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FOREWORD

Carbon dioxide stored within rock massifs has become a topic of worldwide importance, widely discussed today by
geologists, geochemists, and geotechnologists as well as environment experts. Within the scope of geology, traditional
studies aiming to examine the origins and incidence of carbon dioxide in rock environments have since recently been
expanded to also include investigations into the conditions under which carbon dioxide can be captured and stored
in underground locations. Geotechnology is concerned with underground occurrence of carbon dioxide because of
its impact on mining activities, owing to the fact that mines frequently face formidable problems whenever gases
are released during the course of either driving or extraction operations. Currently, intense planning is in progress
focused on implementation of the technology of carbon dioxide storage in suitable geological host formations within
the framework of the CCS (Carbon capture and storage) technologies. This is reflected, for instance, in the document
entitled Investing in the Development of Low Carbon Technologies (SET-Plan), Communication from the European
Commission COM (2009) 519.

In this context, the monograph by Professor Petr Martinec and his co-workers is a welcome contribution deserving of
attention. This book, focused on the conditions prevailing in the Czech Republic (and also mentioning the adjoining
regions of Poland), presents an overview that summarizes important information gathered thanks to the mining activi-
ties taking place on the said territories during recent decades. In view of the need to cope with the technical problems
being confronted, a sizeable volume of very valuable knowledge has been collected and processed from non-repetitive
data which is of interest to Czech Republic’s geology as well as to the country’s mining industry and its downsizing.
Today, this wealth of information is gaining in importance again because of its aspects relating to underground storage
of carbon dioxide.

At this point I wish to express my appreciation for the patient and targeted work of Professor Martinec whose efforts and
careful research have been focused for years onto a systematic classification of the geological, petrological, and geotech-
nical information, bringing together not only the latest data but also the results originally obtained in different periods
of the past and in different contexts. His previous monographs should be mentioned here; they include his Atlas of coal
from the Czech part of Upper Silesian Basin (2005, in Czech, with an English abstract); Termination of underground
coal mining and its impact on the environment (2006, in English); Geological environment and geotechnical proper-
ties of covering strata of Carboniferous in the Czech part of the Upper Silesian Basin (2008, in Czech, with an English
abstract). All these publications, including the monograph hereunder, incorporate the results of his research of many
years, with a potential for future use.

May the present monograph gain the attention and appreciation of professionals in the field it deserves, and may it find
its well-deserved niche within the expanding body of research devoted to carbon dioxide storage within the framework
of the CCS initiative.

P (AAA

Professor RNDr. Radim Blaheta, CSc.
Director, Institute of Geonics Academy of Sciences of the CR, Ostrava
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1. INTRODUCTION

Carbon dioxide is an integral part of our atmosphere. Its
content in air (386 ppm by volume, i.e., 0.04% by vol-
ume) is not constant. It kept changing during the course
of geological history. Carbon dioxide enters the atmo-
sphere due to volcanic activity, coalification processes
and metamorphic processes taking place in the Earth’s
crust. It is carried up to the surface in the form of emis-
sions of gaseous CO, (as ,dry gas”) or in springs of un-
derground water (as free gas and also in dissolved form,
as Ca(HCO,). However, a great portion of carbon dioxide
thus migrating in the Earth’s mantle becomes dissolved
in deep aquifers. Then the dissolved gas is stored in the
pores of rocks or in cracks of the rock massif. Frequently,
it is contained in coal seams as adsorbed carbon dioxide,
together with methane, or also in rocks rich in dispersed
coal matter. It is also believed that carbon dioxide can be
generated by the activity of petrophile bacteria present in
the rock massif.

Carbon dioxide also enters the atmosphere by oxidation
of buried decayed organic matter (bodies of plants and
animals). Then, the biosphere proper produces carbon di-
oxide as a product of metabolic processes (breathing, di-
gestion, and decomposition of metabolic products) on all
levels of living organisms — from bacteria to vertebrates.
As a result of human activities, carbon dioxide enters the
atmosphere as a combustion product of kaustobiolites,
as a technological product deriving from chemical and
petrochemical production, from production of building
materials (lime, cement), etc.

From the point of view of underground mining of raw
materials, carbon dioxide is a negative factor; its con-
centration in mine air must be controlled. Moreover,
a number of cases are known where accidents were
caused by a sudden outpour of CO, or by gas-dynamic
effects. Such gas-dynamic effects are classified as belong-
ing to the category of outbursts of gases and coal or rocks.
Sudden outbursts of carbon dioxide and methane togeth-
er with coal and rock are a constant challenge to coal min-
ing worldwide (Lama and Bodziony (1998), Kidybinski
and Patyniska (2008). On the other hand, a completely
new sector of mining activity came into existence, viz.,
storage of carbon dioxide in underground permeable
rock bodies, the so-called CO, geosequestration.

The aforementioned circumstances became a stimulus for
the authors to produce this work, devoted to the natural
occurrences and conditions of accumulation of carbon di-
oxide in natural permeable rock bodies and to the reaction
of the mines to the presence of a rock massif containing
carbon dioxide. The present study offers a description of
cases of carbon dioxide outbursts in mines of the Bohe-
mian massif, i.e., on Czech Republic territory as well as
in adjoining areas on the territory of Poland where the
geology is similar. No information is presented here on
carbon dioxide occurring elsewhere in the world and no
such comparisons are made.

Present-day technological trends in geosequestration of
carbon dioxide stem from the working knowledge of hy-
drocarbon deposits based on geology and drilling tech-
nology; they are oriented on depleted gas and crude oil
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deposits in rock massifs containing pores or fissures. Re-
cently, research has focused also on carbon dioxide se-
questration in coal seams or abandoned coal mines. On
the other hand, mining technologies (or, generally speak-
ing, geotechnologies) make it possible to form new an-
thropogenic types of carbon dioxide sequestration or to
transform technologically abandoned deposits of gas and
crude oil into new storage sites for this gas, etc.

The present work deals with situations where miners
managed to get into direct contact, even if unexpectedly
or unintentionally, with some types of the above men-
tioned natural accumulation of carbon dioxide. From
a historical point of view, this occurred at a time when the
possibility to sequestrate CO, in deep geological struc-
tures has not been not considered yet and all efforts were
directed onto ensuring safety of work at the mines. The
knowledge acquired and described hereunder reflects the
degree of understanding such extraordinary events at the
time when they occurred.

The best known locality where carbon dioxide compli-
cated geological surveying work being carried out in the
mine workings in Central Bohemia’s Permo-Carbonif-
erous s the bituminous coal deposit Slany (1979-1990),
situated near Kladno in Central Bohemia. The fact that
carbon dioxide is present and tends to cause eruptions in
the Slany coal district had been well-known since the time
of surveying by boreholes; springs of salt water with dis-
solved carbon dioxide had been known there from time
immemorial (the name of Slany town means “Salty”).
Carbon dioxide is bound here to the most important wa-
ter-gas permeable rock body in Mirosov horizon formed
of fluviatile facies of sandstones and conglomerates in
Ny#fany Mbr. This is why attention was paid to this phe-
nomenon ever since the preparations were started for
sinking the skip and hoisting shafts of Slany Mine. Con-
siderable effort was made, at a substantial cost, to ensure
safe sinking of the shafts (with adequate surveying and
prevention boreholes) and to conduct research, by means
of laboratory tests, of samples of rocks, water and gases
taken in situ. The results of all this work are contained in
a number of research reports and specialized papers yet
to be presented as a summarized whole.

At the time when the above shafts were being sunk, and in
connection with the occurrence of rock and gas outbursts
therein, certain hypotheses were put forward concerning
the conditions conducive to the occurrence of outbursts
and the potential preventative actions was used. A num-
ber of such recommendations were implemented when
the Slany Mine shafts were being sunk. Nevertheless, it is
obvious from how the sinking progressed that the shaft
sinking technology used at Slany Mine, in a massif which
contained carbon dioxide, did not bring results that could
be regarded as wholly positive. In case of any future ef-
forts to re-open this deposit, it will be necessary to tackle
the problem of outbursts once again, resorting to physi-
cal chemistry of gases and water as well as to new, safe
technologies.

Sinking of a dewatering shaft in Obranctt Miru open pit
mine in Komofany near Most town in the North Bohe-
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mian lignite basin (1989), within the Piedmont Krusné
hory basin (Ore Mountain Range tectonic graben),
is another case where a natural permeable rock body
was encountered and the works passed through it. In
that locality, carbon dioxide is accumulated in buried
weathered crust of crystalline basement formed by kao-
linized gneisses of crystalline complex of the Ore Mits.
The covering sediments are silicitized conglomerates,
sandstones and marlstone of Upper Cretaceous and Ter-
tiary sediments (claystone, coal lignite seam and sands)
and tertiary volcanic deposits. These sediments serve to
insulate the weathered crust.

Occurrences of carbon dioxide which is bound, together
with methane, by adsorption to coal seams, were ob-
served in other coal basins in the Czech Republic and in
the neighbouring coal basins in Poland, too. Such occur-
rences manifested themselves as outbursts of coal and
carbon dioxide with methane or outbursts of rocks and
carbon dioxide. They were registered not only during the
mining in the Czech part of the Intra-Sudeten Basin (in
the area of East Bohemia Mines Company) but, first of
all, in the Polish part of the Intra-Sudeten Basin where
large-scale outbursts of carbon dioxide and methane in
Walbrzych district and Nowa Ruda district in the Intra-
Sudeten Basin were encountered.

Sinking of the shaft at Bedfich Mine in Ostrava-Zabieh
town (on 9th April, 1902) probably is our oldest and
best-known case of eruption of carbon dioxide. While
the sinking was in progress, dissolved carbon dioxide
was liberated from basal clastic sediments in Lower
Badenian (so-called Czech ,detritus”) in the Zdbfeh
lateral furrow of Bludovice furrow in the Czech part
of the Upper Silesian Basin. The cases of mixed out-
bursts of carbon dioxide and methane bound to coal
seams (e.g., at Jan Sverma Mine in Ostrava-Karvina Coal
District (hereafter referred to as ,,OKR”)) are less known.
Since 1894, 43 outbursts of coal and CO, have occurred
here. Equally, carbon dioxide dissolved in mineral water
in basal clastic sediments in Lower Badenian deposited
in the western section of Bludovice furrow is typical of
this zone of the Czech part of the Upper Silesian Basin
where Tertiary volcanites (basalt from Petr Bezru¢ Mine
in Ostrava = 19.6 million years) also appear next to deep
tectonic faults.

A specific, new problem observed following the closure
of mines in the western part of the OKR basin, in an
area affected by mining, is the presence of mine gases,
containing carbon dioxide and methane, in a massif
where mining was terminated. Such gases ascend to sur-
face and represent a serious safety hazard.

The petrological properties of rocks as well as the chara-
cteristics of pores in rocks, selected physical properties
of rocks and coal, and also structural and textural chara-
cteristics of rocks upon which the accumulation of carbon
dioxide is contingent are described in detail in the pres-
ent work for selected localities. The influence of tectonic
structure and the linkage if any to sources of Tertiary
volcanism in the outer area of Bohemian massif are also
shown.

The work also summarizes general knowledge about
the behaviour of the H,O - CO, - NaCl system under
temperature and pressure conditions existing in the coal
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basins in question. Particular attention is paid to rocks
in which carbon dioxide accumulates. New laboratory
data on the adsorption of carbon dioxide on coal from the
Czech part of the Upper Silesian Basin are presented
and compared with the results of the study of CO,
and methane adsorption on coal in the Polish part of the
Intra-Sudeten Basin.

The individual cases described provide an insight into
the nature’s own brew. In spite of the fact that at the time
when these outbursts and gas-dynamic effects took place
the sequestration of carbon dioxide was not yet perceived
as one of the new mining eco-technologies, such cases
reflect, in a historical perspective, the possibilities exist-
ing at that time for studying these extraordinary events,
mainly in connection with outbursts of coal, rocks and
gases.

