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ARTICLE INFO ABSTRACT
Keywords: Understanding the formation of pore space, especially in low porosity shales (as source rocks and as uncon-
Shales ventional resources), is critical to the oil and gas industry, since pores control the space available for hydro-

Baltic basin

Petrography and mineralogy
Types of porosity

Pore network development

carbon and participate in hydrocarbon transport. We examined 87 Ordovician and Silurian mudstone samples
collected from four wells located in the Pomeranian part of the Baltic Basin (northern Poland), one of the primary
Polish targets for hydrocarbon exploration. These samples represent the Pelplin, the Pasi¢k, the Jantar, the
Prabuty, and the Sasino Formations, which still requires more detailed porosity studies. Our study aimed to
identify factors controlling porosity development, by applying bulk techniques (organic petrology and TOC
analyses, quantitative mineralogy, and porosimetry) as well as nano-to microscale techniques (thin section
petrography, electron microscopy). The studied samples are mainly argillaceous mudstones. The results of
porosimetry measurements, combined with image analysis, indicate that the pores of all studied rocks are
dominated by micropores (pores <2 nm in diameter), mesopores (2-50 nm in diameter) and small macropores.
The SEM images showed three main pore types: a) voids related to clay mineral aggregates, b) pores inside
organic matter particles, and c) pores between other mineral grains. In the Jantar and Sasino mudstones, the
organic matter content and its thermal maturity control porosity. The occurrence of solid bitumen in the rocks
from these formations reduces samples’ mesoporosity because of the pore-clogging effect. In contrast, in the
Past¢k and Prabuty Formations, there is low organic matter content and specific surface area and the volume of
mesopores increase with clay minerals content. In the Pelplin mudstones, there are no prevailing factors con-
trolling porosity. Finally, we suggest that a combination of SEM image analysis and dual liquid porosity (DLP)
measurements is a powerful method to assess porosity available for petroleum flow in mudstones.

1. Introduction stimulated a wide range of studies dedicated to understanding miner-
alogical, petrophysical, and geochemical properties of fine-grained

During the last decade, interest in the exploration and extraction of sedimentary rocks (Bu et al., 2015; Hackley and Cardott, 2016; Masta-
hydrocarbons from unconventional reservoirs has grown (Middleton lerz et al., 2013; Nuttal et al., 2005; Topor et al., 2017a). An uncon-
et al., 2017; Wang, 2018; Wang and Krupnick, 2013), with a particular ventional mudstone play commonly comprises a sedimentary succession
focus on shale gas exploration (Cooper et al., 2016). This interest dominated by nanoDarcy- and submicroDarcy-scale permeability rocks
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Fig. 1. Location of the studied boreholes O3, B1, M1, and W1 in the Baltic Basin. Map of Early Palaeozoic basins at the SW margin of East European Craton and the
main pre-Permian tectonic units of Poland after Mazur et al., 2018 CDF = Caledonian deformation front, STZ = Sorgenfrei-Teisseyre Zone, TTZ = Teisseyre-Tornquist
Zone, USB = Upper Silesia Block, VDF = Variscan deformation front, WLH = Wolsztyn-Leszno High, HCF = Holy Cross Fault. The Polish Oil and Gas Company
requires keeping the name of these boreholes encoded and only allows schematic indication of their locations.

of clay-to silt-fraction, respectively. The main mineral constituents are
rigid components such as quartz, calcite, or feldspar, whereas the elastic
components are various clay minerals and organic matter (OM). Pore
spaces developed within and along the abovementioned components
can be filled with formation water, hydrocarbons, or other gases (Dayal,
2017). Therefore, for the purpose of estimating the potential of uncon-
ventional hydrocarbon resources, a multidisciplinary approach
involving the characterization of mineral composition, OM, and porosity

is necessary (Jiang et al., 2016; Ross and Marc Bustin, 2009).

The Early Palaeozoic successions in the Polish part of the Baltic Basin
were and still are regarded as an important potential source and reser-
voir plays (Shale gas in Poland-prospecting and exploration: 2007-2016 as
of 29 February 2016, 2016, Podhalanska et al., 2020). Several studies
were devoted to the characterization of these rocks in terms of their
mineralogical composition, OM content, thermal maturity, porosity, and
permeability (Karnkowski, 2007; Kiersnowski and Dyrka, 2013; Kuila
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Fig. 2. Photographs of analysed mudstone samples from (a) the Pelplin Formation, (b) the Jantar Formation, and (c) the Sasino Formation. The lamination and
colour of these rocks stem mainly from various amounts of organic matter, as well as the proportion of quartz and clay minerals. (For interpretation of the references
to colour in this figure legend, the reader is referred to the Web version of this article.)

et al., 2014a; Milliken et al., 2018; Poprawa, 2010; Porebski et al., 2013;
Topor et al., 2017a, 2017b). While the previous studies were of more
regional nature, in this study we focused on a relatively small depth
interval of ca. 100 m in four wells, which enabled us to track subtle
differences in the samples. To date, few studies (on Late Palaeozoic rocks
from the Baltic Basin) exist that use both a large number of samples as
well as such a wide array of methods. We used a combination of
analytical methods covering the mineral and petrographic description,
image analysis for pore typing, geochemistry, organic petrology, and
porosimetry of the mudstone samples. The level of details obtained in
this study provides new insights into the pore types, porosity distribu-
tion, and defines the main factors controlling porosity in each lithos-
tratigraphic unit of these Ordovician and Silurian mudstones. Moreover,
we suggest that a combination of dual liquid porosimetry (DLP) and
analysis of scanning electron microscopy (SEM) images can enable
estimation of the porosity values range, where the flow of petroleum is
possible.

2. Geological background

The Baltic Basin is one of three Lower Palaeozoic basins located at
the western slope of the East European Craton (Fig. 1a). The formation
of the Baltic Basin occurred in several stages (Mazur et al., 2018;
Poprawa, 2010; Poprawa et al., 1999). The first stage was associated
with rifting along the southwest margin of Baltica from the late Vendian
to the middle Cambrian. Later, the formation of the basin was controlled
by the thermal subsidence of the Baltica margin from the middle
Cambrian to the Middle Ordovician. Finally, the subsidence continued in
response to flexural bending during the Caledonian collision in the late
Ordovician and Silurian (Mazur et al., 2018; Porebski et al., 2013). The
Ordovician to Silurian sediments in the Baltic Basin are dominated by
dark graptolite-rich shales, marly limestones, siltstones, and, locally,
sandstones (Poprawa, 2010; Porebski et al., 2013). This sequence is
currently buried at depths of ca. 1500-4000 m (Poprawa, 2010), while
its thickness varies from 0 to ca. 4000 m (Porcbski and Podhalanska,
2019). The amount of total organic carbon (TOC) in the Early Palaeozoic
deposits from the Baltic Basin ranges from 0 to ca. 12% (Poprawa,
2010). The thermal maturity level of OM in the Ordovician and Silurian
mudstones in the whole Baltic Basin, expressed by vitrinite reflectance
equivalent (VRE), has a wide range from ca. 0.4-4.9% (Grotek, 2006).

