).

Our results indicate the potential for elevated fracture intensities (fracture clusters) away
from fault zones in the Muschelkalk. Exploration of fracture clusters may reduce the risk
associated with drilling into fault zones and induced seismicity (e.g., Kruszewski et al.,
2023).

Since the quarry is located on the eastern Upper Rhine Graben shoulder, which experienced
approximately 800 to 1200 m uplift with respect to the same lithology in the graben center
(Villemin et al., 1986; Schwarz and Henk, 2005), care has to be taken to match observed
fracture orientations and intensities to the subsurface. However, for other limestone suc-
cessions in northern Germany, this correlation could successfully be performed, where a
variation of main strike direction is assumed to be caused by e.g., an influence of near-field
stress perturbations around faults bounding the reservoir (e.g., Becker et al., 2018). Other
studies report lower fracture intensities in outcrops than in the subsurface (Li et al., 2018).
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The reported clusters show characteristics of regularly spaced fractal clusters or weak clus-
tering with cluster spacings between 1 and 10 m and cluster widths <1 m and between 3-5
m (Fig. 3.16, 3.17) (cf. Li et al., 2018; Marrett et al., 2018). If subsurface fracture orienta-
tions were similar, this analysis may guide horizontal drilling orientations and placements
of perforated or open-hole sections in reservoir utilizations.

The normalized correlation count method performed on individual strike orientations with
Terzaghi-corrected perpendicular fracture distances, deliver values for fracture intensities
in the studied region, and are therefore less liable to artificially inflated fracture intensities
if fractures of different strike sets are assessed in one combined dataset. This is essential,
as only individual fracture sets are likely contributing to fluid flow in the studied region,
based on the evaluation of dilation and slip tendencies. These have also been successfully
used to assess the presence of individual hydrocarbon reservoirs in the Upper Rhine Gra-
ben, as varying fault strikes show different dilation and slip tendencies (Allgaier et al.,
2023a). As mentioned by Li et al. (2018), the spatial arrangement of fracture clusters are
important features referred to industry application (Questiaux et al., 2010) and for reservoir
models (Panza et al., 2016).

Dilation and slip tendencies of fracture surfaces as a function of present-day stress provide
additional insights and quantify the individual reactivation potential of each cluster set
(Barton et al., 1995; Morris et al., 1996; Ferrill et al., 1999; Collettini and Trippetta, 2007;
Becker et al., 2019a; Ferrill et al., 2020). Slip potential for fracture strike set 110° and 10°
are at highest, low to medium T is observed for strike set 50°, 70°, 140° using the present-
day stress orientation and magnitude from Meixner et al. (2014). The dilation tendency for
fracture strike set 140° is high, and medium for sets 110° and 10° under present-day stress.
The (strongly) clustered sets striking NNE-SSW (10°), WNW-ESE (110°), and NW-SE
(140°) do therefore likely contribute to flow in the subsurface as they are suitably oriented,
whereas the other orientations are unlikely to contribute to fluid flow, as they are unsuitably
oriented in the present-day stress field.

Fracture roughness classification was not part of this study. However, fractures which are
shear displaced may show a misfit between surfaces and therefore shear dilation (Barton
et al., 1985). Shear dilation of fractures can cause an enhancement of stress-resistant per-
manent permeability (e.g., Cheng and Milsch, 2021).

Additional controls on fluid flow in fractures and faults are chemical alterations and the
formation of cements. Cements can act as bridges between fracture surfaces and thus pre-
serve fracture porosity (Hilgers et al., 2004; Laubach et al., 2004). Our results indicate that
samples containing partially cemented veins do preserve permeability higher than samples
containing stylolites or the undisturbed host rock even at 30 MPa confining stress (Fig.
3.11). When the permeability measurements are normalized to the highest measured value

107



3 Structural and diagenetic controls on fluid pathways in fractured Triassic Muschelkalk and Keuper
limestones, southern Germany

of each sample as 1.0, the partially sealed vein retains 41% of the initial permeability, the
stylolite retains 16%, and the undisturbed host rock retains only 11% of the initial perme-
ability if measurements at confining pressures of 1.2 (initial) and 30 MPa (highest) are
compared. Partially sealed veins are interpreted to preserve permeability at depths (Gale et
al., 2010; Lander and Laubach, 2015). Our laboratory results demonstrate for the first time
the predicted permeability increase due to partly open fractures as well as showing that
stylolites can increase permeability. The lab measurements therefore confirm the applica-
bility of literature models to reservoir scenarios, and imply the necessity for structural di-
agenetic assessment of samples from fractured reservoir plays.

Thus, the presence of partially sealed veins in all strike orientations (green dots in Fig.
3.13b) shows that in addition to suitably oriented fracture orientations in the present-day
stress field, partial sealing can also preserve fluid pathways in all studied fracture orienta-
tions. This highlights that in addition to T4 and T evaluations, the study of structural dia-
genetic properties of partially sealed veins is necessary to fully understand the fluid flow
system, because they additionally contribute to the fluid flow network in fractured car-
bonates irrespective of the current present-day stress.

3.10.3.3 Kink band formation

The reconstructed o;-orientation during kink band formation is N-S (Fig. 3.15), matching
the Middle Eocene stress field orientation related to the Alpine orogeny (Fig. 3.2). Addi-
tionally, reactivation of the kink band could have occurred during the Miocene, where also
the releasing bend in Wiesloch ~30 km of the study location in Wiesloch is interpreted to
be formed (Pfaff et al., 2010).

Calcite cemented fault planes are exposed along the breached kink band boundary (Fig.
3.9g, h). Microstructures show euhedral crystal facets in contact with fracture porosity,
with some fracture porosity locally preserved in the breached kink band. The breached kink
band boundaries indicate thrust, normal, and strike slip movement, the latter likely related
to fault reactivation, e.g., synchronous with the Miocene MVT Pb-Zn impregnation near
Wiesloch (Fig. 3.1a, Pfaff et al., 2010) and the subsidence of the pull-apart basins near
Heidelberg and Rastatt (Fig. 3.1a, Gabriel et al., 2013; Bocker et al., 2017). Normal fault
reactivation by younger reverse faults was also reported from the eastern graben fault
(Ziegler, 1992).

3.10.4 Reservoir quality controls

The matrix reservoir quality of the Upper Muschelkalk and Lower Keuper limestones is
influenced by small grain size (micrite to microspar), early and burial diagenetic

108



3.10 Discussion

cementation with mostly (Fe-)calcite and dolomite/saddle dolomite (Fig. 3.19). Both result
in low porosity (0.13%-10.87%) and low permeability (<0.0001-9.7 mD) of the host rock.
Permeability is only enhanced where open or partially sealed fractures are present (9.7 mD)
and porosity is enhanced where druses are present (10.9 %). Samples containing partially
sealed veins, measured under higher confining pressures (up to 30 MPa) indicate that per-
meability is preserved, as the permeability measurement using 1.2 MPa confining stress do
not represent the stresses in the subsurface at depths. This assessment is also supported by
lower pressure sensitivity coefficient of permeability v in the sample containing partially
sealed vein, indicating a lower stress sensitivity of permeability than in samples containing
a stylolite or of the undisturbed host rock. While permeability in a reservoir is not con-
trolled by the permeability of an individual fracture, the fracture network (fracture lengths
and connectivity) requires further analyses in the studied region. However, as partially
sealed fractures are observed in all strike orientations (green points in Fig. 3.13b), it is
likely that they will contribute to reservoir-scale fluid migration.

Rock typing shows that only one sample showed positive correlation with micrite and per-
meability (Fig. 3.12a), but this is due to higher amount of fracture porosity and vein ce-
ments (Fig. 3.12d), overprinting the plug. This means that micrite has no positive effect on
porosity or permeability in this study. However, the micrite content can enhance porosity
due to microporosity which was shown for Upper Cretaceous limestones (Olmez et al.,
2024). Also, the content of shells (with primary features) and recrystallized shells does not
correlate to enhanced porosity or permeability (Fig. 3.12b), whereas the stylolites (Fig.
3.12¢), fracture porosity, and partially sealed veins (Fig. 3.12d) appear to positively affect
permeability in individual samples. However, stylolite-bearing samples show a more dras-
tic decrease in permeability at higher confining pressures as samples containing partially
sealed veins (Fig. 3.11).

Previous studies on Muschelkalk samples highlight, however, that matrix porosity and per-
meability may be locally enhanced in porous coquinite layers, and peloid or ooid grain-
stones formed in shoal areas (Koehrer et al., 2010; Petrovic and Aigner, 2017; Warnecke
and Aigner, 2019). Thus, the main controls on reservoir quality in the studied samples are
fractures, partially sealed veins and, to some extent, stylolites. Furthermore, the porosity-
permeability plot does not show a clear correlation. Other studies on less cemented samples
from the Upper Muschelkalk in SW Germany show a weak positive correlation (Ruf and
Aigner, 2004), which is not similar to this study, and highlights the heterogeneity found in
the Muschelkalk in south-western Germany.

The Lower Keuper lithologies with higher amount of claystones and some smaller inter-
beds of limestones are more prone to act as a seal on top of the fractured Upper Mus-
chelkalk reservoir. This is similar to Upper Muschelkalk reservoirs in NE Netherlands

109



3 Structural and diagenetic controls on fluid pathways in fractured Triassic Muschelkalk and Keuper
limestones, southern Germany

(Poppelreiter et al., 2004). Fractured carbonates in Muschelkalk thus may contribute to
accessible reservoir volumes in the Upper Rhine Graben.

3.11 Conclusions

Pervasively sealed veins, fine grained mudstones or pervasive early diagenetic pore space
cementation have been shown to generally reduce matrix reservoir quality in the presented
study. Thus, the reservoir quality in the tight carbonate reservoir is solely related to natural
fractures and partially sealed veins, and to some extent stylolites if they are aligned parallel
to fluid flow direction.

The measurement of plugs containing partially sealed veins under elevated confining pres-
sure of 30 MPa show permeabilities of 0.13 mD, upon normalizing the permeability meas-
urements to the maximum recorded value of each sample, this sample retains c. 41% of the
initial permeability as opposed to only 11% of retained permeability in an undisturbed host
rock sample.

Decameter-scale reverse kink-bands form reverse faults along breached kink band bound-
aries and indicate a N-S compressional tectonic phase during formation. They thus formed
by Alpine far-field stress during the Eocene in the studied region, which were not docu-
mented so far. Kink-related reverse and thrust faults were locally reactivated by strike slip
and may be synchronous with Miocene shear along the NNE striking Rhine graben fault,
associated with pull apart basins and MVT-mineralization in the region.

Fracture clusters striking 10°, 110° and 140° occur in the undisturbed host rock, indicating,
that fracture clusters are not necessarily restricted to faults or their damage zone. Integrat-
ing shear and dilation tendency analyses with clustering analyses highlight that likely only
fracture clusters striking NNE-SSW, WNW-ESE, and NW-SE are potential fluid conduits
and thus of importance for geoenergy application, if these fracture sets are also developed
in the subsurface.
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4  Reservoir characterization and
well production proxy analyses on
drill cuttings: Case study from the
Flysch play in the Vienna Basin
(NE Austria)

4.1 Abstract

Drill cuttings, though rarely used, are crucial subsurface samples to understand petro-
graphic properties affecting reservoir quality. Unlike core material, cuttings are continu-
ously available along the wellbore and can be used during drilling to monitor progress.
Therefore, cuttings may allow a semi-quantitative, statistical calibration of rock properties
from the subsurface, but they are often underutilized. Although fracture and vein orienta-
tions cannot be reconstructed from drill cuttings, the presence of veins and their internal
textures (open, partially sealed or sealed) in specific formation sections and depths can be
identified and analyzed using e.g., transmitted light microscopy and cathodoluminescence
to supplement characterization at the well site and subsequently assess production behav-
ior. Borehole gamma ray logs in combination with handheld portable X-ray fluorescence
(pXRF) analyses on cleaned and dried drill cuttings can be used to further improve the
depth accuracy of the cutting samples and to geochemically fingerprint the samples, based
on the Si/Al ratio, as a proxy for sandstone-rich and mudrock-rich sections of the well. In
this study, eighty-three sandstone cutting samples from two wells, covering ~400 m of
stratigraphy targeting the Paleocene-Eocene Greifenstein Fm. equivalent (Glauconite
Sandstone, GLS) in the Vienna Basin (Austria), were studied. They also cover parts of
three different reservoir sections (1. to 3. GLS). The Flysch play in the Vienna Basin hosts
several sandstone-mudrock interbeds and is composed of several nappes, forming complex
reservoir compartments. The glauconite contents vary between different sections of the
GLS, where the highest is observed in the 3. GLS. The sandstones are predominantly ce-
mented by ferroan calcite, resulting in low optical porosity (<5 %) in both wells, with only
individually elevated porosity, related to partially dissolved K-feldspar grains. A parage-
netic sequence solely based on cuttings further highlights that reservoir quality in the stud-
ied section is independent of sandstone compaction, but is related to lower optical porosity
in finer-grained sandstones and higher carbonate vein cement contents. Furthermore, pro-
ductive intervals are related to lower Fe + Mg contents. The understanding of reservoir
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properties, diagenesis, and their influence on fluid flow is crucial for successful exploration
and reduction of uncertainty in reservoir production and development. The diagenetic var-
iations from cuttings and the geochemical fingerprint by pXRF are linked to reservoir qual-
ity and production performance of individual well perforations. This approach can provide
additional information on reservoir quality where core material is unavailable.

4.2 Introduction

Reservoir assessment and a better understanding of reservoir quality variations are criti-
cally important for successful exploration, reduction of uncertainties and help to under-
stand the economic viability of natural resources (e.g., Ozkan et al., 2011; Camp et al.,
2018; Worden et al., 2018; Ciriaco et al., 2020). Reservoir quality assessment therefore is
of importance particularly for exploration and production of hydrocarbons or geothermal
water in areas with increasingly challenging conditions.

While drilling a well, drill cuttings are the first opportunity to directly analyze the subsur-
face rocks on-site, though these are only rock fragments and have undergone damage by
the drilling process. Furthermore, drill cuttings are the only geological samples in oil, gas
or geothermal wells that are usually continuously taken and can provide direct information
on rock properties such as the mineralogy of detrital grains, authigenic cementation, vein
composition and optical porosity. Drill cuttings are used to assess formation properties and
to improve the drilling performance in an inexpensive way (e.g., Tiainen et al., 2002) and
have been integrated with gamma ray and other borehole measurements to better assess
reservoir characteristics (e.g., Gulf of Suez Rift, Radwan, 2022). The potential of drill cut-
tings to better understand the reservoir performance or source potential was assessed e.g.,
for fields in the Vienna Basin (Rupprecht et al., 2017), the Volga-Ural Basin in Russia
(Ibrahem and Morozov, 2024), the Montney tight gas siltstone play in Canada (Sanei et al.,
2020), and at onshore blocks in the Sultanate of Oman (Swami et al., 2022).

Geochemical fingerprinting is based on several geochemical techniques as e.g., fluid in-
clusion techniques, light stable isotope analyses or C-O clumped isotopes to analyze dia-
genetic or sedimentary features (Worden et al., 2018; Mamdouh et al., 2024). However,
mineralogical analyses of core samples or cuttings is often performed using laboratory X-
ray diffraction (e.g., Gier et al., 2018), infrared techniques and point counting using a mi-
croscope (Worden et al., 2018). Chemical analysis on core or cutting samples is used less,
but can be performed using e.g., benchtop X-ray fluorescence and portable X-ray fluores-
cence (pXRF) devices (Worden et al., 2018). The pXRF analyzer provide low cost, rapidly
available data of both cleaned core and cutting material and is used for e.g., chemostratig-
raphy and detection of trace metal contaminants in aquifers (e.g., Zambito et al., 2022).
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Results of pXRF measurements of geothermal drill cuttings have been shown to be com-
parable in accuracy with laboratory XRF results for many elements, especially elements
with atomic numbers >17 (Mauriohooho et al., 2016). Being a non-destructive method,
pXRF allows to reuse the cuttings for petrographic analysis. Alternative works utilizing
drill cuttings in industry approaches shown by Swami et al. (2022) and by Pandion Energy
in Norway (Offshore, 2021) are employing automated mineralogy mapping techniques us-
ing a SEM platform. However, sample preparation and analysis is time consuming and
ultimately lags behind drilling operations. Therefore, linking pXRF measurements to cut-
tings on the well site and calibrating the process to standard petrographic workflows may
enable the use of pXRF measurements to assess likely producing intervals in future wells.
Caja et al. (2019) also described the combination of petrography and geochemistry meth-
ods for analyzing cutting material using virtual microscopy, automated mineralogy and
digital petrophysics.

In general, the primary composition of sandstones is controlled by factors such as the prov-
enance and plate tectonics (e.g., Dickinson and Suczek, 1979), the depositional system,
transport energy, transport distance (e.g., Bjorrlykke, 1998; Lupin and Hampson, 2020)
and therefore grain size and sorting, which can affect reservoir properties (e.g., Coskun et
al., 1993; Griffiths et al., 2019). However, diagenetic processes such as compaction and
cementation or dissolution can overprint primary sedimentary controls on reservoir prop-
erties, resulting in either improvement or reduction of given matrix permeability and po-
rosity of the reservoir rock (e.g., Bjorlykke, 1988; Coskun et al., 1993; Dutton and Loucks,
2010; Morad et al., 2010; Busch et al., 2024). Quartz cement can either result in reduction
of pore space and therefore the deterioration of reservoir quality (e.g., Bjerlykke and
Egeberg, 1993; Morad et al., 2010) or in preservation and stabilizing of the framework and
pore space (if not filling the pore space completely), improving the reservoir quality
(Molenaar, 1986; Makowitz et al., 2006; Busch et al., 2022a). Furthermore, in tight rocks,
natural fractures play an important role for reservoir exploitation as they are the main fluid
conduit (besides faults) (e.g., Olson et al., 2009; Bahrami et al., 2012; Khelifa et al., 2014).
Whilst all these are established from core, and outcrop analyses our motivation was to test
if some of these correlations can be also recognized on drill cuttings.

In the study area, the Upper Cretaceous to Paleocene Flysch play is assessed, as it is inter-
preted as a fractured reservoir play leading to the fact that exploration and production wells
commonly deliver mixed results. As fractures are commonly present in the investigated
sections (Mobius et al., 2023), fracture and vein characteristics are likely to influence res-
ervoir quality and productivity. Cores are not continuously available, therefore cuttings
were used to better understand the influence of petrographic properties. An in-depth as-
sessment of vein cement textures was undertaken to better assess their influence on reser-
voir quality. Therefore, the petrography, diagenesis and geochemical fingerprint of
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sandstone drill cuttings from reservoir rocks from two wells are presented in this study.
Detailed petrographic studies will provide a paragenetic sequence for this reservoir section
based on cuttings only.

The Flysch play in the Vienna Basin, Austria, was already discovered to be prolific to
produce oil and gas since the beginning of the 20" century. Production volumes peaked in
the 1940s, however the area is still actively producing. Furthermore, detailed structural
diagenetic assessments on veins and partially sealed fractures will shed light on the effect
of fractures in the reservoir section of the lithology. The geochemical fingerprint measured
with a portable X-ray fluorescence analyzer (pXRF) is used in combination with petro-
graphic data obtained from thin sections and borehole gamma ray (GR) logs. By compari-
son with information on producing and non-producing intervals, possible proxies from
pXRF data for reservoir quality assessments were derived. Such proxies may be used di-
rectly on the wellsite. Using geochemical proxies based on pXRF analyses may close that
time-gap from analyses such as SEM-based automated mineralogy mapping techniques, as
cuttings can be already washed and dried directly at the wellsite for their description. The
presented pXRF approach, if calibrated to standard reservoir quality analyses, may thus
enable the assessment of suitable reservoir quality intervals directly on the well site. It can
therefore be used to accelerate completion and perforation decisions, influence well con-
tinuation and data acquisition needs and thus may reduce total well cost. Furthermore, such
a calibration can be similarly applied on historic cuttings of intervals that were not of in-
terest at the time of drilling (e.g., dry holes in the hydrocarbon industry). However, such
may meanwhile be of interest for geothermal development or to evaluate the quality of
subsurface storage locations.

