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Abstract

The organic carbon- and uranium-rich, marine Alum Shale Formation Formation in northwestern
Europe (Middle Cambrian, Miaolingian to Early Ordovician) was deposited in the Baltic Basin
and surrounding areas. It is a proven source rock for conventional oil either in sandstones of
Cambrian age or Ordovician and Silurian carbonates, and also contains a potential for shale oil
and for biogenic or thermogenic shale gas.

Despite the absence of higher land plant precursors, the primary Type Il kerogen has an
abnormally strong aromatic character, even at low thermal maturities due to a-particle
bombardment by the elevated uranium content. The characteristic aromatic kerogen structure
results in dead carbon formation and enhances hydrocarbon retention. As a consequence, effective
petroleum expulsion is limited during maturation.

The petroleum generation properties of the Alum Shale Formation changed over geological time
due to the accumulated uranium irradiation. For thermally immature samples, high uranium
content is positively correlated with high gas-oil ratios and the aromaticities of both the free
hydrocarbons residing in the rock and the pyrolysis products from its kerogen. Such
characteristics indicate that irradiation has had a strong influence on the overall organic matter
composition and hence on the petroleum potential. At high uranium content, macromolecules are
less alkylated than their less irradiated counterparts and oxygen containing-compounds are
enriched. However, the kerogen structure was less altered during catagenesis (420—340 Ma bp)
than at present, and thus calibration is needed to predict petroleum generation in time and space.
In southern central Sweden biogenic methane in the Alum Shale Formation was formed during
oil degradation after the Quaternary glaciation following bitumen impregnation generated from
local magmatic Carboniferous — Permian intrusions. Consequently, the Alum Shale Formation
includes a mixed shale oil/biogenic gas play that resembles the formation of biogenic methane in
the Antrim Shale (Michigan Basin, United States). In the Alum Shale Formation, pore waters with
low TDS content created a subsurface aqueous environment, which was favourable for microbes
that have the potential to form biogenic methane. The ability to generate biogenic methane from
samples of the Alum Shale Formation in incubation experiments still exists today.

The permeability coefficients of highly mature Alum Shale Formation from Bornholm island
(southern Baltic Sea) cover a broad range from sub-nanodarcy to microdarcy, depending on
permeating fluid type, moisture content, anisotropy, mean pore pressure and effective stress
conditions. As a result, the primary high total organic carbon content was not significantly
reduced at overmature stages, consistently with the high sorption capacities. The Alum Shale
Formation is thus an attractive gas shale candidate from the perspective of gas generation and
retention.

The strength of the overmature Alum Shale Formation on Bornholm, which is mainly determined

by mineral composition, porosity and spatial distribution of the constituents, is relatively low



compared to other well-studied shale formations. Based on brittleness estimates, the Alum Shale
Formation may be regarded as an unconventional reservoir rock of medium quality from the

mechanical point of view.

1. Introduction

The Alum Shale Formation Formation in northwestern Europe (Fig. 1) was deposited from the
Middle Cambrian (Miaolingian) to the Early Ordovician (Tremadoc) in the Baltic Basin and
surrounding countries (Nielsen and Schovsbo, 2006). Due to its high total organic carbon (TOC)
content, widespread occurrence and varying maturity, it is a well-known conventional source rock
for hydrocarbons found in Cambrian sandstones (Schleicher et al., 1998) and Ordovician and
Silurian carbonates in the Baltic Basin (Sivhed et al., 2004, Yang et al., 2018). Also, these black
shales raised attention for its atypical, i.e., gas generation characteristics (Bharati et al., 1992;
Horsfield et al., 1992). More recent increased interest in unconventional shale plays also renewed
attention on the Alum Shale Formation, which was found to be prospective for both thermogenic
(Schovsbo et al., 2011; Pool et al., 2012) and biogenic gas (Schulz et al., 2015).

Besides being typically rich in TOC, the Alum Shale Formation is also enriched in uranium
(Andersson et al., 1985) (Fig. 2), and has served for decades as a natural key laboratory for the
investigation of organic matter changes due to the irradiation by a-particles released from the
decay of 28U (recently re-visited by Yang et al., 2019). The Alum Shale Formation was also a
commercial source for uranium, which was produced between 1953 and 1984 with the final
closure of the facilities in 1989 (Andersson et al., 1985; Dyni, 2006). Besides uranium, the rocks
also host significant amounts of molybdenum, vanadium and nickel (Fig. 2).

After deposition, the Alum Shale Formation underwent laterally variable burial in the Baltic Basin
and its surroundings resulting in various gradients. The (i) thickness ranges from millimeters to
more than 100 meters, (ii) the burial depth is from zero to more than 3 km, (iii) the thermal
maturities range from immature conditions above the oil window to late gas generation, and (iv)
TOC and uranium contents increase towards the top of the Cambrian interval (Buchardt et al.,
1997; Pedersen et al., 2007; Schovsbo, 2001, 2002, 2003). This setting makes this stratigraphic
unit a suitable natural laboratory for research about different factors which influence petroleum
formation. Moreover, it was deposited prior to the development of land plants (it contains no
vitrinite macerals). An important geological event occurred during the last ice age when the area
was covered by glaciers with local ice thicknesses of more than 2 km. This young geological
history enables further studies of pore water mixing, biodegradation or elemental leaching, and
needs to be taken into account for studies about, e.g., biogenic methane formation.Here we
summarize the results of the latest research related to the petroleum potential of the Alum Shale
Formation. First, we highlight the unique nature of the Alum Shale Formation kerogen and its

depositional setting. Second, we discuss a broad variety of petroleum potential characteristics



(aromaticity, gas-oil ratio, etc.) and processes which are dependent on time and space (expulsion,
sorption, etc.) and also on uranium content. Finally, we introduce petrophysical properties that
resulted from the complex geological history and that are of interest for unconventional

hydrocarbon extraction.

2. Methods and data

This review article is based on published data from general geological (palacogeography,
sedimentology, tectonics) and petroleum related studies. The methods behind are described in
detail in articles which are referred to in the text and given in the reference chapter.

The conceptual approach of this review article -and the basic idea for writing- is the combination
with results from (i) recently published and yet unpublished data from the multidisciplinary “Gas
Shales in Europe" (GASH) project (2009-2012), and (ii) recent work about the influence of
uranium on the organic matter in the Alum Shale Formation. The interdisciplinary scientific
GASH initiative investigated the Alum Shale Formation in Denmark and Sweden. Within the
framework of GASH the shallow borehole Skelbro-2 on Bornholm island (Fig. 3) was drilled in
2010 through the Alum Shale Formation and fully cored (Schovsbo et al., 2011). The 35 m thick
Alum Shale Formation on Bornholm is highly mature, and the reflectance of ‘vitrinite-like’
particles is about 2.3% VR¢,. In addition to these overmature samples, additional immature and
mature samples from boreholes and outcrops on the island of Oland and from southern Sweden
completed the sample set.

The results of the GASH project are presented in chapter 6. “The Alum Shale Formation as an
unconventional shale play”, and here the analytical methods are described which were applied to
the cores recovered from well Skelbro-2 and the additional sample material.

The measurements of basic data such as vitrinite reflectance (%VR,,) or Total Organic Carbon
(TOC) content were carried out according standard techniques.

In chapter 6.1.3. “Today’s biogenic methane potential” the results of incubation experiments and
gas analyses are presented. To test the sensitivity of five selected samples from the Alum Shale
Formation from well Héllekis-1 (Fig. 3; VR¢: 0.49%) still be a source of microbially generated
methane, different sets of incubations were carried out using ground core material and three
different hydrocarbon-degrading methanogenic enrichment cultures as inocula: “Inoculum coal”,
“Inoculum oil”, and “Inoculum hexadecane”. In parallel, incubations were run without inoculum,
containing only sample and medium, to check for microorganisms already present in the samples.
The experiments run over six months, and methane and CO, concentrations as well as their stable
isotopic composition were measured by GC-FID and GC-C-IRM-MS. Details of the
experimental methods and results are given in Kriiger et al. (2014).

For micro-structural investigations (chapter 6.2.1), following Bernard et al. (2010), ultrathin foils

of samples (~ 15 x 5 x 0.10 um®) were prepared for scanning transmission X-ray microscopy



(STXM) and transmission electron microscopy (TEM) investigations using the focused ion beam
(FIB) single beam instrument (FEI FIB 200 TEM) operating at GFZ Potsdam. Milling at low
gallium ion currents allowed minimising common artefacts including local gallium implantation,
mixing of components, redeposition of the sputtered material on the sample surface and
significant changes in the speciation of carbon-based polymers (Bernard et al., 2009). STXM
investigations were conducted on the FIB foils to document both the distribution of organic
compounds using the 10ID-1 STXM beamline at the Canadian Light Source (Kaznatcheev and
Hegmann, 2007). X-ray absorption near edge structure (XANES) hypercube data (stacks) were
collected with a spatial resolution of 25 nm at energy increments of 0.1 eV over the carbon
absorption range (275-350 eV) with a dwell time of less than 1 ms per pixel to prevent irradiation
damage (Wang et al., 2009). Stack alignments and extraction of XANES spectra were done using
the aXis2000 software, while normalisation of XANES data was done using the QUANTORXS
freeware (Le Guillou et al., 2018). TEM investigations were conducted using the 200 kV TECNAI
F20 XTWIN TEM operating at GFZ Potsdam, equipped with a field emission gun as the electron
source, a Gatan TridiemTM energy filter, an EDAX GenesisTM X-ray analyzer and a Fishione
high angle annular dark filed detector (HAADF) allowing an image acquisition in the scanning
transmission electron microscopy (STEM) mode. Energy dispersive X-ray spectroscopy (EDXS)
element maps are displayed as background subtracted intensity maps.

In chapter 6.2.2. “Organic matter as source and reservoir (gas storage capacity)” the results of
various experiments are presented. Rock-Eval pyrolysis parameter (S1, S2, S3, HI, OL, PL, Ty,..)
were determined using a Rock-Eval 6 instrument. All procedures followed NIGOGA, 4th edition.
Thermovaporisation (Tvap) and Open-system pyrolysis (GC-FID) were performed using a
Quantum MSSV-2 Thermal Analyzer© interfaced with an Agilent GC 6890A gas chromatograph
as described in Han et al. (2015). To determine bulk kinetics the rock samples were analysed by
non-isothermal open-system pyrolysis at four different laboratory heating rates (0.7, 2.0, 5.0 and
15K/min) using a Source Rock Analyzer©. The generated bulk petroleum formation curves
served as input for the bulk kinetic model consisting of an activation energy distribution and a
single frequency factor. To gain results from the PhaseKinetics approach, compositional
information from closed-system pyrolysis was combined with various open-system pyrolysis
results to yield a compositional kinetic model which allowed the prediction of petroleum physical
properties under subsurface conditions (di Primio and Horsfield, 2006). For closed-system
pyrolysis milligram quantities sample material were sealed in glass capillaries (micro scale sealed
vessels — MSSV, described in Horsfield et al., 1989) and, using an external prep-oven, artificially
matured at 0.7 K/min to temperatures required to bring about different levels of kerogen
conversion (transformation ratios 10, 30, 50, 70, 90% TR). The tubes were then cracked open
using a piston device coupled with the injector using the Quantum MSSV-2 Thermal Analysis

System®©.



