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ARTICLE INFO ABSTRACT

Keywords: Porosity, pore size distribution, and surface area are the main petrophysical characteristics indicative of gas

POFOSIFY storage capacity in shales. This paper investigates the influence of organic matter (OM) content on the evolution

grga‘;‘:clma"er of these parameters at different stages of thermal maturity. Ninety-six samples of Silurian shales from the Baltic
as shale

Basin ranging in maturity from immature to overmature were selected for this study. Porosity evolution was
evaluated using N2 and CO3 low-pressure gas adsorption. At the immature stage, the samples with high OM
content are characterized by lower porosity than the organic-matter-lean samples. At this stage, high OM content
leads to the disruption of stiffer mineral framework; mixed organic-mineral framework is more prone to me-
chanical compaction than mineral framework. At the oil window stage, porosity of OM-rich samples declines due
to pore-throat plugging and pore filling by bitumen. At the wet and dry gas generation stage, porosity of OM-rich
samples increases mainly due to pore-throats unplugging. Absent or weak correlation between porosity and OM
content at the wet and dry gas stages indicates poor development of OM-hosted secondary porosity. High con-
tents of clay minerals in the studied samples fail to provide the rigid mineral framework and pressure shadows
necessary for OM-hosted secondary porosity development.

Baltic Basin
Thermal maturity

1. Introduction

The reservoir quality of gas shales from unconventional reservoirs in
low-permeability shales largely depends on pore systems for storing and
releasing hydrocarbon gas. It has also been well accepted that the
behavior of shales as a source/reservoir rock for gas is influenced not
only by storage mechanisms operating via mineral components (e.g.,
displacement phenomena and hydrodynamic solubility, Bruant Jr. et al.,
2002) but even more importantly, by characteristics of organic matter
(OM) offering sorption sites on the surface area of mesopores or “volume
filling” in micropores of OM (Bustin et al., 2008).

In general, mineral composition, OM content and type, thermal
maturity, and textural and structural features of rocks all control the
development of porosity networks in mudstones (i.e., Grathoff et al.,
2016; Loucks et al., 2012; Milliken and Olson, 2017; Schieber et al.,
2016; Valenza et al., 2013). The influence of OM thermal maturity on
the pore systems has been widely discussed over the last few decades. In
addition to the original rock characteristics, maturity-related secondary
processes such as hydrocarbon generation, cracking, and formation of
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solid bitumen exert unique influences on the porosity of shales (Jarvie
et al., 2007; Loucks et al., 2009). For example, for the OM-rich Upper
Devonian New Albany Shale (TOC range 1.2-13.0 wt%), Mastalerz et al.
(2013) suggested that maturity exerted the dominant control on the
development of porosity, masking the effects of compositional differ-
ences. Specifically, they observed: 1) total porosity reduction during the
transition from mature to late-mature shale; (2) a large increase in total
pore volumes between R, 1.15 % and 1.41 %, witnessing generation of
new pores, and (3) rearrangement in the proportions of pore sizes.
Mastalerz et al. (2013) attributed those changes to structural modifi-
cations of OM in response to hydrocarbon generation and migration.
The influence of OM content on pore systems in shales has also been
often mentioned, although with a caveat that it is difficult to separate
the influence of OM abundances from other influencing factors. Gener-
ally, a positive correlation between OM content and total porosity, or
between OM content and micropore or mesopore volumes, is expected
(Chalmers and Bustin, 2007; Clarkson et al., 2013; Milliken et al., 2013;
Ross and Bustin, 2009; Strapoc¢ et al., 2010). However, these correlations
may be obstructed by the strong influence of other factors e.g.,
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mineralogical composition and thermal maturity (Mastalerz et al.,
2013).

This study addresses the influence of OM on porosity in Silurian
shales of the Baltic Basin in Poland. The Early Paleozoic successions in
the Polish part of the Baltic Basin were regarded as important hydro-
carbon source rocks and unconventional resource play. Therefore,
several studies provided characterization of these rocks in terms of their
mineralogical composition, OM content, thermal maturity, porosity, and
permeability (Karnkowski, 2007; Milliken et al., 2018; Poprawa, 2010;
Porebski et al., 2013; Stomski et al., 2021; Topor et al., 2017a, 2017b).
Although the influence of OM content was mentioned or discussed in the
majority of those studies, the present study benefits from the availability
of a unique set of samples that allowed separation into low-, medium-,
and high-OM content groups, and investigates the evolution of porosity
with increasing maturation from immature to deeply overmature stages.
As such, this study offers a new perspective on the Silurian shales as gas
reservoirs.

2. Geological setting

The Baltic Basin is an Early Paleozoic sedimentary basin developed
in the southwestern part of the East European Craton (Fig. 1). It is
bounded by the Baltic Shield to the north, the Mazury-Belarus High to
the south and southeast, the Teisseyre-Tornquist Zone (TTZ) to the
southwest, and the Caledonian Deformation Front to the west (Mazur
et al., 2015; Poprawa et al., 1999; Ziegler, 1990). The Baltic Basin was
established as a passive margin during the Late Vendian and Cambrian
and developed into a foreland basin by the Late Ordovician and Silurian
(Nawrocki and Poprawa, 2006; Poprawa et al., 1999). A tectonic colli-
sion between Eastern Avalonia and Baltica tectonic plates affected
sedimentation rates and burial diagenesis, which varied from east to
west (Poprawa et al., 1999). The thickness of Lower Paleozoic sediments
increases westward, reaching several thousand meters near the TTZ
(Modlinski et al., 1999).

The OM-rich shales and mudstones of this study were deposited
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during the Upper Ordovician and Lower Silurian in an anoxic foreland
basin environment, driven by a transgression of the early Llandovery sea
(Podhalanska, 2009). Tectonic subsidence curves indicate an accelera-
tion of the subsidence rate near the Caledonian Deformation Front
during the Lower Silurian (Llandovery-Wenlock) (Poprawa et al., 1999).
Although the initial stage of subsidence did not lead to a significant
increase in sediment thickness, it is characterized by a condensed facies
of black shales rich in graptolites, typically 20-40 m thick, with some
layers reaching up to 70 m (Podhalanska, 2009). The succession of
sediment facies is parallel to TTZ facies zonation from deep-water black
shales in the west to more carbonate-rich sediments in the east (Poprawa
et al.,, 1999). The OM in these shales is predominantly planktonic-
bacterial, type II kerogen, reflecting uniform origins due to the
absence of terrigenous plant input in the Early Silurian (Derkowski and
Marynowski, 2016; Skret and Fabianska, 2009). Thermal maturity of the
OM increases westward, ranging from immature to overmature (Skret
and Fabianska, 2009).

