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HIGHLIGHTS

« High-pressure methane isotherms were measured on Czech Silurian shale samples.

« Maximum measured excess sorption and Langmuir sorption capacity were used.

« The methane excess sorption shows a positive correlation with TOC and clay contents.
« The highest sorption capacity was in shales with the lowest volume of micropores.

« No correlation was observed between maturity and methane sorption capacity.
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temperature of 45 °C and at pressures up to 15 MPa on dry samples, using a manometric method.
Experimental methane high-pressure isotherms were fitted to a modified Langmuir equation. The max-
imum measured excess sorption parameter (nnm.x) and the Langmuir sorption capacity parameter (1)
were used to study the effect of TOC content, organic maturity, inorganic components and pore size dis-
tribution on the methane sorption capacity. The values of n,.x ranged from 0.050 to 0.088 mmol.g~!, and
the values of n; ranged from 0.068 to 0.133 mmol.g~'. The studied shale samples with random reflectance
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Barrandian Basin R, of graptolite 0.56-1.76% had a very low TOC content from 0.34 to 2.37 wt% and dominant mineral frac-
Thermal maturity tions. Illite was the prevailing clay mineral (0-51%). Organic matter of the Silurian black shales was con-
TOC sisted of residues of graptolites, chitinozoans, two types of bitumen including dispersed and massive
Clays bitumens, recycled organic matter, and organic detritus. In the shales, the occurrence of fractures parallel
Porous structure with the original sedimentary bending was highly significant. A greater proportion of fragments of car-

bonaceous particles of graptolites and bitumens in the Barrandian shales had a smooth surface without
pores. The sample porosity Porc, ranged from 4.6 to 18.8%. In most samples, the micropore volumes
were markedly lower than the meso- and macropore volumes. No relation has been proven between
TOC-normalized excess sorption capacities or the TOC-normalized Langmuir sorption capacities and ther-
mal maturation of the shales. The methane sorption capacities of shale samples show a positive correla-
tion with TOC and a positive correlation with the clay content. The assumption that the sorption capacity
is a function mainly of the microporous system of shales was not confirmed. The highest sorption capac-
ity was observed in shale samples with the lowest volume of micropores and the highest TOC content,
indicating that the organic matter content and the microporosity of clay minerals are the principal factors
affecting the sorption capacity of shale samples.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

Although shale gas-bearing deposits have a markedly lower gas
content than coal deposits, great attention has recently been paid
to shale gas as a new potential source of fossil energy. Shale gas
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tion capacities [1]. A common feature of these unconventional
sources of energetic gases - coalbed methane and shale gas - is a
porous system bearing the collector properties. On the basis of
present-day experience, it has been suggested that shale gas con-
sists of a “free” gas, compressed in pores and fissures with no inter-
action with the shale matter, together with gas sorbed in the
organic and mineral components of the rock, and gas dissolved in
the deposit liquids [2,3]. The sorbed gas, which is crucial for the
long-term stable production of shale gas [4], includes gas adsorbed
in micropores, gas adsorbed on the surface of meso-, macro- and
coarse pores, and gas dissolved (absorbed) in the macromolecular
structure of kerogen and bitumen [5,6]. The sorption capacity is
determined in the laboratory by measuring the amount of methane
absorbed in a shale specimen at a pressure and a temperature cor-
responding to in situ conditions, using high pressure sorption.
According to the principles of reversibility of adsorption/desorp-
tion, this amount should be roughly related to the amount of gas
released by forced degassing.

The capacity of the porous system of shale is closely connected
with its composition, i.e., with the abundance of organic (bitumen
and zooclasts) and inorganic matter in a heterogeneous mixture.
The organic matter is considered to be a major source of gas, which
originated from thermogenic or biogenic processes. The amount of
deposited gas is connected with the type and the abundance of
organic matter, its degree of maturation, and its porosity. Porous
clay minerals as a part of the inorganic fraction are not a source
of gas, but through their sorption properties they are an important
factor affecting the sorption capacity of the shale [7,8]. The total
sorption capacity corresponds to the combined effect of the poros-
ity of the organic matter and the clay minerals. Shale samples with
a strong effect of total organic carbon (TOC) usually have a low
concentration of clay minerals, and shale samples with a weak
effect of TOC usually have a high concentration of clay mineral
[2,9]. According to numerous studies, the contribution of clay min-
erals to the total sorption capacity is quite significant in dry shale
samples with low TOC [3,10-12].

Shales have a very complex system of pores of various types and
with a wide range of size classes. However, as far as sorption ability
is concerned, micropores with diameters < 2 nm are generally con-
sidered to be the most important class. They have higher sorption
energy than large pores [13], and therefore have a dominant effect
on the shale sorption capacity. This has been confirmed by numer-
ous studies [9,10,14,15]. Shale samples with high degrees of matu-
ration and with high TOC levels have high sorption capacity. This
can be explained by the formation of more micropores in the pro-
cess of organic matter degradation and hydrocarbon formation
with increasing thermal maturation [10]. Chalmers and Bustin con-
cluded that the TOC content is the primary factor affecting the
sorption capacity, and that the type of organic matter and its mat-
uration can be considered as secondary factors [14].

The sorption capacity of clay minerals and clay-rich rocks has
also been studied. It was found that the sorption affinity of
methane is markedly stronger for organic matter than for clay min-
erals [4,12], though Ross and Bustin [10] determined that the sorp-
tion capacity of illite and montmorillonite was comparable with
the sorption capacity of shales with high TOC levels. Some authors
have found positive correlations between content of clay minerals
and sorption capacity [3,12], while other authors have not
observed a correlation of this kind [11,16].