In chapter 6.2.3. “Fluid transport properties (stress-dependent gas and liquid [water]
permeability)” are presented. The helium porosity values were determined under unconfined
conditions using the skeletal volumes measured by helium pycnometry and the bulk volumes
calculated from the calipered dimensions. Single-phase gas (He, Ar, CH,4) and liquid (de-ionized
water) flow tests were performed under controlled axial and confining pressures on cylindrical
core plugs assembled in a customized fluid flow cell. The details of the customized fluid flow cell
are explained elsewhere (Hildenbrand et al., 2006). Single-phase gas flow tests were conducted
using steady-state (atmospheric downstream pressure) and non-steady-state techniques. Single-
phase water flow tests were conducted under steady-state conditions by applying a constant
pressure difference across the sample (atmospheric downstream pressure) and measuring the
volumetric flow rate at the downstream using a graduated pipette (volume: 1 ml, graduation: 0.01
ml). A leakage test with helium was performed prior to each flow test to ensure a leakage-
free/tolerant system. A formulation which is based on the interpretation of the fundamental flow
equations, i.e. the mass balance equation (continuity equation) and Darcy’s law was used for
evaluation of the non-steady-state gas permeability coefficients. Steady-state gas and liquid
permeability coefficients were evaluated using the Darcy law for compressible (with slip-flow
correction) and incompressible media, respectively. The details of the experimental set-up,
procedures, and data evaluation are explained elsewhere (Ghanizadeh et al., 2014).

In chapter 6.2.4.”Key petrophysical and geomechanical properties” are described. These data
resulted from uniaxial compression experiments (UCS) and Brazilian disc tests which were
performed using a servo-hydraulically controlled deformation apparatus (MTS). UCS tests and
some triaxial deformation tests were performed at room temperature and confining pressures
between 17 and 70 MPa on samples of 50 mm length and 25 mm diameter at constant axial strain
rate of =~ 7x10-5 s-1. The tensile strength (TS) was determined on selected samples of 30 mm
diameter and length > 15 mm following the ISRM suggested method for Brazilian disc testing
(Bieniawski and Hawkes, 1978). Triaxial deformation experiments at elevated pressure and
temperature of P = 50 MPa and T = 100°C were done on cylindrical samples of 20 mm length
and 10 mm diameter using a Paterson-type gas deformation apparatus (Paterson, 1970) at constant
strain rate of 5x10-4 s-1. Measured forces and axial displacements were converted to axial stress
and strain, assuming constant volume deformation and corrected for the jacket load and system
compliance. The estimated error in stress and strain is < 4%. The estimated uncertainties of
determined Young’s moduli E are about 20%, determined from the slope of stress-strain curves
from the origin to the strain measured at 50% of the peak stress. Details of the experimental

methods and results are given by Rybacki et al. (2015).

3. Geology
3.1. Palaecogeography



The Baltoscandian Alum Shale Formation (Nielsen and Schovsbo, 2006) is a black organic-rich
shale with up to 25 wt.% TOC (Fig. 2) that was deposited from Middle Cambrian (Miaolingian)
to Lower Ordovician (Tremadocian) on the Baltic plate (Fig. 4). The deposition was coupled with
an overall transgression of the palaeocontinent Baltica within an original depositional area that
covered more than 800,000 km? and tracked several 1,000s km from along the
Norwegian/Swedish Caledonides in the North to Northwest to Poland in the South and further
eastwards to Estonia and the St. Petersburg area in Russia (Fig. 1). Within this area, the shale
exhibits a remarkable uniform lithology. Correlative sediments are named Tirisalu Formation in
Estonia, Kaporye Formation in the St. Petersburg region, and Stowinski or Piasnica Formation in
Poland. The distinction of these naming reflects political rather than geological boundaries
(Nielsen and Schovsbo, 2006). We hereafter refer to all these formations as the Alum Shale

Formation.

3.2. Sedimentology and thickness of the Alum Shale Formation

The Alum Shale Formation consists of laminated to massive mudstone (Fig. SA) with high
amounts of organic matter and pyrite (Pedersen, 1989; Hints et al., 2014, Egenhoff et al., 2015,
Henningsen et al., 2018). In more than ~ 10 m thick intervals of the Alum Shale Formation, barite
is common and occurs as layers or concretions of various size (Fig. 5A, B). A fairly simple
differentiation of the shale into a mid-shelf and an outer-shelf facies (termed platform and shelf
facies, respectively; Buchardt et al., 1997) has been proposed based on the abundance of carbonate
concretions and intercalations of sandstone layers (e.g., Fig. SE; Schovsbo, 2003; Nielsen and
Schovsbo, 2006). In the upper Cambrian (Furongian; Fig. 4A) the mid-shelf was characterised by
high abundance of limestone and carbonate concretions that constitute > 30 % of the formation
thickness. The carbonate beds probably reflect a preferential removal of fine-grained siliciclastics
by currents (e.g., Dworatzek, 1987). The Tremadoc rocks (Fig. 4B) differ from the Furongian
sediments by having a low proportion of carbonate concretion. The interpretation of the
depositional energy at the seafloor has been based on the presence or absence of coarse-grained
intercalations in the shale. In Estonia and Russia, a gradual transition towards the south and east
can be seen from sandy intercalations in the shale to shaly intercalations in the sandstone (Hints
et al., 2014; Schulz et al., 2019). In Estonia, particularly thick sections of this facies have been
included in the Kallavere Formation that represents the transitional beds between the Furongian
and the lowermost Tremadoc (Mens et al., 1993).

The thickness of the Alum Shale Formation varies considerably across Baltoscandia (Fig. 6). In
south-central Sweden it is an incomplete section 20-25 m thick (Fig. SE), whereas in Scania (the
southernmost province of Sweden) and the central Oslo area in Norway it varies between 80 and
100 m, and records more complete stratigraphy. The thickest section (178 m) has been

encountered in the Danish offshore well Terne-1 (Figs. 3, 6; Schovsbo et al., 2016). The Alum



Shale Formation thins towards the southern margin of Baltica where it measures only some 27—
35 m on Bornholm (Nielsen et al., 2018), and 32 m in the offshore German well G-14 (Piske and
Neumann, 1990). In Poland, Estonia, and Russia the Alum Shale Formation is thin and generally
less than 10 m (Mens et al., 1993; Fig. 6).

The Alum Shale Formation contains a low-diversity, but abundant benthic to pelagic trilobite
fauna in the Cambrian and a pelagic graptolite fauna in the Ordovician. This fossil assemblage
has facilitated the definition of a high-resolution biostratigraphic zonation comprising three
Miaolingian superzones subdivided into eight zones, six Furongian superzones subdivided into
26 zones and three Ordovician zones (Nielsen and Schovsbo, 2006; Nielsen et al., 2011, 2015).
The base of the Alum Shale Formation is transgressive and diachronous being oldest in the
depositional centres in the Kattegat and Scania and younger towards the basin margins. In
Estonian and Russia, the basal parts of the Alum Shale Formation are of Tremadocian age.
Besides a high TOC content, the Alum Shale Formation exhibits a variety of trace elements,
notably uranium, vanadium and molybdenum (Fig. 2; Armands 1972; Andersson et al., 1985;
Schovsbo, 2002; Hints et al., 2014; Schovsbo et al., 2018). The enrichment in these redox-
sensitive metals shows both a strongly stereographical pattern (enrichment towards the top) as

well as a relation to the geographical location in the basin (enrichment along the former margins).

3.3. Geological history after deposition of the Alum Shale Formation

The tectonic evolution of the Tornquist Zone and adjacent sedimentary basins in Scania and the
southern Baltic Sea were analysed by Erlstrom et al. (1997). This regional study focussed on
southernmost Sweden, Bornholm and the surrounding Baltic Sea region. This area is hosted on a
large-scale releasing bend in the dextral strike-slip system of the Tornquist Zone, with its resulting
pull-apart basins.

Following deposition of the Alum Shale Formation, open marine depositional environments
prevailed resulting in the accumulation of 1-3 km thick shale sequences of Ordovician-Silurian
age. A change into coarse-grained siliciclastic sedimentation (“Old Red Sandstone™) occurred
during the late Silurian to Devonian as a result of uplift and Caledonian thrusting to the south.
Devonian strata are not preserved north of the Caledonian Deformation Front (CDF) whereas they
approach a thickness of approximately 3 km in the Riigen area (Fig. 1). During the late Palacozoic
(Carboniferous and Permian) continental conditions prevailed over much of the area. Sediments
are locally preserved in pull-apart basins, e.g., in the Renne Graben with approximately 350 m
thick Permian sediments with indications of basaltic lava flows and dolerite dykes (Jensen and
Hamann, 1989; Vejbak et al. 1994). Block faulting during Triassic-Jurassic times resulted in
lateral thickness and lithological variations of shallow marine-lacustrine deposits. The thicknesses
of Triassic and Jurassic sediments can vary from 10 m to 2 km in pull-apart basins.

During the Early Cretaceous 100-150 m thick proximal deltaic sediments were deposited along



the southwestern margin of the Tornquist Zone. During the latest Cretaceous, wide-spread
proximal marine depositions prevailed over the southern part of the Baltic Shield, resulting in
800-2,000 m thick strata. Regression during the Cenozoic allowed the deposition of carbonate
sediment followed by fine-grained siliciclastics (100 m). However, the Late Cretaceous and
Cenozoic strata were eroded due to uplift of the southwestern margin of the Baltic Shield during
the Neogene. This interplay between subsidence-related sedimentation vs. uplift-controlled
erosion led to the current maturity pattern of the Alum Shale Formation (Fig. 6).

The origin of the present depression of the Baltic Sea is still controversial (erosion vs. tectonic
processes). The Baltic Sea area was covered by ice sheets during several Quaternary glaciations.
The last glaciation ended in the early Holocene, and -initially sourced by glacier meltwater-
developed to the current Baltic Sea with its connection to the North Sea (over the Kattegat and

the Skagerrak; Fig. 1).

3.4. Immature organic matter and early diagenesis

The Alum Shale Formation Formation lacks input by embryophyte land plants, which first
occurred in the mid-Ordovician. Thus the organic matter is marine and of algal and bacterial (and
graptolite) origin (Petersen et al., 2013; Sanei et al. 2014; Figs. 7A, B). The TOC content of the
Alum Shale Formation ranges from 2 to 25 wt.% depending on the stratigraphic level (Buchardt
et al., 1997; Schovsbo, 2001, 2002). Specifically, the TOC content in the Miaolingian interval
increases upward to the Furongian, where it peaks in the Olenus and Peltura zones, and again
declines in the uppermost Cambrian and Tremadocian (e.g., Schovsbo, 2001; Fig. 2).