4.3 Geological setting and tectonic evolution

The Vienna Basin, a major hydrocarbon province in Central Europe (Fig. 4.1a), is a NE-
SW trending 200 km long and up to 60 km wide Tertiary thin-skinned intramontane pull-
apart basin in Austria, Czech Republic and Slovakia (Ladwein, 1988; Piller et al., 1996;
Arzmiiller et al., 2006; Strauss et al., 2006; Rupprecht et al., 2017). It is part of the Neogene
Paratethys Basin System and forms a structural evolution along the junction of the Eastern
Alps in the West, the southeast Pannonian Basin System and the Western Carpathians in
the NE (Royden et al., 1985; Wagreich and Schmid, 2002). The basin hosts crystalline
basement rocks from the Bohemian Massif, Mesozoic autochthonous sediments and fore-
land basin deposits from the Cenozoic, and a Neogene clastic basin fill (Fig. 4.1b)
(Ladwein, 1988; Rupprecht et al., 2017). During Alpine subduction of the European litho-
sphere, thrusting occurred and led to the deposition of flysch in the Carpathian foredeep
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(Royden et al., 1985). The flysch is composed of submarine sediment-flows to turbidity
currents (e.g., Rammel, 1989 and references therein). The basin locally hosts Alpine thrust
sheets of Cretaceous to Miocene flysch, as well as subordinate molasse deposits (Fig. 4.1c)
(Royden et al., 1985). Neogene sedimentary rocks of the Vienna Basin are sandstones,
marls and subordinate carbonates, which can exceed thicknesses up to 5000 m in the depo-
centers (Ladwein, 1988; Gier et al., 2008). At the base of the Neogene part of the section,
Late Burdigalian sediments were deposited in a fluvial to lacustrine environment (Piller et
al., 1996; Gier et al., 2008). In the Early Badenian a marine transgression started and
evolved to brackish conditions during the Sarmatian (Piller et al., 1996; Gier et al., 2008).
The decrease in salinity leads to the deposition of fluvial to lacustrine deposits in the Pan-
nonian (Piller et al., 1996; Gier et al., 2008, and references therein). The Vienna Basin was
separated into fault blocks during the pull-apart phase, which may have resulted in local
variations in sedimentary evolution (Strauss et al., 2006).

Strike-slip faulting, back-arc extension and retreating subduction led to the formation of
Miocene pull-apart basins in the alps such as the Vienna Basin (Royden et al., 1985;
Decker, 1996; Decker et al., 2005). The Vienna Basin started to form as a piggy-back basin
along a sinistral fault system during the Early Miocene, and continued evolution as a rhom-
bic shaped pull-apart basin until the Late Miocene until W-E compression started, which
also led to regional basin inversion (Royden et al., 1985; Decker, 1996). From the Pleisto-
cene to recent time W-E extension started (Decker, 1996).
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Figure 4.1 Location and profiles of the Vienna Basin. a) Location of the Vienna Basin
(VB) in the NE part of Austria, SE part of the Czech Republic and W part of Slovakia
redrawn from Rupprecht et al. (2018). b) Overview map of prominent units and the regional
geology of the Vienna Basin, redrawn & modified from Rupprecht et al. (2018) and refer-
ences therein. Vienna is marked with a black rectangle. Oil (green), gas (red) and oil & gas
(green with red dots) fields adapted from Arzmiiller et al. (2006), the study area is marked
with a blue box. ¢) Magnification of the blue box in b) showing the study area and marked
profiles in d) and e). d) Simplified W-E profile along the line A-A’ with early thrusts and
later normal and strike-slip faults, highlighting the Zistersdorf (Zist) and Gosting (Goe)
units (redrawn and modified after Berka, 2015). Spontaneous potential (SP) log (purple
low, green high) is available for the whole Zis and Goe units, whereas gamma ray log data
(GR) is in historic wells often only available for intervals of particular interest (reference
well provided by OMV). ¢) NW-SE to NE-SW profile along B-B’ with interpreted litho-
logical sequence for 3 to 5 (redrawn and modified after Wessely, 2006). The vertical dashed
line indicates the change of orientation of the profile (parallel to the Steinberg fault from
dashed line to B”).
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One of the main tectonic units of the flysch in Austria (Wienerwald Flysch, Cretaceous-
Eocene) and also the northernmost is the Greifenstein Nappe, containing the Altlengbach
Fm. (Upper Cretaceous), Glauconite Sandstone Series (Paleocene-Eocene) and Steinberg
Flysch (Eocene) (Gotzinger et al., 1954; Rammel, 1989; Mattern and Wang, 2008) (Fig.
4.2a). The Greifenstein Nappe itself is subdivided into the Gosting and Zistersdorf units,
separated by internal thrusts, leading to a stacking of Upper Cretaceous to Eocene litholo-
gies (Fig. 4.2b) (Gotzinger et al., 1954; Rammel, 1989). This stacking is supported by bi-
ostratigraphic studies (Wessely, 2006 and references therein), and the repetition of log re-
sponses (two sections of low SP response in Fig. 4.1d, GR in Fig. 4.2b).
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Figure 4.2 Regional stratigraphy. a) Simplified stratigraphy of the Vienna Basin Flysch,
modified after Wessely (2006) and references therein, colors are adapted from the interna-
tional chronostratigraphic table by Cohen et al. (2024). b) Simplified subdivision of the
Greifenstein Nappe including 1. to 3. GLS (Glauconite Sandstone), thrusting results in rep-
etition of lithologies, modified after Wessely (2006) and references therein. Colors for the
flysch (Cretaceous to Paleogene) are related to the profile in Fig. 4.1d) for Zistersdorf and
Gosting unit. GR well log data provided by OMYV is given for the studied sections, showing
similar log responses. Due to thrusts, layer doubling of sandstone and mudstone units are
shown in the GR from reference/example wells, were the Greifenstein equivalent was con-
tinuously logged. The typical thickness of single production perforations is between 5 to
20 m, whereas the typical length of a core section is <20 m, but cuttings are available along
the whole section (blue field).
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4.3.1.1 Reservoir System

Exploration for oil and gas in the Vienna Basin started around 150 years ago and first
economically producible discoveries of conventional oil and gas fields in the flysch were
made in the early 1930s (Arzmiiller et al., 2006; Rupprecht et al., 2017; Mobius et al.,
2023). About 6000 wells have been drilled there since the 20" century (Arzmiiller et al.,
2006) and the Vienna Basin is a well-studied area in terms of the stratigraphic history and
depositional settings (see Harzhauser et al., 2020 and references therein). Although the
source rock is well known (e.g., Schulz et al., 2010; Rupprecht et al., 2017; Schicker et al.,
2021), the reservoir rock properties in sandstone reservoirs in the Flysch play of the Vienna
Basin is not fully understood due to the small-scale reservoir compartmentalization and the
lack of comprehensive modern data within the flysch. Furthermore, only few studies high-
light and focus on the impact of diagenesis on the reservoir quality in other sandstone units
of the Vienna Basin (e.g., Gier et al., 2008). The two studied legacy wells captured the
Greifenstein Fm. equivalent Glauconite Sandstone (GLS, Zistersdorf unit) in the flysch of
the Vienna Basin. Production from the 1. and 2. GLS (Paleogene) and the 3. GLS (Upper
Cretaceous) are restricted to the footwall of the Steinberg Fault and hanging wall of the
Hochleiten-Pirawarth faults (cf. Sachsenhofer et al., 2025 and references therein). The
dominant hydrocarbon source rocks in the Vienna Basin are mudstones from the autoch-
thonous Malmian Mikulov Fm. (e.g., Rupprecht et al., 2017; Sachsenhofer et al., 2025).
The marly limestones from the Falkenstein Fm., which show a thickness of more than 1
km and overlie the crystalline rocks of the Bohemian Massif, and the Middle Jurassic Gres-
ten Group additionally show source potential (Piller et al., 1996; Rupprecht, 2017,
Rupprecht et al., 2017; Schicker et al., 2021; Sachsenhofer et al., 2025). The flysch reser-
voir is sealed by interlayering mudstones and overlain by the Miocene reservoir formation
(Sachsenhofer et al., 2025). Hydrocarbon migration is interpreted as pre-Miocene to Mio-
cene, and likely follows basal flysch overthrusts (Rupprecht, 2017). The Malmian Mikulov
Fm. may also host a significant shale gas/shale oil potential besides the important role for
conventional oil and gas (Schulz et al., 2010).

Generally, the flysch in the Vienna Basin represents a sandstone reservoir rock with poor
matrix porosities which can only locally reach up to a maximum of 15% porosity and with
generally low matrix permeabilities, often below 0.1 mD (Mébius et al., 2023). Reduced
permeability values are interpreted due to quartz cementation and glauconitic clay mineral
content (Sauer et al., 1992). Predictive and reliable controls on reservoir quality are not
established. This leads to a challenge for well planning, as finding high reservoir quality
intervals with open or partially sealed fractures, which can only partially be resolved by
seismic data, is complex (Mobius et al., 2023). As the reservoir contains stacked producing
intervals with thicknesses from 5 to 20 m (Fig. 4.2b) distributed along the wellbore and
core runs do not exceed 20 m, they are unlikely to allow the study of reservoir quality
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controls. However, as cuttings are continuously sampled along the whole well (Fig. 4.2b),
the assessment may unlock a better understanding of the distribution of producing and non-
producing intervals.

4.4 Materials and methods

For this study eighty-three cutting samples covering an interval of ~400 m stratigraphy
were collected from two wells targeting the Paleocene-Eocene Glauconite Sandstone
(GLS, Greifenstein Fm. equivalent) of the Vienna Basin. Well 1 covers 22 samples from
the 1. GLS (depth: 1190—1235 m) and 2. GLS (depth: 1275-1295 m) covering a total depth
range of 105 m. Well 2 covers 61 samples from the 1. GLS (depth: 930-995 m), 2. GLS
(depth: 1035-1095 m), and 3. GLS (depth: 1100—1270 m) covering a total depth range of
340 m. The lateral distance of the two wells is less than 1 km. Cuttings in the present wells
were regularly sampled (every 2.5, 5, or 7.5 m), however, the provided cutting samples are
not representing a single depth, but likely represent a depth interval. Here, we interpreted
the cuttings to represent an average rock composition of the respective 2.5, 5, or 7.5 m
interval, (for specific depths, see digital appendix — chapter 4). This accounts for the pos-
sible mixing of cutting material happening during the drilling process, therefore the de-
scribed cuttings are treated as average composition for a well section as also noticed by
e.g., Traineau et al. (1991). Furthermore, claystones/mudstones and soft siltstones can be
disaggregated and fine sand can be entrained in the drilling mud.

The provided samples of rock chips are between 25 g and 50 g. The samples were placed
into a plastic cup, cleaned with tap water, then placed into an ultrasonic bath for maximum
durations of 30 s in order to remove residual drilling mud. No disaggregation of cuttings
or removal of depositional clay mineral matrix was observed when compared with thin
section samples from core material. In addition to remaining drilling mud residue, this step
removed metal shavings as well as wood remnants from the wooden storage boxes. As all
cutting samples were equally cleaned using this process, petrographic and geochemical
data are comparable within this dataset. The cleaned cuttings were dried in a vacuum-oven
at 40 °C until for at least three to four days until weight constancy was achieved. Samples
are subsequently documented photographically using an Optika SZN-4 binocular micro-
scope with a mounted Jenoptik Progres Gryphax Subra camera (Fig. 4.3).
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mudrock

Figure 4.3 Photographs of individual cuttings from well 1 & 2. a) Fine grained sandstone-
mudrock transition (well 1, depth 1215 m), b) Sandstone and mudrock cuttings with white
ground-up host rock clasts showing S-C-shear structure (S-C-clast) in thin sections (well
1, depth 1220 m). c) Partially sealed vein in mudrock cutting (well 2, depth 940 m). d)
Mudrock and sandstone cuttings with a vein penetrating a cutting (well 2, depth 960 m).

4.4.1 Portable X-ray fluorescence (pXRF) and gamma ray
(GR) well log

Elemental concentrations of drill cuttings were determined using a Bruker S1Titan800
pXRF operating with an electric power of 4 W, an electric current of max. 200 pA, and a
voltage of max. 50 kV in GeoExploration mode, which can measure elements from Mg to
U. The device is composed of a Rh-target X-ray tube, an Ultralene window and a Graphene
window silicon drift detector. As pXRF measurements are non-destructive, they are pre-
ferred for the analyses of small amounts of samples, which should also be studied petro-
graphically. The reproducibility using standards delivered with the pXRF device is shown
by Quandt et al. (2024).

The bulk rock geochemistry measurements were performed on 83 rock cutting samples
after cleaning and drying but before selecting cuttings for petrographic analyses. The rock
chips were placed in a ceramic bowl for measurement. Each sample was measured three
times for 20 seconds (cf. Quandt et al., 2024). Concentrations of Si, Al, Fe, Ca, K, S, Ti,
Mn, Sr, Zr, Ba, Ni, Cu, Zn, Rb, Y, Nb and Pb were measured in this study. Element
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concentrations showing an average for the individual well below 0.01 wt% are classified
as trace elements. For comparison with the gamma ray well log trends, the Si/Al ratio is
determined from the pXRF measurements (see Craigie, 2018). As the provided cutting
samples are mostly taken in a 5 m interval, the provided gamma ray log data provided by
the operator was also averaged (arithmetic mean) over 5 m intervals to better compare it to
the average rock compositions. Where the gamma ray value is increasing, a decrease in the
Si/Al value is expected, and vice versa.

4.4.2 Petrography

Sandstone cuttings were picked from the bulk cutting samples using the binocular micro-
scope for subsequent thin section preparation and further diagenetic studies and the assess-
ment of optical porosity. Different sizes of cuttings were combined to reflect the distribu-
tion of each sample bag. In addition, sandstone and mudstone cuttings containing veins and
individual vein fragments were preferentially sampled to enable studying the vein paragen-
esis and fracture porosity of the fractured sandstone reservoir. Fracture porosity is restricted
to intragranular fractures, as these are also observed in thin sections from core material.
Whereas most uncemented intergranular fractures are interpreted to be induced by drilling,
as they are absent in thin sections from core material. The selected drill cuttings were then
embedded in blue-dyed epoxy to enable the optical determination of porosity and were
prepared to a thickness of 30 pm thickness for thin section analysis. Of total eighthy-three
thin sections prepared, sixty-nine were stained with Alizarin Red S and potassium ferricy-
anide in 0.3% HCI to distinguish different carbonate phases according to Dickson (1965)
and covered with a glass cover slip. Therefore, calcite stain pale pink to red, ferroan calcite
royal blue to purple or mauve, ferroan dolomite pale to deep turquoise whereas dolomite
remain colorless (Dickson, 1965). Additional fourteen further thin sections were polished
and analyzed using cold cathode cathodoluminescence (CITL CL8200 Mk5-2 Optical Ca-
thodoluminescence System mounted on a Leica DIALUX 20 ES) (e.g., Monsees et al.,
2020) at an acceleration voltage of 10.3 kV and a current of 325 pA. The luminescence of
carbonates is influenced by the amount of Mn or Fe (Budd et al., 2000). A bright orange
luminescence is mostly related to Mn-enrichment, whereas a darker luminescence may in-
dicate a higher amount of Fe (Budd et al., 2000).

Grain sizes were analyzed on each thin section from sandstone cuttings using thin section
microphotographs and ImageJ. Therefore, a grid adjusted to the maximum grain size of
each sample was applied to the images and the long axes of at least 100 grains in each
sample were measured to obtain area-weighted results (e.g., Busch et al., 2018). The arith-
metic mean is given as the grain size per sample. Grain size thresholds are taken from Folk
(1980) with size classes after Wentworth (1922). Sorting was calculated according to Folk
and Ward (1957). Rock composition was analyzed using a semi-automatic Pelcon point
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counting stage installed on a Leica DMLP transmitted light microscope. For each sample,
300 points were counted with a step-length adjusted to the maximum grain sizes (digital
appendix — chapter 4) (e.g., Quandt et al., 2024). The point counting only covers the cut-
tings, whereas the blue dyed epoxy resin and non-sandstone grains in between sandstone
cuttings mounted on the same slide are skipped. Point counted categories are based on the
Touchstone™ point counting scheme (Busch et al., 2018). The differentiation between
glauconite “sensu stricto” and other glauconitic minerals (Odin and Fullagar, 1988) is not
possible using transmitted light microscopy. Therefore, the term glauconite to describe
most likely detrital green grains showing different shaped pellets, but the same interference
color under crossed polarizers is used here. Glauconite can have several origins and the
genesis of glauconite is still under debate (e.g., Triplehorn, 1966; Odin and Fullagar, 1988;
Lopez-Quirds et al., 2020; Wilmsen et al., 2024). From point counts detrital quartz (Q),
feldspar (F) and rock fragments (R) were normalized and plotted in the QFR diagram after
Folk (1980). However, as an individual thin section made from cuttings may contain sand-
stone cuttings of different rock types, the presented QFR compositions may not accurately
represent individual beds, but changes along the studied well sections may still be assessed.
Optical porosity was obtained from point counting and differentiated in intergranular, in-
tragranular porosity (in K-feldspar, carbonate or undifferentiated rock fragments), and frac-
ture porosity. Microporosity present in e.g., clay minerals and chlorite cannot be point
counted using transmitted light microscopy (e.g., Nadeau and Hurst, 1991). The intergran-
ular volume (IGV) was calculated based on point counting results and represents the sum
of intergranular pore space (Pintergranular), depositional clay mineral matrix (Mdepositional), and
intergranular cements (Cingergranutar) @and indicates the degree of compaction (Paxton et al.,
2002). Similar to the QFR composition, derived IGV do not represent individual rock
types, but may show variation along the studied well sections.

4.5 Results

4.5.1 pXRF

The main geochemical elements for well 1 and well 2 are Si (avg.: 22.87 wt% and 14.59
wt%), Al (avg.: 4.27 wt% and 2.36 wt%), Ca (1.71 wt% and 2.14 wt%), K (avg.: 0.97 wt%
and 0.82 wt%), and Fe (avg.: 1.87 wt% and 1.51 wt%) (Fig. 4.4). Trace elements for both
wells are S, Ti, Mn, Sr, Zr, Ba, Ni, Cu, Zn, Rb, Y, Nb, and Pb (digital appendix — chapter
4). Si contents in well 1 are higher than in well 2 (Fig. 4.4a), whereas the other elements
do not show any trend within well depth and GLS subdivision. Only within a section from
1160 to 1210 m higher Ca contents are recorded in the 3. GLS of well 2, related to higher
contents of carbonate rock fragments and calcitic bioclasts (Fig. 4.4d).
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Figure 4.4 The main geochemical components. For well 1 (blue) and well 2 (red) the main
geochemical components are a) Si, b) Al, ¢) Fe, d) Ca, and e) K. The samples cover differ-
ent GLS, which are shown as circles (1. GLS), triangles (2. GLS) and stars (3. GLS).
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4.5.2 Borehole gamma ray data and correlation to Si/Al
bulk rock ratio

The provided gamma ray data for well 1 originate from well depth 1185 m—1295 m and
range between 42 API to 143 API. The data for well 2 originate from well depth 900 m—
1241 m and range between 45 APIto 166 API. The 5 m-averages (arithmetic mean) for the
gamma ray log from well 1 range from 55 API to 137 API, and for well 2 from 68 API to
138 API. The Si/Al ratio for well 1 vary between 2.1 and 20.1, and for well 2 between 2.8
and 35.3. Both, GR and Si/Al data vary with well depth. On average, higher Si/Al ratios
and lower GR values are found in the 1. and 3. GLS and lower Si/Al showing higher GR
values in the 2. GLS (Fig. 4.5). Generally, the shape of GR and Si/Al ratio curves are
comparable, however, individual sections do not show the same relation between GR and
Si/Al ratio.
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Figure 4.5 Gamma Ray well log and Si/Al ratio. Log GR data in API for well 1 (a) and
well 2 (d), arithmetic mean of GR data in API in 5-meter intervals for well 1 (b) and well
2 (e), and Si/Al ratio observed from bulk drill cuttings from well 1 (c) and well 2 (f). Note
that the Si/Al axis is inverted to more easily compare trends, circles represent samples from
1. GLS, triangles 2. GLS, and stars 3. GLS. Si/Al values of > 8 in ¢) and f) are indicative
for non-argillaceous sandstones (dashed line as sandstone cut off) after Craigie (2018).
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4.5.3 Petrography
4.5.3.1 Grain size and sorting

For well 1, the mean grain size ranges between 0.101 mm and 0.245 mm (very fine to fine
sand) and for well 2 from 0.085 mm to 0.233 mm (very fine to fine sand). Whereas no
difference is visible between the 1. and 2. GLS for well 1, the 2. GLS in well 2 shows on
average finer grain sizes than the 1. and 3. GLS (Fig. 4.6a). Sorting coefficients after Folk
and Ward (1957) for well 1 ranges between 0.78 and 1.53 (moderately sorted to poorly
sorted), and no difference between the 1. and 2. GLS is seen. Sorting for well 2 ranges
between 0.53 and 1.23 (moderately well sorted to poorly sorted), where the 2. GLS show
on average a slightly better sorting than the 1. and 3. GLS (Fig. 4.6b). Samples from well
2 also include material from thin intercalated sand bodies in the finer-grained 2. GLS (in-
dicated by higher GR values in Fig. 4.5d), resulting in generally better sorting and finer
grain sizes. Samples from the 2. GLS of well 1 are mostly taken in a coarse-grained section
below a finer grained interval (indicated by lower GR in Fig. 4.5a).
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Figure 4.6 Grain size and sorting distribution. Cross plot of a) mean grain size and b)
sorting versus well depth for well 1 (blue) and well 2 (red). The 1. GLS is indicated by
circles, the 2. GLS by triangles, and the 3. GLS by stars. a) Grain sizes for both wells vary
between very fine- and fine-grained sand, whereas the top interval between 930-995 m (1.
GLS) and the bottom area (1100—1270 m) (3. GLS) comprises on average larger grain sizes
than the middle interval (2. GLS) between 1035 and 1100 m. b) Sorting for both wells vary
between moderately well sorted and poorly sorted. The middle (2. GLS) interval for well
2 shows on average the best sorting (1035—1100 m).
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4.5.3.2 Detrital Components

Well 1

The main detrital components are quartz grains (47.3%—80.7%), K-feldspar (0.3%—
10.0%), and glauconite (0.3%—4.3%) (Fig. 4.7a). Other detrital components are plagioclase
(0.0%—0.3%), muscovite (0.0%—3.0%), biotite (0.0%—3.0%), brownish and greenish chlo-
rite flakes (0.3%—2.0%), mudrock fragments (RF) (0.0%-5.3%), siltstone RF (0.0%—
2.7%), sandstone RF (0.0%—2.3%), siderite grains (0.0%—1.7%), calcitic RF and forami-
nifera (0.0%—1.7%), ferroan calcitic RF and foraminifera (0.0%-0.3%), chert (0.0%—
3.0%), phyllite (0.0%—0.7%), undifferentiated ductile RF (0.0%—0.7%), metamorphic RF
(0.0%-0.7%), and quartzite (0.0%—0.3%). Detrital clay minerals are glauconite rims
(0.0%-3.3%), pore-lining illite (0.0%—1.0%), and pore-filling illite (0.0%—-0.7%). Acces-
sories are rutile (0.0%—-0.7%), zircon (0.0%—1.0%), tourmaline (0.0%—0.3%), phosphate
grains (0.0%-0.3%), iron oxide grains (0.0%—0.7%), and undifferentiated opaque phases
(0.0%-0.7%).