The information presented hereunder can be put to good
use in searching for localities suitable for underground
storage of carbon dioxide, for modelling of processes asso-
ciated with such storage as well as for the practice of
mining operations conducted within a rock massif where
carbon dioxide may potentially occur. The present work
also addresses the rather neglected problems of corrosion
of concrete structures due to long-term effects of elevated
carbon dioxide concentrations under extreme climatic
and aerodynamic conditions encountered in deep mines.

Carbon dioxide and the rock massif



2. CARBON DIOXIDE AND THE ROCK MASSIF

2.1. NATURAL EMISSIONS
OF CARBON DIOXIDE
IN BOHEMIAN MASSIF

Natural emissions of carbon dioxide on the surface of the
Bohemian massif are linked to springs of mineral waters
or mofettes (e.g., dry, gaseous emissions of CO,). Emis-
sions also exist which are related to gas-dynamic effects
(outbursts of rocks, coal, carbon dioxide, and methane);
they occur during exploitation both underground and
in quarries, as well as during exploration of deposits by
deep boreholes drilled from the surface. Such dynamic ef-
fects are accompanied by gas emissions of natural origin
which are associated with the rock massif. As stated by
numerous authors (e.g., Hynie. 1963; Jetel, Rybafova et
al., 1978), such gas-containing and mineralized hot and
cold water springs and mofettes are concentrated in tec-
tonic faults located deep underground throughout the
Krusné hory (Ore Mountains) tectonic graben in the NW
part of the Bohemian massif and in deep tectonic faults
of Sudeten directions (extending in the NW-SE direction)
skirting the NE rims of the Bohemian massif (Fig. 2.1).
Thus, carbon dioxide emission sites are clustered along
an arc-shaped zone adjacent to the NW and NE parts of
the Bohemian massif. They are closely related to deep-
seated faults and to localities where Tertiary volcanism is
in evidence. Such close association between tectonics and
Tertiary volcanism is a rather characteristic feature of all
CO, emission sites.

Carbon dioxide is part of the geochemical cycle of carbon.
It occurs in sedimentary rocks (together with CH, and
higher hydrocarbons in pores, as a product of coalifica-
tion processes) as well as in eruptive rocks (as inclusion
in minerals); it forms a part of the gas phase present in
pores and fissures and is also present as dissolved gas
or [HCO,] in aquifers or in accumulations in permeable
rock bodies of different genesis.

The principal problem is to establish where all this CO,
comes from. For solving the question of genesis of car-
bon dioxide, the *C/**C isotope ratio is used (see note ).
However, our understanding of CO, genesis, its distribu-
tion, and its behaviour under the temperature and pres-
sure conditions prevailing in pores in the rock massif is
still insufficient.

AS REGARDS CARBON DIOXIDE EMISSIONS,
THE SITUATION IN THE BOHEMIAN MASSIF
IS AS FOLLOWS:

The Ore Mountains (in Czech: Krusné hory) Foothills
tectonic graben is a rather prominent zone of CO, emis-
sions (Hynie, 1963; Paces, 1974; Tesaf, 1986; Weinlich et
al., 1998a, b; Koldfovd and Myslil, 1979, Kacura, 1980).
The genesis of CO, was studied by many authors (Paces
1974; Polyak et al., 1985; D"Amore et al., 1989; Weinlich
et al., 1998a, b). According to Weinlich et al. (1998a,b),
the content of the heavier isotope of CO, together with
the high content of helium (*He/*He) in the mantle found
in the western part of the above basin (near Cheb and
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Sokolov) indicates that this gas is of magmatic origin, ris-
ing from depths greater than 15km. The outlets of gas
and CO, - containing water are closely related to a Y-
shaped, ramified structure involving a branch formed by
the Main Ore Mountain Range Foothills piedmont fault
and the Central Ore Mountain Range Foothills piedmont
fault. Nevertheless, in the block between the Central Ore
Mountain Range piedmont fault and the Litomé¥ice fault
zone running in parallel with the range, no CO, emissions
were registered. This is a confirmation that for migration
of CO, from the mantle, migration paths must first have
been formed which had the form of deep-seated tectonic
structures.

CO, emission sites situated to the SE of the Litométice
fault zone, towards the center of the Bohemian massif,
are linked with the crossing of this great-depth fault with
other faults extending in the NW-SE direction (Horni
Slavkov fault, Maridnské L&zné fault). A number of
CO, emission sites is directly linked with the continu-
ation of these faults farther in the SE direction or with
faults running in the NNE - SSE direction; this applies
to Bezdruzice fault (cf. Weinlich, 1998, Fig. 4). Tectonic
zones with accompanying tectonic faults represent a rock
massif of a higher permeability which serves as a migra-
tion route whereby gas and gas-containing mineral waters
can rise the surface. At the same time, it is evident that
a linkage exists with the third volcanic phase (as speci-
fied by Kopecky, 1978, 1986-1988). As stated by Weinlich
et al. (1998b), it can be estimated that in the western part
of Ohdrecky rift alone, the volume of emitted free carbon
dioxide is 5.31 million m?® per year and that of dissolved
CO, and [HCO,] - is 8.13 million m® per year. In analo-
gous fashion, the genesis and volumes of CO, emissions
are similar in other places of their occurrence, too, e.g.
in the central part of the Ore Mountain Range Foothills
tectonic graben (Komofany) and in the NNE part of the
same basin (Bilina, Teplice Lazné¢).

In the Polish and Czech parts of the Intra-Sudeten Basin,
CO, emissions are accompanied by springs of gas-con-
taining mineral water (e.g., Béloves u Nachoda, Libverda
Spa (Jetel and Rybafova 1979); in Poland, this includes
localities such as Czerniava Zdrdj, Swieradéw Zdréj, Ku-
dowa Zdréj, Duszniky Zdréj, Polanica Zdrdj, etc.). Also
of interest are isolated emission sites of mineral water
with CO, in the Bohemian Cretaceous basin, along the
Sudeten fault zones extending in the NW-SE direction;
such outlets were confirmed in boreholes in Podébrady
and VSestary (Jetel and Rybafovd, 1979).

Note 1):

Isotopic composition of carbon 3C is defined as follows:

813C = [(13C/12C)5u7rlple - (TSC/’ZC)sfandmd]/ (BC/]ZC)sfandmd* 1000
where:
(PC/C),,, \..a COTTesponds to the PDB international standard.
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CO, emissions are also found in coal seams and their
accompanying small tectonic structures. Together with
methane, carbon dioxide is adsorbed on coal matter in
coal seams in the Czech part of the Intra-Sudeten Basin
(former Zdenék Nejedly Mine in Malé Svatonovice —
Odolov), and in the Polish part of the Intra-Sudeten Basin
in mines situated around Walbrzych and Nowa Ruda.
During mining, the presence of CO, is manifested by dy-
namic gas effects as well as by outbursts of CO, and coal
or mixed outbursts of (CO, + CH,) and coal.

It is assumed that a close relationship also exists between
CO, emissions and deep tectonic faults extending in the
NW-SE direction (the so-called Sudeten faults). Carbon
dioxide migrates via the fractured structures surround-
ing the main faults. In those parts of the massif where
there are coal seams, carbon dioxide adsorbs on the coal
matter of the seams or is accumulated in the faulted
zones. In the area marked with deep tectonic faults paral-
lel to the system of the Main Marginal Sudeten fault, CO,
emissions probably are linked to local sources of Tertiary
volcanism. This seems to be corroborated by *C isotope
analyses in CO, from the Polish part of the Intra-Sude-
ten Basin described by Kotarba, 1990. He indicates very
low values of CO, with 8§°C, viz., in the range of - 4 to
-7%o . This suggests that the gas originates at great depths
where volcanic activities are also at play.

In the area of Jesenik (a part of Hruby Jesenik Mts,
Nizky Jesenik Highlands, Oderské Highlands) there are
numerous, cold springs of CO, - containing mineral wa-
ters (Karlova Studdnka, Karlov, the riverbed of Opavice
river, Suchd Rudnd, Ondrdasov u Moravského Berouna,
the Rymafov and Krnov districts, the Moravice river ba-
sin near Janské Koupele). There are also emission sites
here producing dry, gaseous CO, which is even pumped
for use in food processing (Opavice river valley near
Krnov) (Kvét and Kacura, 1978). Springs of mineral water
and emissions of dry gaseous CO, follow deep tectonic
faults in this area or the crossing of these faults with geo-
logical structures belong to a larger area of Tertiary basalt
volcanism on east border of the Bohemian massif. CO,
emission sites continue towards the western section of
the Czech part of the Upper Silesian Basin. This will be
analyzed later on.

Emissions of gaseous CO, as well as of gas-containing
mineral waters are also known from the Moravian Gate
region (in Czech: Moravskd brdna), first of all from the
Hranice district (Hranice, Mact$ka Chasm, ZbraSov
Caves, and Teplice nad Be¢vou Spa). Their relation-
ship with the Sudeten tectonic faults is evident here, too
(émejkal et al,, 1976). For free CO, from Zbrasov Cave,
this author reports 6°C (CO,) = -7.1 %o. This value cor-
responds to a source of gaseous CO, located at a great
depth (Kvét and Kacura, 1978).

Analyses of mineral waters published in the reviews of
mineral water springs suggest that the sum total of CO,
emissions (including dissolved [HCO,]) can be estimated
to be of the order of ~ 60 — 80-10° m® per year as a mini-
mum; assuming a CO, density equal to 1.9768 kg.m" (at
0°C and normal pressure), the production would be ~
120 - 160-10°kg CO, per year.

The question of emissions of carbon dioxide in bore-
holes and mines of the Czech part of the Upper Sile-
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sian Basin has been paid considerable attention in the
past (Patteisky and Folprecht, 1928; Riman, 1955; Pista,
1961) — cf. Chapter 6). In the Czech part of the Upper Sile-
sian Basin, methane and carbon dioxide are dissolved in
highly mineralized water in an aquifer; they are linked
to basal detritic facies of Lower Badenian (so-called
“detritus”). The Lower Badenian basal sediments are de-
posited at the bottom of deep valleys in the Carbonif-
erous, namely in the southern Bludovice furrow and in
the northern Détmarovice furrow. From a hydrochemical
point of view, the above aquifer has a very complicated,
closed structure of primarily stagnant marine fossil salt
waters saturated with gas; in Détmarovice furrow and in
the eastern part of Bludovice furrow, the gas was CH,
from coalification process, whereas in the western part
of Bludovice furrow it was chemogenic CO, (Grmela in
Dopita, 1997; Dvorsky et al., 2009).

Further, emissions of CO, together with methane occur
in coal seams where the gas is adsorbed. Such cases are
encountered only in the western part of the abandoned
Jan Sverma Mine exploitation area where CO, was ad-
sorbed on coal together with methane (Patteisky and Fol-
precht, 1928; Smid et al., 1989).

In the Czech part of the Upper Silesian Basin, carbon di-
oxide is also part of mine air. The contents of CO, in
exhaust air from active coal mines in the Czech part of the
Upper Silesian Basin range from 0.05 to 1 wt.%. When the
mines close down the composition of mine air continues
changing constantly because the air is enclosed in a mas-
sif disturbed by coal mining in the past (the gases bonded
in coal are liberated). At the abandoned mine sites, the
gases — a mixture of CO, and CH, - ascend to surface.

It follows from the above overview that CO, can occur
in the rock massif in the following forms:

- free CO,,

- CO, dissolved in water (as CO, or [HCO,]),
CO, adsorbed (together with CH,) on coal
(mainly, on coal matter in coal seams).

The primary CO, originates from mantle sources and
migrates along deep faults or in sites where they cross
a different system of faults, in the form of free gas or of
gas dissolved in water. In coal seams it is adsorbed on
coal matter. Some part of the CO, in coal basins or in
sedimentary coal stratifications is produced by biogenic
transformation from methane. After closure of the mines,
mine gas remains in the massif. The composition of such
mine gas is determined by polygenetic processes.