Most published studies on the sorption capacity of shales deal
with North American shales [17]. Extensive research has also been
presented on Chinese shales [2,16,18-20]. Sorption experiments on
European shales have only recently been reported [1,3,11,21-23].
The Czech Republic has been characterized only marginally for
the potential of its shale gas deposits. The Prague Basin (Barran-

dian) is a locality where, according to the Czech Geological Survey,
the presence of gas-bearing shales can be expected.

The present study has set out to determine the sorption capac-
ities of selected shale samples from the Barrandian Basin, and to
find connections with their petrographic, textural and mineralogi-
cal properties. The data obtained for the shales should also con-
tribute to the European database.

2. Experimental
2.1. Samples

Representative samples of dark Silurian shales were taken from
five quarries and outcrops located in the central part of the Barran-
dian basin (Fig. 1) from the basic Silurian lithostratigraphic forma-
tion (Fig. 2). [24,25]. Two samples were collected from the
Litohlavy formation (S1 and S2), four samples from the Motol for-
mation (S3, S5, S6 and S7), and one sample from the Kopanina for-
mation (S4). The samples were collected after removing an
approximately 50 cm upper layer of the outcrop. The basic geo-
chemical properties are presented in Table 1.

2.2. Experimental methods

2.2.1. Petrographic analysis of dispersed organic matter

The reflectance of dispersed organic matter was measured on
polished X-Y sections of rocks slabs, i. e. perpendicular to the band-
ing or the foliation of the rocks studied here. Due to the absence of
vitrinite in the Silurian Barrandian shale, the samples were mea-
sured for random reflectance (R,%) of graptolite in normal light at
L =546 nm, using a Carl Zeiss Axio Imager M2m microscope with
a spectrometer with oil lenses (magnification of 50x and 100x).
Yttrium-aluminium-garnet  (R=0.900%), gadolinium-gallium-
garnet (R=1.717%), cubic zirconia (R=3.06%), and strontium-
titanate (R = 5.34%) reflectance standards were used for calibrating
the measurements. The composition of the organic particles differ-
entiated by morphology and by optical properties into groups of
graptolites, chitinozoans, bitumens, recycled organic matter and
organic detritus [26-30], was determined using an Olympus
BX51 microscope in normal light and fluorescence mode and with
dry and oil lenses (magnification 40x and 100x) and a Pelcon
point counter according to the principles of maceral analysis
described in ISO 7404-3 [31]. The graptolite group contains
lath-shaped fragments, a section of cortical tissues, and occasional
remnants of thecae 10-300 um in size. They were composed of a
chitinous substance or a collagen-like protein that exhibited opti-
cal properties in reflected light similar to the properties of vitrinite.
Chitinozoans occur as single microfossils or as chains of microfos-
sils. They are flask- shaped or bottle-shaped, 50-250 um in length,
and they consist of an oral tube and a chamber with appendices.
Massive (non-granular) and granular solid bitumen accumulates
in intergranular pore spaces and microfractures. Non-granular
bitumen can be observed in shales as rounded, oval or irregular
bodies, while granular bitumen has an irregular formation and is
also abundant as matrix bitumen. Highly reflecting fragments of
zooclasts, bitumens, and other organic types of apparently alloch-
tonous nature were classified as recycled organic matter. The last
type of organic matter was organic detritus of unknown origin
with particles below 10 um in size.

2.2.2. TOC and mineralogical analysis

The elemental organic composition was determined using a
CHNS/O micro-analyzer (Thermo Finnigan Flash FA 1112). TOC
was determined by elemental analysis after inorganic carbonates
had been eliminated with the use of 1 N HCI heated to 80 °C.
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Fig. 1. Simplified geological map of the Barrandian Basin. Position of the outcrops from which the seven samples were taken.

The mineralogical composition of the shales was determined
using X-ray diffraction (XRD) analyses. The size fraction of clay
minerals at levels below 4 um was prepared by the conventional
sedimentation method. Randomly-oriented samples and settled
air-dried samples (untreated, ethylene glycol solvated and heated
to a high temperature (500 °C)) were analyzed using a Bruker D8
Discover diffractometer with CuKa radiation (40 kV, 40 mA), an
Ni filter standard set and a scanning speed of 1°.min~".

Electron microprobe (SEM) analyses of selected minerals (feld-
spars, clay minerals, carbonates, sulfites) were carried out using a
CAMECA SX 100 electron microprobe working in WDX mode
employing the PAP matrix correction program [32]. The operating
conditions for the analyses of the silicates and carbonates were
15 kV acceleration voltage, 15 nA beam current, and 2 pm beam
diameter. The operating conditions for the analyses of the sulfites
were 25KV acceleration voltage and 20 nA beam current. The
counting times on the peaks were 10-30 s, depending on the ele-
ment. The background counts were measured in each case in half
the time for peak measurements on both sides of the peak. Calibra-
tions were made using reference materials from SPIL

2.2.3. Microscopic pore structure study

An FEI Quanta 450 scanning electron microscope with GAD
detector was used to observe the microstructure morphology. It
was able to produce images of the pore structure and the fracture
morphology with resolution of 4.0 nm.

2.2.4. Mercury intrusion porosimetry

The volume of meso- (Vineso) and macropores (Vinacro), their pore
size distribution, average pore radius (rarg), surface area of
meso- and macropores (Spm), and bulk density (ppux) [33] were
determined with particles 3-4 mm in size, using a Pascal 240
porosimeter by Thermo Electron - Porotec. The Pascal 240
porosimeter works within the 0.1-200 MPa pressure range, where
pores with equivalent radii ranging from 3.7 nm to 7.5 pm can be

detected. The samples were evacuated at 80 °C for 2 h prior to
analysis, and were then evacuated in the instrument until stable
pressure was reached. The results represent the average value from
two measurements.

