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Abstract

In recent years, nano-scale material characterization in many geoscience disciplines and
particularly in petroleum-related fields is becoming increasingly important. The necessity to
understand transport properties of fine-grained, organic matter-rich rocks (including coals)
for the purpose of unconventional hydrocarbon production (e.g., shale oil/gas, coal bed
methane) represents a main driving force for method development in the field of high-
resolution imaging and micromechanical characterization. A profound characterization of
the nano-scale matrix pore system and the mechanical behavior of individual constituents
from such low-permeability rocks helps to predict producibility of oil and gas. However,
analysis at the nanometer scale still represents a major challenge in source rock studies, as
many well-established, spatially-resolving characterization techniques have not been fully
transferred from traditional material science to petroleum geoscience yet.

This thesis aims at filling this gap by providing a profound nano-scale characterization
workflow for organic matter-rich rocks. Furthermore, it gives insights on the
interdependency between nano-mechanical and micro-structural properties, as well as on the
geological controlling factors of these. To do so, nanoindentation, a broad spectrum of high-
resolution imaging techniques, and gas adsorption methods were applied on i) a well-
investigated set of Carboniferous coal samples from the Ukrainian Donets Basin (0.62 — 1.47
%Rr vitrinite reflectance) and ii) Cretaceous shales from the Chinese Songliao Basin (1.33
—2.23 %Rr).

The nanoindentation study on Donets coals revealed different impact factors on material
parameters (hardness H and reduced elastic modulus E,) for each maceral group. Mechanical
parameters of liptinite seem to be mainly impacted by transformational processes, linked to
thermal maturation and depositional environment, while A and E, of inertinite are mainly
controlled by the prevailing temperature during paleo-wildfires. In comparison, vitrinite
macerals revealed a more complex evolution of / and E, with thermal maturity. This might
be due to the pore-structural evolution of vitrinite with increasing maturity, as observed
during the subsequent high-resolution transmission electron microscopy (HRTEM) study. It
was demonstrated that E, of vitrinite is controlled by pore sizes, as smaller pores (< 5 nm)
likely facilitate a more efficient load-sharing between individual pores. HRTEM imaging
revealed further nano-structural heterogeneities in vitrinite, such as domains of higher
ordering observed already at low-coal rank (0.69 and 0.81 %Rr). Low-pressure CO> and N>

adsorption, Raman spectroscopy and high-pressure CH4 sorption experiments collectively
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indicated severe structural changes at around 1.10 %Rr as a result of thermally induced
processes marking the transition from peak oil to gas window.

In comparison to coal macerals, the micromechanical characterization of dispersed organic
matter within shale rocks is further complicated due to mineral matrix effects and the small
sizes of individual particles. The high-speed nanoindentation mapping and correlative
imaging study on organic matter particles in fine-grained rocks of the Cretaceous Shahezi
Formation (Songliao Basin), facilitated by femtosecond laser grids, revealed complex
influencing factors on phase-specific micromechanical parameters. Various impacting
effects were identified by correlative imaging (optical microscopy, scanning electron
microscopy, and helium ion microscopy). Furthermore, the micromechanical raw data was
processed by an unsupervised machine learning algorithm (k-means clustering). Future
characterization and micromechanical modelling studies will benefit from the established,
fast and reliable micromechanical and pore structural assessment workflows, including the

presented sample preparation and data processing routines.
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Kurzfassung

Die Materialcharakterisierung auf Nanoebene gewinnt in vielen geowissenschaftlichen
Disziplinen, insbesondere den erddlbezogenen Fachbereichen, zunehmend an Bedeutung.
Eine mafigeblich treibende Kraft fiir die Methodenentwicklung, sowohl im Bereich der
hochauflosenden Bildgebung als auch der mikromechanischen Charakterisierung, ist das
notwendige Verstindnis von Transporteigenschaften komplexer, feinkdrniger Gesteine mit
einem hohen Anteil an organischer Substanz (einschlieflich Kohle). Die resultierenden
Erkenntnisse sind von  besonderer Bedeutung fiir die unkonventionelle
Kohlenwasserstoffgewinnung  (z.B.  Schiefer6l/-gas,  Flozgas). Jedoch stellen
Untersuchungen auf Nanoebene fiir diese Proben eine besondere Herausforderung dar, da
hochauflésende Charakterisierungstechniken, die vor allem in den Materialwissenschaften
etabliert sind, noch nicht ginzlich fiir geowissenschaftliche Fragestellungen optimiert
wurden. Diese Arbeit zielt darauf ab diese Liicke zu schlieBen indem ein Workflow fiir eine
fundierte Charakterisierung im Nanobereich, geeignet fiir Gesteine mit hohem Anteil an
organischer Substanz, entwickelt wird. Dariiber hinaus werden sowohl Erkenntnisse iiber
die Wechselwirkung zwischen den nanomechanischen Eigenschaften und Mikrostruktur, als
auch deren geologische Kontrollfaktoren, untersucht. Dazu wurde Nanoindentierung, ein
breites Spektrum an hochauflésenden Bildgebungsverfahren und Gasadsorptionsmethoden
zur Untersuchung von 1) Kohleproben aus dem Karbon im ukrainischen Donets Becken (0.62
— 1.47 %Rr Vitrinitreflexion) und ii) Kreide-zeitlichen Schiefergesteinen aus dem
chinesischen Songliao Becken (1.33 —2.23 %Rr) eingesetzt.

Die Nanoindentierungsstudie der Donets-Kohlen ergab unterschiedliche Einflussfaktoren
auf die Materialparameter (Hérte / and reduzierter Elastizitdtsmodul E;) der verschiedenen
Mazeralgruppen. Die mechanischen Parameter von Liptinite-Mazeralen scheinen
hauptsédchlich von transformativen Prozessen, die im Zusammenhang mit der thermischen
Reife stehen sowie Ablagerungsbedingungen, beeinflusst zu sein. H und E; von Inertinit-
Mazeralen werden hauptsidchlich von Paldowaldbrand-Temperaturen kontrolliert. Im
Vergleich dazu, zeigen Vitrinite eine komplexe Beziehung der mechanischen Parameter mit
zunehmender Reife. Die weiterflihrende Studie, basierend auf der Untersuchung mittels
hochauflosende Transmissionselektronenmikroskopie (HRTEM), zeigt, dass E, von der
Porengrofle abhéingt da kleinere Poren (< 5 nm) wahrscheinlich eine effizientere
Lastverteilung ermdglichen. HRTEM Aufnahmen =zeigten weitere nanostrukturelle

Heterogenititen in Vitrinitpartikeln, wie beispielsweise Domédnen hoherer Ordnung bei
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niedriger Reife (0.69 und 0.81 %Rr). CO; and N> Adsorptionsmessungen, Raman
Spektroskopie und Hochdruck CH4 Sorptionsmessungen deuteten bei ca. 1.10 %Rr auf
signifikante strukturelle Verdnderungen hin.

Die mikromechanische Charakterisierung von fein verteilter organischer Substanz innerhalb
von Schiefergestein ist im Vergleich zur Kohle aufgrund von Mineralmatrixeffekten und der
geringen Grofle der einzelnen Partikel deutlich erschwert. Organische Partikel in
feinkornigen Schiefergesteinen aus der Shahezi-Formation (Songliao Becken) wurden
mikromechanisch mithilfe von Highspeed Nanoindentation Mapping sowie einer
korrelativen Bildgebungsstudie hochauflosend charakterisiert. Durch den korrelativen
Einsatz von optischer Mikroskopie, Rasterelektronenmikroskopie und Heliumionen-
mikroskopie konnten, erleichtert durch Femtosekundenlaserprdparation, komplexe
Einflussfaktoren auf mechanische Parameter untersucht werden. Dariiber hinaus wurden die
mikromechanischen Rohdaten mithilfe von Unsupervised Machine Learning (k-means
clustering) analysiert.

Zukiinftige Charakterisierungs- und mikromechanische Modellierungsstudien werden von
den etablierten, schnellen und zuverldssigen Workflows profitieren. Insbesondere durch die

Probenpréparation und Routine der Datenanalyse.
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General part of the thesis



1 Introduction and aim of the thesis

Over the course of the last two decades, nano-scale characterization of organic matter-rich
rocks including coal became an essential approach in energy-related research. Apart from
the central role of coal as an affordable and worldwide occurring fossil energy carrier
(including production of coal bed methane), coal seams or coaly interlayers in organic-rich,
fine-grained sedimentary successions may be prospective targets particularly for long term
CO: storage (Li and Fang, 2014; Metz et al., 2005). Organic matter-rich mudstones and
shales may source hydrocarbons of conventional oil and gas reservoirs, but also host
enormous resources of shale oil/gas globally. Furthermore, such fine-grained rocks
frequently form the geological barriers of conventional hydrocarbon reservoirs, which may
be utilized for CO; and H: storage after the end of their hydrocarbon-production lifetime
(Charlet et al., 2017; Khosrokhavar et al., 2014). Due to their favorable properties including
low permeability, ductility, as well as considerable chemical and physical retention capacity,
fine-grained sedimentary successions may also be suitable as permanent disposal sites for
radioactive waste (Neuzil, 2013; Sassani et al., 2010). For all of these applications, a full
understanding of the structural heterogeneities and resulting storage/transport behavior of
these rocks is required. Particularly, the prediction of dual permeability, including matrix
permeability assigned to matrix pores frequently at nanometer scale, as well as fracture
permeability which may be naturally existent or induced by artificial stimulation procedures,
is a key goal. Shale rocks are per definition fine-grained rocks that consist of >50%
siliciclastic grains with sizes less than 62 um (Boggs, 2006). Their compositional variability
and organic-richness are related to the primary depositional setting, but also later diagenetic
processes. Coal hosts mainly organic constitutes which were deposited as peat together with
relatively minor amounts of inorganic mineral matter. The organic matter fraction of both
shales and coals, which initially is mainly insoluble kerogen (Littke, 1993), is not only the
source for gaseous and liquid hydrocarbons during proceeding thermal maturation (Clayton,
1993), but also shows a complex pore structural evolution in relation to transformational
processes. These secondary changes contribute crucially to the overall effective porosity and
sorptive storage capacity (Chalmers and Bustin, 2007; Crosdale et al., 1998; Gasparik et al.,
2014; Lohr et al., 2015; Misch et al., 2019; Shabani et al., 2018). Furthermore, the organic
matter content in shale rocks has reportedly a significant impact on their overall physical
properties which in turn control the tendency to form fractures e.g., during hydraulic

fracturing, but also influence wellbore stability and the interpretation of geophysical data



such as seismic reflections and sonic logs (Khatibi et al., 2018; Kumar et al., 2015; Sayers,
2013; Vernik and Nur, 1992).

The inherent complexity of organic matter-rich rocks which goes down to micro- to nano-
scale features, as well as the manifold changes in relation to diagenesis and organic matter
transformation, represent a great challenge for both microstructural characterization and
modelling approaches (Abedi et al., 2016). A wide spectrum of methods is used to resolve
the textural and pore-structural characteristics, including 1) petrophysical techniques such as
low pressure N> and CO; physisorption, Hg intrusion (MICP), and nuclear magnetic
resonance (NMR) porosimetry, ii) 3D tomographic techniques such as X-ray micro
computed tomography (micro-CT), synchrotron-based nano-CT, and focused ion beam -
scanning electron microscopy (FIB-SEM), as well as iii) 2D high-resolution imaging
techniques such as broad ion beam - scanning electron microscopy (BIB-SEM), helium ion
microscopy (HIM), and transmission electron microscopy (TEM) (e.g., Busch et al., 2017;
Cala et al., 2017; Cardott and Curtis, 2018; Cavanaugh and Walls, 2016; Chalmers et al.,
2012; Clarkson and Bustin, 1999; Fink et al., 2018; Harris and Yust, 1976; Kelly et al., 2016;
King et al., 2015; Kwiecinska et al., 2019; Liu et al., 2017; Misch et al., 2018, 2016; Okolo
et al., 2015; Zhao et al., 2018).

Conventional mechanical characterization (e.g., static or dynamic macro-scaled
experiments) of organic matter-rich rocks is still challenging mainly due to poor core
recovery and sample instability (e.g., Kumar et al., 2015). Furthermore, these standard
testing routines often exhibit low precision and inconsistency due to sample heterogeneity,
and the phase-specific properties of individual constituents cannot be extracted either. In
contrast, nanoindentation is a powerful spatially resolved characterization method and well-
established in many material science disciplines working with heterogeneous materials at
the sub-micron scale (Oliver and Pharr, 2010, 1992). While not commonly applied, it has
also proven feasible for shale rock testing (Abedi et al., 2016; Bennett et al., 2015; Cata et
al., 2017; Graham et al., 2020; Luo et al., 2020; Ma et al., 2020; Shukla et al., 2015, 2013;
Ulm and Abousleiman, 2006; Yang et al., 2020; Zhao et al., 2020), as well as for application
with coals (Borodich et al., 2015; Epshtein et al., 2015; Hou et al., 2020; Kossovich et al.,
2019; Ma et al., 2020; Manjunath and Jha, 2019; Yu et al., 2018). Still, method development
both on the experimental as well as on the data processing side is urgently needed to lift
nanoindentation up to its full potential with respect to geoscience-related research.

This thesis covers two main aspects:



At first, an improved structural and micromechanical characterization workflow for organic
matter in both coals and shales should be established, as routines for a comprehensive
assessment are still lacking. A major problem is that correlation between different
investigation techniques is challenging and therefore, phase-specific organic matter
properties cannot easily be determined. Furthermore, particularly micromechanical testing
of disseminated fine-grained mudstones and shales requires post-processing of data in order
to deconvolute material parameters of the present phases for later modelling approaches (Li
etal., 2019; Liu et al., 2018; Luo et al., 2020; Wu et al., 2020). Pore structural investigations
of organic matter often suffer from limitations in imaging resolution; the most common BIB-
SEM technique is not able to visualize primary and secondary porosity in the lower
mesopore range (< 10 nm). This applies in particular for the micropore (<2 nm) range, which
is of particular importance for the CH4 sorption capacity in coal, as it is mainly controlled
by the abundance of microporosity (e.g., Clarkson and Bustin, 1999). Therefore, additional
imaging methods like TEM and HRTEM, ideally combined with gas adsorption data, are
required to fill this resolution gap.

Secondly, this thesis aims at linking the structural evolution of organic matter during thermal
maturation with the micromechanical changes observed. Due to the abovementioned
importance of organic constituents for the development of dual porosity and permeability
(matrix vs. fracture systems), these were put into the focus of this work. Two sample sets
from the Ukrainian Donets Basin (Carboniferous coal; Sachsenhofer et al., 2012) and
Chinese Songliao Basin (Lower Cretaceous Shahezi Formation shale; Hou et al., 2020) were
selected for the experimental studies. The coal sample set was ideal for the clear
identification of macerals and was therefore used to fundamentally understand the facies-
and maturity-related influencing factors on changing structural and mechanical properties.
The shale samples from the Shahezi Formation represent a potential shale gas target at wet
gas to dry gas window maturity, for which the knowledge of mechanical behavior is of great
importance. Nano-porous organic matter particles can be considered as preferred spots for
stress-localization in shales, and depending on their brittle or ductile behavior could facilitate
or impede crack propagation. The investigations on the coal and shale sample sets are briefly

summarized below (see also the individual publication summaries in chapter 5).



Donbas coals

The first part (publications I and II) combines gas (ad)sorption measurements (N2, COo,
CHs4), highest-resolution imaging (particularly HRTEM), nanoindentation and
characterization via Raman spectroscopy for a comprehensive assessment of maceral-
specific coal properties over a broad maturity range (0.62 — 1.47 %Rr). Primary depositional
and secondary diagenetic influences were considered and a general understanding of

property evolution (H, E, and pore structural parameters) could be established.

Songliao Basin shales

The second part (publication III) targets the micromechanical evaluation of dispersed
organic matter (mainly vitrinite and solid bitumen) in overmature gas shales from the Lower
Cretaceous Shahezi Formation of the Songliao Basin. A focus was set on the fast and reliable
assessment of representative material parameters (H and E,) of organic matter via high-speed
nanoindentation mapping. These investigations were complemented by correlative optical
and high-resolution imaging via BIB-SEM and HIM, to reliably identify organic matter types
and exclude artefacts and measurements biased by grain boundary effects. Furthermore, the
implementation of data post-processing by k-means clustering, an unsupervised machine
learning algorithm, enabled the extraction of representative material parameters despite the

small particle sizes.

The presented approach allowed to link facies- and maturity-related factors with property
variations and yielded important micromechanical input data for use in future numerical

fracture modelling at the microscale.



2 Depositional environments of coals and organic matter-rich

rocks

Organic matter has a ubiquitous occurrence in sedimentary rocks and its amount is dependent
on various biological, physical and chemical factors (Taylor et al., 1998). However, the
preservation of organic matter is usually limited to aquatic environments where organic
matter is produced more rapidly than it can be destroyed as the oxygen gets exhausted by its
presence (Tourtelot, 1979; Welte, 1969). Despite its pervasive presence in the earth’s crust,
economic hydrocarbon deposits can be considered as rare anomalies rather than the rule due
to ideal geological conditions that are required (Littke, 1993). In this chapter, important
depositional environments of organic matter rich rocks will be highlighted and discussed,

predominantly based on the summary by Littke (1993).

2.1 Deep marine environments

Deep sea sediments cover a large part of the earth’s surface (Taylor et al., 1998). However,
it was only through ocean drilling programs such as the Ocean Drilling Program (ODP) and
the former Deep Sea Drilling Project (DSDP) that enabled organic geochemical and
petrological studies on these sediments (Littke and Sachsenhofer, 1994). Organic matter in
deep sea environments is characterized by all maceral groups; inertinite, vitrinite (indigenous
and recycled from older, eroded sediments) and liptinite (Littke and Sachsenhofer, 1994;
Taylor et al., 1998). Very little organic matter (<0.2 %, mostly inertinite) can be found in
the central part of the oceans whereas along passive continental margins, in progradational
submarine fans, vitrinite and terrigenous liptinite can be enriched. However, submarine fans
also offer advantageous conditions for the preservation of organic matter due to favorable
topography for hypersaline brines (Kennicutt et al., 1986). Generally, the preservation of
organic matter is observed to be higher in shallow seas compared to deep marine
environments (Vandenbroucke and Largeau, 2007). A further significant process for the
preservation of organic matter is turbidity sedimentation due to rapid burial, especially for
terrigenous macerals (Littke and Sachsenhofer, 1994; Taylor et al., 1998). Therefore, thick
turbidite formation can represent favorable source rocks for gas (Taylor et al., 1998; Huang,
2018). Moreover, a great setting for oil source rocks is represented by anoxic silled basins
(Black Sea as a recent example) (Demaison and Moore, 1980; Simmons et al., 2018). In such

basins the anoxicity of bottom and pore water contribute to the preservation of produced



organic carbon (Bralower and Thierstein, 1987). The resulting sediments in such settings are

typically laminated black shales.

2.2 Upwelling areas

In upwelling areas, large masses of oceanic surface waters move offshore and are replaced
by oceanic water from deep sea areas (Littke, 1993). These areas are characterized by high
and continuous phytoplankton productivity as vertical currents constantly deliver nutrients
to the photic zone (Parrish, 1982; Totman Parrish and Curtis, 1982). Upwelling currents are
mainly wind-driven and a result of the Coriolis effect (Totman Parrish and Curtis, 1982).
Examples for upwelling areas are offshore settings situated on the Northwest African shelf,
Southwest Africa, Gulf of California, Peru and Oman (Diester-Haass, 1978; Littke, 1993
and references therein). However, depositional environments of upwelling zones are
characterized by variability in typical characteristics of the respective upwelling zones such
as oxygen content (not always anoxic), organic matter content, content of phosphorite,
glauconite, opal, and barium (Demaison and Moore, 1980; Diester-Haass, 1978; Parrish,
1987, 1982). Differences in sedimentation mechanism can also be observed based on the
organic matter type variability. The organic matter observed in upwelling sediments from
prominent offshore sites such as Oman and Peru show a predominance of unstructured
amorphous organic matter, so called bituminite. Whereas for the Northwest Africa shelf, the
organic matter is mainly characterized by the high abundance of terrigenous macerals, in
particular inertinites (Littke and Sachsenhofer, 1994). Differences in organic matter
composition and consequently source rock quality are mainly a result of differing
depositional conditions and oceanographic transport mechanisms (Langrock and Stein,
2004; Littke and Sachsenhofer, 1994). Overall, upwelling-influenced sediments have a
significant role for the distribution of organic matter-rich rocks (Li et al., 2015; Parrish,

1987).

2.3 Anoxic continental shelves

Organic matter-rich sedimentary deposits in shallow and anoxic marine environments
represent the most significant source rocks for oil. For instance, the Pennsylvanian black
shales in North America represent typical and well-studied examples for depositions on
anoxic continental shelves (Algeo and Heckel, 2008; Heckel, 1991; Littke, 1993; Schultz

and Coveney, 1992). These deposits are usually relatively thin (<I m) and normally do not



host benthic fossils or show traces of bioturbation, which indicate that the sedimentation
occurred under anoxic conditions (Littke, 1993; O’Brien, 1987). Organic petrography for
the Upper Carboniferous Little Osage shale interval (USA) revealed that liptinitic (algal
derived) as well as humic (terrestrial) macerals are present, exhibiting varying amounts and
quality throughout the profile (liptinitic and organic carbon enrichment disappears towards
the op of black shale interval) (Wenger and Baker, 1986). Organic matter and geochemical
variations reveal that the level of anoxia was not constant and geological key factors such as
eustatic sea level rise together with rapid marine transgression (influx of nutrients) mainly
controlled the deposition. While the transgression-based influx of nutrients raised the algal
production, input of terrigenous organic matter led to a considerable sink for oxygen levels

which in consequence enhanced anoxia (Wenger et al., 1988; Wenger and Baker, 1986).

2.4 Lakes

Lakes represent advantageous depositional environments for prolific hydrocarbon source
rocks (Kelts, 1988; Littke, 1993; Powell, 1986). European examples for organic matter-rich
lacustrine sediments are Eocene Messel shales and Miocene Nordlicher Ries shale rocks
(both Germany). These lacustrine sediments juxtaposed demonstrate the importance of
various impact factors such as depositional setting, environmental conditions in the
hinterland and water chemistry on organic matter composition (Littke, 1993). The organic
matter-rich sequence (13 —39 % C) of the Messel shale is a product of suitable environmental
conditions such as a warm and humid climate, nutrient-rich freshwater input of an inflowing
river, while in- and outflow did not disturb water stratification within the lake (Franzen und
Michaelis, 1988; Rullkotter et al., 1988). Due to the fluviatile inflow, the kerogen in Messel
shales consists of about 20% terrigenous higher plant material (vitrinite, inertinite) and the
remaining 80% are derived by subaquatic organism (liptinite) (Jankowski and Littke, 1986;
Rullkétter et al., 1988). Also, the sources for the organic matter input (autochthonous as well
as allochthonous) varied the entire time while the lake existed (Bauersachs et al., 2014).
However, the tectonic situation hindered sedimentation of a thick lacustrine sequence due to
the development of Upper Rhein graben system. In contrast, the Nordlicher Ries shale, was
not impacted by tectonic processes. The sediment was deposited in a Miocene meteoric
impact crater and is characterized by organic carbon content between <2 and 26% (Littke,
1993; Rullkotter et al., 1990). Here, terrigenous macerals such as vitrinite and inertinite are
significantly less abundant compared to the Messel shale rock, which is likely due to absent

fluviatile transport mechanism through the Ries lake (Rullkétter et al., 1990). Another



characteristic of the organic matter in the Ries shale is the abundance of structureless organic
groundmass which is likely originated from cyanobacteria (blue-green algae) that could
withstand hypersaline conditions prevailing within the Ries lake (Jankowski, 1983;
Rullkotter et al., 1990).