2.2. THE WATER - CARBON
DIOXIDE PHASE DIAGRAM

The basic idea on the behaviour of water under differ-
ent pressures and temperatures can be obtained from
the phase diagram of the water — carbon dioxide system
where, three basic states — the solid phase (s), the liquid
phase (1), and the gas phase (g) are represented within an
area bounded by pressure and temperature coordinates.
A general form of this diagram is shown in Fig. 2.2.
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point

Liquid phase (1)
Solid phase
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Triple point Curve of

boiling

Gaseous phase (g)

Curve of sublimation

Temperature [°C]

Fig. 2.2. General representation of the water phase
diagram (three-phase diagram, pure water)

In the diagram, the ones of stability of the phases are sep-
arated by curved phase boundaries which precisely de-
termine the pressures p and temperatures T under which
the two adjoining phases coexist in a mutual equilibrium
(the ,melting — solidification” boundary, the ,boiling —
condensation” boundary, and the ,sublimation — desub-
limation” boundary). The three phase boundary curves
intersect in one common point, the so-called triple point.
This is a unique point where all the three phases are in
an equilibrium and where the vapor tension above the
liquid and the solid phase is the same, see Fig. 2.2. The
curve which indicates boiling (condensation) ends at
the critical point (at ,critical temperature” and ,critical
pressure”coordinates); here the critical temperature T,
denotes the highest temperature under which a given
matter is still stable in its liquid phase; at temperatures
higher than T, vapors of the given matter cannot be liq-
uefied by action of any — no matter how big — pressure.
The coordinates of important points of the phase diagram
for pure water are shown in Fig. 2.3.

Pressure [kPa]

Superecritical fluid | ~—"——
22600
7
o
(s)
Normal
melting point
401
-------------------- \ Normal
boiling point
| 0.00 | | 0.01 | 100.0 374.1

Temperature [°C]

Fig. 2.3. Phase diagram of pure water {gas (g) - liquid ()
- solid (s) states] representing pressures
and temperatures up to the critical point

20

Pressure [kPa]

ca 57000
- S ______
7390 critical point
- S ___
:
(s) i
I
I
I
1
1
i
I
triple point !
518 :
¢ ——————————— - |
I
I
I
______ ! !
: |
I I
v I
I
-78,4°C  -56,6 °C v -31°C

Temperature [°C]

Fig. 2.4. General representation of the phase diagram
of CO, {gas (g) - liquid (I) - solid (s) states}
at pressures and temperatures up to the critical
point

The point of intersection of the isobar of normal pressure
of 101.325 kPa with the boiling curve corresponds to the
temperature of 100.0°C and is known as the normal boil-
ing point. It is precisely at this temperature of 100°C that
the water vapour tension is equal to 101.325 kPa (i.e., the
normal atmospheric pressure). The point of intersection
of the isobar 101.325 kPa with the melting curve corre-
sponds to the temperature of 0.0°C and is known as the
normal melting (solidification) point. The coordinates of
the triple point of water (the solid-liquid-vapour triple
point: 0.01°C and 0.611 KPa indicate that in at the temper-
ature of 0.01°C, to bring water to the boiling point requires
to decrease the ambient pressure precisely to 0.611 KPa;
then, a state of equilibrium is reached where the liquid
phase coexists with the gas phase but, at the same time,
also with ice. A more detailed study of the phase behav-
iour of water under high pressures proved that depending
on pressure and temperature ice can exist in a number of
other stable modifications, too. However, the phase dia-
gram of water encompassing an extended scale of pres-
sures is rather complicated and its description would fall
outside the scope of this work. A total of 22 modifications
of ice, I-XXII, are known. It is worth mentioning that, at the
pressure of 2000 MPa, the so called ice VII will only melt
at the temperature of +100°C (Atkins and de Paula, 2002).
The phase diagram of carbon dioxide (CO,) is shown
in Fig. 2.4. As opposed to the phase diagram of water,
the melting (solidification) curve is of a steeply rising
(not decreasing) character. This means that isothermic
compression of liquid CO, to a pressure above the melt-
ing-solidification curve, at constant temperature, brings
about a phase transformation where the liquid phase

Carbon dioxide and the rock massif



turns solid, i.e., where freezing of the liquid occurs (see
the curve A-B in Fig. 2.4.

The the triple point of CO, is defined by the temperature
of -56.6°C and the pressure of 518 kPa. As a result, the iso-
bar of normal pressure of 101 kPa is situated underneath
the triple point and intersects the sublimation-desublima-
tion curve (rather than the melting-solidification curve);
unlike water (see Figs. 2.3 and 2.4). Therefore, the phase
which is stable at the normal pressure of 101 kPa, is solid
CO, rather than liquid CO, and, at temperatures above
-78.4°C, it transforms directly into the gas phase (sublima-
tion). Thanks to its low sublimation temperature, solid CO,
is used as refrigerant and is called ,dry ice”; it will trans-
form, at atmospheric pressure, directly to the gas phase.
In the water — carbon dioxide phase diagrams (Figs. 2.3
and 2.4), there are areas, just above the critical point, of
supercritical fluids where water or CO, combines prop-
erties of gases and liquids, making it to something ,be-
tween gas and liquid”. In supercritical fluids there is no
phase boundary that would separate the liquid from the
gas phase, i.e., these fluids do not exhibit any surface ten-
sion. Thus, the behaviour of supercritical fluids reflects the
properties of both the gas phase and the liquid phase. In
particular, they are highly capable of penetration (diffu-
sion) in solid matter (as gases); at the same time, they have
a considerable capability to dissolve such solid matter (as
liquids). Thanks to these properties, the supercritical flu-
ids are used as effective extraction agents; their capacity of
acting as a solvent can be effectively controlled by changes
in temperature and pressure which influence the supercrit-
ical fluid density. At the same time, the extracts obtained
by extraction with a supercritical liquid can be separated
into useful fractions by stepwise temperature and pressure
changes. A number of deposits of mineral raw materials
(common crude oil) owe their existence to such processes.
Carbon dioxide is indisputably the most frequently used
supercritical extraction agent. Here the supercritical state
can be reached already at temperatures above 31°C and
at pressures above 7390 kPa (see Fig. 2.4). Reaching the
supercritical state with (“cheaper”) water is much more
sophisticated technically and is much more energy-inten-
sive; in practice, this means that the operation would have
to proceed at temperatures above 374°C and at pressures
exceeding 22600 kPa (see Fig. 2.3): More detail about H,O
and CO, and system H,O - CO, - NaCl see Clark, 1969.
The solubility of CO, in water is dependent on tempera-
ture and pressure (Zelvenskii, 1937); at the temperature
of 25°C and at normal pressure the amount dissolved is
1.48 g CO,.dm?. Solubility at higher temperatures is also
influenced by the NaCl concentration (Takenouchi and
Kennedy, 1965; Malinin, 1979). Consequently, any model
to be adopted will also have to také the NaCl concentra-
tion into account. Carbon dioxide is contained in atmo-
spheric air, at a concentration of 0.0337 vol.% (337 ppmv)
(= 723mg CO,.m?). In deep mines, and in coal mines in
particular, local CO, concentrations in poorly ventilated
workings may rise as high as several dozen per cent. Its
concentrations in exhaust air usually vary from 0.1 to
ca. 1% (at OKR mines, they fluctuate between 0.1 and
1 wt.%). The situation is different in ore mining where
the CO, concentrations in exhaust air are increased only
slightly above the value for outdoor air.

Carbon dioxide and the rock massif

2.3. THE H,0 - NaCl - CO,
SYSTEM UNDER
THE NATURAL CONDITIONS
OF COAL DEPOSITS

Modeling the above system of aqueous solutions enclosed
in pores of rocks under natural conditions of pressure
and temperature existing in coal deposits in the Bohe-
mian massif is important for ascertaining the stability
conditions of the system. The behaviour of rocks when
subjected to deformation is influenced not only by their
higher water content but also by the presence of gases in
the aqueous solutions present in the pores (e.g., nitrogen,
helium); this has been noted e.g. by Gustkiewicz (1990)
and Lempp (1993) who conducted experiments on porous
rocks saturated with inert gases dissolved in water.

The experimental input data required for the calculation
of the HO — NaCl - CO, phase equilibrium overlap with
the area of interest to chemical engineering (Markham et
al., 1941; Wiebe et al., 1941) or, in extreme cases, with
the area of geochemical studies of metamorphic processes
(e.g., Gehring et al., 1986). Thus, certain extrapolations
can be used for those areas where direct experimental
data for the above system are absent over a wide range of
temperatures, pressures, and concentrations. Koldf and
Martinec (1994) published an integrated model capable
of providing an exact description of complicated systems
containing both subcritical and supercritical components
in equilibrium with electrolyte solutions. It has been used
to develop a mixed-type model describing a system that
involves pressures of 10 MPa and more and temperatures
in the 20-40°C range; the model incorporates:

(a) Nine parameters of the Benedict-Webb-Rubin
state equation (Novdk et al., 1972) which were
used to calculate the properties of state and the
fugacity of pure CO,. The state equation makes it
possible to operate with a critical density of pure CO,
more than twice as high.

(b) The solubility of CO, in pure water was calcu-
lated by the approximation equation:
In f,. Pv',

o 1)
RT ’

O,

=1In H(T) +

X
co,

where:

x' - molar ratio of CO, in the liquid phase;

fo - fugacity of CO, in the gaseous phase;

R - universal gas constant 8.314 J-mol’- K*;

P - pressure;

T - absolute (Kelvin) temperature.

v' - The partial molar volume of CO, is given
in the equation o' = 37.6 ml®>mol™.
This molar volume is considered to be independent
of temperature and pressure (Malinin, 1979).
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The temperature dependence of Henry’s coefficient is
given as follows:

InH(T) = A +

+ CInT + DT 2.2)

The parameters of the above function apply over the tem-
perature interval of 273 K > T > 353 K as indicated in
Wilhem, 1977.

(c)  The effect of CO, solubility in water can be
correlated using the empirical equation (Malinin,
1979).

SB =510 kn 2.3)

where:

S - S, - solubility of CO, in mineralized
and pure water, respectively;

m - molar concentration of NaCl;

k, - salting-out coefficient [-].

The effect of pressure on ks is negligible in the first ap-
proximation (Krajca, 1977).

As an example, the following two limiting cases were
computed using input data deriving from the physical
properties as determined for rocks of the MiroSov hori-
zon where a shaft was sunk at Slany mine:

CO, evolved at depths of 875,7 to 888,3m (for details see
Chapter 3) and two possible model cases of CO, binding in
the rock were explored.

(aa) The pore structure of sandstones and conglomer-
ates of the Mirosov horizon was fully saturated
with mineralized, NaCl-containing water
(Couey = 35 g-dm?). At the given pressure and
temperature, carbon dioxide is in equilibrium with
the solution in the given rock system.

(ab) The pore structure of rocks of the Mirosov horizon
is filled with compressed CO, gas, under condi-
tions of ambient critical pressure and temperature.

The results of the simulation, expressed as CO, volume
(converted so as to correspond to the conditions of nor-
mal temperature and pressure) liberated from the rocks,
are shown in Figs. 2.5 and 2.6 for different horizons of
Slany Mine.

Due to increasing pressure, the quantity of CO, dissolved
in water in the pores (see case (aa)) is lower by at least
one order of magnitude than the quantity that would cor-
respond to pure CO, compressed in the pores (see case
(ab)). It should be pointed out that the quantity of CO,
(case (ab)) is in a good quantitative agreement with the
quantity of liberated CO, actually registered during the
sinking operations (see Table 2.1). The geostatic vertical
stress S (2.4) (Zang et Stephanson, 2011)) is:

S, =p, gz 2.4)
where:

S, - geostatic vertical stress [MPal;

g - gravitational constant = 9.81 kg.m’;

z - depth = 870-900 m;

p, - the average bulk volume of overburden massif
p, = 2290 kg-m>.