Although the organic matter in the Alum Shale Formation is about 500 m.y. old, it is still
thermally immature in wide areas of the Baltic Sea region (Fig. 6). The high TOC content results
from bottom water anoxia and low sediment accumulation rates (Schovsbo, 2001). It is important
to note that sulfate reduction and following methanogenesis consumed the labile organic matter;
the TOC content during deposition was thus significantly higher than today’s measurable content.
Deposition of mud was accompanied by very limited clastic influx, probably mostly by aeolian
transport (Schulz et al., 2019). Accordingly, the surface sediment layer during deposition may
have been a soft layer consisting predominantly of organic matter, comparable to a biofilm.
Immature Alum Shale Formation samples offer insights into well-preserved processes of early
diagenesis. The immature organic matter can be tight (Fig. 8A, B) or highly porous (due to
uranium irradiation; Fig. 8C), and concentrated in layers or mixed in irregular arrangement with
inorganic phases (Fig. 8C, D). Moreover, nanometer sized intercalations occur as phyllosilicate
minerals (organo-mineral nanocomposites; Fig. 8A; acc. Kennedy et al., 2014), which may be an
additional preservation factor for the organic matter besides bottom-water anoxia and/or
biological productivity. However, the organic matter in the Alum Shale Formation is, if water-

filled fissures allow ion exchange, also the matrix for organic-inorganic interactions which have



led to the precipitation of, for example, pyrite, brookite/anatase (Schulz et al., 2016), K-feldspar
(Fig. 8B), or quartz (Fig. 8D).

3.5. Thermal maturity

In order to assess the thermal maturity, it is important to keep in mind that vitrinite particles sensu
stricto are absent from the sedimentary record prior to the Mid-Ordovician. The thermal maturity
of the Alum Shale Formation, similarly to most lower Palaeozoic shales, is instead evaluated
based on the reflectance of graptolite or vitrinite-like particles (VR,) that behave in a similar
manner with respect to thermal maturation as real vitrinite (Buchardt and Lewan 1990; Petersen
et al. 2013; Lou et al., 2020).

The Alum Shale Formation deposited on the southern and western fringes of Baltica became
deeply buried in the Caledonian foreland (e.g., Buchardt and Lewan, 1990; Vejbak et al., 1994;
Buchardt et al., 1997; Samuelsson and Middleton, 1998; Pedersen et al., 2007; Poprawa et al.,
2010) as seen by an increase in graptolite reflectance from about 0.5 % VR, in central Sweden
to >2.6 % VR, towards the CDF (Fig. 6). Peak burial is assumed to have occurred during the late
Silurian to Devonian as rapid subsidence and high clastic input led to the accumulation of several
kilometres of sediments in the Caledonian foreland basin in southern Scandinavia. One
dimensional petroleum system basin modelling, based on eight boreholes throughout the western
Baltic region, revealed that the Alum Shale Formation reached 0.5% VR, from Early Devonian

throughout Early Cretaceous (Kosakowski et al., 2010).

3.6. Conventional oil and gas in the Baltic Basin

A considerable amount of oil and gas has been produced in the Baltic Basin both onshore and
offshore. Prospecting for hydrocarbons in the Baltic area can be traced back to 1870s on the
Swedish mainland (Sivhed et al., 2004), and major discoveries were achieved in 1970s when oil
fields were announced in northern Poland and the former Soviet Union (today Kaliningrad Oblast;
Kanev et al., 1994; Kotarba, 2010). By 2012, more than 700 wells had been drilled and about 50
small oilfields had been discovered in the Baltic states and Poland (Zdanaviciute et al., 2012). In
2015, new discoveries of oil fields were announced in this area (all fields are close to well D33
in Fig. 3). Among these fields, D33 contains recoverable oil reserves of around 155 MMbbl,
making it the first mid-size field in the Baltic Basin (Otmas et al., 2018). Prior to these new
discoveries, the U.S. Geological Survey estimated the undiscovered, technically recoverable
conventional hydrocarbon resources to be 39 MMbbl of oil and 16 billion cubic meters of gas in
the Baltic Basin (Brownfield et al., 2015).

In the onshore and offshore areas of Poland, Kaliningrad, and Lithuania as well as in the Latvian
onshore area, a significant number of oil accumulations has been discovered, all occurring in

Cambrian sandstone reservoirs (Kanev et al., 1994; Schleicher et al., 1998; Mgller and Friis,
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1999). The most prolific reservoir rocks for hydrocarbon accumulations are Miaolingian Deimena
Group sandstones (Fig. 9). Other major reservoirs include Ordovician carbonate reefs, mainly in
Latvia and on the island of Gotland (Sweden), and Silurian reefs in the central part of Lithuania
(Sivhed et al., 2004).

Petroleum within the Baltic Basin has moderate gravity values (26-42° API) which generally
decrease with increasing reservoir depth (Zdanavicitité, 2004; Pedersen et al., 2007). Laterally,
the hydrocarbon type roughly parallels the regional trend of thermal maturity, i.e., natural gas is
typically found in Northern Poland and oil occurs to the north and east (cf. Fig. 6). In general,
thermally mature oil, characterized by a pronounced dominance of light n-alkanes, and a virtual
absence of sterane and terpane biomarker compounds is found in the southwestern parts of the
basin, i.e. in Poland, Kaliningrad, and western Lithuania. The east-northeastern parts of the Baltic
Basin, i.e. the Latvian and central Lithuanian onshore areas are characterized by less mature oil
with less pronounced dominance of light n-alkanes, and a low content of steranes and terpanes

(Kanev et al., 1994; Bojesen-Koefoed et al., 2001).

4. The Alum Shale Formation as a conventional source rock

Several lower Palacozoic shales (Fig. 9) are potential source rock candidates for the conventional
petroleum found in the Baltic Basin. The general consensus is that the principal source rock for
the petroleum found in the Baltic Basin is a marine shale rich in algae (Zdanaviciute and Bojesen-
Koefoed, 1997; Wigctaw et al., 2010). Accordingly, the Alum Shale Formation and the
Llandovery shales with their wide occurrence, considerable thicknesses and high TOC content
are considered as the most likely source rocks (e.g., Schleicher et al., 1998; Mgller and Friis,
1999).

Extensive oil-source rock correlations based on biomarker analyses, stable carbon and hydrogen
isotopes, and basin modelling have been carried out to identify the main source rock(s)
(Kosakowski et al., 2010; Kotarba and Lewan, 2013; Zdanaviciute and Bojesen-Koefoed, 1997).
However, the conclusions were controversial due to several reasons: (i) the lack of terrigenous
input during the early Palaeozoic, (ii) the absence of the characteristic Gloecapsamorpha prisca
fingerprint often observed in oils derived from Ordovician source rocks and their extracts
(Douglas et al., 1991; Fowler, 1992), (iii) the lack of a potential carbonate source rock, and (iv),
and most important, the majority of biomarkers was destroyed by irradiation in the uranium-rich
Alum Shale Formation (see chapter 5).

There are several indications that the Alum Shale Formation is the major source rock for
conventional oil and gas accumulations in the Baltic Basin. Based on stable carbon isotope data
and hydrous pyrolysis experiments, Kotarba (2010) and Kotarba and Lewan (2013) concluded
that the Upper Cambrian and Tremadocian Alum Shale Formation is the main contributor for the

natural gas found in the Polish and Lithuanian sectors, and that the Llandovery shales are a minor
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source. Pedersen et al. (2007) suggested that -based on biomarkers- oil in the western Baltic Basin
(northern Poland) was sourced from the Furongian-Lower Ordovician Alum Shale Formation,
whereas Silurian shales are more likely the source rocks for the oil accumulations discovered in
the eastern part (Latvia, Lithuania, and Kaliningrad). A recent biomarker study combined with
data from principal component analyses revealed that most of the produced oil in the Baltic Basin
can be traced back to the Alum Shale Formation rather than Llandovery shales when age and
depositional environment-related biomarkers are considered (Fig. 10), although oil mixing from
different source rocks is also possible in some cases (Yang et al., 2017).

The main Alum Shale Formation oil kitchen is in the southwestern part of the basin (Fig. 6), and
thus oil discovered in the eastern part must have migrated over tens —if not hundreds-of kilometers
if no minor kitchens exist nearby. Furthermore, data from basin modelling support long-distance
migration over a relatively stable basement and within regional carrier beds (Wrobel and
Kosakowski, 2010). Lateral migration is also supported by low asphaltene (Zdanaviciute and
Lazauskiene, 2004) and low carbazole content in crude oil in Lithuania (Yang et al., 2017), which
tend to fractionate during migration (Larter et al., 1996). Dahl et al. (1989) speculated that oil
produced from Ordovician carbonates on the island of Gotland did not migrate over long
distances, instead it was locally generated from the Alum Shale Formation as result of

Carboniferous-Permian intrusions (Obst, 2000).

5. The influence of uranium on the source rock potential

5.1 Uranium in the Alum Shale Formation

Whereas sedimentary rocks in general have an average uranium content of four ppm (Swanson,
1961), the uranium concentrations of black shales are higher, averaging eight ppm for shales and
30 ppm for the organic-rich “hot shale” of Silurian age in the Middle East (Liining et al., 2005).
The uranium content in the Alum Shale Formation can be as high as 400 ppm (Schovsbo, 2002),
and discrete organic-rich beds within Alum Shale Formation, known as “Kolm”, contain
concentrations of up to 8,000 ppm (Fig. 11; Schovsbo, 2002). The Alum Shale Formation holds
the largest low-grade uranium resource in Europe (Merkel and Arab, 2015).

Uranium can be retained in the sediment under reducing depositional conditions (Goldschmidt,
1937), for it is soluble in oxic seawater and the solubility significantly decreases in reducing
environments by reduction of U (VI) to U (IV) (Durand, 2003). Therefore, uranium precipitation
from the aqueous phase requires both uranium-rich pore water and seawater under reducing
conditions (Breger and Brown, 1962; Disnar and Sureau, 1990). In addition, uranium can be
originally adsorbed on the surface of certain detrital minerals, e.g., apatite, zircon, or rutile, to be
later re-deposited together with shale (Schulz et al., 2019). So far, three hypotheses have been
proposed to explain the uranium enrichment in the Alum Shale Formation:

I. Berry et al. (1986) suggested that the interaction of submarine basaltic volcanic and
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hydrothermal activity with highly anoxic water in the Oslo Graben area during deposition of
the Alum Shale Formation led to high uranium content. Local volcanic influence may explain
why coeval shale units in Wales, North America, and South America contemporaneously
deposited with the Alum Shale Formation lack comparable high uranium content.