Despite great variability, lakes represent an excellent depositional environment for oil-prone
source rocks (Taylor et al., 1998). Due to the relatively small expansion of the
aforementioned deposits, they have not been targeted for exploration as much as marine
source rocks (Curiale and Gibling, 1994). However, lacustrine depositions are still
investigated as potential economic source rocks (e.g., Browne et al., 2020; Liu et al., 2020;
Song et al., 2020). The lacustrine basin fill of the Songliao Basin represents an exception
with a thickness up to 4300 m (Hou et al., 2020; Taylor et al., 1998). The geological setting

of the Songliao Basin is discussed in chapter 3.2.

2.5 Fluviodeltaic coal-bearing strata

Fluviodeltaic settings represent important depositional systems for coal and coal-bearing
organic matter-rich-shale rocks (Dai et al., 2020). Sequences from this depositional setting
are characterized by a high variability organic matter concentration (Littke, 1993). However,
organic matter in fluviodeltaic sediments is dominated by terrigenous macerals derived from
higher land plants (Omura et al., 2000; Scheidt and Littke, 1989; Scheihing and Pfefferkorn,
1984; Smyth, 1989). The organic matter composition can be generally described as a mixture
of different maceral types. Littke (1993) provides a compilation of average maceral type
percentage for different coal-bearing basins such as the Cenocoik Ardujan Basin, Jurassic
Eromanga Basin, Permian Morondava Basin and the Carboniferous Ruhr basin (see figure
21 in Littke, 1993). The average vitrinite contents within these coal deposits range between
34 and 88%, average liptinite abundance ranges from 5 —35% and average inertinite contents
vary from 1 to 50%. Furthermore, the petrographic organic matter composition in clastic
rocks can be comparable to the associated coal seams (Ramanampisoa et al., 1990; Scheidt
and Littke, 1989) or a lower abundance in vitrinite can be observed. Another difference
between the fluvial clastic rocks and related coal is that the organic matter disseminated in
sediments is more degraded, leading to a lower petroleum generation capacity compared to
the associated coal seam (Jasper et al., 2009; Littke and Zieger, 2020). However, the maceral
composition can be highly variable. The relative enrichment of liptinite in the Ruhr Basin
mudstones for instance can be explained by sorting processes during fluviatile transport

mechanism due to its light weight, even at low velocities (Littke, 1993). Liptinite enrichment



in also characteristic for fluviatile sediments such as the Pliocene to Pleistocene Uonuma
Group (Japan). Here the high liptinite amounts are observed in estuary mouth sediments.

This observation is viewed as a consequence of tidal, wave and fluvial currents (Omura et

al., 2000).
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3 Geological overview

3.1 Ukrainian Donets Basin

The Donets Basin (or Donbas), located largely in the Ukraine (figures la, b) and partly
extending into Russia (eastern basin part), hosts one of the largest and most important coal
fields worldwide. The basin extends over an area of 60 000 m? and contains approximately
130 economic coal seams and is one of the deepest sedimentary basins in Europe with a
sediment thickness up to 19 km (Stovba et al., 1996) (figure 1c). Geologically it is the south-
eastern part of the Pripyat—Dniepr—Donets Basin, a late Devonian rift structure within the
southern part of the Eastern European Craton (Stephenson et al., 2001; Stovba and
Stephenson, 1999). Sedimentation within the Donets Basin started in the Middle Devonian
age with the deposition of shallow marine sediments (Stovba and Stephenson, 2002). The
Devonian pre- and syn-rift sediment sequences are followed by post-rift filling of the
Carboniferous, Permian, Mesozoic and Paleogene (Stovba et al., 1996). Devonian pre- and
syn-rift sediments are widespread. They are about 750 m thick at the basin margins, but
reach a thickness of about 5 to 6 km in the center of the basin (Maystrenko et al., 2003; figure
lc). Devonian syn-rift sequences include carbonate rocks, continental clastic, pyroclastic,
volcanic and intrusive rocks and considerable amounts of salt (Maystrenko et al., 2003;
Sachsenhofer et al., 2012; Stovba and Stephenson, 2002). As for the post-rift sediments,
significant post-rift tectonic reactivations led to the development of the very thick (up to 14
km) Carboniferous succession (Sachsenhofer et al., 2012; Stephenson et al., 2006; Stovba
and Stephenson, 2002). The Carboniferous sequence, consisting mainly of continental
siliciclastic and shallow marine sediments as well as coal seams, are segmented into
lithostratigraphic units, also named suites, A, B, C, to P (Lutugin and Stepanov, 1913). Their
correlation with the standard time-scale is given by Sachsenhofer et al. (2003). Throughout
the entire Carboniferous succession, coal seams are abundant. However, the Lower
Serpukhovian (suite C) and Moscovian (suites K to M) are particularly rich in coal
(Levenshtein et al., 1991). Serpukhovian coals, originated from a peat which was
accumulated in an approximately 10 km wide shore-zone, characteristically exhibit low ash
yield, have low to moderate S content, and are rich in inertinite and liptinite (Sachsenhofer
et al., 2003, 2012). In contrast, Moscovian coals exhibit variable contents in sulphur (S) and
ash yield and are rich in vitrinite. Furthermore, the aforementioned variability of S and ash
yield of Moscovian seams indicate changing depositional environment with fluctuating

marine influence (Misch et al., 2016a; Sachsenhofer et al., 2003).
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The coal seams in the Donets Basin are characterized by a high CH4 content which on one
hand yields potential for economic productions but also represents a severe mine safety
problem as Donets coal mines are prone to instantaneous outburst and gas explosions

(Privalov et al., 2007; Sachsenhofer et al., 2012).

|:| Cenozoic HIHIE] Permian . Tournaisian-Lo. \ﬂsaanﬂ%
1] up. Cretac. Up. Carbonif. =] Devonian =
Jurassic dikes Moscovian Eﬂ Proterozoic

Jurassic Bashkirian ™4 Major thrust / reverse fault
Triassic - ggm‘ﬂﬁﬁgﬁan.ﬁ.. Magnetic anomaly

"y J (Permo-Triassic? intrusives
23 andhydramermalhabesJ

eI |
i

Lugansk ey
‘-;:A =T

Jurassic Dikes ’
—— [
N AT —— 49“5 km

South
Anticline

[ET MNorth
SuulhAnuchna Main Anticline
S, 5

Depth (km)

Figure 1. Maps and interpreted seismic lines from Sachsenhofer et al (2012). (A) Main location of the study
area (after Stovba and Stephenson, 1999). (B) Geological map modified after Popov (1963) (C) Interpreted and

depth-converted reflection seismic line after Maystrenko et al. (2003).
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3.2 Chinese Songliao Basin

The Songliao Basin, located in northeastern China and eastern part of the Central Asian
Orogen (figure 2a), is a Mesozoic rift basin covering an area of 260 000 km? (Hu et al.,
1998). Paleozoic metamorphic rocks and Hercynian granites represent the basement. The
basin fill reaches a thickness of more than 11 km and contains Jurassic, Cretaceous and
Cenozoic sequences (Desheng et al., 1995; Hu et al., 1998). The Jurassic succession,
deposited in rifts and reaching thickness values between 3 and 5 km, hosts mainly mudstones
and sandstones interbedded with coal and volcanic rocks (Desheng et al., 1995). Sediments
of early Cretaceous age overlie the Jurassic with an unconformity and are mainly represented
by fluvial to shallow lacustrine sandstone and mudstones (Hu et al., 1998). During the main
period of basin subsidence, Upper Cretaceous formations (Qingshankou, Yaojia and
Nenjiang) were sedimented in an occasionally brackish influenced gigantic fresh water lake,
which extended over an area of 90 000 to 100 000 km? (Hou et al., 2000). The Qingshankou
and Nenjiang formations are the major petroleum source rock units within the Songliao
basin. The lake was filled with fine-grained detrital sediments and has the longest continuous
lacustrine sedimentation as well as subsidence history worldwide (Noah et al., 2020; Wang
et al., 2017). Important new insights regarding stratigraphy, environmental evolution,
paleoclimate, deep resource and energy exploration as well as tectonic settings were gained
within the scope of the Deep Continental Scientific Drilling Engineering Project in the
Songliao Basin (Hou et al., 2018; Xu et al., 2020). The Songke Number 2 well (also referred
to as Well SK-2; figure 2), part of the aforementioned project and located in Anda City
(Heilongjiang Province), is drilled down through the entire Cretaceous strata (Hou et al.,
2018; figure 2b, c). The Shahezi and Huoshiling Formations were part of the main horizons
drilled. Gas logging data of these formations revealed for 118 layers (cumulative thickness:
268 m) an abnormal high gas content (Hou et al., 2018). The extensive gas shows coupled
with high organic matter abundance indicate the presences of energy sources in the deep

Songliao Basin.



13

{G' (b) Serics| Fm |CDT¢1DePlh (m)l Lithological profile well SK-2
gy
S, x
z,') =
o @ s
enjian )
/17% a
s : NorthBE],a&y" ozt?,o Q
47N ; Plunge 5 § a
y  Zone g
Qigihary . 8
oy 'o.._-' Northeast P
46°N O 1 Uplift Zone »
% Dagi o
) ot o 4500 p—
.s' ot + Suihua ——
A7 SKeindeNK: SK-2 _
& v Central &&= "= . en**"" E Basin Boundary @ Andesite
= < . . 3** Harbin
4N 5 West % Depression W o
df’ Slope Zo%e .‘.-‘ E Structral Boundary Rhyolite
., Zone : A ;
‘e, 5 < SK-1s ) @ City % Fine sandstone
. & -:Southeast Y'gh“ A P
4N Soutth ;...".‘f ;ijplift — é’g B Borehole F==] Coarse sandstone
outhwes ) L —T
Uplift Zone R $F =] Shale Siltstone
o Changchun Jilin &Y .
Tongliao : @) o & & _ Glutenite Pelitic siltstone
4FNP o . & > e Tuff
! 1 .1 1 1 1 1 1 Tu Conglomerate
122°E 124°E 126°E 128°E @
SK-1n SK-1s SK-2 »
(C) A \ / Q-Ey \ A
0 = —Ksm -
1000 m
-2000
0 -3000
= -4000
o
[
2 -5000
-6000
-7000
-8000

Quaternary-Neogene
Yaojia Formation

- Denglouku Formation
- Huoshiling Formation

Sitangtai-Mingshui Formation Nenjiang Formation

- Qingshankou Formation - Quantou Formation
Yingcheng Formation - Shahezi Formation

[IT] Borehole [ M ] Coringsection

Figure 2: (a) Location of the Songliao Basin and SK-2 Well. (b) Stratigraphic column of the Lower Cretaceous

in the SK-2 Well. (c) Structural cross-section of the Songliao Basin through the SK-2 Well. From Noah et al.

(2020

), modified after Hou et al. (2018).



14

4 Methods

The following section serves to provide a short overview of the characterization methods

used in this study. Further details can be found in the respective cited literature.

4.1 Nanoindentation

To measure elastic and plastic properties with high spatial resolution, conventional
nanoindentation testing and high-speed nanoindentation mapping were applied in this study.
All measurements were conducted at the Erich Schmid Institute in Leoben (Austria). The
samples (coal and shale rocks) were embedded in epoxy resin and mechanically polished
(final polishing step: 0.05 um). Conventional nanoindentation testing of Donets Basin coal
macerals (see publication I) was conducted using a Hysitron (now Bruker) Triboscope
system with the transducer being mounted on the scanner head of a Digital Instruments (now
Bruker) D3100 atomic force microscope. This arrangement also enabled surface scans using
the indentation tip as a probe to create a topological image of the investigated area. The
indents were performed load-controlled with a trapezoidal loading profile with
loading/unloading rates set to 500 uN s~ and a maximum applied load of 1000 pN held for
10 s. Advanced high-speed nanoindentation mapping was conducted on organic matter
particles in over-mature rocks from the Songliao Basin (see publication III). The
measurements were performed using a Hysitron TS 77 Select (Bruker). Compared to
conventional testing facilities, the Hysitron TS 77 Select enables accelerated data
acquisition, allowing detailed statistical post-processing of a large data set. Maps with
different sized grid patterns (up to 9 x 9 indents) and a spacing of 2 to 3 pm between the
individual indentation spots, were positioned on macerals. The individual indents were
performed with a trapezoidal loading profile (0.5 s loading, 1 s hold, 0.5 s unloading) in
load-controlled mode to a maximum load of 800 uN. These load values were chosen to
ensure small enough indents, thus avoiding unwanted interaction between neighboring
imprints.

For both approaches, a Cube Corner diamond tip was selected as an indenter which also
served as a scanning probe microscopy (SPM) tip. The attained SPM surface scans enable
the identification of undisturbed spots prior to nanoindentation. The Cube Corner tip area
function and load frame compliance for both systems were calibrated following the Oliver-
Pharr method (Oliver and Pharr, 1992). Also, the proposed method by Oliver and Pharr
(1992) was used to obtain hardness (H) and reduced elastic modulus (E).
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H is calculated from Equation (1):

Pmax
H== (1

here Pn.x denotes the maximum load and 4 is the projected contact area between material

and nanoindenter. E, can be calculated following Equation (2):

g YT 2)

S defines the contact stiffness calculated as the slope of a tangent fitted to the upper portion
of the unloading segment from the obtained load-displacement curve (figure 3).
Theoretically, the diamond tip is also deformed elastically during nanoindentation, as it is

not infinitely stiff. This can be considered through Equation (3):

Ey E E; (3)

where the Young’s modulus of the tested material is denominated as £ whereas its Poisson’s
ratio is described by v. The known material parameters for the diamond indenter tip are given
by E; and vi. As the Poisson’s ratios of macerals are not known, E, was utilized and discussed
as the main mechanical parameter. Furthermore, for soft materials, £ and E, are virtually
equal, as the deformation of the diamond tip by the soft substrate is negligible.

The output data was subsequently statistically analyzed (see publication I and III). For the
analysis of the acquired high-speed and high-throughput nanoindentation data, the
unsupervised machine learning algorithm A-means clustering (Arthur and Vassilvitskii,
2007; Hartigan and Wong, 1979) was utilized to extract representative (e.g., non-affected by
grain boundary effects) material parameters and to identify impacting factors causing the

alteration of £, and H of organic matter particles (see publication III).
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Figure 3: Sketch of a load-displacement curve.

4.2 Organic petrography

Organic petrography was conducted on the Donbas coals (publication I, IT) as well as on the
organic matter-rich rocks from the Songliao Basin (publication III). For the microscopy, the
samples were embedded in epoxy resin and mechanically polished (final polishing step: 0.05
um). The coal specimen was randomly embedded, while the shale rocks were cut and
embedded perpendicular to their bedding plane. Organic matter was identified using a Leica
DM 4P microscope under oil immersion. The microscope utilized in this study is located at
the Chair of Petroleum Geology, Montanuniversitit Leoben. Random reflectance
measurements for inertinite (publication I) were conducted in non-polarized light
(magnification of 100x) following Taylor et al. (1998). In order to enable a correlative
imaging and mechanical testing approach, the sample surface (Songliao Basin shales) was
marked with a femtosecond laser-grid (publication III). The grid preparation was realized
with the Auriga Laser platform (Carl Zeiss) (Pfeifenberger et al., 2017) at the Erich Schmid
Institute in Leoben (Austria). Under the microscope the three different maceral groups
(vitrinite, intertinite and liptinite) can be distinguished from each other based on their
reflectivity (Taylor et al., 1998). These groups contain various sub-groups and macerals
which are described in detail by Stach et al. (1982) and Taylor et al. (1998). Detailed
information is also given by the International Committee for Coal and Organic Petrology
(ICCP) system. The vitrinite maceral group is mainly derived from woody tissues of stems,

roots, barks and leaves which consist of cellulose and lignin (International Committee for



17

Coal and Organic Petrology (ICCP), 1998). Liptinite on the other hand, originates from non-
humifiable plant matter, H-rich remains such as resins, waxes, fats and sporopollenin and is
characteristically the maceral group exhibiting the lowest reflectance (Pickel et al., 2017).
Inertinite macerals, mainly derived from woody tissue and resins, are the results of various
alteration processes including redox and biochemical processes and oxidation due to

wildfires (International Committee for Coal and Organic Petrology (ICCP), 2001).

4.3 Transmission electron microscopy

Transmission electron microscopy (TEM) imaging of vitrinite in Donbas coals (publication
IT) was performed on a 200 kV TEM JEOL 2100F equipped with a spherical aberration
corrector (CEOS) and a Gatan Orius SC 1000 CCD camera at the Erich Schmid Institute in
Leoben (Austria). Both, conventional bright field transmission electron microscopy (BF
TEM) and high-resolution TEM (HRTEM) were conducted to determine pore characteristics
and to visualize ultra-fine structures such as aromatic fringes, respectively. In order to obtain
particles thin enough for proper analysis, material from vitrinite grains was carefully
extracted with a scalpel and micro-drill bits. The extracted vitrinite powder was then diluted
in isopropanol and dispersed by ultrasonication for 10 min. Few drops of the suspension
containing vitrinite flakes were then deposited on a copper TEM grid with a lacey carbon
film. The acquired micrographs from these particles were processed via the open-source
software ImageJ (version 1.48) to acquire pore size distributions and geometry factors (see
work flow in the supplemental material of publication II). Digital Micrograph (version 3.32)
was used to analyze interlayer spacings between aromatic fringes by fast Fourier
Transformation (FFT) based processing. An excellent summary of application and history
of electron microscopy (TEM and SEM) in regards to the characterization of coals, organic
matter-rich shales and carbonaceous matter is given by Kwiecinska et al. (2019) while

further theoretical and practical insights are published by Williams and Carter (2009).

4.4 Scanning electron microscopy

Scanning electron microscopy (SEM) was conducted on a Tescan Clara field emission (FE)-
SEM at the Chair of Physical Metallurgy and Metallic Materials, Montanuniversitit Leoben
(Austria). The microscope is equipped with backscattered (BSE) and secondary electron
(SE) detectors as well as an energy-dispersive X-ray (EDX) detector (Oxford Instruments).

In publication IIl the images were acquired in two steps. First, overview images of



18

mechanically polished and uncoated samples were obtained at low electron beam energy (<
5kV). For a detailed high-resolution imaging in the following step, sub-specimens were cut
from these sample blocks in order to conduct cross-section milling of the sample surface by
means of a Hitachi ArBlade 5000 broad ion beam (BIB) preparation system at 8 kV for 2 h.
Subsequently, the samples were coated with few nm Au to prevent electron charging during
high resolution imaging at 5 — 10 kV.

BIB surface preparation is recognized as non- or low-invasive method which enables the
artefact free high-resolution characterization of fine-grained, organic matter-rich rock

samples (Hackley et al., 2021; Klaver et al., 2012; Loucks et al., 2009; Misch et al., 2018).

4.5 Helium ion microscopy

The helium ion microscopy (HIM) characterization of organic matter particles in shale rocks
from the Songliao Basin (publication III) was carried out using an Orion Plus microscope
(Carl Zeiss) located at the Faculty of Physics, University of Bielefeld (Germany). HIM
images were obtained at an acceleration voltage of 34.5 — 36.1 kV and a He beam current
set at 0.3 — 2.9 pA. The samples were mechanically polished and the sample surface was not
sputtered with a conductive layer in order to prevent artefacts that may result from coating
(e.g., eventual clogging of pores). Charging of the surface during image acquisition was
stabilized by using an electron flood gun. The resulting SE images offer great advantages to
conventional SEM such as high surface sensitivity, an advantageous contrast formation,
better depth of focus and far higher resolution, which is beneficial especially for carbon-
based and biological materials (e.g., Frese et al., 2021; Joens et al., 2013).

Compared to SEM/BIB-SEM studies, HIM characterization of organic matter rich-rocks
(e.g., Cavanaugh and Walls, 2016; Dong et al., 2019; Hackley et al., 2021; Huang et al.,
2020; King et al., 2015; Wang et al., 2020) are not as common. Further theoretical
background on imaging mechanism is given by excellent literature on HIM characterization
(Bell, 2009; Hlawacek et al., 2014; Hlawacek and Golzhduser, 2016; Scipioni et al., 2009;
Ward et al., 2000).
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4.6 Raman spectroscopy

Raman spectroscopy was performed on a Horiba LabRAM HR Evolution spectrometer with
a 532 nm Nd:Yag laser (100 mW; density-filtered down to 3.2 mW) for the characterization
of vitrinite particles in Donbas coal (publication II). This facility is located at the Chair of
Resource Mineralogy, Montanuniversitit Leoben (Austria). The instrumental set-up also
included a diffraction grating (1800 mm™), a CCD detector and a 10x microscope objective.
Raman spectra were acquired from ablated vitrinite surfaces, in order to avoid influence of
alteration effects caused by prior polishing (Henry et al., 2018; Liinsdorf, 2016). The
evaluation of the spectra was performed using the Iterative Fitting of Raman Spectra
(IFORS) approach, an iterative curve fitting method by Liinsdorf and Liinsdorf (2016). The
structural parameters (based on the D and G band positions) were obtained to study the
structural changes of vitrinite associated with thermal maturation (e.g., Potgieter-Vermaak

etal., 2011).

4.7 Low-pressure adsorption

Low-pressure CO; as well as N physisorption was conducted in order to study the pore-
structural characteristics of vitrinite-rich Donbas bulk coals (publication II). Low-pressure
CO; adsorption measurements were conducted at the Institute of Clay and Interface
Mineralogy, RWTH Aachen University (Germany), while N> physisorption was provided
by the Institute of Unconventional Oil and Gas, Northeast Petroleum University (China).
Low-pressure CO> physisorption was performed on a Micromeritics Gemini VII 2390 t
device. Approximately 0.2 g of the sieved 63 — 200 pum grain size fraction was analyzed per
sample. All samples were dried and degassed for approximately 24 h at 383 K prior to
measurements. The physisorption measurements were conducted at isothermal conditions
(273) and further calculation of micropore volume and surface was based on the Dubinin-
Astakhov equation (Dubinin, 1975). Low-pressure N> isotherms were acquired using a
Micromeritics ASAP 2460 surface area and porosity analyzer at 77 K. Prior to measurements
the samples (approximately 0.7 — 3 g of crushed 177 — 250 pm grain size fraction) were
degassed and dried for 10 h at 383 K. Calculation of pore structural parameters such as
specific mesopore volumes, mesopore size distributions as well as surface areas were based

on the Barett-Joyner-Halenda (BJH) adsorption theory (Barrett et al., 1951).
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4.8 High-pressure CH4 sorption

High pressure CH4 sorption experiments were conducted on at least 24 h dried and degassed
(at 378 K) bulk coal samples from the Donets Basin (publication II). The high-pressure
sorption measurements were conducted at Institute of Geology and Geochemistry of
Petroleum and Coal, RWTH Aachen University (Germany). The crushed samples (<1 mm
grain size) were analyzed using a manometric set-up. A detailed description of the
experimental setup and device is given by Gasparik et al. (2014, 2013, 2012). The setup
consists of volume calibrated steel sample cells (SC) and a reference cell (RC), including
pressure and temperature transducers and two high-pressure valves (V1, V2) (figure 4).
Before measuring the sorption isotherms, the system is leak-tested using He (leakage rate
should not exceed 500 Pa/h). Subsequently, the void volume (Vyoiz) of SC, filled with the
sample powder, is determined by He expansion (RC into SC), under the assumption that He
is not adsorbed by the sample. After removing He from the system via vacuum evacuation,
the RC is repeatedly filled with CH4 and successively expanded into the SC until a pressure
of 10 MPa is reached.