2.1. Samples

Sample selection for the study aimed to cover a wide range of ther-
mal maturity and OM content. Ninety-four samples were selected from
the core material collected for previous studies (Topor et al., 2017a,
2017b; Topor et al., 2016). These samples represent lower Llandovery
(Silurian) strata of shales and mudstones that cover a present-day depth
range from ~1400 to ~4500 m. In addition, two samples were collected
from a Silurian outcrop in the Holy Cross Mountains (Modlinski and
Szymanski, 2001) at the western edge of the East European Craton.

3. Methods
3.1. Organic petrography

Samples for organic petrography were crushed to <2 mm rock chips,
cold-mounted within epoxy resin to prepare petrographic pellets,
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Fig. 1. Geological background of the study area (after Topor et al., 2017a) with the location of well (dots) and outcrop (square) samples. TTZ - Teisseyre-

Tornquist Zone.
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subsequently ground, and polished according to the ASTM D2797
(ASTM, 2015). An Axio Imager Z2 (ZEISS) reflected-light microscope
coupled with a TIDAS S MSP 200 photometer (JM Microsystems GmbH)
was used for reflectance measurements. The authors attempted to collect
both graptolite and solid bitumen reflectance data. In order to maximize
the number of samples with reflectance measurements, a 100x lens was
used rather than a more common 50x objective. Using the larger
magnification allowed for the measurement of small solid bitumen
particles and very thin graptolites that were too small to be measured
with a 50x lens. In several samples with very low OM content, it was
impossible to obtain reflectance data. Thermal maturity for these sam-
ples is estimated based on the extrapolation of reflectance data from
other samples from the same well. Vitrinite reflectance equivalent (VRE)
was calculated from graptolite reflectance according to Petersen et al.
(2013). The only exception is sample SE2, a single sample from its
parent well; it does not contain graptolites. The VRE for this sample was
estimated based on solid bitumen reflectance using the Schoenherr et al.
(2007) equation.

3.2. OM content

OM content is expressed using total organic carbon (TOC). The TOC
was measured using Rock-Eval 6 Vinci Technologies.

3.3. Gas sorption

Low-pressure gas sorption experiments with CO2 and N3 were con-
ducted on an Anton-Paar NOVAtouchLX4 surface area and pore size
analyzer. Samples were ground to pass through the 0.25 mm sieve and
subsequently degassed for 12 h at 110 °C in a vacuum to remove
moisture and a majority of hydrocarbons from the pore network. The
degassing temperature was chosen to remove the free water, light- and
medium-weight hydrocarbons and, at the same time, to minimize clay
interlayer dehydration, leading to the shrinking of clay particles and
thermal changes within OM, especially in the immature and low-
maturity samples. COz isotherms were collected at 0.0 °C (273.1 °C)
in the 2.75-750 mmHg pressure range, corresponding to 0.30-1.47 nm
pore diameter with 36 adsorption points. N5 isotherms were collected at
liquid nitrogen temperature (77.3 K) in the 36-755 mmHg pressure
range, corresponding to the 1.35-160 nm pore diameter with 39
adsorption and 19 desorption points. Quantachrome TouchWin software
was used to determine surface areas, total pore volumes, pore size dis-
tributions, and to generate adsorption and desorption isotherms ac-
cording to the Brunauer-Emmett-Teller (BET), Barrett-Joyner-Halenda
(BJH), Dubinin-Radushkevich (DR), and density functional theory (DFT)
methods. Definitions and discussion of these parameters are given
elsewhere (Gregg and Sing, 1982). In this paper, the classification of the
pores into micropores (less than 2 nm), mesopores (2-50 nm), and
macropores (greater than 50 nm) follows that of the International Union
of Pure and Applied Chemistry (Orr, 1977; Rouquerol et al., 1994).

4. Results
4.1. Organic petrography

Out of 96 studied samples, 69 samples contain graptolites, and 48
contain solid bitumen particles suitable for reflectance measurements.
Overall thermal maturity varies from 0.40 to 4.62 % VRE (Table 1), with
three immature samples (<0.5 % VRE), 26 samples of low maturity
(>0.5 to <0.75 % VRE), 34 samples within the oil window (>0.75 to
<1.1 % VRE), 12 samples within the wet gas window (>1.1 to <1.4 %
VRE), 11 samples within the dry gas window (>1.4 to <2.0 % VRE), and
10 overmature samples (>2.0 % VRE). Maceral composition (Fig. 2) of
the immature and early oil window samples is dominated by bituminite,
often constituting more than 50 vol% observable OM; alginite is the
second most common maceral, averaging about 20 vol% of organic
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particles; liptodetrinite is present in smaller amounts (a few to several
vol%). The percentage of liptinite group macerals gradually decreases
between 0.7 and 1.05 % VRE, with bituminite disappearing at 0.91 %
VRE, slightly earlier than alginite and liptodetrinite (at 1.05 % VRE).
Solid bitumen is rare in immature and early oil window samples (few to
several vol%) and gradually increases in volume through the oil window
as a result of conversion of macerals from the liptinite group (Hackley
et al., 2018; Jacob, 1989; Liu et al., 2019) to dominate OM maceral
composition from the peak oil window through higher maturities.
Graptolites, when present, range from a few to 30 vol% of the total OM
with no obvious volumetric trends with increasing maturity. Chitino-
zoans and acritarchs were observed in small amounts in several samples.

4.2. OM content

The TOC content of the samples ranges from 0.10 to 10.29 wt%, with
the TOC values gradually decreasing with maturity. The decrease is
steeper in the immature stage through the oil and wet gas windows and
gentler in the dry gas window and overmature samples. In order to
better visualize and explain the TOC influence on porosity changes with
maturity, samples were clustered into three groups based on OM con-
tent. The partition into high-, medium- and low-TOC sample groups,
roughly 2.0 and 4.5 wt% TOC at 0.5 % VRE, takes into account
decreasing TOC value with maturity, as presented in Fig. 3.

4.3. Gas sorption data

4.3.1. Total pore volume

The total pore volume (TPV) values were calculated by adding the
micropore volume obtained from CO2 adsorption (encompassing pore
size from 0.30 to 1.47 nm in diameter), mesopores, and macropore
volume determined by N5 adsorption (1.47 to 169 nm in diameter). The
TPV (Fig. 4, Table 1) for the immature and low-maturity samples shows
a wide spread in values between 0.04 and 0.10 cc/g, with the high-TOC
group having the lowest values among the three groups. With increasing
maturity, the TPV of all the samples decreases to roughly 1 % VRE,
where the medium- and high-TOC groups reached the TPV between
0.015 and 0.03 cc/g, separating from the low-TOC samples. A further
increase in maturity through the wet gas window registers an increase in
TPV for the medium- and high-TOC groups, with a local maximum in
TPV at 0.03-0.04 cc/g between 1.5 and 2.0 % VRE, where the medium-
and high-TOC samples merge with the low-TOC group. A subsequent
increase in maturity results in a slight decrease for all the groups, with
the TPV values in the range between 0.02 and 0.03 cc/g above 4.0 %
VRE.