For Mirosov horizon, the values of calculated geostatic
vertical component of stress (in the interval of 19.5-20.2
MPa) were surpassed. The reason for a suddenly increased
quantity of CO, at pressures of ca. 20 MPa is the nearness
of the CO, critical point (temperature 31.04°C, pressure
7.384 MPa - Fig. 2.6). Under conditions near to the criti-
cal point, the compressibility of gaseous CO, increases
substantially. The sudden liberation of CO, and loosen-
ing of rocks was due to the presence of compressed CO,
gas in the rock pores which was more pronounced than
the effect of CO, liberation from the pore water. It was
found that in case of a sudden shifting of the equilibrium
due to mining activities (relating to the change in per-
meability of sandstones after relieving some of the load
acting upon the massif), the evolution of carbon dioxide
from disintegrated rocks in the vicinity of the slope of the
mine shaft is of the order of 10 000 - 30 000 m?®. In several
degassing cycles, the process of disintegration connected
with the fracturing of the massif penetrates deeper into
the massif, until a new equilibrium is established. It fol-
lows from a study (Martinec and Kraji¢ek, 1990a) of the
properties of rocks in Slany area that the rock strength
and deformation properties are greatly influenced by the
moisture level; therefore, this pore pressure surpassing
the value of 8 MPa can also exert a critical impact on rock
strength and stability at rock moisture levels above 2.5%
(see, for example, the degree of fragmentation of rocks or
disintegration of massif in the case of outburts — see Plate
D, Figs. D1-D18).

Le{y erm Thickness Bulk volume Volume of pores Production of CO Temperature
Mirosov of layer ) 9 2 .
. [kg-m?] [dm3-Mg?] [m?] ['C]

horizon [m]

1. 32 2 440 372 6 500 33.5

2 31 2290 61.3 3400 34

3. 32 2280 63.6 6 200 34

4 31 2320 61.5 5500 34

Table 2.1 Physical properties of four sandstone beds of MiroSov horizon, at Slanyj Mine skip shaft, at depths of 875.7 to

888.3 m. Shaft diameter, 9.9 m.
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Fig. 2.5 Model calculation of the volume of carbon
dioxide liberated from pores in rocks fully satu-
rated with mineralized water containing NaCl
(35 g-dm™) and with dissolved carbon dioxide
(Case (aa)).

Locality: Slanyj Mine, MiroSov horizon, depth
sequence from 875.7 to 888.3 m (for individual
layers, see Table 2.1). The system involved is
H,0 — NaCl - CO,; the volume of liberated
carbon dioxide shown corresponds to standard
pressure and temperature conditions.
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Fig. 2.6 Calculation of the volume of carbon dioxide
volume liberated from rock pores containing free
carbon dioxide (Case (ab)).

Slany Mine, MiroSov horizon, depth sequence
875.7to 888.3 m (for individual layers, see Table
2.1). The system involved is H,O — NaCl — CO,;
the volume of liberated carbon dioxide shown
corresponds to standard pressure and tempera-
ture conditions.
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Simulation of the conditions existing at Slany Mine can be
applied with advantage to other coal basins (with similar
pressure and temperature conditions) as well where the
two aforementioned forms of CO, occurrence in the rock
pores can be observed. The above thermodynamic analy-
sis shows the importance of the study of phase equilibria
of pore fluids at high pressures. This has a direct impact
on the reversed situation, too —i.e., on the injection of gas
(presumably, CO,) or liquid into porous permeable rock
bodies via boreholes drilled from the surface.

2.4. SUDDEN LIBERATION
OF CARBON DIOXIDE
AND METHANE
FROM THE ROCK MASSIF
OR FROM COAL SEAMS

In a number of coal deposits, mining operations have to
cope with sudden emissions of gases (CH,, CO, or their
mixtures) which were bonded to coal matter of the seam.
The gases burst out rapidly into the open, entraining ei-
ther crushed rock or fine, even dust-like coal debris. This
means that e.g., in coal where CO, is adsorbed on the
surface of pores existing within the fine inner coal struc-
ture (not only on the surface of coal particles delimited
by fissures), the gas expands from within and the coal
disintegrates to coal dust.

If the quantity of suddenly ejected coal is greater than
0.5 metric ton, such phenomena are defined as “out-
bursts of coal, rocks and gases” as per Section 2 of the
,Instruction for forecasting and preventing coal and gas
outbursts in mines prone to outbursts”. If smaller quan-
tities are involved the phenomena are generally classi-
fied as “gas-dynamic effects”. Both the outbursts and the
gas-dynamic effects furnish valuable information about
the forms of accumulation of gases in the seams or, more
generally, in the massif.

2.5. FACTORS INFLUENCING
CO, AND CH, ADSORPTION
ON BITUMINOUS COAL
UNDER LABORATORY
CONDITIONS

Adsorption of carbon dioxide on coal matter is the fun-
damental interaction which accompanies CO, occurrence
in situ. In the present study, the adsorption behaviour of
coal from the Czech part of the Upper Silesian Basin is
compared with data on the behaviour of coal from oth-
er localities. Adsorption of CO, was studied on selected
samples of coal from the seams of the Czech part of the
Upper Silesian Basin during the 20082009 period (Czech
Mining Authority project 57-08).
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Type SETARAM C80 calorimeter with calorimetric cells
(SETARAM C80) was used to measure the gas flow at
an elevated pressure. Thus, data were obtained on high-
pressure adsorption of CO, and, at the same time, on the
importance of factors which influence the adsorption
process (moisture content, temperature, grain size). On
the basis of such measurements, the thermal effects ac-
companying adsorption processes were examined. The
experimental adsorption heat data were converted (using
isosteristic heat values for CO,) to adsorbed carbon diox-
ide volumes V_, [dm*kg].

The calorimetric measurements were carried out using
bituminous coal samples from the following coal seams:

22b (code OKD of coal seam no. 086) — Paskov — Stafi¢
Mine, Ostrava Fm, Petfkovice Mbr; the Natan coal seam
(code no. 463) — Lazy Mine, Ostrava Fm, Poruba Mbr; the
Prokop coal seam (code no. 504) — Lazy Mine, Karvind
Fm, “Sedlové vrstvy” Mbr. The results for these three
samples are shown here together with results obtained
for a coal sample originating from Darkov Mine (Darkov
sample, Poruba Mbr). This latter sample was tested at the
Institute of Rock Structure and Mechanics of the Acad-
emy of Sciences in Prague (Pfibyl et al., 2009). The qual-
ity parameters and the elementary composition of all the
coal samples are given in Table 2.2.

Coal W2 [ Ad | vdf | Cd H? | N¢ | S¢
seam [c%)]

gf;;k;’&) 08 [ 102 (337|796 | 47 | 1.0 | 035
?;?;23) 10 | 82 | 316|813 45 [135] 08
f;’i ose) | 10 | 117|186 | 807 | 34 | 13 | 055

Table 2.2 Elemental composition and chemical
parameters of bituminous coal from the Czech
part of Upper Silesian Coal basin

Explanatory note: W* — moisture of coal in analytical
sample; A’ content of ash, dry; V' — content
of volatile matter; C%, H*, N* — contents of
carbon, hydrogen, and nitrogen, dry; S' — total
content of sulphur, dry.

Name | designation and code no. of coal seam
in the Czech part of the Upper Silesian Basin
(after Dopita et al., 1997).

2.5.1 HIGH-PRESSURE ADSORPTION
OF CARBON DIOXIDE
ON BITUMINOUS COAL

High-pressure CO, adsorption was studied experimen-
tally in the sub-critical region, at a temperature of 30°C
and at pressures up to ca. 5.5 MPa. The resultant isother-
mal adsorption curves represent the amounts of adsorbed
carbon dioxide as a function of pressure acting on the
adsorbate (CO,) (Fig. 2.7).
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Fig. 2.7. High-pressure adsorption isotherms of CO,
for bituminous coal (from the Czech part
of Upper Silesian Basin, Namurian A
(Ostrava Fm) and Namurian C and Westphalian A
(Karvind Fm).
Experimental conditions: temperature 30°C,
grain size 0.06 — 0.15 mm, dry coal (cf. Table 2.2).

A number of equations and models (see e.g., Perera et
al., 2011) were proposed to mathematically express the
adsorption isotherms. The Langmuir model is used most
frequently. It is based on the theory of a monolayer cov-
ering the sorbent surface. The Langmuir isotherm has
also been used for the correlation of adsorption data de-
termined for the carbon dioxide — coal system (Medek,
1971; Nodzienski, 2000; Krooss et al., 2002; Goodman et
al., 2007; Perera et al., 2011).

In linearized form, the Langmuir isotherm can be
expressed as:

p/Ves =p/V_+1/(V_k) (2.5)

where:

V.. - adsorbed volume of CO, [dm’kg™];
p - equilibrium pressure of CO, adsorption [MPa];
V - (maximum) adsorption capacity expressing
the amount of CO, adsorbed at a multilayer cover
of the coal surface [dm?kg™];
k - a constant relating to the rate of the adsorption and

desorption processes.

The typical Langmuir shapes, i.e., a steeply increasing
amount of adsorbed gas in the low-pressure region up
to maximum adsorption in the high-pressure region is
also evident from the adsorption isotherms pertaining to
adsorption on coal from the seams of the Czech part of
the Upper Silesian Basin (Fig. 2.7) or the Intra-Sudeten
Basin (Figs. 2.10 and 2.11). The experimental adsorption
isotherms were in excellent agreement with the Langmuir
isotherm; this is also attested to by the values of the de-
termination of coefficients R? obtained from the linear-
ized isothems (equation 2.5); in all cases, they were higher
than 0.99 (see Table 2.3). It follows from Fig. 2.7 that the
maximum amount of adsorbed CO, in the samples un-
der study was ca. 20.5 dm® CO,-kg". The maximum CO,
adsorption was obtained for coal from the no. 22b seam
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(code no. 086) of Paskov-Stafi¢ Mine (26.7 dm’ CO,-kg™),
whereas the coal from Prokop seam (code no. 504) of Lazy
Mine had minimum adsorption (18.8 dm’® CO,-kg"). Thus,
it can be stated that, generally, the adsorption capacity of
coal — as far as carbon dioxide is concerned — increases
with increasing degree of coalification V¥, and is also
related to the average reflectivity of vitrinite, R , and the
C4/H9) ratio, which is commensurate with the expected
behaviour of coal matter in seams of the Czech part of the
Upper Silesian Basin (Martinec and Honék, 2002; Mar-
tinec et al., 2005).

The correlation coefficients R? expressing the degree of
agreement of experimental data with Langmuir’s model
is summarized in Table 2.3, together with the absorption
capacities Vcomputed for individual samples. The cal-
culated percentages of surface of coal occupied by ad-
sorbed carbon dioxide S (m?-g?) is shown here as well.
These data were arrived at based on the experimental
values of V_ on the assumption that one CO, molecule
covers an area of 0.253.10"% m? (Medek, 1971). Generally,
it can be stated that the boundary found for the surface
coverage values of 127 — 181 m?-g™ fully corresponds with
our current notions about the area of internal surface
of natural bituminous coals (Medek, 1971; Ettinger and
Sulman; 1975; Nodzienski; 2000).

Nevertheless, from a practical point of view, what is most
important is to compare the adsorption capacities V_ ob-
tained for coal from the Czech part of the Upper Sile-
sian Basin with the adsorption capacities of coal samples
from other localities. In this respect, the study of Busch
and Gesterblum (2011) summarizing adsorption data for
Australian coals (from Bowen and Sydney basins), Indian
coals (from Raniganj, South Karanpurna coalfield), Ger-
man coals (Ruhr basin), Brasilian coals (Paranéd basin), or
North American coals (Argonne Premium Coals) is im-
portant. For these coal samples which on the coalification
scale range from lignite to anthracite, the high-pressure
adsorption capacities of CO, were determined to be in
the range of ca. 15 - 50 dm® CO,'kg" of dry coal (Busch
and Gesterblum, 2011). It is curious to note that a clear-
cut dependence of adsorption capacity on the degree of
coalification was not proved. But in any case it is obvi-
ous that the limiting adsorption capacities of 18 — 27 dm?
CO,kg' resulting from our experiments conducted on
coal from the Czech part of the Upper Silesian Basin are
fully comparable with published coal adsorption capacity
data pertaining to other localities.