Well 2

The most abundant detrital components are quartz grains (37.7%—73.3%), K-feldspar
(1.3%—-8.0%), and glauconite (0.7%—11.7%) (Fig. 4.7b). Other detrital components are pla-
gioclase (0.0%—1.7%), muscovite (0.0%—3.0%) (Fig. 4.7¢), biotite (0.0%—2.3%), brownish
and greenish chlorite flakes (0.0%—-1.3%), mudrock RF (0.0%-15.7%), siltstone RF
(0.0%—0.7%), sandstone RF (0.0%-0.7%), siderite grains (0.0%—3.0%) (Fig. 4.7¢), calcitic
RF and foraminifera (0.0%-3.7%), ferroan calcitic RF and foraminifera (0.0%—3.3%) (Fig.
4.7d), chert (0.0%—2.0%), phyllite (0.0%—3.0%), plutonic RF (0.0%—0.7%), undifferenti-
ated ductile RF (0.0%—1.7%), metamorphic RF (0.0%—2.3%), volcanic RF (0.0%—0.3%),
and quartzite (0.0%—2.0%). Detrital clay minerals are mainly chlorite (0.0%—5.7%), glau-
conite rims (0.0%-3.7%) and pore-lining illite (0.0%—2.7%), and pore-filling illite (0.0%—
1.0%). Accessories are rutile (0.0%—1.3%), zircon (0.0%—0.7%), tourmaline (0.0%—0.3%),
phosphate grains (0.0%-2.0%), iron oxide grains (0.0%—1.3%), and undifferentiated
opaque phases (0.0%—0.7%).
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Figure 4.7 Thin section microphotographs of individual cuttings from well 1 and well 2
from different depths. a) Well 1 (depth 1190 m), individual sandstone cuttings show
smaller grain sizes and are composed of e.g., detrital quartz (Qtz), foraminifera (foram)
with calcitic tests (Cal), glauconite (Glt), and inter- and intragranular ferroan calcite ce-
ments (Fe-Cal). b) Well 2 (depth 940 m), intragranular porosity (intragran poro) in former
feldspar and intergranular (intergran poro) porosity is visible as optical porosity. Besides
detrital quartz, glauconite and feldspar occur, as well as pore-filling (pf) Fe-Cal. c) Well 2
(depth 1150 m), siderite (Sd), quartz grains, glauconite occurs as well as muscovite (Ms).
d) Well 2 (depth 1045 m), some individual cuttings are rich in bioclasts, e.g., foraminifera
and echinoderm fragments. Ferroan calcite cements (Fe-Cal) fills former pores in bioclasts
(e.g., echinoderm fragments).

4.5.3.3 Rock composition

The most prominent rock types for well 1 are sublitharenites and subarkose, and subordi-
nately quartzarenites and lithic arkose (Fig. 4.8). The normalized quartz content varies be-
tween 74.3% and 95.3%, feldspar between 0.5% and 13.7% and rock fragments between
0.4% and 15.7%. For well 2 the most prominent rock types are sublitharenites, feldspathic
litharenites and subordinately litharenites and subarkose (Fig. 4.8). The normalized quartz
content in well 2 varies between 59.8% and 86.7%, feldspar between 2.7% and 15.1% and
rock fragments between 5.6% and 30.3%.

128



4.5 Results

Q @ Well 1-1.GLS
Quartzarenite
A Well 1-2.GLS
; ; @ Well 2-1.GLS
Subarkose Sublitharenite
A Well2-2.GLS
% Well 2-3.GLS

Lithic
Arkose
sjuaseyi
diyyedsplad

R

Figure 4.8 Ternary classification for sandstones (Q= quartz, F=feldspar, R=rock frag-
ments, in %) according to Folk (1980) for well 1 (blue) and well 2 (red). Sandstone cuttings
are in general quartz rich, showing rock compositions of sublitharenites, subarkose, and
subordinate quartzarenites and lithic arkose for well 1, and sublitharenites, feldspathic
litharenites and subordinate litharenites and subarkose for well 2.

4.5.3.4 Authigenic phases
Well 1

The most abundant authigenic phases are quartz cement (1.7%—7.0%), blue-stained pore-
filling ferroan calcite cement (0.3%—18.3%), and pore-filling siderite cement (0.0%—
2.3%). Furthermore, K-feldspar cement (0.0%—0.3%), pore-filling calcite cement (0.0%—
2.3%), purple-stained pore-filling ferroan calcite cement (0.0%—1.3%), pore-filling dolo-
mite cement (0.0%—-1.0%), pyrite (0.0%—2.0%), kaolinite cement (0.0%—0.7%), and Fe-
oxide cement (0.0%—0.3%) occur. Also, partially pore-filling cements as ferroan calcite
(0.0%—-0.3%), and dolomite (0.0%—0.3%) are present. Vein cements are grouped into cal-
cite veins (0.0%—0.3%), ferroan calcite veins (0.0%—4.7%) and intragranular ferroan cal-
cite veins (0.0%—1.3%). Replacive phases are subdivided into kaolinite replacing musco-
vite (0.0%-0.3%), kaolinite replacing K-feldspar (0.0%-2.0%), illite replacing kaolinite
(0.0%—0.7%), illite replacing K-feldspar (0.0%—1.0%) and Fe-calcite replacing K-feldspar
(0.0%—1.3%).
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Well 2

Quartz cement is the main authigenic phase (1.3%—11.7%), followed by blue-stained pore-
filling ferroan calcite cement (0.3%—24.7%), and pore-filling siderite cement (0.0%—
4.3%). Furthermore, K-feldspar cement (0.0%—1.3%), pore-filling calcite cement (0.0%—
0.3%), purple-stained pore-filling ferroan calcite cement (0.0%—1.7%), pore-filling dolo-
mite cement (0.0%—1.3%), pyrite (0.0%—1.0%), kaolinite cement (0.0%—1.0%), and Fe-
oxide cement (0.0%—1.0%) occur. Also, partially pore-filling cements as purple- and blue-
stained ferroan calcite (0.0%—0.7%), partially pore-filling siderite cements (0.0%—1.7%)
and dolomite (0.0%—-0.3%) are present. Vein cements are calcite veins (0.0%-0.3%), fer-
roan calcite veins (0.0%-3.3%) and intragranular ferroan calcite veins (0.0%—0.7%). Re-
placive phases occur as kaolinite replacing muscovite (0.0%—0.7%), kaolinite replacing K-
feldspar (0.0%—0.7%), illite replacing kaolinite (0.0%—-0.3%), illite replacing K-feldspar
(0.0%—1.0%) and Fe-calcite replacing K-feldspar (0.0%—2.0%).

4.5.3.5 Optical porosity
Well 1

Optical porosity is mainly represented by intergranular porosity (0.3%—1.7%) and intra-
granular porosity (0.0%—1.7%) mainly after K-feldspar dissolution. Additionally, intra-
granular porosity in undifferentiated RF (0.0%—0.3%), and fracture porosity (0.0%—2.3%)
occur.

Well 2

Intergranular porosity (0.0%—2.3%) is the main type of optical porosity (Fig. 4.11d), fol-
lowed by intragranular porosity in K-feldspar (0.0%-2.3%) (Fig. 4.11g). Additionally, in-
tragranular porosity in carbonate grains (0.0%—0.3%), and in undifferentiated RF (0.0%—
1.0%) occurs.

4.5.4 Intergranular volume (IGV)

The IGV for well 1 range from 7.7% to 25.7%, and for well 2 from 9.0% to 31.7%. The
IGV shows no correlation to the GLS formation or depth (Fig. 4.9a), and low correlations
with detrital quartz and feldspar contents (Fig. 4.9b) for well 1 and 2, showing lower IGV
at higher detrital quartz and feldspar contents. A general correlation with sorting (Fig. 4.9¢)
with well to moderately well sorted samples showing higher median IGV than poorly
sorted samples (Fig. 4.9¢). Furthermore, a slightly negative correlation between IGV and
grain size can be seen in samples from in well 2 (Fig. 4.9d). While only two samples from
well 1 fall in the very fine sand category, the overall decrease in IGV with increasing grain
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size, based on the median values can still be matched between both wells. The main pore-
filling cement types (quartz and carbonates) show different correlations to the IGV. The
impact of quartz cement on IGV is only minor (Fig. 4.9¢), and more pronounced for pore-
filling and partially pore-filling carbonate cements (Fig. 4.9f), especially for well 1
(R*=0.93).
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Figure 4.9 (Figure caption on next page)
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Figure 4.9 (previous page) IGV cross plots with depth, detrital quartz + feldspar content,
sorting, grain size classes, quartz cement and carbonate cements. a) IGV shows no corre-
lation with well depth, nor with the 1., 2. or 3. GLS. b) IGV shows low correlation with
detrital quartz and feldspar content for well 1 and 2. ¢) Overall, better sorting is correlated
to higher IGV, whereas moderately well sorted samples from well 2 show highest IGV, ps:
poorly sorted, ms: moderately sorted, mws: moderately well sorted. d) Very fine sand grain
size class in well 2 shows higher IGV values compared to fine sand. e) IGV shows no
correlation with quartz cement. f) IGV versus pore-filling (pf) and partially pore-filling
(ppf) carbonate cements with a very high positive correlation for well 1 and a high corre-
lation for well 2.

4.5.5 Correlation of grain size, sorting, and glauconite
content

Grain size and sorting show a positive correlation for well 2, but not for well 1 (Fig. 4.10a).
The glauconite content varies with well depth and shows a positive correlation for well 2,
but no correlation for well 1 (Fig. 4.10b). However, the glauconite content in well 2 is
especially elevated in the 3. GLS (stars in Fig. 4.10b), which was not sampled in well 1.
The glauconite content in the 1. and 2. GLS of wells 1 and 2 is comparable.
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Figure 4.10 Sorting vs. grain size and glauconite content vs. depth cross plots. a) Sorting
after Folk and Ward (1957) and grain size after Wentworth (1922) in Folk (1980) show a
positive correlation for well 2 (red), whereas well 1 (blue) shows no correlation. The dif-
ferent GLS intervals are given in circles (1. GLS), triangles (2. GLS) and stars (3. GLS).
b) The glauconite content obtained from point counting shows elevated glauconite contents
in the 3. GLS as opposed to the 1. and 2. GLS in well 2.
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4.5.6 Paragenetic relationships

As the paragenesis and mineralogical composition of individual cuttings in the two ob-
served wells show no large difference, the paragenetic relationships are described together
for the studied sections of the GLS in the Vienna Basin Flysch play.

Quartz grains display syntaxial quartz overgrowth cements. Glauconite or chlorite rims
which are occasionally present outline grains such as quartz or occur between quartz grains
and their syntaxial overgrowths (Fig. 4.11a, b). Beside chlorite and glauconite, pore-lining
tangential illite is rarely encasing detrital grains such as quartz. Quartz grains and their
syntaxial quartz overgrowths are encased by pore-filling Fe-Cal (stained blue, Fig. 4.11a)
if present, which also fills former pores in bioclasts (Fig. 4.7d). The Fe-Cal can also occur
partially pore-filling in individual cuttings. Besides the blue-stained (partially) pore-filling
Fe-Cal, purple-stained Fe-Cal or calcite (red staining, Fig. 4.7a) pore-filling cements show
the same paragenetic relationships as Fe-Cal. The partially pore-filling siderite is present
as brownish elongated rhombs with a high relief (Fig. 4.7c, 4.11e), either embedded in
chloritic matrix or outlining detrital grains, and occasionally encased in quartz cement.
Chlorite and glauconite also fill chambers of foraminifera with calcitic tests. Pyrite occurs
as framboidal or cubic aggregates in some cuttings (Fig. 4.7a), in rock fragments or filling
individual foraminifera tests and is most prominent in samples rich in limestone rock frag-
ments (Fig. 4.11c). Furthermore, pyrite occurs at the host rock-vein interface in one sample
(Fig. 4.11j). Intergranular Fe-oxide cements occur only rarely, showing a red color at the
rim of opaque grains. In some individual cuttings feldspar grains, feldspar cement and/or
intragranular feldspar dissolution can also be observed, the latter resulting in intragranular
porosity (Fig, 7b). In some samples the intragranular dissolution pores from K-feldspar (K-
Fsp) grains are filled by replacive Fe-Cal cement (Fig. 4.11f), but these uncompacted in-
tragranular pores can locally be filled with kaolinite, showing a vermicular structure (Fig
11g). However, individual open intragranular pores are also noted within K-Fsp and undif-
ferentiated RF. Besides the replacement of K-Fsp, kaolinite replaces muscovite in individ-
ual cuttings, and can also occur as cement filling intergranular pores. Illite replaces indi-
vidual kaolinite particles or K-Fsp grains.

Based on optical evaluations, different fracture and vein generations are identified. In gen-
eral, the veins are of calcitic or Fe-calcitic composition and can also occur as trans- or
intragranular veins (Fig. 4.11c). Some of the Fe-calcitic veins are not only stained blue, but
also purple. Additionally, blue-stained partially sealed veins occur (Fig. 4.111). The veins
will be further evaluated in the next section.

Cataclastic shear bands composed of small, angular, and densely packed quartz grain frag-
ments, preserving little to no optical porosity (Fig. 4.12a, b), are found only rarely within
individual cutting fragments of both wells, and some of them are crosscut by carbonate
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veins (Fig. 4.12c). The shear bands do not show intergranular carbonate cement and are
devoid of deformed glauconite grains (Fig. 4.12a, b). In contrary, artificial cataclastic frag-
ments show high optical porosity and parallel fracturing within grains in all studied cutting
samples (Fig. 4.12d). They are prominently visible as white cutting fragments (S-C clast
in Fig. 4.3b). Here, the cataclastic zone contains ground-up intergranular ferroan calcitic
cements and deformed glauconite grains.
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Figure 4.11 (Figure caption on next page)
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Figure 4.11 (previous page) Photomicrographs showing mineralogical and structural ele-
ments. a) Quartz grains (Qtz) and quartz cement (Qtz cem) with grain lining chlorite (Chl),
and crossed-polarized in b) (well 2, 950 m). ¢) Well 1 (1190 m), individual cuttings, con-
taining calcite grains (Cal, stained red) are cemented by pore-filling ferroan calcite (Fe-
Cal, stained blue). Veins are either composed of blue Fe-Cal or purple Fe-Cal. The veins
outlining or penetrating grains as well as forming intragranular veins (intragran vein) in
detrital grains such as quartz. d) Individual cuttings show carbonate veins with pyrite (Py)
at the transition to the host rock (well 2, 955 m). e) Siderite (Sd) occurs as single crystals
filling intergranular pores (well 1, 1233 m). f) Detrital quartz is enclosed by brownish chlo-
rite, which is encased by pore-filling Fe-Cal (blue) and also replaces K-feldspar (K-Fsp)
(well 2, 1140 m). g) Detrital siderite grain (Sid RF). The dissolution of K-Fsp leads to the
formation of intragranular porosity (intragran poro) (well 2, 1140 m). h) Sandstone cutting
with detrital quartz grains, pore-filling ferroan calcite cements, glauconite and broken bio-
clasts (well 1, 1250 m). i) Completely cemented and partially sealed veins with Fe-Cal in
cutting fragment containing ductile RF (well 2, 1060 m). j) Individual cuttings contain
carbonate veins with pyrite at the transition to the host rock (well 2, 955 m).
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Figure 4.12 Cataclastic shear bands in individual cuttings. Natural cataclastic shear band
a), grain rearrangement and angular small grain sizes are more visible under crossed polar-
izers (b) (well 1, depth 1197.5 m). ¢) An individual cutting contains a natural cataclastic
shear band with angular, densely packed small grains. The shear band is cross cut by a
carbonate vein (xpl, well 1, 1212.5 m). d) Artificial shear bands are mostly seen at cutting
boundaries, and missing parts of grains (now intragranular porosity, intragran poro), con-
tain ground up Fe-Cal cements, and unsealed, fractured grains around the shear band (well
2, depth 1135 m).
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4.5.7 Cold cathodoluminescence

Cathodoluminescence (CL) on polished thin sections show different brightness of lumines-
cence for Fe-Cal cements and Fe-Cal vein generations (Fig. 4.13, 4.14). Furthermore, the
luminescence of detrital K-Fsp grains is bright blue, detrital quartz grains show a mostly
dark blue luminescence, whereas quartz overgrowth cements are non-luminescent (Fig.
4.13a, d). Siderite shows no luminescence, whereas the interstices are filled with orange
luminescent Fe-Cal. Pervasively sealed veins generally show a slightly brighter orange lu-
minescence, whereas the pore-filling cement shows a darker luminescence (Fig. 4.13a),
although the differences may be minute (Fig. 4.14). Based on the cross-cutting relation-
ships of the pervasively sealed veins, three generations can be differentiated. The first gen-
eration shows a dull luminescence, and is crosscut by the two following generations (Fig.
4.13a, b). The two other generations show a bright and dull luminescence, respectively.
The bright luminescing phase is crosscut by the dull luminescing phase in other cutting
samples (Fig. 4.14b).

Partially sealed veins show an orange luminescence at the center of thombic crystals com-
posed of Fe-Cal and a dull rim of Fe-Dol (Fig. 4.13b, c). Intercrystalline porosity is pre-
served within partially sealed carbonate veins containing euhedral rhombs (Fig. 4.13c).
Additionally, some cuttings show formerly fractured quartz grains, which are healed by
quartz cement, showing no luminescence (Fig. 4.13d).
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Figure 4.13 (Figure caption on next page)
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Figure 4.13 (previous page) Photomicrographs of cold cathodoluminescence showing lu-
minescence properties of detrital and authigenic minerals, and veins for individual drill
cuttings from well 1 and well 2. a) Pore-filling (pf) Fe-Cal shows dull luminescence,
whereas the veins, penetrating the host rock and individual grains, show a brighter lumi-
nescence. Quartz shows a dark blue luminescence and K-feldspar (K-Fsp) bright blue (well
2, depth 935 m). b) Euhedral shaped carbonate crystal with zonation, showing a bright
center, followed by a less bright zone, and a dull Fe-Dol rim. The host rock cement lumi-
nescence is less bright than the vein. The euhedral crystal shape and absence of pervasive
cements indicates a partially sealed vein (well 2, depth 1035 m). ¢) The partially sealed
vein with euhedral crystal facets shows a brighter luminescence than the pore-filling ce-
ment in the host rock. Also, the euhedral shape preserves intercrystalline porosity (inter-
cryst poro), and they are encased by a dull Fe-Dol phase (well 2, depth 1090 m). d) Frac-
tured and cemented quartz grains showing no luminescence quartz cement (well 1, depth
1215.5 m).

300um

Figure 4.14 CL photomicrograph highlighting vein generations. a), b) CL photomicro-
graph showing three generations of sealed veins crosscutting each other of an individual
cutting (well 1, 1212.5 m). a) The different generations (I, I, IIT) are distinguished using
the CL luminescence color, indicating a slightly change of Mn and Fe-contents. b) Cross-
cutting relation of vein generation II and III.
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4.5.8 Bulk drill cutting pXRF comparison to petrography

Iron and magnesium contents obtained from bulk drill cuttings pXRF may suggest a gen-
erally positive relation with the sum of the mostly ferroan calcitic carbonate cements in-
cluding veins (Fig. 4.15a) and with minerals containing iron (glauconite, Fe-calcite, sider-
ite, pyrite, opaques, Fe-oxides, mudrock RF, biotite, and chlorite) (Fig. 4.15b) obtained
from point counting. While R? values are moderate to low (R? from 0.2—0.4) for the corre-
lation of Fet+Mg contents with both mineral contents, median values of Fe+Mg contents
increase with increase in carbonate cement (incl. veins) and Fe-bearing mineral contents.
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Figure 4.15 Box-and-whisker bars plotted for bulk drill cuttings pXRF and petrographic
point-counting results, combined for both wells. Iron (Fe) plus magnesium (Mg) content
(wt%) is in general higher in samples with higher amount of a) carbonate cements (incl.
veins) and b) minerals containing Fe.