3. Samples and methods

Eighty-seven mudstone samples were collected from four wells (03,
W1, M1, and B1) drilled by the Polish Oil and Gas Company. The wells

are located in the Pomeranian part of the Baltic Basin (Fig. 1a). The
investigated samples cover the Ordovician Sasino and Prabuty Forma-
tions and Silurian Pastek, Jantar, and Pelplin Formations (Fig. 1b). The
examined stratigraphic interval comprises grey and dark grey, mostly
argillaceous, mudstones (Fig. 1b).

Our study is based on a combination of several techniques, namely
thin section petrography, organic petrology and TOC analyses, electron
microscopy imaging, quantitative mineralogy, and porosimetry mea-
surements. However, owing to the limited amount of rock material, not
all types of analyses were performed on the whole suite of 87 samples
(Fig. A1, in Appendix A). The petrographic description of thin sections
was performed for 40 samples, using a Nikon ECLIPS LV100 POL mi-
croscope. The samples have been chosen to represent each lithostrati-
graphic unit (between 4 thin sections from the Pelplin Formation and 16
thin sections from the Sasino Formation). The maceral composition of
the OM and the relative abundance of macerals were assessed visually
on pellets prepared from 70 samples, using a Leica DM 2500 P micro-
scope, both in white and fluorescent light mode under oil immersion.
The pellets were prepared from samples crushed to ~ 1 mm and polished
mechanically using a Leco GPX 200 polisher, taking special care for
consistent and repeatable sample treatment. In the absence of vitrinite,
the reflectance of solid bitumen (SBR,) was measured to evaluate
thermal maturity on 68 samples. For each sample, 25 measurements of
different solid bitumen particles were collected and the microscope was
calibrated using a glass standard of 1.01% reflectance. The precision of
the instrument was equal or less than 0.01%. Results were recalculated
to the VRE scale using the equation provided by Jacob (1989). For 85
samples, TOC concentrations were measured at Acme Labs using a LECO
apparatus.

To determine the mineral composition, 79 powdered specimens were
prepared for X-ray diffraction analyses (XRD). The XRD measurements
were carried out at the Institute of Geological Sciences-Polish Academy
of Sciences (IGS-PAS). Samples were first crushed in a mortar to fraction
<0.43 mm and then homogenized in a laboratory splitter; portions were
ground with methanol in a McCrone Micronizing Mill with the addition
of 10 wt % ZnO as an internal standard. Grinding was performed for 5
min to obtain particles smaller than 20 pm. Prepared samples were
loaded into side-loaded holders. Powder X-ray diffractograms were
recorded between 5 and 65° 20 using CuKa radiation and counting time
2s5/0.02° 20 step. The obtained diffractograms were analysed using the
in-house Q-Min software (by Dr. Hab. M. Szczerba, IGS-PAS). Theoret-
ical details of this method are given in Srodori (2001).

For nine samples representing four formations, scanning electron
microscopy (SEM) images were obtained in backscatter electron mode
(SEM BSE) using a FEI Helios NanoLab microscope at the former
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Wroctaw Research Centre EIT+ (currently Lukasiewicz Research Net-
work-PORT Polish Centre for Technology Development). The main
criterion for selecting the samples was to analyse at least one sample
representing each of the sedimentary structure type as described during
thin section inspection. Samples were polished, then ion milled and
coated with graphite before the imaging process. Ion milling was per-
formed in Leica EM TIC 3x equipment, with 6° tilt angle and 200-300 pA
current. The polished area of in case of each sample was in the range of
ca. 0.5-1 cm? Because the thermal maturity of studied samples is
slightly higher than 1% in the VRE scale, we assume that ion milling did
not severely affect the maturity and porosity of OM fragments (Masta-
lerz and Schieber, 2017; Schieber et al., 2016). For each of these nine
samples, large high-resolution SEM BSE maps were created using be-
tween 64 and 200 single images, 5 nm/pixel resolution. Image pro-
cessing was performed in the open-source software Fiji (Schindelin et al.,
2012). Common Fiji built-in functions were used to improve the quality
of images, while the Grid Collection Stitching plugin (Preibisch et al.,
2009) enabled merging the single images into large SEM BSE maps, with

Marine and Petroleum Geology 134 (2021) 105328

Fig. 3. (a) The described mudstones are usually
matrix-supported, with framework grains of quartz,
mica, and carbonates. The diameter of quartz and
carbonate grains varies from 25 to 50 pm, while the
length of mica flakes is up to 100 pm. Opaque min-
erals are mainly pyrite. Four structural types desig-
nated by their dominant sedimentary structure
appear among studied samples: (b) Wavy, parallel,
and continuous lamination is often defined by the
presence of lens-shaped intraclasts. This type of
lamination is prevalent in mudstones from the Pelplin
Formation. (c) Planar, parallel, and continuous lami-
nation is underlined by various laminae widths and
colours (marked by arrows). In some samples, we
found relatively thick (up to ca. 500 pm) lamina
enriched in quartz (red arrow). (d) Homogenous
mudstone containing large irregular concretion of
pyrite (marked by arrow) and shell detritus (marked
by arrows), (e) Highly bioturbated mudstones, which
are especially common in the Sasino Formation. (For
interpretation of the references to colour in this figure
legend, the reader is referred to the Web version of
this article.)

the surface area ranging from 3600 to 11 000 pm? for a particular
sample. Such an area of analysed samples represents the same order of
magnitude as in works dedicated to image analysis of fine-grained rocks
(e.g., Hemes et al., 2015; Houben et al., 2013).

Furthermore, seven out of nine samples were analysed with a SEM
coupled with a focused ion beam (FIB-SEM). Six of these samples were
analysed using the FEI Helios NanoLab instrument. Additionally, one
sample was analysed using Carl Zeiss Crossbeam Auriga microscope at
the Institute of Physics—Polish Academy of Science (IF PAN) in Warsaw.
For all inspected samples, we performed FIB-SEM imaging in the regions
where the porosity was clearly visible in SEM-BSE images. The imaging
process was carried out in BSE mode, with the resolution of a single 2-D
image around 7-9 nm/pixel. Before FIB-SEM imaging, the selected area
of each samples’ surface was coated with platinum to enable the precise
cutting of each slice of the rock. The samples were already coated by
graphite layer after the SEM BSE imaging, however additionally, a silver
paste was used to prevent charging. Obtained 2-D images were aligned
in the Fiji software by the usage of the Register Virtual Stack Slices plugin.
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Between 150 and 300 images were collected and aligned for each
sample, with a step ca. 10-15 nm and with an area of up to ca. 60 pm?
This results in voxel volumes ranging from 500 to 1200 nm?, and the
total volume of the analysed cuboid reaches up to 150 um®. For pro-
cessing and visualization of FIB-SEM data, we mainly used the Fiji
software. However, for sample SQ632.21, we used Avizo© software.
During both SEM and FIB-SEM analysis, the mineralogical composition
of the inspected samples was controlled using energy-dispersive X-ray
spectroscopy (EDS).