Following Equation (4) the excess sorbed amount (7excess) is calculated from the total amount
of CHy transferred (7:-4ns) into the SC, subtracted by the amount of CH4 that can be stored in

the available void volume Vs (Gasparik et al., 2014):

Nexcess (P,T) = Ntrans (P,T) — 59 (P,T) Vioia 4)

pgy denotes the molar gas density calculated as a function of the corresponding pressure (P)
and temperature (7) by means of the GERG Equation of State (Kunz and Wagner, 2012).
Parameterization of the resulting excess sorption isotherms was realized by a Langmuir-type

function (Equation 5):

_ P
Nexcess = Ny, PL(T)+ P (5)

Here, Rexcess (mmol g'!) is the excess amount of sorbed gas at given conditions (P and 7) and
n,, (mmol g!) denotes the maximum Langmuir capacity. The Langmuir pressure P, (MPa)
corresponds to the pressure where half of the sorption capacity is reached.

A general review on gas sorption processes (CHas, CO) including different methods and set-

ups for the sorption capacity determination is given by Busch and Gensterblum (2011).
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Gasparik et al. (2014).
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5 Summary of publications

5.1 Publication [

Nanoindentation study of macerals in coals from the Ukrainian Donets Basin

Vranjes, S., Misch, D., Schéberl, T., Kiener, D., Gross, D., Sachsenhofer, R.F., 2018.
Nanoindentation of macerals in coals from the Ukrainian Donets Basin. Adv Geosci. 45, 73—

83. hitps://doi.org/10.5194/adgeo-45-73-2018

In this study, macerals within a maturity series of coals from the Ukrainian Donets Basin
(0.62 — 1.47 %Rr) were micromechanically characterized via nanoindentation. Different
thermal maturity trends were obtained for hardness H and reduced elastic modulus E; of the
three maceral groups (liptinite, vitrinite, inertinite). The E, of liptinite followed a trend which
is likely related to dehydration, progressing organization, decarboxylation and further
transformation during thermal maturation. A low £, value at ~0.7 %Rr could be linked to
elevated organic sulphur contents reflecting a brackish depositional environment. The
increased sulphur may have catalyzed organic matter transformation into hydrocarbons. H
and E, values of inertinite sub-macerals do not follow the vitrinite reflectance trend but
correlate strongly with inertinite reflectance and hence paleo-wildfire conditions. This
implies that the temperature exposure during these wildfire events might be the main
controlling factor for inertinite brittleness. The mechanical parameters of vitrinite did not
follow a clear maturity trend, probably due to the complex and interfering coalification
processes active at bituminous coal rank. A relationship between mechanical behavior and
pore-structural evolution of vitrinite could be proven by later highest-resolution imaging (see

publication II).
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5.2 Publication 11

Nanoscale pore structure of Carboniferous coals from the Ukrainian Donets

Basin: A combined HRTEM and gas sorption study

Vranjes-Wessely, S., Misch, D., Issa, 1., Kiener, D., Fink, R., Seemann, T., Liu, B., Rantitsch,
G., Sachsenhofer, R.F., 2020. Nanoscale pore structure of Carboniferous coals from the
Ukrainian Donets Basin: A combined HRTEM and gas sorption study. Int. J. Coal Geol.
224, 103484. https://doi.org/10.1016/j.coal.2020.103484

This study combines TEM and HRTEM imaging, low-pressure adsorption (CO>2 and N»),
high-pressure CH4 sorption experiments, and Raman spectroscopy to link chemical and
structural changes of vitrinite macerals during progressing thermal maturation. The TEM-
based investigations allowed the direct determination of pore size distributions and pore
morphologies, and gave insight into ordering processes and nano-structural features such as
aromatic fringes and semi-graphite-like domains. Furthermore, the elevated organic sulphur
in these low-maturity vitrinite particles due to marine/brackish depositional conditions may
have triggered early hydrocarbon generation and therefore development of secondary
cracking pores. This is supported by the presence of semi-graphite-like domains, which is
unusual at such low rank and may be the result of structural modifications catalyzed by the
presence of sulphur. The presence of onion-like carbons at slightly higher vitrinite
reflectance (0.82 %Rr) also indicates the formation of such well-ordered structures at
temperatures lower than initially expected. A striking finding was the absence of TEM-
visible microporosity (<2 nm) and a lowered pore abundance at 0.93 and 1.10%Rr, probably
indicating pore occlusion by bitumen. This phenomenon is supported by a small drop in CH4
sorption capacity and a pronounced minimum in CO; micropore volume. Furthermore, a
sudden increase in Raman spectral ordering and a sudden increase in mesopore (2 — 50 nm)
volume and internal surface area obtained from low-pressure N> adsorption indicate
significant thermally-induced changes at the transition from the peak oil to the early wet gas
window. A maximum of micropore volume at the highest investigated rank (1.47 %Rr)
documents the ongoing secondary cracking and/or expulsion of bitumen.

The pore size distributions obtained from HRTEM could be linked to the micromechanical
properties. Average reduced elastic modulus values correlated well with average pore
diameters in the size range < 5 nm (pores not seen and hence not avoided during

nanoindentation) obtained from HRTEM. Smaller mesopores are likely favorable for
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stiffness, as the applied load is shared more efficiently by a higher number of pores. This is
an important insight for future micromechanical modelling of coal bed methane and other

unconventional hydrocarbon production targets.

5.3 Publication III

High-speed nanoindentation mapping of organic matter-rich rocks: A critical

evaluation by correlative imaging and machine learning data analysis

Vranjes-Wessely, S., Misch, D., Kiener, D., Cordill, M.J, Frese, N., Beyer, A., Horsfield, B.,
Wang, C., Sachsenhofer, R.F., under review. High-speed nanoindentation mapping of
organic matter-rich rocks: A critical evaluation by correlative imaging and machine

learning data analysis. Int. J. C Geol.

This paper focuses mainly on the fast and reliable acquisition of micromechanical data from
dispersed organic matter in fine-grained rocks. For this, organic matter-rich shales from the
Lower Cretaceous Shahezi Formation in the Songliao Basin were selected for a
comprehensive imaging and high-speed nanoindentation mapping study. The correlative
imaging by different microscopy techniques (optical microscopy, scanning electron
microscopy, and helium ion microscopy) was facilitated by a novel femto-second laser
preparation method. This allowed to mark the sample surfaces with a microscale grid without
major thermally-induced damage. Features of interest could be identified reliably and
investigated subsequently at different scales by the complementary characterization
techniques. Secondary electron images obtained by HIM were found to be a great tool to
identify nanoscale artefacts (e.g., cracks at mineral — organic matter interfaces, surface
alteration caused by the testing procedure) due to the high topographic resolution provided
by the helium ion beam. Data processing by the unsupervised machine learning algorithm -
means clustering was used to exclude grain boundary effects and heterogeneities related to
structural variations (including artefacts). This allowed to derive representative £, and H
values from the nanoindentation property maps despite the small size of individual organic
matter particles, and helped to refine the observed thermal maturity trends. The established
nanoindentation testing and data processing routine successfully highlights the potential of
nanoindentation mapping for future studies on fine-grained sedimentary rocks. The obtained
material parameters are of utmost importance for future micromechanical modelling of

shales as unconventional reservoir rocks and potential geological barriers.



25

5.4 List of conference contributions related to this thesis

Vranjes, S., Schoberl, T., Misch, D., Kiener, D., Sachsenhofer, R.F. (2018).
Micromechanical properties of macerals in coals from the Ukrainian Donets Basin: maturity
trends and implications for unconventional hydrocarbon production. EGU General

Assembly 2018, Vienna, Austria, 8/04/18 - 13/04/18. Poster presentation.

Vranjes-Wessely, S., Misch, D., Schoberl, T., Kiener, D., GroB3, D., Sachsenhofer, R.F.
(2018). Mechanical properties of coal macerals: A nanoindentation study. Pangeo 2018,

Vienna, Austria, 24/09/18 - 26/09/18. Poster presentation.

Vranjes-Wessely, S., Misch, D., Kiener, D., Rantitsch, G., GroB3, D., Sachsenhofer, R.F.
(2019). TEM characterisation and Raman spectroscopy of vitrinite. EMAS 2019 - 16th
European Workshop on Modern Developments and Applications in Microbeam Analysis,

Trondheim, Norway, 19/05/19 - 23/05/19. Poster and oral presentation.

Vranjes-Wessely, S., Misch, D., Issa, L., Kiener, D., Fink, R., Liu, B., Seemann, T.,
Rantitsch, G., GroB3, D., Sachsenhofer, R.F. (2019). Pore-structural evolution of coals:
Insights from high-resolution transmission electron microscopy and gas sorption. [CCS&T
2019-International Conference on Coal Science & Technology, Krakow, Poland, 24/11/19 -
28/11/19. Poster presentation.

Vranjes-Wessely, S., Misch, D., Cordill, M.J., Kiener, D., Horsfield, B., Wang, C.,
Sachsenhofer, R.F. (2020). Nanoindentation of gas shales — analytical potential and
limitations. MSE Congress, online conference, 22/09/20 - 25/09/20. Oral presentation.
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6 Concluding remarks

The results of this thesis highlight that acknowledging the scale-dependency of organic
matter properties, as well as the countless primary and secondary influencing factors
involved, are key requirements in order to obtain reliable structural and micromechanical
characteristics. A comprehensive use of techniques that capture the inherent heterogeneity
of geological samples, at the same time offering a maximum resolution sufficient to
understand smallest-scale structural modifications, proved to be a successful approach that
should be followed by future studies. Furthermore, spatial resolution is also significant when
it comes to the micromechanical characterization of organic constituents in coal and fine-
grained sedimentary rocks. Nanoindentation proved a valuable tool in this regard, and
particularly high-speed nanoindentation mapping will enable the rapid acquisition of phase-
specific properties which may be used in later numerical modelling approaches. The
analytical results highlighted the multiple and competing influencing factors controlling the
micromechanical property variations in a single sample. This implies that a) universal
theories of pore-structural evolution and micromechanical behavior should be viewed
critically and b) for a holistic understanding, it is important to combine traditional data from
organic petrography, bulk geochemistry, and petrophysics with modern cutting-edge
characterization techniques able to provide previously non-accessible phase-specific
properties. The introduced workflows and methodological improvements considerably
contribute to a faster and more reliable acquisition of spatially-resolved and representative
material properties; however, great advancements due to a better accessibility of highest-
resolution imaging and mechanical testing techniques — and the increasing development of

such experiments towards in-situ conditions — are joyfully anticipated.
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Abstract

This article discusses the mechanical properties of macerals in Carboniferous coals from the
Ukrainian Donets Basin, covering a maturity range from 0.62 to 1.47 %Rr (vitrinite
reflectance). The inherent inhomogeneity of geological samples requires characterization at
the micro-/nanoscale, and hence material parameters, such as hardness / and reduced elastic
modulus £, were obtained from twelve coal specimens via nanoindentation tests. Different
material properties and maturity trends were acquired for the individual maceral groups
(vitrinite, inertinite, liptinite). The results indicate that apart from maturity, multiple factors
like microstructural features and depositional environment control the mechanical properties
of macerals in coals. H and E: of vitrinites show a complex relationship with maturity due to
additional influence of microstructural features such as nanoporosity or mineral inclusions
and complex changes in the organic matter structure with increasing rank. The mechanical
behaviour of inertinites is mainly controlled by the prevailing conditions (temperature,
exposure) during paleo-wildfires. £: and H of liptinites are strongly influenced by
transformational processes related to devolatilization at low to medium rank, as well as later
hydrocarbon generation. Variations in the depositional environment (e.g. increased organic

S content due to marine influence) might play an additional role.
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8.1 Introduction

Coal is still of particular importance as a natural resource today and remains one of the most
important energy sources for the production of electricity or in various metallurgical
processes. Moreover, it is considered a substantial source for methane which not only
represents a mining hazard but can also be utilized by modern unconventional production
techniques (e.g. coal bed methane; CBM). However, the producibility of coal bed methane
depends on mechanical properties and fracture behaviour of the hosting coals. Coals are
constituted by distinct organic components referred to as macerals (vitrinite, liptinite,
inertinite), and obtaining the mechanical properties of individual maceral particles is
challenging due to their usually small size (often micro-scaled). Nevertheless, knowledge of
maceral-specific properties is critical for the understanding of controlling factors on the
overall mechanical properties of a certain coal sample. Borodich et al. (2015) and Epshtein
et al. (2015) proved the suitability of nanoindentation for the determination of mechanical
properties of individual coal macerals. The great advantage of nanoindentation compared to
other indentation testing approaches is the small required testing volume which allows
analyses of material parameters like hardness (/) and reduced elastic modulus (£) in areas
that are considered highly inhomogeneous at the micro-scale (Oliver and Pharr, 1992).

In an attempt to determine material parameters of individual macerals and to study maturity-
related changes, nanoindentation tests were carried out on twelve Carboniferous coal
samples from the Ukrainian Donets Basin (Fig.1). The Donets Basin hosts one of the most
important coal fields worldwide and extends over an area of 60 000 km? (Sachsenhofer et
al., 2012). The selected coals cover a broad maturity interval of 0.62—1.47 %Rr (vitrinite
reflectance) and were intensively investigated regarding their depositional environment,
paleoecology, geochemistry and petrography during previous studies (e.g. Stovba and
Stephenson, 1999; Stephenson et al., 2001; Sachsenhofer et al., 2003; Izart et al., 2006;
Misch et al., 2016). Hence, they offer a perfect opportunity to evaluate multiple influencing
factors on coal stability and to develop a nanoindentation testing routine for inhomogeneous,

organic matter-rich samples.
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Figure 1. (a) Geological map of the Donets Basin (after Sachsenhofer et al., 2003). (b) Detail map showing an
overview of the sampled coal mines. Locations of samples investigated during this study are marked in bold.

(c) Regional overview of the Donets Basin in Europe.

8.2 Geological Setting

The Donets Basin (Fig. 1) is a Late Devonian rift structure and forms the south-eastern part
of the Pripyat-Dniepr—Donets—Karpinsky Basin located within the eastern European craton
(Stovba and Stephenson, 1999; Stephenson et al., 2001). A detailed chrono- and
lithostratigraphic overview of the Donets Basin is given in Sachsenhofer et al. (2003) and
Misch et al. (2016). Devonian pre- and syn-rift rocks with a thickness of 750 m form the
margin of the basin, which reaches depths up to 5 km at its centre. The basement consists of
Precambrian crystalline rocks of the eastern European craton, which are overlain by middle
Devonian to Carboniferous rocks (Chekunov et al., 1993; Maystrenko et al., 2003). The
Carboniferous succession is up to 14 km thick and subdivided into lithostratigraphic units
named suites A, B, C, to P (Lutugin and Stepanov, 1913; Fig. 2). The coal-bearing sequence
is formed by fluvial sandstone, marine limestone or mudstone, and deltaic mudstone and
siltstone (Sachsenhofer et al., 2003). Marine deposits are more common in the eastern than
in the western part of the basin. In general, coal seams and intercalations of coal exist

throughout the Carboniferous succession. The lower Serpukhovian (suite C) and Moscovian
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successions (suites K to M) are particularly rich in coal (Levenshtein et al., 1991; see Fig.
2). Serpukhovian coal seams are concentrated in a narrow NW-SE trending zone along the
southwestern basin margin (Shulga, 1981; Fig. 1) where accumulation occurred during a
regressive—transgressive cycle in a roughly 10 km wide shore-zone dissected by several NE
trending rivers discharging into a nearby shallow sea in the central Donets Basin
(Sachsenhofer et al., 2012). The high amounts of inertinite and liptinite, as well as usually
very low ash yields and low to moderate sulphur contents are characteristic for Serpukhovian
coals (Sachsenhofer et al., 2003). In contrast, Moscovian seams are generally rich in vitrinite
macerals and show high ash yields and variable sulphur contents, related to changing
depositional systems with varying marine influence (Sachsenhofer et al., 2003).

The Carboniferous succession in the Donets Basin is of great economic importance; it hosts
about 130 economic coal seams, each with a thickness between 0.45 and 2.5 m, summing up
to a total net thickness of about 60 m (Ritenberg, 1972). Most coal fields of the Donets Basin
contain high amounts of methane (from 8-10 to 25-37 m3 t—1; Sachsenhofer et al., 2003),
which, apart from mine safety issues, constitute a high inherent potential for coal bed

methane production (Privalov et al., 2007).
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Figure 2. Chrono- and lithostratigraphy of the Donets Basin. Considerable magmatic and tectonic events are
shown (Stovba and Stephenson, 1999). For the Moscovian sequence a detailed stratigraphic column is given

(after Sachsenhofer et al., 2003, 2012). The studied seams are marked with star symbols.
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8.3 Experimental

8.3.1 Coal Samples

The investigated coal samples were collected from well-studied seam profiles in the (south-
)western part of the Donets Basin (Table 1; sampling locations are shown in Fig. 1, for
stratigraphic assignment see Fig. 2). Twelve coal samples from Moscovian (11) and
Serpukhovian (1) seams were selected based on their vitrinite reflectance (VR) obtained by
Sachsenhofer et al. (2003). The selected coals cover a maturity range from 0.62 to 1.47 %Rr
(Table 1). The coal specimen were embedded in epoxy resin and prepared as polished
sections (final polishing steps with 9, 3, 1 um diamond polishing suspension and 0.05 um
micropolish powder). Individual macerals were identified in an optical microscope under
white reflected light (no oil immersion), and color-marked to ensure the correct identification

during the nanoindentation procedure. No oil immersion was used to enable color-marking.

Table 1. List of samples including information on stratigraphic assignment, measured vitrinite reflectance (VR)

and indented maceral groups (v = Vitrinite; i = Inertinite; 1 = Liptinite).

Sample Mine Stratigraphy VR Indented
[“oRr]
nl 2 Butovskaya Moscovian 0.83 v, 1,1
m3 4  Bazhanova Moscovian 1.10 v, i
m3 5  Bazhanova Moscovian 1.21 v
m3 8  Bazhanova Moscovian 1.23 \%
13 11  Almaznaya Moscovian 0.87 1
11 2 Dimitrova Moscovian 0.76 \%
11 4 Dimitrova Moscovian 0.76 v, 1
11 .9 Dimitrova Moscovian 0.71 v, 1
11 _4 Novogrodovskaya Moscovian 0.69 v, 1
11 2 13_bis Moscovian 1.47 \%
k7 3 Centralnaya Moscovian 0.93 v, 1

cl0 2 Yuzho-Donbasskaya Serpukhovian 0.62 v, 1,1
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8.3.2 Nanoindentation

The nanoindentation tests were performed using a Hysitron (now Bruker) Triboscope system
with the transducer being mounted on the scanner head of a Digital Instruments (now
Bruker) D3100 atomic force microscope, allowing for surface scans. A Cube Corner
diamond tip with a tip radius of approximately 200 nm was used as indenter. Surface scans
generated with the Cube Corner tip provided sufficient information to identify suitably flat
areas without scratches or other disturbing topography features that might influence the
obtained material parameters. The area function of the Cube Corner was calibrated using a
fused silica standard following the Oliver-Pharr method (1992). All indentation tests were
performed in load control mode with a trapezoidal loading profile to a maximum load of
1000 pN held for 10 s and loading/unloading rates of 500 uN s™!. To reduce the influence of
thermal instrumental drift, fast loading and unloading sequences were selected, while the
holding time of 10 s at maximum load was chosen to minimize the influence of creep during
unloading (Fig. 3). To exclude surface effects or other measurement bias (e.g. due to
unintentional indentation of mineral grains embedded in organic matter), all results were
quality-checked based on the obtained load-displacement curves that can be regarded as
material-characteristic finger prints. Hardness (H) and reduced elastic modulus (E,) were
determined using the method proposed by Oliver and Pharr (1992). H is defined as the

resistance of a material against external force. It is calculated following Eq. (1):

Pmax
H== (M

where P 1s the maximum load applied on the projected contact area (4) between indenter
and material. 4 is calculated from the tip area function and the indentation depth (%) into the
sample surface at maximal load. E; is obtained by evaluation of the load-displacement curves
according to Eq. (2). Therein, the contact stiffness S describes the slope of a tangent that is

fitted to the elastic unloading curve segment.

Er == (2)

During the indentation procedure the diamond tip is also elastically deformed, as it is not

entirely rigid. This effect is considered trough Eq. (3):
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3)

where £ is the Young's modulus of the sample and v denominates its Poisson's ratio. £; and

v; are the known material properties of the indenter tip. However, for soft materials £ and E,

are almost equal, as the deformation of the indenter tip can be neglected in this case.

Therefore, and because the Poisson's ratios of macerals are not known, this study utilizes E;

as material parameter.
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Figure 3. Example of a load-displacement curve, its trapezoidal loading profile and a 3-D-view of the resulting

indent.
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8.3.3 Inertinite reflectance measurements

Three coal samples with different ranks (Table 1) were selected for inertinite reflectance
measurements. The measurement of random inertinite reflectance in oil (IR) was performed
using a magnification of 100% in non-polarized light at a wavelength of 546 nm (Taylor et
al., 1998). Inertinite reflectance measurements were compared to nanoindentation results to

investigate the relationship between IR, H and E for various inertinite sub-macerals.

8.4 Results

8.4.1 Vitrinite

The indentation results indicate that the obtained average H and E, values of vitrinites do not
follow a clear maturity trend (Fig. 4; Table 2). The lowest H and E, averages are observed
in the low rank coals (0.62 %Rr), with values of 0.43+0.03 and 4.91+0.37 GPa,
respectively. Both parameters vary considerably at 0.62 %Rr. Medium rank coals (0.69—
0.76 %Rr) show the highest H and E, averages. The obtained average H and E; values at
1.47 %Rr are 0.48 £ 0.01 and 5.06 + 0.2 GPa, respectively, and hence comparatively lower
compared to samples of medium rank. Generally, vitrinites show elasto-plastic behavior at

all maturity levels (Fig. 5).
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Figure 4. E. (a) and H (b) obtained for vitrinites from 11 samples with varying maturity (0.62 to 1.47 %Rr).
(CI = Confidence interval).
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Table 2. Obtained H and E, averages for vitrinite, including standard deviations (SD) calculated from the

respective number of measurements (7).

Sample  Mine VR E, SD H SD n
[%Rr] [GPa] [GPa] [GPa] [GPa]

nl 2 Butovskaya 0.83 536 0.13 048 002 36
m3 4 Bazhanova 1.10  5.02 023 044 0.02 52
m3 5 Bazhanova 1.21 5.21 0.13 0.45 0.01 30
m3 8 Bazhanova 1.23 5.02  0.13 048 0.02 30
112 Dimitrova 076 534 0.05 052 0.01 34
11 4 Dimitrova 0.76  5.61 0.19 046 0.02 25
119 Dimitrova 0.71 5.51 0.14 053 0.02 30
11 4 Novogrodovskaya 0.69 544 0.09 049 0.02 26
112 13 bis 147 507 02 049  0.01 34
k7 3 Centralnaya 0.93 4.85 027 0.5 0.02 48

cl0 2 Yuzho-Donbasskaya 0.62 491 0.37 0.43 0.03 62

——0.83 %Rr
——1.10 %Rr

800 4 1.47 %Rr

600
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400

200

* T y T X T . T > T i T L T . T
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Figure 5. Averaged load-displacement curves for vitrinites at different coal rank. Slightly differing deformation

behaviour is indicated by the individual curve shapes. However, a general elasto-plastic behaviour dominates

at all maturity ranges. The insets show micrographs of typical indentation spots.
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8.4.2 Inertinite

H and E, values obtained from inertinites do not follow a maturity trend (Table 3). However,
a linear correlation between the obtained material parameters and measured inertinite
reflectance (1.67-3.76 %Rr) is observed (Fig. 6). IR is mainly dependent on the investigated
sub-maceral type. Semifusinite shows the lowest reflectance values, while macrinite shows
intermediate reflectance. Inertodetrinite and pyrofusinite exhibit the highest reflectance
values. Variable shapes of the load-displacement curves illustrate that the deformation

behaviour changes from elasto-plastic to mainly elastic with increasing IR (Fig. 7).