4.5.9 Correlation to production data

To find potential proxies for production intervals from drill cuttings, several properties and
results were compared with known producing and non-producing intervals for both wells.
Based on the overlap of interquartile ranges (IQR, P25 to P75) we decide between distinctly
different and indifferent properties. Therefore, the IQRs of either producing and non-pro-
ducing intervals should not overlap with each other for more than 25% (50% of the IQR).
Producing intervals show lower Fe+Mg ratios, lower optical porosity, and contain more
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total vein cements (Fig. 4.16Db, e, f). The Si/Al content observed from pXRF, the Ca/Mn,
and total carbonate cement content including veins for producing and non-producing inter-
vals are largely overlapping and may therefore not be good criteria to assess the produci-
bility of prospective intervals (Fig. 4.16a, c, d).
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Figure 4.16 Box-and-whisker bars plotted for geochemical data (a-c) derived from pXRF,
and petrographic data (d-f) obtained from point counting, and producing (grey)/non-pro-
ducing (red) intervals for well 1 and well 2 (N=42). The producing interval has on average
lower FetMg content (b), lower optical porosity (e), and higher amount of total vein con-
tents (f). But properties like Si/Al (a), Ca/Mn ratio (c¢), and the total carbonates including
veins (d) are overlapping and cannot be used to distinguish between producing and non-
producing intervals for the two wells.

4.6 Discussion

4.6.1 GR and pXRF

The 1. to 3. GLS are composed of roughly 70% of massive sandstone beds of proximal
turbidites (Rammel, 1989). The comparison between the geochemical fingerprint i.e. lower
Si/Al ratio, obtained from pXRF measurements, fits well with higher GR data in areas of
higher clay content (Fig. 4.5). Generally, higher Si/Al ratios (>8) and low GR values are
indicative for sandstone (e.g., Rider and Kennedy, 2011; Craigie, 2018). However, the
mineralogical composition of the studied sandstones contains K-bearing minerals as
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feldspar or mica, K-bearing phyllosilicates such as glauconite and illite, and mudrock RF.
This may enhance the amount of potassium, thorium and uranium, leading to overall higher
GR signals, even in sandstone-rich sections (e.g., Rider, 1990; Johan and Neil, 2001; Rider
and Kennedy, 2011).

A minor shift between the depth ranges of peaks in Si/Al and GR plots is observable in
some intervals (Fig. 4.5), which might result from averaging GR data over 5 m intervals to
match the sample depth ranges. As the provided bulk cutting samples also contain mudrock
fragments, it is not excluded that the mudrock content is underrepresented within the sam-
ples as mudrocks are more easily ground up especially along the planar lamination of the
mudrocks. This may influence the pXRF measurements, but the impact is interpreted as
minor, as the Si/Al ratio is comparable to borehole GR data (Fig. 4.5). For an individual
section from 1160 to 1210 m, a higher Ca content is measured and is related to higher
contents of carbonate rock fragments and bioclasts observed in microscopic analyses. As
log trends can be used to assess stratigraphic properties (Milton and Emery, 1996), their
comparison to Si/Al trends may thus enable the cross check if the derived cutting depth
interval may be linked to log depth and evaluate the representativeness of cutting compo-
sition (i.e. relative proportions of sandstone and mudrock cuttings).

Natural fractures play an important role for reservoir exploration, production and well plan-
ning, as they may be the main fluid conduit in tight sandstone reservoirs and many car-
bonate reservoirs (e.g., Olson et al., 2009; Bahrami et al., 2012; Lamarche et al., 2012;
Khelifa et al., 2014; Becker et al., 2018). Care has to be taken when assessing fractures as
open, uncemented fractures are not well preserved in cuttings. Thus, their intensity (i.e.
number of fractures per meter) and aperture cannot be reconstructed from cuttings, but
could be deduced from borehole image logs (e.g., resistivity or acoustic image logs) (e.g.,
Fernandez-Ibaiez et al., 2018) or core material. However, partially sealed veins and their
composition may not be visible in image logs e.g., due to uncertainties of log interpretation
(Fernandez-Ibanez et al., 2018) and the resolution of the measurements. Consequently, cut-
tings and petrographic analyses are a way to show if a fracture is partially sealed and with
which mineral. The assessment of the amount and locations of partially sealed fractures
affects the reservoir development e.g., during acidizing in carbonate-bearing lithologies
(Knox and Ripley, 1979). However, depending on the well direction, only certain fracture
orientations are observed (Terzaghi, 1965). In the absence of orientated core material, the
occurrence of veins and partially sealed veins can be identified from cuttings, by using a
binocular microscope (Fig. 4.3) (e.g., Tiainen et al., 2002). Cuttings may therefore still
preserve information on vein paragenesis to further constrain the amount and temporal
succession of several natural fracturing events.
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The pXRF-based Fe+tMg measurements were conducted on bulk drill cutting from respec-
tive sample depths, composed of different sandstone and mudrock lithotypes. Carbonate
cement in pores and veins is reflected by mostly ferroan calcite, dolomite and siderite in
sandstone cuttings. With increasing carbonate cement contents (incl. veins) a general in-
crease in median Fe+Mg contents can be observed (Fig. 4.15a). As carbonate cements are
the main pore-filling and vein cement phases, this correlation may be used as a first pass
RQ assessment if producing intervals are related to elevated vein cement contents (Fig.
4.16f).

4.6.2 Mineralogy and texture

The two studied wells show a similar mineralogic composition using petrographic tools
such as point counting, whereas the quartz-content varies slightly within the wells (higher
in well 1, Fig. 4.8) and GLS but is largely comparable for the 1. GLS in both wells (avg.
1. GLS well 1: 67.8%, avg. 1. GLS well 2: 59.6%). However, well 1 also shows higher
amount of Si measured with pXRF (Fig. 4.4a), which can explain the higher quartz content
of well 1 samples in the QFR plot (Fig. 4.8). The overall rock types (sublitharenites, sub-
arkose, quartzarenites, lithic arkose for well 1, sublitharenites, feldspathic litharenites,
litharenites, subarkoses for well 2) are in accordance to rock descriptions by Rammel
(1989), analyzing the equivalent sediments from the Wienerwald Flysch, where the sand-
stones are described as mostly quartzarenites, and also sublitharenites and subarkose. Like-
wise the observed moderate to poor sorting of the cutting samples (Fig. 4.6) is comparable
to the core study by Rammel (1989). The distance between the two observed wells is less
than 1 km and both samples are covering the same formations (1. to 3. GLS) of a turbidite
sequence which is known to be regionally present. This explains the observed similarities
of the petrographic results from both wells.

The 3. GLS shows higher glauconite contents than the overlying 1. and 2. GLS. As only
well 2 covers all three GLS sections (Fig. 4.10b) this could not be verified in well 1. The
average glauconite content for well 1 (1.8%) is lower as described in Sauer et al. (1992)
but average glauconite content in well 2 (4.2%) is in general in accordance, as the glauco-
nite content in the Glauconite Sandstone Fm. is given between 5—10%. While generally the
glauconite content in sediments increases in transgressive stages at climate optima
(Amorosi, 2013; Santanu et al., 2016; Baioumy et al., 2020; Tribovillard et al., 2023), the
studied sedimentary rocks of the GLS represent turbidite deposits (Rammel, 1989). There-
fore, we interpret the glauconite as redeposited. Nevertheless, the turbidite deposits may
still record the changes affecting the “glauconite factory” (sensu Tribovillard et al., 2023)
in shallower water depths, prior to redeposition. Although absolute age data for the studied
lithologies are not available, the recorded change in glauconite content may be linked to
the “Paleocene/Eocene Thermal Maximum, Middle Eocene Climatic Optimum” and
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subsequent climatic deterioration and cooling (Sotak, 2010) known to have affected the
nearby Pannonian and Carpathian Basins. Higher glauconite contents in the 3. GLS are
therefore interpreted to result from higher glauconite production in shallow water depth at
higher surface temperatures, whereas a lower glauconite production during the deposition
of the 1. and 2. GLS is interpreted to be linked to subsequent climatic cooling (Sotak,
2010).

Individual samples are affected by different grade of carbonate cementation (e.g., pore fill-
ing and partially pore filling carbonate cements in well 1: 0.7%—20.3%, and well 2: 1.0%—
30.7%). Within the samples, individual cuttings show fully cemented pores by e.g., Fe-Cal
(Fig. 4.11h), whereas in others the pores and veins are only partially cemented. Addition-
ally, locally found loose quartz grains within the samples indicate less intensely cemented
sections, which were then very likely disaggregated during the drilling process. This is in
contrast to Sauer et al. (1992) where quartz cement and glauconitic clay minerals are men-
tioned as main permeability reducers.

4.6.2.1 Compaction and porosity

The IGV shows no correlation with depth or the GLS subdivision (Fig. 4.9a), and also low
correlation with the detrital quartz and feldspar content for well 1 and 2 (Fig. 4.9b). For
well 1, the IGV is lower for samples containing higher detrital quartz and feldspar grain
contents, while typically the IGV should be higher with increasing detrital quartz and feld-
spar contents as they act as rigid grains, where mechanical compaction is less severe than
in rocks with higher contents of ductile components (Rossi and Alaminos, 2014). Well to
moderately well sorted samples show in general higher median IGV than only poorly sorted
samples (Fig. 4.9¢). Additionally, the IGV show slight negative correlation with grain size
in well 2 (Fig. 4.9d), thus, samples with smaller grain sizes show higher IGV (Fig. 4.9d).
Theoretically, finer grained and more poorly sorted samples should be characterized by a
lower IGV (Beard and Weyl, 1973). Therefore, the observed correlation indicates that finer
grained sediments have generally higher IGV, due to higher carbonate cement contents, as
pore-filling and partially pore-filling carbonates show a positive correlation with IGV (Fig.
4.91, well 1 R>=0.93, well 2 R*=0.71). Furthermore, the lower degree of compaction in finer
grained samples may be due to detrital clay mineral matrix contents.

Low optical porosity is therefore due to both cementation and detrital clay mineral matrix
contents (in very fine sand sized samples) and compaction (in fine sand sized samples), as
seen in deformation of ductile RF and undifferentiated RF (Fig. 4.111). However, investi-
gating samples with increasing depth would be difficult to establish on core data as cores
are never continuous taken. Our investigation can therefore be used to confirm and refine
the (indirect) log interpretation.
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4.6.3 Paragenetic sequence

For this study the diagenetic sequence is subdivided into early and burial diagenesis. Fur-
thermore, indicators for telogenesis and thus interaction with meteoric water following
burial diagenetic conditions are missing. Though the studied succession is subdivided into
three sections (1.—-3. GLS) the units in the two observed wells show similar mineralogical
characteristics. Therefore, one summarising paragenetic sequence is presented (Fig. 4.17).

4.6.3.1 Early diagenesis

As chlorite and pore-lining illite rim individual grains or are present between grains such
as e.g., quartz and their syntaxial overgrowth cement (Fig. 4.11a), a depositional origin
before compaction and cement formation is interpreted. This is in agreement with deposi-
tional models for turbidite/flysch deposits (Cummins, 1962). Glauconite occurs as individ-
ual grains (e.g., Fig. 4.7b) or as rims outlining grains in individual cuttings. Glauconite is
described as the earliest stage in the paragenesis, as the differentiation between authigenic
and detrital glauconite is not possible since the flysch consists of turbidite layers (Rammel,
1989).

Siderite rhombs are observed embedded in chlorite matrix, outlining detrital grains and
encased in quartz cement. Therefore, an early diagenetic origin is interpreted. This is in
agreement with interpretations from other marine and deltaic sections which are also occa-
sionally found to be glauconite bearing (Morad et al., 2002; Adamolekun et al., 2022;
Greve et al., 2024). Siderite most likely formed in iron reduction zones (Morad, 1998).

Pyrite observed as cubic crystals in intergranular pores, framboids and pore-filling in bio-
clasts such as foraminifera most likely originate from bacterial sulphate reduction (BSR)
processes in shallow burial environments (Berner, 1970; Coleman, 1985; Morad, 1998).
Therefore, the pore water needs to be anoxic and a certain amount of dissolved sulphate
must be available (Morad, 1998). The BSR leads to an increase in alkalinity, which may
enhance the precipitation of carbonate cements (Berner, 1970; Morad, 1998).

4.6.3.2 Burial diagenesis

Mechanical compaction, grain rearrangement and deformation of ductile components such
as ductile rock fragments or phyllosilicates, squeezed into pore spaces, reduces porosity
and IGV. Compaction is interpreted to initiate during early diagenesis, following the em-
placement of the chloritic and illitic matrix, as both minerals are prominently found in
between detrital grains (e.g., Busch et al., 2024).

Quartz cements partially encase chlorite and siderite, and all three phases are encased in
Fe-Cal. Thus, the formation of Fe-Cal postdates chlorite emplacement, siderite, and quartz
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cement formation. Generally, quartz precipitation rates are elevated at temperatures above
70 °C (Walderhaug, 2000; Lander et al., 2008) and is related to burial diagenesis (Morad
etal., 2002). Authigenic quartz cements including fracture healing cements in quartz grains
(Fig. 4.13d) show dark and non-luminescent areas in CL around or inside detrital quartz as
described by Demars et al. (1996). The blue luminescing detrital quartz grains may be in-
dicative of an igneous origin or fast cooled high-grade metamorphic rocks (Gotze et al.,
2001 and references therein). The healed intragranular fractures in quartz grains (Fig.
4.13d) may indicate grain fracturing during mechanical compaction (Wilson et al., 1994),
pre-dating quartz cementation. As chemical compaction with convex-concave and sutured
contacts is rarely observed, the main source for quartz cement is interpreted to be from K-
Fsp dissolution and clay mineral recrystallization (e.g., Worden and Morad, 2003).

Partially dissolved K-Fsp grains still retain their grain shape, therefore, dissolution of K-
Fsp is interpreted as a burial diagenetic process ensuing after compaction, rarely followed
by the formation of kaolinite (e.g., Morad et al., 2010). Feldspar dissolution is most likely
the result of interaction with acidic formation waters (Worden and Morad, 2003), which is
supported by the preservation of kaolinite, the latter is stable at low K*/H" ratios (Lanson
et al., 2002). The analyzed samples show a sandstone-mudrock alternation, organic acidic
fluid may originate from maturation of organic matter in mudrock layers or associated to
source rock maturation (Lanson et al., 2002 and references therein). Thus, kaolinite can
form due to acidic fluids and the reaction with feldspar. The distribution of illite/kaolinite
or the replacement of kaolinite by illite depends on the availability of potassium. Potassium
may be derived from influx of potassium-rich waters or dissolution of potassium-bearing
minerals e.g., K-Fsp and temperature (Lanson et al., 2002). Therefore, a low potassium-
content and low temperatures inhibit the alteration of kaolinite to illite, as well as low
K*/H* ratios, which favors kaolinite formation (Lanson et al., 2002). The formation of illite
from kaolinite is often shown in relatively deeply buried sandstones as opposed to precip-
itation from a kaolinite precursor in relatively shallowly buried sandstones, e.g., on the
Norwegian Continental Shelf (Lanson et al., 2002 and references therein). Furthermore,
kaolinite replacing mica was observed in individual cuttings. Kaolinite replacing mica is
one of the dominant types of diagenetic kaolinite in sandstones (Lanson et al., 2002 and
references therein). The other dominant types are vermiform and blocky kaolin, whereas
their crystallization conditions are controversial (Lanson et al., 2002). One of the hypoth-
eses is the formation of vermiform and blocky kaolin at shallow burial depth by interaction
with fluids of meteoric origin during early diagenesis or after inversion. The other hypoth-
esis is that the mixture of meteoric fluids and organic acid-rich or CO»-rich fluids might be
responsible for feldspar alteration and kaolinite precipitation, with the altering fluids re-
sulting from maturation of organic matter, e.g., from mudrocks (Lanson et al., 2002 and
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references therein). As the kaolinite booklets are preserved in uncompacted intragranular
pores, the latter formation pathway is interpreted for the studied samples.

Illite is rarely observed to replace K-Fsp and kaolinite, and occurrence of both is possible
due to slow reaction rates at lower temperatures (Worden and Morad, 2003 and references
therein). Given that illite authigenesis is generally related to temperature (Morad et al.,
2002) and common at temperatures >70 °C, a burial diagenetic formation is supported.
However, as individual feldspar grains show replacement by Fe-Cal (Fig. 4.11f) but other
K-Fsp grains preserve intragranular pores, two phases of K-Fsp dissolution and alteration
before and after carbonate cementation are interpreted. As kaolinite and illite replacements
are not observed encased in carbonate cement, their formation is interpreted to postdate Fe-
Cal cement precipitation. The occurrence of dissolved feldspar and the formation of sec-
ondary porosity or replacement by kaolinite or carbonate cement is comparable to the de-
scription by Gier et al. (2008) for Miocene sandstones from the Vienna Basin.

The ferroan calcite cements (Fe-Cal) encase quartz cement overgrowths, partially pore-
filling siderite, and fill residual porosity remaining in clay mineral matrix-rich sandstone
cutting samples, thus the formation of Fe-Cal is interpreted to post-date the formation of
all other diagenetic products. The formation of Fe-Cal cements in sandstones can be caused
by elemental uptake from claystones as described by Miocic et al. (2020), which would
match the interstratified depositional sequence of flysch deposits. A direct relation to ma-
rine carbonate cementation is unlikely as Fe-calcite cement postdates most burial diage-
netic phases. Similarly, in a different study of Neogene sandstones from the Aderklaa-78
well in the Vienna Basin, the Fe-Cal cement is the most important porosity reducer (Gier
et al., 2008). However, the Fe-Cal cements from the Aderklaa-78 well are interpreted to
originate from dissolved detrital limestone rock fragments (Gier et al., 2008). In the studied
samples the detrital carbonate rock fragments are still intact (Fig. 4.11c), therefore we do
not imply a similar source.

4.6.3.3 Structural diagenesis

Natural shear bands, such as deformation bands, are localized deformation structures and
characterized by their microstructure and the occurrence of grain rearrangement, cementa-
tion and/or cataclasis (Fossen et al., 2007; Ballas et al., 2013) (cf. Fig. 4.12). They often
form in poorly consolidated, porous sand(stones) (Antonellini and Aydin, 1995; Fossen,
2010; Ballas et al., 2012; Soliva et al., 2013). As the observed shear bands in the studied
wells are characterized by a reduced grain size, porosity reduction, and grains showing an
angular shape, the bands can be classified as cataclastic deformation bands. Porosity re-
duction due to deformation band formation is caused by crushed and small grain fragments
which block pores (Antonellini and Aydin, 1994; Ballas et al., 2013), as it is also observed
in this study (Fig. 4.12). The crushed grains may further act as precipitation sites for
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syntaxial quartz cements, further reducing porosity. However, the lateral continuity, which
is important for the interpretation of an influence on fluid flow (Saillet and Wibberley,
2013; Busch et al., 2015), cannot be ascertained by using drill cuttings. While deformation
bands may limit flow perpendicular to the deformation band, some studies suggest en-
hanced permeability in the plane of the deformation band (Fowles and Burley, 1994). The
cataclastic deformation bands in this study are interpreted to predate the formation of quartz
and carbonate cementation, as no crushed carbonate cements are obtained within the fine
grained, angular and densely packed zones in the deformation bands (Fig. 4.12) and intra-
granular fractures in quartz grains are filled by syntaxial quartz cements (Fig. 4.13d). Fur-
thermore, the cataclastic lenses are encased in Fe-Cal vein cements indicating shear band
formation prior to vein formation (Fig. 4.12c). On the other hand, the artificial shear bands,
only observed on the outside of cutting fragments and as individual cutting fragments, are
most likely related to drilling. However, they can easily be differentiated from natural shear
bands in the studied samples by high porosity in the artificial shear band and ground up
pore-filling Fe-Cal cements.

Based on the luminescence color from CL analyses and the crosscutting relation of veins
(Fig. 4.13, 4.14), three pervasively-sealed vein cementation phases, and three partially-
sealed carbonate vein cement generations are observed. Partially-sealed veins show euhe-
dral crystal facets composed of orange luminescence Fe-Cal, which is brighter than the
pore-filling Fe-Cal cement (Fig. 4.13b, c). Partially-sealed veins show an outer rim of dull
luminescent Fe-Dol in all studied samples, which is interpreted to be the last generation of
fracture cements. Additionally, one pervasively sealed vein shows a dissolved Fe-Cal rim.
However, interpretation solely based on luminescence colors and texture cannot be consid-
ered to account for different fracture orientations as this information is not available from
cutting fragments. The most prominent fracture mineralization is Fe-Cal, with minor con-
tents of Fe-Dol forming the dull to non-luminescent outer rim in partially sealed veins (see
also Hilgers and Urai, 2002; Greve et al., 2024 for further information on CL color). At the
host rock-vein interface, some veins show the occurrence of pyrite (Fig. 4.11j). Pyrite may
result from fluid-rock interactions possibly including Fe released from ongoing fluid ex-
pulsion from intercalated mudrocks (Miocic et al., 2020; Greve et al., 2024).
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Figure 4.17 Paragenetic sequence for well 1 & well 2 subdivided into relative early and
burial diagenesis. The diagenetic sequence is established using transmitted light micros-
copy and CL analyses to differentiate vein and cement generations based on their lumines-
cence color and texture. Black boxes mean mineral phases are found in almost all samples,
grey mineral phases occur in individual samples, and the colors for Fe-calcite cement gen-
eration and veins relates to the respective CL luminescence color (non-luminescent, dull,
and bright orange).