2.5.2 EFFECT OF TEMPERATURE
ON ADSORPTION OF CARBON
DIOXIDE ON BITUMINOUS COAL

It follows from general thermodynamic notions about the
process of physical adsorption that, at a given pressure,
the degree of coverage of the surface of coal matter with
molecules of a gaseous adsorbate (CO,, CH,, N, and oth-
er) decreases with increasing temperature (under a given
pressure),; this is explained by the fact that the kinetic
energy of the molecules increases with increasing tem-
perature (Gregg and Singh, 1982). The same was found
to apply generally to the adsorption of carbon dioxide
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on coal matter; a distinctive decrease of carbon dioxide
adsorption capacity was proved to be associated with an
increase of temperature (Krooss et al., 2002; Sakurovs et
al., 2007; Nodzienski, 2000).

For coal from the Czech part of the Upper Silesian Basin,
the effect of temperature on the carbon dioxide adsorp-
tion capacity was studied at temperatures of 30 and 50°C.
Dry coal samples from Natan coal seam (463) and from
no. 22b seam (086) adapted to grain size of 0.06-0.5mm
were measured. The results are summarized in Table 2.3,
Fig.2.8; they represent the amounts of carbon dioxide ad-
sorbed at a pressure of 0.1 MPa.

Temperature 30°C 50°C 60°C
Sample from V245(CO,)

coal seam [dm?kg™]

Natan (No 463) 54+015 | 39=+015 | 3.0+02
22b (No 086) 74+015 | 46+0.15

Table 2.3 Effect of temperature on carbon dioxide
absorption in bituminous coal from
the Czech part of the Upper Silesian Basin

Adsorption uptake of CO, [dm®kg]
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Fig. 2.8 Effect of temperature on adsorption uptake
of carbon dioxide at pressure 0.02 MPa.

Sample: bituminous coal, grain size < 0.2 mm,
from Poruba Mbr., Ostrava Fm.,
the Czech part of the Upper Silesian Basin
(adopted from ref. Pribyl et al. 2009).

The data in Table 2.4 confirm that the adsorption capac-
ity of carbon dioxide on coal decreases distinctly with
increasing temperature; a temperature increase of 20°C
produces a ca. 30% decrease in the amount of adsorbed
CO,. The same percentage (30%) was obtained by Pribyl
et al. (2009) based on their analysis of a Darkov sample
using a gravimetric (weight) sorption apparatus.
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2.5.3 EFFECT OF MOISTURE IN COAL ON
ADSORPTION OF CARBON DIOXIDE

Water is the basic component which accompanies coal
matter regardless of its origin, place of occurrence, or de-
gree of coalification. The content of water in coal (i.e.,
moisture) can vary — from a few tenths of a per cent (an-
thracite) to more than 50% (lignite). The occurrence of
water in coal also represents the main, ultimate factor
which also influences the capacity of coal to adsorb car-
bon dioxide.

The effect of moisture in coal from the Czech part of
the Upper Silesian Basin on the capacity of coal to ad-
sorb carbon dioxide was determined on samples having
0.06-0.15mm in grain size, at a temperature of 30°C. The
samples were measured in dry and wet condition. The
content of water in wet coal was determined immediately
after the calorimetric test (Table 2.4).

Vads(COZ) sample Vads(COZ)
Sample from [dm>kg™] [%] [dm*kg™]
coal seam
Dry sample Wet sample
Natan (no 463) 54 +0.15 2.0 3.1+02
Prokop (no.504) [ 4.5+ 0,08 3.2 2.8 +0.15
22b (no 086) 74+ 0,15 1.2 5.5+ 0.15

Table 2.4 Effect of coal moisture in samples of bitumi-
nous coal from the Czech part of the Upper
Silesian Basin on carbon dioxide absorption.

Explanatory note:
sampie = Water content of bituminous coal
in calorimetric test conducted on moist coal.
Name | designation and code no. of coal seam
in the Czech part of the Upper Silesian Basin
(after Dopita et al., 1997).

It is clear from Table 2.4 that moisture is an important
factor that imposes a limit on the capacity of the coal sur-
face to adsorb carbon dioxide; water contents as low as
1 - 2%, which are encountered frequently, bring about
a 30 to 40% decrease of CO, adsorption compared to dry
coal. This dramatic limiting influence of water on CO,
adsorption has been fully corroborated by other pub-
lished results (Busch and Gensterblum, 2011; Day et al.,
2008). The same was proved by an analysis of carried out
on samples of Darkov Mine coal (Pfibyl et al., 2009). At
a moisture content of 1.1%, the capacity of coal to adsorb
carbon dioxide is roughly 40% lower than that of a dry
coal sample. A comparison of the CO, adsorption iso-
therms for dry and wet samples of Darkov coal is given
in Fig. 2.9.

A number of authors made efforts to arrive at a detailed
explanation of the effect of moisture on the process of car-
bon dioxide adsorption on the surface of coal matter (e.g.,
Ettinger and Sulman, 1975; Batistuta et al., 2010; Day et
al., 2008). Some of these authors studied the differences
observed in the adsoption centers depending on whether
the species adsorbed was carbon dioxide or water (Kroos
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et al.,, 2002; Pfibyl et al., 2009; Busch and Gensterblum,
2011). Other authors believe that the curtailment of CO,
adsorption on wet coal is the consequence of an adsorp-
tion mechanism of volumetric filling of micropores by
molecules of water (Sakurovs et al., 2008). A valuable
contribution to this subject is the ,,conventional” informa-
tion presented by Ettinger and Sulman (1975); they claim
that gas components having higher critical temperatures
T, are adsorbed preferentially on the coal surface. The
value of T, of water is 374.1°C, while T, for carbon di-
oxide is (only) 31.1°C. This corresponds to preferential
adsoption of that water which carbon dioxide no longer
is capable of displacing from the coal surface. On the ba-
sis of studies of Australian and Chinese coal, Day et al.
(2008) estimate that three molecules of water displace one
molecule of carbon dioxide. Another published claim has
been that the capacity of coal to adsorb carbon dioxide
decreases with increasing water content of moisture only
up to a certain, so-called equilibrium value, whereupon it
remains more or less constant (Day et al., 2008; Joubert et
al., 1974). Such behaviour could not be proved for bitumi-
nous coals from the Czech part of the Upper Silesian Ba-
sin. It is evident that the above information applies only
to hydrophylous coals with a low degree of coalification
and a different maceral composition.

Adsorption uptake of CO, [dm*/kg]
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Fig. 2.9 Effect of coal moisture on adsorption uptake
of carbon dioxide at 35 °C and grain size < 0.2 mm.

Sample: Bituminous coal from Poruba Mbr, Ostrava Fm,
the Czech part of the Upper Silesian Basin
(adopted from ref. Pribyl et al. 2009).

2.5.4 EFFECT OF COAL GRAIN SIZE
ON CARBON DIOXIDE
ADSORPTION

Grain size of coal samples is another parameter that can
influence the adsorption process on coal in situ. co, The
effect of grain size on adsorption of carbon dioxide on
coal from the Czech part of the Upper Silesian Basin
was examined using two grain size fractions: (1) 0.06 —
0.15mm and (2) 0.8 - 1.0mm. Dry samples were used and
the measurements were performed at a temperature of
30°C. The results are summarized in Table 2.5.
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Grain size 0.06 - 0.15 mm | 0.8-1.0 mm
Samle from V(CO,) V(CO,)
the coal seam [dm3kg™] [dm3kg™]
Natan (No 463) 54 +0.15 3.3+0.15
22b (No 086) 74 +0.15 34+0.15

Table 2.5 Effect of grain size of bituminous coal from
the Czech part of the Upper Silesian basin
on carbon dioxide absorption

The results in Table 2.5 show that the grain size of coal
(in situ or in a coal sample) is an important parameter
influencing its adsorption capacity. With increasing grain
size, the adsorbed amounts of carbon dioxide decrease.
It follows from the experimental data that a tenfold in-
crease in grain size causes the amount of adsorbed CO,
to decrease by one half. Roughly the same results were
obtained by Ptibyl et al. (2009) who used the method of
gravitational adsorption of carbon dioxide on samples of
Darkov coal which however were of different grain sizes:
(1) under 0.2 mm and (2) above 5mm.

The behavior of the coal — CO, system as a function of
coal fragmentation is definitely linked with poorly devel-
oped pores in the coal matter not allowing free access of
adsorbate to the adsorption centers throughout the bulk
of the coal particles. Thus, in the real time of the adsorp-
tion experiment, the adsorption process proper takes
place predominantly on the accessible, external surfaces
of the coal grains. The test results indicate that, more pre-
cisely, this instantaneous (apparent) adsorption of CO, on
these accessible surfaces of the coal particles is completed
and terminated within ca. 1.5 h from the first contact of
carbon dioxide with coal. Then, evidently, any further ac-
cess of CO, molecules into the undisturbed coal matrix
takes place by activated diffusion (Busch and Genster-
blum 2011) and requires a long time (days, weeks, ...). In
this connection, it is worth mentioning that for the dif-
fusion of nitrogen into coal (at the temperature of liquid
nitrogen), the time to reach the adsorption equilibrium is
of the order of 1,000 years (van Krevelen, 1993).

Many authors have paid attention to the quantification
of the coefficients of CO, diffusion into the pore struc-
ture of coal. Busch and Gensterblum (2011) present the
results of measurements taken by thirteen different au-
thors who studied CO, diffusion into coal during the
1993 to 2010 period. In this connection, the following
conclusions (Busch and Gensterblum, 2011) ought to be
highlighted as being the most interesting:

a) The coefficients of CO, diffusion into coal range from
101 to 107 m?s™.

b) The rate of CO, adsorption on dry coal is always
higher than that on wet coal; a 1-2% increase of
moisture brings about a ca. 30-40% decrease of the
amount of CO, adsorbed.

c) For identical coal samples, the CO, adsorption rate is
higher than the CH, adsorption rate.

d) The CO, adsorption rate decreases with increasing
fragmentation of the coal, but only up to a certain
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limit. A tenfold increase in the diameter of coal grains
causes the amount of adsorbed CO, to decrease to
approximately one half.

e) The capacity of coal to adsorb CO, decreases with
increasing temperature; an temperature increase
of 20°C produces a decrease of the adsorbed amount
of CO, by ca. 30%.

f) The CO, adsorption rate manifestly decreases with
increasing stress applied onto the coal sample.
Strange as it may seem, sporadic attention has been
dedicated to that question so far (Pone et al., 2009).

Detailed study of orientation, intensity and natural sus-
ceptibility to cracking (natural cleats) in coal seam and
precisely identification of mineralization in cracks and
fissures is very important.

2.5.5 COMPARISON OF THE
ADSORPTION PROPERTIES OF
CARBON DIOXIDE AND METHANE
ON BITUMINOUS COAL

No analysis of the factors influencing adsorption of car-
bon dioxide on coal would be complete without eluci-
dating the effect of the presence of methane which often
accompanies carbon dioxide in coal seams.

It follows from Table 2.7 that the capacity of coal to ad-
sorb CO, is 4 to 5 times higher than its capacity to ad-
sorb methane. This finding fully corresponds with earlier
information by Ettinger and Sulman (1975), to the effect
that preferential adsorption can be expected for that
gas component which has the higher value of the criti-
cal temperature T,. The value T, for carbon dioxide is
31.1°C (Fig.2.3), the value T, for methane is -82°C, and the
value for water is 385°C (Fig.2.4). Therefore, preferential
adsorption of carbon dioxide can be expected; this gas
should be able to displace methane previously adsorbed
on the coal surface. The ability of carbon dioxide to dis-
place methane was proved experimentally (Ottiger et al.,
2008; Fitzgerald et al., 2005).