Based on the obtained SEM BSE and FIB-SEM images, the total visible
porosity was calculated. We applied automatic segmentation of porosity
from the original images and created binary images of porosity, which
were manually inspected for the exclusion of mistakenly segmented
pores. The pore size distribution (PSD) in SEM BSE images was deter-
mined, by the procedure of fitting an ellipse to every single pore sepa-
rated in SEM BSE. The shorter axis of each fitted ellipse was taken as an
equivalent pore diameter. These analyses were conducted in Fiji soft-
ware by applying the built-in Analyse Particles plugin. A detailed
description of image processing and analysis steps, as well as an example
of porosity segmentation procedure, is provided in Appendix B. PSD data
based on the SEM BSE images were analysed and presented as empirical
distribuant functions (ECDF) and kernel density estimator curves (KDE),
which were done in the R environment by ecdf and density functions,
respectively, from the stats package (R Core Team, 2020). Since the SEM
BSE images resolution equals 5 nm/pixel and the FIB-SEM single image
(two-dimensional) resolution equals 7-9 nm/pixel, we assumed a
“conservative” estimate of the detection limit of the minimal equivalent
pore diameter to be 10 nm.

Low-pressure nitrogen (No) and carbon dioxide (COs) adsorption
measurements were performed for 75 samples at Indiana University’s
Indiana Geological and Water Survey in Bloomington using a Micro-
meritics ASAP 2020 apparatus. Shale aliquots weighing from 1.5 to 2 g,

crushed and sieved with a size 200 mesh (75 pm) were degassed for
approximately 18 h at the temperature of 383.15 K and pressure <10 pm
Hg. While CO2 measurements were run at 273.15 K, N2 measurements
were performed at 77 K. The relative pressure P/Py (where P is the
actual gas pressure and P is the vapour pressure of the adsorbing gas)
range was from 0.075 to 0.995 (for N adsorption), and from O to 0.03
(for CO, adsorption). The chosen particle size of analysed powders (75
pm) was assumed to be most appropriate for gas adsorption techniques
in shale analysis (Mastalerz et al., 2017).

Analysis with N2 adsorption delivered information concerning
mesopores (2-50 nm diameter) and also on the macropores <200 nm,
whereas CO2 adsorption analysis supplied information concerning mi-
cropores (<2 nm diameter). The classification of porosity used in this
study is based on the guidelines of the International Union of Pure and
Applied Chemistry (Rouquerol et al., 1994), which distinguishes mi-
cropores (<2 nm), mesopores (2-50 nm), and macropores (>50 nm).
The porosity of investigated samples was described using the following
parameters:

(1) the specific surface area of pores (based on Brunauer-Emmet-
Teller model, Sggr),

(2) the specific volume of mesopores (based on the Barret-Joyner-
Halenda model, Vgjp),

(3) the specific volume of micropores (Dubinin-Astakhov model,
Vpa).

The dual liquid porosimetry technique (DLP) was applied to obtain
porosity of the studied samples (Kuila et al., 2014a; Topor et al., 2016).
The DLP method covers two techniques: water immersion porosity
(WIP) and kerosene immersion porosity (KIP), in which deionised water
and light kerosene are used as immersion fluids, respectively. In both
cases, the porosity calculations are based on measurements of grain
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siliceous, ca = calcareous) after Lazar et al. (2015).

density and bulk density of rocks, which are obtained in accordance with
Archimedes’ law (Kuila et al., 2014a; Topor et al., 2016). The same rock
chip was analysed with WIP and KIP for 68 samples. The WIP technique
enables the calculation of total water accessible porosity (Qwip),
including the spaces occupied by water strongly adsorbed on the surface
of clay minerals (clay-bound water). The KIP measurements allow the
calculation of the total porosity accessible for liquid hydrocarbons
(Dxip). Usually, in a water-sensitive rock such as shale, the WIP values
will be higher than the KIP.

4. Results
4.1. Petrography and mineralogical composition

The investigated samples are finely laminated mudstones, having
laminae widths varying from less than 1 mm up to few millimetres
(Fig. 2). Lamination predominantly results from variations in mineral
composition (clay-rich versus more silty material) and the presence of
dispersed OM (Fig. 2). The concentration of OM also affects sample
colour, which ranges from grey, through dark grey, to black (Fig. 2).

Thin sections revealed that analysed mudstones are generally matrix-
supported, with a framework built of quartz, feldspars, and micas, as
well as carbonates (Fig. 3a). The matrix is a mixture of clay minerals and
clay fractions of framework grains. According to Milliken et al. (2018),
mudstones from this part of the Baltic Basin have grains of mainly
extrabasinal derivation. The rocks are cemented by clay minerals or

rarely by clay-silica or clay-calcareous cement. Fragments of various
shells, possibly including bivalves, are also present. All samples contain
opaque minerals, which we interpreted to be mostly pyrite.

Observation of the thin sections enabled the recognition of four main
structural types in the samples, characterized by different sedimentary
structures (Fig. 3b—e), namely:

e type A — mudstones with wavy, parallel, and discontinuous lamina-
tion (Fig. 3b);

e type B — mudstones with planar, parallel, and continuous lamination

(Fig. 3c);

type C — massive mudstones (homogeneous, Fig. 3d);

type D — mudstones with lamination strongly disturbed by bio-

turbations (Fig. 3e).

Samples having wavy lamination (type A) are composed of elongated
lenses of light material (Fig. 3b) that we interpreted as compacted
intraclasts. The presence of intraclasts is related to erosion, transport
and compaction of surficial muds (Schieber, 2016; Schieber et al., 2010).
In the case of samples with planar lamination (Type B), the lamina width
may vary from ca. 100-1000 pm and some lamina may be enriched in
clay minerals or quartz grains (Fig. 3c). The concentration of quartz and
silica is related to the presence of agglutinated foraminifera (Milliken
et al., 2018). Homogenous mudstones (type C) are massive, display no
lamination, and are characterized by the occurrence of shell detritus
(Fig. 3d). Mudstones with signs of bioturbation (type D) are rich in
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irregular fragments of bright material occurring within a darker matrix Type C was observed in samples from the Prabuty and Sasino
(Fig. 3e). The Pelplin Formation is characterized by the presence of type Formations.

A lamination. The lamination types B and D were found in Prabuty Pyrite concretions are dominated by small, rounded concentrations
Formation samples, as well as in Jantar and Sasino Formation samples. (up to several pm in diameter) that may be isolated or grouped in thin
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Fig. 8. Examples of solid bitumen fragments filling voids in the mineral matrix of analysed rocks. (a) Homogenous solid bitumen (Sasino Formation), (b and c)
granular solid bitumen (Jantar Formation) and (d) anisotropic solid bitumen texture of its surface (Sasino Formation).