4.6.4 Reservoir quality controls and application of cutting
analyses in reservoir geology

The overall poor matrix porosity of the sandstones within the two studied wells is con-
trolled by compaction and cementation of former pore spaces predominantly by Fe-Cal.
While cementation in sandstones can occasionally enhance reservoir quality by inhibiting
mechanical compaction (e.g., Busch et al., 2022a), further ongoing cementation reduces
reservoir quality (e.g., Houseknecht, 1987; Morad, 1998; Busch et al., 2024).

Intragranular porosity is mostly present in individual K-Fsp grains and/or partially pre-
served if kaolinite is formed as an alteration product. The intragranular porosity is only up
to 2.3% and thus unlikely to improve permeability, as it is mostly not connected in 3D
(Pittman, 1979; Kumar et al., 2023). Microporosity e.g., in chlorite, kaolinite, mudrock RF
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or illite is not visible in transmitted light microscopy, but could enhance the porosity in
total (e.g., Nadeau and Hurst, 1991). Considering the low optical porosity (0—5%), flow is
likely restricted to open fractures and partially sealed veins rather than the matrix porosity.
This observation is in line with the typical production behavior of this reservoir, which is
historically characterized by high initial rates followed by a rapid decline (Md&bius et al.,
2023). Additionally, Sauer et al. (1992) describes that the reservoir quality of the flysch is
depended on open fractures and mylonitized fractures zones (cp. cataclastic deformation
bands). The observation of overall higher contents of vein cements in samples from pro-
ducing intervals as opposed to non-producing intervals (Fig. 4.16) and including the fact
that such are often only partially filling the fractures, may be a useful proxy to differentiate
productive and non-productive zones. Especially partially sealed veins have been shown
to preserve permeability in reservoir sandstones (e.g., Lander and Laubach, 2015 and
references therein). In tight reservoirs, the understanding of fracture systems, or partially
sealed veins, and their connectivity is crucial to reduce uncertainties in production (e.g.,
Narr, 1996; Bahrami et al., 2012; Becker et al., 2018). Future work in the Flysch play
should include samples of known orientation to assess partially and completely sealed frac-
tures in relation to the present-day stress field (e.g., Allgaier et al., 2024).

Cataclastic deformation has been described in reservoirs from the Vienna Basin (Gier et
al., 2008). In the investigated samples, their formation is interpreted to predate the for-
mation of fractures and veins (Fig. 4.12¢). Therefore, we interpret, that any compartmen-
talization due to deformation bands is overcome by fracturing and that production perfor-
mance is linked to low matrix porosities and fracture-bound fluid flow.

For the two studied wells, producing intervals are characterized by mostly lower Fe+Mg
contents (Fig. 4.16b), and a higher content of carbonate vein cements (Fig. 4.16f). As the
total carbonate cement content (incl. vein cements) (Fig. 4.16d) is not a suitable criterion
to differentiate producing and non-producing intervals, the inclusion of petrographic stud-
ies assessing vein cement contents and textures, in addition to pXRF measurements (Fig.
4.16b, f) is needed.

Utilizing a combined petrographic and handheld pXRF approach on cuttings in concert
with historical production data may additionally enable future assessments of produc-
ing/non-producing intervals in case core material is not available. Reservoir sandstones in
general cover a wide range in detrital and authigenic composition and reservoir quality
controls which differ from region to region. Thus, case specific calibration of this approach
is required.

Although the outlined pXRF analyses are non-destructive and petrographic analyses can
still be performed on the same samples, as presented here, some other pXRF approaches
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require crushed sample material and calibration with a known standard (e.g., Weedmark et
al., 2014). The presented approach, also utilized by Quandt et al. (2024), can be used di-
rectly on cutting and core samples, and can be checked during measurements against a
known standard to allow deployment at the well site in parallel to standard optical cutting
analyses.

Although fracture and vein orientations cannot be reconstructed by analyzing drill cuttings,
the presence of partially sealed veins and their occurrence in specific formation intervals
can be identified and used for reservoir quality assessments. While porosities may be esti-
mated based on thin sections of cuttings or standard lab measurements, direct measure-
ments of permeability or mechanical properties are difficult using cutting material for res-
ervoir quality assessment, a gap may be bridged by utilizing digital rocks (Monsees et al.,
2020). The inability to accurately re-orient cuttings to gain information on sediment struc-
tures and vein/fracture orientations, however, requires core- and logging data and a struc-
tural model. Especially partially sealed veins, which may preserve open fracture porosity
in the present day stress field (Laubach et al., 2004), may need to be further evaluated in
these naturally fractured reservoir lithologies, and knowledge about their orientation is es-
sential for dilation- and shear-tendency evaluations (Allgaier et al., 2023b).

In cases where core material is unavailable, drill cutting analysis using petrography, pXRF,
and geophysical log measurements can be a powerful tool to bridge knowledge gaps and
enhance the utilization of reservoir systems worldwide.

4.7 Conclusions

A detailed petrographic study of sandstone drill cuttings from the Glauconite Sandstone
(GLS) in the Vienna Basin highlights low optical porosity (<5 %) in samples from both
wells due to cementation with mostly Fe-Cal. This study enables the assessment that frac-
ture formation is postdating the formation of deformation bands, which enhances reservoir
properties. The reservoir quality in the studied section is independent of compaction of the
sandstones and is only related to fractures and partially sealed veins in sandstones with
lower optical porosity, higher carbonate vein contents, and lower Fe + Mg contents from
pXRF analyses.

Further geochemical data obtained from pXRF as e.g., the Si/Alratio to distinguish between
mudrock-rich and sandstone-rich intervals, can additionally be used to cross-check for-
mation depths of cuttings to relate them to log-derived gamma ray measurements and other
well-log data. As um-wide partially sealed veins are not visible in image logs, cuttings can
additionally inform about microstructures that may influence reservoir-scale fluid migra-
tion. Furthermore, cutting examination highlights that the glauconite content in the 1. and
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2. GLS is lower than that in the 3. GLS. Cuttings can thus be used to derive meaningful
paragenetic sequences, assess reservoir quality controls, and deliver information about
changes in the detrital mineralogy.

Due to the observed low pore volume the most critical factor contributing to reservoir qual-
ity are open fractures or partially sealed veins. Partially sealed veins preserved in cuttings,
derived from petrographic analyses and pXRF measurements may thus indicate producing
reservoir intervals in the low porosity reservoirs studied. This may support log-derived
petrophysical interpretations in particular in the absence of core material e.g., when work-
ing on historic data sets.
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5 Effects of the Russia-UKkraine
conflict on the supply of selected
raw materials

5.1 Abstract

The Russia-Ukraine conflict resulted in the occupation of the eastern Ukraine, and dis-
rupted supply chains of raw materials such as oil, gas and metals since 2022. Russia is one
of the most resource-rich countries in the world with long-standing economic ties to Ger-
many and was an important exporter of raw materials to the EU and Germany. While Rus-
sia has a large global share in the extraction of nickel and vanadium ores through mining
and refining into metals, bauxite/alumina and titanium are imported to Russia as ore and
primary products and refined and exported using the available and inexpensive energy. In
2022, Australia banned exports of aluminium ores as bauxite, and alumina to Russia as part
of its sanctions, while the Ukraine banned exports of titanium ore to Russia. In addition,
the Ukrainian export of the noble gas neon for semiconductor production with a global
market share of around 50% came to an halt. If existing stockpiling and infrastructure con-
struction at existing steelworks are present, shortages can be counterbalanced, e.g., in case
of South Korea’s steel industry. To reduce reliance on third nations, increasing mining
awareness among EU countries and signing strategic agreements with countries with un-
explored mining potential are suggested actions. Recycling of critical raw materials is cru-
cial, but cannot meet the increasing future demand. The raw materials market is adapting
through alternative sources of supply and, where possible, production is being increased in
countries such as China, as in the example of titanium sponge. Procedures have been pro-
posed by the EU to ensure a resilient supply of critical and strategic raw materials within
the EU, possibly accelerated by the Russia-Ukraine conflict. To realize the benchmarks of
the Critical Raw Materials Act, 47 projects on strategic raw materials in different EU27
member states are adopted. Diversified supply chains from processed ores to semi-finished
products, stock piling, smelting and refining of carrier metals and critical raw materials, as
well as existing heavy industry with new plants for the extraction of scarce raw materials
could increase the availability and security of raw materials in the event of disruptive
events. Stockpiling of critical raw materials, diversification and increased production of
other mines, smelters and refineries, and the presence of associated industries ensure the
supply of raw materials and counterbalance shortages.
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5.2 Introduction

Global demand for raw materials both from mines (primary raw materials) and recycling
(secondary raw materials) continues to increase (OECD, 2019). Increasing technical de-
velopments such as digitalization and the energy and mobility transition of several coun-
tries are leading to a further global increase in demand for raw materials. The International
Energy Agency (IEA) estimates that the demand for critical metals and industrial metals
will triple by 2050 for the “net zero scenario” (IEA, 2023). The worldwide demand for
metallic raw materials is predicted to double from 9 Gt in 2017 to 20 Gt in 2060, as a result
of digitalization, technological advancements, e-mobility, and the "Green Deal" reorgani-
zation towards renewable energies (OECD, 2019; Lutter et al., 2022). For an industrialized
country such as Germany, it is vital to secure access to raw materials to maintain interna-
tional competitiveness. Risks related to pricing and supply threaten competitiveness and
the integrity of the value chain, as seen during the Covid-19 pandemic, or due to closed
land-based supply routes like those from Asia to Germany via the Russian Federation (Rus-
sia). Simultaneously, the worldwide need for raw materials will keep increasing in the
coming decades.

Despite essential recycling procedures, the growing global demand and technological con-
straints mean that recycling and the use of secondary raw materials alone will not be suffi-
cient to meet this growth in metals and other essential raw materials in the future (Lutter et
al., 2022). For some specific metal (e.g., tantalum), there are currently no defined recycling
structures (Deutscher Bundestag Fraktion der CDU/CSU, 2022).

In addition to the extraction of primary raw materials from mining, secondary raw materials
are obtained from recycling of new and old scrap. However, not all metals can be recycled
w.r.t. to metallurgy from End-of-life goods (e.g., Tercero Espinoza, 2012; UNEP, 2013;
Reuter et al., 2019). In some cases, recycling does not make sense from an economic and
ecological point of view, such as efficient large tonnage high volume copper mining versus
copper from building waste (Schmidt et al., 2020) or the required quality of the metal can-
not be achieved with recycled scrap.

Furthermore, some critical elements like tellurium and indium can only be produced
through smelting as by-products from other carrier metals sing. Hence, without energy-
intensive smelting process, neither such critical by-products can be produced nor can met-
als be smelted from ore or scrap (cf. Hilgers et al., 2021).

The Russia-Ukraine conflict has disrupted trade between the EU with Russia and the
Ukraine, affecting raw material supply. EU sanctions against Russia have halted the import
of specific raw materials, such as steel imports (Européischer Rat/Rat der Europédischen
Union, 2025b). According to Article 3g) of Regulation (EU) No. 833/2014, certain iron-
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and steel-related products are subject to federal oversight requirements (European Union,
2025). Additionally, pipeline-bound natural gas imports from Russia to Germany have sub-
stantially decreased as a result of the attack on three of the four Northstream pipelines 1
and 2 in the Baltic Sea on September 26, 2022, and related cascading effects in the raw
materials sector.

The 16th sanctions package of the EU against Russia went into effect on February 25, 2025
(Europdischer Rat/Rat der Europdischen Union, 2025b). This entails further trade re-
strictions and sanctions, as e.g., export of some products that are assumed to be used for
the Russian military industry is prohibited. Chemical precursors, chrome, predetermined
machine parts, and devices such as video game controllers that may be used to control
combat drones are among them (Européischer Rat/Rat der Européischen Union, 2025b).
The EU's trade sanctions include a ban on the import of steel, iron, copper, and primary
aluminium, copper and aluminium alloys, rebar and foil, bitumen and asphalt, helium and
other chemicals, diamonds and gold (including jewelry), and other goods that were as-
sessed to potentially strengthen Russia's industrial capabilities (Europdischer Rat/Rat der
Europaischen Union, 2025b). Chrome is used as a corrosion inhibitor on the inside of pro-
tective tubes as for artillery weapons refurbishment of old artillery weapons (Krumbeck,
2025). However, Russian metals continued to account for a significant portion of Germa-
ny's overall imports, such as nickel and titanium, at 25% in the first quarter of 2023.

To ensure a supply of raw materials, the EU and Germany will need to diversify and form
alliances with resource-rich non-EU nations, even though the domestic recycling potential
needs to be increased (BGR, 2024; Olmez and Hilgers, 2024b, a). However, from several
imported commodities it is difficult to determine with certainty whether a product is of
Russian origin. China became a global leader in the domestic and global mining of large
volumes of numerous raw materials such as rare earths, lithium, copper, among others, and
a global leader in refining production, importing ores and valuable scrap globally and aims
to become the global leader (DERA, 2019).

In this article, we provide selected information on the development of critical and strategic
raw materials. We summarize and expand aspects from Olmez & Hilgers (2023) and revise
some of the information. We outline for selected raw materials, how or if supply chains
adapted to the disruption caused by the Russia-Ukraine conflict. This analysis focusses on
selected raw materials from Russia and Ukraine (bauxite and alumina, titanium, lithium,
noble gases, nickel, palladium and platinum, vanadium), developments and effects of the
Russia-Ukraine conflict for the EU and Germany.
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5 Effects of the Russia-Ukraine conflict on the supply of selected raw materials

5.3 Analysis of raw material supply disruptions
and resulting adaptations

In Ukraine, Russia controls 63% of the coal reserves, 11% of the oil reserves, 20% of the
natural gas reserves, as well as 42% of the metals and 33% of the rare earths, additional
critical minerals, and potential lithium deposits, according to the Washington Post (as of
08/2022) (Faiola and Bennett, 2022; Schulze, 2023). Due to the ongoing conflict, mining
operators in the regions of Donetsk and Luhansk have halted their extraction activities, and
there is a lack of investment in reconstruction or the development of new deposits (Schulze,
2023).

Ukraine has one of Europe's largest lithium deposits, however it is currently producing no
lithium (Ukrainian Geological Survey, 2023). Furthermore, Ukraine's lithium resources are
currently difficult to evaluate in an international comparison, as exploration rate is low
(Blum et al., 2023). Two early-stage lithium projects in Ukraine intended to utilize hard
rock reserves. The larger ones include Shevchenkivskyi in Donetsk (one of the districts
claimed by Russia), as well as Polokhivske, Kruta Balka (district Zaporischschia) and Do-
bra (district Kirowohrad) deposits in central Ukraine (Blum et al., 2023; Devitt and
Osterman, 2025). Petalite and spodumene occur in the Dobra Block, as well as lithium
phosphates, with lithium contents ranging from 0.25 to 2.23% LiO; (Blum et al., 2023). So
far, lithium is mainly mined in Australia, Chile, China, and Zimbabwe, but also Argentina
and other countries (Fig. 5.1).
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Figure 5.1 Lithium mine production in kilotons (kt) of contained lithium from USGS min-
eral commodities. Data for 2024 is estimated, furthermore, some values between 2021 and
2023 are estimated (USGS, 2023, 2024, 2025).
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5.3 Analysis of raw material supply disruptions and resulting adaptations

5.3.1 Bauxite and alumina
Source

Ukraine is a large producer of aluminium oxide (Al>Os, also called alumina) in 2021
(among the world’s ten as of USGS data) with 1.7 Mt (USGS, 2023) from imported baux-
ite, since it lacks larger bauxite mines or resources (USGS, 2023). The Ukraine is reported
to have only few known bauxite deposits (Bashniak et al., 2022). Previously, bauxite had
been imported by the Ukraine from countries as Turkey, China, Brazil, Guinea and more
(UN Cometrade, 2025). Main bauxite producer are Guinea (estimated 130 Mt in 2024),
Australia (estimated 100 Mt in 2024) and China (estimated 93 Mt in 2024), but also other
countries in recent years (Fig. 5.2). To produce 2 tons of alumina the USGS states that 4
tons of dried bauxite is required, and two tons of alumina can be used to produce 1 ton of
aluminium as a general assumption (USGS, 2025). Due to the Russia-Ukraine conflict, the
alumina refinery in Ukraine which produced 1.7 Mt/a had to be closed (USGS, 2025). The
production of 1.77 Mt (dry weight) of alumina in 2021 in Ukraine were reduced to first
expected 740 kt (dry weight) in 2022 (USGS, 2023), but were reported as 300 kt alumina
for 2022 (Fig. 5.3) (USGS, 2024). Imports of HS2606 - aluminum ores and concentrates
(includes bauxite) to Ukraine are reduced from reported 5.2 Mt in 2020 to 50.5 kt in 2024
(using UN Comtrade with Ukraine as reporter and partners “world”) (UN Cometrade,
2025).
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Figure 5.2 Bauxite mine production, data in kilotons (kt) dry tons from USGS mineral
commodities. Data for 2024 is estimated, furthermore, some values between 2021 and 2023

are estimated. To avoid disclosing company proprietary data United States values are with-
held (USGS, 2023, 2024, 2025).
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Figure 5.3 Alumina refinery production (“calcined equivalent weights™) data in kilotons
(kt) dry tons from USGS mineral commodities. Data for 2024 is estimated, furthermore,
some values between 2021 and 2023 are estimated (USGS, 2023, 2024, 2025).

Adaptation

In 2021, Australia and Ukraine accounted for more than half of Russia's bauxite imports,
but since March 20, 2022, Australia has stopped supplying alumina to Russia (Barich and
Chen, 2022). Australia's export prohibition in 2022, and due to a shortage of alumina sup-
plies from Ukraine, Russia transferred its alumina supply chains to other countries. Russia
instead imported aluminium ores and concentrates (HS2606) from China and other coun-
tries such as Turkey (UN Cometrade, 2023a). Russia's aluminium smelting production is
expected to be 3.8 Mt in 2024, ranking third among countries after China (43 Mt) and India
(4.2 Mt) (USGS, 2025). Although importing bauxite from China to Russia is more expen-
sive than from Ukraine and Australia, Russia became the main importer of bauxite from
China in 2022 (Devitt et al., 2023). Rusal, the world's second-largest aluminium producer
after China, further diversified its supply by bauxite imports from India and Kazakhstan
(Devitt et al., 2023). The bauxite mining in Russia increased by less than 2% from 2021 to
2024 to expected 6.3 Mt, alumina refinery decreased by 4.9% to expected 2.9 Mt (USGS,
2023, 2025).

The Ukrainian Mykolaiv (Nikolaev) Alumina Refinery imported bauxite from different
countries and exported alumina to e.g., Rusal in Russia (Devitt and Osterman, 2025), but
was forced to stop production in 2022. Guinea, on the other hand is the greatest producer
of bauxite in 2024. Guinea produced 130 Mt (dry tons) bauxite in 2024, accounting for
about 28.9% of the predicted worldwide production of 450 Mt (excluding the United
States) (USGS, 2025). Thus, Guinea increased the bauxite production from 86 Mt to 130
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Mt within three years (c. 51% increase). For comparison, in 2011, Guinea only produced
17.6 Mt bauxite (USGS, 2013).

Within the 47 strategic raw materials projects supported by the EU, one aims for on an
integrated approach for extraction and processing for bauxite/alumina/aluminium and gal-
lium (Promoter: Metlen Energy and Metals and European Bauxites, Metlen BAUX-EU,
GALLANT, LEADER), project start is estimated for 2028 (European Commission (DG
GROW), 2025b).

5.3.2 Titanium

Sources

In 2021, Ukraine was one of the top ten mining countries in the world for the titanium
minerals rutile and ilmenite (USGS, 2023), which were mainly exported to Russia for fur-
ther processing. In 2021, Ukraine produced 316 kt ilmenite and and 95 kt rutile (USGS,
2023). For 2024, it is estimated that Ukraine produced 120 kt ilmenite and 10 kt rutile (Fig.
5.4) (USGS, 2025). Russia imported titanium ore concentrate and processed it to titanium
sponge and metal, with around 5% supplied from Ukraine in 2022 (UN Cometrade, 2023b).
Since 2022, ilmenite is subject to an export ban from Ukraine to Russia (Schulze, 2022).