The relative adsorption capacities of carbon dioxide and
methane derived from measurements also correspond to
the published results. Measurements of CO, and CH, ad-
sorption performed so far proved that the capacity of coal
to adsorb CQO, is higher than the capacity to adsorb CH,
(e.g., Battistuta et al., 2010; Sakurovs et al., 2007; Day et
al., 2008; Fitzgerald et al., 2005). This fact is illustrated in
Fig 2.10 showing the CO,/CH, adsorption ratios for coals
from lignite to anthracite (Busch and Gensterblum, 2011)
having different degrees of coalification (vitrinite reflec-
tance) on the basis of the works of seventeen authors who
studied this subject.

While the measurements of adsorption of pure CO, and
CH, proved unambiguously that the capacity of coal
to adsorb carbon dioxide is higher, the results of mea-
surements of adsorption of a mixture of carbon dioxide
with methane on coal were not so convincing. Alongside
works confirming preferential adsorption of carbon di-
oxide also from the CO, — CH, gas mixture (Ottiger et
al., 2008; Fitzgerald et al., 2005), other results were also
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published which claimed that methane adsorbed pref-
erentially (Majewska et al., 2009). However, finding an
explanation of this latter preferential adsorption will re-
quire further research.
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Fig. 2.10 Ratio between adsorption capacities of coal
to CO, and CH, as a dependence of coal rank,
dry samples (adopted from ref. Busch
and Gensterblum, 2011)

2.5.6 ADSORPTION OF CARBON DIOXIDE
AND METHANE ON COAL FROM
THE INTRA-SUDETEN BASIN

As a piece of supplementary information, it should be
pointed out that adsorption of CO,, CH, or (CO, + CH,)
mixtures having variable ratios of the two gases, at a tem-
perature of 20°C and at pressures increasing progressively
up to 50 atm (4.93 MPa), was demonstrated by Tarnowski
in Kruk (1969) on samples of coal from the Polish part of
the Intra-Sudeten Basin. The authors used coal samples
of less than 0.042mm grain size and of 60g in weight.
The samples came from the following mines: Thorez (coal
seams nos. 72, 73, 78); Nowa Ruda, Boleslaw (coal seams
nos. 12, 13, 32); Piast (upper and middle coal seams, Fran-
tiszek, Roman, Ferdynand, and Wilhem coal seams). The
adsorption isotherms of CO, and CH, mixtures deviated
considerably from the Langmuir behavior. For the above
coals, Tarnowski (lit.cit.) indicates that the volumes of ad-
sorbed pure CO, (Fig. 2.11), pure CH,, and mixture of both
gases (Fig. 2.12) in [m>-Mg] (at different CO,/CH, ratios)
are pressure-dependent (up to 50 atm., i.e., 4.93 MPa).
Curves of potential gas absorption capacity of coal from
a given seam versus pressure were presented. The graph
in Fig. 2.12 shows examples of three adsorption iso-
therms of CO, and CH, and their mixture, converted to
the amount of gas adsorbed, as function of the maximum
attained adsorption pressure (50 atm = 4.93 MPa) for se-
lected coal samples. The capacity of coal samples from
the Polish part of the Intra-Sudeten Basin for adsorption
of pure methane at high pressure is 17 m® methane per kg
of coal at 20°C, at grain sizes under 0.042mm; the same
parameter for CO, is in the range of 40 dm® CO, per kg
of coal.
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It was confirmed that in coal from the Polish part of the
Intra-Sudeten Basin, namely in coal of a lower coalifica-
tion with volatile matter V4 (22 to 42 %, most frequent-
ly 35 to 39 %), both grain size and temperature have
a considerable influence on the amount of CO, adsorbed
(35-45 dm*kg™). This is higher than the amount of CO,
(18-27 dm3kg™) adsorbed on coal from the Czech part
of the Upper Silesian Basin, ofa higher coalification
Vdaf (18.6 — 33.8 %). This may be explained by the influ-
ence of temperature and, first of all, grain size of the sam-
ples used in the experiment.

Adsorption ratio CO,/CH, and mixture of (CH,+CO,) [dm*.kg"]
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Fig. 2.11 Adsorption isotherms of pure CO, and CH, for
a sample of bituminous coal from Polish part
of the Intra-Sudeten Basin, Thorez Mine, no. 75
coal seam (Tarnowski in Kruk (1969), adapted).
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Fig. 212  Adsorption isotherms of pure CO, and CH, and
their mixture for a sample of bituminous coal,
Polish part of the Intra-Sudeten Basin, Thorez
Mine, coal seam 75. (Tarnowski in Kruk (1969),
adapted).

For coal from the Czech part of the Intra-Sudeten Basin,
where mixed outbursts of CO, and CH, occurred in coal
seams containing volatile matter V¥ 36-39 %, C9: 80-84 %
and H": 5.2 % (Zdenek Nejedly Mine — (Tésler et al., 1979),
corresponding data on the adsorption of CO, or CH, on
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coal are missing. In view of the geological analogies, geo-
logical age, the coal deposit structure, the coal compo-
sition and its maceral composition and coalification, the
data on adsorption of pure CO,, methane, and CO, - CH,
mixtures at a temperature of 20°C available for coal from
the Polish part of the Intra-Sudeten Basin (Tarnowski in
Kruk (1969) or Nodzienski 2000) may also apply in the
Czech part of the basin, bearing in mind all the accompa-
nying factors (water content, grain size, degree of coalifi-
cation, and temperature and pressure).

2.6 NITROGEN PERMEABILITY
OF ROCKS AND COAL UNDER
TRIAXIAL STRESS

The permeability of rocks or coal microstructures is
a complicated phenomenon: it includes both volumetric
gas transport through the pores and gas diffusion pro-
cesses influenced by the temperature at which the process
of gas migration occurs. In rocks with dispersed coal mat-
ter or in coal, an integral part of the process of gas migra-
tion is the process of its adsorption on the coal matter.
The adsorption process is influenced by the surface area
of the absorbent (e.g., coal or rock) as well as by water
content and temperature. Data for Carboniferous rocks
and coal of the Czech part of the Upper Silesian Basin
according to Kone¢ny and Kozusnikova (2011) are listed
in Table 2.6 - 2.8.

The permeability of rocks and coal was tested under
the following experimental conditions:

The permeability measuring device of the Institute of
Geonics of the Academy of Sciences in Ostrava-Poruba
consists of a KTK 100 UNIPRESS triaxial cell, modified to
enable the passage of gas. A so-called “false triaxial ap-

paratus” was employed, producing a confining pressure
of hydraulic oil (o, = 5,) of up to 100 MPa upon the tes-
tpiece. The axial stress (c,) was exerted by type ZWICK
1494 mechanical press. This experimental arrangement
makes it possible to perform basically two main types
of experiments: measurements of permeability under in-
creasing hydrostatic pressure and measurements of per-
meability under increasing axial pressure.

The gas medium used for the measurements of perme-
ability is nitrogen of a dynamic viscosity p = 1.75 x 10°
Pa-s; its pressure Pup is maintained constant at 3 MPa
by the control valve from a gas pressure vessel. The gas
is passed through a capillary to the cylindrical part of
the apparatus and to a special screen where the gas is
distributed to the upper base of the rock specimen. At
an atmospheric pressure Pdown the gas flows through
the screen from the low base of the rock specimen to the
output capillary.

From the outlet capillary the gas is passed to a flowme-
ter or measuring cylinder from which it expulses water;
the volume of water corresponds to the volume of gas
passed per unit time Q. Equation (2.6) based on Darcy’s
law is applied to calculate the intrinsic permeability of
compressible gas (ASTM Standards, D 4525),

2Q.u.L.P,

Y @6

down

where:

— permeability coefficient [m?*];

volumetric flow of nitrogen [m’];

— dynamic viscosity; y for nitrogen = 1.75 10° Pa-s;
length of sample [m];

— atmospheric pressure [MPal;

cross-sectional area of specimen A [m?];

— pressure regulated from the gas pressure vessel
by the control valve, so as to be maintained

at the constant value of 3 MPa.
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Sample Borehole / Mine Formation / Member Petrography size of quartz
[mm]
3327 Celadna (C-1) Sedlové vrstvy Mbr / Karvind Fm SAmg 0.21
3336 Celadna (C-1) Suchd Mbr / Karvind Fm SAmg 0.23
3888 Ostravice (O-1) Poruba Mbr / Ostrava Fm SAfg 0.15
3946 Ostravice (O-1) Poruba Mbr / Ostrava Fm SAmg 0.40
4502 Lazy Mine (C 84 A) Sedlové vrstvy Mbr / Karvind Fm SAc 0.59
4512 Lazy Mine (C 84 A) Poruba Mbr / Ostrava Fm SAc 0.51
4537 Dukla Mine (D 2197) Poruba Mbr / Ostrava Fm SAmg 0.29
4539 Dukla Mine (D 2197) Poruba Mbr / Ostrava Fm SAc 0.51
4542 Dukla Mine (D 2197) Poruba Mbr / Ostrava Fm SAmg 0.32
4543 Dukla Mine (D 2197) Poruba Mbr / Ostrava Fm SAmg 0.44
7567 Darkov Mine (257) Sedlové vrstvy Mbr / Karvind Fm SAc 0.58

Explanatory notes: fine-grained sandstone — SAfg, medium-grained sandstone — SAmg, coarse-grained sandstone — SAc

Table 2.6 Permeability of sandstone from the Czech part of the Upper Silesian Basin — characterization of rock
samples in Fig. 2.13 (experimental data: Konecny and KoZusnikovd, 2011)
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Bulk volume Tota_l Strenght Splitting tensile
Rock [ke-m=] porosity [MPa] strenght
5 [%] [MPa]
Interval (minimum-maximum) / Average
Sedlové vrstvy Mbr — (Namurian C) Karvind Fm (Namurian C,D and Westphalian A)
fine-grained 2470-2980 19 15-103 41-13.8
sandstone Sfg 2583 4.0 67 8.3
medium-grained 2490-2630 3-10 20-143 43-7.3
sandstone Smg 2548 5.0 69 5.7
coarse-grained 2450-2680 4-10 34-174 3.8-8.7
sandstone Sc 2583 7 79 49
Poruba Mbr (Namurian A, zéne E2b) — Ostrava Fm (Namurian A)
fine-grained 2460-2990 1-7 39-143 53-13.5
sandstone Sfg 2593 3.0 87 8.4
medium-grained 2485-2640 3-8 45-121 3.3-13.3
sandstone Smg 2555 45 83 6.9
coarse-grained 2445-2692 4-8 67-110 2.8-8.3
sandstone Sc 2585 58 89 5.6

Table 2.7 Bulk volume, total porosity, strength, and splitting tensile strength of sandstones from Sedlové vrstvy Mbr,
Karvind Fm and Poruba Mbyr, Ostrava Fm (Czech part of Upper Silesian coal basin) (Miiller et al. in Dopita
et al,, 1997, adapted).

Coal macerals [%]
Coal seam Vitrinite
Sample Mine, oa’ seam reflectance - S <
Member name/designation = g= =
no. (borehole) Ro = R =
and (code no.) = s =
[%] = oy 4
> _ 5
Lazy Sedlové
3284 (38704) vrstvy Mbr 38 (522) 0.960 64.3 2.0 33.7
Lazy Sedlové
3284 (38704) vrstvy Mbr 38 (522) 0.938 61.9 3.1 35.0
9. kvéten Sedlové Prokop
4159 (SuSto572) vrstvy Mbr (507-510+504) 1.054 61.1 8.2 307
9. kvéten Sedlové Prokop
4160 (SuSto572) vrstvy Mbr (507-510+504) 1.082 455 12.1 424
9. kvéten Sedlové Prokop
4162 (SuSto0572) vrstvy Mbr (507-510+504) 1.072 470 10.8 422
9. kvéten Sedlové Prokop
4163 (SuSto572) vistvy Mbr (507-510+504) L7z e Bl 293
9. kvéten Sedlové Prokop
4166 (SuSto572) vrstvy Mbr (507-510+504) 1.009 618 21 36.1
Lazy Sedlové Prokop
4168 (C 117) vrstvy Mbr (504) 0.875 445 17.6 379
Lazy Sedlové
5215 (C 110) vrstvy Mbr 39 (507-510) 0.828 69.1 7.9 23.0
Frantisek
5216 (F 3313) Poruba Mbr Sek (420) 1.226 87.6 3.8 8.6

Table 2.8 Permeability of bituminous coal from the Czech part of the Upper Silesian basin — characterization of coal
samples in Fig. 2.14 (experimental data: Konecny and KoZusnikovd, 2011)
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The cylindrical testpieces used for permeability mea-
surements usually are of a length of L = 96mm and a di-
ameter of 48 mm defining the cross-sectional area of the
specimen, A. The bases of the cylindrical testpieces are
ground. The setup of rock specimens, screen and clamps
is protected against ingress of oil by a rubber seal.