4.3.2. Micropore, mesopore, and macropore volumes

Micropore volume was calculated by adding pore volumes from CO,
adsorption (encompassing pore size diameter between 0.30 and 1.47
nm) and pore volumes from N adsorption between 1.47 and 2.0 nm.
Mesopore and macropore volumes were calculated based on Ny
adsorption data in the range of 2.0-50.0 nm and 50-169 nm,
respectively.

Micropore volume (Fig. 5A, B and Table 1) ranges between 0.0013
and 0.011 cc/g. It decreases from the immature and early mature stages
to the oil window, increases through the wet gas window, and then
decreases with a further increase in maturity. Overall, the trend is
similar to TPV, but with more scatter. Although micropore volumes are
initially decreasing with maturity like TPV and other pores, their
decrease is slowest, as the percentage of micropores in TPV is increasing
(Fig. 5B). The percentage of micropore volume within the TVP is highest
on the high-TOC samples, indicating affinity between micropores and
OM. Micropores have the lowest contribution to pore volume, ranging
between 6 and 31 % of TPV.

Mesopore volume (Fig. 5C,D and Table 1) ranges between 0.0091
and 0.059 cc/g, and it is the dominant pore type, accounting for 45-73
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Table 1

TOC, reflectance and adsorption parameters for the studied samples (vitrinite reflectance equivalent VRE, solid bitumen reflectance SB Ro, graptolite reflectance GR
Ro, pore volume PV, total pore volume TPV, surface area SA). * indicates VRE was estimated based on VRE values for the neighboring samples from the same well; **
indicates VRE was calculated based on SB Ro; for all the other samples, VRE values were calculated based on GR Ro.

Sample name Well name TOC VRE SB Ro GR Ro PV <2 nm PV 2-50 nm PV >50 nm TPV BET SA CO, SA

(Wt%) (%) (%) (%) (cc/g) (cc/g) (cc/g) (cc/g) (m*/g) (m®/g)
GOS8 1.78 0.40 - 0.32 0.00532 0.0425 0.0109 0.0587 20.27 0.0045
GO7 1.49 0.55 0.31 0.53 0.00657 0.0580 0.0204 0.0849 27.78 0.0041
GO5 2.88 0.48 - 0.43 0.00650 0.0424 0.0112 0.0600 22.58 0.0043
GO4 2.42 0.54 0.27 0.52 0.00611 0.0469 0.0118 0.0648 24.16 0.0041
GO2 0.21 *0.52 - - 0.00723 0.0494 0.0132 0.0698 28.88 0.0055
GO1 6.39 0.50 - 0.47 0.00942 0.0308 0.0081 0.0482 14.38 0.0051
Gotdap IG-1 Goldap IG-1 4.83 0.48 - 0.43 0.00581 0.0366 0.0113 0.0536 16.59 0.0039
KE7 1.41 *0.58 0.55 - 0.00744 0.0503 0.0116 0.0694 27.65 0.0050
KE6 3.97 0.57 - 0.56 0.00917 0.0532 0.0253 0.0876 29.51 0.0058
KES 3.44 0.62 0.44 0.63 0.00798 0.0423 0.0221 0.0723 20.84 0.0046
KE4 4.95 0.55 0.21 0.55 0.00633 0.0309 0.0114 0.0486 14.46 0.0043
KE3 1.55 0.56 0.33 0.55 0.00680 0.0384 0.0162 0.0614 20.33 0.0031
Ketrzyn I1G-1 Ketrzyn 1G-1 7.14 0.60 0.31 0.60 0.00837 0.0353 0.0115 0.0551 18.82 0.0046
BA4 0.99 0.59 0.48 0.59 0.00805 0.0548 0.0201 0.0830 26.38 0.0059
BA2 Barciany 1 2.92 0.66 0.42 0.69 0.00853 0.0589 0.0258 0.0932 27.81 0.0053
BT9 1.68 0.54 0.48 0.53 0.00685 0.0493 0.0116 0.0677 26.04 0.0050
BT8 1.26 0.64 - 0.66 0.00625 0.0446 0.0123 0.0632 23.67 0.0053
BT7 0.42 0.66 - 0.68 0.00601 0.0424 0.0142 0.0626 23.77 0.0041
BT6 1.31 *0.65 0.97 - 0.00661 0.0514 0.0126 0.0706 27.04 0.0047
BT5 3.57 0.65 - 0.68 0.00422 0.0453 0.0132 0.0628 26.00 0.0041
Bartoszyce IG-1 Bartoszyce IG-1 10.29 0.56 - 0.55 0.01096 0.0349 0.0123 0.0582 17.37 0.0080
SE2 Sepopol 2 0.66 **0.69 0.48 - 0.00703 0.0576 0.0171 0.0817 29.59 0.0048
PI9 1.11 *0.7 0.94 - 0.00658 0.0407 0.0158 0.0631 22.68 0.0040
PI8s 2.83 0.72 - 0.77 0.00527 0.0368 0.0148 0.0568 17.05 0.0031
P17 0.24 *0.70 - - 0.00692 0.0474 0.0113 0.0657 27.35 0.0046
P14 0.13 *0.70 - - 0.00755 0.0501 0.0193 0.0770 30.38 0.0049
PI3 2.80 0.69 - 0.72 0.00789 0.0469 0.0127 0.0675 27.25 0.0043
PI2 6.46 0.70 - 0.74 0.00745 0.0299 0.0107 0.0481 16.41 0.0047
PI1 Pieszkowo 1 8.54 0.70 - 0.74 0.00853 0.0340 0.0080 0.0504 18.41 0.0061
OL5 0.66 0.91 0.97 1.03 0.00558 0.0269 0.0103 0.0427 15.30 0.0041
OL1 Olsztyn 1G-2 0.12 *0.91 - - 0.00693 0.0338 0.0092 0.0500 23.46 0.0052
PAS 0.24 *0.88 - - 0.00565 0.0269 0.0084 0.0410 19.32 0.0039
PA4 2.25 0.97 - 1.11 0.00573 0.0212 0.0082 0.0351 12.21 0.0042
PA3 1.33 0.79 - 0.86 0.00408 0.0236 0.0110 0.0387 11.55 0.0027
PA1 Pastek IG-1 0.57 *0.88 - - 0.00542 0.0275 0.0102 0.0431 18.65 0.0039
PRA1 1.33 0.85 0.86 0.95 0.00255 0.0132 0.0069 0.0226 5.60 0.0023
PRA2 Outcrop samples 1.37 *0.85 0.87 - 0.00357 0.0129 0.0058 0.0224 6.50 0.0029
HE10 0.19 *0.90 - - 0.00518 0.0190 0.0047 0.0289 16.08 0.0044
HE9 0.64 *0.90 - - 0.00400 0.0254 0.0089 0.0383 18.51 0.0040
HE7 6.30 0.84 - 0.93 0.00531 0.0105 0.0057 0.0215 3.84 0.0040
HE6 8.14 1.00 0.51 1.24 0.00602 0.0119 0.0048 0.0227 4.32 0.0044
HE5 0.62 *0.90 1.36 - 0.00540 0.0238 0.0051 0.0343 14.61 0.0042
HE4 2.81 0.94 - 1.07 0.00382 0.0179 0.0081 0.0297 7.74 0.0032
HE3 2.84 0.97 - 1.11 0.00443 0.0180 0.0106 0.0330 6.51 0.0022
HE2 0.48 *0.90 - - 0.00368 0.0168 0.0054 0.0259 11.98 0.0023
HE1 Hel IG-1 7.22 0.86 0.48 0.96 0.00659 0.0100 0.0055 0.0221 4.11 0.0042
DA13 0.75 1.07 1.36 1.24 0.00482 0.0209 0.0079 0.0336 14.39 0.0035
DA12 0.81 *1.00 - - 0.00408 0.0190 0.0085 0.0316 11.43 0.0035
DA10 0.18 *1.00 1.13 - 0.00474 0.0184 0.0081 0.0312 14.83 0.0032
DAS 0.19 *1.00 - - 0.00539 0.0224 0.0100 0.0378 16.94 0.0037
DA7 0.22 *1.00 - - 0.00621 0.0216 0.0054 0.0331 19.37 0.0047
DA6 0.47 1.01 0.82 - 0.00648 0.0267 0.0140 0.0472 19.75 0.0048
DA5 6.72 0.94 - 1.16 0.00607 0.0091 0.0042 0.0194 3.45 0.0047
DA4 4.69 1.04 - 1.20 0.00574 0.0209 0.0086 0.0352 12.67 0.0034
DA3 1.42 1.17 1.44 1.38 0.00340 0.0193 0.0111 0.0339 7.25 0.0017
DA2 2.79 0.97 - 1.11 0.00410 0.0164 0.0105 0.0310 5.98 0.0025
DAl 4.15 1.05 - 1.22 0.00450 0.0144 0.0052 0.0240 6.32 0.0026
DAOr 4.30 1.01 1.25 1.17 0.00595 0.0142 0.0070 0.0272 5.23 0.0030
DAO 5.22 1.01 - 1.16 0.00563 0.0141 0.0064 0.0261 6.17 0.0047
Dar-1 Darzlubie IG-1 6.41 1.04 - 1.19 0.00515 0.0104 0.0041 0.0197 4.21 0.0032
BG8 0.44 1.11 1.37 1.30 0.00552 0.0198 0.0105 0.0358 16.01 0.0043
BG7 0.24 *1.05 - 0.00536 0.0204 0.0117 0.0374 14.76 0.0036
BG6 7.45 1.03 - 1.19 0.00687 0.0120 0.0041 0.0230 4.98 0.0046