II. A comparison with the Devonian Chattanooga Shale led Leventhal (1991) to conclude that
the high uranium content in the Alum Shale Formation could be attributed simply to slow
sedimentation rates coupled with long-lasting euxinic bottom water conditions which may
have preserved both the organic matter and metals.

II. Schovsbo (2002) reported that the uranium content of the Alum Shale Formation is
proportional to the layer thickness which implies that uranium was preferentially enriched in
the inner-shelf area rather than in the outer-shelf facies. An intensified bottom water
circulation may have resulted in an enhanced supply of uranium at the sediment/water
interface where the uranium extraction from the seawater took place.

Recent investigations of “Kolm”, a special facies or concretion in the Alum Shale Formation

showed that uranium is exclusively bound or adsorbed on the mineral matrix rather than on the

organic fraction (Yang et al., 2019).

5.2 Uranium irradiation effect on organic matter in the Alum Shale Formation

The most common isotopes of natural uranium are 234U (99.27%) and >*3U (0.72%). With a half-
life of 4.5 billion years, the natural decay of 28U would mainly emit a-particles followed by less
intensive y-particles (Jaraula et al., 2015). First considerations in the 1950s suggested that fatty
acids can be decarboxylated by a-particle radiation at 130 °C to form hydrocarbons (Sheppard
and Burton, 1946). However, this early hypothesis neglected that most petroleum is formed by
the thermal cracking of the insoluble kerogen (Abelson, 1963; Tissot and Welte, 1984). Since
then, the irradiation effects on organic matter in sedimentary rock either soluble or insoluble were
subject of detailed investigations, especially in the 90s (see references in the next paragraph) about
the Alum Shale Formation.

One major and obvious irradiation result is the low extractability of the organic matter in the
Alum Shale Formation. This feature is due to high uranium content (Hoering and Navale, 1987)
and caused by crosslinking effects induced by irradiation (Court et al., 2006). When the uranium
content in immature Alum Shale Formation is higher than 150 ppm, only few aliphatic biomarkers
can be detected and C,,-Coyg triaromatic steroid biomarkers in the aromatic fraction would
disappear as well (Dahl et al., 1988b; Lewan and Buchardt, 1989). Such characteristic irradiation-
altered biomarker distributions were successfully applied in oil-source rock correlations in the
Baltic Basin (Yang et al., 2017). Irradiation may also impact isotopic signatures due to the
preferential cracking of '>C-'>C bonds rather than '?C-"*C bonds. In general, the *C/"*C ratios

correlate well with the log of the uranium concentration (Leventhal and Threlkeld, 1978), as
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confirmed for the Alum Shale Formation (Dahl et al., 1988a).

Irradiation over time affects the petroleum potential and prevents a correct assessment by means
of standard pyrolysis methods or elemental analysis. For example, the atomic H/C ratio of
kerogen, which is used to define the kerogen type and thermal maturity, is negatively correlated
with the uranium content in shale (Charlesby, 1954; Pierce et al., 1958). This is probably due to
the release of hydrogen in response to irradiation (Colombo et al., 1964). Immature samples from
Vistergotland and Oland (see Fig. 1 for locations) with Hydrogen Indices (HI) averaging 450 mg
HC/g TOC exhibit TOC values similar to those of overmature equivalents from Bornholm (5-12
wt.% TOC in well Skelbro-2; see data in later Fig. 19) with depleted HI values below 20 mg HC/g
TOC. It is thus possible that first-formed products (soluble organic matter) were retained within
the source rock matrix rather than expelled which finally led to the formation of dead carbon and
late gas. Such an extreme “zero-expulsion” scenario might not be applicable to all depositional
areas of the Alum Shale Formation. However, the inert carbon content increases with increasing
maturity (Horsfield et al., 1992) and may also affect the TOC balance.

The irradiation-induced alteration of solid organic matter in the Alum Shale Formation is also
reflected on a molecular level. Pyrolysates are characterized by significantly enhanced levels of
gaseous and aromatic compounds compared to typical marine shales (Lewan and Buchardt, 1989;
Horsfield et al., 1992). For example, not only overmature samples of the Alum Shale Formation
(VR >2.0% in well Skelbro-2 and Gislovshammar outcrop; Fig. 3) generate a very short-chained,
aromatic, and essentially sulphur-compound free pyrolysate, but already samples from the
immature Alum Shale Formation (Fig. 12A, B). The open-system pyrolysate composition of
samples from well Hillekis-1 (Fig. 3)in Vistergdtland fall, in contrast to samples from Oland
with probably lower uranium contents, into the gas condensate field of the ternary diagram
defining petroleum type organofacies (Horsfield, 1989; Fig. 12A) and into the high aromaticity
Type III field of the ternary diagram defining aromaticity and especially sulphur-richness
(Eglinton et al., 1990; Fig. 12B). The high content of aromatic compounds yielding alkyl
structures dominated by cyclic/short-chains within the immature Alum Shale Formation kerogen
likely result from the a-particle bombardment induced by the 23%U decay. For instance, kerogen
within strata deposited in an inner-shelf environment during the Upper Cambrian (Furongian; U
> 100 ppm) releases petroleum with higher gas-oil ratios (GOR) and aromaticity than kerogen
within strata deposited further offshore during the Middle Cambrian (Miaolingian; U << 100
ppm). A correlation based on a larger sample set showed that the uranium content generally
correlates well with pyrolysate composition (Fig. 13) in that U-richer samples generate
pyrolysates with higher GOR and higher aromatic compounds content (Yang et al., 2018). In the
same publication Fourier Transform Ion Cyclotron Resonance mass spectrometry was used to

evidence the alteration of the kerogen structure. The alkylation degree of the aromatic core
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structures decreases and the attached hydrocarbon chains shorten with increasing a-particle
bombardment.

Uranium irradiation can also potentially affect the timing of petroleum formation. Kinetic
parameters for bulk petroleum generation of the Alum Shale Formation were determined within
the GASH-project for one immature Middle Cambrian Alum Shale Formation sample using open-
system bulk pyrolysis (cf. di Primio and Horsfield, 2006). The bulk reaction is described by a
single frequency factor A of 9.43E'* (1/s) and an activation energy (Ea) distribution with the
main Ea, accounting for ~35% of the reaction, at 56 kcal/mol (Fig. 14). The kinetic parameters
are higher than commonly assumed for oil and gas formation from marine, siliciclastic source
rocks, i.e., compared to Type Il model source rocks (51-54 kcal/mol; Braun and Burnham, 1992),
the Lower Jurassic Posidonia Shale (52-54 kcal/mol; Dieckmann et al., 1998), or a series of
samples from different facies (48-55 kcal/mol) investigated by di Primio and Horsfield (2006).
Thus, organic matter within the Cambrian Alum Shale Formation seems to be slightly more stable
than organic matter within many younger shales (Devonian to Mesozoic source rocks) which are
not so rich in uranium. Assuming a 3°C/My heating rate, bulk petroleum generation can be
expected for temperatures between ~130°C (TR=10%) and 170°C (TR=90%), which is
characteristic for stable marine, sulphur-poor OM (Tegelaar and Nobel, 1994; di Primio and
Horsfield, 2006) and which is still on the lower temperature end of a larger Alum Shale Formation
suite measured by Yang (2017). Upper Cambrian, U-richer samples (U>100ppm) show here an
even higher onset temperature for petroleum generation (TR = 10% at ~140°C) than Middle
Cambrian, U-poorer (U<50ppm) samples. Hence, data on present-day pyrolysates of immature
and uranium-rich Alum Shale Formation samples should be applied with caution in predicting
petroleum type, composition, and physical properties. Uncertainties arise from uranium
irradiation which is independent on both temperature and pressure, and which has been altering
the organic matter in the Alum Shale Formation since deposition. The alteration processes include
demethylation and cracking, and aromatization and crosslinking (e.g., Dahl et al., 1988a, b;
Lewan and Buchardt, 1989; Court et al., 2006). In the main kitchen area of the basin trough, the
Alum Shale Formation reached oil-window maturity relatively early (~410-320 Ma), and the
irradiation effect was less severe due to a shorter exposure time probably resulting in less gas-
prone and aromatic kerogen (Fig. 15). A back-calibration of the kerogen structure is mandatory
to avoid over-estimations of gas generation and retention in the Alum Shale Formation.

Note that the uranium content of the Alum Shale Formation is not necessarily a reliable parameter
in evaluating the cumulative irradiation. For example, the flushing of meltwater through the
Dictyonema Shale (a shallow-water equivalent of the Alum Shale Formation) during the
Pleistocene deglaciation has mobilized the uranium near St. Petersburg and decreased its
concentration since then. The application of the present-day uranium content would thus

underestimate irradiation effects (Schulz et al., 2019).
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6. The Alum Shale Formation as an unconventional shale play

The Alum Shale Formation Formation is of great interest for the exploration and exploitation of
unconventional gas in southern Scandinavia, in particular Denmark and Sweden, and in northern
Poland (Schovsbo et al., 2014, 2015, 2017; Lou et al., 2020). Exploration of shale plays in the
region of interest started in 2008 targeting both biogenic methane and thermogenic gas.
Biogenic methane is a shale gas resource in southcentral Sweden (Schulz et al., 2015) and was
explored by Gripen Gas between 2010-2016. Exploration of thermogenic shale gas focussed on
the Skéne region in southern Sweden (Fig. 1) where the Alum Shale Formation has a thickness of
more than 80 m. Here the TOC values are up to 16 wt.% (7 wt.% on average) and thermal
maturities are up to > 2% VR, (compare Fig. 6). Total porosity average 6.5 % and permeabilities
40 nD. The shales were found with only low gas saturation (30 scf/ton rock) compared to the
possible total storage capacity of ca. 75 scf/ton rock (Pool et al., 2012). The low gas saturation
was explained by low gas-filled porosity due to high water saturation. Uplift after melting of
greater than 3 km thick ice sheet during the Weichselian cold stage (Schwarzer et al., 2008) may
have had an additional impact on gas desorption and leakage. Exploration activities spread to
Denmark where significant thermogenic shale gas resources of 6.9 Tcf are assumed in tilted fault
blocks in Jylland (central Denmark) and on Sjalland (eastern Denmark; U.S. Geological Survey,

2013).

6.1. Biogenic methane

The formation of biogenic methane occurred during two phases in the geological history of the
Alum Shale Formation: (i) during early diagenesis, and (ii) during oil degradation after the
Quaternary glaciation. Today, (iii) immature organic matter in the rocks still has a potential for

biogenic methane which was demonstrated in incubation experiments.

6.1.1. Biogenic methane formation during early diagenesis

Evidence for biogenic methane formation in the Alum Shale Formation is the occurrence of
diagenetic barite which may precipitate at the sulfate-methane transition (SMT) zone in marine
sediments. In old sediments it is thus an indicator that this reactive zone existed (e.g., Arndt et al.,
2006; Henkel et al., 2012) and that biogenic methane formation took place in the basinal facies
of the Alum Shale Formation (Fig. S5A, B).