PERMEABILITY MEASUREMENTS AT INCREASING
HYDROSTATIC PRESSURE

This measurement method is based on gradually increas-
ing the hydraulic oil pressure in the triaxial cell. The tes-
tpiece is clamped in the press. The confining pressure
induced by hydraulic oil is increased starting from 5 MPa
in stepwise fashion, in 5 MPa steps, up to the maximum
of 50 MPa. The axial stress is identical to the confining
pressure, thus inducing a hydrostatic three-dimensional
stress in the testpiece (5, = 6, = ;). The hydrostatic pres-
sure of 50 MPa corresponds to the hydrostatic pressures
encountered in the rock massif at ca. 2000 m depth, calcu-
lated from general rock density.

The pressure of the gas medium is regulated by a control
valve of a gas pressure vessel so as to be kept constant at
3 MPa throughout the test. Nitrogen was the gas medium
used in all experiments. This gas behaves as an inert me-
dium, i.e., it does not react with the rocks, and no ad-
sorption on coal samples was observed during short-time
experiments (Kone¢ny and Kozusnikovd, 2010). Volumet-
ric flow of nitrogen Q is measured at selected values of
hydrostatic pressure, the and permeability is calculated
according to the formula (2.6). The textpieces are not
loaded to rupture during these experiments.

The permeability measuring method at increasing hydro-
static pressure was developed at the Institute of Geonics,
in the Laboratory of Petrology and Physical Properties
of Rocks (Kone¢ny and KoZzu$nikovd, 1998; Koneény,
Kozusnikovd and Nowakowski, 2000).

PERMEABILITY MEASUREMENTS AT INCREASING
AXIAL PRESSURE

In permeability measurements conducted at a constant
confining pressure and an increasing axial stress, the tes-
tpiece is clamped in the press and the confining pressure
is pre-set to the required value, in this case, 5 MPa. The
value of axial stress is gradually increased by the move-
ment of the press chucks up to the potential rupturing
level (5, = 6, = 5,). Again, the nitrogen pressure is regu-
lated by the control valve from a gas pressure vessel and
is kept constant at 3 MPa throughout the experiment.
For this type of experiment involving a continuous mea-
surement of the volume of passed gas, volumetric flow
has to be recorded at regular intervals. Three flowmeters
of different measuring range are employed. At the pres-
ent, continuous measurements are feasible for flowrates
of 5 cm®>min™ to 5000 cm®min™. For reliable registration
of the flowrates, an optimal loading regime has to be de-
fined. After an introductory test series, the optimal strain
rate was set at 10 s™.

During these experiments, the permeability values are
related to the axial stress by recording the axial and lat-
eral deformations. The axial deformation is recorded
by following the position of the cross-beam of the press

Carbon dioxide and the rock massif

and is corrected for the rigidity of the measuring setup.
For measurements of lateral deformation under triaxial
stressing, special strain gauges were developed at the In-
stitute of Geonics. The sensor consists of a flexible ring
segment fitted with strain gauges on both sides, connect-
ed to a Wheatstone bridge semiconductor. The nominal
range of the shift is 5mm, the non-destructive range is
7.5mm, and linearity is 7%. During the measurement,
two sensors positioned at an angle of 90" to each other are
used, mounted symmetrically to the testpiece axis, at half
the specimen height.

Pemeability [10® m?]

Mea————

10
1
0,1 T = —e— %.%
001 L% — =R =0
0,001 - =4
0,0001 ; ;
0 10 20 30 40 50

Confining pressure [MPa]

—0— 3327 —e— 3336 —O— 3338 —m— 3946 —/— 4502
—a— 4512 — 4537 —4— 4539 —O— 4542 —e— 4543

Fig. 213 Dependance of permeability coefficient
on confining pressure for sandstones.
Carboniferous sandstones from the Czech part
of the Upper Silesian Basin (data was provided
by Pavel Konecny and Alena KoZusnikovd,

adapted)
Pemeability [10® m?]
100
10
0,1 i ™ Yl S
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Fig. 2.14 Dependance of permeability coefficient
on confining pressure for bituminous coal from
the Czech part of the Upper Silesian Basin
(data was provided by Pavel Konecnyj and
Alena KozZusnikovd, adapted)
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Sandstones are characterized in more detail in Table 2.8
and in the graph in Fig. 2.13. Clastic sediments from the
Carboniferous of the Czech part of the Upper Silesian Ba-
sin, originating from the Sedlové vrstvy Mbr (Karvind Fm)
and from Poruba Mbr (Ostrava Fm) exhibit similar perme-
ability trends in relation to strain as the medium grained
sandstones from Poruba Mbr (Ostrava Fm). For this types
of sandstones, the rock permeability values are changed:
at the pressure of 3 MPa, permeabilities for nitrogene are
within the interval of 1-0.12-10"® m?, at the pressure of 50
MPa, permeability is in the interval of 1-107"° m? — 0.05-10°'
m?. The other sandstones from Sedlové vrstvy Mbr and
Poruba Mbr are more homogenous. Their permeabilitdes
are within the interval from 0.09-0.01-10"® m* at 3 MPa to
0.01-0.001-10"® m? at 50 MPa. The nitrogen permeability
changes reflect the influence of pressure not only on the
closing of configurative pores, but also on microfissures
(Koneény, Kozusnikovd and Martinec (1999), Koneény and
KozZusnikova (2011), Kone¢ny and Mlynarczuk (2002)).
For claystones and siltstones, which frequently are well
represented in dispersed coal matter and clay minerals,
the permeability will be much lower.

Pressure has a substantial effect on the permeability co-
efficient of bituminous coal (Kone¢ny and Kozusnikov4,
2010, 2011) at the pressure of 3 MPa the permeability co-
efficients are within the interval of 6-107" m? — 0.26-10
m?, at the pressure of 50 MPa the interval is 0.016-10"¢ m?
- 0.0006-10"® m? (Fig. 2.14). This must be taken into con-
sideration when considering carbon dioxide migration in
deep coal seams of the rock massif.

Generally, caution must be exercised when adapting pub-
lished data on transport properties obtained under labo-
ratory conditions onto coal and rocks originating from
different basins and onto experiments performed out
at different temperatures and with differently prepared
samples, even if the degree of coalification is the same.
In any specific case, the same experimental conditions
must be respected, as well as the geological factors and
the composition and texture of rocks and coal in the coal
seams.
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3. CARBON DIOXIDE IN CENTRAL BOHEMIAN
CARBONIFEROUS (SLANY COAL DEPOSIT)

From the point of view of the occurrence of carbon diox-
ide, the above part of Central Bohemian Permo-Carbonif-
erous basin is of extraordinary interest because the mine
workings opened there have made it possible to study the
natural collectors of gas represented by the sandstones
and conglomerates of the Mirosov horizon, Nyfany Mbr
wherein the gas is dissolved in pore water (Fig. 3.1). The
facts that the properties of pores in this permeable rock
body with mineralized water were influenced, and that
the mineral composition of the rock matrix was altered,
by reaction of carbon dioxide with rock-forming mine-
rals during a later (Tertiary) penetration of carbon dioxide
from greater depths into the collector with mineralized
water is, in a way, a unique experience for geologists,
miners, and geo-technologists alike.

3.1. GEOLOGY, HYDROGEOLOGY
AND GAS OCCURRENCE

A systematic geological exploration of Slany deposit by
boreholes from surface, undertaken in the 1970s and
1980s, culminated by geological and geotechnical explo-
ration conducted from mine workings in two shafts being
opened at Slany Mine (1979-1989). These shafts however

were never completed, due i.a. to problems connected
with CO, outbursts within the MiroSov horizon. The
shafts were backfilled in 1993.

The latest description of the geology of Slany deposit was
presented by PeSek (1996). The area of Slany deposit is 49
km? covering an approximately square-shaped area of 7.5
by 6.5 km. Four main coal bearing horizons are known
there: Kounov seams (which were mined as far back as
the 18" century), Nytany seams, the Lubnd seam, and the
Radnice seam (Fig. 3.1, Table 3.1). Boreholes were drilled
and exploration started in the Nyfany and Radnice seams
before World War I, but a more detailed geological ex-
ploration in the Slany region has not started until 1960.
A total of 59 boreholes drilled from the surface were used
to calculate the coal reserves (Zbéanek et al., 1978).

METAMORPHIC COMPLEX OF THE BASEMENT
OF CARBONIFEROUS

The basement of Carboniferous consists of rocks of Up-
per Proterozoic of the Tepld-Barrandien unit. The relief
of the Proterozoic can be considered as a peneplain, the
differences in elevation being ca. 80 m. During sedimen-
tation of the Carboniferous, two phenomena manifested
themselves: subsidence and tectonic segmentation into
blocks during successive stages of development.

Stratigraphy Formation Member Group of coal seams
C Liné
Kamenny Most
Kounov Otruby
Ledce Kounov
B Slany Hiebl
feble o
Malesice Meélnik
. Mseno
Stephanian
Jelenice
%))
=]
9]
3
.g A /
2 < Tynec
] +
v §
=
)
8
= Nevfterie
O
o) Chotikov
Nytany —
Nytany
Westphalian Kladno Touskov
U Lubna
. er
ccC Radnice L(fvr\;er Radnice
Plzen

Table 3.1 Lithostratigraphical Carboniferous scheme of the Central Bohemian Permo-Carboniferous basin

(after Holub and Pesek, 1991, adapted)
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THE CARBONIFEROUS

The thickness of Carboniferous on this location is up
to 1400m. A detailed description of the geology of the
Central Bohemian Permo-Carboniferous Basin was giv-
en by Pesek (1996). The Carboniferous consists of four
distinct formations (Fig. 3.1, Table 3.1). The local names
of the formations and members, also used in geological
and technical reports by various authors (Leopold, 1985;
Leopold and Zivor, 1986; Zbanek, 1978; Cichovsky et al.,
1987), are reproduced in Table 3.2.

The Kladno formation is a basal formation of variable
thickness lying on a buried rolling landscape (Fig. 3.1).
The permeable rock bodies of Radnice Mbr can contain
highly mineralized and gas-containing water. Follow-
ing the deposition of Radnice Mbr, the next phase was
intra-Westphalian hiatus, which manifested itself by

the fracturing of an almost leveled paleosurface and by
the creation of rolling land with morphological depres-
sion of an erosive nature, in which process tectonics as
well as subsidence participated. The Radnice and Lubna
coal seams were formed (Fig. 3.1, Table 3.1). The basal
sediments of Nyfany Mbr — MiroSov horizon — were de-
posited as fluviatile facies in a morphologically rugged
terrain. This horizon consists of conglomerates and arcose
sandstones, which predominate over layers of siltstones
and claystones (Havlena and Pesek, 1975). The MiroSov
horizon is limited at its base by the erosive hiatus of
Westphalian age. In the overlying strata, the boundary is
constituted by the beginning of the coal bearing cycle of
Nyfany seams, or by its equivalent (Pesek, 1996). Correla-
tion and continuation of the MiroSov horizon in individ-
ual parts of the Central Bohemian Permo-Carboniferous
Basin is complicated and remains yet to be clarified.