Fig. 9. Fragments of graptolites and alginite particles (Jantar Formation). (a,b) Longitudinal and perpendicular cross sections of graptolites, (c, d) alginite exhibits
fluorescence under UV light (colour points to thermal maturity between oil and wet gas windows). (For interpretation of the references to colour in this figure legend,
the reader is referred to the Web version of this article.)
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laminae (Fig. 3b), although pyrite sometimes appears as irregular con-
centrations up to ca. 4 mm in length (Fig. 3d). In some samples from the
Prabuty, Jantar, and Sasino Formations, there are visible thick laminae
rich in coarse quartz grains (Fig. 3c), whereas samples having higher
carbonate contents are usually bright mudstones with argillaceous-
calcareous cement (Fig. 3d).

The mineral composition of the samples, determined by XRD, is
shown in Fig. 4. The studied mudstones from all four wells are composed
mainly of clay minerals ranging from 24.1 to 67.5 wt %—including
illite, muscovite, illite-smectite interstratified minerals, kaolinite, and
chlorites. The median values of clay mineral content in all analysed
formations are similar and range between 43 and 50 wt %. The next
important component is quartz, ranging from 19.9 to 65.6 wt %; how-
ever, the median amount of quartz falls in the narrow range from 27 to
30 wt % in all lithostratigraphic units. Carbonates (calcite, dolomite,
and ankerite) contribute up to 35.6 wt %, but the median values are
equal to around 6-10 wt % for the Pelplin, Past¢k, and Prabuty For-
mations and 3 wt % for the Jantar and Sasino Formations. The amount of
feldspar (both K-feldspar and plagioclase) ranges between 1.2 and 9.9 wt
%. The sum of remaining mineral phases (i.e., sulphides, sulphates, Fe-
oxyhydroxides, apatite, and anatase) varies from O to 16 wt %, though it
is usually below 10 wt %. The vertical compositional profiles (Fig. 4)
reveal a general mineralogical homogeneity of the suite of samples.
However, there are infrequent thin horizons (usually represented only
by one or two samples) that are enriched in carbonates or quartz. The
latter was also confirmed by the microscopic observations of thin sec-
tions (Fig. 3c¢).

Because the majority of the analysed samples are dominated by clay
minerals, on the ternary mineral distribution diagram proposed by Lazar
et al. (2015), they fall in the argillaceous mudstone group (Fig. 5). Only
two Sasino Formation samples fall into the siliceous mudstones group
(Fig. 5a), while a few samples from the Pasi¢k, Jantar, and Sasino For-
mations are siliceous and argillaceous mudstones (Fig. 5b, d). Addi-
tionally, two samples from the Prabuty Formation are characterized by
compositions typical for the transition from argillaceous to calcareous
mudstones (Fig. 5a). There is no correlation between the mineralogical

composition and the described diversity of sedimentary structures.
4.2. TOC content and organic petrology

The TOC content of samples ranges from 0.13 to 7.2 wt %. Despite
the relatively wide range of TOC, there is no relationship between the
depth and the presence of TOC (Fig. 6). The median values of TOC in the
mudstones from the Pelplin and Pastek Formations are equal to
~1.15-1.2%, while the samples from the Prabuty Formation have me-
dian TOC values of ~0.5%. Only the samples from the Jantar and Sasino
Formations are characterized by TOC contents above 3 wt % (Fig. 6),
with medians of 4.01% and 2.56%, respectively.

Variations in maceral composition in vertical profiles are shown in
Fig. 7. Semi-quantitative maceral analysis revealed that OM is domi-
nated by solid bitumen ([SB], from 35 to 90 vol %), where the remaining
OM consists mainly of fragments of zooclasts (Z), predominantly grap-
tolites. There is no obvious trend in solid bitumen content among the
analysed set of samples (Fig. 7). Solid bitumen often fills cracks and
voids (Fig. 8), and its fragments vary in size from a few pm up to ca. 100
pm. The solid bitumen particles are generally homogenous (Fig. 8a),
however, fragments having granular (Fig. 8b and c) and anisotropic
textures (Fig. 8d) are also present. Graptolites are the second important
organic component in the sampled mudstones (Fig. 7), accounting for up
to 70 vol %. Usually, however, their content does not exceed 40 vol %
(Fig. 7). Graptolites were observed in various cross-sections, from lon-
gitudinal, with two branches visible, to perpendicular (Fig. 9a and b),
have sizes varying from 50 to 150 pm in length and from 25 to 50 pm in
diameter. Other organic macerals present are from the liptinite group
(including rare alginite, Fig. 9c and d), as well as amorphous OM (both
fluorescent and not).

The thermal maturity of OM, expressed in the VRE scale, was
recalculated from the SBR, using the Jacob equation (Jacob, 1989).
After this recalculation, the thermal maturity of the studied samples
varies from 1.02 to 1.18% in the VRE scale (Fig. 10). However, the VRE
value for the majority of the inspected samples falls in the range between
1.1 and 1.15%. There is no link between the degree of maturity and the
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Fig. 11. SEM BSE images of: (a) sample 10 UWR. The framework is quartz,
mica, chlorite, and occasionally carbonates and feldspar. Clay mineral flakes
are parallel to the sedimentary lamination surface. Please note that organic
matter (OM) is present both as isolated patches (red arrows), as well as elon-
gated fulfilments of the voids between minerals (marked by the yellow line) (b)
Sample SQ703.3. Framework grains are nearly the same in the case of sample
10 UWR, however, lack of organic matter is easily seen (TOC = 0.52%). A thin
section of samples such as SQ703.3 indicate bioturbation, which is confirmed
by the lack of parallel arrangement of clay minerals in the SEM BSE image.
Mineral abbreviations after Whitney and Evans (2010): Bt-biotite, Chl-chlorite,
Fsp-feldspars, Ms-muscovite, Py-pyrite, Qtz-quartz. (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web
version of this article.)

depth of samples (Fig. 10). Note that the yellow-orange to orange
fluorescence colours of alginite visible under the microscope also sup-
ports thermal maturity interpreted from reflectance measurements in
the studied rocks (Fig. 9c and d). This spectrum of colours specifically
points to maturity ~1% in the VRE scale (Hackley and Cardott, 2016;
Mastalerz et al., 2018), which suggests the beginning of the late mature
stage between the oil and wet gas windows (Mastalerz et al., 2013).
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4.3. Microstructure of the studied rocks

A close inspection of the SEM BSE images supports the observations
from thin section analysis and XRD measurements and provided more
precise information about samples’ structure and composition. The
framework of the inspected samples comprises subrounded quartz
grains, muscovite flakes, but also chlorites, feldspar grains (both po-
tassium and alkali), and carbonate grains (Fig. 11a and b). The diameter
of quartz grains seen in SEM BSE images varies from 5 to 30 pm, flakes of
chlorite and mica do not usually exceed 20 pm, while feldspar and
carbonate grains size fall in the range between 10 and 25 pm (Fig. 11a
and b). Occasionally carbonates, mainly dolomite and calcite, create
coatings around other framework grains (Fig. 11a). Most of the clay
minerals flakes are parallel to each other and define the lamination
surface (Fig. 11a). On the other hand, bioturbated samples do not
display this kind of clay mineral alignment (Fig. 11b). However, in
general, the types of sedimentary structures distinguished in thin sec-
tions cannot be detected at the micrometre scale. The analysis of SEM
images confirms that the opaque minerals are mainly pyrite (Fig. 11a),
although barite and titanium oxide are also occasionally present.