Biatogora 1

BG5 5.38 1.05 1.02 1.22 0.00469 0.0117 0.0059 0.0223 4.25 0.0034

(continued on next page)
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Table 1 (continued)
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Sample name Well name TOC VRE SB Ro GR Ro PV <2 nm PV 2-50 nm PV >50 nm TPV BET SA CO, SA

(Wt%) (%) (%) (%) (cc/g) (cc/g) (cc/8) (cc/g) (m?/g) (m?/g)
BG1 2.49 1.11 1.17 1.30 0.00450 0.0141 0.0052 0.0237 5.86 0.0033
LB8 0.59 1.21 - 1.43 0.00361 0.0176 0.0077 0.0289 10.96 0.0022
LB5 0.36 *1.20 - - 0.00452 0.0211 0.0088 0.0344 13.43 0.0032
LB4 5.51 1.31 0.68 1.57 0.00497 0.0136 0.0051 0.0237 5.99 0.0032
LB3 3.53 1.18 1.15 1.40 0.00195 0.0145 0.0069 0.0234 5.15 0.0006
LB1 Leba IG-1 2.74 1.10 1.05 1.28 0.00127 0.0119 0.0052 0.0184 4.22 0.0003
GD7 1.81 1.23 - 1.47 0.00368 0.0220 0.0081 0.0339 9.75 0.0019
GD3 0.10 *1.20 - - 0.00551 0.0214 0.0070 0.0339 17.14 0.0042
GD2 1.03 1.12 1.51 1.32 0.00664 0.0239 0.0130 0.0435 16.55 0.0046
GD1 0.38 *1.20 - - 0.00577 0.0248 0.0102 0.0408 17.27 0.0041
GD8 Gdansk 1G-1 2.21 1.27 - 1.52 0.00504 0.0154 0.0092 0.0296 5.38 0.0036
LE9 0.93 1.94 2.44 2.43 0.00590 0.0190 0.0077 0.0325 15.55 0.0059
LE8 0.65 1.70 2.32 2.11 0.00497 0.0173 0.0043 0.0265 13.89 0.0037
LE7 0.23 *1.82 - - 0.00491 0.0210 0.0076 0.0335 14.82 0.0031
LE3 1.72 1.85 2.52 2.32 0.00520 0.0192 0.0084 0.0328 12.79 0.0037
LE-11 Lebork 1G-1 1.93 1.66 2.05 2.06 0.00525 0.0210 0.0080 0.0342 13.27 0.0037
KO14 1.80 1.94 1.45 2.44 0.00521 0.0194 0.0066 0.0312 14.94 0.0033
KO9 0.34 *1.90 - - 0.00518 0.0200 0.0087 0.0338 15.84 0.0035
KO6 0.38 1.78 2.29 2.23 0.00689 0.0239 0.0092 0.0399 18.69 0.0052
KOS5 1.91 1.66 2.29 2.23 0.00585 0.0221 0.0093 0.0373 15.76 0.0034
KO4 4.97 2.00 1.76 2.52 0.00923 0.0236 0.0061 0.0389 17.45 0.0061
KO2 Koscierzyna IG-1 1.57 1.82 2.34 2.27 0.00604 0.0190 0.0085 0.0335 16.21 0.0046
SL7 0.71 2.61 4.20 3.35 0.00400 0.0148 0.0069 0.0257 9.82 0.0027
SL5 1.49 3.32 3.74 5.78 0.00353 0.0116 0.0052 0.0204 8.26 0.0029
SL3 1.53 *2.65 3.63 - 0.00241 0.0121 0.0069 0.0215 6.17 0.0015
SL10 Stupsk 1G-1 0.87 2.66 3.88 3.42 0.00392 0.0150 0.0084 0.0273 9.69 0.0031
PO8 1.31 4.14 4.55 5.45 0.00233 0.0169 0.0090 0.0282 8.65 0.0026
PO7 1.71 4.17 4.45 5.49 0.00279 0.0124 0.0047 0.0198 6.13 0.0012
PO6 1.74 4.62 4.80 6.10 0.00343 0.0140 0.0048 0.0222 9.38 0.0021
PO4 0.45 *4.30 - - 0.00327 0.0155 0.0072 0.0259 9.23 0.0024
PO2 Polik IG-1 3.46 4.19 2.92 5.52 0.00587 0.0179 0.0063 0.0300 11.53 0.0043
PO1 2.71 4.46 - 5.89 0.00558 0.0154 0.0060 0.0270 10.04 0.0036

% TPV. Macropore volume (Fig. 5E, F and Table 1) ranges between
0.0041 and0.026 cc/g, constituting 14 to 34 % of TPV. Both mesopore
and macropore volumes follow trends similar to TPV for all three sample

types.