2.2.5. Low-pressure N, and CO, physisorption

Specific surface areas (Sggr) were determined from the N,
isotherms measured at —196 °C, using the BET method in the
0.05-0.3 relative pressure range [34]. A Surfer (Thermo Scientific)
volumetric sorption analyser was used.

The parameters characterizing the microporous texture, i.e., the
total micropore volume (Viicro), the modus of the micropore radii
("mode), and the micropore distribution were determined from the
CO, sorption isotherm measured at a temperature of 25 °C up to
a relative pressure of 0.015, using a Hiden IGA 100 gravimetric
sorption analyzer. The micropore volume was calculated according
to the Dubinin equation of volume filling [35], and the pore distri-
bution was evaluated according to Medek [36]. Before the mea-
surements, the samples with grain size < 0.2 mm were degassed
in the instruments at a temperature of 80°C under vacuum
107° Pa for at least 6 h up to a constant weight. The real helium
density of the dry samples was determined using a Multipycnome-
ter Quantachrome apparatus.

2.2.6. High pressure CH,4 sorption

The theoretical principles of the manometric method for mea-
suring the high pressure sorption isotherm described in Ref. [37]
are based on pressure changes in the system caused by the sorp-
tion process. The high pressure sorption isotherms of methane
were measured using a manometric sorption apparatus in the
arrangement depicted schematically in Ref. [37]. The main parts
of the apparatus are a calibrated stainless-steel sample cell and a
reference cell, automatically controlled valves and pressure trans-
ducers. The measuring pressure within the entire pressure range
has accuracy of 0.05%, and the apparatus can be utilized within
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Fig. 2. Silurian lithostratigraphy and facies development of the Barrandian Basin according KfiZ et al. [25].

the temperature range from 25 to 80 °C. The sorption device is
placed in a thermostatic box, which is able to maintain a constant
temperature within the range from 25 to 200 °C with accuracy
of £0.1 °C. The temperature of the sorption cell is controlled by
an Ni-Cd thermocouple. The apparatus is controlled by a computer
code created in the environment of the Control Web system, which
also records and processes the measured data.

The volumes of the sample cell (V;) (11.23 £ 0.01 cm?®) and the
reference cell (V) (2.166 + 0.002 cm?) were determined by helium
expansion, using steel cylinders of known dimensions which were
placed into the sorption cell. The void volume (V) was defined by
helium expansion, and was calculated as the average value from

about 10 pressure steps in the range from 1 to 10 MPa with stan-
dard deviation less than 0.06%. The void volume was determined
in order to calculate the skeletal density of the sample (psample)-
Before each sorption experiment, the equipment was tested for
leakage by helium at 12 MPa for 4 h. The high pressure CH4 excess
sorption isotherms were measured on dry shale samples weighing
approximately 9.5 g with grain size in the range of 0.2-0.05 mm
at a temperature of 45°C and at pressures up to 15 MPa. The
shale samples were crushed with minimum fines to less than
0.05 mm. Before the measurements were made, the samples were
dried at 80°C under vacuum overnight and subsequently for
approximately 4 h in a sample cell at 75 °C and vacuum. Methane
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Table 1
Basic characterization of studied shale samples.
Sample Formation Parameter
Re Al « TOC sd S%a sd
(%) (wt%)
S1 Litohlavy 1.09 86.97 3.63 0.34 0.32 0.26 0.05
S2 Litohlavy 1.04 85.53 3.91 1.19 0.17 0.15 0.02
S3 Motol 0.89 87.32 4.23 2.37 1.07 0.01 0.98
S4 Kopanina 0.56 94.32 1.00 0.63 0.26 0.07 0.18
S5 Motol 0.94 88.73 3.88 2.33 1.15 0.01 1.11
S6 Motol 1.76 95.11 1.60 1.50 0.13 0.02 0.11
S7 Motol 0.93 70.71 7.97 0.43 0.08 0.00 0.08

R, - random reflectance of graptolite, A - ash, C - carbon, S; - total sulfur content, Sy,4 — sulfate sulfur, S, - pyritic sulfur, d - dry basis.

sorption equilibrium on the shale samples was reached after
about 3 h.

2.2.7. Parametrization of the experimental sorption isotherm
Experimental CH, high pressure isotherms were fitted to the
modified Langmuir equation for monomolecular sorption [38]:

. p (-1 o pfree)7 (.1)
123 +Dp pads

where n; is Langmuir sorption capacity, p, is Langmuir pressure,
Pads is the density of the adsorbed phase, and pje. is the density
of the free (gas) phase.

The value of pugs (CHs) = 0.420 g.cm—> was utilized by solving
Eq. (1) [39]. An equation by Setzmann and Wagner [40] was used
for determining the free phase density pg..(CH4) under the exper-
imental conditions. The accuracy of the approximation was
expressed by parameter An, calculated by the equation:

Nggs = N

where N is the number of data points of the isotherm, and n and ng,
are the measured and calculated sorbed amounts at points n.

3. Results
3.1. CH,4 sorption capacity of shale samples

Fig. 3 presents the high pressure excess sorption isotherms of
CH, determined in shale samples S1-S7 at a temperature of
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Fig. 3. CH4 excess sorption isotherms on dry shale samples. The fit has been
calculated using Langmuir Eq. (3), (TOC (wt%) - total organic carbon, CM (wt%) -
clay minerals).