Table 3. Table 3. H and E, averages determined for various inertinite sub-macerals, including standard
deviations (SD) calculated from the respective number of measurements (n). Vitrinite reflectance (VR),
indicative for the thermal maturity of the whole coal sample, was adopted from Sachsenhofer et al. (2003).
Inertinite reflectance values (IR) of investigated inertinite macerals were measured during this study and reflect
the conditions during pre-depositional wildfires, rather than thermal maturity related to burial. Note that

inertinite reflectance refers to the actually indented macerals.

Sample Mine VR Sub-maceral IR E, SD H SD n
[YoR1] [%Rr] [GPa] [GPa] [GPa] [GPa]
nl 2 Butovskaya 0.83 Inertodetrinite 3.13  14.55 0.21 3.84 0.18 4
m3 4 Bazhanova 1.10 Semifusinite 1.86 7.81 0.3 164 0.06 7
m3 4 Bazhanova 1.10 Inertodetrinite 3.04 1195 056 329 0.15 6
m3 4 Bazhanova 1.10 Makrinite 1.70 6.68 054 1.19 021 9
m3 4 Bazhanova 1.10 Semifusinite 1.70 5.55 0.07 0.84 002 5
cl0 2 Yuzho-Donbasskaya  0.62 Semifusinite 1.90 7.15 0.08 194 0.09 5
cl0 2 Yuzho-Donbasskaya  0.62 Makrinite 1.69 546 0.05 092 006 9
cl0 2 Yuzho-Donbasskaya  0.62 Pyrofusinite  3.74 20.03 0.08 4.83 0.15 4
cl0 2 Yuzho-Donbasskaya  0.62 Pyrofusinite  2.44 931 0.64 286 0.2 7
cl0 2 Yuzho-Donbasskaya  0.62 Semifusinite  1.67 696 021 1.60 0.08 5
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Figure 6. E, (a) and H (b) obtained for inertinites with varying IR (inertinite reflectance). (CI = Confidence

interval).
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Figure 7. Averaged load-displacement curves for inertinites at different coal ranks. The deformation behaviour
changes rapidly with increasing IR, as indicated by the dashed arrow. Insets show different investigated

inertinite sub-macerals (SF = semifusinite; ID = inertodetrinite).
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8.4.3 Liptinite

Sporinite is the most abundant liptinite maceral in the selected coals and hence indentation
tests were mainly conducted on sporinites. The lowest value for H was determined for the
least mature sample (0.62 %Rr), whereas the highest values for both 4 and E, occur at
0.71 %Rr. After the peak, a decrease in the values of £, and (to a lesser degree) H is observed.
E, and H averages at 0.83 and 0.92 %Rr are comparably low (Table 4; Fig. 8). At 0.93 %R,
the obtained E, and (to a lesser degree) H values show a multimodal frequency distribution
(Fig. 9). The material behavior of liptinites can be described as elasto-plastic with dominance
of the plastic deformation part at all maturity-levels (Fig. 10). Load-displacement curves of
liptinites exhibit the largest amount of energy dissipation and highest indentation depths of

all maceral groups.

Table 4. H and E, averages obtained from sporinites, including standard deviations (SD) calculated from the

respective number of measurements (7).

Sample Mine VR E, SD H SD n
[%Rr] [GPa] [GPa] [GPa] [GPa]
nl 2 Butovskaya 0.83 6.09 0.27 0.39 0.02 18
13 11  Almaznaya 0.87 4.39 0.34 0.41 0.03 25
11 4 Dimitrova 0.76 6.25 0.43 0.42 0.02 36
119 Dimitrova 0.71 6.31 0.29 0.43 0.02 27
11_4 Novogrodovskaya 0.69 4.28 0.14 0.38 0.01 25
k7 3 Centralnaya 0.93 3.69 0.30 0.38 0.03 41
cl0_ 2 Yuzho-Donbasskaya 0.62 5.73 0.70 0.35 0.05 45
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Figure 8. E. (a) and H (b) obtained for sporinites at varying maturity (0.62 to 0.93 %Rr). (CI = Confidence

interval).
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Figure 9. The frequency distribution of the obtained E, (a) and H (b) values at 0.93 %Rr.
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Figure 10. Averaged load-displacement curves for sporinites at different coal ranks. The insets show

micrographs of sporinites at low-medium (0.62 %Rr) and high rank (0.93 %Rr).

8.5 Discussion

8.5.1 Vitrinite

In general, the coalification process of vitrinites at the bituminous rank is characterized by
various changing parameters, including loss of hydrogen- and oxygen-bearing functional
groups and volatile matter, increasing aromaticity, decreasing primary porosity and
increasing density, which leads to generally increasing organic carbon contents and
increased homogenization (e.g. Taylor et al., 1998; Tissot and Welte, 1984). However, the

density of vitrinites does not change linearly with ongoing thermal maturation. At the
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boundary between sub-bituminous to bituminous coal rank, the true density decreases with
rank as a result of the devolatilization of mainly heavy oxygen-rich compounds. The density
increases again at advanced maturity because hydrogen-rich components are transformed
during hydrocarbon generation and the increase of aromatic units leads to a tighter packing
of the polymer structure (Taylor et al., 1998; Van Krevelen, 1961). Nevertheless, it might
decrease again due to the generation of secondary (nano-)porosity. The mechanical
properties of vitrinite macerals investigated during this study reflect the complex effects
described above, rather than a linear maturity trend (Fig. 4a, b). Samples at low to medium
rank show largely varying mechanical properties, whereas less scattering results at advanced
maturity (>1.0 %Rr) point to increasing homogeneity of the organic matter structure at this
stage, reflected also by a more uniform geochemical composition (e.g. Misch et al., 2016).
Apart from maturation-related processes such as devolatilization (decreases primary
porosity) and hydrocarbon generation (increases secondary porosity), changing mineral
matter contents, best approximated by the ash yield, might affect porosity and relative
density of vitrinites especially at an early mature stage. The obtained E, and (to a lesser
degree) H values correlate with ash yields (Fig. 11a, b; ash yield data from Sachsenhofer et
al., 2003) at low to medium rank. Hence, the depositional setting can be considered an
equally important influencing factor for the mechanical properties of vitrinites at this

maturity stage.
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Figure 11. Correlation between ash yield (data from Sachsenhofer et al., 2003), E. (a) and H (b) of vitrinite
macerals. Note that samples of equal maturity (and hence chemical composition) are displayed for comparison.

(CI=Confidence interval).
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8.5.2 Inertinite

The highest average values for H and E, were obtained from inertinites. Apparently, the
mechanical properties of inertinites are not primarily controlled by the coal rank but correlate
well with the measured inertinite reflectance. Reflectance studies of recent wildfire charcoals
and experimental pyrolysis studies on charcoalified wood prove that inertinite reflectance
increases with burning temperature, regardless of its morphology (Scott and Glasspool,
2007). A wildfire might produce a spectrum of different temperatures up to 1000 °C
depending on the grade of exposition (Pyne et al., 1996). Zickler et al. (2006) studied the
influence of artificial pyrolysis treatments on the mechanical properties of wood cells via
nanoindendation. Between 500 and 900 °C they described a continuous rise of E,.. A
continuous increase could also be observed in H at the pyrolysis temperature between 220
and 700 °C. Furthermore, a transition from elasto-plastic to mainly elastic material behaviour
with rising temperature according to the load-displacement curves was described by the
authors. These findings are reflected by the clear correlation of mechanical properties and
deformation behaviour with the measured inertinite reflectance of the investigated samples.
Zickler et al. (2006) interpreted this trend as an increase of covalent carbon-bonding and a
glass-like structure characterized by randomly cross-linked aromatic carbon sheets. Hence,
the main controlling factor for the material behaviour of inertinite is the temperature

exposure during paleo-wildfire events.

8.5.3 Liptinite

The indentation results of liptinites indicate a non-linear relationship with maturity. Both H
and E, of sporinites increase with maturity from low to medium rank (up to ~0.7 %Rr; Fig.
8a, b). The sample at 0.71 %Rr exhibits a maximum of both parameters, likely related to
progressing organization, dehydration and decarboxylation processes of the biopolymers,
predominantly occurring at low to medium rank. A gradual decrease of both £, and H occurs
from 0.76 to 0.83 %Rr, and the lowest E; value occurs at 0.93 %Rr (Fig. 8a). The sharp
decrease in measured reduced elastic moduli might indicate the onset of thermal cracking
related to hydrocarbon generation, associated with the loss of aliphatic chains and the
formation of isolated aromatic rings (Yule et al., 2000). The multimodal distribution of
measured £, and H (Fig. 9a, b) values points to an anisotropic behaviour that is caused by
structural reorganisation and polymerisation of the aromatic units that leads to the formation
of sheets (Yule et al., 2000). The outlier of E; at 0.69 %Rr is likely caused by changes in the

depositional environment, as Misch et al. (2016) reported elevated organic S contents at the
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expense of C, related to an increased marine/brackish influence on the Novogrodovskaya
seam during peat formation that agrees with findings from Sachsenhofer et al. (2003).
Various authors (e.g. Orr, 1986; Tomi¢ et al., 1995) postulated earlier hydrocarbon
generation for coals high in organic sulphur. Therefore, the low E, and H averages
determined for the Novogrodovskaya sample can be interpreted as earlier onset of

transformation reactions related to hydrocarbon generation.

8.6 Conclusion

The present results indicate that apart from maturity, multiple parameters control the
mechanical properties of macerals. In case of inertinites, the prevailing conditions
(temperature, exposure) during paleo-wildfires represent the main controlling factor for the
mechanical properties. £, and H of liptinites are strongly influenced by transformational
processes related to devolatilization at low to medium rank, and later hydrocarbon
generation. Furthermore, variations in the depositional environment (e.g. increased organic
sulphur content due to brackish conditions) might play an additional role. The mechanical
properties of vitrinites show no clear correlation with maturity, as a result of multiple
influencing factors such as mineral matter inclusions, depositional conditions, and
transformation of the organic matter structure and possibly the generation of nanoporosity
at advanced maturity. In order to achieve a deeper understanding of the interdependency
between mechanical properties and microstructural features (e.g. nanoporosity, mineral
inclusions), advanced characterization techniques such as transmission electron microscopy

(TEM) are required, which will be a focus of future research.
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Abstract

Various compositional, depositional and maturity related influencing factors affect the
complex pore structure of coal. To study the pore structural evolution at nanoscale, a well
characterized sample set of vitrinite-rich Carboniferous coals from the Ukrainian Donets
Basin, covering a maturity interval from 0.69 to 1.47%Rr, was selected. Conventional bright
field transmission electron microscopy (BF TEM) and high-resolution TEM (HRTEM)
imaging was used to directly determine pore size distributions, pore morphology, geometry
factors and other structural features, while gas invasion techniques such as low-pressure gas
adsorption (CO; and N>) were used for the investigation of micro- and mesopore structural
parameters. High-pressure CH4 sorption experiments revealed changes in the methane
storage capacity within the investigated maturity range, while associated structural changes
of vitrinite were monitored by Raman spectroscopy. The results indicate pore occlusion in
vitrinite mainly at peak oil window maturity, the sensibility of micro- and mesopore structure
to thermal maturity and the importance of organic sulphur as a catalyst for kinetics of
structural modification. Observed structural changes at 1.10%Rr were related to the onset of
wet-gas generation.

A structural control on micromechanical properties of vitrinite is indicated by the correlation
between reduced elastic moduli from a previous study and average nanopore diameters
obtained by HRTEM. The applied comprehensive approach improved the understanding of
depositional and maturity-related processes that may affect pore evolution and resulting gas

storage capacity of coals.
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9.1 Introduction

Coal is still the most abundant and affordable energy carrier globally, with a large portion of
the world's fuel resources being stored in coal seams. Here, methane (CH4) is generated by
biogenic or thermogenic processes during progressing coalification (Rice, 1993) and
produced as coal bed methane (CBM). Rapid desorption and presence of free gas in fractures,
cleats or caverns might represent a significant mining hazard (firedamp); on the other hand,
the desorption behavior strongly influences production characteristics. Depending on the
pressure at which the methane was adsorbed, the main percentage of the initial gas content
is stored in coal matrix pores by physical sorption (e.g., Gray, 1987; Rice, 1993; Harpalani
and Chen, 1997; Moore, 2012). The pore structure of coal is typically heterogeneous and
hence, a proper characterization is of particular importance for the estimation of coal
reservoir capacity and production performance. Following the [UPAC system (Sing et al.,
1985) pores are subdivided into macropores (diameter > 50 nm), mesopores (diameter
between 2 and 50 nm) and micropores (diameter < 2 nm). The size distribution of those
nanopores controls the dominant pore adsorption mechanism. Macro- and mesopores are
mainly filled by (multi-) layer gas adsorption at the gas-solid interface, whereas adsorption
in micropores is described by volume filling (Dubinin and Radushkevich, 1947; Mahajan
and Walker Jr., 1978; Jaroniec and Choma, 1989; Mastalerz et al., 2008). Adsorption in
micropores is generally considered as the main control on total storage capacity (Clarkson
and Bustin, 1999; Mastalerz et al., 2008; Moore, 2012). Their availability and accessibility
is controlled by various factors, particularly by coal rank (e.g., Gan et al., 1972; Rodrigues
and Lemos de Sousa, 2002; Prinz et al., 2004; Pan et al., 2015) and maceral composition
(e.g., Lamberson and Bustin, 1993; Crosdale et al., 1998; Clarkson and Bustin, 1999;
Mastalerz et al., 2008). It is commonly accepted that higher rank coals (bituminous coal and
anthracite) show abundant microporosity, while low rank coals (lignites and sub-bituminous
coals) predominantly host meso- and macroporosity. However, Parkash and Chakrabartty
(1986) and Giirdal and Yalg¢in (2001) found an opposite microporosity trend with increasing
rank, while Bustin and Clarkson (1998) did not observe any consistent correlation. Various
studies postulate a higher CH4 sorption capacity for vitrinite compared to liptinite and
inertinite macerals (e.g., Crosdale et al., 1998; Chalmers and Bustin, 2007; Ziegs et al., 2017
and references therein). The primary maceral distribution therefore also controls the pore
space evolution with coal rank, as the processes involved in thermal maturation (e.g.,
hydrocarbon generation and bituminous transformation products) differ strongly for the

respective maceral groups (Lamberson and Bustin, 1993; Crosdale et al., 1998; Ziegs et al.,
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2017; Misch et al., 2019b). Furthermore, Mastalerz et al. (2008) described a changing pore
structure for different vitrinite submacerals. They suggested a positive correlation of both
micro- and mesopore volumes with the presence of collotelinite, which is not observed for
collodetrinite. Other studies contradict a clear relationship between maceral distribution and
total nanopore volume or sorption capacity (e.g., Faiz et al., 1992; Giirdal and Yal¢in, 2001;
Guo et al., 2019). Busch et al. (2019) concluded that the primary factor controlling gas
sorption might rather be the period of coal deposition, while Sakurovs et al. (2018) showed
that variations in gas sorption behavior, porosity and other physical properties cannot be
assigned to the age of deposition. All of those controversial findings reflect the complexity
of coal nanostructures, further complicated by the wide array of analytical techniques with
different detectable pore size ranges, specimen type, accuracy etc. (Pan et al., 2015). Low-
pressure CO; and N physisorption are established tools for structural characterization in the
micro- to mesopore range (e.g., Clarkson and Bustin, 1999; Okolo et al., 2015a).
Nevertheless, the characterization of poorly ordered, structurally undefined and non-rigid
nanoporous solids via physisorption remains challenging, since calculated pore size
distributions and average pore throat diameters based on idealized pore models might show
considerable inaccuracy in case of complex and heterogeneously distributed pore geometries
(e.g., Marsh, 1986; Thommes et al., 2015). Physisorption analysis might further be affected
by specific interactions between the sample surface and the adsorptive (Thommes et al.,
2015).

In contrast, high-resolution image-based pore characterization techniques allow for a direct
observation of pore morphology and structural features within individual coal macerals.
Highest-resolution techniques such as HRTEM are commonly applied to micrometer-sized,
ultrathin specimen (<100 nm), thereby achieving resolutions down to the atomic scale (~0.14
nm) At this scale, a direct quantification of structural parameters such as pore size
distribution, spacing of aromatic layers, etc. possible (e.g., Sharma et al., 2000a, Sharma et
al., 2000b; Niekerk and Mathews, 2010; Mathews and Sharma, 2012; Okolo et al., 2015b;
Wang et al., 2017). However, the typically very limited applicable specimen-volume implies
questionable representativeness.

This study aims at combining the advantages of traditional sorption-based characterization
(representative for the bulk coal sample) and direct pore visualization in the micro-and
mesopore range of selected vitrinite macerals by HRTEM imaging at highest resolution, to
complement bulk information with direct structural observations on the primary sorption-

active maceral. To do so, a set of vitrinite-rich Carboniferous coal samples from the
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Ukrainian Donets Basin was chosen for investigation. Those samples are well characterized
regarding depositional environment, paleoecology, geochemistry, petrography and
micromechanical behavior (e.g., Sachsenhofer et al., 2003, Sachsenhofer et al., 2012; Izart
et al., 2006; Misch et al., 2016; Vranjes et al., 2018). Thus, the influence of coal rank and
depositional environment on structural evolution and resulting storage capacity can be
ideally studied. Low-pressure gas adsorption (COz, N;) was utilized for a bulk
characterization of pores in the micro- and mesopore range, whereas sorptive gas storage
capacity was directly measured by high-pressure CH4 sorption. (HR)TEM were used for the
direct visualization of pores down to the sub-nanometer scale, as well as a quantification of
actual pore geometries. Microstructural evolution was further evaluated via Raman
spectroscopy. Raman spectral parameters from coals yield information about the molecular
reorganization of the carbon network and are therefore a valuable tool to understand coal
properties at certain coal rank (e.g., Guedes et al., 2010; Potgieter-Vermaak et al., 2011;
Henry et al, 2019). Overall, the introduced, comprehensive approach refines the
understanding of nanopore evolution in response to depositional and diagenetic processes,
thereby promoting the application of highest-resolution microscopy in future studies on gas

storage in coals.

9.2 Experimental

9.2.1 Samples

In total, eight vitrinite-rich samples from five Moscovian coal seams in the south-western
part of the Donets Basin were investigated (Table 1). A detailed geological and stratigraphic
overview of this area is given in Sachsenhofer et al. (2003), Sachsenhofer et al. (2012).
Samples were selected based on their vitrinite reflectance (%Rr) obtained by Sachsenhofer
et al. (2003), as well as on the availability of bulk geochemical and petrographical data. The
chosen samples cover a vitrinite reflectance range of 0.69—1.47%Rr and show vitrinite
percentages mostly >80% (normalized to total macerals). Due to the limited availability of
sample material from Novogrodovskaya 11-4 and 13-bis 11-2, gas sorption tests were
conducted on two equivalent samples, collected from the same seams, which exhibit similar
bulk characteristics and vitrinite reflectance (Novogrodovskaya 11-2 and 13-bis 11-1; see

Table 1).
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Table 1. Applied methods, geochemical and compositional bulk parameters of the sample set from Table 1 in
Sachsenhofer et al. (2003). (VR — vitrinite reflectance, db — dry basis, TOC — total organic carbon, HC —
hydrocarbon, S1 — free hydrocarbons, Tmax — Rock Eval temperature of maximum HC-generation, HI —

hydrogen index, mmf — mineral matter free).

by Sachsenhofer et al. (2003) this study
Mine Sample VR Ashyield TOC Sulphur  S1 T HI Vitrinite Liptinite Inertinite HRTEM CH, CO, N, Raman
%Rr %db wt% %db mgHC/g °C mgHC/gTOC %mmf %mmf Y%mmf Analysis
I Novogodowskaysy  § 009 468 7652 416 890 435 257 793 94 113 x X x x
2 072 494 7688 534 560 432 231 795 94 111 X R m
B (Belozerskaya) 12 0.81 7.39 7868 201 720 444 209 819 60 121 X x x x x
k7 (Centralnaya) 30093 130 8296 110 9.60 448 200 876 104 2.0 x X X x X
4 110 868 7801 734 960 477 155 81 0 159 x  x x x X
m3 (Bazhanova) 8 123 284 8681 242 1280 476 149 889 0 111 x X x x x
1L (13 bis 1 144 534 8431 321 270 489 121 844 0 156 X X x
2 147 612 8352 337 220 490 119 878 0 123 x x

9.2.2 TEM characterization

Vitrinite macerals were identified by optical light microscopy prior to TEM preparation, and
powder samples were extracted directly from polished sections. The recovered vitrinite
powder was further diluted in isopropanol, dispersed by ultrasonication for 10 min and
finally dropped on a copper TEM grid with a lacey carbon film. TEM imaging was
performed on a 200 kV TEM JEOL 2100F equipped with a spherical aberration corrector
(CEOS) and a Gatan Orius SC 1000 CCD camera. The acquired micrographs were further
processed via ImagelJ, in order to obtain pore size distributions and geometry factors (see
detailed work flow in the supplemental material; appendix A fig. Al). Interlayer spacings
between fringes/planes were determined by fast Fourier Transformation (FFT) based
processing and analysis using Digital Micrograph. To ensure representativeness, TEM
screening for visible pores was conducted on at least five different particles per bulk coal

sample.

9.2.3 High-pressure CHs sorption

High-pressure CH4 sorption experiments were performed at 45 °C on dried (for >24 h at 378
K and vacuum conditions) and crushed bulk coal samples (<1 mm grain size) (see Table 1)
using a manometric device. The experimental set-up allows measurements to pressures of
up to 20 MPa; a detailed description can be found in Gasparik et al., 2012, Gasparik et al.,
2013, Gasparik et al., 2014.

The excess sorbed amount (7excess; Gibbs surface excess) is calculated from the total amount
of CHg transferred (n4qns) into the sample cell (pressure steps up 10 MPa) subtracted by the
amount of CH4 that can be stored in the available void volume Vs (Gasparik et al., 2014):
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Nexcess (P,T) = Ntrans (P, T) - F_)g (P,T) Vyoia (1)

pg is the molar gas density calculated as a function of pressure (P) and temperature (7)

conditions using the GERG Equation of State (Kunz and Wagner, 2012). The resulting

isotherms were parameterized by a Langmuir-type excess sorption function:

_ P
Nexcess = Ny, PL(T)+P (2)

In this function, Zexcess (mmol g !) is the excess amount of sorbed gas at a given pressure P
(Pa). n, (mmol g ') is the maximum Langmuir capacity (Langmuir volume), denoting the
maximum sorption capacity at full occupancy of all sorption sites. The Langmuir pressure
Pr (MPa) corresponds to the pressure P where half of the sorption capacity is reached.
Sorption results were corrected to an ash-free basis to correct for the diluting effects of non-

sorbing minerals.