In the analysed suite of samples, OM may be distributed as irregular
isolated patches, no bigger than a few micrometres (Fig. 11a). However,
the OM is also arranged in an interconnected network, filling voids be-
tween minerals and arranged parallel to the sedimentary layering
(Fig. 11a). Such an arrangement is probably an effect of the migration of
organic substances generated from kerogen through the rock matrix.
Because the dimension of OM fragments exceeds the observation field at
the selected magnification, we assume that their length must be greater
than ca. 60 pm (Fig. 11a). Imaged OM fragments range from generally
nonporous (although sometimes with crack-based pores, Fig. 12a) to
high porosity (Fig. 12b).

The SEM BSE data allowed us to distinguish different types of pores
associated with various components and features of the samples
(Fig. 13). This spectrum of porosity types includes (1) pores developed at
the edges of rigid minerals (i.e., quartz): pressed into more plastic sur-
roundings (i.e., clay minerals), (2) pores inside the grains, (3) cracks, (4)
pores within aggregates of clay minerals, (5) pores within the pyrite
framboids, and (6) porosity in OM particles.

The conducted FIB-SEM imaging enabled better insight into the 3-D
geometry of the pore networks. Fig. 13 is an example of FIB-SEM
reconstruction. It is visible that pore spaces are arranged, in general,
in a plane parallel to the lamination surface (Fig. 14c and d). Recon-
structed pores can be divided into three categories (Fig. 14c and d): (1)
spherical and ellipsoidal isolated (at resolution available in FIB-SEM)
pores, (2) elongated pores with ellipsoidal cross-sections, and (3) long
interconnected pores with variable diameters and shapes. Pores such as
those shown in Fig. 14 are related mainly to clay mineral aggregates or
occur within OM fragments.

4.4. Porosity measurements and analysis

4.4.1. Image analysis

For all the samples analysed using SEM BSE, the porosity visible in
the images does not exceed 1%, while the porosity values calculated
from 3-D FIB-SEM data are ranging from O to 2.7% (Tab. A.1; Appendix
A). Based on SEM BSE images, we distinguished three types of visible
porosity: intraparticle pores (INTRAP) inside framboids of pyrite and
voids in carbonates, interparticle pores (INTERP) related to voids be-
tween mineral grains and organic matter pores (OMP) developed
exclusively within the OM. In these rocks, INTERP porosity is developed
mainly between clay mineral flakes, which often form clay mineral ag-
gregates. The contribution of different types of pores to the total
detected porosity by means of SEM BSE is shown on a ternary diagram
(Fig. 15a). In all mudstone samples, INTERP or OMP dominate
(Fig. 15a). The contribution of INTRAP to total porosity is small and
ranges from 2 to 10% of the total visible porosity. Six out of nine samples
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Fig. 12. Different levels of porosity formation in organic matter fragments, from (a) nonporous at the resolving power of the SEM technique (sometimes with visible

cracks), (b) to highly porous.

sy

Fig. 13. Different types of pores in examined mudstones.

indicate a pore system controlled by INTERP. Two samples are domi-
nated by OMP, and one sample is characterized by a mixed pore system
(Fig. 15a). There is no relationship between OM content and the
dominant type of porosity visible in SEM BSE images. (Fig. 15a), which
suggests that OM may display a different degree of porosity, owing to its
chemical and maceral variability (Curtis et al., 2012).
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Based on obtained SEM BSE images, basic descriptive statistics were
calculated for the equivalent diameter of pores measurements (Tab. A.2,
in Appendix A) and ECDF was prepared for better illustration of the PSD
(Fig. 15b). The pore equivalent diameter as detected on SEM BSE images
ranges from 10 to 358 nm; however, pores larger than 150 nm occur
infrequently (Fig. 15b, Tab. A.2 in Appendix A). The equivalent
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Fig. 14. FIB-SEM reconstruction of sample SQ632.21. (a) 3-D reconstruction of analysed rock volume, (b) rock segmented into most important components: quartz
(blue), illite (green), chlorites (yellow), and pore spaces (red), (c, d) porosity divided into (1) small isolated spherical volumes, (2) elongated isolated pores, (3)
elongated and connected pores. The red surface indicates lamination arrangement. (For interpretation of the references to colour in this figure legend, the reader is

referred to the Web version of this article.)

diameter of half of the voids present in all the samples does not exceed
25 nm, 75% of pores have an equivalent diameter <45 nm and at least
80% of pores are not >50 nm (Tab. A.2, in Appendix A, Fig. 15b).
Consequently, all pores fall in the range of mesoporosity. All empirical
distribution functions are similar in shape, but there are some subtle
differences among the samples. For example, samples 10UWR, 29UWR,
and JSOP8 show slightly greater numbers of pores >25 nm, when
compared with the rest of the mudstones (Fig. 15b). Moreover, only in
the latter two mentioned samples (29UWR and JSOP8), pores >300 nm
were detected (Tab. A.2, in Appendix A). On the other hand, two sam-
ples (SQ685.57 and SQ703.3) have relatively low values of maximal
equivalent pore diameter, up to 85 and 138 nm, respectively (Fig. 15b,
Tab. A.2 in Appendix A).

Kernel density estimator curves also signalise the dominance of
mesopores (10-50 nm) in the studied samples (Fig. 16). However,
samples 10UWR, 29UWR, and JSOP8 display a slightly broader pore size
range, reaching up to ca. 100 nm (Fig. 16g, h, i, respectively). This
observation is consistent with the empirical data presented in Table A.2
(in Appendix A) and Fig. 15b. Additionally, the modal value of the pore
size was calculated for each sample (Fig. 16). The modal values were
calculated in three ways: (1) Memp — as an empirical modal value,
calculated directly from the collated data; (2) Mest; — modal value esti-
mator, calculated by Most Likely Value (mlv) function from the modest
package available in the R software, with the application of de Beauville
method (Poncet, 2012); (3) Mestz — modal value estimator, created by
finding the equivalent diameter value corresponding to the maximum
value on the KDE curve. The empirical modal value M, always fits in
the narrow range from 10 to 11 nm (Fig. 16). The modal value estimator
Mest1 equals 14-24 nm, while the modal value estimator Mego is in the
range of 11-21 nm (Fig. 16).

Both the empirical modal value and its estimators should be
considered with care because they are based on observations conducted
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on a limited and relatively small surface of samples. Moreover, we note
that the resolution of the SEM BSE method influences the obtained pore
size distribution data, visualised by the ECDF and KDE curves. Never-
theless, there is no doubt that mesopores, (pores not exceeding ca. 50 nm
in diameter), prevail among the pores that can be documented by SEM in
these mudstone samples.