The Russian company VSMPO-Avisma is the world's largest producer of titanium from
titanium sponge, which is an important metal e.g., for air and space travel (Stock, 2022).
VSMPO-Avisma's contract partners include the American Boeing and the European Air-
bus; previously, VSMPO-Avisma covered 35% of the titanium needs of Boeing and 50%
of Airbus (Schulze, 2022). Back in 2021, Ukraine produced 6.1 kt of titanium sponge and
1 ktin 2022 (USGS, 2023, 2024), which likely came to a halt, as no data for 2023 and 2024
is reported in USGS mineral commodities (USGS, 2025). Russia, produced 27 kt titanium
sponge in 2021 and 20 kt in 2024 (USGS 2025).
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Figure 5.4 Combined values of mine production for rutile and ilmenite, data in kilotons
(kt) of contained titanium dioxide (TiO2) from USGS mineral commodities. Data for 2024
is estimated, furthermore, some values between 2021 and 2023 are estimated (USGS, 2023,
2024, 2025).

Adaptation

There were no global shortages of titanium sponge (Européische Kommission, 2022d). The
amount of produced titanium sponge increased globally by 33% from 2021 to 2023 (Fig.
5.5), highlighting an increasing demand, which is mostly supplied by China. Production
capacity in Japan and Kazakhstan, as well as increased production in Saudi Arabia, offsets
the loss of Russian and Ukrainian imports (Europdische Kommission, 2022d). Titanium
sponge was produced in 2024 primarily in China (estimated 220 kt), Japan (55 kt), Russia
(20 kt), Saudi Arabia (15 kt) and Kazakhstan (14 kt) (USGS, 2025). Short supply shortages
in the aircraft industry were covered by stock levels and no new demand of stock is fore-
seen (Europdische Kommission, 2022d). China increased titanium sponge production be-
tween 2021 and 2024 by a factor of 1.6 (USGS, 2023, 2024, 2025). Japan increased pro-
duction by 12% from 2021 to 2024 and Russia reduced production by 26%.
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Figure 5.5 Sponge metal production in kilotons (kt), data from USGS mineral commodi-
ties. Sponge production globally increased by 33.3% from 2023 (240 kt) to estimated val-
ues for 2024 (320 kt). United Stated production is withheld. Data for 2024 is estimated,
furthermore, some values between 2021 and 2023 are estimated (USGS, 2023, 2024, 2025).

Titanium is not covered among the EU's 47 strategic projects, but titan metal is listed as
strategic within the EU’s CRMA list (European Commission, 2025). Titanium sponge pro-
duction is energy intensive and is refined in countries using sufficient, readily available
and affordable energy, such as Russia, allowing titanium sponge and titanium to be pro-
duced (Europdische Kommission, 2022d).

5.3.3 Noble gases

Sources

Noble gases krypton, neon, and xenon are used in the production of semiconductors, for
example, in the automotive and aerospace industries (Europiische Kommission, 2022c).
Ukraine supplied about 50% of the global neon in 2021/2020 and other noble gases (Alper,
2022). About 30,000 m*/month were delivered from Ukraine to China, Germany, the USA,
Taiwan, and South Korea (Alper, 2022). The extraction of noble gases as a by-product in
steel production, which was based in Mariupol (Ingas) and Odessa (Cryoin), had to be
halted. Additionally, Russia ended the export of noble gases Ne, Kr, Xe to "unfriendly"
countries, further increasing global scarcity (Baron, 2022). In 2021, 47% of the total im-
ports of noble gases into the EU came from Russia and Ukraine (Européische Kommission,
2022c). Germany is the largest importer of noble gases in the EU by value and imported
noble gases with an average value of € 4.3 mio. between 2019 and 2021, with 39% coming
from Russia and 23% from Ukraine (Europdische Kommission, 2022c). For 2021, Russia
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accounted to 22% of the EU imports for neon, krypton and xenon, while China accounted
for 30% and the Ukraine for 25% (Fig. 5.6) (Europdische Kommission, 2022c).

The noble gases helium, neon, krypton, and xenon are obtained as by-products in the ex-
traction of oxygen for the steel industry. Large steelworks with a demand of more than
1,000 t of oxygen per day can produce 1 m® of Xe (5.9 kg) from 10 Mm? (12,920 t) of air
through the cryogenic distillation of large quantities of liquefied air, given the low concen-
trations of the inert noble gases in the air: 0.9% Ar, 0.0018% Ne, 0.00011% Kr, and
0.000009% Xe. Plants are designed for the extraction of Kr and Xe, or the extraction of He
and Ne as by-products for technical reasons (Europédische Kommission, 2022c).
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Figure 5.6 EU import values of rare gases by countries in 2021 for neon, krypton and
xenon crude and purified gases (CN 28042990) (data adapted from Europiische
Kommission, 2022¢ and references therein).

Adaptation

The two main producers of high-purity neon in Mariupol and Odessa (Cryoin and Ingas in
2020), which accounted for 50% of the global production market share (as of 2020), had
to ceased neon production (Wittmann, 2022; Schulze, 2023). The start of the Russia-
Ukraine conflict resulted in supply chain problems and price increases due to the need to
fill warehouses with large amounts of neon. POSCO Holding, a South Korean steel com-
pany, and South Korean TEMC Co., a gas manufacturer, are two examples of adapting to
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a lack of noble gas supplies (Baron, 2022). POSCO is the world's seven largest steel pro-
ducer, with 38.4 Mt in 2023, compared to Thyssenkrupp, the largest German producer,
produces 10.3 Mt (in 2023, ranked 41) (Worldsteel, 2023). The largest steel producer in
2023 was China Baowu Group with 130.8 Mt (Worldsteel, 2023). Neon production at
POSCO began in April 2022 and is expected to cover 100% of the neon demand (now at
40%) for the South Korean chipmaker SK Hynix Inc. by 2024 (Korea Bizwire, 2022). Cry-
oin Engineering, a Ukrainian neon manufacturer, intends to establish a joint venture in
South Korea with the Korean JI Tech (a supplier of semiconductor raw materials), which
could result in a transfer of production technologies to South Korea. SK Hynix Inc. and
TEMC Co. have developed the industry's first neon gas recycling technology for chip man-
ufacturing in 2024, thus the dependence on imported neon will be further reduced
(SKHynix, 2024).

5.3.4 Nickel

Source

Russia mines the third-largest volume of nickel after Indonesia and the Philippines (Fig.
5.7), with an estimated 210 kt (nickel content) in 2024 (USGS, 2025). Russia supplies ap-
proximately 20% of the high-grade nickel required for battery construction worldwide
(Sullivan, 2022). Of the approximately 100 kt of Russian nickel-grade-1 exports (January-
November 2021), around 53 kt were sent to the Netherlands and Germany (Erickson,
2022).
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Figure 5.7 Nickel mine production given in kilotons (kt) of contained nickel from USGS
mineral commodities. Data for 2024 and some values between 2021 and 2023 are estimated
(USGS, 2023, 2024, 2025).
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Adaptation

In the first quarter of 2021, Germany imported 6,500 tons of raw nickel from Russia; in the
first quarter of 2023, 3,300 tons; during the same year, raw titanium imports fell from 270
to 150 tons (DERA, 2023). Russian Nornickel, the world's largest palladium producer and
a key producer of high-grade nickel, saw a profit drop of 37% in 2024 due sanctions and
low metal prices (MiningTechnology, 2025).

For nickel, there are currently 11 projects supported by the EU from extraction, to pro-
cessing and recycling, as well as one integrated approach on extraction and processing.
However, these projects do not only cover nickel, but also other raw materials as cobalt,
PGMs and more (Tab. 5.1). Values of estimated production for nickel are not available in
the project sheets, but are questionable to cover the future EU’s demand.
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Tab. 5.1 Projects among the 47 announced by the EU supported projects for strategic raw
materials which cover nickel and nickel in battery grade in form of extraction, recycling,

processing.

Coun- | Strategic raw ma- | Type Promoter Project Esti- Reference

try terial name mated

produc-
tion

Fin- Ni (battery grade), Extraction | Terrafame Ltd Kol- 09/2028 (European

land Co misoppi Commission

(DG GROW),
2025f)

Spain Co, PGMs, Ni (bat- | Extraction | RIO NARCEA Agua- 2026 (European
tery grade), Cu RECURSOS blanca Commission

S.A. Project (DG GROW),
2025a)

Fin- Co, PGMs, Cu, Ni Inte- Anglo American Sakatti 2030 (European

land (battery grade) grated: Services (UK) Project Commission

Extrac- Ltd. (DG GROW),
tion, pro- 2025k)
cessing

France | Ni (battery grade), Pro- SIBANYE- GALLI- 2027 (European
Co (battery grade), | cessing STILLWATER CAM Commission
Li (battery grade), SANDOUVILLE (DG GROW),
Graphite (battery REFINERY 2025d)
grade), Mn (battery
grade), Cu

Fin- Li (battery grade), Recycling | Fortum Battery Project 2029 (European

land Co, Ni (battery Recycling Oy Fortum Commission
grade), Cu Hydromet (DG GROW),

20251)

France | Li (battery grade), Recycling | ORANO Batter- Hydromet- | 2030 (European
Co, Ni (battery ies allurgy Commission
grade), Mn, Graph- (DG GROW),
ite (battery grade) 2025¢)

Ttaly Cu, Ni (battery Recycling | Circular Materi- RE- 2026 (European
grade), PGMs als s.r.l. COVER- Commission

1T (DG GROW),
2025j)

Italy Li (battery grade), Recycling | Portovesme srl Por- 2029 (European
Ni, Co, Cu tovesme Commission

CRM Hub (DG GROW),
2025h)

Poland | Ni (battery grade), Recycling | Elemental Strate- | POLVOLT | 2029 (European
Cu, Co, Li (battery gic Metals Sp. z Commission
grade), PGMs, Mn 0.0. (DG GROW),
(battery grade) 2025g)

Spain Cu, PGMs, Ni Recycling | Atlantic Copper CirCular 2026 (European

SLU Commission
(DG GROW),
2025¢)

Swe- Mn (battery grade), | Recycling | Northvolt Revolt | North- No Data (Européische

den Li (battery grade), AB CYCLE Kommission,
Graphite (battery 2025)
grade), Ni (battery
grade), Co
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5.3.5 Palladium and platinum

Source

Russia is the world's largest producer of palladium, with an estimated 75,000 kg in 2024
for palladium (Fig. 5.8), followed by South Africa (72,000 kg), and third largest producer
for platinum (Fig. 5.9) with estimated 18,000 kg in 2024 (USGS, 2023), but Canada and
Zimbabwe are also noteworthy producers of platinum and palladium (USGS, 2025). Russia
is also a player in the global export of refined palladium, accounting for 30% in 2020
(Européische Kommission, 2022a). Furthermore, Russia's share of the platinum exports
was 7% in 2020 (Europdische Kommission, 2022b).
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Figure 5.8 Mine production for palladium in tons of contained palladium from USGS min-
eral commodities. Data for Russia and 2024 are estimated (based on Government report)
(USGS, 2023, 2024, 2025).
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Figure 5.9 Mine production for platinum in tons of contained platinum from USGS mineral
commodities. Data for Russia and 2024 are estimated (based on Government report)
(USGS, 2023, 2024, 2025).

Adaptation

Imports of refined palladium can be diversified through current production in South Africa
and Zimbabwe (Europédische Kommission, 2022a). It is expected that the global platinum
market would be in deficit until 2030, making diversification of platinum producers more
difficult. Nornickel, the world's largest producer of palladium and grade-1 nickel with
headquarters in Russia, is now unaffected by the sanctions, therefore there are no re-
strictions in place (Europédische Kommission, 2022a).

For PGMs, currently six projects supported by the EU from extraction, and recycling, as
well as one integrated approach on extraction and processing. These projects do not only
cover PGMs, but also other raw materials as cobalt, copper, nickel and more (Tab. 5.2).
The estimated production numbers for palladium and platinum are not available, but are
unlikely to cover the future EU’s demand.
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Tab. 5.2 Projects among the 47 announced by the EU supported projects for strategic raw
materials which cover PGMs in form of extraction, recycling, processing. As these projects
also cover nickel and nickel in battery grade, the same are shown in table 1.

Coun- | Strategic raw ma- | Type Promoter Project Esti- Reference
try terial name mated
produc-
tion
Spain Co, PGMs, Ni (bat- | Extraction RIO NAR- Aguablanca | 2026 (European
tery grade), Cu CEA RE- Project Commission (DG
CURSOS GROW), 2025a)
S.A.
Fin- Co, PGMs, Cu, Ni Integrated: Anglo Amer- | Sakatti Pro- | 2030 (European
land (battery grade) Extraction, ican Services | ject Commission (DG
processing (UK) Ltd. GROW), 2025k)
Italy Cu, Ni (battery Recycling Circular Ma- RE- 2026 (European
grade), PGMs terials s.r.l. COVER-IT Commission (DG
GROW), 2025j)
Italy Li (battery grade), Recycling Portovesme Portovesme | 2029 (European
Ni, Co, Cu srl CRM Hub Commission (DG
GROW), 2025h)
Poland | Ni (battery grade), Recycling Elemental POLVOLT | 2029 (European
Cu, Co, Li (battery Strategic Commission (DG
grade), PGMs, Mn Metals Sp. z GROW), 2025g)
(battery grade) 0.0.
Spain Cu, PGMs, Ni Recycling Atlantic Cop- | CirCular 2026 (European
per SLU Commission (DG
GROW), 2025¢)

5.3.6 Vanadium

Source

Vanadium is an important metal in the production of highly toughened steels and superal-
loys, as well as vanadium redox flow batteries (Neitzel, 2022). In 2019, the EU mostly
sourced refined vanadium from Austria (52%), followed by Russia (32%) (Neitzel, 2022).
In the same year, China supplied 80% of Germany's vanadium oxide/hydroxide (total im-
port value $6.28 mio. USD), but in 2021 80% of the German imports origin from Nether-
lands (OEC, 2023). The Netherlands, in turn, obtained vanadium concentrates from South
Africa (80% in 2019, 41% in 2021) (OEC, 2023). Russia has the world's second-largest
mining production of vanadium after China (estimated 70 kt), with an estimated 21 kt of
vanadium content (as of 2024) (Fig. 5.10) (USGS, 2025).
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Figure 5.10 Vanadium mine production in kilotons (kt) of contained vanadium content
with data from USGS mineral commodities. Data for 2024 and individual values between
2021 and 2023 are estimated (USGS, 2023, 2024, 2025).

Adaptation

There are no specific import bans on vanadium in the EU's sanctions packages against
Russia (Européischer Rat/Rat der Européischen Union, 2025b). The EU, including Ger-
many, is completely dependent on imports for vanadium. Production in China, Russia,
South Africa and Brazil has remained relatively constant since 2021, as has global produc-
tion (2021: 105 kt, 2024: est. 100 kt) (USGS, 2023, 2025).

Vanadium is classified as critical but not as strategic raw material, thus none of the 47
projects on strategic raw materials cover vanadium.

5.4 Discussion

5.4.1 The EU strategic sectors

The EU defined five relevant sectors “renewables, e-mobility, energy industry, ITC (infor-
mation technology and communication), and aerospace and defense”, being most relevant
for the economy in the EU (European Commission, 2023). This has been linked to the
supply risk of raw materials (European Commission, 2023). However, the products listed
for some industrial sectors such as PV, wind power, ITC, batteries, drones, among others,
are produced in China with competitive technology and price benefit, and imported to Eu-
rope.

167



5 Effects of the Russia-Ukraine conflict on the supply of selected raw materials

In December 2024, NATO drew up a list of 12 defense-critical raw materials: aluminium,
beryllium, cobalt, gallium, germanium, graphite, lithium, manganese, platinum, rare earth
elements, titanium, tungsten (NATO, 2024). Interruptions or failures in supply chains with
these raw materials could therefore jeopardize the production of defense systems, for ex-
ample, if there is no stockpiling that could ensure a short or medium-term supply.

5.4.2 Raw material strategy of the EU

Diversifying EU imports, reducing market concentrations, and fortifying the European
value chain for strategic and critical raw materials are the objectives of the European reg-
ulation on critical raw materials (Européische Kommission, 2023b). Due to the EU's ina-
bility to supply these raw materials entirely from domestic resources, foreign trade will
remain necessary (Europédische Kommission, 2023b). The EU is supporting bilateral agree-
ments with third countries and local supply chains to reduce reliance on market concentra-
tions, which calls for both short and long-term actions (Europdische Kommission, 2023c¢).
The European "Critical Raw Materials Act (CRMA)" aims to ensure the EU's future supply
of critical and strategic raw materials (Europiische Kommission, 2023d). The CRMA aims
to increase the EU independence in strategic and critical raw materials, and set benchmarks
for 2030, as 10% of the EU need of strategic raw materials has to be produced within the
EU member states, 40% of the annual EU consumption of strategic raw materials has to be
processed within the EU and 25% to be covered by recycling. Additionally, the EU aims
to limit 65% of an individual strategic raw material import origins from a single third coun-
try, accelerate approval procedures, and expand refining and processing facilities
(Européischer Rat/Rat der Europdischen Union, 2025a). Although such benchmarks are
good and important, they are unlikely to be achieved in the given timeframe (Hilgers and
Busch, 2024).

5.4.3 EU strategic raw material projects

In an effort to diversify supply chains, the EU is supporting 47 (as of April 2025) projects
throughout Europe with anticipated capital investments of € 22.5 bio. for strategic raw
materials, four of which are located in Germany (Europdische Kommission, 2025). The
projects include various stages, such as recycling (e.g., Elemental Strategic Metals Sp. z
0.0., for nickel in battery quality, copper, cobalt, lithium in battery quality, PGM, manga-
nese in battery quality), processing (e.g., graphite in battery quality at the NGC Battery
Materials GmbH in Germany), substitution (e.g., PCC Thorian GmbH in Germany for
graphite in battery quality), extraction for copper in Romania (Euro Sun Mining Inc.), or
an integrated approach to extraction and processing (e.g., lithium in batterie quality from
Eramet in France) (Europdische Kommission, 2025; European Commission, 2025).
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However, the EU Commission also received proposals for projects from countries outside
EU. The decision about the potential selection of such projects will be considered at a later
time (Europdische Kommission, 2025). These might potentially cover the three strategic
raw materials titanium, silicon, and bismuth, for which there are currently no funded pro-
jects.

5.4.4 Importance of the Russia-China strategic alliance for
the economy

The European Union's sanctions on Russia also have an impact on the Chinese economy.
Previous trade routes for Chinese commodities through Russia to Europe, and hence to
Germany, no longer exist; an alternative route across the Caspian Sea allows for just three
to five percent of the trade volume that used to move through Russian routes to Europe
(Grosser, 2022). In the future, trade processes will be streamlined and accelerated by a joint
venture between Azerbaijan, Kazakhstan, Turkey, and Georgia. This is aimed to diversify
commercial routes via Central Asia.

5.4.5 USA - Ukraine raw material deal

On April 31, 2025, the formation of a reconstruction fund for Ukraine was settled between
the USA and the Ukraine (Spiegel Ausland, 2025; ZDF, 2025). While the infrastructure in
Ukraine is to be rebuilt, the USA thus secures access to raw materials such as oil, gas, and
minerals. For this, 50% of the revenue from future extraction licenses or raw material sales
from Ukraine should be paid into the fund. From the Ukrainian side, it was suggested that
the USA fulfil its share with money, but also with new arms deliveries — for example, with
air defense systems (Spiegel Ausland, 2025). The USA seems particularly interested in rare
earths, but as of now, the agreement is that Ukraine should retain all ownership rights over
its mineral resources.

5.4.6 EU - Ukraine raw material deal

On July 13, 2021 the EU and Ukraine signed a MoU “Memorandum of Understanding
between the European Union and Ukraine on a Strategic Partnership on Raw Materials”,
according to the Directorate-General for Internal Market, Industry, Entrepreneurship and
SMEs (European Commission, 2021b, a). This is based on the high potential in lithium and
titanium deposits (Schulze, 2023). This strategic partnership covers primary, secondary
raw materials and batteries (European Commission, 2021b). Therefore, geological and
mining exploration, raw material extraction, processing/refining and transport and moni-
toring, but also urban waste treatment, and recycling will be part (European Commission,
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2021b). However, no official announced projects between EU member states and the
Ukraine are published so far (as of 26.05.2025).

5.4.7 Recycling, substitution and circular economy

Recycling requires smelters, which in turn require sufficient, reliant and affordable energy.
Not all metals can be recycled or substituted, and product-specific analyses show that re-
cycling is not always more cost-effective or environmentally friendly than mining (Schmidt
et al., 2020). Furthermore, an increasing demand on metallic raw materials is expected due
to growing world population, increasing prosperity and technological innovation (Hilgers
et al., 2021; Hilgers et al., 2023).

The recycling share is denoted as the End-of-Life Recycling Input Rate (EoL-RIR), which
is a raw material indicator that is calculated based on a number of factors, including raw
material demand and the amount of materials in end-of-life scrap (EoL) that can be recy-
cled (Eurostat, 2022). The indicator thus measures how much input of a raw material in the
production system comes from recycling of end-of-life scrap (Recycling Input Rates, RIR),
where the origin of the scrap is may unknown, such as through import into the EU
(Eurostat, 2022). Scrap from manufacturing processes ("process or new scrap") is not con-
sidered in this context because its composition is more homogeneous and known (Eurostat,
2022). Recycling is more cost effective for process or new scrap (Eurostat, 2022). End-of-
life scrap, on the other hand, is made up of a variety of materials and alloys, making recy-
cling secondary raw materials more difficult (Eurostat, 2022).