9.2.4 Low-pressure CO; physisorption

Low-pressure CO; physisorption analysis was performed using a Micromeritics Gemini VII
2390 t device. The sieved 63—200 pum grain size fraction of seven bulk coal (see Table 1)
samples (~0.2 g) was subjected to analysis. Samples were dried and degassed for
approximately 24 h at 383 K. Adsorption measurements were taken at 21 relative pressure
steps (P/Py) between <0.0001 and 0.0362 and at isothermal conditions (273 K). The
micropore volume and surface area were calculated from the CO> adsorption isotherms

based on the Dubinin-Astakhov equation (see Dubinin, 1975).

9.2.5 Low-pressure N> physisorption

Low-pressure N> isotherms were obtained using a Micromeritics ASAP 2460 surface area
and porosity analyzer at an operating temperature of 77 K. The measurements were
conducted on the crushed 177-250 pum grain size fraction from seven bulk coal (see Table
1) samples (~0.7-3 g) that were previously degassed and dried for 10 h at 383 K. Adsorption
capacity was measured at 29 relative pressure steps (P/Py) between 0.001 and 0.994 and the
desorption rate was monitored at 26 relative pressure points between 0.994 and 0.1.
Specific equivalent surface areas, mesopore volumes and mesopore size distributions were

calculated using the Barett-Joyner-Halenda (BJH) adsorption theory (Barrett et al., 1951)
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from the adsorption branch. It needs to be emphasized that pore structural data obtained by
BJH evaluation should be interpreted with caution as various studies on engineered materials
revealed that pore sizes for narrow mesopores (< 10 nm) are underestimated by up to 20—
30% (Thommes et al., 2015; Bertier et al., 2016 and references therein). Therefore, BJH pore
structural results in this study are used as semiquantitative parameters for relative

comparison of mesopore characteristics.

9.2.6 Raman spectroscopy

Raman spectra were acquired from the identical grains used to extract TEM samples. A
Horiba LabRAM HR Evolution spectrometer with a 532 nm Nd:Yag laser (100 mW;
density-filtered down to 3.2 mW at the specimen surface) was used to analyze ablated
vitrinite surfaces, excluding structural alteration effects caused by prior polishing (Liinsdorf,
2016; Henry et al., 2018). At least six spectra were measured per vitrinite grain.

The acquired Raman spectra were evaluated numerically by the Iterative Fitting of Raman
Spectra (IFORS) approach, an operator independent and iterative curve fitting method
developed by Liinsdorf and Liinsdorf (2016). The D and G band positions (Dmax and Gmax),
difference between G and D band positions as Raman band separation (G - D), D/G band
intensity ratios and the Scaled Total Area, normalized to the Dmax band (D-STA), were

obtained as structural parameters.

9.3 Results

9.3.1 TEM characterization

TEM imaging focused on vitrinite, since it is the most abundant maceral in the investigated
coal seams (Table 1) and is assumed to contain the main fraction of sorption-active
micropores in most coals (e.g., Gan et al., 1972; Lamberson and Bustin, 1993; Clarkson and
Bustin, 1996, Clarkson and Bustin, 1999; Crosdale et al., 1998; Chalmers and Bustin, 2007).
The most abundant vitrinite sub-maceral in the analyzed coals is telovitrinite; it shows little
to no cellular structure.

Imaging-based pore evaluation obtained from six vitrinite samples at varying maturity
(0.69-1.47%Rr) reveals the changes in pore size distribution (PSD) characteristics within a
narrow maturity range. For a better overview of the results, the obtained pore sizes and pore
structural parameters are divided in different pore size ranges (< 2 nm (total micropores); <
5 nm (lower mesopore range including total micropores); 2—50 nm (total mesopores); < 50

nm (total micro- and mesopore range) corresponding to their calculated pore-area based
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equivalent pore diameters (Table 2). As the obtained equivalent PSD (<50 nm) follows an
unknown distribution (not Gaussian distributed) and host varying pore populations,
bootstrap confidence intervals (BCa CI) are given as a statistical uncertainty measure (see

Efron, 1987).

Table 2. Average equivalent pore diameter obtained from different pore size ranges and their average geometry
factors plus standard deviation (SD). (VR — vitrinite reflectance; Eq. diameter — equivalent pore diameter; BCa

CI — bias-corrected and accelerated confidence interval).

95% BCa CIL
average = SD  average SD average SD  average SD  average SD
lower upper

Mine Sample VR Eq. diameter Perimeter Aspect ratio Circularity Roundness
Y%Rr nm nm

£ 11 (Novogrodovskaya) 4 0.69 1.24 1.16 132 0.33 4.40 1.40 1.67 0.55 0.77 0.13 0.65 0.19
f. 13 (Belozerskaya) 12 0.81 1.46 132 1.57 0.33 5.34 1.52 1.68 0.62 0.76 0.12 0.65 0.17
M 11 (13 bis) 2 1.47 1.52 1.37  1.67 0.26 5.86 1.51 1.80 0.58 0.71 0.19 0.60 0.17
11 (Novogrodovskaya) 4 0.69 2.66 243 286 1.40 9.40 5.03 1.69 0.84 0.79 0.15 0.66 0.18

£ 13 (Belozerskaya) 12 0.81 3.25 3.02 349 115 1181 4.40 1.73 0.68 0.77 0.13 0.64 0.18
: k7 (Centralnaya) 3 0.93 3.90 3.71 4.08 0.82 13.88 3.47 1.75 0.68 0.80 0.12 0.63 0.17
Vi m3 (Bazhanova) 4 1.10 3.84 3.60 4.08 0.80 1397 3.30 1.77 0.65 0.77 0.13 0.62 0.16
11 (13 bis) 2 1.47 3.54 341 3.66 086 1229 3.27 1.53 0.51 0.83 0.13 0.70 0.17

11 (Novogrodovskaya) 4 0.69 10.19 9.65 10.76 6.24 35.83 2247 1.60 0.69 0.81 0.12 0.68 0.16

E 13 (Belozerskaya) 12 0.81 7.46 6.67 832 572 2699 20.61 1.72 0.64 0.77 0.13 0.64 0.18
7 k7 (Centralnaya) 3 0.93 9.73 9.02 1045 6.60 34.87 24.62 1.66 0.64 0.79 0.12 0.66 0.17
,J. m3 (Bazhanova) 4 1.10 8.12 736 9.02 553 29.85 2192 1.69 0.77 0.77 0.13 0.66 0.17
11 (13 bis) 2 1.47 8.36 7.88 890 6.06 3025 2322 1.53 0.45 0.79 0.11 0.69 0.16

11 (Novogrodovskaya) 4 0.69 9.20 8.65 9.69 6.52 3238 23.38 1.60 0.68 0.81 0.12 0.68 0.16

£ 13 (Belozerskaya) 12 081 6.93 6.11 779 572 2506 20.62 1.72 0.63 0.77 0.13 0.64 0.18
: k7 (Centralnaya) 3 0.93 9.73 9.02 1045 6.60 34.87 24.62 1.66 0.64 0.79 0.12 0.66 0.17
i m3 (Bazhanova) 4 1.10 8.08 724 9.01 554 29.70 2192 1.69 0.77 0.77 0.13 0.66 0.17
11 (13 bis) 2 1.47 8.25 7.76 878 6.07 29.84 2323 1.54 0.45 0.79 0.12 0.69 0.16

0.69%Rr — Novogrodovskaya 114

Vitrinite micrographs at 0.69%Rr are characterized by a broad frequency distribution of
equivalent pore diameters in the micro- and mesoporous range (Fig. 1). General structural
heterogeneity within individual and between different vitrinite particles is reflected by
spatially varying pore sizes and structural features such as aromatic fringes (edges of
condensed aromatic layers) (Fig. 2a). Also, a semi-graphitic domain with doo2 spacing of
0.38 nm, appearing randomly within an amorphous carbon-matrix (Fig. 2b), is observed.
Different pore geometries are revealed; these include 1) circular pores, ii) irregular/spongy
micro- and mesopores (inset in Fig. 1), as well as iii) slit-shaped pores between the randomly

distributed aromatic fringe stacks (Fig. 2a). Novogrodovskaya vitrinite particles exhibit the
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highest proportion of visible micropores (<2 nm) and largest pore population (micro- and
mesopore fraction from five particles; n = 618).
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Fig. 1. Frequency distribution of equivalent pore diameters (n = 618) obtained from five telovitrinite particles

at 0.69%Rr (11-4). The inset shows a BF TEM image obtained from a telovitrinite particle displaying
irregular/spongy pores. The particle is supported by a lacey carbon film.
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« == Micropore

20 nm

Fig. 2. (a) HRTEM image of telovitrinite at 0.69%Rr (11-4) displaying different pore types and geometries.
Detail A displays aromatic fringes and an inverse FFT (IFFT) obtained from a square framed area to show
arrangements in detail. The boundary of a slit-shaped pore is highlighted in white; while white arrows indicate
a channel-like pore structure. (b) HRTEM image showing a semi-graphitic domain observed in a telovitrinite

particle. Inset shows the IFFT of the highlighted area.



75

0.81%Rr — Belozerskaya 13—12

Micro- and mesopores (Fig. 3) in Belozerskaya vitrinite are distributed heterogeneously.
Large parts of the investigated particles appear non-porous. Additionally, onion-like carbons
were found within a particle (Fig. 4). The onion-like carbon structures are hollow, partly
deformed and show widths spanning between ~4 and 20 nm, with interlayer spacings ranging
from 0.35 to 0.36 nm. The cores of the onion structures appear to be spherical or polyhedral
mesopores, depending on the deformation grade.

Compared to the sample at 0.69%Rr, the mesopores at 0.81%Rr are more irregularly shaped
(Table 2; circularity and aspect ratio) and the detected population of pores is relatively low

(micro-and mesopore fraction from five particles; n = 191).
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Fig. 3. (a) Frequency distribution of equivalent pore diameters (n = 191) obtained from five telovitrinite

particles at 0.81%Rr (13—12). Inset: BF TEM image showing telovitrinite with few visible pores.
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Fig. 4. HRTEM images of onion-like carbon rings within telovitrinite at 0.81%Rr (13—12). The structures are

either (a) irregularly deformed, (b) elongated or (c) well-rounded. The nanotexture of the layer stacking of (a)
and (b) is well ordered (inset (b): IFFT). The texture of the roundly shaped und elongated onion-like carbon
structure in (c) is characterized by distortion within the ring-structure and detachement of fringes in the upper

part of the ring.
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0.93%Rr — Centralnaya k7-3
At 0.93%Rr, no micropores could be visualized (Fig. 5a). The mesopores observed in five
telovitrinite particles (n = 283) exhibit mostly irregular or elongated shapes and few channel

structures (Fig. 5b). Large parts of the investigated vitrinite seem non-porous (Fig. 5c).
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Fig. 5. (a) Frequency distribution of equivalent pore diameters (n = 283) obtained from five telovitrinite
particles at 0.93%Rr (k7-3). Inset: BF TEM image showing a mesoporous telovitrinite particle. (b) Vitrinite

with indicated channel-structure. (¢) Non-porous telovitrinite displaying the characteristic layered structure of

vitrinite.
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1.10%Rr — Bazhanova m3—4

Compared to the remaining samples, the smallest number of pores was detected in
Bazhanova vitrinite at 1.10%Rr (n = 150; Fig. 6a). The present pores show both irregular
and circular shapes and fall into the mesopore size range (Fig. 6a, b). Moreover, some
particles display channel-like pore structures (Fig. 6a, c¢), while no other structures were

observed (aromatic stacks, semi-graphitic domains or onion-like carbons).
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Fig. 6. (a) Frequency distribution of equivalent pore diameters (n = 150) obtained from five telovitrinite
particles at 1.10%Rr (m3—4). Inset: BF TEM image showing a mesoporous telovitrinite particle with a
highlighted channel structure in macropore size range (white arrow and dashed white border). (b) BF TEM

image of telovitrinite at 1.10%Rr (m3—4) showing large mesopore. (c¢) Indicated channel-structure in vitrinite.
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1.23%Rr — sample Bazhanova m3-8
At 1.23%Rr, a large fraction of the detected pores in telovitrinite particles expanded under
electron beam irradiation (Fig. 7), indicating expansion of encapsulated gas. Therefore, a

proper pore structure evaluation was not possible.

o _c'arb'ohﬁdepos'it{
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Fig. 7. (a) Micrographs documenting beam-induced pore growth in telovitrinite at 1.23%Rr (m3-8). Pore-

growth occured within 2 to 3 min. With ongoing pore growth, the thickness of the area around the growing
pores increases and apears darker due to carbon redeposition. (b) Pores exceed the mesopore size range with

increasing electron beam-induced growth.
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1.47%Rr — sample 13bis 11-2

Vitrinite particles at 1.47%Rr show a broad equivalent pore size distribution covering micro-
and mesopores (Fig. 8) and a relatively large total population of detected pores (n = 594).
No uniform spatial pore distribution regarding size and pore-to-pore distance could be
observed. The particles are characterized by a pore structural heterogeneity and display
various structures such as pore channels, pore clusters and various other pore geometries
(Figs. 9). The most abundant pores are slightly irregular or spherically to elliptically shaped
(Fig. 9e, £, g). All pore size ranges at 1.47%Rr, except micropore range (< 2 nm), exhibit the
highest circularity and lowest aspect ratio compared to samples at lower maturity (Table 2).
A minor number of unstable, bubble-like voids (see appendix B fig. B1) were observed in
two particles. Those pores grow under electron beam irradiation, similar to the observations

made at 1.23%Rr. Unstable pores are not considered in the processing of pore distributions.
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Fig. 8. Frequency distribution of equivalent pore diameters (7 = 594) obtained from five telovitrinite particles

at 1.47%Rr (11-2). Inset: micrograph showing a mesoporous, layered telovitrinite particle.
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Fig. 9. Micrographs of various telovitrinite particles at 1.47%Rr (11-2) displaying: (a) a pore cluster, (b)
connected and irregular pores, as well as (c) micropores. (d) Circular and irregularly shaped mesopores and a
channel-like structure connecting circular mesopores. Inset (d) shows a smoothed pseudo color 3D surface
graph of the highlighted area, which helps to enhance the channel morphology (indicated with an arrow).
Various pore geometries observed in a vitrinite particle; (e) circular, (f) angular and (g) elongated (scale bars

ine, f, g: 10 nm).
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9.3.2 High-pressure CH4 sorption

High-pressure CH4 excess sorption isotherms from six dry bulk coal samples (0.72—
1.44%Rr) at 45 °C are shown in Fig. 10a. It was not possible to measure coal samples from
Novogrodovskaya 114 (0.69%Rr) and 13-bis 11-2 (1.47%Rr) directly, due to lacking
sample material. Instead, samples with similar bulk characteristics from the respective seams
were used (see Table 1). Langmuir excess sorption capacity »n; increases with coal rank with
values ranging from 0.68 to 0.81 mmol g~! (Table 3). Novogrodskaya at 0.72%Rr exhibits
the lowest sorption capacity n;, whereas the highest value is observed at 1.44%Rr. At
1.10%Rr a drop in Langmuir sorption capacity nz can be observed (Fig. 10b). This trend can
equally be observed for maximum measured excess sorption capacities which vary from 0.52
to 0.70 mmol g ! (Table 3). The Langmuir pressure P, decreases linearly from lower to

higher maturity, with values ranging from 2.90 to 1.56 MPa (Fig. 10b, Table 3).

Table 3. Maximum measured CH4 excess sorption capacity (at 45 °C) and resulting Langmuir fitting

parameters (Eq. 2) corrected to an ash-free basis. (VR — vitrinite reflectance).

Measured Fitting parameters
Mine Sample VR Max. CH, excess sorption Langmuir volume »;  Langmuir pressure P
Y%Rr mmol g mmol g MPa
11 (Novogrodovskaya) 2 0.72 0.52 0.68 2.90
13 (Belozerskaya) 12 0.81 0.56 0.71 2.72
k7 (Centralnaya) 3 0.93 0.63 0.76 2.31
4 1.10 0.59 0.71 1.98
m3 (Bazhanova)
8 1.23 0.65 0.76 1.73
11 (13 bis) 1 1.44 0.70 0.81 1.56
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Fig. 10. (a) CH4 excess sorption isotherms measured at 45 °C on dry samples, corrected to an ash-free basis.
Best fit lines are results of the Langmuir-based model (Eq. 2). (b) Plot of Langmuir parameters versus vitrinite

reflectance. At 1.10%Rr a drop in sorption capacity is observed (indicated with an arrow).
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9.3.3 Low-pressure CO; physisorption

Low-pressure CO; physisorption isotherms were obtained from seven dry bulk coal samples
(0.69-1.44%Rr) at 273 K and can be found in supplemental material (appendix C fig. C1).
The adsorbed quantities of CO; at the highest pressure vary from 0.68 mmol g! for the coal
at 1.44% to 0.51 mmol g ! at 0.69%Rr. The micropore volume and equivalent surface area
were calculated from the isotherms based on the Dubinin-Astakhov model (Table 4). The
two samples exhibiting lowest coal rank (0.69 and 0.72%Rr, respectively) show micropore
volumes of 0.0368 and 0.0377 cm?/g. At low to intermediate maturity, the micropore volume
decreases with a minimum at 0.93%Rr (0.0319 cm?/g). The sample at 1.10%Rr shows a
similarly low micropore volume (0.0329 cm?®/g). With ongoing maturation, the volume
increases again and reaches its maximum at 1.44%Rr (0.0447 cm?®/g). A comparable trend
with increasing coal rank can be also observed for the micropore equivalent surface areas

with values ranging from 82.31 to 102.42 m?/g.

Table 4. Micropore volume and equivalent surface area evaluated by the Dubinin-Astakhov model from CO»

isotherms. (VR — vitrinite reflectance).

Mine Sample VR Micropore volume Error Micropore surface area
%Rr cm’/g cm?/g m?/g
0.69 0.0368 0.00012 91.45
11 (Novogrodovskaya)

0.72 0.0377 0.00021 95.94
13 (Belozerskaya) 12 0.81 0.0344 0.00014 89.35
k7 (Centralnaya) 3 0.93 0.0319 0.00025 82.31
4 1.10 0.0329 0.00016 84.46

m3 (Bazhanova)
8 1.23 0.0397 0.00012 99.75

11 (13 bis) 1 1.44 0.0447 0.00017 102.42
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9.3.4 Low-pressure N2 physisorption

Low-pressure N> adsorption isotherms have been determined for seven dry bulk coal
samples (0.69—1.44%Rr). PSD were calculated based on the BJH model from the adsorption
branches (Table 5). The BJH PSD (appendix D fig. D1) exhibits mostly broad, unimodal
distributions with average mesopore sizes ranging from 14.8-29.8 nm. The highest
mesopore volume is obtained from the sample at 1.10%Rr (0.0054 cm?/g) (Table 5). BJH

surface area varies from 0.23 to 1.44 m?/g.

Table 5. BJH specific mesopore volume, surface area and average pore size obtained from the adsorption

branches of low-pressure N» sorption isotherms. (VR — vitrinite reflectance).

Mine Sample VR Mesopore volume Mesopore surface area Average mesopore size (4V/A)
%Rr cm?/g m%g nm
0.69 0.0025 0.369 26.8
11 (Novogrodovskaya)

0.72 0.0027 0.579 18.6
13 (Belozerskaya) 12 0.81 0.0017 0.226 29.8
k7 (Centralnaya) 3 0.93 0.0019 0.282 27.6
4 1.10 0.0054 1.444 14.8

m3 (Bazhanova)
8 1.23 0.0022 0.429 20.8

11 (13 bis) 1 1.44 0.0030 0.430 27.8
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9.3.5 Raman spectroscopy

The collected Raman spectra for six samples at 0.69—1.47%Rr (Fig. 11) are characterized by
interfering fluorescence signals but still exhibit distinct D and G bands. Dmax and Gmax
positions shift from 1350 to 1333 cm ! and 1580-1586 cm™!, respectively. Mean D-STA, G
- D band position differences and G-shape factor shift as well with ongoing maturation
(Table 6; Fig. 12). Dmax/Gmax intensity ratios are only slightly increasing with higher
measured vitrinite reflectance (Table 6). The shape of the D-band region changes
significantly at 1.10%Rr compared to spectra collected from vitrinite at lower maturity

which is a result of an evolving band separation in the D-band region (Fig. 11).
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Fig. 11. Representative Raman spectra from telovitrinite grains at different maturity.

Table 6. Raman parameters (average values) obtained from the analyzed samples via IFORS (Liinsdorf and
Liinsdorf, 2016). (VR — vitrinite reflectance, SD — standard deviation, D-STA — Scaled Total Area normalized
t0 Dimax).

Mine Sample VR D_STA SD Gshape factor SD Dax SD Giax SD  Dup/Gux  SD G-D

%Rr cm’” cm’” cm’” cm’  Intensity cm’”

11 (Novogrodovskaya) 4 0.69 3009 9.0 1.49 0.03 1350.5 34.8 15803 3.5 0.67 0.02 229.8
13 (Belozerskaya) 12 0.81 2933 82 1.50 0.03 13373 23.0 15815 39 0.70 0.02 2442
k7 (Centralnaya) 3 0.93 288.6 6.1 1.51 0.04 13372 89 1582.8 33 0.70 0.01 245.6
m3 (Bazhanova) 4 1.10 278.6 7.1 1.56 0.03 13335 9.5 1583.7 5.1 0.72 0.02 250.2

8 1.23 2834 99 1.56 0.04 13323 133 15822 3.6 0.72 0.03 2499

11 (13 bis) 2 1.47 278.0 6.0 1.57 0.04 1333.0 59 15864 4.6 0.72 0.03 253.4
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9.4 Discussion

9.4.1 Structural response to thermal maturity and depositional environment

Raman spectroscopy is a viable tool to characterize the progressing modification of chemical
bonding, particularly in semi- to well-ordered carbonaceous materials (e.g., Tuinstra and
Koenig, 1970; Friedel and Carlson, 1972; Beny-Bassez and Rouzaud, 1985; Beyssac et al.,
2003; Potgieter-Vermaak et al., 2011; Henry et al., 2019). Nevertheless, especially in the
amorphous to low-ordering range, variability of Raman parameters often hinders structural
interpretations. Parameters obtained in this study resulting from the collected spectra (Fig.
11) still exhibit certain trends despite the high statistical spread, which is generally due to
low organic maturity. An increase of structural order of vitrinite is indicated with decreasing
Dmax band positions and a minor increase of Gmax positions (Table 6; Fig. 12). The Gmax band
becomes subsequently narrower and develops toward higher asymmetry, which is pointed
out by increasing G-shape-factors. Furthermore, the spectral changes are accompanied by a
continuous decrease of D-STA and increasing G - D band position differences. According
to Liinsdorf (2016) it is difficult to assign a certain process to the observable Dmax shift for
coal rank up to ~3%Rr, as different coalification processes such as the expulsion of aliphatic
components, formation and rearrangement of basic structural units (BSU; Oberlin et al.,
1974) and progressing growth of aromatic structures influence the Raman signal.
Nevertheless, D-STA is still used as a confident maturity parameter for coals (Liinsdorf and
Liinsdorf, 2016; Liinsdorf, 2016). The obtained D-STA and G - D band separation trends
suggest a gradual increase in structural order or aromatization. The good correlation between
D-STA and Langmuir pressure (R? = 0.87) supports the interpretation of Laxminarayana and
Crosdale (1999), who concluded a strong relationship of decreasing Langmuir pressure and
progressing homogenization of pore surfaces (subsequently increasing aromaticity). As seen
in Fig. 11, a significant D band change occurs at 1.10%Rr, indicating a structural change.
This is interpreted as the onset of peak gas conversion and associated repolymerization of
the vitrinite structure (Levine, 1993).