4.3.3. Surface area

The BET surface area from Ny isotherms of the immature and low
maturity samples ranges between 14 and 30 m?/g, with high-TOC
samples having the lowest values and mid- to low-TOC samples group-
ed together with higher values (Fig. 6). With increasing maturity, BET
surface areas are following different evolution paths for different sample
types. For low-TOC samples, surface areas decrease to the 10 to 20 m?/g
range at the oil window and down to ~10 m?/g for the overmature
samples. Medium-TOC samples experience the biggest decline in surface
area from immature to the end of the oil window, dropping from 20 to
30 m?%/g to 4-10 m?/g for the majority of the samples, whereas high-
TOC samples drop from 14 to 20 to 3-6 m?/g and have the lowest
BET surface area values among the three sample types. A subsequent
maturity increase results in a rebound in BET surface area values for the
mid and high-TOC samples to 13-17 m?/g around 2.0 % VRE. Further
maturity increase (2.0 to 4.5 % VRE) results in a slow decrease in surface
areas for all sample types.

Surface area calculated using the DFT method for the CO4 adsorption
isotherms (CO2 SA) ranges between 1 and 25 mz/g (Fig. 7). Immature
and low-maturity samples are characterized by CO, SA in the 11-25 m?/
g range. Although all data for the three sample groups overlap, the three
points with the highest CO; SA belong to the high-TOC group. A
maturity increase to and slightly past the oil window (1.2 % VRE) leads
to a decline in the CO3 SA for all three groups, with the greatest decline
(down to the minimum at 1-2 mz/g) for the mid-TOC samples. A further
maturity increase leads to a steep increase within the 1.2 to 2.0 % VRE

range, followed by a shallower decline past 2.0 % VRE in CO5 SA. The
high-TOC group exhibits higher CO, SA values for the overmature
samples than the mid- and low-TOC groups.

5. Discussion

The studied formation was a target for shale gas production in the
past, but after several years of exploration, it was considered to be a poor
reservoir, and exploration efforts were aborted (Hendel et al., 2015).
The following discussion will attempt to identify the main factors
affecting porosity evolution within the studied reservoir and the effects
that porosity has on the reservoir quality. Specifically, the focus is on the
impact of OM content on porosity evolution and discuss them in the
context of processes occurring at various thermal maturity stages.

5.1. Immature and low-maturity (<0.75 % VRE) stages

It is well documented that compaction (both mechanical and
chemical) is responsible for the overall decline in porosity with depth.
Mondol et al. (2007) reviewed and presented porosity changes with
depth for shales and argillaceous sediments from previous works. Their
data show a decline in porosity from 40 to 80 % in fresh sediments to
10-40 % at 1 km, 5-30 % at 2 km, and less than 20 % at 4 km burial.
Initially, mechanical compaction is the main driving force, but starting
from a depth of approximately 2 km and temperatures above 70-80 °C,
chemical compaction becomes dominant (Bjorlykke and Hgeg, 1997;
Mondol et al., 2008; Peltonen et al., 2009). In our study, this porosity
trend is represented best by the low-TOC sample group (Fig. 4). TPV
from a maximum of 0.09 cc/g at immature samples is steeply declining
to 0.03-0.05 cc/g around the oil window.

Samples with increased OM content behave differently; this is
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Fig. 2. Photomicrographs representing maceral components in studied shales at different maturity stages: A & B - immature (sample Bartoszyce IG-1, 0.56 % VRE,
reflected and UV light, respectively), C - oil window (sample DAO, 1.01 % VRE), D - wet gas (sample LB4, 1.31 % VRE), E - dry gas (sample LE8, 1.70 % VRE), and F -

overmature (sample PO2, 4.19 % VRE). All in oil immersion.
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Fig. 4. TPV across thermal maturity for the three sample groups. Circle size
represents TOC values with selected TOC provided in the figure.
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the figure.

especially pronounced for the high-TOC sample group, which at this low
maturity level is characterized by TPV values in the range of
0.048-0.058 cc/g—significantly lower than values for the low-TOC
sample group (Figs. 4 and 8A). Microscopic observations show that
solid bitumen at this early maturity stage is either not present or is
present in small quantities (<10 vol% of total OM) in the form of pre-oil
bitumen, forming distinct particles rather than pore-filling material. The
small amount of hydrocarbon/bitumen generated at this maturity is
likely absorbed within the kerogen network until a sorption potential is
exceeded (Han et al., 2017; Jarvie, 2012a; Sandvik et al., 1992). Thus,
the solid bitumen is unlikely to be responsible for the lower TPV in the
high-TOC samples. It is suggested that the reason for lower TPV in the
high-TOC group at this maturity stage is related to the weak mechanical

properties of OM. OM is generally mechanically weaker than mineral
constituents (Li et al., 2019), especially at low maturity, where OM is
mechanically weakest, with mechanical stiffness increasing with matu-
rity (Li et al., 2018a; Wang et al., 2022).

The fact that the low- and mid-TOC sample groups’ TPV values
overlap and only the high-TOC group plots separately (Fig. 4) suggests
there is a certain threshold, in our case around 4.0-4.8 wt% TOC, above
which resistance to mechanical compaction significantly decreases. The
threshold value of 4.0-4.8 wt% TOC corresponds to roughly 10 % OM by
volume and likely relates to the transition from the mainly rigid mineral
matter framework, which effectively resists mechanical compaction, to
the softer mixed mineral-organic framework with weak organic sites
(Fig. 8A). Microscopic observations reveal that OM is not uniformly
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dispersed through the rock matrix, but tends to concentrate in organic-
rich layers several to tens of micrometers in thickness (Fig. 9). Increased
concentration of OM in these layers further disrupts mineral framework,
creating compaction-prone layers. The high-TOC group at maturity
below 0.75 % VRE is characterized by a higher percentage of micro-
pores, a similar percentage of mesopores, and a lower percentage of
macropores compared to the other two sample groups (Fig. 5), meaning
it has reduced pore size compared to two other groups. This is the result
either of proneness to mechanical compaction observed as reduced pore
size for the high-TOC group or higher content of primary micropores
associated with OM.