For aluminium the demand is expected to rise from 90 Mt in 2020 to 150 Mt by 2040, but
recycling rates in 2022 in the EU are at 32% EoL-RIR and 50% in Germany (Kinch, 2020;
Eurostat, 2022; DERA and acatech, 2023: 21). Substitutions for aluminium in lightweight
construction are unlikely, and scrap availability will initially increase slowly due to market
growth (DERA and acatech, 2023: 30).

The EU's recycling rate for nickel is 16% EoL-RIR in 2022 (Eurostat, 2022). Secondary
nickel can be obtained through processing stainless steel scrap or recovering nickel from
lithium-ion batteries (USGS, 2023). The global demand is expected to rise from 3.1 Mt in
2023 to 6.4 Mt by 2040 with “clean energy” scenario from IEA (IEA, 2024).

In 2022, approximately 110 t of palladium and platinum were recovered worldwide from
scrap, with autocatalyst recovery accounting for a significant portion of this (USGS, 2023).
Global demand for platinum is expected to increase by 2040 to up to 230—800 t in 2040 for
platinum (Drobe, 2022) or 66810 t, which would be up to 426% of mining production in
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2018 after DERA (2021). Platinum recycling rates in the EU are 11% EoL-RIR and 10%
for palladium in 2022 (Eurostat, 2022).

Titanium dioxide, titanium metal, and welding wire coatings are made from minerals like
ilmenite, rutile, leucoxene, slag, and synthetic rutile (USGS, 2023). Global demand for
titanium could increase to up to 55% of 2018 production by 2040, and for titanium sponge
to up to 72%, which would be a need of 142.120 t (DERA, 2021). The EU's titanium recy-
cling rate is in 2022 at 1% EoL-RIR (Eurostat, 2022).

Lithium

The global lithium demand is expected to rise from 165 kt t in 2023 to 1,326 kt in 2040
with the “clean energy” scenario from IEA [64]. The EoL-RIR for lithium in the EU is 0%
in 2022 (Eurostat, 2022).

Noble gases

For noble gases, recycling, re-use or substitution in industrial application is common,
where technically feasible (Elsner, 2018; Europédische Kommission, 2022c). For krypton,
the interest in recycling is only limited due to global oversupply (Elsner, 2018). Data about
recent changing demands, as e.g., the neon demand increased by globally 6.3% per year
between 2000 and 2015, and by 9.0% between 2012 and 2017, the global demand for neon
is expected to increase by 6.7% annually between 2017-2022 (Elsner, 2018 and references
therein).

Vanadium

The vanadium demand is estimated by up to 77% of primary mine production by 2040 as
of 2018 (DERA, 2021). The total global demand on Vanadium was 320 t in 2018 (0.4% of
mining production) and could be between 60,770 t and 69,430 t in 2040, regard assumed
future technology options of DERA (DERA, 2021). The EoL-RIR for Vanadium within
the EU is currently 1% (as of 2022) (Eurostat, 2022).

Given values for demand of individual raw materials is, however, always dependent on
current technology and future innovations. Therefore, the values can change within time
and e.g., new technologies or substitution.
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5.4.8 New mines, recycling and processing in Europe

The European "Critical Raw Materials Act (CRMA)" came into force on 23.05.2024 and
aims to ensure the EU's future supply of critical and strategic raw materials (Fig. 5.11)
(Européische Kommission, 2023d).

List of critical & strategic raw materials

aluminium/bauxite/alumina magnesium (*metal)

antimony manganese (*battery grade)

arsenic graphite (*battery grade)

baryte nickel (battery grade)

beryllium niobium

bismuth platinum group metals (PGM)

boron (*metallurgy grade) phosphate Rock

feldspar phosphorus

fluorspar scandium

gallium light and heavy rare earth elements (*for
germanium magnets Nd, Pr, Tb, Dy, Gd, Sm, Ce)
hafnium silicon metal

helium strontium

cobalt tantalum

coking coal titanium metal

copper vanadium

lithium (*battery grade) tungsten

Figure 5.11 List of critical and strategic (bold) raw materials for the EU as of 11. April
2024 (European Union, 2024), modified after Olmez and Hilgers (2023). Copper and nickel
do not meet the thresholds of the Critical Raw Materials Act, but are classified as strategic
raw materials. For some strategic raw materials, only certain classifications (e.g., battery
quality) are significant and are marked with an asterisk.

For all metals, reliance on imports will persist, with recycling capacity from smelting and
refining contributing to primary raw materials. As a result, the EU's political signal through
the CRMA objectives is vital, with the benchmark of achieving a 10% share through do-
mestic EU mining and a 40% share through domestic processing of strategic raw materials
by 2030. Although the need of a reliable raw material supply is increasingly recognized,
lengthy licensing procedures frequently result in the early termination of mining opera-
tions. Additionally, the average time from discovery to mine operation is 18 years (Manalo,
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2024), and it is thus unlikely the benchmarks are achieved in the given time frame (cf.
Hilgers and Busch, 2024).

Although the EU is expanding the availability of raw materials within the EU countries
with the projects currently being funded, no estimates are yet available on the proportion
of future coverage on the EU demand of the individual raw materials nor are all strategic
raw materials covered so far. Projects with countries outside the EU have been submitted,
but there are no funded projects yet (Europédische Kommission, 2025).

The strategic projects benefit from streamlined approval regulations, as approval proce-
dures for extraction projects should not take longer than 27 months and for other projects
no longer than 15 months, otherwise, approval procedures in the EU could take five to ten
years (Europdische Kommission, 2025). However, if supply chains suddenly cease to exist,
for example due to disrupted trade routes because of war, rapid actions are not possible and
thus the supply of strategic raw materials which may be also of importance for the national
and civil security are not guaranteed.

5.4.9 New collaboration with countries outside EU

African countries, as e.g., Botswana, have undeveloped mining potential despite its rela-
tively stable political and social environment (Olmez and Hilgers, 2024b, a). Botswana is
rich in raw minerals such as e.g., copper and nickel. Previous investments in the country
have primarily come from China. The expansion of strategic agreements, as well as invest-
ment in mining and local processing (as e.g., copper refining), helps to create value in
resource-rich countries, secures local jobs and training opportunities, and ensures Germa-
ny's secure access to raw materials. The EU's political signal to diversify, through the
CRMA's target requirements, is critical when the EU relies on more than 65% imports of
strategic raw materials from a third country.

5.5 Conclusions

The CRMA and the first currently funded 47 strategic projects are an important step to-
wards diversification, but the CRMA benchmarks are unlikely to be achieved in the given
time frame. Import from third countries remain essential and demand cannot be supplied
by recycling and circular economy alone.

An energy-intensive smelting and refining industry is required, as well as sufficient
amounts primary raw materials and recyclable materials from high-quality waste, to ensure
the supply of raw materials. Countries like China were able to significantly increase their
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titanium sponge production in three years by a factor of c. 1.6. In the same time Japan
increased production by 12% and Russia reduced production by 26%.

The presence of heavy industry in the country can be evident for raw material supply.
Countries like South Korea demonstrate the importance of heavy industry, as the produc-
tion capacities of domestic steel mills were able to establish the production of the missing
noble gases required for semiconductor production.

None of the raw materials considered ran short in supply due to adaptation strategies. These
included the stockpiling of critical raw materials, diversification and increased production
of other mines, smelters and refineries, and the presence of associated industries.
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6 Resilient supply of critical and
strategic raw materials for
Germany - Potentials in Africa

6.1 Abstract

The global demand for mineral and metallic raw materials is increasing due to the energy
and mobility transition, climate protection and general technological progress. A growing
world population, rising prosperity and increasing demand for raw materials emphasize the
need for responsible mining, as recycling and closed-loop recycling alone cannot meet the
demand for raw materials and material quality. While other countries operate globally and
invest directly in mining, Germany and other countries in Europe lack major globally op-
erating companies in the field of metallic raw materials extraction. In an increasingly pro-
tectionist, multipolar world, economic, geopolitical and security policy measures are
needed to ensure a resilient supply of raw materials. This applies not only to the EU’s
strategic sectors such as electromobility, renewable energies, defense and space, but also
to other, currently unknown, technological advances. This article highlights African coun-
tries such as Botswana, Morocco, Namibia, and Zimbabwe that offer various opportunities
for securing raw materials through mining, processing of mining products and participation
in smelters, which are hardly recognized by German investors.

6.2 Introduction

Resilient supply chains for metallic raw materials are essential for Germany as an industrial
nation. A secure supply of raw materials and innovative alloys form the basis for the com-
petitiveness of the economy and the prosperity of the population. Domestic raw materials
such as industrial rocks and minerals, limestone, rock salt, potash salt, gypsum and anhy-
drite cover the current demand (BGR, 2023). However, the German economy depends on
imports of metallic raw materials. There are currently no large, internationally active min-
ing companies in the metal raw materials sector headquartered in Germany.

Countries with a high share of GDP in manufacturing such as China, Japan, the USA, South
Korea and, in Europe, Germany (20.2 % of gross value in 2021 (Destatis, 2022)) require
resilient supply chains. Primary mining of metallic raw materials does not currently take
place in Germany (BGR, 2023) although domestic deposits are known and it is highly
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likely that further new deposits would be found with modern exploration techniques. From
a global perspective, Africa plays an important role as a continent rich in raw materials,
with around 30% of the currently known global mineral reserves. A large number of dif-
ferent metallic raw materials are produced in Africa, and direct investments in mining pro-
jects are largely made by companies and mining firms based, for example, in China, South
Africa, the UK, the USA, Canada and Australia (e.g., Ericsson et al., 2020). Smaller pro-
jects such as the direct purchase of cobalt from the BMW Group’s raw material producer
in Morocco, for example, secure a company’s supply chains and at the same time increases
value creation in the mining country (BMW Group, 2019). In recent decades, large, inter-
nationally active companies based in Germany in the mining sector have been transformed
into plant manufacturers or travel companies. The deposits of other German industrial
groups have been sold off. Due to energy costs, energy volumes, the CO, footprint and
lower industrial production in Germany, the smelting and refining of primary raw materials
from ore and secondary raw materials from scrap is currently being scaled back or relocated
outside of Europe. At the same time, issues relating to the necessary expansion of recycling
and the circular economy are becoming increasingly important in the media and political
arena (BGR, 2021, 2023). However, this alone will not be able to cover the raw material
volume of an export-oriented industrialized country in the future and raw material quality
cannot be guaranteed (Hilgers and Becker, 2020; Hilgers et al., 2021).

The envisioned industrial transformation caused by the German energy- and mobility tran-
sition and general technological progress require resilient supply chains in order to secure
the growing demand for raw materials in an increasingly protectionistic environment of a
multipolar world. The EU sets goals to be achieved with the Critical Raw Materials Act as
an EU law and comprehensive packages of actions. The EU currently defines 34 raw ma-
terials as critical and 17 of these as strategic (Europdische Kommission, 2023a). In addition
to the construction of energy converters for renewable energy, the EU has identified energy
storage for battery mobility and defence and space as strategic sectors (European
Commission, 2020). The BMWK’s raw materials fund in Germany is also set to provide a
total of € 1 billion by 2028, as already exists in France and Italy, for example, with € 2
billion each (Zapf, 2024). This article examines aspects of Germany’s supply of metallic
raw materials. In order to meet the increasing demand for raw materials and maintain the
competitiveness of Germany as an industrialized country, raw material sources need to be
diversified. However, it can take well over ten years from exploration to production of
metallic raw materials.

The African continent is presented as a major producer of raw materials. The African coun-
tries of Botswana, Morocco, Namibia, and Zimbabwe are analyzed as examples, but other
African countries of note are also included.
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6.3 Germany’s demand for metallic raw materials

In 2022, around 27.4% of raw material imports to Germany in terms of volume came from
EU member states and 9.2% from Africa (for more see Fig. 6.1, 6.2) (BGR, 2023). Around
40% of metallic raw materials excluding recycled raw materials came from the EU-27
(BGR, 2023). 20.2% of supplies of ores, concentrates and refined metals originated from
Africa (BGR, 2023). In 2021, the share of ores, concentrates and refined metals from Africa
was 17.6% (BGR, 2022). Recycled raw materials imported to Germany from Africa were
only 1.1 % in 2022, around 82.8 % were imported from the EU-27 (BGR, 2023).
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Figure 6.1 Raw material imports of metallic raw materials (ores, concentrates and refined
metals, excluding recycled raw materials) to Germany in 2022 (percentage share by vol-
ume). In terms of volume, most imports came from Europe and Africa, data from BGR
(2023).

In terms of value, the import and export total of raw materials (energy, metals excluding
recycled raw materials, metallic recycled raw materials and non-metals) increased from
2020 to 2021, but the total import and export quantities of these raw materials decreased.
Imports of raw materials to Germany equaled € 139.7 bn in 2020 and € 310.6 bn in 2022,
while exports amounted to € 81.3 bn in 2020 and € 134.5 bn in 2022 (BGR, 2023). The
import volume of raw materials decreased from 386.1 Mt in 2020 to 342.5 Mt in 2022,
while the export volume was 157.5 Mt in 2020 and 130.3 Mt in 2022 (BGR, 2023). The
increased prices are due to higher commodity prices for metals and energy raw materials
(BGR, 2023). South Africa is Germany’s most important trading partner for metallic raw
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materials in Africa (Monnerjahn, 2023). Here, Germany imported raw materials such as
titanium (Ti), iron (Fe), chromium (Cr, ores and concentrates), aluminium (Al, refined
metal), ferro-manganese alloys and ferro-vanadium alloys (FeMn and FeV) in 2022 (Fig.
6.2) (BGR, 2023). Other imports came from Guinea (Al), Morocco (Pb), Sierra Leone (Ti)
and Burkina Faso (Zn).

Morocco
Pb 24 %
Burkina Faso r
n12%
Guinea
Al (Bauxite)
83% Sierra
Leone
Ti 18 %
Ores and South Africa
concentrates Al 10 %
Ferroalloys Cr 68 % \
Refined metals Fe 24 %
FeMn 20 %
FeV 13 %
Ti41 %

Figure 6.2 Share of German imports (quantitatively) of industrial metals (ores and concen-
trates, refined metals) and metal alloys in 2022 from Africa with an import share of over
10%, quantitative data from BGR (2023). Imports of ore and concentrates are mainly from
South Africa (Cr, Ti, Fe) and Guinea (bauxite). Al: aluminium, Cr: chromium, Fe: iron,
FeMn: ferro-manganese alloy, FeV: ferro-vanadium alloy, Pb: Lead, Ti: Titanium, Zn:
Zinc.

6.4 Exemplary market concentrations and
geographical locations

Some primary raw materials show significant market concentrations. For example, in terms
of global production volumes, more than 70% of cobalt is mined in the Democratic Repub-
lic of the Congo (DRC), around 89% of iridium and 70% of platinum is produced in South
Africa, 60% of natural graphite and 50% of dysprosium is produced in China (Deutscher
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Bundestag, 2023). Approximately 47% of lithium is mined in Australia and 30% in Chile
(Deutscher Bundestag, 2023). The processing of raw materials is also concentrated. China
plays a major role in this context. 100% of natural graphite and dysprosium are processed
there; in addition, 70% of cobalt, 60% of lithium and, for example, 90% of manganese are
processed in China (Deutscher Bundestag, 2023). However, African countries such as
South Africa also have a significant position in the processing of primary raw materials.
90% of iridium is processed in South Africa and 8% in Zimbabwe, while around 71% of
platinum is processed in South Africa and around 8.6% in Zimbabwe (IRENA, 2023).

6.5 Exemplary critical raw materials from Africa

Around 30% of global mineral reserves are located on the African continent (African
Business Guide, 2023). Guinea is a globally requested supplier of bauxite, the Democratic
Republic of the Congo (DRC) is a global leader in the export of cobalt and Rwanda is
known for its tin, coltan (and extracted elements), and tungsten resources (African Business
Guide, 2024). Estimated cobalt production in the DRC for 2023 is 170,000 t with estimated
reserves of 6 Mt, around 54.5 % of estimated global reserves (USGS, 2024).

6.5.1 Botswana

The Republic of Botswana has been a democracy since 1966 with a population of 2.63
million and a GDP of USD 7738 per capita in 2022 (Destatis, 2024a). The Human Devel-
opment Index (HDI) in 2021 is 0.693 (low 0, high 1) (UNDP, 2022). Various mineral re-
sources are mined in Botswana, including diamonds, iron ore, coal, copper, nickel, salt,
silver and potash (Schill, 2022). Botswana is one of the world’s largest producers of dia-
monds and is estimated to have produced 7 million ct of industrial diamonds and 17 million
ct of gem-quality diamonds in 2023 (USGS, 2024). Furthermore, 943 kg of gold and 34,000
kg of silver were produced in Botswana in 2019 (Yager, 2023). Mining in Botswana is
regulated by the Mines and Minerals Act of 1999 (Yager, 2022). Copper and nickel were
mined and smelted in the “Bamangwato Concessions Limited (BCL)” Phoenix and Selebi-
Phikew mines until 2016 (production of 14,273 t of Ni and 11,348 t of Cu, 248 t of Co in
2016) (Yager, 2022). Mining of palladium, silver and platinum was discontinued in 2015
(Yager, 2022). Mining and smelting operations were stopped at the end of 2017 due to high
energy and processing costs and falling copper prices (Yager, 2022). Although the produc-
tion of copper and silver was resumed in 2019 (Khoemacau mine), there is a lack of invest-
ment to resume the production of cobalt and nickel (Yager, 2022). A memorandum of un-
derstanding was signed between Botswana and Premium Nickel Resources Corp (Canada)
to resume work on the mines for copper and nickel (Knupp, 2021). The Kalahari Belt, for
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example, which is currently not fully explored, could potentially be suitable for exploration
and diversification efforts (Prof. Dr. Thierry Olivier Bineli Betsi, 2023, personal
communication).

6.5.2 Morocco

Morocco is a constitutional monarchy and a population of 37.458 million, the GDP in 2022
was USD 3570 per capita (Destatis, 2024b). The Human Development Index (HDI) was
0.683 in 2021 (UNDP, 2022). Some mineral and metallic raw materials are mined in Mo-
rocco. In 2023, for example, an estimated 1.2 Mt of barite (14.1% of global mine produc-
tion), an estimated 35 Mt of phosphate rock (15.9% of global mine production) and an
estimated 2300 t of cobalt (1.2% of global production) were mined in 2022 (USGS, 2023,
2024). However, copper, lead, gold, cobalt, zinc, iron ore, manganese, silver and tungsten
are also produced in Morocco (e.g., Managem Group). Morocco’s mining industry is to be
further diversified in the future, creating opportunities for foreign investors. Mining is par-
ticularly important for the Moroccan economy and accounts for around 26% of the coun-
try’s export revenue; according to the Fédération de 1’industrie Minérale, around 85 com-
panies and 450 individual entrepreneurs are active in mining (Umann, 2023). However,
Morocco is dependent on imports of machinery for the mining industry; the most important
supplier country in 2023 was China (€ 280 million), including drilling equipment and sys-
tems for processing and safety technology (Umann, 2023). Imports from Germany (€ 180
million) ranked in second place (Umann, 2023).

6.5.3 Namibia

Namibia is a democratic republic and has 2.567 million citizens in 2022. The GDP is USD
4854 per inhabitant per year (Destatis, 2024c). The Human Development Index (HDI) in
2021 was 0.593 (UNDP, 2022). The country’s most important raw materials are diamonds
and uranium. Mining (and industry) makes a significant contribution to GDP at 26.4%
(2019) (GIZ, 2021). In addition to diamonds and uranium, gold, zinc and lead, tin, salt and
other raw materials are also mined, and copper concentrates from Zambia are processed
and reexported in the country (GIZ, 2021). Exploration is taking place for rare earths, co-
balt and copper, and also for graphite and lithium. Further projects are expected for the
exploration of zinc, tin and iron ore (GIZ, 2021). Namibia also has large phosphate depos-
its, the mining of which is considered environmentally controversial (GIZ, 2021). Low
market prices (e.g., for diamonds) and problems with the power supply partially restrict
mining (GIZ, 2021).
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6.5.4 Zimbabwe

The Republic of Zimbabwe has 16.321 million inhabitants in 2022, with a GDP of USD
1991 per capita (Destatis, 2024d). The Human Development Index (HDI) in 2021 is 0.593
(UNDP, 2022). In 2023, Zimbabwe had an estimated 1.9 % of the global reserves of plati-
num group metals and produced about 1.9 % of the globally estimated lithium output
(USGS, 2024). Zimbabwe also has deposits of almost 40 mineral commodities, including
chromium, diamonds, iron ore, gold, cobalt, copper, manganese, nickel and rare earth ele-
ments (Najjar, 2024). The Great Dyke in particular offers potential for mining platinum
group metals (Najjar, 2024). Zimbabwe also has significant potential for the extraction and
processing of lithium; it currently has the sixth largest known lithium reserves in the world
(Schmidt, 2023). Lithium is mined, for example, in hard rock projects from pegmatites in
the Mutare greenstone belt (Tempest Minerals LTD, 2019) extracted from spodumene and
petalite. Tempest Minerals (Australia) acquired further licences for lithium extraction in
2019. Other pegmatites for potential lithium extraction are the Bikita, Arcadia, Kavativi
and Zulu pegmatites (Knupp, 2023). From November 2021 to February 2022, a large num-
ber of Chinese companies, e.g., Chengxin Lithium Group and Zhejian Huayou, were in-
volved in lithium exploration and are also looking to invest in lithium processing projects
(Knupp, 2023). The Great Dyke also offers potential for the extraction of platinum, palla-
dium and rhodium as an example (Schmidt, 2015).