The HRTEM evaluation of vitrinite particles revealed structural heterogeneities between
maturity stages. The lowest rank vitrinite (Novogrodovskaya; 0.69%Rr) hosts semi-
graphite-like domains within the amorphous vitrinite matrix (Fig. 2b). Misch et al. (2016)
reported high organic sulphur contents for vitrinite particles from the respective seam,
explained by a brackish depositional environment. The elevated organic sulphur might
promote the accelerated transformation into a graphite-like structure due to the breaking up

of weaker C-S bonds, triggering an intense reorganization of the carbon structure (Bonijoly
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et al., 1982; Oberlin, 1984; Bustin et al., 1995; Beyssac et al., 2002). It is well known that
the formation and growth of graphite during metallurgical processes is enhanced by addition
of high S proportions (Liu and Loper, 1991), and the presence of graphite-like nanoclusters
and semi-ordered polycondensed aromatic layers in similar coals was documented by several
XRD and HRTEM studies (e.g., Lu et al., 2001; Binoy et al., 2009; Manoj and Kunjomana,
2012; Mathews and Sharma, 2012; Manoj, 2014). The doo2 spacing of the observed well-
ordered domains (Fig. 2b) differs from perfectly ordered graphite doo2 (0.38 nm versus 0.335
nm, respectively), indicating semi-graphite (Kwiecinska and Petersen, 2004; Rantitsch et al.,
2016).

In Belozerskaya vitrinite at 0.81%Rr, hollow and deformed “onion-like” fullerene-related
structures were observed (Fig. 4). Such structures were described in Sharma et al. (2000a)
for natural bituminous coals, and are well documented for both natural and synthetic carbon-
based materials (e.g., Beyssac et al., 2002; Xu, 2008; Romero-Sarmiento et al., 2014 and
references therein). Beam-induced alteration of the onion-like carbon structures during
HRTEM analysis was not observed. Romero-Sarmiento et al. (2014) interpreted the onion-
like structure observed in organic matter particles from a gas mature shale sample as a result
of secondary cracking of retained hydrocarbons. The finds at 0.81%Rr show that there must
be alternative mechanisms that lead to formations of such structures at oil maturity, which
are yet unknown.

The observed modifications already at early thermal maturity might superimpose the
inherited primary vitrinite structure and likely represent an important influencing factor to
the abundance of micropores for gas storage, as documented by pores associated with edges

of aromatic stacks and onion-like structures (Figs. 2a, 4).

9.4.2 Maturity and compositional control on gas sorption data

Although the investigated bulk coal samples consist mainly of vitrinite (~79—87%mmf),
varying inertinite and liptinite contents need to be considered with respect to their
contribution to total microporosity (Table 1). Inertinite proportions are comparable for most
of the samples (~11-16%mmf) except of Centralnaya k7-3 (~2%mmf). As most studies
indicate, inertinite is mainly characterized by mesoporosity (Harris and Yust, 1976, Harris
and Yust, 1979; Lamberson and Bustin, 1993). Chalmers and Bustin (2007) report
microporosity as being mainly associated with “reactive” inertinite (e.g., semifusinite) which
shows a structure similar to vitrinite; however, as reported in Sachsenhofer et al. (2003), the

abundance of such sub-macerals in the inertinite fraction of the investigated coals is low.
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Similarly, microporosity associated with liptinite (< 10%mmf) is likely negligible, as it
occurs in an overall low quantity and is mostly characterized by a meso- to macroporous
structure and comparably low adsorption capacity (Harris and Yust, 1976, Harris and Yust,
1979; Chalmers and Bustin, 2007; Ziegs et al., 2017; Misch et al., 2019b). The total
micropore volume can therefore likely be attributed to the vitrinite portion (Harris and Yust,
1979; Gan et al., 1972; Lamberson and Bustin, 1993; Clarkson and Bustin, 1996, Clarkson
and Bustin, 1999), albeit that minor microporosity might be contributed particularly by semi-
inertinites (Chalmers and Bustin, 2007), and, to a lesser extent, liptinites.

The parabolic relation of CO2 micropore volume and coal rank shown in Fig. 13a displays a
minimum at 0.93 and 1.10%Rr (also observable for equivalent micropore surface area). This
trend is in accordance with CO2 micropore volumes obtained from Carboniferous coals from
the Zonguldak Basin (Turkey) by Giirdal and Yalgin (2001). The decreasing micropore
frequency between 0.69 and 0.93%Rr is interpreted as progressing occlusion of micropores
at the onset of hydrocarbon generation. The subsequent increase in microporosity is therefore
interpreted as a result of further thermal cracking of bituminous pore fillings, diminishing
pore occlusion in vitrinite (e.g., Thomas Jr. and Damberger, 1976; Levine, 1991, Levine,
1993; Lohr et al., 2015). This process seems to mainly affect micropores, as low-pressure
N> adsorption data does not show corresponding maturity trends (Table 5). Mesoporosity
contributed by inertinite and liptinite macerals might affect the results obtained by low-
pressure N2 adsorption (which is mainly sensitive to the mesopore range) and might be at
least partly responsible for discrepancies between N> (mesopore) and CO> (micropore)
results. Nevertheless, as vitrinite is by far the dominant maceral group, and as samples of
equal vitrinite percentages but from different thermal maturity stages exhibit considerably
different mesoporosity, thermal maturation is proposed to be the main factor controlling
porosity evolution for the investigated sample set. This is further supported by a strong trend
of CHjs sorption capacity (and particularly Langmuir pressure) with coal rank, and suggests
that the N> adsorption data equally reflects mesoporosity in vitrinite, which likely observes
greater structural changes (including pore occlusion and subsequent opening; Lohr et al.,

2015; Misch et al., 2019a) with increasing maturation compared to inertinite (Levine, 1993).

9.4.3 Comparability of pore structural data from gas sorption and HRTEM
As shown in Fig. 13b, both the micropore and total mesopore fractions show maxima at
relatively immature and highly mature stages, whereas pore counts in samples at peak oil

window maturity are considerably lower.
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Therefore, pore occlusion might equally affect pore visibility in HRTEM experiments. Apart
from this effect, various factors are generally responsible for the limiting comparability of
sorption and imaging data, including 1) the small vitrinite volumes examined via HRTEM
compared to the relatively large bulk sample used for sorption experiments, ii) presence of
a closed porosity fraction inaccessible to the adsorbate, iii) influence of varying maceral
composition which is averaged out in the bulk sample, as well as iv) analytical limitations
in the physisorption-based characterization of poorly ordered and heterogeneous materials
(e.g., Marsh, 1986; Thommes et al., 2015).

HRTEM imaging of vitrinite particles revealed various pore structures and spatially
heterogeneous pore distributions at all examined maturity stages. As mentioned above, the
lowest rank vitrinite (Novogrodovskaya; 0.69%Rr) (Fig. 1) hosts the highest fraction of
visible micropores (< 2 nm), despite growth of micropores being mainly attributed to gas
generation during progressive coalification by many previous studies (Gan et al., 1972;
Levine and Tang, 1989; Levine, 1993). Elevated organic S contents (Misch et al., 2016) and
associated relatively weak C - S bonds (Orr, 1986; Sinninghe Damsté et al., 1990; Tomi¢ et
al., 1995) may have facilitated earlier onset of hydrocarbon generation and structural
ordering, as indicated by semi-graphite-like nanoclusters (Fig. 2b). Areas with a spongy
texture support an origin related to degasification (Misch et al., 2018a, Misch et al., 2018b,
Misch et al., 2019a and references therein). The decreased frequency of visible micro- and
mesopores in HRTEM images of vitrinite at 0.81-1.10%Rr might be due to the
aforementioned occlusion of pores by early-formed bitumen (Fig. 13b; e.g., Thomas Jr. and
Damberger, 1976; Mastalerz et al., 2018 and references therein). Solid bitumen and liquid
hydrocarbons are not distinguishable from the surrounding vitrinite matrix by means of
HRTEM due to the low material contrast.

Pore connectivity and the resulting ratio of connected vs. isolated pores cannot be easily
determined by either petrophysical or imaging methods. Channel-like pores were visualized
by HRTEM for several samples indicating presence of a connected matrix pore network with
pore throats in the range of mostly <2 nm. Similar channel-like structures are documented
by Zhao et al. (2014) for high- and low-volatile bituminous coals. However, pores growing
under electron beam irradiation, observed mainly at 1.23%Rr (Bazhanova m3-8) and
1.47%Rr (13-bis 11-2), indicate a considerable proportion of isolated degasification pores.
The pore growth might be induced by thermal expansion of a free gas phase (likely methane)
under in-situ conditions in the TEM. This interpretation is supported by findings from

Alexeev et al. (1999), who estimated ~60% of total pores in Donets Basin coals, which are



92

prone to gas outbursts (Sachsenhofer et al., 2012), being isolated methane-filled
degasification pores. The presence of such isolated, methane bearing pores would thus well
explain the beam instability of the investigated high maturity samples. Sorption experiments
utilizing CH4 as adsorptive at high-pressure remain the paramount tool to predict the gas
storage capacity of a coal seam. The total CH4 sorption capacity results show a general
increase from lower to higher rank, but a clear trend is lacking due to a relative minimum at
1.10%Rr (Fig. 10b), which agrees with the corresponding minima in CO; micropore volume
and HRTEM pore counts (Fig. 13). The low sorption capacity of Bazhanova coal at 1.10%Rr
is in good agreement with the virtual absence of micropores in HRTEM images, generally
smaller pore populations obtained by HRTEM, as well as high bitumen index values (Izart
et al., 20006), indicating a large fraction of occluded pores as described above. Remaining
open pores are mainly in the larger mesopore range, as documented by high BJH mesopore
volumes from low-pressure N> adsorption. Due to lower surface/area ratios, such relatively
large pores are reportedly less relevant to methane storage in coals (Clarkson and Bustin,

1999; Mastalerz et al., 2008; Moore, 2012).

9.4.4 Pore structural impact on mechanical properties of vitrinite

Micromechanical parameters were determined by nanoindentation for most of the
investigated samples in a previous study (Vranjes et al., 2018). The obtained maturity trends
for reduced elastic modulus (£,) and hardness (H) of vitrinite were not clear and rather
indicated an influence of ash yield on E,.

However, as displayed in Fig. 14, a clear relationship can be observed between E, and the
HRTEM-visible pore sizes in the < 5 nm range. The polynomial trend suggests that £, values
rise with decreasing equivalent pore diameters. Unlike actual pore sizes, bulk porosity is
commonly taken into account for mechanical models, as the relation between Young's
modulus and porosity is well studied and given by Gibson and Ashby (1999) based on
idealized, low density macroporous cell geometries. However, Esqué-de los Ojos et al.
(2016) stated that the influence of pore sizes on mechanical parameters is often overlooked,
and various studies show strong material-related dependencies of pore size correlations with
Young's moduli, as stiffness and deformation mechanism are based on inherent sub-
nanoscale properties and chemical bonding (e.g., Li et al., 2013; Esqué-de los Ojos et al.,
2016; Dai et al., 2017; Torres-Sanchez et al., 2018). Smaller pore size enhances the number
of pores that can share the load, which consequently leads to the load on a single pore being

decreased, resulting in a higher resistance toward deformation during indentation (Li et al.,
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2013). Applying this concept to the observed E, trend reveals that the presence of higher
mesopore fractions in coals from the peak oil window onwards represent the main control
on elastic behavior, while lower maturity coals with abundant micropores maintain a
relatively higher E, despite considerable frequency of pores (see Fig. 14).

However, effects of structural modification of the amorphous organic matrix, as well as the
limitation to detect bitumen-occluded pores (which still contribute to mechanical behavior)

in petrophysical and imaging studies cannot be easily predicted or accounted for.

4.5 ! : ! :
| 0.93 %Rr |
42 1.10 %Rr |
— | 1.47 %Rr |
£ - 0.81 %Rr
= 29 g 0.69 %Rr [
o ~ i
©
£ 3.64 o
©
S
L 3.34 N
o
Q_ - L
£ 3.0- L R*=091 |
© )
=
S 2.7 4 o
o
w 1 Error bars for GPa: 95% CI
2.4 4 Error bars for nm: 95% BCa CI =
T T T T T T T T
4.8 50 52 54 56

E, [GPa]

Fig. 14. Average equivalent pore diameter for the size range < 5 nm (Table 2) plotted versus reduced elastic
modulus (£,) from Vranjes et al. (2018). All data were obtained from identical specimens, except for the sample
at 0.81%Rr (seam 13—12; highlighted in gray), which was substituted by a comparably mature sample
(0.83%Rr; seam nl1-2) due to limited availability. (CI — confidence interval, BCa CI — bias-corrected and

accelerated confidence interval).
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9.5 Conclusion

The pore structure of vitrinite-rich Carboniferous coal samples from the Ukrainian Donets

Basin with a maturity interval ranging from 0.69 to 1.47%Rr was investigated at the

nanoscale using TEM imaging and gas sorption techniques (low-pressure CO> and N>

adsorption). CH4 sorption capacity was evaluated by high-pressure sorption experiments,

while the structural evolution of organic matter was monitored by Raman spectroscopy. This

multianalytical approach improved the understanding of depositional and maturity-related

controls on pore characteristics and resulting gas storage capacity.

The key findings are summarized below:

1)

2)

3)

4)

5)

6)

The HRTEM evaluation of vitrinite particles at all maturity stages revealed
heterogeneous pore characteristics regarding pore sizes, spatial pore distribution and
pore morphologies. Absence of HRTEM-visible microporosity at 0.93 and 1.10%Rr
indicates a large fraction of occluded pores, which is also supported by CO2 micropore
volumes, lower CH4 sorption capacity at 1.10%Rr, as well as high bitumen index values.
A high micropore fraction observed in vitrinite at 0.69%Rr was interpreted as the result
of earlier hydrocarbon generation and devolatilization due to abundant organic sulphur.
Higher ordering and presence of semi-graphite-like domains in the sample at 0.69%Rr
support considerable influence of sulphur on the kinetics of structural modification.
The presence of onion-like carbons in vitrinite at 0.81%Rr indicates formation of these
structures at lower temperature.

Bazhanova coal at 1.10%Rr is characterized by structural changes documented by
Raman spectroscopy, a drop in CH4 sorption capacity, and a relative minimum of CO>
micropore volume despite the presence of larger mesopores documented by low-
pressure N2 adsorption. These characteristics are related to the complex superimposition
of processes marking the transition from peak oil (maximum pore occlusion) to the early
wet gas window (progressive structural ordering).

An influence of pore structure on micromechanical properties is documented by the
clear correlation of average (HR)TEM pore diameters with previously acquired
micromechanical properties. Reduced modulus values at smaller average nanopore
diameter are likely a result of more efficient load distribution and resulting greater

deformation resistance.
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Appendix

Supplementary files included with publication II

Appendix A:

Fig. Al: Work flow for pore structure evaluation via ImagelJ: (1) Pore identification based on contrast
difference and/or the detection of sharp pore edges. (2) Tracing of pore edges via the polygon selection tool.
(3) Highlighting of pore areas. (4) Binarisation by grey-scale thresholding and further calculation of pore

structural parameters.

Appendix B:

Fig. B1: Growing bubble-like pores in a telovitrinite particle at 1.47 %Rr (13bis 11-2). The growth starts within
seconds under electron beam irradiation. The pores merge to form larger, irregular macropore structures with

progressing growth.



Appendix C:

Fig. C1: Low pressure CO, physisorption isotherms from coal samples at different maturity.

Appendix D:
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Abstract

Nanoindentation is a valuable tool, which enables insights into the material properties of
natural, highly inhomogeneous composite materials such as shales and organic matter-rich
rocks. However, the inherent complexity of these rocks and its constituents complicates the
extraction of representative material parameters such as the reduced elastic modulus (£,) and
hardness (H) for organic matter (OM) via nanoindentation. The present study aims to extract
the representative H and E, values for OM within an over-mature sample set from the
Chinese Songliao Basin and evaluate influencing factors of the resulting parameters. This
was realized by means of high-speed nanoindentation mapping in combination with
comprehensive optical and high resolution-imaging methods. Further, the results were
processed by the unsupervised machine learning algorithm A-means clustering in order to
evaluate representative E, and H results. These indicate that the main impacting factor on
the mechanical properties is inherently present in such heterogeneous matter. In fact,
surrounding, underlying and inherent mineral matter lead to confinement effects and
enhanced E, values, whereas cracks and pores are responsible for a lowered stiffness. The
enhanced accuracy archived by a large data set facilitated machine learning approach not
only improves further modeling attempts but also allows insights of impacting geological
processes on the material parameter and general understanding of mechanical behavior of
OM in rock formations. Thus, the presented multimethod approach promotes a fast and

reliable assessment of representative material parameters from organic rock constituents.
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10.1 Introduction

In 1992, Oliver and Pharr developed an instrumented nanoindentation method which enables
local mechanical material characterization at the micro- and nanometer scales (Oliver and
Pharr, 2004, 1992). Since then, this technique has been continuously developed for use with
a wide range of engineering (Hay, 2009; Oliver and Pharr, 2010, 2004) and biological
materials (Ebenstein and Pruitt, 2006; Oyen, 2013). In recent years, nanoindentation also
caught the attention of geoscientists, as the small, required testing volume allows the small-
scale analysis of highly inhomogeneous rock samples with complex composition and
microstructure (e.g., Goldsby et al., 2004; Kranjc et al., 2016; Ma et al., 2020; Shukla et al.,
2015; Thom and Goldsby, 2019; Yin and Zhang, 2011; Zhu et al., 2007). These include for
example fine-grained and OM-rich sedimentary rocks (e.g., shales) (e.g., Abedi et al., 2016;
Bennett et al., 2015; Bobko and Ulm, 2008; Kumar et al., 2012b, 2015; Liu et al., 2016,
2018; Luo et al., 2020; Ma et al., 2020; Misch et al., 2018; Shukla et al., 2013; Ulm and
Abousleiman, 2006; Yang et al., 2020), which not only play a vital role as fossil energy
carriers given sufficient thermal maturity, but also represent potential disposal sites for
nuclear waste material and may act as geological barriers in the attempt to store
anthropogenic CO> or H; in abandoned hydrocarbon fields (Charlet et al., 2017).

Generally, the mechanical parameters (hardness H, elastic modulus E) of shales are
measured by static or dynamic macro-scaled experiments on drill cores or core plugs.
However, while drill core material from exploration wells is generally limited, shale
intervals are rarely cored and typically show a poor core recovery and preservation (Kumar
et al., 2012b; Liu et al., 2016). Furthermore, the standard macroscopic testing routines often
exhibit low precision and inconsistency of results in case of shales, and material properties
for the individual constituents (e.g., the organic fraction) cannot be derived either. OM
occurs as finely dispersed, layered or network-like varieties and often fills intergranular
voids within the rock matrix. This reportedly has a large influence on the mechanical and
fracture behavior of the overall rock (Khatibi et al., 2018; Kumar et al., 2015; Sayers, 2013),
and therefore on the hydrocarbon producibility and wellbore stability. As a consequence,
various studies targeted the nanomechanical characterization of OM in shales using atomic
force microscopy (AFM) (Ahmadov et al., 2009; Eliyahu et al., 2015; Emmanuel et al., 2016;
Yang et al., 2017) or nanoindentation (Alstadt et al., 2016; Kumar et al., 2012a; Mashhadian
et al., 2018; Zeszotarski et al., 2004; Zhao et al., 2020). The large discrepancies between
results from both techniques highlight the difficulties in the acquisition of representative

material parameters for different OM types. Eliyahu et. al (2015) concluded in their AFM
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study that the elastic modulus of OM is heterogenous at the nanoscale and that the spatial
resolution is a key factor for a full mechanical characterization. However, even at the
nanoscale, a precise determination is challenging due to the complex nature of OM particles
embedded within the mineral matrix. Individual indents are not sufficient for a holistic
mechanical characterization of OM, since the individual particles are restrained by the
surrounding fine grained matrix minerals, which affects the nanoindentation response and
complicates the mechanical characterization. In contrast, the nanoindentation mapping
technique (Bobko and Ulm, 2008; Constantinides et al., 2006; Liu et al., 2018; Luo et al.,
2020; Ulm and Abousleiman, 2006) offers great advantages compared to the traditional,
individual point measurements. In nanoindentation mapping, material parameters can be
obtained statistically from defined equal-distance grids placed on the selected surface areas
of interest (e.g., Constantinides et al., 2006; Liu et al., 2018; Ulm and Abousleiman, 2006).
By doing so, inherent property variations are captured and interface effects are visualized.

In order to test the suitability of high-speed nanoindentation mapping for the determination
of phase-specific micromechanical properties in shales and other OM-rich rocks, various
types of OM within a set of samples from a deep exploration well (Songke-2 Well; SK-2) in
the Chinese Songliao Basin were characterized. As the OM fraction in shales is acceptably
the most challenging for mechanical testing (Vranjes et al., 2018 and references therein),
this study is intended as a proof-of-concept for nanoindentation mapping of organic matter
in fine-grained rocks of any kind. In order to study the influence of microstructural
heterogeneities (e.g., pore structure, surface features, micro-texture) on the accuracy of
micromechanical data, complementary high-resolution imaging by means of scanning
electron microscopy (SEM) and helium ion microscopy (HIM) was conducted. In addition,
traditional optical petrography was performed for a clear identification of OM types
(kerogen vs. solid bitumen). Cross-correlation between different characterization techniques
is a challenge often encountered in shale studies (Hackley et al., 2017). To even enable a
spatially-resolved, correlative analysis between the mechanical property maps and the
obtained optical and high-resolution SEM and HIM images, a novel, high-precision marking
tool was utilized. Analysis grids were applied by a thermally non-invasive femtosecond laser
(Pfeifenberger et al., 2017). This approach vastly improved data correlation and
interpretation. Finally, the micromechanical testing results were further processed by the
unsupervised machine learning algorithm k-means clustering (Hartigan and Wong, 1979).
The implementation of the k-means clustering served to evaluate phase heterogeneities and

grain boundary effects and to identify outliers caused by unavoidable measurement errors in
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heterogeneous structures. Various material science studies already demonstrated the
potential of machine learning application for material characterization as k-means proved to
be a successful tool for data deconvolution and analysis of nanoindentation results (e.g.,
Konstantopoulos et al., 2020; Koumoulos et al., 2019; Vignesh et al., 2019). The established
work flow for a reliable determination of phase-specific micromechanical properties should
improve the quality of input data in digital rock modelling and prediction of rock mechanical
changes during subsurface processes such as hydraulic fracturing. Furthermore, using this

procedure thermal maturity effects on OM properties are discussed.