4.4.2. Dual liquid porosity

Performed dual liquid porosity (DLP) measurements enabled us to
gain information about the total porosity accessible to water (QOwip) and
maximum porosity accessible to liquid hydrocarbons (Jkp) in mudstone
samples (Topor et al., 2016). The @wp porosity varies from 1.3 to 11.8%
(Fig. 17); the median @wyp value for the Pelplin, Past¢k, and Sasino
Formations is equal ca. 6.5%, while for the Prabuty and Jantar Forma-
tions, the medians are 4.9% and 5.7%, respectively. The @kp porosity
values fall between the range of 0.4-10.2% (Fig. 17), but the @gp me-
dian value for the Pelplin mudstones is equal to 5.8%, for the Pasi¢k
4.2%, while for the remaining lithostratigraphic units, the median @xip
measurement is ca. 3.4%.

In the vertical profiles of each well, the values of both Gwip and Bip
indicate fluctuation, and there is no evident link between porosity and
depth (Fig. 17). However, the fluctuation of @wp and Gp follow a
similar trend with depth for O3, B1 and M1 wells in the Sasino Forma-
tion. This might be connected with variations of TOC amount on the
boundary between the Prabuty and Sasino Formations and inside the
latter formation (Fig. 6).

4.4.3. COz and N3 low-pressure adsorption results

Low-pressure gas (CO5 and Nj) adsorption measurements provide
information about micro- and mesopore specific volume (Vps and Vgjy,
respectively), mesopore specific area (Sggr), and pore geometry. The
range of Vpp results in samples varies from 0.007 to 0.018 cmg/g
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samples is also shown. (b) Empirical distribution functions showing pore size distribution (PSD) of pores visible in SEM BSE images. Owing to the very small number
of pores greater than 150 nm and negligible differences in EDCF functions among the samples, the horizontal scale of the diagram ends at 150 nm.

(Fig. 18a). The median of Vpp measurements for all analysed formations
varies from 0.01 to 0.013 cm®/g.

The results of Vpjy represent a broader range from 0.019 to 0.054
cm3/g (Fig. 18a), while the median values of this parameter in each
formation fall in the range from 0.03 to 0.046 cm®/g. Although there is
no visible link between the Vpa and Vpjy and the depth of the sample,
both parameters indicate fluctuations, which are, in general, moderately
strong or strongly correlated with each other (Fig. 18a). The specific
surface area of pores varies among analysed samples from 10.5 to 32.3
m?/g (Fig. 18b), while the median values are equal from 13.4 m%/g
(Jantar mudstones), through 16-18 m?/g (Pelplin, Prabuty, and Sasino
mudstones), up to 19.6 mz/g (Pastek mudstones).

Moreover, nitrogen adsorption/desorption isotherms allowed us to
describe the geometry of the pore systems. Mudstones from all studied
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lithostratigraphic units have similar adsorption/desorption isotherms
(Fig. 19). The isotherms fall, according to the IUPAC classification
(Rouquerol et al., 1999; Sing, 1985), in type IIb, and contain hysteresis
loop type H3. Referring to the De Boer (1958) classification system,
hysteresis loops observed in the mudstone samples can be classified as a
combination of types B and D. These shapes are typical for pores be-
tween flat, parallel, or nonparallel surfaces. This may be attributed to
the dominance of pores developed in clay mineral and their aggregates
(Wang et al., 2018).

Nitrogen adsorption analysis revealed the importance of pores hav-
ing diameters ranging from 2 to 5 nm and ~20-80 nm (Fig. 20). The
former is believed to be related to pores located within clay minerals,
while the latter is associated with pores within clay minerals aggregates
(Kuila et al., 2014b; Kuila and Prasad, 2013; Saidian et al., 2016; Topor
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et al., 2017b). The majority of samples display additional peaks around
100 (+£20) nm (Fig. 20). These observations are coherent with conclu-
sions drawn based on SEM analysis, thus confirming that mesopores and
small macropores developed inside and between clay minerals aggre-
gates have the most significant contribution to the total volume of pore

space (excluding large cracks).
No significant differences in adsorption/desorption isotherms and

pore size distribution curves were observed between the samples dis-
playing various sedimentary structures. This can be explained by the
fact, that porosity in the entire set of samples is developed mainly be-
tween and within clay minerals and inside organic matter particles

(Fig. 15a).
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5. Discussion

Mineral composition, OM type and its chemical properties, as well as
textural and structural features of rocks, control the development of the
porosity network in mudstones (i.e., Grathoff et al., 2016; Loucks et al.,
2012; Milliken and Olson, 2017; Schieber et al., 2016; Valenza et al.,
2013). Our studies, performed for the set of mudstones from the Baltic
Basin (N Poland) revealed some factors that govern the size and char-
acteristics of their porosity system. Moreover, the use of several different
techniques demonstrates that measurements of porosity and particularly
the interpretation of such porosity data in mudstones is still a chal-
lenging task. Each technique has its limitations in terms of resolution
and the physical and chemical basis of the measurement. In the
following section, we compare the results of different techniques and
discuss potential causes for the differences.

5.1. The comparison of applied porosity measurements methods

The most noticeable thing about our porosity measurements is that
the values obtained using the DLP method (both the @wp and Okip),
which are methods done for larger sample volumes, are always higher
than those resulting from the analysis of SEM BSE and FIB-SEM images
(Fig. 21a). This demonstrates the well-known issue that, in the case of
mudstones, the application of image analysis will lead to a severe un-
derestimation of total porosity because of the limited resolving power of
the electron microscopy techniques. Up to 90% of porosity could be
invisible in SEM BSE images, as also shown for Marcellus Shale (Milliken
et al. (2013) and the Haynesville Formation (Klaver et al., 2015). On the
other hand, the SEM BSE method is very useful in characterizing various
types of porosity in terms of 2-D geometry and how this contributes to
the total visible porosity.

The DLP techniques provide porosity measurements from a much
greater portion of the sample (several cubic centimetres) in contrast to
tens of square micrometres in the case of SEM BSE images or hundreds to
thousands of cubic micrometres for FIB-SEM data. This makes the DLP
method far less affected by the heterogeneity of the sample. Moreover,

15

the DLP measurements also consider all cracks present in the analysed
rock volume.

It has been noted by Kelly et al. (2016) that the FIB-SEM should be
treated only as a qualitative technique even for analysed samples’ vol-
umes that can be considered as large for electron microscopy (up to 5000
pm®). We want to note that the FIB-SEM data, besides limited resolving
power, may also be affected by the choice of the region on the sample’s
surface and the size of the volume selected to be visualised and analysed.
This is likely the reason why samples SQ632.21 and SQ685.57 indicate
higher porosity calculated from the FIB-SEM data than from the SEM
BES images (Fig. 21a). Regardless of these difficulties, FIB-SEM images
obtained from the porous fragments of the rock provide valuable qual-
itative information about the 3-D arrangement of the pores and their
relation to the other rock constituents.