In general, primary biogenic barite particles form in the water column with the degradation of
organic matter (Dehairs et al., 1980; Bishop, 1988; Dymond et al., 1992; Francois et al., 1995).
Dissolved sulfate needed for the precipitation of barite is removed by reduction into sulfide in the
sediment column until an almost total disappearance in the SMT. Consequently, primarily formed

barite particles become undersaturate below the SMT and dissolve. Released barium ions diffuse
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upwards into sulfate-enriched sediments and re-precipitate as diagenetic barite crystals in a
distinct zone slightly above the SMT, where the presence of sulfate allows the precipitation of
barite. The SMT during early diagenesis of the Alum Shale Formation may have developed in a
similar way, and was thus an important redox-boundary, which indicates both the production of
biogenic methane and its anaerobic oxidation. However, the location of the SMT and thus the
periodic occurrence of barite layers and nodules in the Alum Shale Formation is determined by
the sulfate-methane interplay. The interplay depends on a variety of processes including methane
fluxes, the amount of the converted organic matter of the total sediment column, sedimentation
rate, and the bottom water sulfate concentration (Arning et al., 2015). It is furthermore important
to note that the shallow water depth of approximately tens of meters in the Alum Shale Formation

Sea prevented biogenic methane with water to form gas hydrate.

6.1.2. Biogenic methane formation during oil degradation after the Quaternary glaciation
In Ostergotland (Fig. 1), the lower part of the thermally immature Alum Shale Formation was
impregnated by bitumen (Fig. 5F) locally generated by heating from Carboniferous-Permian
magmatic intrusions (Dahl et al., 1989; Buchardt and Lewan, 1990). Organic geochemical data
indicate that the migrated bitumen is slightly degraded (e.g., high unresolved complex mixture,
UCM; Schulz et al., 2015). In the upper part of the Alum Shale Formation, where methane is the
main hydrocarbon in thermovaporization experiments, centimeter-size calcite crystals occur that
contain fluid inclusions filled with oil, gas, or water (Fig. 5C, D). Conceptually, the formation of
biogenic methane was explained by conversion of water-soluble bitumen components to methane,
and was retraced by a hydrogeochemical modelling approach (Schulz et al., 2015).

The Alum Shale Formation in southcentral Sweden is considered a mixed shale oil-biogenic shale
gas play. The conceptual model to explain the methane occurrence in the Alum Shale Formation
resembles the formation of biogenic methane in the Antrim Shale (Michigan Basin, United States;
Martini et al., 1998, 2003). In both models, melting water after the Pleistocene glaciation and
modern meteoric water may have diluted the content of total dissolved solids (TDS) in basinal
brines (Mclntosh et al., 2002, 2004), thereby creating a subsurface aqueous environment
favourable for microbes to form biogenic methane (Formolo et al., 2008). A conceptual event

chart summarizing the described processes is presented in Fig. 16.

6.1.3. Today’s biogenic methane potential

To test the sensitivity of the Alum Shale Formation as a source of microbial methane (and carbon
dioxide), different sets of incubation experiments were carried out with three different
hydrocarbon-degrading enrichment cultures as inocula. The results of five immature Alum Shale
Formation samples (VR.: 0.49 % R,) are compared with Posidonia Shale samples (Lower

Jurassic, Lower Saxony Basin, Germany), covering maturities from immature conditions through
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the oil window to dry gas generation. Here, we present published results (Kriiger et al., 2014).

Three types of methanogenic enrichment cultures were inoculated to separate the sets of

incubations:

* Inoculum coal: originated from coal samples of the Ruhr Basin (Kriiger et al.,
2008) and has been shown to be capable of degrading
different types of coals to methane in vitro,

= Inoculum oil: originated from mud volcano sediments from Romania
(Feisthauer et al., 2010),

* Inoculum hexadecane: an enrichment culture obtained from a freshwater ditch near
Bremen (Feisthauer et al., 2010), and

* Medium: containing only sample and medium, to check for micro-

organisms already present in the samples.

In comparison with Posidonia Shale samples, the immature Alum Shale Formation samples
exhibited a significantly higher average methanogenic potential. The methane production rates
were up to 1 umol g! TOC d! (Fig. 17a, “Medium™). Accordingly, also higher carbon dioxide
production (up to 4 umol g TOC d') occurred in these experiments (Fig. 17b, “Medium”).
Production rates of both CH4 and CO, were faster in the inoculated microcosms and no significant
differences among the inocula (obtained from oil, coal or n-C,¢s degradation experiments) were
observed in the CO, production (with values highly varying, from 40 to 508 pmol g'! TOC d™').
However, “inoculum n-C;s” could produce methane at higher rates (35 to 89 umol g TOC d)

than the other two inocula (1 to 13 pmol ¢! TOC d).

6.2. Thermogenic gas

The shallow borehole Skelbro-2 was drilled through the Alum Shale Formation on Bornholm
island in 2010. The Alum Shale Formation on Bornholm is highly mature, and the reflectance of
‘vitrinite-like’ particles is about 2.3% VR.. The Skelbro-2 well cored the 4 m thick mid
Ordovician Komstad Limestone before entering the Alum Shale Formation (Fig. 18). The well
was terminated in the lower Cambrian Laeséd Formation at 42.9 m. The geophysical logs have
enabled a detailed logstratigraphical frame to be made (Fig. 18). The fully cored Alum Shale
sequence is overall fairly homogeneous and composed of fine-grained mudstone with a low
proportion of diagenetic carbonate beds and barite concretions (Fig. 5A, B). This type of Alum
Shale has been termed the ‘outer shelf” type. In the basal parts the shale contains the Andrarum
and Exsulans limestone beds that serve as important regional marker beds. The highest TOC

content occurs in the Furongian part of the shale where TOC ranges between 8-14% (Fig. 19).

6.2.1. Micro-structure
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Ultrathin focused ion beam (FIB) foils were extracted from three samples of the shallow borehole
Skelbro-2 (see Fig. 19) for scanning transmission X-ray microscopy (STXM), X-ray absorption
near edge structure (XANES) spectroscopy, and transmission electron microscopy (TEM) (Figs.
20, 21). The data reveal their highly heterogeneous nature at the submicrometer scale.

STXM images collected below the carbon absorption energy and STXM maps reveal that the
organic matter occurs as micrometric patches more or less connected to each other, constituting
the actual rock matrix (Fig. 20; to be compared with immature samples in Fig. 8). The organic
fraction of the Alum Shale Formation samples appears quite homogeneous. A few (likely detritic)
graphite particles were identified by the excitonic feature at 291.7 eV in their XANES spectra,
related to the presence of planar domains of highly conjugated © systems (Fig. 20; Bernard et al.,
2010a). All the other organic compounds of the three investigated Alum Shale Formation samples
exhibit very similar C-XANES spectra. These spectra are characterized by (i) a very broad and
intense absorption centered at 285.0 eV, related to the significant concentration of aromatic and
olefinic carbons, and (ii) absorption features at 287.8 and 288.5 eV, related to the presence of
heteroatoms (Fig. 20; Bernard et al., 2012a, b). Such spectra are typical of thermally altered
overmature kerogen or pyrobitumen (Bernard and Horsfield, 2014).

The nanoporous appearance in the investigated samples (Fig. 20) may indicate their
pyrobituminous nature. As demonstrated by detailed studies of maturation series, organic porosity
develops in gas shale systems during increasing thermal maturation due to secondary cracking
processes of bitumen (Bernard et al. 2012a, b; Curtis et al. 2012a, b; Loucks et al. 2012; Bernard
and Horsfield, 2014). Yet, given the very high maturity of the Alum Shale Formation samples
investigated here (VR.q: 2.3 % R,) and the absence of non-porous kerogen compounds to compare
with, the possibility that this porosity results from variable volume changes during late conversion
of kerogen cannot be excluded (Loucks et al. 2009, 2012). The exact nature of the organic
compounds of the Alum Shale Formation samples investigated remains difficult to determine. In
fact, the broad absorption feature related to the presence of aromatic and olefinic carbons is
centered at 285 eV rather than at 285.3 eV as is generally the case for gas mature kerogen
compounds rather than at 285.0 eV as is the case here (Bernard et al., 2012a, b).

The mineral matrix of the samples is composed of micro- to submicrometric phases (Fig. 21). The
main mineral component of these samples includes Si, Al and Mg and can be confidently
identified as Mg-rich clay minerals. Closely associated are K- and Ca-rich minerals also
containing Si and Al and traces of Mg. These phases are likely also clays, as suggested by their
shape and composition (Fig. 21). Finally, a few K-rich and Fe-rich phases as well as quartz
particles can be observed, either embedded within clays or within organic compounds. Altogether,
this mineral assemblage is quite typical of gas shale systems (Bernard et al., 2012a, b; Han et al.,
2017), besides the absence of mineral phases (e.g., albite) usually seen as tracers of hydrothermal

brine circulation and previously described in other gas shale systems (Bernard and Horsfield,
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2014).

6.2.2. Organic matter as source and reservoir (gas storage capacity)

The TOC content of the overmature Alum Shale Formation in the Skelbro-2 well ranges from 5-
12 wt.%, and Ty, data of around 600 °C reflect the advanced kerogen conversion (VR¢: 2.3%)
leading to HI values below 20 mg HC/g TOC (Fig. 19). The TOC content of the immature Alum
Shale Formation core samples from the Héllekis-1 well is similar, but due to immature conditions
HI values average 450 mg HC/g TOC and T,y values ~420°C (calculated VR, of ~0.4%). The
high residual TOC content in overmature samples is a unique characteristic of the uranium-rich
Alum Shale Formation (Horsfield et al., 1992) and is caused by low expulsion efficiencies and
the increase of inert carbon in kerogen with increasing maturity.

Analytical pyrolysis (Horsfield et al., 1992; Lewan and Buchardt, 1989; Yang et al., 2018)
suggests a rather gassy petroleum composition throughout the classical oil window development,
even for samples which were less affected due to lower uranium content. For example, the
PhaseKinetics approach (di Primio and Horsfield, 2006) was applied for one immature, Middle
Cambrian Alum Shale Formation sample. The results show that gas-oil ratio (GOR), saturation
pressure (Psat) and formation volume factor (Bo) increase rapidly as a function of maturity as
defined by transformation ratio (TR 10-90%) from 63 to 210 Sm*/Sm?, from 81 to 171 bar, and
from 1.28 to 1.78 m*/Sm?, respectively (Fig. 22A). Black oil (GOR up to 160 Sm*/Sm?, Psat up
to 200 bar) is generated throughout primary kerogen conversion up to 70% TR, and volatile oil is
generated in excess of 80% TR. The GOR increase with maturity is rather steep compared to
many younger (Mesozoic), more aliphatic marine or lacustrine source rocks for which GORs
usually remain below 100 Sm*/Sm? at comparable maturation levels (cf. di Primio and Horsfield,
2006). These atypical characteristics in the composition of pyrolysates can be related to the
uranium irradiation effect (as the sample is thermally immature) and a back-calculation is
necessary to assess the hydrocarbon generation characteristics during diagenesis. However, yet
unknown precursors were also considered for these characteristics, alternatively or additionally,
and argued as biopolymeric or carotenoid-derived precursors in algae and bacteria (Horsfield et
al., 1992).