10.2 Material and Methods

10.2.1 Sample material

The examined samples (table 1) were recovered from the SK-2 well drilled during the Deep
Continental Scientific Drilling Engineering Project in the Songliao Basin of Northeastern
China. The Songliao Basin covers an area of 260 000 km2 and is known as one of the most
productive oil and gas provinces worldwide (Desheng et al., 1995). Remarkably, the SK-2
well was the deepest continental scientific drilling project accomplished by any Asian nation
(Hou et al., 2018). A focus of the project was the exploration of deep unconventional gas
resources within the Cretaceous succession. The studied samples were recovered from the
Lower Cretaceous Shahezi Formation. These rocks are characterized by a high total organic
carbon content (TOC) and extensive occurrences of shale gas (Hou et al., 2018). As the
samples originate from great burial depths (3376 — 4426 m), the present OM is thermally
mature. The vitrinite reflectance values range between 1.33 and 2.23 %Rr corresponding to
the oil phase-out to dry gas transition (Noah et al., 2020). A detailed regional geological

overview is given in Hou et al. (2018).
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Table 1: Overview of burial depths, vitrinite reflectance values and geochemical bulk parameters (by Noah et
al. (2020) for the studied samples. (VR — vitrinite reflectance, TOC — total organic carbon, S/ — free

hydrocarbons (HC), Ty — Rock Eval temperature of maximum HC-generation, H/ — hydrogen index).

by Noah et al. (2020)

Name Depth VR TOC S1 Tonax HI
m Y%Rr wt% mg HC/g °C mg HC/g TOC

SK2 3376 1.33 20.4 0.55 510 56

SK5 3466 1.68 242 0.06 533 22

SK9 3586 1.96 7.37 0.05 552 25

SK10 3616 1.89 1.85 0.02 557 17
SK12 3676 2.00 1.31 0.01 555 16
SK18 3866 223 4.43 0.02 579 11

SK37 4426 2.21 1.10 0.03 597 5

10.2.2 Sample preparation and laser-marking

Prior to experiments, the selected SK-2 samples were embedded into epoxy resin
perpendicular to their bedding plane and mechanically polished (final polishing step: 0.05
um). The OM within the polished sections were then examined and defined by optical
microscopy using Leica DM 4500P and DM 4P microscopes, both under oil immersion (DM
4P) and at air in dry state (DM 4500P). Representative areas of interest were selected and
subsequently marked with a femtosecond laser-machined grid in order to facilitate
nanoindentation and subsequent correlated examination of the OM particles (figure 1). The
suitability of this ultrashort pulsed laser ablation technique for use with heat-sensitive
specimen such as biomaterials is well documented and the thermal overprint is considered
negligible (Jakob et al., 2017; Pfeifenberger et al., 2019, 2017). The parameter set used
during grid preparation with the Auriga Laser platform (Carl Zeiss) is summarized in table

2.

Table 2: Femtosecond laser parameter set for grid preparation (£— fluence, f— pulse repetition rate, D — divisor,
vs — scan speed, 1 — Laser wavelength, L — line repetitions, S — scan repetitions, for further information see

Pfeifenberger et al. (2017).

Jem™ kHz mm/s nm

0.49-1.15 50 15-50 1 515 1 15-25
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Figure 1: (a) SEM overview image of a femtosecond laser marked surface of sample SK 10, facilitating the (b)
optical examination of specific OM particles as well as the nanoindentation mapping of the latter

(nanoindentation grid is visible on the surface of the OM particle).

10.2.3 High-speed nanoindentation mapping

The nanoindentation property mapping was performed using a Hysitron TS 77 Select
(Bruker) equipped with a Cube Corner diamond tip. A fused silica standard was used for the
calibration of the Cube Corner area function following the Oliver-Pharr method (Oliver and
Pharr, 1992). Prior and subsequently to property mapping, scanning probe microscopy
(SPM) was performed to identify and document undisturbed areas for representative
measurements (all SPM images visualized with Gwyddion; see Necas and Klapetek, (2012)).
The individual indents were performed in load-controlled mode with a trapezoidal loading
profile (0.5 s loading, 1 s hold, 0.5 s unloading) and a maximum load of 800 uN. Equivalent
to conventional nanoindentation tests, hardness (H) and reduced elastic modulus (E,) are
calculated based on the evaluation of the resulting load-displacement curves after the Oliver-
Pharr method (Oliver and Pharr, 1992). The elastic Young's modulus differs from the
reduced elastic modulus mainly in that the deformation of the diamond tip during the testing
procedure is considered. For soft material such as OM, the Young’'s modulus and reduced

elastic modulus values are alike, as the deformation of the Cube Corner tip by the soft
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substrate is negligible. Consequently, in this study Er will be used as mechanical parameter
of OM. For each sample, at least five maps with variable arrays (up to 9 x 9 indents) were
placed on OM particles visible within the femtosecond laser grids. The array spacing was 2
— 3 um between the individual measurement spots in order to fully resolve property
heterogeneities while still avoiding interference between the indents. An indent-depth ratio
of 10 was recommended for a wide variety of materials (Sudharshan Phani and Oliver,
2019). Due to the ductile nature of OM resulting in indentation depths of ~700 nm, this ratio
is not reached for the studied samples, as such a wide spacing would hinder the correct
acquisition of true property heterogeneities. A careful examination of all load-displacement
curves for unwanted effects of plastic pre-deformation did not reveal any signs of

measurement-induced bias.

10.2.4 Scanning electron microscopy

Scanning electron microscopy was performed using a Tescan Clara field emission (FE)-SEM
equipped with backscattered (BSE) and secondary electron (SE) detectors as well as an
energy-dispersive X-ray (EDX) detector (Oxford Instruments). For the correlative study,
SEM images were acquired in two steps. At first, imaging was done on the mechanically
polished and laser-marked blocks for an overview of measurement spots. These
investigations were performed on the uncoated specimen surfaces at low electron energy (<
5 kV) in order to maintain the undisturbed state for further introduced HIM imaging. In the
second stage (after nanoindentation and HIM), representative sub-specimens were cut from
the mechanically polished blocks and further prepared with a Hitachi ArBlade 5000 broad
ion beam (BIB) preparation system with an Ar beam at 8 kV for 2 h. BIB-SEM is nowadays
a standard technique in the characterization of OM nanostructures, allowing for the
investigation of artefact-free microstructures and particularly porosity associated with OM

at high resolution (Hackley et al., 2020, 2021).

10.2.5 Helium ion microscopy

HIM was carried out using an Orion Plus microscope (Carl Zeiss). HIM images were
acquired at an acceleration voltage of 34.5 —36.1 kV and a beam current set at 0.3 — 2.9 pA.
The sample surface was not sputtered with a conductive layer to prevent artifacts that may
result from such coating. Thus, an electron flood gun was used during imaging in order to
stabilize charging of the specimen surface. HIM has the capability to provide SE images at

ultra-high resolution, and offers a surface sensitivity and contrast superior to conventional
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FE-SEM. Furthermore, it is particularly efficient in the use with materials constituted of low-
mass elements such as carbon, as the helium ion beam has a lower interaction volume
compared to an electron beam (Bell, 2009; Hlawacek et al., 2014; Scipioni et al., 2009;
Sijbrandij et al., 2010; Ward et al., 2006). Due to the very limited availability of such
microscopes, relatively few studies have used HIM for the characterization of OM in
mudstones and shales (Cavanaugh and Walls, 2016; Hackley et al., 2021; Huang et al., 2020;
King et al., 2015; Wang et al., 2020; Wu et al., 2020). Nevertheless, HIM proved to be a
valuable complementary method in this study due to its ability to achieve highest resolutions
on mechanically polished and native samples, as well as to better resolve topographic

features compared to SEM (Cavanaugh and Walls, 2016; King et al., 2015).

10.2.6 k-means clustering

k-means is a machine learning algorithm for cluster analysis. It identifies the local means of
a given number of cluster subsets k& within a larger dataset. After predefinition of the number
of clusters £, the algorithm optimizes the clustering by assigning each data point to the cluster
with the closest mean central value (“centroid”) (Hartigan and Wong, 1979). The clustering
is then iteratively improved until the average sum of squared distances amid points of each
cluster is minimized and no further point shifts occur (Hartigan and Wong, 1979). k-means
clustering is classified as unsupervised machine learning since labeling, categorization and
training of the data set prior to analysis is not required. However, the number of clusters
needs to be predetermined by the users, either by knowledge of the phases within the sample
(Vignesh et al., 2019) or by the implementation of heuristic methods for quality validation
of clustering. These approaches include for instance the elbow method (Thorndike, 1953)
and the silhouette method (Rousseeuw, 1987). After specifying the number of clusters, the
initial centroids are chosen uniformly at random, then recomputed iteratively until the
minimal within-cluster sum of squares is reached. However, this random initialization might
affect overall clustering performance for certain data sets. Implementation of the ~~-means++
algorithm (Arthur and Vassilvitskii, 2007) is an approach for improved cluster initialization
and was adopted for this study. Property mapping results for H and E, were clustered using
the Python machine learning library scikit-learn (Pedregosa et al., 2011) in order to improve
local mean values for the individual mapped phases and to detect boundary effects. The
clustering algorithm was applied twice on each data set: (1) the tested minerals were
separated from the OM within the map in order to (2) evaluate the different mechanical

domains within the OM particles.
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10.3 Results
10.3.1 Optical and SEM petrography

Optical and scanning electron microscopy revealed strongly differing textural characteristics
of the imaged OM. The following description is ordered according to increasing burial depth

and thermal maturity (see table 1).

SK2

Sample SK2 (1.33 %Rr) consists of silicified fossil wood (vitrinite) (figure 2a). The well-
preserved cell structure, which is also visible in the BSE overview image (figure 2b),
indicates that silicification occurred during early diagenesis. Due to the dilution by
microcrystalline quartz (chert), the TOC content is only ~20 wt% (table 1). Nevertheless,
SK2 is the most organic matter-rich of all studied samples. The elongated OM parts appear
structureless and non-porous at higher BIB-SEM resolution (figure 2¢). The chert exhibits
occasional pores, which are frequently located in proximity to vitrinite (figure 2d). However,

overall porosity is limited in the microcrystalline quartz as well.

SKS

Sample SKS5 (1.68 %Rr) hosts solid bitumen filling intergranular pore space in-between
coarse quartz and carbonate grains (figure 3a). The solid bitumen forms a continuous OM
network throughout the imaged specimen (figures 3b-¢). In contrast to sample SK2, vitrinite
is largely absent. OM pores are generally rare but occur occasionally within the solid
bitumen groundmass or at interfaces with matrix minerals (figures 3d, e). These pores exhibit

either rounded or angular morphologies (figures 3b-d).
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Figure 2: (a) Optical image (oil immersion) of sample SK2 showing silicified fossil wood (vitrinite). (b) BSE

overview image of the BIB polished area. (c, d) Non-porous OM within chert exhibiting occasional pores.
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Figure 3: (a) Photomicrograph of the solid bitumen network in sample SK5. (b) BIB-SEM overview of the OM
network filling intergranular voids in-between carbonate and quartz grains; the detail image in (c) shows porous
bitumen hosting round and angular pores and quartz inclusions. (d) Solid bitumen containing few pores. (¢)

Porous solid bitumen with large interface pores (white arrows).
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SK9, SK10, SK12

Samples SK9 (1.96 %Rr), SK10 (1.89 %Rr) and SK12 (2.00 %Rr) show similar thermal
maturity and OM types, SK9 is richest in OM (7.37 wt% TOC; table 1). In contrast to the
comparable OM composition, the mineral matrix texture of the three samples varies
considerably (figures 4b, 5b, 6b). Sample SK9 is characterized by large grains and
considerable carbonate cementation (figure 4b), while SK10 is dominated by fine-grained
clay minerals (figure 5b). Sample SK12 is characterized by a clay matrix similar to sample
SK10, but coarse grains and carbonate-cemented areas are also present (figure 6b).

All three samples are characterized by relatively large, disseminated vitrinite particles, while
inertinite occurs in smaller amounts (figures 4a, 5a, 6a). BIB-SEM images reveal that the
structureless OM is non-porous (figures 4c, d, 5c, 6d). However, particularly in samples
SK10 and SK12, OM particles with significant amounts of finely dispersed mineral

inclusions were observed (figures 5d, 6¢).

SK18, SK37

Samples SK18 (2.23 %Rr) and SK37 (2.21 %Rr) are the specimen with the highest maturity.
Sample SK18 (4.4 wt% TOC; table 1) contains a shaly part with detrital vitrinite particles
and an approximately 5 mm thick vitrinite layer.

One large detrital vitrinite particle in the shaly part contains abundant authigenic quartz
(figures 7a-c), while authigenic quartz in the thick vitrinite band occurs less frequently
(figures 7d, e). Vitrinite contains occasional pores, which are mostly angular and occur in
irregularly distributed clusters mostly adjacent to the authigenic minerals.

Sample SK37 has the lowest TOC content of all studied samples and consequently exhibits
a low amount of OM particles (figures 8a, c). The observed OM is mostly vitrinite and
inertinite, embedded into a clay mineral-rich matrix (figures 8c, d). Only few vitrinite

particles host minor internal porosity (figure 8b).
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1000 ym

Figure 4: Photomicrograph and BIB-SEM images of sample SK9. (a) Optical image of vitrinite particles (white
arrows) under oil immersion. (b) BIB-SEM overview of the rock texture. (¢, d) BIB-SEM images of non-

porous OM particles.

Figure 5: (a) Optical image of vitrinite particles (white arrows) under oil immersion within sample SK10. BIB-
SEM images displaying an (b) overview of the mineral fabric, (¢) non-porous OM particle and (d) OM hosting

finely dispersed mineral inclusions.

500 um

Figure 6: (a) Photomicrograph displaying vitrinite particles in sample SK12. (b) BIB-SEM overview of the
sample. (¢) OM particle containing mineral matter. (d) BIB-SEM images of a non-porous OM particle of

sample.
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Figure 7: (a) Optical image (oil immersion) of dispersed vitrinite in sample SK18. (b, ¢) Porous vitrinite hosting
authigenic minerals (predominately quartz). (d, ¢) BIB-SEM overview and detail images of a broad vitrinite

layer hosting angular pores and quartz inclusions.
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Figure 8: (a) Photomicrograph of vitrinite and inertinite particles within sample SK37. (b) BSE image of an

OM particle exhibiting few internal pores. (c) BIB-SEM overview of SK37 documenting the OM-lean texture

with only few isolated OM particles. (d) Detail image of a non-porous OM particle interpreted as vitrinite.
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10.3.2 High-speed nanoindentation mapping and correlative high-resolution imaging
High-speed nanoindentation mapping was performed for 38 selected OM particles within
the investigated samples (table 1). The average £, and H values of all maps are summarized
in table 3. Additionally, the total average of all maps from each sample were calculated for
a better comparability (table 4).

Seven maps have been collected for vitrinite in sample SK2 (1.33 %Rr). The average E,
values for these maps range from 5.85 to 6.77 GPa, resulting in the highest total average E;,
value of all samples (6.26+=1.09 GPa). The average H values vary from 0.46 to 0.57 GPa.
Variations within a particle and the respective load-displacement curves are displayed for a
vitrinite grain (map 5) in SK2 (figure 9).

Five maps representing solid bitumen have been obtained for sample SK5 (1.68 %Rr). Both
average E, (4.98 — 5.81 GPa) and H (0.40 — 0.48 GPa) values are lower than for vitrinite in
SK2.

Five vitrinite particles have been selected from sample SK9 (1.96 %Rr). Four of these
particles (maps 2—5) show relatively low average E, (3.86 —4.68 GPa) and H values (0.36 —
0.48 GPa). The lowest deviation of £, and H values within a map in SK9 were obtained from
a relatively large and homogenous vitrinite particle (map 5) (figure 10). Only map 1 exhibits
a higher average £, of 6.65+1.71 GPa, likely due to abundant authigenic minerals. However,
in contrast to E,, the average H value of map 1 (0.46+0.04 GPa) is within the range of the
other vitrinite particles.

Five vitrinite particles (maps 1-5) in sample SK10 (1.89 %Rr) are characterized by higher
average E, (4.83 — 6.37 GPa) and H values (0.47 — 0.57 GPa) compared to SK9, despite of
the comparable thermal maturity of both samples.

The average E obtained from five vitrinite particles (maps 1-5) in sample SK12 at 2.00 %Rr
are rather uniform (4.83 — 4.98 GPa). They range above the values determined in SK9, but
lower compared to SK10. The average H values span from 0.39 to 0.54 GPa.

Six vitrinite maps were obtained for sample SK18 (2.23 %Rr). Maps 1 to 3 represent the
approximately 5-mm-thick coaly layer described above and display relatively consistent
average E, (4.64 —4.91 GPa) and H values (0.54 — 0.57 GPa). Maps 4 to 6 represent vitrinite
particles in the shaly part of the sample and show slightly higher E, values (5.04 — 7.52 GPa).
The high E, value of map 4 is also characterized by a large standard deviation (7.52£3.8
GPa). H values in the range of 0.50 to 0.57 GPa are similar to those in the coaly layer.

One inertinite (map 1) and four vitrinite particles (maps 2-5) have been investigated in

sample SK37 (2.21 %Rr). Average E, and H values obtained from the vitrinite maps range
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from 4.67 to 5.61 GPa and from 0.49 to 0.56 GPa, respectively. The inertinite particle
exhibits an average E, of 5.65+2.7 GPa which is similar to that of vitrinite in map 4, but its
H value (0.64+0.09 GPa) is the highest of all investigated OM particles.

The total average E- and H values obtained of each sample (average of all maps per sample,
see table 4) are plotted versus vitrinite reflectance in figure 9. The plot reveals a large
variation for the mechanical parameters, in particular for E; (see figure 11). Based on the
average E, (table 4), a slight decrease with increasing maturity can be observed. In contrast,
the average H values vary from 0.40 to 0.56 GPa without a systematic depth or maturity
trend.

Figure 12a shows an optical micrograph of a vitrinite particle in sample SK12 (map 4). The
correlative HIM image of the OM particle is presented in figure 12b. Nanoindents are shown
in the SPM surface map (figure 12c¢). HIM imaging revealed that the SPM surface scans
affected the soft maceral surface (figure 12d, detail in D). Corresponding property maps for
E,. and H are displayed in figure 12e, where the highest £, values are observed in proximity
to mineral grain boundaries.

A further example of nanoindentation property maps of a vitrinite particle (map 5; table 3)
in sample SK12 is shown in figure 13. HIM imaging enables a more detailed view on
individual indents and cracks within the OM (see inset in figure 13a). The property maps
exhibit local variability of £, and (at a lesser degree) H values and in combination with the
correlative imaging it appears, that these are often obtained in proximity to surrounding
mineral matrix and cracks (figures 13 a, b). E, values of OM adjacent to minerals are
typically enhanced, but reduced values were also obtained (figure 13b). In order to correct
for such unwanted boundary and topography effects, k~~-means clustering was executed on
the micromechanical dataset in order to obtain “representative” OM properties (see

explanations below).
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Table 3: Average E, and H results and corresponding standard deviation (SD) values calculated based on the

total number of indents per particle () for each map. (v — vitrinite, sb — solid bitumen, i — inertinite).

Average
Name Map E,. SD H SD OM type n
GPa GPa GPa GPa
1 6.77 1.71 0.46 0.05 % 33
2 5.90 0.80 0.46 0.05 v 40
3 6.46 1.26 0.45 0.05 v 14
SK2 4 5.85 0.45 0.55 0.02 % 30
5 6.11 0.97 0.57 0.03 v 58
6 6.01 0.25 0.53 0.03 % 24
7 6.76 1.15 0.53 0.06 v 41
1 5.81 1.51 0.47 0.09 sb 21
2 5.09 0.52 0.40 0.02 sb 46
SK5 3 4.98 0.73 0.44 0.04 sb 40
4 5.50 1.35 0.48 0.06 sb 34
5 533 1.27 0.41 0.02 sb 15
1 6.65 1.71 0.46 0.04 \ 24
2 430 0.57 0.48 0.04 v 33
SK9 3 4.28 0.80 0.36 0.02 v 35
4 4.68 1.12 0.46 0.07 v 18
5 3.86 0.17 0.36 0.02 v 48
1 5.20 0.81 0.51 0.02 v 30
2 5.41 0.44 0.53 0.02 v 39
SK10 3 4.83 0.43 0.47 0.02 v 66
4 5.72 1.49 0.54 0.05 v 28
5 6.34 1.76 0.49 0.05 v 27
1 4.85 1.26 0.47 0.06 \ 41
2 4.98 0.77 0.39 0.03 v 44
SK12 3 4.94 0.57 0.48 0.02 v 37
4 4.94 1.09 0.49 0.03 v 62
5 4.83 0.64 0.54 0.03 \ 24
1 491 0.18 0.57 0.02 v 22
2 4.76 0.18 0.55 0.01 v 47
SK18 3 4.64 0.38 0.54 0.01 v 21
4 7.52 3.80 0.57 0.15 v 22
5 5.06 0.56 0.56 0.06 v 36
6 5.04 0.92 0.50 0.03 \ 32
1 5.65 2.70 0.64 0.09 i 39
2 4.67 1.01 0.52 0.08 v 50
SK37 3 4.98 1.23 0.59 0.05 v 25
4 5.61 2.07 0.56 0.04 v 25
5 4.69 0.83 0.49 0.03 \ 25
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Table 4: Average E, and H values for each sample. (v — vitrinite, sb — solid bitumen, i — inertinite).

Average
Name Depth VR E, SD H SD Indents OM types Comments
m Y%Rr GPa GPa GPa GPa n
SK2 3376 1.33 6.26 1.09 0.52 0.06 240 v all data included
SK5 3466 1.68 527 1.06 0.44 0.06 156 sb all data included
4.19 0.70 0.40 0.06 134 v outlier excluded (map 1)
SK9 3586 1.96 .
4.56 1.27 0.41 0.07 158 v all data included
SK10 3616 1.89 5.35 1.10 0.50 0.04 190 v all data included
SK12 3676 2.00 4.92 0.94 0.47 0.06 208 v all data included
5.21 1.64 0.55 0.06 180 v all data included
SK18 3866 2.23 4.77 0.26 0.56 0.02 90 v coaly part (maps 1, 2, 3)
5.65 223 0.54 0.09 90 \% shaly part (maps 4, 5, 6)
SK37 4426 221 5.09 1.78 0.56 0.09 164 v, i all data included
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Figure 9: (a) Photomicrograph of a vitrinite particle (map 5) in sample SK2 under oil-immersion and (b) the

corresponding SPM image (20x20 pum scan). (¢) Nanoindentation load-displacement curves measured along

the profile (red line in (b)) resulting in the respective £, and H values shown in (d).
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Figure 10: Optical micrograph of a large vitrinite particle (map 5) in sample SK9 under oil immersion pre and

after indention mapping (see inset). (b) SPM surface map (15x15 pm) of the tested area and (c) load-

displacement curves obtained along the profile (red line in (b)). (d) Slight variations of £, and H along measured

profile (red line in (b)).
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Figure 11: Averages for (a) E- and (b) H versus vitrinite reflectance (see table 3).
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Figure 12: (a) Optical micrograph (oil immersion) of a vitrinite particle in sample SK12; the corresponding

HIM images in (b, d) show a slight alteration (fine lines indicated by variations in SE contrast) of the mapped

surface caused by the diamond tip during (c) SPM scanning (20x20 pum scan). (e) Corresponding £, and H

property maps (map 4) of the respective area. The black dots represent the positions of individual indents, while

the property maps are created by linear interpolation between these values.



-88 nm

-150
-200
-250
=300
=350
-400

-492

15 x 15 pym scan

®-
9 i
Es
3
o]
0 3 6 9 12
um

E, [GPa]
74

-
- 6.1
- 5.5
-4.8
-4.2

H[GPa]

12
.— 0.63

9
- 058

Es
- 0.52

3
L 0.46

0

0 3 6 9 12
HmMm

127

Figure 13: Correlative analysis of an OM particle (map 5) in sample SK12 including (a) SEM, HIM and SPM

(15x15 pm scan) imaging (see insets). (b) displays the linearly interpolated £, and H property maps of the

respective area (black dots represent individual indents). Indents in proximity to minerals are indicated by

white arrows, while interpreted shrinkage cracks are highlighted by black arrows.
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10.3.3 k-means clustering

k-means clustering was applied on the mapping datasets in order to study the data structure
by identifying clusters and their centers (figure 14a). The maximum number of clusters was
set to four. These different clusters within an individual OM particle may represent
influencing factors such as proximity to mineral grain boundaries (figure 14b, c) or the local
presence of pores or cracks. For several samples, the elbow method (Thorndike, 1953) and
the silhouette method (Rousseeuw, 1987) proved helpful in predetermining the cluster
number. The final assignment of clusters and the quality check of individual measurements
was assisted by the evaluation of SPM maps and, if available, data from correlative high-
resolution imaging (figures 12, 13).