Several previous publications noted a similar observation that above
a certain OM content, porosity either does not increase anymore with
TOC or even declines. Milliken et al. (2013) observed that porosity
values in the Marcellus Formation increase with OM content up to 5.6 wt
% TOC; in samples above 5.6 wt% TOC there is no correlation between
porosity and TOC. Additionally, samples above that TOC threshold
showed a reduction in pore size. These samples were within the oil
window and overmature, and the trend was interpreted as a result of
higher hydrocarbon expulsion efficiency related to the increased OM
connectivity in high-TOC samples, but it could also be lower resistance
to compaction for high-TOC samples. Liu et al. (2017a) observed a
decline in porosity with increasing TOC for two sample sets from the
Silurian Longmaxi Formation above 4 and 6 wt% TOC. Knapp et al.
(2020) observed in the Devonian Duvernay Formation a good correla-
tion between helium porosity and TOC up to 5.6 wt% TOC and a decline
in porosity in the sample with highest TOC (7.3 wt%). Chukwuma et al.
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(2018), in the Permian Whitehill Formation, observed a weaker corre-
lation between TOC and porosity in the samples with >5.4 wt% TOC.
Gao et al. (2022) in the Lower Paleozoic Wufeng-Longmaxi formations
reported collapsing of larger organic pores in samples with TOC >5.5 wt
%. Schieber (2010), based on scanning electron microscope observation
of samples from several shale formations, stated that immature samples
with high OM content (TOC > 10 wt%) have phyllosilicate pores filled
with OM, and thus possibly lower porosity, while in samples with lower
OM content (TOC < 7 wt%) a large portion of phyllosilicate pores was
open. Kuila et al. (2014) reached similar conclusions for Silurian shales
from the Baltic Basin and Paleozoic shales from North America, based on
N, adsorption studies and SEM observations before and after OM
removal. They found that immature mudstones and shales have a het-
erogeneous distribution of OM and clay aggregates, with pore structures
dominated by clay-hosted micro- and meso-porosity, which may be open
or partially filled by OM. Most of the above-cited studies indicate a
threshold between 4 and 6 wt% TOC, above which increased compac-
tion takes place. Lithological and mechanical rock parameters likely
define the width and value of the OM content threshold.

5.2. 0il window (0.75 to 1.1 % VRE) maturity

With increasing maturity through the oil window, chemical
compaction becomes increasingly more important, surpassing the
importance of mechanical compaction above 70-80 °C (Mondol et al.,
2008). Multiple processes, both inorganic (e.g., mineral dissolution and
re-precipitation, crystallization of amorphous silica phases, clay-
recrystallization and dehydration) and organic (organic acid, bitumen,
and hydrocarbon generation with associated maceral conversion) take
place, affecting porosity. At the immature and low-maturity stage, TPV
values for low- and mid-TOC samples overlap. Moving into the oil
window, the mid-TOC samples undergo a more significant decline in
TPV values. The decrease in pore volume and surface area at the oil
window stage has been observed before in OM-rich shales (Furmann
et al., 2016; Han et al., 2017; Lohr et al., 2015; Mastalerz et al., 2018;
Mastalerz et al., 2013; Wei et al., 2014) and artificially pyrolysed sample
sets (Chen and Xiao, 2014; Guo et al., 2017; Wang et al., 2022). This
decline has been related to pore filling and pore-throat plugging with
bitumen (Lohr et al., 2015; Mastalerz et al., 2018; Mastalerz et al., 2013;
Misch et al., 2019; Topdr et al., 2017b; Wei et al., 2014; Wood et al.,
2018; Wood et al., 2015). Microscopic observations confirm the gradual
replacement of liptinite macerals with solid bitumen at the oil window
stage (Fig. 2). TPV values through the oil window show an inverse
relationship with TOC (Fig. 8C). This could be explained by the simple
fact that the higher the OM content, the more bitumen is generated,
filling more porosity and plugging more pore-throats. Interestingly,
micropores behave differently, and the lowest micropore volume
(Figs. 5A and 8D) is observed in the mid-TOC sample group, whereas
low- and high-TOC samples have higher micropore volume and CO3 SA.
The low-TOC sample group produced less bitumen and showed less pore
filling. The high-TOC sample group should have better expulsion
through an interconnected OM network (Loucks et al., 2012; Loucks
et al.,, 2009) than the mid-TOC group. Thus, more solid bitumen is
retained in the mid-TOC group, preferentially plugging OM-associated
micropores.

Secondary OM-hosted porosity should develop at the oil window
stage. Its onset has been observed in previous studies (Cardott et al.,
2015 at 0.9 %, Curtis et al., 2012 between 0.9 and 1.23 %, Loucks et al.,
2012 at 0.6 %, Liu et al., 2021, at 1.05 %). As observed by Inan et al.
(2018 and references therein) initially, the generated bitumen will be
preferentially retained within kerogen; only above a certain threshold
will it form separate particles. Eventually, the excess of bitumen is
expelled from kerogen. The preferred location for the newly formed
bitumen particles will be pressure shadows next to rigid minerals; thus,
solid bitumen will be more prone to secondary porosity formation. The
negative relationship between TOC and TPV in the oil window observed
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Fig. 8. Graphs showing relationships between TPV (A-E) and micropore volume (F-J) and TOC for the selected maturity stages. Black dots represent samples from the
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Fig. 9. Comparison of low-maturity dominantly mineral (A,B, low-TOC, sample BT9) and mixed organic-mineral (C,D, high-TOC, sample Bartoszyce IG-1) frame-
works. Photomicrographs of A & C - reflected light, C & D - UV light; all in oil immersion.

in the studied samples indicates that pore filling and pore-throat plug-
ging are more important than secondary porosity development. This is in
contrast to other formations where a strong positive correlation between
TOC and porosity has been documented at oil window maturity (e.g.,
Milliken et al., 2013).

5.3. Wet (1.1-1.4 % VRE) and dry (>1.4-2.0 % VRE) gas windows

At this maturity range, while all samples undergo diminishing
compaction effects, best manifested in the low-TOC samples as a gradual
porosity decline, organic-rich samples behave differently. The mid- and
high-TOC samples reached minimum TPV at the end of the oil window,
and through the wet gas window, there is an increase in TPV that con-
tinues through the dry gas window. The trend is visible not only for TPV,
but also for micro-, meso-, and macropores, BET SA, and CO; SA (Figs. 4,
5, 6, 7). While at the wet gas window, a slight negative correlation still
exists between TOC and porosity (Fig. 8E,F), at the dry gas stage, the
negative correlation for TPV is no longer present, and a scattered but
positive correlation exists for microporosity (Fig. 8G,H). The increase in
porosity could be associated with developing secondary OM-hosted
porosity or pore-throats unplugging, which will be further discussed in
Section 5.5.

5.4. Overmature samples

Further maturity increase beyond the gas window in studied samples
reveals a very gentle decline in TPV, BET SA, CO, SA, micropore, and
mesopore volumes (Figs. 4, 5, 6, 7). Only macropore volume is an
exception, displaying roughly constant values for all sample groups.
Micropore volume (Fig. 5) for overmature high-TOC samples shows
much higher values than for two other sample groups, again confirming
the affinity between microporosity and OM. A positive correlation also
exists between TOC and micropore volume (Fig. 8J).