45 °C and at pressures up to 15 MPa, along with the curves fitted
using the modified Langmuir equation (Eq. (1)). In all shale sam-
ples, the CH,4 high pressure excess sorption isotherm data at a tem-
perature of 45 °C shows a sharp slope up to a pressure of 3 MPa,
followed by a slight increase. At pressures exceeding 9-10 MPa,
the isotherms show a slight decrease in sorption, with the excep-
tion of shale sample isotherms S3 and S5. The parametrization of
the experimental sorption isotherms using the modified Langmuir
equation, which is the most frequently-applied equation for
describing high pressure sorption, shows a low deviation between
the measured and fitted values (2.107%-7.10~* mmol.g ). The
graphs in Fig. 3 show that the quality of the fits is good. The shale
samples with the highest maximum measured excess sorption
(nmax) have the lowest approximation accuracy (Table 2). Table 2
presents the measured values of the maximum excess sorption
(Nmax), the pressure at maximum sorption (p(nmax)) and the
parametrization values, i.e. Langmuir sorption capacity (n.) and
Langmuir pressure (pp). It shows that the sorption values range
from 0.050 mmol.g~! to 0.088 mmol.g~! for nm.x, and from
0.068 mmol.g~! to 0.133 mmol.g~! for n.. This is approximately
consistent with results presented by other authors [2,10].

3.2. Shale composition

3.2.1. Organic maturity and organic components

The shales are uniformly dark grey and black. They are fissile,
and they locally exhibit millimeter-scale fine lamination, particu-
larly sample S7 (Fig. 4). The rock fractures are even, in most cases
revealing clean fracture edges. The exceptions are samples S1 and
S6; where rugged fractures frequently show up. The black shales of
the Barrandian Basin studied here contain specific assemblages of
organic matter (Fig. 5) that consist primarily of residues of grapto-
lites, chitinozoans, two types of bitumen including dispersed and
massive bitumens, recycled organic matter, and organic detritus.
Fig. 5 shows a predominance of graptolites in samples S1, S2, S4,
S6 and S7, while in samples S3 and S5 is more of both forms of
bitumen. There was less occurrence of chitinozoans than grapto-
lites, up to 15 vol% in samples S4 and S6.

The most common zooclast remains in the studied sediments
were non-granular, optically isotropic graptolites and graptolite
fragments (Fig. 6A and B). Their random reflectance R, values ran-
ged from 0.56% to 1.76%, see Table 1. This corresponds to a vitrinite
reflectance equivalent 0.51-1.62% R, when was found using Cole’s
conversion [41] and Gentzis’s et al. [42] modification. In this study,
based on Suchy et al. [43], the random reflectance values of grap-
tolite (R;) instead the vitrinite reflectance equivalent were used
to determine the thermal maturity of the Silurian sediments in
the Barrandian Basin. Random reflectance values of optically iso-
tropic chitinozoan particles (Fig. 6C) ranged from 0.59% in a sample
from the Kopanina formation to 1.10% in a sample from the Litoh-
lavy formation and 1.74% in a sample from the Motol formation.



Z. Weishauptovad et al./Fuel 203 (2017) 68-81

Table 2
Results of high-pressure CH,4 sorption on shale samples.
Sample Experimental Langmuir eq.
Psample Nmax p("max) np pL An
(g.cm™3) (mmol.g™) (MPa) (mmol.g™1) (MPa) (mmol.g™1)
S1 2.69 0.061 10.62 0.090 2.46 4104
S2 2.65 0.066 10.26 0.099 2.26 4104
S3 2.59 0.088 11.59 0.133 2.92 7.107*
S4 2.64 0.056 11.50 0.080 2.18 510
S5 2.65 0.075 11.46 0.111 245 7.107*
S6 2.63 0.069 10.55 0.105 2.87 2.10™*
S7 2.74 0.050 10.01 0.068 1.63 510

Psample — Sample density (according to Vp), Nmax — maximum measured excess sorption, p(Nmax) — pressure at maximum sorption, n, - Langmuir sorption capacity,

pr-Langmuir pressure, An — approximation accuracy.

Fig. 4. Detail of representative sample of dark brown, finely laminated calcareous
shale (Motol formation, sample 7). The scale bar is 30 mm.
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Fig. 5. The distribution of dispersed organic matter types in shale samples.

The reflectance values of non-granular bitumen bodies with inter-
nal pores, fissures and frequent surface inhomogenities (Fig. 6D)
range from 0.50% to 1.10% and in sample S6 up to 1.85%. Reflec-
tance values of granular bitumen range between 0.25% and
0.50%, and weak yellow-orange fluorescence was observed in all
samples, with exception of sample S6. High reflecting bitumen
without fluorescence color was found in sample S6. The highest
reflectance values between 1.30% and 5.42%, were measured in
recycled organic particles (Fig. 6C).

3.2.2. Inorganic components

The mineral composition of the shales, obtained from XRD anal-
ysis, is shown in Table 3. The analysed shales are fine-grained rocks
which display some variation in their mineralogical composition

and consist of quartz (10-30 wt%), calcite (0-76 wt%), illite (0-
51 wt%), plagioclase (0-21 wt%) and chlorite (0-38 wt%). The dom-
inant clay mineral is illite. K-feldspar, pyrite, sphalerite, apatite and
zircon are accessories. Minute amounts of gypsum occurred as a
secondary mineral originating from later oxidation of pyrite. Pla-
gioclase is albite, but andesine was also found. Pyrite occurs as
framboidal grains up to 0.1 mm in size, and/or as thin vein-like
accumulations and veins. The occurrence of pyrite corresponds
with the content of pyritic sulfur, which is presented in Table 1.
The highest levels of pyritic sulfur were found in shale samples
S3 and S5. Trace elements in pyrite not detectable by XRD were
determined by SEM. Small concentrations were found of Mn
(0-0.69 wt%), Cu (0.06-0.37 wt%), Ni (0.01-0.22 wt%), Cd (0-
0.19 wt%), Pb (0.03-0.12 wt%) and Co (0-0.01 wt%). Sphalerite
was found only in one sample from the Kosov quarry (S5). Some
sphalerite grains are enriched in Cd (up to 2.39 wt%).