Usually, the most “representative” OM domains (no apparent mineral
inclusions/pores/cracks; distant to grain boundaries) are represented by the largest clusters
for most property maps (figures 14, 15). The remaining obtained clusters and their respective
centroids are denominated as “low”, “elevated” and “high” based on their values compared
to the “representative” clusters/centroids (table 5). In contrast to map 1 in sample SK2 (figure
14), map 1 in SK9 also needs to be corrected for a “low” cluster, underestimating the

representative results (figure 15; table 5).
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Figure 14: k-means clustering results for a map of sample SK2 (map 1). (a) H plotted versus E,; the individuall
data points are color-coded according to their cluster assignment. The representative centroids are indicated by
stars (b) The color-coded nanoindents visualized within an SPM scan. (c) Example of load-displacement

curves; the color-coding corresponds to the cluster colors shown in (a) and (b).
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Figure 15: (a) SPM surface scan of a vitrinite particle in sample SK10 (map 1). The nanoindents are color-

coded according to the k-means clustering results shown in (b). (c) Load displacement curves for the indents

highlighted by black circles in (a).

Table 5 summarizes the k-means clustering results for £, and H values obtained from each
property map. In order to ensure reliability and enable comparability between the samples,
the average of all data points within the representative centroids per sample/vitrinite
reflectance are calculated (table 6). Average representative k-means £, shows a decreasing
trend with increasing vitrinite reflectance (figure 16a). In contrast, no maturity trend exists
for the average k-means H (figure 16b), which remains relatively constant for all samples

(average 0.40 — 0.55 GPa).
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Table 5: k-means clustering results for all studied samples. All cluster centroids (representative, low, elevated,

high) are shown together with their corresponding indent numbers (#) and OM types (v — vitrinite, sb — solid

bitumen, i — inertinite).

Representative Low Elevated High
Name Map k -means E, k-means H n  k-means E .k -means H n k-means E, k-means H n k-means E, k-means H n OM type
GPa GPa GPa GPa GPa GPa GPa GPa
1 5.88 0.46 22 - - - 7.54 0.44 8 11.25 0.55 3 \
2 541 0.45 27 - - - 6.91 0.47 13 - - - %
3 5.86 0.44 10 - - - 7.24 0.44 3 10.19 0.59 1 %
SK2 4 6.02 0.55 25 4.96 0.57 5 - - - - - - \
5 6.17 0.57 26 5.25 0.56 20 7.11 0.56 11 10.95 0.64 1 \
6 5.82 0.54 13 - - - 6.23 0.52 11 - - - %
7 6.02 0.51 20 - - - 7.23 0.53 20 12.32 0.78 1 \
1 5.25 0.45 15 - - - 6.25 0.47 5 12.03 0.82 1 sb
2 4.98 0.40 43 - - - 6.68 0.40 3 - - - sb
SK5 3 4.68 0.42 31 - - - 5.61 0.46 7 7.48 0.55 2 sb
4 5.14 0.48 31 - - - 7.89 0.37 2 11.92 0.53 1 sb
5 5.03 0.41 14 - - - - - - 9.55 0.37 1 sb
1 5.58 0.44 16 - - - 8.78 0.50 8 - - - \
2 422 0.48 32 - - - 6.82 0.35 1 - - - %
SK9 3 4.15 0.36 34 - - - 8.80 0.38 1 - - - v
4 427 0.45 15 - - - 6.76 0.51 3 - - - v
5 3.86 0.36 48 - - - - - - - - - \4
1 4.87 0.51 20 4.06 0.55 2 5.83 0.50 5 7.11 0.52 3 v
2 5.27 0.53 33 - - - 6.20 0.52 6 - - - v
SK10 3 4.78 0.47 65 - - - 7.79 0.53 1 - - - v
4 5.08 0.53 23 - - - 8.67 0.60 5 - - - v
5 5.40 047 19 - - - 7.75 0.49 6 11.03 0.64 2 v
1 4.46 0.46 36 - - - 6.81 0.45 4 10.85 0.61 1 %
2 4.68 0.39 36 - - - 6.12 0.38 7 8.13 0.42 1 v
SKI12 3 477 0.48 33 - - - 6.34 0.48 4 - - - v
4 4.61 0.49 55 - - - 6.59 0.44 5 9.90 0.52 2 v
5 4.66 0.54 22 - - - 6.67 0.56 2 - - - \
1 4.82 0.57 17 - - - 5.20 0.58 5 - - - %
2 4.79 0.55 45 4.10 0.58 2 - - - - - - \
SK18 3 4.83 0.54 16 4.06 0.56 5 - - - - - - v
4 5.37 0.48 15 - - - 10.25 0.70 5 16.86 0.89 2 \
5 4.79 0.54 28 - - - 5.99 0.60 8 - - - %
6 471 0.50 29 - - - 7.62 0.48 3 - - - \
1 441 0.60 30 - - - 8.04 0.72 6 13.36 0.89 3 i
2 424 0.51 40 - - - 6.39 0.56 10 - - - v
SK37 3 4.45 0.57 20 - - - 6.05 0.59 3 8.59 0.74 2 v
4 4.72 0.56 19 - - - 6.79 0.53 4 11.68 0.64 2 v
5 4.67 0.49 13 3.58 0.45 6 5.84 0.52 - - - \
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Table 6: Averaged representative centroid values for each sample (see table 4 for raw data). (v — vitrinite, sb —

solid bitumen, i — inertinite).

Representative average

Name  Depth VR k-means E, SD k-means H SD  Indents OM types Comments
m Y%Rr GPa GPa GPa GPa n
SK2 3376 1.33 5.88 0.37 0.51 0.05 143 v all data included
SK5 3466 1.68 4.98 0.36 0.43 0.05 134 sb all data included
4.07 0.32 0.40 0.06 129 v outlier excluded (map 1)
SK9 3586 1.96
424 0.59 0.41 0.06 145 \! all centroids included
SK10 3616 1.89 5.01 0.34 0.50 0.03 160 v all centroids included
SK12 3676 2.00 4.63 0.28 0.47 0.06 182 v all centroids included
4.85 0.35 0.53 0.03 150 v all centroids included
SK18 3866 2.23 4.81 0.12 0.55 0.01 78 \ coaly part (maps 1, 2, 3)
4.90 0.48 0.51 0.03 72 \% shaly part (maps 4, 5, 6)
SK37 4426 221 4.43 0.55 0.42 0.05 122 v, i all centroids included
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Figure 16: Average k-means representative centroids for (a) £, and (b) H plotted against vitrinite reflectance

(see table 6). Non-clustered averages were included for comparison (see table 4, figure 11).
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OM at 1.33 %Rr (SK2) exhibits the highest E; with representative k-means centroids ranging
from 5.41 to 6.17 GPa (seven maps, average k-means center at 5.88+0.37 GPa). For solid
bitumen in SK5 at 1.68 %Rr the representative k-means centroids for £, vary from 4.68 to
5.25 GPa. The representative average k-means centroids for £, at 1.89 %Rr (SK10), 1.96
%Rr (SK9) and 2.00 %Rr (SK12), obtained from 5 maps each, deviate significantly from
each other, despite the minor differences in thermal maturity (table 6). The largest
discrepancy between representative E, centroids is observed at 1.96 %Rr (SK9), where the
k-means centroids of four out of five maps show only minor variation from 3.86 to 4.27 GPa,
whereas one larger OM layer with mineral inclusions is strongly shifted to 5.58 GPa (table
5, map 1).

The average E, centroids obtained from samples at ~2.2 %Rr range at 4.43+0.55 for sample
SK37 (five maps) and 4.85+0.35 GPa (six maps) for sample SK18. In contrast to the
remaining samples, an inertinite particle was also included in the testing of sample SK37,
exhibiting similar results compared to vitrinite (table 5, map 1 of SK37). The average k-
means centroids from SK18 were obtained from six property maps including three maps
from a single vitrinite layer and three maps from dispersed vitrinite hosting authigenic
minerals. The representative centroids from the particles with authigenic mineral inclusions
show slightly elevated E, values and more variation between the individual average values
(4.77 — 5.37 GPa) compared to those obtained from the homogeneous vitrinite layer (4.79 —
4.83 GPa). Furthermore, the non-representative “elevated” and “high” clusters of vitrinites
with extensive authigenic mineral occurrence show considerably higher E, values with a

maximum at 16.86 GPa (table 5; map 4).
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10.4 Discussion

10.4.1 Influence of boundary proximity and mineral inclusions on micromechanical
properties of organic matter
The nanoindentation property mapping revealed strong heterogeneities of the
micromechanical parameters (especially £,) within individual OM particles. As evidence for
correlating nanoindentation property maps (figures 12, 13) and high-resolution images
(figures 5d, 6¢), these variations are mostly noticed either in presence of mineral inclusions
within OM or the restraint by surrounding mineral grains, mostly resulting in increased
elastic modulus values near OM — mineral grain boundary regions (figures 12—15). Also, the
nanoindentation mapping-procedure might also induce cracks in tested particle (figure 17).
For the postmature samples investigated here, the locally increased E, values are interpreted
as the result of intense burial compaction and consequently the OM being indented by the
grain framework. Similar observations (enhance apparent modulus of OM due to
surrounding and underlying mineral matrix) were also reported by Zargari et al. (2016) for
OM in Bakken shales.
Vranjes et al. (2018) observed a positive correlation of ash yield (inorganic residue after coal
combustion) and the E, of vitrinite in coals. As the mineral matter content of a coal seam can
be approximated by its ash yield, this trend was interpreted as the result of a relative density
increase of the tested vitrinite particles due to mineral inclusions.
Even for the undisturbed OM groundmass (representative centroids from A-means
clustering), significantly different £, values have been determined for samples at comparable
thermal maturity (e.g., samples SK10 and SK9 at 1.89 and 1.96 %Rr VR, respectively; table
5, 6). For these samples, BIB-SEM images reveal substantial differences regarding grain size
and diagenetic cementation (figures 4b, 5b, 6b,). The average E, obtained from k-means
centroids for the OM within the coarse-grained, well-cemented sample SK9 is 4.07+0.32
GPa (excluding an outlier from mineral matter-rich OM; see tables 3, 5; map 1) and ranges
considerably lower compared to the finer-grained, clay-rich sample SKI10 (average

5.01+0.34 GPa).
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Figure 17: Correlative imaging of a vitrinite particle within sample SK12. (a) SEM and (b) HIM overview with
detailed excerpts (d, e respectively). (¢) Optical overview of a laser grid quadrant (no oil immersion). (f) SPM
image with indicated topographical feature within tested OM area (15x15 pum scan). A crack likely resulting

from the property mapping can be imaged by means of HIM imaging (see e).

This difference in stiffness is likely attributed to the more intense burial compaction in the
clay-rich facies. The absence of pressure shadows in-between large, brittle mineral grains
results in a systematic increase in OM compression by the surrounding clay matrix.
Enhanced compression might be an effect of more efficient compaction effects based on the
plate-like morphologies of clay minerals (Hubbert and Rubey, 1959; Revil et al., 2002).
Hence, the lower clay content and predominately coarse-grained mineral matrix of sample
SK9 likely impeded compaction, thereby leading to less confinement and lower average E;

of OM particles (figure 10).

10.4.2 Micromechanical changes with thermal maturation and pore structure evolution

The representative k-means centers for the E, of OM exhibit a decreasing trend with
increasing thermal maturity (%Rr). Declining modulus values were also observed by Zargari
et al. (2016) for kerogen at maturity levels from the onset of the oil window throughout the
gas window. According to these authors, this observation is likely related to the formation
of gas- or bitumen-filled nanopores with proceeding thermal maturity. In contrast,
Emmanuel (2016) showed a general increase of the elastic modulus for kerogen between
0.40 and 0.82 %Rr and stable mechanical properties between 0.82 and 1.25 %Rr. A general

increase of the Young’'s modulus of vitrinite with thermal maturity (between 0.62 and 1.13
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%Rr) was also demonstrated in the nanoindentation study by Zhao et al. (2020). Both studies
(Emmanuel et al., 2016; Zhao et al., 2020) concluded that the thermally-induced stiffness
increase is likely a result of ongoing aromatization. These findings are supported by an
atomistic modelling study where the Young’s modulus of kerogen increases exponentially
with density and aromatic ordering caused by increasing burial stress (Kashinath et al.,
2020). However, the natural variability of OM-hosted porosity was not accounted for in the
fundamental property modelling study and the authors emphasize that local porosity may
lead to a significant weakening (Kashinath et al., 2020). The competing effects of structural
ordering (aromatization) versus pore generation have been demonstrated within a previous
TEM study on vitrinite macerals in coals (Vranjes-Wessely et al., 2020). While increased
ordering of aromatic stacks was suggested to increase the stiffness of vitrinite, a stiffness
decrease could be linked to increasingly larger mesoporosity due to hydrocarbon cracking
from the primary kerogen. Vranjes-Wessley et al. (2020) concluded that smaller pores can
share an applied load more efficiently in contrast to samples containing fewer but larger
pores. It also needs to be emphasized that most experimental data cited for kerogen
(Emmanuel et al., 2016; Zargari et al., 2016; Zhao et al., 2020) was obtained from samples
below a thermal maturity of 1.25 %Rr, whereas the specimen in this study cover postmature
samples up to 2.23 %Rr. No major SEM-visible OM-hosted porosity was observed in
samples at 1.33 %Rr, 1.89 %Rr, 1.96 and 2.00 %Rr. Furthermore, the apparent absence of
visible OM porosity at 1.33 %Rr (figures 2¢, d) might be linked to pore occlusion by
hydrocarbons (bitumen), as previously demonstrated by bitumen-extraction experiments of
post-mature samples (Misch et al., 2019b; Valenza et al., 2013; Wei et al., 2014). In
comparison, kerogen at 2.23 %Rr (sample SK18) exhibits distinct porosity (figures 7c, e)
indicating removal of clogging bitumen from pores and further thermally induced pore
generation (Misch et al.,, 2019a). The OM pores at 2.23 %Rr are characterized by
angular/asymmetrical shapes and inhomogeneous distribution within the particles (figures
7c, e). Irregular pore distribution within a single OM particle might be attributed to initial
inherent inhomogeneities (Lohr et al., 2015), differential grain support during compaction
(Curtis et al., 2012; Mathia et al., 2016; Schieber, 2013) and intercalations between OM and
mineral matter (Mathia et al., 2016; Milliken et al., 2013). Misch et al., (2020) showed that
OM-hosted pore shapes are influenced by burial compaction similar as mineral matrix pores.
The virtual absence of SEM-visible porosity likely results from increased confinement
effects of OM restrained within the grain framework. A dependence of OM porosity and

pore geometry factors on brittle mineral content was also reported by Misch et al. (2018) for
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oil to wet gas mature shales. In the aforementioned study, abundant OM pores at gas window
maturity were interpreted as being the result of lesser compaction in-between a brittle grain
fabric. Nevertheless, the visible OM pores within the sample SK5 (figures 3c-e) at 1.68 %Rr
might be rather associated with organic — inorganic interfaces than under-compaction, which
is supported by relatively high E, values despite a porous structure of the investigated OM.

Interestingly, despite the OM tested in SKS5 is interpreted as secondary solid bitumen rather
than vitrinite, the determined stiffness is among the highest values of all investigated samples
(tables 3 — 6). Therefore, it is suggested that the controlling factors for micromechanical
properties are complex and not solely related to the evolving pore structure. In consequence,
the general decrease of E, with increasing thermal maturity cannot exclusively be assigned
to evolving pore development and stiffness prediction therefore requires a comprehensive
evaluation of all possible maturity-related geochemical and structural changes, as well as the
microstructural characteristics of the individual sample, which in turn controls the porosity
preservation (see also Curtis et al. (2012)). Thus, the material properties of OM can be
viewed as the result of mechanical and geochemical processes that vary for each unique
geological environment. Our novel approach using k-means clustering in conjunction with
high-resolution imaging techniques has proven to be an effective approach for geological

reasoning of micromechanical property variations.

10.4.3 Micromechanical properties of vitrinite/inertinite versus solid bitumen

Different OM classifications are used in organic geochemical and petrographical studies (see
Misch et al., 2019 and Mastalerz et al., 2018). Vitrinite is the predominant OM constituent
in the studied sample set (see figures 2a, 4a, 5a, 6a, 7a, 8a). The structure of vitrinite is
characterized by a great degree of aromaticity, which further increases with thermal
maturity. In contrast, solid bitumen, a transformation product of primary OM during thermal
alteration, hosts a significant proportion of aliphatic hydrocarbon chains. However, these
aliphatic compounds break down with ongoing cracking, resulting in a relative increase of
aromaticity (Craddock et al., 2015). This leads to a convergence of the reflectance properties
of solid bitumen and vitrinite above 1.0 %Rr (Hackley and Lewan, 2018; Landis and
Castano, 1995) and particularly in overmature stage, growing a challenge in their
discrimination.

According to previous nanomechanical studies, primary macerals (vitrinite and inertinite)
exhibit a higher stiffness compared to more ductile solid bitumen (Emmanuel et al., 2016;

Zhao et al., 2020). However, the results of Zhao et al. (2020) indicate that the Young's
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modulus of solid bitumen increases with thermal maturity and becomes more similar to the
values determined for vitrinite at equal maturity beyond the late oil window (see table 2 in
Zhao et al. (2020)). This is supported by the mechanical parameters determined for solid
bitumen in sample SK5 of this study; E- and H values comparable to vitrinite in the
overmature sample are likely a result of the increased aromaticity at this stage. Nevertheless,
different character of solid bitumen due to changing organofacies was reported, and
particularly the solid bitumen-hosted porosity trends may deviate substantially for changing
primary OM composition (Misch et al., 2019a, b), which may result in changing mechanical
behavior as well. On the other hand, it may be difficult to delineate between solid bitumen
and vitrinite, in cases where soluble bitumen is retained by vitrinite an both form an entity
even in overmature state (Cardott et al., 2015; Misch et al., 2019a).

The representative k-means £, of an inertinite particle in sample SK37 (table 5; map 1) shows
no significant deviation from the values determined for vitrinite in the same specimen.
Inertinite is mainly a product of land plant material charred during paleo-wildfires. As a
consequence, it shows considerably higher initial C and O contents, as well as lower initial
H clontents compared to vitrinite and other primary OM types. It is well accepted that
structural changes (devolatilization, aromatization) of inertinite occur comparably early
during diagenesis (International Committee for Coal and Organic Petrology (ICCP), 2001;
Levine, 1993). Furthermore, Vranjes et al. (2018) clearly showed that the micromechanical
properties of inertinite macerals in coals from the Ukrainian Donets Basin correlate perfectly
with the inertinite reflectance, which reflects the temperature conditions during paleo-
wildfires and hence pre-depositional processes. In spite of these fundamental differences to
the diagenetic evolution of vitrinite, previous studies postulated a converge of properties
particularly at high rank >2 %Rr (Levine, 1993). Relating this to the overmature state of the
samples investigated here, it is reasonable to assume that ongoing homogenization may have

occurred, leading to similar material behavior of vitrinite and inertinite.

10.4.4 Improved workflow and quality control in micromechanical testing

Specimen preparation by a femto-second laser grid (figure 1) enabled correlation between
imaging and mechanical testing. This approach should be adopted in future micromechanical
studies, as a strong interdependency between mechanical parameters and structural features
was clearly proven by nanoindentation mapping combined with SEM and HIM (figures 12,
13). Material parameters (£, and H) were identified from individual OM particles and

analyzed by k-means clustering. In combination with the SPM images and the correlative
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high-resolution imaging, the obtained E, and H clusters were correlated evaluated to identify
the reasons behind local variations (e.g., boundary effects, intraparticle heterogeneity, etc.).
It proved extremely valuable to be able to trace back to the individual indent in the
complementary image data. Thereby, outlier measurements, e.g., due to breakouts along OM
— mineral contacts, could easily be identified. A further enhancement of data quality and
property correlations was achieved by the k-means++-enhanced k-means clustering of the
high-speed nanoindentation mapping data (figures 14, 15). Microstructural and thermal
maturity influences which were not clearly resolved by the initial data set, became more
distinct after cluster-processing (table 3, 5; figure 16). However, further analytical
improvement, particularly for the investigation of OM-rich rocks, may be achieved by
optimized low- or non-invasive preparation (Hackley et al., 2020; Loucks et al., 2009).
Particularly the influence of variations in the array spacing during high-speed property
mapping in soft materials such as kerogen and bitumen needs to be addressed further, in
order to balance maximum resolution and minimize interference between neighboring
indents. Also, the impact of surface alteration by the Cube Corner tip during scanning, which
was clearly observed in HIM images (figure 12), has to be considered. HIM proved a very
valuable tool for the detection of such surface effects, as the image contrast created by the
helium ion beam is not based on atomic number as compared to an electron beam (Ward et
al., 2006), and thus OM structures can be visualized at even higher resolution and
topographic sensitivity compared to conventional SEM systems (Bell, 2009; Scipioni et al.,
2009). This includes detailed images of indents in OM and at OM/mineral interfaces (figures
12, 13), which helped to identify outliers such as nanoindentation-induced cracks at OM —

mineral boundaries (figure 17).
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10.5 Conclusion

In this study the OM of an over-mature sample set from the Songliao Basin in China was
mechanically characterized by a new approach of combined high-speed nanoindentation
property mapping, high-resolution imaging and machine learning based data processing.
Femto-second laser marked areas enabled a correlative study, which facilitated further
evaluation of the mechanically tested areas. In order to gain a better understanding regarding
the material characteristics and potential influencing factors, high-resolution SEM and HIM
imaging was carried out. The resulting £, and H data from each high-speed nanoindentation
property map was subsequently processed by the unsupervised machine learning algorithm
k-means clustering to evaluate the representative material properties of OM particles which
in general exhibit inhomogeneous stiffness and thus a large spread of E,. Enhanced OM
modulus values were associated with adjacent mineral matter, while pores, cracks and
surface artifacts likely lead to significantly lowered E,. The formation of these varying
mechanical domains is interpreted to be a result of differential density and compaction of
the OM on the submicron level. It was also determined that the £, of OM generally decreases
with increasing maturity. This trend must be viewed with caution, as the compaction and
stress support of the OM particles are likely dependent on the mineral fabric. At comparable
maturity, OM within predominant clay matrix exhibits higher E, results compared to OM
embedded within a rock fabric with coarse character, as the presence of clay minerals favors
a more effective compaction.

The lacking porosity of kerogen presumably related to pore occlusion by secondary
generated bitumen. Although solid bitumen is believed to have similar properties to vitrinite
in the over-mature state, it is not yet clear how it affects the mechanical properties of kerogen
while occluding pores and forming an interphase.

In conclusion, this approach has proven itself extremely valuable for the detailed material
characterization of complex and highly inhomogeneous materials. While this already opens
a wealth of exciting new possibilities, future studies on this subject shall also focus on the

further optimization of the experimental settings and enhancement of the workflow.
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