6.5.5 Investments in mining in Africa

Investments in mining depend on a variety of factors. These include the energy supply,
infrastructure, social and political situations or unrest in the country and factors that are
summarized as the World Governance Indicator (WGI) of the World Bank. These include
“control of corruption”, “regulatory quality”, “voice and accountability”, “government ef-
fectiveness” and “rule of law” and “political stability and absence of violence and terror”
of a country (The World Bank, 2023). Botswana, for example, is an African country that
has a particularly good WGI. Botswana is also one of the wealthiest countries in Africa
(GDP USD 20 billion in 2022) (Destatis, 2024a). Other countries, such as Zimbabwe, have
low WGIs compared to Botswana (cf. Olmez and Hilgers, 2024b). Zimbabwe also deals
with hyperinflation with an annual consumer price inflation rate of around 193.4 % in 2022,
which was around 98.5% in 2021 (IMF, 2024). To counter inflation, Zimbabwe introduced
a new currency “Zimbabwe Gold” (ZiG) on 5 April 2024, which is pegged to the price of
gold (Reserve Bank of Zimbabwe, 2024). The Worldwide Governance Indicator (WGI)
from the World Bank shows that some resourcerich African countries demonstrate general
conditions and would be interesting partners for the expansion of a commodity partnership
(Fig. 6.3).
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Figure 6.3 World Bank "Worldwide Governance Indicator" (WGI) data for Botswana,
Germany, Morocco, Namibia and Zimbabwe in 2022, data from The World Bank (2023).

Direct investments in large-scale mining, smelting and refining, such as those carried out
by China in African countries, are not currently known from German companies. Projects
for responsible raw materials management by OEMs (original equipment manufacturers)
(e.g., BMW Group, 2019; Volkswagen AG, 2023; BMW Group, 2024) are ensured through
supply contracts and quality controls. Such opportunities remain excluded from German
SMEs. The required increase in transparency in the extractive sector is to be implemented
as part of the African Mining Vision (African Union, 2009). The Extractives Industries
Transparency Initiative (EITI) is intended to contribute to increasing transparency. Cur-
rently, more than 50 countries are members, including, Germany and the DRC (African
Union, 2009; EITI, 2023). The African Mining Vision, for example, supports small-scale
mining (African Union, 2009). Due to the increasing global demand for transparency and
safety, environmental and health standards, internationally recognized “Environmental,
Social and Corporate Governance Standards” (ESG) are also being implemented by glob-
ally operating companies (Najjar, 2024). Countries as Zimbabwe are pursuing the goal of
encouraging domestic economic value chains. On 6 January 2023, the government in Zim-
babwe banned the export of unprocessed lithium (Base Minerals Export Control Order
2023), extracted lithium shall primarily be processed in the country and the export of raw
lithium ore requires a special authorization (Knupp, 2023; Najjar, 2024). As a result of the
export ban, Chinese companies have been investing in the processing of lithium ore (Najjar,
2024). In 2023, more than USD 1 bn was invested by Chinese companies in the develop-
ment and acquisition of lithium projects in Zimbabwe (Najjar, 2024). According to USGS
(2024) an estimated 3400 t of lithium were produced in Zimbabwe in 2023, around 1.9 %
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of the estimated global production in 2023. In contrast to German and other European com-
panies, Chinese investors continue to purchase smelting operations. In 2024, the Canadian
company Dundee Precious Metals Inc. sold its shares in the smelter in Tsumeb, Namibia,
for USD 49 million to the Chinese Sinomine Resources Group, which was founded in 1999
and now operates globally (Dou, 2024). Thus, another opportunity for German or other
European investment in one of the few smelters for processing arsenic-rich ores (Dou,
2024) and the germanium- and gallium-rich slags (Ettler et al., 2022) has passed.

6.5.6 Raw material wealth alone is not enough

The extraction and export of raw materials is a key component of economic development
for African countries (Fig. 6.4) (e.g., Hartlieb-Wallthor and Marbler, 2017). The export of
raw materials depends on global demand, global market prices and fluctuating market cy-
cles. This is associated with the fluctuation of local employment. The responsible extrac-
tion of raw materials is subject to occupational health and safety and environmental pro-
tection requirements. It is now increasingly recognized by the politicians that the desired
decarbonization of Germany and Europe cannot go hand in hand with mining, smelting
and refining in African countries that do not comply with certain occupational health and
safety and environmental protection standards (Pickels, 2023). Even though mining, smelt-
ing and refining creates jobs in many African countries, it only provides work for part of
the population (Kaube, 2023). International investment often fails to materialize due to
inadequate energy supplies and a lack of or poorly developed infrastructure. In addition,
social and political instability increases investment risks (KfW et al., 2020). At the same
time, the extraction of raw materials can increase the depth of value added in the country.
The potential of mineral resources in many African countries is also unknown. Insuffi-
ciently explored areas and a lack of investment prevent an accurate awareness of possible
extraction areas (see African Business Guide, 2023). Due to the increasing global demand
for raw materials, more and more African countries that were previously not a focus of
investment are becoming potential centers of raw material production (African Business
Guide, 2023). At the same time, African countries such as Botswana are urging for invest-
ment in mining (Knupp, 2021). The government in Botswana, for example, is seeking to
promote further investment in exploration and production (mineral and metallic resources)
in order to broaden the country’s investment base and enable the diversification of mining
alongside the production of high-quality diamonds (Mining Indaba, 2022). However, the
proceeds from mining, smelting and refining should reach the country and its population
and may not solely be concentrated in the investment countries, otherwise the raw material
blessing can also turn out to be a “raw material curse” (e.g., DW, 2023). In order to support
the population and the country, the profits from the mining projects should return in form
of infrastructure such as roads, clinics and schools (DW, 2023). The mineral resources that
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have not yet been extracted are seen as “natural capital” for the future of the country and
its people (DW, 2023).

Morocco

Namibia

Botswana
Zimbabwe

80-60 60-40 40-20 Two or less
data
points

Figure 6.4 "Mining Contribution Index map" (MCI) for 2020 with data from ICMM
(2022). The MCl is a measure of the relative importance of the mining sector for the coun-
try's economy.

6.6 Discussion

Countries such as China operate and invest directly in mining projects in African countries.
Russia is also active in the mining sector in numerous African countries, some of which
are accompanied by a military presence (Fig. 6.5) (EPRS, 2024).
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Figure 6.5 Russian influence through military technical cooperation agreements with Af-
rican countries, political influence through the Wagner military group and disinformation
campaign from Russia. The military presence, areas of economic interest and mining co-
operation are marked in the countries. Data from 2022 and 2023 from EPRS (2024) and
the references listed therein.

Political decision-makers are faced with the challenge of creating framework conditions
that enable German/European capital and companies based in Germany/Europe to make a
long-term commitment to international raw materials partnerships and to compete with
other systems. Social, economic and ecological goals may be achieved through global part-
nerships. Whether the EU’s Green Deal keeps the interests and goals of the raw material
partner country in mind should be critically evaluated. Although countries such as Bot-
swana are encouraging direct investment in mining and are providing opportunities for
investment in strategic raw materials (e.g., Tsumeb smelter, Namibia or lithium in Zimba-
bwe), there is no direct investment from Germany or the EU. Fluctuating global prices also
affect African countries such as Zimbabwe. The global supply of lithium (battery quality)
exceeded demand in 2023, leading to a price collapse of more than 80% (Chingono, 2024).
Globally, lithium supply is dominated by Australia, Chile and China (USGS, 2024). To-
gether, they produced around 90% of the raw material in 2023 (USGS, 2024). The conse-
quence of the price drop is a reduction in production, resulting in a market shakeout of less
efficient projects. According to a study by S&P Global, the average time from exploration
to the start of operations is 16.3 years and for mines from 2020 to 2023 an average of 17.9
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years (a) (Manalo, 2024). However, the process depends on the type of deposit and the
country in which mining is to take place. Gold deposits have shorter lead times of 15.7 a
on average and zinc and nickel the longest (17 and 18.3 a on average) (Manalo, 2024). For
example, lead times in Laos (11.3 a), Turkey (12 a) and Africa (DRC, 14 a) are generally
shorter than in Canada (18 a) or Indonesia (21 a) and Russia (21.8 a), for example, due to
the legal framework (Bastian, 2024; Manalo, 2024). From 2005 to 2009, the average lead
time for mines was 12.7 a (Manalo, 2024). The demand for mineral raw materials will
continue to rise in the future and will be accompanied by the development of new technol-
ogies in the areas of mining and processing (primary raw materials), recycling (secondary
raw materials), recycling management and substitution. In order to be able to meet the
increasing demand in the future, new deposits must first be explored, identified and devel-
oped and then extracted from the ore during smelting and refining and concentrated into a
usable metal. Recycling also offers potential to reduce the demand for raw materials from
deposits (Hageliiken and Goldmann, 2022), but will not meet demand in the future either.
In order to expand supply chains, increase value creation and reduce market concentration,
agreements with mining companies and smelters are necessary to enable responsible min-
ing (Najjar, 2024). Mining and recycling go hand in hand with the development of new
technologies that are being pushed by the countries involved in exploration, mining tech-
nology, processing and metallurgy and thus have direct access to raw materials.

6.7 Conclusions

The African continent holds numerous resources, including some that are still unknown,
but could be developed through responsible mining. Unstable supply chains, high (en-
ergy)costs and lower demand from industry are leading to an outflow of smelting/refining
and expertise from Germany. This limits innovation potential and opportunities for recy-
cling in Germany. Resilient supply chains can diversify investments in mining in African
countries. Development times of over 16 years on average until production emphasize the
need to invest in exploration projects and develop innovative technologies at an early stage.
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7.1 Conclusions

7.1.1 Reservoir quality assessment

of Upper Cretaceous (Campanian) limestones in the Miinsterland Cretaceous Basin,
NW Germany

Upper Campanian limestones of the Beckum Member in the Miinsterland Cretaceous basin
show low porosity (1.0%—18.7%) and permeability (<0.0001 mD-0.2 mD), related to early
and burial diagenetic cementation, mechanical compaction and associated formation of
compaction bands. Porosity is only enhanced in one sample with faecal pellets, showing
dissolution, which does not enhance permeability. Veins showing a preferred NW-SE ori-
entation most likely due to Late Cretaceous inversion and most likely reactivation of older
fault systems are partially or pervasively sealed by (ferroan) calcite and additionally by
strontianite. Barren fracture surfaces coated by brownish material (e.g., goethite) are most
likely the youngest and uplift-related. The occurrence of (ferroan) calcite together with
strontianite indicate paleo-fluid pathways. However, the source of strontium to form stron-
tianite remains unknown to date. Host rocks surrounding a fault are not characterized by
different petrophysical properties or alteration. The up to 25 m thick Beckum Member li-
thologies may act as a regional seal, due to low matrix permeability, if not disrupted by
faults with associated fractured damage zones. However, this also indicates that geothermal
utilization may be limited. Only if open fractures and/or faults are present in the subsurface
the fluid pathways could be enhanced.

The newly introduced parameter, the compactable depositional volume (CDV), is derived
from petrographic thin section analyses and may be a useful tool to assess timing of ce-
mentation in relation to compaction for carbonate rocks, if components as bioclasts with
intraparticle porosity are present (in this case calcispheres). Thus, the effect of compac-
tional volume loss on reservoir properties can be assessed. However, the effect of
overrepresentation by micrite, resulting in high CDV values, is comparable to the effect of
depositional clay minerals forming a matrix on IGV calculations of sandstone samples.
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of Middle Triassic limestones at the Upper Muschelkalk-Keuper transition, SW Ger-
many

Middle Triassic Upper Muschelkalk to Lower Keuper limestones on the eastern shoulder
of the Upper Rhine Graben in SW Germany show reduced reservoir quality with low ma-
trix porosity (0.13%—-10.87%) and low permeability (<0.0001 mD-9.7 mD). The pore
space of the rocks is pervasively cemented by early diagenetic (ferroan) calcite. The reser-
voir quality in the tight limestones is solely related to natural fractures and partially sealed
veins.

Plugs measured under elevated confining pressure of 30 MPa show permeabilities of
0.13 mD for a sample containing partially sealed veins parallel to fluid flow direction. Nor-
malizing the permeability measurements to the maximum recorded value of each sample,
the partially sealed vein retains c. 41% of the initial permeability as opposed to only 11%
of retained permeability in an undisturbed host rock sample. Stylolites also enhance per-
meability and retain 16% of the initial permeability at 30 MPa.

Fracture clusters for different fracture sets are recorded in the damage zone of a breached
kink band. Dominant fracture clusters strike NNE-SSW parallel to the Upper Rhine Graben
rift, WNW-ESE, and NW-SE parallel to the current maximum horizontal stress. Further-
more, fracture cluster are not necessarily restricted to faults or their damage zone and may
provide additional reservoir opportunities. Fracture clusters striking NNE-SSW, WNW-
ESE, and NW-SE may act as potential fluid conduits in the present-day stress field indi-
cated by slip and dilation tendency analyses. Thus, these orientations are of importance for
geoenergy application, if the fracture sets are also developed in the subsurface and not
pervasively sealed.

Decameter-scale reverse conjugate kink-bands indicate a N-S compressional tectonic
phase during formation. They thus likely formed by Alpine far-field stress during the Eo-
cene in the studied region some c. 200 km north of the Alps, which were not documented
so far. The kink band boundaries are locally breached and localized reverse and thrust
faults, which locally were reactivated by strike slip. The faults planes are partially sealed
with calcite. Strike slip movement may be synchronous with Miocene shear along the
NNE-striking Rhine graben fault, associated with pull apart basin formation and MVT-
mineralization in the region.

of Paleocene-Eocene fractured siliciclastic turbidites in the Vienna Basin, Austria

Drill cuttings from two wells of the 1. to 3. Glauconite Sandstone in the Vienna Basin show
low porosity (<5%) controlled by cementation of pore space with mostly ferroan calcite.
The IGV obtained from cuttings shows no correlation to the GLS formation or with depth.
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This relationship would be difficult to establish on core data, as cores are not continuously
taken. The IGV is higher in samples which are moderately well sorted, but show lower
IGV at higher detrital quartz and feldspar contents. Furthermore, an overall decrease in
IGV with increasing grain size based on median values is noted. The most pronounced
influence on IGV are pore-filling and partially pore-filling carbonate cements, while the
impact of quartz cement on IGV is minor.

Reservoir quality is independent of compaction of the sandstones and is related to fractures
and partially sealed veins, lower optical porosity, higher carbonate vein contents, and lower
Fet+Mg contents from pXRF analyses. Fracture formation is postdating the formation of
deformation bands, which enhances reservoir properties. The Si/Al-ratio obtained from
bulk rock pXREF is used to distinguish between mudrock-rich and sandstone-rich intervals,
and can additionally be used to cross-check formation depths of cuttings to relate them to
log-derived gamma ray measurements and other well-log data. However, um-wide par-
tially sealed veins are not visible in image logs. Thus, cuttings can inform about vein oc-
currence, vein microstructures and textures, that may influence reservoir-scale fluid migra-
tion.

Drill cuttings were successfully used to derive a paragenetic sequence, assess reservoir
quality controls and changes in the detrital and authigenic mineralogy; the glauconite con-
tent is lower in the 1. and 2. Glauconite sandstone (GLS), compared to the 3. GLS. The
analysis of drill cuttings supports log-derived petrophysical interpretations in particular in
the absence of core material or when working on historic data sets. Drill cuttings can pro-
vide the full spectrum of diagenetic reservoir characterization, e.g., assessment of compac-
tion and pore cementation, and allow the identification that partially sealed veins govern
reservoir quality.

7.1.2 Raw materials

Analysis of adaptation to the disruption of supply chains during the Russia-Ukraine con-

flict

The Critical Raw Materials Act (CRMA) and strategic EU-funded projects are a step to-
wards diversification of strategic raw materials. However, the CRMA benchmarks are un-
likely to be achieved within the given time frame until 2030. Import of primary raw mate-
rials from third countries remain essential, and the future demand cannot be provided by
recycling and circular economy alone.

The Russian Federation (Russia) is one of the most resource-rich countries with long-stand-
ing economic ties to the EU and Germany. Russia has a large global share in the extraction
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of nickel and vanadium ores through mining, but also in refining ores into metals. There-
fore, e.g., bauxite/alumina and titanium ore are imported to Russia. There, it is processed
using the affordable energy, and exported. Ukraine was a large exporter of steel, titanium,
and neon, among others, the latter with a global market share of around 50%, needed for
semiconductor production.

The occupation of the eastern Ukraine by Russia disrupted supply chains of raw materials
such as oil, gas, and metals to Europe since 2022. None of the raw materials considered
(bauxite and alumina, titanium, lithium, noble gases, nickel, palladium and platinum, va-
nadium) ran short in supply due to adaptation strategies. Stockpiling of critical raw mate-
rials, diversification and increased production of other mines, smelters and refineries, and
the presence of associated heavy industries counter-balanced bottle necks in supply chains.

For example, South Korea demonstrates that the production capacities of domestic steel
mills were able to establish a new facility for the production of noble gases required for
South Korean semiconductor production. China was able to increase their titanium sponge
production between 2021 and 2024 by a factor of c. 1.6, while Japan increased production
by 12% and Russia by 26%.

Analysis of resilient raw material supply from selected countries in Africa: Botswana,
Morocco, Namibia, and Zimbabwe

Resilient supply chains can aid in diversification of supply chains, if mining in African
countries is considered for investment. Many deposits are unexplored or not further as-
sessed, but could be developed through responsible mining. The countries considered, Bot-
swana, Morocco, Namibia, and Zimbabwe are all rich in raw materials but differ in gross
domestic product (GDP), governance indicators, and foreign direct investment (FDI) in
mining.

Demanders like companies (and/or governmental initiatives) from China, Russia and other
countries compete and offer investments to access raw materials in Africa, while large,
internationally operating metal mining companies from the EU27 are missing. However,
BMW directly collaborates with a mining company in Morocco to ensure the supply chain
of cobalt, high-quality working conditions and sustainability.

Smelters and recycling facilities offer additional local value creation, if affordable and re-
liable energy can be supplied. In addition, environmental, social and governance criteria
are maintained.
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7.2 Outlook

7.2.1 Reservoir quality assessment

Model for background fractures

Fracture clusters were recorded not only in the vicinity to a (reverse conjugate) breached
kink band, but also as background clusters. No relation between the order of events be-
tween fracturing and folding/faulting could be observed in this study, thus, the context of
folding/faulting and fracture formation remains unclear. Fracture clustering could be as-
sessed in the vicinity of graben-bounding normal faults and compared with background
clustering in outcrops and ideally deviated wells in the URG. Therefore, an understanding
of fracture evolution and their relation to e.g., inversion or URG rifting could be addressed.
A model on background fracture cluster formation could result in utilizing background
fracture clusters away from faults, which would de-risk geothermal operations such as in-
duced seismicity.

Automated analysis of drill cuttings

An automated petrographic approach or automated image classification of cutting photo-
graphs using machine learning at the well-site for rock composition could be tested on
different cutting sample series. However, care has to be taken in the distinction between a
cement phase and detrital grain, or rock fragments, currently limiting the applicability of
automated petrographic assessments.

An automated approach of pXRF measurements on cleaned cuttings directly on-site after
drilling could be tested for smaller sample intervals of e.g., one meter. If successful, the
results could directly be used to monitor drilling progress and to target high reservoir qual-
ity intervals.

Temporal evolution of compressive deformation by far field stresses

The reverse conjugate (breached) kink bands may have formed by far field stress influ-
enced by the Alpine orogeny. However, this hypothesis is the first described north of the
alpine deformation front. Age dating on vein samples in faults and samples from the min-
eralized breached kink band using radiometric U-Pb could help to constrain this. Investi-
gating outcrops further north and south of the studied quarry, closer to and further away
from the alpine deformation front could help to identify, if compressive structures formed
by successive fold propagation or localized above a detachment.
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7.2.2 Raw materials
Responsible mining strategies

Mining strategies vary globally, for example Japan, South Korea, the US, the EU, Ger-
many, China, and India adopt different strategies to secure their current needs in raw ma-
terials. Developments and actions over the past few years, such as geopolitical tensions and
the disruption of supply chains, may influence the introduction and development of these.
Better understanding of the reasons for and implementations of raw material strategies and
their influence on e.g., the economic stability, could lead to more resilient future strategies.

Without comprehensive approaches to secure the supply of raw materials, including con-
tributions from mining, the competitiveness of industrialized nations such as Germany can-
not be maintained and the economic security for the EU cannot be ensured. However,
STEEL-PEG (social, technological, economic, environmental, legal, political, ethical, ge-
ological) aspects have to be included to reach a holistic view on mining, recycling, and
refining.
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