In line with those results, thermovaporisation(Tvap)-gas chromatographic fingerprints acquired
during the GASH-project (e.g., Mahlstedt and Horsfield, 2019) reveal the occurrence of n-alkane
envelopes in the low molecular weight range (< n-C;g) for Alum Shale Formation samples of all
maturities, which is an empirical prerequisite for high productivity according to Jarvie et al.
(2007). Such envelopes usually occur at maturities > 1.4% VR and indicate that oil or bitumen
within the shale reservoir is secondarily degraded to gas and thus no longer occludes pore throats
causing rapidly declining production rates. Kerogen in the Alum Shale Formation was thus

already initially cracked to a short-chain dominated, high GOR petroleum/bitumen, marking the
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Alum Shale Formation as an excellent gas shale candidate even at lower maturities compared to,
e.g., the Mississippian Barnett Shale in the Fort Worth Basin (U.S.A.).

Not only the gas generation potential of the Alum Shale Formation is excellent, but also its gas
sorption/storage capacity. Generally, sorption capacity increases with maturity, as a result of the
increase in aromaticity of the residual organic matter (e.g., Gasparik et al., 2014a; Mahlstedt and
Horsfield, 2019). Interestingly, on a per gram organic carbon basis the Alum Shale Formation
exhibits higher sorption capacities at all maturities than the Lower Jurassic Posidonia Shale (North
German Basin), presumably due to its overall higher organic matter aromaticity. This can be either
inferred from TOC normalised n; values (Langmuir amount defining the maximum methane
sorption capacity at infinite pressure; Gasparik et al., 2014a) or from S2 normalised
thermovaporisation (Tvap) gas yields (Mahlstedt and Horsfield, 2019). For example, the
immature Alum Shale Formation samples from Vistergétland (well Héllekis-1 with VR, of
~0.49%) exhibit similar or even higher sorption capacities than all Posidonia Shale samples
including those from the most mature Haddessen well (VR ~1.45%; Fig. 23). The high gas
retention capacity of the Alum Shale Formation is very likely related to the increased aromaticity
of the kerogen structure which is induced by the uranium irradiation (Yang et al., 2018).
Mahlstedt and Horsfield (2019) have shown that vertical profiles of Tvap gas yields (Cy_s, actually
an SO equivalent) can be used as a screening tool for the assessment of gas-sorptive properties of
shales (Fig. 19). Further applications are projections and calibrations of the adsorption capacities
defined by using excess methane isotherms measured on single samples. Tvap data are actually
not useful to replace established petrophysical procedures for determining correct and
reproducible adsorption isotherms as other geological factors, which influence the gas in place,
in turn offer chances for a more detailed investigation. For example, comparatively low Tvap gas
yields were observed in well Skelbro-2 especially in the vicinity of water flow zones (lower part
of the profile; Fig. 19). This indicates loss of gas caused by high water saturations within the pore
space of the rock and directly confirming previous observations (~80% water saturation; Pool et
al., 2012). The Alum Shale Formation was found with only low gas saturation (30 scf/ton rock)
compared to the possible total storage capacity of ca. 75 scf/ton rock (Pool et al., 2012). In line
with this, production index (PI) values for any of the investigated Alum Shale Formation samples
(GASH) are lower than the minimum 0.7 value for high prospectivity (Jarvie et al., 2007).
Nevertheless, gas loss during sample handling and storage until analysis may also have caused
low PI values.

The marine Alum Shale Formation is very unique in petroleum generation and retention, the TOC
content of highly mature shale is still high, the pyrolysates are dominated by light and aromatic
compounds, and the gas retention capacity is exceptionally high. These unique characteristics are
all related to the uranium decay-induced a-particle bombardment, but should also be critically

scrutinized as possibly inherited signals from precursors, especially in uranium-poor intervals.
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6.2.3. Fluid transport properties (stress-dependent gas and liquid [water] permeability)
Despite significant resource estimates for unconventional gas plays such as the Alum Shale
Formation, production forecasting still remains a challenge due to regional tectonic elements
and/or sedimentological heterogeneities (e.g., intercalation of sand layers, carbonate concretions,
etc.). During hydrocarbon production from shales, fluid transport processes occur at multiple
scales in space (e.g., matrix vs. fracture) and time (flowback, long-term production, etc.). These
transport phenomena mostly occur simultaneously, and are difficult to separate into distinct flow
regimes. These flow mechanisms comprise (i) the non-Darcy regime with significant inertial
effects, mainly in hydraulic fracture networks, (ii) Darcy flow (pressure-driven viscous flow)
within micro-fractures and larger macropores (pore width > 50 nm; see Thommes et al., 2015 for
pore classification), (iii) non-Darcy slip flow in smaller macropores and mesopores (pore width
between 2 and 50 nm), and (iv) molecular transport with desorption/diffusion in micropores (pore
width <2 nm; e.g., Ghanizadeh et al., 2014). Matrix permeability of organic-rich shales is further
controlled by pore network characteristics (e.g., pore [and pore throat] size distribution, pore
connectivity/tortuosity, etc.), fluid type and composition, reservoir pressure/temperature,
effective stress and capillary processes (e.g., Amann-Hildenbrand et al., 2012).

Up to now, only a few studies have examined the fluid flow characteristics of the Alum Shale
Formation experimentally. Laboratory-based quantification of matrix permeability, in particular,
has been the subject of only two previous studies (Pool et al., 2012; Ghanizadeh et al., 2014).
Analysing a selected sample suite of the fully mature Alum Shale Formation from southern
Sweden (>1.7% VR,,), Pool et al. (2012) reported an average matrix permeability coefficient of
about 40 nD (4-102° m?). The experimental conditions under which the permeability coefficients
were measured including the type of permeating fluid(s) and mean pore pressure(s) were not,
however, specified in detail.

Within the frame of the GASH project, Ghanizadeh et al. (2014) investigated the fluid (gas/water)
transport characteristics in the matrix system of the Alum Shale Formation in the shallow Skelbro-
2 well under variable pore pressure and effective stress conditions. The analysed diverse core plug
sample suite differed in TOC content (2.4 - 8.2 wt.%), thermal maturity (VR 0.5 - 2.4%),
mineralogy (clay-rich vs. quartz-rich), orientation (i.e. parallel/perpendicular to bedding), and
moisture content (dried vs. “as-received”). The latter study documented that the permeability
coefficients of the Alum Shale Formation cover a broad range from sub-nanodarcy to microdarcy,
depending on fluid type, moisture content, anisotropy, mean pore pressure and effective stress
conditions.

Based on these experimental results, the slip flow-corrected gas (He) permeability coefficients
(measured at effective stress of 30 MPa) increased consistently with increasing porosity (2.5—

13.7%, determined by helium expansion) from 14 nD (1.4:10%° m?) to 4.5 uD (4.5-10"* m?).
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Further, the slip flow-corrected gas (He, Ar, CHy) and water permeability coefficients decreased
in the order He > Ar > CH,4 > water under similar experimental conditions. This observation is in
agreement with the results of previous studies reported for coals (Massarotto, 2002; Han et al.,
2010; Adeboye and Bustin, 2013; Gensterblum et al., 2014) and other organic-rich shales (e.g.,
Sinha et al., 2013). Using sister core plugs, the slip flow-corrected gas (He, CH4) permeability
coefficients measured on a dried (110°C, vacuum overnight) core plug (total helium porosity: 8.9
%) were up to six times higher than those measured on “as-received” core plug (water-filled
helium porosity: 5.7 %; Fig. 24) under similar effective stress conditions. The effect of ’in-situ™
fluids on gas (He, CH,) permeability coefficients was found to become more significant with
increasing effective stress. The slip flow-corrected gas (He) permeability coefficients measured
parallel to bedding (horizontal core plugs) were up to one order of magnitude higher than those
measured perpendicular to bedding (vertical core plugs). In general, permeability anisotropy in
organic-rich shales is caused by heterogeneities such as laminations, the presence of interbeds,
and the preferred orientation of platy minerals (such as mica and clay flakes). Moreover, parallel
and perpendicular to bedding, a nonlinear reduction in permeability (described by an exponential
relationship; Fig. 25) was observed with increasing effective stress. The quantification of the
stress-dependence of permeability is important for the modelling of fluid flow processes and the

evolution of production in unconventional gas reservoirs.

6.2.4. Key petrophysical and geomechanical properties

The knowledge of mechanical properties is essential for assessing the potential of a given shale
gas play for economic and sustainable gas extraction from boreholes and for determining
prospectivity. High strength and brittleness are preferred properties for successful reservoir
stimulation by hydraulic fracturing and are preferentially coupled to an extended pre-existing
natural fracture network, sufficient borehole stability, and low closure rates of (propped) artificial
fractures. In practise, empirical correlations between petrophysical, geomechanical, mineralogical
and geochemical parameters are often established to assess the shale gas prospectivity (e.g.,
Horsrud, 2001; Chang et al., 2006; Eseme et al., 2007; Sone and Zoback, 2013; Rybacki et al.,
2015).

Here, we present results of petrophysical and geomechanical measurements on Alum Shale
Formation core samples from the shallow Skelbro-2 well. The experimental methods are
described in chapter 2. Methods and data. Further details of the experimental setup and results are
given by Rybacki et al. (2015). To our best knowledge, these are the only publicly available

geomechanical data of the Alum Shale Formation.

6.2.4.1. Density, porosity and composition

Measurements of density and p-wave velocity of core samples collected at =17 to 41 m depth
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(Fig. 19) were carried out on-site immediately after coring. The average bulk density ( » B-OS)
was 2.48 £0.09 gcm™ and the average grain density ( © G-OS) was 2.62 +0.09 gcm™, determined
on site by drying of fresh samples until zero weight-loss. The associated average water content
(WOS) was on average 3.6+0.5 wt.%, which yields an average porosity (®OS) of 8.9+1.1 vol%
of the Alum Shale Formation samples (see gray arrows for key petrophysical properties in Fig.
19). The mean ®OS is quite similar to the total (average) connected porosity (PHe = 10.3%1.5 %)
measured by He-pycnometry (Micromeritics AccuPyc 1340), but considerably lower than the
connected (average) porosity (DMIP = 2.4+1.1 %) obtained by mercury injection porosimetry
(MIP, Porotec Fisons 120+2000WS). The results indicate that the majority of pores are
micropores (< 2 nm size), which cannot be captured by mercury injection.