At the overmature stage, the hydrocarbon generation potential is

10

almost exhausted; thus, secondary OM porosity generation is unlikely.
The correlations between TOC and both TPV and micropore volume are
similar to those in the dry gas stage, but the pore volumes are lower. An
increase in overburden pressure between the dry gas window and the
overmature stage leads to further compaction. At this stage, OM is
becoming mechanically stiffer than clay minerals. Wang et al. (2022)
reports Young’s modulus values for overmature OM (2.1 to 4.5 EasyRo
%) to be between 5.59 and 9.71 GPa. These values are comparable to or
sometimes greater than Young’s modulus for different clay minerals:
kaolinite 2.59 GPa (Pal-Bathija et al., 2008), 1.3 GPa for fresh rising to
6.9 GPa upon heating (Mikowski et al., 2007); 5 to 8 GPa for kaolinite-
illite mixtures (Htlan and Stubna, 2020); montmorillonite 7.26 GPa
(Pal-Bathija et al., 2008); and 6.2 GPa for dickite (Prasad et al., 2002).
Thus, even if compaction leads to a decrease in pore volumes, it no
longer preferentially affects the OM. The continuing correlation from
the dry gas window between micropores and TOC suggests that OM
(with its hosted porosity) is no longer weaker than the surrounding
mineral matrix and resistant to preferential compaction. The fact that
micropore volume shows correlation with TOC and meso- and macro-
pores don’t, may suggest that micropores are more resistant to
compaction than meso- and macropores and/or that the latter two are
compacted to form micropores.

5.5. Porosity decline mechanisms: pore-throat plugging vs pore filling

The decrease of TPV, micropore volume, as well as BET and CO»
surface areas through the oil window is associated with kerogen trans-
formation, hydrocarbon/bitumen generation, and related pore-throat
plugging and/or pore filling. This is documented by the difference in
adsorption parameters (pore volumes and surface areas) between mid-
and high-TOC, and low-TOC sample groups. The mid-TOC samples be-
tween 0.9 and 1.1 % VRE have an average TOC content of 2.3 wt%,
which, based on the oil window type II kerogen density of 1.28 g/cc
(Stankiewicz et al., 2015), can be translated into 5.6 vol% of OM
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(assuming 0.8 as the carbon weight fraction in OM). At 1.0 % VRE, the
difference in TPV between low- and mid-TOC groups is around 0.02 cc/
g. Assuming 2.5 g/cc as the average shale density, a 0.02 g/cc difference
in TPV translates to a 5 % decrease in porosity between the low- and
mid-TOC sample groups. Thus, the volume of OM (5.6 %) is just slightly
more than the volume of porosity loss due to bitumen pore-throat
plugging or pore filling. If pore filling were the dominant mechanism
for porosity decrease, then either OM would have to increase in volume
by 90 % (due to chemical conversion to liquid hydrocarbons), or 90 % of
OM would have to become mobile, migrate within the shale, and fill the
pores. The third option would be a combination of the two above-
mentioned processes. In any case, these are impossible or highly un-
likely scenarios. Alternatively, porosity decrease can be explained more
easily by a slight increase in OM volume due to bitumen generation,
migration within shale, and pore-throat plugging. This suggests that
pore-throat plugging rather than pore filling is the dominant mechanism
responsible for measured porosity decline within the oil window. Pore-
throat plugging prevents N, and CO, adsorbants from accessing pores,
thus adsorption measured porosity can be described as the accessible
porosity. Pores that are not completely filled, but rendered inaccessible
due to plugging, will contribute to the total porosity, but not to the
accessible porosity. Thus the total porosity (not measured in this study),
likely experiences lower decline than accessible porosity at the oil
window stage. As a result the difference between effective and total
porosity should increase due to pore-throat plugging. That difference
can also increase with increasing TOC, with more pores plugged and
rendered non-accessible in high TOC samples.

Furthermore, a maturity increase from 1.0 % VRE through the wet
and dry gas windows (to 2.0 % VRE) results in a porosity increase of 2.5
% (0.01 g/cc) for the mid-TOC group. A model presented by (Modica
and Lapierre, 2012, their Fig. 9) indicates that at 1.0 % vitrinite
reflectance, 90 % of OM secondary porosity is already generated. Thus,
further increase in maturity can generate a maximum of 0.35 % addi-
tional secondary porosity (for 4.0 % initial TOC pathway in their Fig. 9).
This indicates that in the observable 2.5 % porosity increase for the mid-
TOC group from the oil window to the dry gas window, a maximum of
0.35 % can be the result of secondary porosity generation in bitumen-
filled pores. The remaining 2.15 % porosity increase is the result of
pore-throat unplugging. Caution, however, needs to be taken with the
above approach, as different studies present development of secondary
porosity at slightly different maturity ranges (see Katz and Arango,
2018, and references therein) with potential secondary porosity devel-
opment even past 2.0 % Ro (Chen and Xiao, 2014; Curtis et al., 2012;
Luo and Zhong, 2020).

Analogously, for the high-TOC group, the porosity increase from 1.0
to 2.0 % VRE is roughly 3.75 % (0.15 cc/g). Assuming 8.0 % as the initial
average TOC for this group and scaling Modica and Lapierre’s (2012)
model, 0.7 % of the porosity increase can be attributed to the generation
of secondary OM-hosted porosity, leaving a 3.05 % porosity increase to
pore-throat unplugging. In both cases, in mid- and high-TOC groups, the
majority of porosity increase is related to pore-throat unplugging, but
the fraction of porosity increase related to unplugging decreases with
increasing TOC (0.86 for the mid- and 0.81 for the high-TOC group),
indicating more pore filling with increasing OM content. Pore-throat
unplugging does not mean complete removal of bitumen-plugging
pores. It is more likely related to the generation of secondary porosity
within the bitumen plug, making it porous and permeable enough for
CO4 and N adsorbants to access the previously blocked pore.

The dominance of coupled pore-throat plugging and unplugging (vs.
pore filling and significant secondary porosity generation) as a potential
mechanism of oil window porosity decrease and gas window porosity
increase is corroborated by observations of poor secondary porosity
development in the same Silurian shales from the Baltic Basin made by
Milliken et al. (2018). In different shales, Lomando (1992), based on the
observations that solid bitumen presence leads to a significant reduction
in permeability and only “some porosity reduction,” concluded the

11

International Journal of Coal Geology 301 (2025) 104713

blockage of pore-throats to be the principal cause. Fan et al. (2024),
performing artificial maturation experiments on shales from the Sinian
Xiamaling and Permian Shanxi Formations, calculated that micropore
volume increase during gas generation is primarily due to the opening of
previously existing pores rather than self-generated new pores. Still, for
pores bigger than 2 nm, self-generation contributed more to pore vol-
ume increase than the release of previously blocked pores.