A similar discrepancy can be seen between @wp and Ogp results
(A@wip-xip, Fig. 21b), wherein Gwp results always show larger values.
The majority of samples indicate A@wp.xip below 3% or slightly above,
while in several samples (JSW9, JSOP15, and JSOP20), this value is near
5%. The Gwip and Bkip are always determined using the same sample, so
the difference is related to the fluid used for saturation. This effect stems
from different properties (viscosity, wettability, etc.) of these liquids and
their distinctively different affinity to clay surfaces (Xu and Deh-
ghanpour, 2014), as well as the size of water and kerosene molecules,
which equal ca. 0.28 nm and ca. 1 nm, respectively (Momper, 1978;
Nelson, 2009). Note that the studied samples are characterized by a high
degree of diagenesis and small amounts of expandable clay minerals,
like smectite or illite-smectite mixed layers, so the effect of samples’
swelling is marginal and has little impact on porosity values (Topor
et al., 2016, and supplementary materials). Effectively, the difference
between @wp and Okp reflects incomplete pore saturation by kerosene.

5.2. The implications of the pore size distribution for hydrocarbons flow

The mechanisms of fluid flow through the shales’ pore network
depend strongly on the size of the pores, since this determines which
interactions prevail: between gas molecules or between pore walls and
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mesopores in the mudstone samples.

gas molecules (Mehmani et al., 2013; Salama et al., 2017). According to
numerical simulations provided by Yu et al. (2019), in the case of the
smallest pores, with a diameter of ca. 2 nm, interactions between pore
walls and gas molecules play the most important role, so that surface
diffusion and Knudsen diffusion have the greatest contribution in the
total flux. With even a slight increase in the pore size, the importance of
surface diffusion decreases and Knudsen diffusion dominates for pores
with a diameter of around 6 nm. For pores with diameters of 10 and 16

16

nm, the contribution of surface diffusion is even lower, but the high
share of Knudsen diffusion in the total flow is maintained. Viscous flow
becomes of increasing importance at pore sizes of 16 nm and larger. On
the other hand, Yang et al. (2021) distinguished the following three
types of flow in shales: viscous flow in hydraulic fractures, slip flow in
pores macropores, mesopores and micropores and diffusion in micro-
pores. Works of, e.g., Afsharpoor and Javadpour (2016) or Yang et al.
(2021) pointed to the role of the slip flow as the predominant type of
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flow in shales.

In the studied mudstones (representative for the Pomeranian Baltic
Basin), there is a wide array of pore sizes. This suggests that during
hydrocarbon production all types of flow mechanisms will occur
simultaneously. However, the dominant flow would use preferential
paths, which are formed by large and connected pores and cracks.
Therefore, viscous flow and also slip flow would have great importance,
and especially so in the early stages of the production. The decrease of
pressure in the reservoir will later promote diffusion and pores smaller
than 10 nm (invisible under SEM, but confirmed in gas adsorption) will
have a constantly increasing role in transport (Yu et al., 2019).

We also want to emphasize an additional important aspect of the
SEM BSE porosity data. Zhu et al. (2019) showed by combining solvent
extraction and gas adsorption studies, that the petroleum flow through
early mature shales is possible when the pore diameter is higher than ca.
12 nm. This value is very close to the detection limit of pore size (10 nm)
of the SEM BSE data. Any pore volumes of smaller size, invisible in SEM
BSE images, most probably will play a minor role in the transport of
petroleum. This indicates that the porosity values and pore size distri-
bution from SEM BSE images, even though affected by the resolution of
this technique, may be treated as a useful approximation of the minimal
porosity available for petroleum migration in the case of mature shales —
and the minimal porosity available for matrix flow.
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On the other hand, the values of @k porosity are larger than SEM
BSE porosity, partly due to the presence of cracks in the analysed rock
cubes. We suggest, that the complementary application of SEM BSE
porosity and @kjp data can provide the approximation of the range of
porosity available for petroleum flow. This knowledge may be important
for planning hydrocarbon production and assessing when during pro-
duction the flow through smaller pores will become more important (Yu
et al., 2019).

5.3. The impact of rock composition on porosity

The comparison between the measured porosity values (from DLP
and gas adsorption) and primary constituents of the entire set of the
studied mudstones rarely show a strong (r > 0.7) or even moderate (r >
0.4) correlation (Fig. A2, in Appendix A). Furthermore, sample depth
does not control porosity. Therefore, we investigated the factors con-
trolling the porosity on a formation level. We focused on statistically
significant (probability in a significance test, p < 0.05) and at least
moderately strong (r > 0.4) correlations.

The samples from the Sasino and Jantar Formations indicate the
most explicit patterns of relationship between rock composition and
properties of the pore network. In these two lithostratigraphic units, the
specific surface area of mesopores (Sggr) and specific volume of
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mesopores (Vpyy) are negatively correlated with the amount of TOC
(Fig. 22a-d). At the same time, neither the changes in the content of
solid bitumen nor subtle fluctuations of OM maturity, play any role in
controlling the size of Vpjy and Spgr (Fig. 22a-d). Considering the fact
that OM is present in the examined samples not only as dispersed frag-
ments but also often as connected and elongated solid bitumen that fills
voids between minerals (Figs. 8 and 11a), we suggest that observed
negative correlation is an effect of pore-clogging by solid bitumen in the
Sasino and Jantar Formations. Such phenomenon was described in
similar rocks by Valenza et al. (2013), who showed that the specific
surface area Sggr of mudstones from North American basins increased
with the extraction of OM by the mixture of dichloromethane (CH3Cly)
and methanol (CH40OH). The increase of discussed porosity parameters
(SpeT, VByn) was also observed by Wei et al. (2014) in New Albany Shale
samples after the sequential extraction of OM by dichloromethane and
toluene (CyHg). In both cited studies, the most significant increase of
Sger and Vpyy after the removal of OM took place in samples where OM
maturity ranged from ~1 to 1.5% in the VRE scale, which is in the range
of the late oil/wet gas window (Mastalerz et al., 2018; Tissot and Welte,
2013). Moreover, solid bitumen was the main constituent of the OM in
mudstones studied by Valenza et al. (2013) and Wei et al. (2014). The
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mudstones from the Baltic Basin examined in this research seem to fit
this scheme. Solid bitumen is a secondary product of OM trans-
formations (Mastalerz et al., 2018). Therefore, we conclude that petro-
leum has migrated through the pore network of the mudstones from the
studied formations (mostly the Sasino and Jantar Formations) and its
residue—solid bitumen—partially clogged the pores in the inorganic
rock fabric. This phenomenon was also described by Topor et al. (20174,
2017b) for Baltic Basin shales from a similar depth and close range of
thermal maturity.