X-ray diffraction analysis of selected samples showed that the investigated fine-grain component
(grain size < 10 pm) in the Alum Shale Formation is mainly composed of clay minerals, quartz,
kerogen and pyrite. Carbonates are present only as a minor phase. The composition of the
investigated shale samples is presented in a ternary diagram that contains the approximate fraction
of mechanically strong (QFP = quartz + feldspar + pyrite), weak (CTMP = clays + TOC + micas
+ pores) and carbonate (Cb) constituents for each shale formation (Fig. 26). Carbonates are
moderately strong, in particular at atmospheric conditions. Compared to other black shales (Fig.
26), the investigated carbonate-poor Alum Shale Formation samples contain a high fraction of

mechanically weak phases.

6.2.4.2. Sonic velocity attributes

The average P-wave velocity (Vp.os) of fresh Alum Shale samples determined parallel to bedding
was 2.940.1 kms™', which is close to the mean sonic velocity (Ve = 3.240.6 kms™) obtained
from sonic logging. To estimate the anisotropy of ultrasonic P-wave velocities, measurements
were additionally performed in axial direction perpendicular to bedding (parallel to the core axis)
and in lateral direction parallel to bedding (perpendicular to the axis) in 30° intervals. The mean
maximum (Vp_jemax) and minimum (Vp_,min) lateral velocities were 3.4+0.1 kms™! and 3.0+0.5
kms™!, respectively, whereas the axial velocity (Vp.aya) Was distinctly higher (4.3+0.3 kms™). The
corresponding azimuthal anisotropy, defined by the difference between maximum and minimum
lateral velocity, normalized to their mean value, is about 12% and the total anisotropy, defined by
the difference between minimum lateral and axial velocity, normalized to their mean value, is

about 37%.
6.2.4.3. Geomechanical properties

Strength and static Young’s modulus of recovered rocks were measured on “as-received”

(containing ~3.6 wt.% H,0) specimens parallel to bedding, unless specified. The unconfined
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tensile strength (TS) varied between 4.0 and 10.2 MPa with an average value of TS = 7.2+1.8
MPa (27 tests). TS was about six times lower than the mean uniaxial compressive strength UCS
of 54.7432.7 MPa (15 tests, range: 13.0 — 106.8 MPa). Both parameters do not show any clear
correlation with mineral composition, porosity, or maturity. Measured values of the Young’s
modulus (E), determined by the secant method at 50% of the peak stress, were in the range of 6.0
—31.7 GPa with an average value (E,;) of 16.3+£8.7 GPa. Comparison of the results reveal that
the measured UCS and E,, data show a positive linear correlation and both increase with
increasing sonic velocity VP-log (Rybacki et al., 2015). Therefore, sonic logs may be used to
estimate UCS from these empirical (site-specific) correlations, which is important to assess the
risk of borehole breakouts, even in anisotropic shales (Meier et al., 2013, 2015).

At ambient conditions, the shale often reacts to deform in a brittle manner, usually expressed by
the linear Mohr-Coulomb failure criterion in terms of cohesion and internal friction coefficient
(ni). This parameter is of interest for “in-situ” strength and borehole stability estimates. The
internal friction coefficient of the Alum Shale Formation, determined on three sample sets in the
stress range of 17 — 70 MPa, is between 0.36 and 0.55, typical for many black shales. The
coefficient tends to decrease with increasing proportion of weak phases and decreasing maturity.
Considering other shale formations, ui appears to increase with increasing content of strong
minerals (e.g., quartz, feldspar, pyrite) above a fraction of about 30 vol.%, which is presumably
associated with the formation of a load-bearing framework (Rybacki et al., 2015).The evaluation
of mechanical properties was also performed at elevated P and T conditions, simulating the
boundary conditions at about 2-4 km depth, the common depth of most drilling and stimulation
operations in shale formations. An example of stress-strain curves measured on “as-received”
samples at P =50 MPa and T = 100 °C is shown in Fig. 27. For bedding-parallel (p) loading, the
triaxial compressive strength (TCS) of Alum Shale Formation is about 4 times higher under
triaxial compared to UCS measured at uniaxial (ambient) conditions. For bedding-normal (n)
deformation, the Young’s modulus (E,;) is somewhat lower than measured parallel (p) to bedding,
as expected from easy deformation of the weak layers and closing of bedding-parallel
microcracks. Beside fabric anisotropy, the strength also depends on water content. TCS increases
by about 30% if samples are dry, whereas TCS decreases by about the same amount at water
saturation (Rybacki et al., 2015). The latter observations are in agreement with those of
Ghanizadeh et al (2014), who investigated the stress-dependent permeability of Alum Shale
Formation samples under dried and “as-received” conditions (Fig. 24).

The mechanical behaviour of Alum Shale Formation at the applied conditions is close to those of
the Posidonia and Haynesville shales (Fig. 27). In contrast Bowland, Barnett and Marcellus shales
are clearly stronger and more brittle, owing to their different mineral composition, porosity and
spatial distribution of the constituents. Although the triaxial compressive strength and Young’s

modulus do not correlate well with the amount of strong or weak phases for a single formation
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(Rybacki et al., 2015), TCS and E; decrease with increasing amount of weak constituents if
different shale formations are compared and if their fraction is less than 25-30 vol.% (Herrmann
et al., 2018). In many cases, both parameters can be roughly approximated from the whole rock
composition by the generalized mixture rule (Rybacki et al., 2015).

A parameter frequently used in the oil and gas industry to characterize the mechanical behaviour
of shale is the brittleness index B, which is often normalized to values ranging between 0 (ductile)
and 1 (brittle). Unfortunately, no unique definition of the brittleness B exists and it was
determined in many different ways that are not all physically meaningful (Rybacki et al., 2016;
Zhang et al., 2016). Interestingly, at low P-T conditions prevailing to about 4 km depth, the
brittleness of shales derived from the (pre-failure) stress strain behaviour can be approximated
from their composition or Young’s modulus, which allows using core or sonic logs for first order
estimates (Rybacki et al., 2016). Such brittleness estimates also correlate with the long-term
deformation behaviour of shale, which may contribute to the typically-observed production rate
decline over time (Rybacki et al., 2017). The brittleness of the Alum Shale Formation at P = 50
MPa and T = 100 °C is about B = 0.2-0.4, higher than that of the Posidonia Shale, but distinctly
lower than that of the Bowland and Barnett shales (Rybacki et al., 2016; Herrmann et al., 2018).
Many black shales deform in a semibrittle manner under reservoir conditions, i.e., the strong
(QFP) minerals deform by brittle deformation processes that are pressure dependent whereas the
weak components (clays, mica, kerogen) deform more plastically, for which the deformation
mechanisms are temperature and strain rate dependent. However, for shale formations with high
brittleness the influence of temperature and strain rate on deformation is small compared to that
of pressure (Rybacki et al., 2015; Herrmann et al., 2018). Shales with high brittleness index are
preferred reservoir rocks since they are believed to be easily stimulated and to contain abundant
natural fractures, whereas those with low brittleness show fast fracture healing and proppant
embedment. In that respect, the investigated Alum Shale Formation is expected to be an

unconventional reservoir rock of medium quality.

7. Conclusions and outlook

The Alum Shale Formation is a unique early Phanerozoic sedimentary unit with geochemical
features due to the coupled occurrences of high TOC content, an abnormally high uranium content
up to several hundreds of ppm (carbonaceous Kolm lenses with up to 8,000 ppm U) and a
relatively uniform mineralogical and organic matter composition. Especially the high uranium
content allowed for a variety of processes leading to unusual properties considering its role as a
source rock in a conventional sense and as an unconventional shale play.

The rocks of the Alum Shale Formation are the source for conventional oil, and reservoirs for
unconventional oil and gas. They are considered the main source rocks for oil accumulations in

Lower Palaeozoic reservoirs of the Baltic Basin, but the potential for conventional oil decreased
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due to the long lasting irradiation by a-particles from the decay of the high content in ***U. Today,
even immature rocks of the Alum Shale Formation have a gas potential due to a complex chain
of alteration processes affecting the organic matter (e.g., cross-linking, demethylation,
aromatization, etc.). In overmature samples the high residual TOC content is caused by low
expulsion efficiencies and an increase of inert carbon in kerogen with increasing maturity.
Biogenic methane is also a resource in the rocks of the Alum Shale Formation in southern Sweden,
and is due to oil alteration. Oil was generated by local magmatic intrusions during the
Carboniferous and Permian, impregnated basal portions of the strata in southern Sweden, and was
later degraded due to glacial meltwater from the Pleistocene ice cover leading to biogenic methane
formation.

The rocks of the Alum Shale Formation have a relatively low organic microporosity at high
thermal maturity. Despite their age of nearly half a billion years and the high uranium content,
there is the still existing reactivity in terms of microbial gas production. Such processes may have
consequences for localized deep biospheres and need further investigations.

To verify the hypothesis that a high uranium content may lead to atypical organic geochemical
characteristics needs further investigations, especially of the basinal facies of the Alum Shale
Formation. Here, lower uranium content prevails and another factor has to be taken into account,
e.g., yet unknown biopolymeric or carotenoid-derived precursors from algae and bacteria.

Many further questions about the Alum Shale Formation still remain unanswered. It is yet unclear
how the organic matter was preserved during the deposition, and which role organo-mineral
nanocomposites may have played. Another issue relates to the distribution and phase behaviour
of uranium in the sediments. In marginal depositional settings (such as the Koporie Formation)
significant sources were detrital U-bearing mineral phases such as zircon, apatite, etc. which were
eroded from the surrounding and exposed Precambrian basement in the East. However, organic-
inorganic interactions at interfaces during deposition of the Alum Shale Formation have probably
enabled adsorption of a significant portion of the uranium, which is difficult to detect and to
specify in the rock yet. Probably, the uranium is mainly bound to the mineral matrix, and not to
the organic matter (Yang et al., 2019). Still, this portion is an important factor for petroleum
alteration over a half a billion years lasting period which led to a gas potential even in the
immature part of the Alum Shale Formation.

The Pleistocene glaciation and the following melting of glaciers had a further influence on the
Alum Shale Formation in terms of petroleum potential, either destructive or enhancing. Meltwater
from Pleistocene glaciers at the eastern basin margin led to the oxic mobilization of previously
insoluble U(IV) by leaching coarser-grained intervals. Today these leached intervals mimic a
higher alteration and a gas potential rather than an oil potential. On the other hand, meltwater
diluted saline brines and thus enabled microbial methane gas formation by oil alteration in

southern Sweden.