5.6. Maceral composition effect on reservoir properties

Although fossils of terrestrial vascular plants from the early Silurian
have not been found so far, the geochemical signatures suggest that
vascular plants have already colonized the land (Yuan et al., 2023). The
lack of fossils may indicate either no colonization or only localized one.
No terrestrial-derived macerals from vitrinite and inertinite groups were
observed in the studied sample set. As terrestrial OM has a different
chemical composition and potential for secondary porosity development
than marine OM, its input would introduce another factor to be
considered. Without the presence of terrestrial OM, the changes in OM
maceral composition are mainly related to thermal maturity and not to
the input of terrigenous material.

OM in immature and low-maturity samples is dominated by macerals
from the liptinite group, which convert to solid bitumen with increasing
maturity. Solid bitumen is widely known for developing extensive sec-
ondary porosity (Cardott et al., 2015; Delle Piane et al., 2022; Liu et al.,
2017b; Suarez-Ruiz et al., 2016; Wood et al., 2015; Zhang et al., 2020).
The remaining OM comprises zooclasts, mostly graptolite (up to 20 % by
volume) with trace amounts of chitinozoa and acritarchs. There is
ongoing discussion about the secondary porosity development potential
in graptolites, with the majority of studies observing little to no sec-
ondary porosity (e.g., Delle Piane et al., 2022; Li et al., 2018b; Teng
et al., 2022; Zhang et al., 2020), whereas other studies observe porosity
development (Ma et al., 2016; Xu et al., 2020). The maceral composition
of the studied early Silurian shale can be compared with the Wufeng-
Longmaxi Shale (upper Ordovician-early Silurian), where the grapto-
lite content can be similar (Teng et al., 2022) or higher (Luo et al., 2016).
The porosity in the Wufeng-Longmaxi Shale, at least in some cases (Ma
et al., 2016), strongly correlates with TOC, suggesting the importance of
OM-hosted porosity for reservoir storage. With high graptolite content,
the Wufeng-Longmaxi Shale is still one of the world’s most successful
shale gas plays with 20 billion m® gas production in 2020 (Nie et al.,
2021). Based on this comparison, the authors conclude that the grap-
tolite content, in the amount up to 20 % by volume as observed in the
studied samples, should not be responsible for the low gas production in
the studied formation.

5.7. Implications for reservoir quality

The majority of gas shale studies show a positive correlation between
TOC and porosity (Jarvie, 2012b; Milliken et al., 2013; Milliken et al.,
2012; Passey et al., 2010; Ross and Bustin, 2009; Wang et al., 2024,
among others), indicating OM-related (hosted) porosity plays an
important role in gas shale reservoirs. In the case of studied Silurian
shales from the Baltic Basin, a negative correlation exists between TOC
and TPV for the samples of the wet gas maturity and no correlation for
the samples of the dry gas and overmature stages. For the micropore
volume, no correlation was found with TOC at the wet gas stage, and a
positive, although weak, correlation at the dry gas and overmature
stage. This suggests poor development of secondary OM porosity within
the studied samples.

Clay content in studied shales is, on average, around 50 % by volume
(Topor et al., 2017a). Similar clay content was reported by other authors
for this formation (Lutynski et al., 2017; Milliken et al., 2012; Stomski
et al., 2021). This is higher than in the majority of producing gas shale
reservoirs in the United States (Chermak and Schreiber, 2014; Fishman
et al., 2015; Hupp and Donovan, 2018; Sahoo et al., 2013), Canada
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(Knapp et al., 2020) or China (Wang et al., 2019). Clay and OM are
mechanically weak rock constituents. Their content correlates inversely
with shale hardness (Kumar et al., 2012). They comprise the majority of
studied rocks by volume, creating a non-rigid mineral or mixed mineral-
organic framework. This has two implications for reservoir quality: first,
the lack of rigid framework enhanced hydrocarbon expulsion in the past
and reduced the hydrocarbons retained within the shale; and second, the
lack of pressure shadows provided by rigid mineral framework impaired
secondary porosity development within OM. Milliken et al. (2018)
studied grain assemblages in the same shale horizon and observed rigid
silt particles floating within clay dominated matrix. Silt content was too
low in most samples to provide a mechanically rigid framework. As a
result, they observed little secondary OM-hosted porosity using electron
microscopy. As observed by Dong et al. (2017) and Gao et al. (2022),
detrital quartz has little effect on porosity preservation, whereas
authigenic quartz cementation positively correlates with brittleness,
forming a rigid mineral framework and enhancing primary porosity
preservation. As reported by Milliken et al. (2018), who observed quartz
cementation only in 3 out of 41 studied samples, shales from the Baltic
Basin are characterized by relatively little quartz cement.

The influence of rock framework physical properties on the preser-
vation of primary and development of secondary porosity has recently
attracted more attention (Dong et al., 2019; Dong and Harris, 2020;
Fishman et al., 2012; Gao et al., 2023; Gao et al., 2022; Knapp et al.,
2020). Fishman et al. (2012) studied the porosity of the organic-rich
Kimmeridge Clay Formation, where mechanically weak rock constitu-
ents often dominate the rock fabric, like in our samples. Similarly, they
observed little OM-hosted secondary porosity, suggesting that if such
porosity developed, it was not preserved in a ductile environment.

The lack of positive TOC-TPV correlation documented in this study
indicates the dominance of inorganic porosity and little contribution
from organic porosity. Mechanically weak rock framework not only led
to the greater porosity collapse in high-TOC samples as observed in
immature and low maturity samples, but it was also ineffective in
providing pressure shadows for significant development of OM-hosted
porosity.

6. Summary and conclusions

Our results show the influence of varying OM content on porosity
evolution in mudstones. Although multiple other processes and factors
affect porosity, introducing scatter to the measured data, a large number
of samples (96) allows us to observe porosity evolution trends and draw
the following conclusions:

1. Porosity in the studied organic-rich shales through most of the
thermal evolution (immature, oil, and wet gas windows) is lower
than in organic-lean shale samples. Only in dry gas and overmature
samples is the porosity equal to or higher than in the organic-lean
samples.

2. High OM content (here, above the 4.0-4.8 wt% TOC threshold;
mostly 4-6 wt% TOC in other studies) disrupts the mineral frame-
work, leading to a mixed organic-mineral framework. Due to the
weak mechanical stiffness of OM, the mixed framework is more
prone to compaction. This is observable as lower porosity in high-
OM-content samples for immature and low-maturity samples.

3. Pore-throat plugging, rather than pore filling, is the dominant
mechanism for porosity decrease observed during the oil window
stage. Unplugging of pore-throats during wet and dry gas stages is
the dominant mechanism for increasing porosity. With increasing
OM content, the pore filling mechanism relatively increases but does
not surpass pore-throat plugging in importance.

4. The absence of or weak correlation between TOC and TPV or
microporosity suggests poor development of secondary OM porosity
within the studied samples. Mineral-associated porosity dominates.
High clay content (50 % by volume) fails to provide the rigid
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framework and pressure shadows necessary for secondary OM
porosity development.
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