The porosity of OM depends on its type (Loucks et al., 2012) and
generally increases with maturity (Modica and Lapierre, 2012). For
example, solid bitumen can generate pores as a result of secondary
cracking (Katz and Arango, 2018). However, some experimental studies
revealed, that for rocks rich in solid bitumen, there is a possible
reduction of porosity not only between mineral grains but also in OM
itself owing to the generation and migration of newly formed hydro-
carbons. This effect was observed especially for mudstones character-
ized by the thermal maturity equal to ca. 0.9% in the VRE scale (Chen
and Xiao, 2014). In all the studied mudstones from the Jantar and Sasino
Formations, OM maturity (VRE) ranges from ~1 to 1.2%. Solid bitumen
in this interval of maturity is not only prone to clogging pores between
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minerals but also tends to have low porosity itself (Chen and Xiao, 2014;
Modica and Lapierre, 2012; Valenza et al., 2013; Wei et al., 2014). This
is consistent with the SEM BSE data showing that only some fragments of
OM have abundant pores (Fig. 12). We conclude that in the studied set of
samples, the size and generation of porosity within OM cannot
compensate for the effect of pore-clogging, at least at the maturity level
studied. This is consistent with the observations of Inan et al. (2018),
who suggested that bitumen migrated in the intergranular space, and
only minor porosity was formed in solid bitumen fragments for argil-
laceous mudstone in the oil/early gas window stage. In contrast, works
of Yang et al. (2019, 2016) performed for the Silurian shales from the
Sichuan Basin showed that porosity increased with the amount of OM in
shales, but thermal maturity of those rocks varied between 1.8 and 2.5%
in the VRE scale, which is significantly more mature than that of samples
used in our research.

Because OM may host microporosity (Chalmers et al., 2012; Clarkson
et al., 2013) we could also expect a correlation between TOC content
and Vpp values in the case of lithostratigraphic units having the greatest
TOC diversity (Jantar and Sasino Formations); however, we cannot
make such a statement for our set of samples (Fig. 22e and f). The cor-
relations between TOC and Vpu are weak and statistically insignificant.
We conclude that microporosity in the studied set of mudstones is not
particularly well developed in OM, which most probably stems from its
thermal maturity.

Our data (Fig. 23) shows that other components controlling the
porosity of the studied mudstones are the 2:1 layer type Al-rich clay
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minerals (I + S: illite, smectite, and interstratified illite-smectite). Their
impact is especially reflected in the positive and significant correlations
between I + S concentration and the micropores’ specific volume Vpa in
samples from the Pasit¢k and the Jantar Formations (Fig. 23a and b).
Analogous, positive correlations were also observed for I + S content
and specific surface area Sgpr measured in samples from the Pastek and
the Prabuty Formations (Fig. 23c and d). The samples from the Prabuty
Formation form two clusters, which differ strongly in I + S content and
Sper values. The amount of I + S minerals also has a similar impact on
the size of micropores’ specific volume Vgjy in the case of mudstones
from the same two formations (Fig. 23e and f).

The importance of the relationship between the amount of clay
minerals and mudstones’ porosity was reported in many studies
(Clarkson et al., 2013; Kuila et al., 2014b; Kuila and Prasad, 2013).
Moreover, the SEM BSE images of the mudstones in this study also show
that porosity is strongly related to clay minerals. The development of
pores within and between the clay mineral aggregates is particularly
important when the mudstones are low in OM, like those from the Pastek
and the Prabuty Formations. In addition, the amount of carbonates in
mudstones from the Prabuty Formation influences the specific volumes
(Vpa and Vpyy) of micro- and mesopores and, to a lesser degree, the
specific surface area of mesopores (Sggr, Fig. 24a-c). Logically, the
higher concentrations of carbonates decrease in the amount of clays,
which should be followed by the reduction of porosity.

The Pelplin Formation samples are an interesting and unresolved
case concerning controls on porosity. The gas adsorption data for these
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samples are clustered into two groups that show relatively lower and
higher values of Sggr, Vpa, and Vgyy (Fig. 24d). Moreover, gas adsorp-
tion results do not correlate with TOC, quartz, or clay mineral content.
The structural and textural factors also must be excluded because the
Pelplin Formation is quite homogenous, and all the samples represent
similar wavy, continuous, and planar lamination (Fig. 3b).

Finally, the mineral composition of analysed samples has an impact
on their stiffness, and thus also on their reservoir quality. We note that
all the studied samples are matrix-supported and are rich in clay

minerals. Mudstones like this may not have sufficient stiffness; however,
the exception may be horizons having increased amounts of silica
(Milliken et al., 2018), like in several mudstones found in our sample set
(Fig. 3¢).

6. Conclusions

The understanding of porosity and pore size distribution is important
for reconstructing migration pathways of hydrocarbons present within

20
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clustered, we resigned from the trend line and correlations coefficients.

fine-grained mudstones. Moreover, having an accurate assessment of the
pore volume allows assessing the hydrocarbon storage capacity. This
knowledge may be used both in hydrocarbon exploration and produc-
tion, as well as geological waste storage and carbon dioxide sequestra-
tion. In this study, we used a wide array of methods at multiple scales to
obtain new information about the porosity of Ordovician and Silurian
mudstones from the Baltic Basin (N Poland). Our data generated on
mudstones from the Baltic Basin may be useful in studying properties of
other mudstones, especially those of Ordovician and Silurian age and
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with a similar thermal maturity level (between the oil and wet gas
window, 1-1.2% VRE).

Our data show that one of the most important factors controlling
porosity in such mudstones is the nature of organic matter (amount, type
and thermal maturity). At the maturity ~1.0-1.2% VRE, if the solid
bitumen is the prevailing organic matter component, it can actually
cause a reduction of mesoporosity and, thus, restrict flow paths for hy-
drocarbons. In turn, microporosity in these formations is not solely
related to organic matter but is related to a combination of organic
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matter and clay mineral content. This is even more important since the
TOC content is usually seen as a positive parameter when considering
hydrocarbon exploration from unconventional reservoirs. However,
when considering rocks having high amounts of solid bitumen and
thermal maturity on a level of 1-1.2% VRE (like those studied here), we
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show the potential for limited porosity due to the pore-clogging effect,
which may lead to more difficult hydrocarbon extraction. Therefore,
organic matter maturity and types of prevailing macerals, in addition to
TOC, should be taken into account in defining the prospective zones for
hydrocarbon exploitation in mudstones basins. The pore-clogging effect
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might also be an important factor limiting the CO, sequestration po-
tential of the studied rocks.

Secondly, this study has also important implications for the selection
of analytical techniques to measure mudstone porosity and interpreting
porosity data generated by various techniques. The comparison of
porosity results calculated based on the electron microscopy images
with dual liquid porosity (DLP) measurements indicates that both SEM
BSE and FIB-SEM techniques have limited capability in the detection of
the porosity of mudstones. Both methods provide underestimated
porosity values owing to their limited resolution. However, the combi-
nation of these methods is quite powerful. The SEM BSE images offer
valuable information about types of porosity and potential hydrocarbon
migration paths. The pore size distribution data obtained from the SEM
BSE images and low pressure gas adsorption reveal the domination of
mesopores and small macropores (up to only 80-100 nm). Porosity data
from the SEM BSE images are useful approximation of the minimal
porosity available for matrix flow, which becomes of importance during
the later stages of petroleum production. In contrast, the DLP data
provide an estimate of the upper porosity bound, including (micro-)
cracks. The representative data type for flow will depend on reservoir
pressure conditions and flow regime. The combination of SEM BSE and
DLP data enables the estimation of the complete range and size of
porosity available for petroleum flow. It underlines the need to apply a
broad spectrum of complementary methods that enable the fullest
possible characterization of mudstones’ pore network.
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