27



The petrophysical properties of the Alum Shale Formation are important factors for the evaluation
as an unconventional play. The mechanical nature of the nearly carbonate-free Alum Shale
Formation seemingly resembles the Jurassic Haynesville Shale from Texas with its characteristic
interparticle porosity in a carbonate matrix, but which obviously differs from the mineralogically
similar Marcellus Shale. The brittleness characteristics classify the rocks of the Alum Shale
Formation as an unconventional resource of medium quality. Furthermore, experiments in the
laboratory showed that the fluid transport properties of the Alum Shale Formation are highly
dependent on a variety of factors. The permeability covers a broad range from sub-nanodarcy to
microdarcy (6:10%2 — 8-10""¥ m?), depending on fluid type (He, Ar, CH,4, H,0), moisture content,
anisotropy (i.e. parallel vs. perpendicular to the bedding), pore pressure (0.4 — 3.2 MPa) and
effective stress (5 — 30 MPa) conditions.

Research about the Alum Shale Formation also opens a window for understanding extraterrestrial
phenomena. The alteration of macromolecular organic matter in the uranium-rich Alum Shale
Formation in response to a-particle irradiation was considered as a geological analogue on Earth
of processes on the Martian surface. Yang et al. (2020) compared Martian surface samples and
the Alum Shale (here especially the Kolm), and found similarities which indicate that similar

irradiation dosages may have led to comparable organic geochemical characteristics.
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Figures

Fig. 1: Approximate original distribution of the Alum Shale Formation Formation and present
day occurrence of lower Palacozoic strata in southern Scandinavia. (redrawn and modified after
Schovsbo et al., 2018). Russia* stands for Kaliningrad Oblast, a Russian exclave on the Baltic
Sea.

Fig. 2: The Alum Shale Formation in the Gislovshammar-2 well with profiles of uranium,
molybdenum, vanadium, sulphur (all ppm) and TOC contents (wt.%). The gamma ray log in units
counts per second (C/S) obtained in the borehole is shown in same track as the uranium
concentrations. Geochemical data are from Schovsbo (2001, 2002). For full stratigraphical
breakdown see Nielsen et al. (2018). Abbreviations: G: Gislov Formation; K: Komstad Limestone
Formation. See Fig. 3 for location of the well.

Fig. 3: Location of investigated boreholes with data in this manuscript is indicated by drilling rigs
and names of the wells together with symbols for outcrops from which samples were taken and
analysed.

Fig. 4: Paleogeography during the Furongian (late Cambrian) and Early Ordovician
(Tremadocian).Fig. 5: Lithology of the Alum Shale Formation. (A) 3.2 m thick claystone interval
from 14.6 mto 17.8 m depth with barite nodules (see arrows) in well Skelbro-2. (B) Barite nodules
in well Skelbro-2. (C) Carbonate layer in shallow Ostergdtland well in southern Sweden with
obvious growth of calcite crystals. (D) Larger calcite crystals as in (C). (E) Complete Alum Shale
Formation sequence in shallow Ostergdtland well in southern Sweden. Each core box is 1 m in
length. Left is bottom (B) of borehole, right is top (T). Lower Cambrian sandstones underlie the
Alum Shale Formation, and Upper Ordovician carbonate are above. Sandstone is indicated by
arrows. (F) Oil staining in Alum Shale Formation in shallow borehole in Ostergdtland.

Fig. 6: Thickness and thermal maturity of the Alum Shale Formation. Redrawn and modified after
Buchardt et al. (1990, 1997) and Petersen et al. (2013). The information about the areas influenced
by volcanics is from Heeremans et al. (2004). The thermal maturity of the Alum Shale Formation
ranging from immature to anchi-metamorphic relates to Ro (%) data which are recalculated data
from graptolite and vitrinite-like particles (Buchardt et al., 1997, 1998; Petersen et al., 2013).
Fig. 7: Microscopic features of immature Alum Shale Formation. (A) Fluorescing lamalginite in
well Ostergdtland in southern Sweden (polished section, ultraviolet illumination). (B) Graptolite
rhabdosomes in Tremadocian Alum Shale Formation in well StP-4 close to St. Petersburg
(polished section; ultraviolet illumination on the left, white light illumination on the right). (C)
Highly fluorescing organic matter in uranium-rich lower part of Tremadocian Alum Shale
Formation in well StP-4 close to St. Petersburg (polished section; ultraviolet illumination on the
left, white light illumination on the right). (D) K-feldspar dissolution and kaolinite precipitation
(thin section, parallel nicols; well Ostergdtland in southern Sweden). (E) Calcite crystals grown

into bitumen impregnation (thin section, parallel nicols; well Ostergdtland in southern Sweden).
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(F) Massive calcite precipitation in a matrix of bitumen impregnation (thin section, crossed nicols;
well Ostergdtland in southern Sweden).

Fig. 8: Transmission electron microscopy analyses of focused ion beam foils. (A) Newly formed
illite grown in organic material, or clay-organic nanocomposites of detrital origin (bright field).
(B) Newly formed feldspar grown into organic matter (high-angle annular dark field, HAADF).
(C) Porous organic material surrounded by illite (bright field). The pores in the organic matter
contain carbon-bearing gas (CO, or CHy). (D) Newly formed idiomorphic quartz crystal in
organic matter (bright field). Arrows indicate fissures which might have facilitated diffusion in
aqueous phase to enable ion transport and precipitation.

Fig. 10: Terpane biomarker crossplot used to differ Alum Shale Formation from Llandovery
source rocks. The extended tricyclic terpane ratio (ETR; according Holba et al., 2001) is
calculated from (C28 + C29)/(C28 + C29 + 18atrisnorneohopane) in mass-to-charge ratio 191.
Dot sizes indicate thermal maturity of investigated samples in order to evaluate the maturity
dependency of the biomarkers. C,TeT = C,4 tetracyclic terpane; CyTT = Cyq tricyclic terpane;
M. = Middle; St = sterane; U. = Upper.

Fig. 11: Uranium and TOC content of the Alum Shale Formation (modified after Schovsbo, 2002).
Fig. 12: Open-system pyrolysis GC-FID typing of petroleum type organofacies (acc. Horsfield,
1989) and kerogen type (Eglinton et al., 1990). See Fig. 3 for sample locations.

Fig. 13: Correlations between uranium content with compositional information derived from open
pyrolysis experiments (Yang et al., 2018). (a) Gas percentages. (b) ortho-xylene percentages in
ternary plot by Eglinton et al. (1990).

Fig. 14: Compositional kinetic model for an immature Alum Shale Formation sample from well
Hallekis-1 (see Fig. 3 for location).

Fig. 15: Back-calculation of potential generation products of the Alum Shale Formation due to
uranium irradiation (Yang et al., 2018).

Fig. 16: Event chart of the Alum Shale Formation hydrocarbon system.

Fig. 17: Comparison of methane (a) and carbon dioxide (b) generation rates (nmol g! TOC d)
of Alum Shale Formation samples in incubation experiments. Data for the Lower Jurassic
Posidonia Shale are given for comparison as well as methane production rates for different types
of coal and petroleum.

Fig. 18: The Alum Shale Formation in the Skelbro-2 well with obtained wire-line logs acquired
in the well (c.f. Baumann-Wilke et al. 2012). For full stratigraphical breakdown correlation of
Skelbro-2 and correlation to Gislovshammar-2 see Nielsen et al. (2018). See Fig. 3 for location
of the well. Abbreviations: R: Rispebjerg sandstone; Kom: Komstad Limestone Formation.
Legend as in Fig. 2.

Fig. 19: Organic geochemical proxies in the Alum ShaleFormation in well Skelbro-2 (Bornholm;
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drilled within the scope of the GASH project) resulting from Rock Eval pyrolysis and open
pyrolysis together with organic geochemical data. HI: hydrogen index. Porosity data are taken
from Ghanizadeh et al. (2014). Arrows indicate where samples have been taken for the different
analyses described in the text.

Fig. 20: STXM characterization of the FIB foils extracted from the Alum Shale Formation
samples investigated. The red squares indicate the location of the STEM images and EDXS maps
shown in Fig. 18. A. STXM images collected below the carbon absorption energy. Organic
compounds appear bright. B. STXM maps showing the spatial distribution of organic compounds
in yellow. C. XANES spectra of these organic compounds.

Fig. 21: STEM images and corresponding elemental maps of the areas of the FIB foils comprised
within the red squares of Fig. 14. Note that in contrast to STXM images, organic compounds
appear dark on STEM images.

Fig. 22: Physical properties of petroleum generated at specific transformation ratios (left) and
phase envelopes (right) for an immature Alum Shale Formation sample well Héllekis-1 (see Fig.
3 for location).

Fig. 23: Plot of S, signal from Rock Eval analysis versus (A) Cs (methane to pentane)
concentrations from thermovaporization, and (B) versus C;.s (methane to pentane) concentrations
from thermovaporization normalized against g S2.

Fig. 24: Effect of moisture content on slip-corrected gas (He, CH,) permeability coefficients as
function of stress measured on a core plug from the Scandinavian Alum Shale Formation (sample
Alum-2 in Fig. 13).

Fig. 25: Effect of stress on slip-corrected gas (CH,;) permeability coefficients measured on
selected core plugs from the Scandinavian Alum Shale Formation. Mineralogy and helium
porosity values of the core plugs are reported in the diagram. Upper sample: Alum-8, lower
sample: Alum-2; see Fig. 13 for sampling position in well Skelbro-2. Middle sample: Alum Shale
Formation sample from the Djupvik quarry; see Fig. 3 for sampling location.

Fig. 26: Approximate composition of Alum and other European (Posidonia, Bowland) and N-
American (Barnett, Haynesville, Marcellus) shales. Alum Shale Formation is rich in weak
(CTMP) phases, contains a moderate amount of strong (QFP) minerals and is almost free of
carbonates. QFP = quartz + feldspar + pyrite), CTMP = clays + total organic matter + micas +
porosity, Cb = carbonates. Note that all fractions are given in vol%, which is more relevant for
mechanical properties than wt% (for conversion see Rybacki et al., 2015). The composition of
shales is estimated from data provided by Wang and Carr (2012), Sone and Zoback (2013),
Gasparik et al. (2014b), Rybacki et al. (2015), Lora et al. (2016), Herrmann et al. (2018), and
Kamali-Asl et al. (2018).

Fig. 27: Stress strain curves of Alum Shale Formation measured under triaxial deformation

conditions (P = 50 MPa, T = 100°C, strain rate = 5 x 10-4 s-1). The strength of Alum Shale
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Formation is comparable to that of Posidonia and Haynesville shales, whereas Bowland, Barnett
and Marcellus is considerably stronger. For comparison, the uniaxial strength of Alum Shale
Formation deformed under ambient conditions (P = 0.1 MPa, T = 25°C, strain rate = 7 x 10-5 s-
1) is significantly lower than deformed under triaxial conditions. (n) denotes loading normal to
bedding and (p) parallel to bedding. Data are compiled from Rybacki et al. (2015) and Herrmann
et al. (2018).
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