3.3. Porous texture

Differences can be found in the terminology used by different
authors, particularly in the use of the terms macroporosity, micro-
porosity and nanoporosity. For sorption methods and for mercury
porosimetry, pores are usually classified on the basis of their char-
acteristic diameter, according to the IUPAC classification:
<0.5 nm - ultra-microporosity, 0.5-2.0 nm - microporosity, 2.0-
50 nm - mesoporosity, >50 nm — macroporosity [44]. Dubinin clas-
sified pores with radii from 1.5 nm to 100 nm as transient pores,
and he classified pores with radii < 1.5 nm as micropores. In mod-
ern terminology these are also called nanopores [45]. When SEM is
used, some authors distinguish only between small and large por-
es > 50 nm [46], while other authors report the pore sizes [47,48].

The results of the analysis of the shale porous system of samples
S1-S7 are presented in Table 4. Helium density, specific surface
area, parameters of microporous texture, parameters of meso-
and macropore texture, and porosity, were determined. The speci-
fic surface Sger is a standard parameter characterizing mainly the
range of meso- and macropores. The applicability of the BET iso-
therm is limited to relative pressures 0.05-0.30, so it does not
account for the presence of the smallest micropores and for capil-
lary condensation. The Sggr surfaces of the shale samples ranged
from a low value of 2.6-12.9 m2.g~!. The BET isotherms of the
shale samples corresponded to type IV according to Brunauer’s
classification for a mesoporous adsorbent [44], and showed a hys-
teresis loop related to capillary condensation in mesopores. The
hysteresis loops were of type H3 with parallel and almost horizon-
tal adsorption and desorption branches of the isotherms (Fig. 7),
which have been attributed to slit pores or to inner cavities of
irregular shapes. The lowest extent of hysteresis, i.e., the lowest
mesopore volume, was observed in sample S3, where the prevail-
ing fraction of micropores was within the total pore volume
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Fig. 6. A-F. Optical microscopy (A, C, D) and SEM (B, E, F) images of basic types or organic matter, pores and fissures in Silurian shales, Barrandian Basin: A - Graptolite
fragments with fissures and pores in the mineral matrix with dispersed dark bitumen (D-Bit) and bright pyrite framboids and crystals (Pyrite) - sample 7. B - Fissures
between the clay mineral matrix with carbonates (Carb) and the edge of the graptolite (OM), pores between pyrite crystals in clusters and in framboids - sample S7.
C - Recycled, highly reflective graptolite (R-OM) with random reflectance R = 1.95% over the chitinozoan cut (R = 0.80%) with a cavity filled with crystalline pyrite - sample S3.
D - A drop of non-granular bitumen (R = 0.87%) with surface inhomogenities in a clayey matrix with quartz grains - sample 2. E - Pores and fissures in clayey matrix and dark
grey bitumen particles (OM) in mineral matter - sample S6. F - Dark fragment of zooclasts, macropores and fissures in a diagenetically arranged clay matrix with bedding

lines and calcite admixtures - sample S-5.

Table 3
Mineral composition of shale samples.

Sample Mineral (wt%)
Chlorite Illite Quartz K-feldspars Plagioclase Calcite Gypsum

S1 9 17 13 2 20 39 0
S2 8 19 15 0 21 37 0
S3 24 38 16 0 8 16 0
S4 5 23 30 0 21 21 0
S5 14 51 10 3 11 10 1
S6 38 28 16 0 18 0 0
S7 0 0 24 0 0 76 0

(Vinicro * Vinm)- This was also indicated by the most pronounced dif-
ference between porosity according to Hg porosimetry Poryg and
according to calculated porosity Por.,.. The BET specific surface
does not correlate with the porosity related to meso- and
macropores.

From the low pressure isotherm of CO, sorption in Dubinin
coordinates, low micropore volumes were identified, ranging from

0.0055 cm®.g~! in sample S5 with the lowest total porosity, to
0.0137 cm>.g ! in sample S4. Contrary to theoretical presumptions,
based on the sorption mechanisms of N, and CO, sorption (see Sec-
tion 2.2.5), the BET specific surface increases with increasing
micropore volume (Fig. 8). The coefficient of determination
R? = 0.838 indicates that for N, sorption only some the micropores
are included in the Sggr surface. Ross and Bustin [10] reported the
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Table 4
Characterization of the porous texture of the shale samples.
Sample PHe PHg Porcaic Pong SBET Vmicro T'modus Vinm Vimeso Smm Tavr
(gem™?) (%) (m*g™) (em’g™") (nm) (em’g™) (m*g™! (nm)
S1 2.6738 2.17 18.8 13.9 11.7 0.0097 0.67 0.0643 0.0106 2.9 303
S2 2.6845 2.32 13.6 10.5 10.6 0.0098 0.64 0.0454 0.0155 43 65
S3 2.6225 2.41 8.1 0.9 2.6 0.0057 0.66 0.0036 0.0014 0.5 4
S4 2.6561 233 123 10.5 129 0.0137 0.65 0.0451 0.0197 5.9 61
S5 2.6320 2.51 4.6 0.47 4.6 0.0055 0.66 0.0019 0.0008 0.3 4
S6 2.6263 2.46 6.3 4.8 10.3 0.0094 0.66 0.0196 0.0175 4.6 8
S7 2.7011 2.21 17.8 10.9 6.6 0.0061 0.65 0.0490 0.0244 5.4 27

Pre — helium density, pyg — bulk density, Porcac — porosity ((pue — Prg)/Pre)-100), Poryg — porosity according to Hg porosimetry, Sger — specific surface area, Viicro — volume of
micropores, 'mode — Mmodus of micropores radii, Vi,m — volume of meso- and macropores, Viheso — Volume of mesopores, Sy, — surface area of meso- and macropores,

Tavr — average pore radius.

same relation between Sger and Vyyicro. The mode of pore diameters
was within a narrow range between 0.64 and 0.66 nm (Fig. 9),
which corresponds to characteristic energies E of shales with close
values of the sorption potential [36].

A comparison of meso- and macropore volumes determined by
the Hg intrusion method is presented together with the micropore
volumes and the porosity for each shale sample in Table 4. With
the exception of samples S3 and S5, the total meso- and macropore
volumes are an order of magnitude higher than the micropore vol-
umes. Samples S3 and S5 showed the highest fraction of microp-
ores in the total pore volume (61.3% for S3 and 74.3% for S5), and
at the same time the lowest fraction of meso- and macropores
(Fig. 10B). The largest mesopore fraction (60.3%) was found in sam-
ple S6, and the largest macropore fraction (72.6%) was found in
sample S1 (Fig. 10A).

3.4. Microstructure morphology

The pores in the shales examined here are of various types and
sizes, including 1) pores in organic matter, 2) interparticle pores
within detrital and authigenic grains of inorganic minerals, and
3) intraparticle pores between detrital grains and others related
to authigenic crystals.

The pores of organic matter are isolated pores within organic
matter that are produced by the maturation process. The rare pores
in organic matter tend to be slightly irregular oval, round or polyg-
onal in shape. Their sizes ranged from tens to hundreds of nanome-
ters. It was found that graptolite (Figs. 6A and B) and chitinozoan
(Fig. 6C) fragments without pores were common.

Interparticle pores occur especially between comparatively big
irregular grains of calcite and plate aggregates of clay minerals pre-
dominantly illite (Fig. 6E). Most intragranular pores are located
along the cleavage planes of clay matrix and chlorite (Fig. 6E),
and within pyrite framboids (Fig. 6B) and calcite crystals. These
pores show little preferential orientation.

Another significant feature of the shales investigated here is
well-expressed schistosity, which is sometimes partly emphasized
by the presence of fractures (Fig. 6F). Most of the fractures were
found in more mature shale sample S6 (Fig. 6E). The fractures
between grains of minerals range from tens of nm frequently up
to 300 nm in width, and are between 2 and 12 um in length. The
fractures developed at the edge of the organic matter and also in
organic particles, mainly in graptolites (Fig. 6D). Partial dissolution
of some detrital calcite resulted in the formation of intraparticulate
pores (Fig. 6F).

Marked differences in sediment diagenesis were observed by
SEM and documented by representative figures Fig. 6E and F. A
lower degree of diagenetic alteration was found in sample S3 and
S5 with preferred bedding (Fig. 6F). An advanced degree of diagen-
esis was observed in other samples S1, S2, S7, and namely S6. The

high reflectance value in graptolites in S6 was due to the hidden
thermal effect of a volcanic body. However, no diagenetic pressure
effects were apparent.

The occurrence of pyrite in vein-like and vein accumulations,
together with rare occurrences of sphalerite in the mature samples
(S5, S6), and higher concentrations of chlorite, provided evidence
that some accumulations of schists were affected by postdiagenetic
alterations.

4. Discussion

4.1. Effect of thermal maturity and shale components on sorption
capacity

The organic materials encountered in Barrandian Silurian shales
include mainly graptolite and chitinozoan particles, with rounded
particles and disseminated fragments of bitumen, and minor
highly reflecting particles of redeposited organic matter and fine-
grained detritus particles. This uniform assemblage of organic par-
ticles identified and measured in Barrandian shales is comparable
to those of other Lower Paleozoic sediments [49], particularly from
Scandinavia [29], Canada [50-52], selected samples of shales in
Europe [11] and China [53,54]. Due to the absence of vitrinite in
Lower Paleozoic sediments up to Devonian/Carboniferous age,
the degree of maturation is expressed by bitumen reflectance
[54] and by graptolite and chitinozoan reflectance [55,56]. The
average reflectance value of bitumen and graptolites is often con-
verted mathematically to the equivalent vitrinite reflectance by
the equations summarized Suchy et al. [56], Feng and Chen [57].
In the part of the Barrandian Basin studied here, the graptolite
reflectance values range from 0.56% to 1.09%, and to 1.76% in sam-
ple S6.

The lowest reflectance value was measured in sample S4, with
dominant quartz. This extreme is probably caused by origin of S4
from upper Silurian Kopanina Formation (Table 1 and Fig. 2) and
intense silicification, which suppressed the influence of maturation
of organic matter, particularly graptolites. The highest reflectance
value measured for sample S6 is probably related to rapid heating
of the organic matter (particularly graptolite periderm) due to an
igneous intrusion nearby [43]. The reflectance values of the sam-
ples, with the exception of sample S4, correspond to the hydrocar-
bon generation stage, ranging from the oil window to the wet-gas
condensate zone [58].

According to several authors [2-4,9,10,14,16,23], the adsorption
capacity for CHy is affected mainly by thermal maturation, TOC,
and mineral matter. Although Ross and Bustin assume that thermal
maturation has a positive effect on the sorption capacity of shales
[10], in the case of the samples studied here, no direct correlation
was observed between thermal maturation and TOC normalized
excess sorption capacity or normalized Langmuir sorption capacity
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Fig. 7. Hysteresis loops of N, isotherms on shale samples S1-S7 (solid line — adsorption isotherm, dashed line - desorption isotherm).

(Fig. 11). Sample S6 had the highest R, value and a very low nor-
malized sorption capacity. In addition, no relation between ther-
mal maturation and TOC content was observed in the shale
samples, possibly due to low reflectance values R;, low TOC con-
tents, the general character of the mineral phase, and other factors
associated with the regional distribution and the conditions in the
depositional environment.

The CH4 maximum excess sorption capacity nmya,x and the Lang-
muir sorption capacity n; were positively correlated with TOC (see
the graph in Fig. 12). The highest sorption capacities were found in
samples S3 (0.088 mmol.g™!) and S5 (0.075 mmol.g~!), with the
highest TOC values of 2.37 and 2.33 wt%. Similar correlations
between sorption capacity and TOC have been found in samples
from various parts of the world [2,11]. Wang et al. reported a broad
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Fig. 9. Micropore size distribution interpreted by CO, adsorption data, (TOC (wt%) -
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linear dependence between TOC and CH,4 sorption capacity in Si-
chuan Shales of China [16], where the organic matter is a primary
factor controlling CH,4 sorption in Paleozoic shales (Cambrian and
Silurian). A similar dependence is found for North American shales.
Wang et al. also found that the CH4 sorption capacity tends to
decrease with the age of the sediment. This is corroborated by
the CH,4 sorption capacities of Permian shales, which were higher
than the sorption capacities of Silurian and Cambrian shales, that
are characteriezed by a lower TOC. The following conclusions can
be drawn for the shale samples studied here, on the basis of the
facts presented above, and in agreement with published data:

a) thermal maturation is not the only factor controlling the
sorption capacity, but is only a contributing factor. Most
samples have an R; value close to 1%, but there are excep-
tions. Sample S4 has an extremely low R; value of 0.56%,
and sample S6 has a high R, value of 1.76% [14,59];

b) the positive relation between TOC and methane sorption
capacity shows that the content of organic matter is a key
factor determining the sorption capacity of shales [11].
Lower values of the coefficient of determination for this rela-
tion (R% = 0.8339 for nma.x and R% = 0.8037 for ny, see Fig. 12)
and the exponential decrease in the TOC normalized values
Nmax and n;as a function of TOC (Fig. 12) show that the sorp-
tion capacity is affected by additional factors, e.g. the con-
tent of clay minerals.

Conclusion b) should not be generalized. For example, Gasparik
et al. presented the results of one Paleozoic shale and five Mesozoic
shales from Netherlands, in which the sorption capacities did not
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follow the TOC dependence [3]. This can been explained by the
great variability in the chemical and physical properties of shales
of different geological age and of different provenance.

A positive effect of clay minerals on sorption capacity has been
confirmed for our shale samples (Fig. 13). This indicates that their
sorption capacity is not controlled only by TOC. The same conclu-
sion was drawn by Gasparik et al. for Dutch shales [3], but has not
been confirmed for shales from Northern Europe [11]. Tan et al.
failed to observe a similar relation either in Chinese shales or in
North Australian shales [2]. Yang et al. derived a linear combina-
tion approach for predicting the Langmuir sorption capacities of
individual shale components (mineral and organic matter), and
found that clay minerals contributed 28.6% to the total sorption
capacity and that organic matter contributed 67.6% [21]. Merkel
et al. concluded that the sorption capacities of pure clay minerals
are about 10 times lower than the sorption capacities of anthracite
(approximately 1.2 mmol.g™!), used as a model substance for the
organic matter. They can therefore contribute significantly to the
sorption capacity only in shales with low TOC [17]. The sorption
capacity of Silurian shales from the Barrandian Basin is on an aver-
age only one twentieth of the anthracite sorption capacity and the
sorption capacity of illite and chlorite [12] is more or less compa-
rable to the total sorption capacities of the shales studied here. It
can be assumed that the observed effect of clay minerals is due
to low TOC levels in our shale samples.

For a study of the effect of clay minerals on methane sorption
capacity, it is important to take into account not only their total
content but also their composition, which reflects the diagenetic
evolution and depositional environments. For example, montmo-
rillonite is eventually transformed into illite during diagenesis,
and this will affect the sorption capacity of shales. In the shale
samples studied here, we observed a possible relation between
methane sorption capacity and illite content (with an R? value of
0.6474), and chlorite content (with an R? value of 0.4117), see
Fig. 13. However, Wang et al. found no relationship between the
methane sorption capacity of shales and the content of illite or
montmorillonite [16].

4.2. The effect of porous texture on sorption capacity

A microscopic study of various pores and dominant fissures in
organic and inorganic matter was carried out by the use of conven-
tional scanning electron microscopy with GAD detector. Pore struc-
ture characteristics of shales of various age and provenience have
been investigated recently with the use of field emission scanning
electron microscopy [e.g., 54,60-62]. Three pore groups were
found in the shales examined here. It has been found that most
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Fig. 13. Maximum measured excess sorption (nmax) as a function of i) total content
of clays, ii) content of illite and iii) content of chlorite.

of the carbonaceous fragments of graptolites and bitumens in the
Silurian shales from the Barrandian Basin contain small organic
pores. They are often smaller in size (tens to hundreds of nm).
The absence or the presence of pores in carbonaceous particles at
a similar degree of maturity depends on the composition and the
type of individual carbonaceous particles [59]. Not all organic mat-
ter appears to develop pores in sediments of different ages [60,61].
Microscopic observation indicated that changes in the volume,
morphology and distribution of organic pores are not systemati-
cally dependent on the progress of thermal maturation. According
to their random reflectance range of 0.56-1.09%, the samples
belong to the discussed region of the formation and development
of pores in the organic matter. Tang et al. [63] observed numerous
pores in the organic matrix of a shale from the Ordos Basin (China)
even at reflectance of R, =0.72%. Curtis et al. [59] found organic
pores in Woodford Shale even at reflectance of R, =1.23-1.67%,
while no organic pores were observed in organic matrix with
reflectance of R, < 0.90%.

Micrographs (Fig. 6) show that there are many more pores and
cracks in the mineral phase, particularly in clay minerals. Interpar-
ticle pores are the most significant pore group in shales worldwide,
and often predominate over intraparticle pores in inorganic matter
[54,60,62,64]. Nanopores were found especially between individ-
ual grains in framboidal pyrite. Intraparticle pores are present
within some bigger quartz and calcite grains. Partial dissolution
of bigger detrital calcite grains results in the formation of intra-
particle pores. Similar dissolution-related micropores to macrop-
ores were found by Fishman et al. [60] in the Upper Jurassic clay
formation in the North Sea, and by Yang et al. [54] in Lower Sil-
urian shales, China. For the Silurian black shales, however, there
is a highly significant occurrence of variable fractures, especially
fractures that run parallel with the original sedimentary bending.

The porous system can be quantitatively characterized using
sorption methods (CO,, N;) and mercury porosimetry, both of
which are widely utilized for this purpose [2,9,10,22,46].

Micropores are the most important part of the porous system
for the sorption capacity of shale, due to the high adsorption
potential of these very narrow pores with radii < 2 nm. Organic
matter is considered to be a major bearer of the shale microporous
texture, though clay minerals can also make a significant contribu-
tion to the total micropore volume [2]. The microporosity is attrib-
uted to an interlayer span of smectite minerals, while aggregates of
clay mineral particles contain mesopores between the individual
particles. Some authors have stated that clay minerals are mostly
meso- and macroporous [15,58,59]. However, Ross and Bustin
determined micropore volumes of major clay minerals using low
pressure CO, sorption, and they present Viicro = 0.008 cm>.g~! for
illite and Vimjcro = 0.0013 cm®.g~! for chlorite [10]. These values
are within the order of micropore volumes determined for shales
in our study.

A positive correlation was found between TOC and the maxi-
mum measured sorption capacity (see Fig. 12), and organic matter
is considered to be a key factor controlling the sorption capacity of
shale. However, for the samples studied here, the precondition of a
positive correlation between micropore volume Vo and TOC,
according to findings of Ross and Bustin [10] and Chalmers and
Bustin [ 14] has not been met. Nevertheless, there was a strong pos-
itive correlation between the micropore percentage and TOC
(R?>=0.8754) (Fig. 14). The correlation between TOC and total
porosity (Porc,c) was negative, and the shale samples with the
highest TOC and the highest micropore percentage (61.3% in S3,
74.3% in S5) had the lowest porosity, due to the small volumes of
mesopores and macropores (Fig. 15). Most of the meso- and
macropores were present in the inorganic component of the shale
samples. The percentage of mesopores and macropores is up to
eight times higher than the percentage of micropores (meso- and
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Fig. 15. The relationship between TOC content and porosity (Porc,c).

macropores: S1 86.9%, S7 88.9%), with the exception of samples S3
and S5. By contrast, Yang et al. observed a positive correlation
between TOC and porosity in Silurian shales from the southern
Sichuan Basin, China. The correlation increased with increasing
degree of maturity up to bitumen reflectance Rey, of 2.5%, and then
decreased with increasing degree of maturity [54]. Taking into
account a small quantity of micropores (see Table 4), the total
porosity of the shale samples is a function of the meso- and macro-
pores, as is evident from the dependence Vi, x Porcac (Fig. 16).
A decrease in maximum sorption capacity (nmax) as a function
of total pore volume was observed (Fig. 17) when the highest sorp-
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Fig. 16. The relationship between volume of meso- and macropores (Vi) and
porosity (Porcaic).
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tion capacities were found in the shale samples with the highest
percentage of micropores (S3, S5), while the lowest sorption capac-
ity was found in the sample with the highest percentage of macro-
pores (S1). The assumption that the sorption capacity is a function
mainly of the microporous system of shales contradicted the
observed negative dependence of the methane maximum sorption
capacity (nmax) on the absolute micropore volume (Fig. 18). How-
ever, there was an unambiguous positive relation between the
methane maximum sorption capacity nma.x and the percentage of
micropores (Fig. 19).

The results for high pressure sorption, which represent the total
sorbed gas content (Table 2), do not enable a distinction to be
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made between the amount of gas filling the volume of the micro-
pores and the amount of gas sorbed on the surface of the meso-
and macropores.

5. Conclusions

High-pressure methane sorption isotherms were measured on
seven Silurian shales from Barrandian Basin, Czech Republic. The
effects of organic maturity, TOC contents, inorganic components,
and pore size distribution on the sorption capacity have been
investigated. The following conclusions can be drawn:

1. The thermal maturity, characterized by random reflectance of
graptolite values close to 1% for most of the samples, had no
effect on the TOC normalized sorption capacity. Microscopic
observations showed that changes in volume, morphology and
distribution of organic pores are also not systematically depen-
dent on an increasing degree of thermal maturity.

2. A positive correlation between TOC in the range 0.34-2.73 wt%
and methane excess sorption capacity in the range 0.050-
0.088 mmol.g"! identifies the content of organic matter as a
factor controlling a significant part of the sorption capacity of
shale. The sorption capacity of the shale samples was positively
affected by clay minerals (from 0 to 66 wt%), due to the rela-
tively low TOC content.

3. No correlation of the sorption capacity with micropore volume
was found.

4. The total porosity of the shale samples ranged from 4.6 to
18.8%. Higher porosity values are mainly contributed by
meso- and macropores, since micropores are several times less
abundant. Samples with these parameters had lower sorption
capacities than samples with low porosity, low abundance of
meso- and macropores, and prevailing micropore abundance.
Although the samples with the highest micropore abundance
had the lowest absolute micropore volume values, they had
the highest sorption capacity and also the highest content of
bitumen forms, the highest TOC content and the highest clay
minerals content.
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