Stratigraphy Formation

Member

Lithology Group of coal seams

Lower

. Bild hora
Turonian

Upper
Cretaceous

Skuted

Cenomanian
VySerovice

Marlstone and
siltstone

Stephanian C Upper red (Liné)

Litofacies:
lacustrine and
fluviatile

Klobuky

Litofacies:

Upper Carboniferous

Stephanian B

Upper grey (Slany)

Kounov

lacustrine and
fluviatile

Upper and Lower
Kounov

Lede&

Litofacies: fluviatile

Malesice

Litofacies:
Two lacustrine

Jelenice

Litofacies:
lacustrine and
fluviatile

Stephanian A

Lower red (Tynec)

Litofacies:
lacustrine and
fluviatile

Westphalian D

Westphalian C

Lower grey
(Kladno)

Nytany

Siltstone
and sandstone

Nytany
(15 coal seams)

Litofacies:
lacustrine and
fluviatile with

sandstones

and conglomerates

Mirosov
conglomerates,
Mirosov horizon

Upper Radnice

Lower Radnice

4 litofacies:
proluvial — deluvial
fluviatile and
lakustrine,
volcaniogenous

Lubna

Radnice

Proterozoic basement

Table 3.2 Names | designations of formations and members used in geological documentation (reports and documents
by Geoindustria Co.) of Slanyj Mine shafts and boreholes drilled from surface (Leopold and Zivor, 1986;
Zbdnek, 1978; Leopold, 1985; Cichovsky, 1987).
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Slany deposit follows a generally horizontal direction,
with a gentle incline to the NE (5°-10°); there are irreg-
ularities in this incline in the vicinity of tectonic lines,
possibly influenced by the morphology of the underlying
strata. Interpretation of the tectonic structure assumed
that this forms a cascade, from shallow blocks in the SW
part to the deepest blocks in the NE part of Slany de-
posit. The cascade-shaped depression is formed by young
tectonic faults running in the NNW-SSE direction, with
amplitudes up to 110m and with dips of 40°-80°, and by
older transverse tectonic faults following the WWS -
NNE direction, with dips of 40°-75".

These failure zones in NNW-SSE directions probably rep-
resent the main routes by which carbon dioxide can as-
cend. Analogically, as in other areas of Bohemian massif
(see Fig. 2.1), there exists a close relationship of carbon
dioxide emission and salt water springs to the Tertiary
volcanic body of Sldnskd Hill and Vinaticka Hill of Paleo-
gene age. (The name of the town, Slany, derives from the
salt water springs found there).

For temperatures and pressures encountered in the Slany
deposit, the reader is referred to Chapter 2.

The hydrogeology and occurrence of gases in this deposit
were studied by Cilek (1971), Kautsky in Zbanek (1978),
and Hepnar et al. (1987, 1988) based on data from bore-
holes driven from the surface. In Kladno-Rakovnik area,
the first CO, eruption was registered in Slany deposit in
1913 when the Zlonice well was being drilled which even-
tually, attained the depth of 1,340 m from its collar. At the
depth of 985m, an eruption of nearly pure CO, with just
traces of methane occurred (Cilek, 1971). Exploration by
boreholes from surface in the years 1963 — 1965 showed
that Slany deposit represents a unique coal bearing basin
which differs from the Kladno-Rakovnik area not only
by its coal seams, but also by its hydrogeology and inci-
dence of mine gases. The gases mostly dissolved in water
but also free, were studied using a methodology common
in the research of oil and gas structures. Exploration by
boreholes from surface continued in the following years.
Exploration from mine workings started in 1979 with the
opening of hoisting and skips shafts.

The following three aquifers (e.g. groundwater per-
meable bodies) were identified when the area was
explored by boreholes from surface:

- The first groundwater body is the highest aquifer
situated in Cretaceous (Cenomanian—Lower Turonian),
with mineralization up to 1 g-dm, containing
calcium hydrocarbonate or sodium bicarbonate water,
and with flowrates of the order of n-10° m?s™.

This groundwater body did not cause any technical
problems when the shaft was being opened.

- The second groundwater body is situated in
the upper part of Carboniferous with an insulating
horizon formed of MaleSice shale, with mineralization
up to tens of g-dm, containing sodium bicarbonate
or sodium chloride water, with flowrates of the order
of n-10° to 10°¢ m?s.

- The third groundwater body is situated in the Lower
Carboniferous, constituting the main aquifer of the entire
complex of Mirosov horizon on the base of Nyjfany
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Mbr, with conglomerates, sandstones and arkoses

of ca. 100 m thickness. Coal seams are situated both
above this aquifer (Nyfany seams) and beneath
(Lubnd and Radnice seams). Water in this groundwater
body is highly mineralized (average mineralization

35 g-dm), sodium chloride water, gas bearing, with
the highest CO, percentage and a well-developed
single-phase water-gas system. The flowrates in all
these aquifers are of the order of n-107 to n-10° m*s™;
the rate of flow of the main aquifer in Mirosov
horizon is n-10? to n-107 m?s. The main aquifer

has a minimum permeability. The piezometric head

of the groundwater body of Mirosov horizon ranges
from 228 to 270 m above sea level, but most boreholes
showed a piezometric head above the level of terrain.

The Slany deposit exhibits hydrochemical zonality, which
manifests itself mainly in the vertical direction. In the
Lower Grey Group in Nytany and Radnice Mbrs, waters
of NaCl type were encountered, with a high mineraliza-
tion (15-75 g-dm?, average 35 g-dm?) and with dissolved
CO, and other gases (CH,, H,, N,, H,S) (Table 3.3), where-
as in the Lower Red Group and Upper Grey Group, min-
eralization is only ca. 5 g-dm™. The piezometric level is
mostly negative, the maximum affluents in the area of the
planned shafts (borehole Sa-16) range from 0.1 to 5.2 1-s,
at pressures of 1.0 to 4.3 MPa.

Cufin and Kautsky (1988) called attention to possible
risks associated with the shift from a single-phase system
(CO, dissolved in water) to a two-phase system (CO, lib-
eration) which may occur due to a change in any of the
state functions (pressure, temperature). Hydrogeological
observation boreholes were also drilled in the NW part
of the Slany deposit in connection with opening works
there (shaft sinking). Observations from these boreholes
were studied by Hepnar, Kvéton, and Kautsky (1988).
Their evaluation of exploratory works brought new in-
formation which does not always reconcile with earlier
assumptions. It was summarized as follows:

“The piezometric head levels of the main aquifer are
much more variable than was previously assumed; in
many cases, the strata pressure is higher than the hy-
drostatic pressure.

- Vertical development of mineralization is totally ir-
regular; it does not apply that its quantity increases
with increasing depth.

Gas CO,| He | H, | N, |CH, | CO
minimum 85.9 | 0.0010.008! o 0.04 0
[%]
[a;/’e]rage 96.5 | 0.080 | 0.332 | 2.03 | 3.28 | 0.013
'[ff;a]’“m“m 100.0 | 0.372 | 2.000 | 9.07 |11.64 | 0.033
(]

Table 3.3 Minimum, maximum and average contents
of CO,, He, H,, N,, CH,, and CO in gases from
MiroSov hotizon (Cufin and Kautskyj, 1988).
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- The development of the chemical composition zones
of water also is more complicated than previously
known. The sodium bicarbonate zone descends,
in some places, as far down as to the upper part
of Nyrany Mbr (initially, the Malesice Mbr was
regarded as constituting the interface).

- Gas was already encountered in the upper part of
the second Carboniferous groundwater body, contrary
to earlier assumptions.

- For some parts of the aquifers (groundwater bodies),
it has been verified that the chemical composition
of the gas phase was different in the strata overlying
the second Carboniferous groundwater body and in
the underlying strata. In the latter case, this is due
to the draining function of tectonics, causing
the main aquifer to drain continuously.

- The verification of the drainage function of tectonics
and of changes in the quantity and quality of
the groundwater body arising from this function rank
among the most important findings of the study
of boreholes in Slany deposit. With this kind of
tectonics, a two-phase system will immediately
emerge, causing important changes to the phase
impermeability in the surrounding strata. Pulse
degassing may occur over a much bigger area of
the deposit than would be usual, most probably from
a markedly elongated area extending along the tectonic
faults and also along the secondary disturbances
of the massif. An important aspect is that during
this process, the composition of the gas mixture will
undergo changes where the percentage of gaseous CO,
will decrease due to CO, dissolution in water while
the percentage of the less soluble gases (CH,, N,) will
increase, in spite of their substantially lower quantity.

- Also important has been the verification that even
a long-lasting degassing by a borehole does not
produce any substantial impact on the surrounding
strata, i.e., the resulting radius of pressure depression
is negligible, affecting only the immediate vicinity.
This is due to the fact that the rocks of the permeable
beds have a low permeability for gas (so-called gas
colmatage zone). It only remains to verify in the future
whether this is a state that will be sustained
indefinitely, or a state that is variable in time and
in space in the long run, and whether this state can
be changed from the outside by available technology.
If not, it will be necessary to verify whether safe mine
workings can be opened — and under which
conditions — in such non-degassed strata.

- The third important piece of information is of signifi-
cance to petrology rather than hydrogeology.
Petrological research confirmed that the main aquifer
— the Mirosov horizon had a unique genesis — tat
of an asynchronous complex of pelitic-psammitic-
psephitic sediments mostly of fluviatic origin, from
different sections of the flow, from erosive to accu-
mulative sections. Therefore, different sedimentation
sites, very limited in size, cannot be interconnected,
not even over distance of a few dozen meters, let
alone over hundreds or thousands meters. For such
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a type of sediments, a large number of modes exists
by which the rock matrix may have developed both
in quality and in quantity. In addition, the presence
of secondary brines with dissolved gas caused
important secondary changes to occur both

in the rock matrix and in the rock skeleton proper.

- From this point of view, Carboniferous aquifers seem
to be completely inhomogehous bodies of which
the low permeable rock body (groundwater body,
aquifer) has developed in an entirely irreqular fashion.
In practice, the hydraulic and other quantities verified
at specific, isolated points do not lend themselves
to interpolation in space, and even less can they
be extrapolated. This cannot be done on the basis
of any routine hydrodynamic exploration. Therefore,
large-scale petrological exploration has to be relied
on, in combination with logging methods and with
investigations of the physical and mechanical properties
of the sediments. This is how a new synthesis
of the hydrogeological and gas conditions in the deposit
can be arrived at” — end of quotation (Hepnar,
Kvéton et Kautsky, 1988).

While geological exploration by boreholes from surface
was in progress, much attention was also paid to the coal
seams from the point of view of their coal bearing capacity,
pore volume distribution, and adsorption properties of
the coal matter. Based on the results of these explora-
tions, the conclusion was drawn that the threat of coal
and gas outbursts cannot be excluded. At the stage of
mine prospecting in mine shafts, attention must be paid
to a comprehensive prognosis of the propensity of seams
to coal and gas outbursts.

3.2 LITHOLOGY, MINERALOGY,
PHYSICAL PROPERTIES
OF SEDIMENTARY ROCKS
FROM MIROSOV HORISON

Petrography of rocks from Mirosov horizon was studied
by Cichovsky (1987), Jirankova (1987, 1989, 1987), Mar-
tinec (1987), and Martinec et al. (1989). As mentioned
above, the factors exerting the most significant effects
upon the properties of more or less permeable rock bod-
ies in the Slany deposit are secondary porosity and the
changes in morphology of the pore spaces which, togeth-
er with rock microstructure, have the greatest impact on
permeability. This applies in particular to the rocks of the
Miro$ov horizon. From the very outset of the investiga-
tions, MiroSov horizon was seen as the source of prob-
lems that have to be overcome when sinking the shafts of
Slany Mine. Consequently, the information and opinions
of several authors presented below are concerned first of
all with the lithology of the said horizon and with the
petrological, physical properties of the rocks encountered
therein. The character of porosity and the pore spaces is
also described in the light of a new analysis of the data
obtained by high pressure mercury porosimetry. The
structural and textural properties of the MiroSov horizon
are summarized in Table 3.4 and in Fig. 3.2.
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Table 3.4 Structure and texture of sedimentary rocks from fluviatile facies in MiroSov horizon, in Slany Mine shafts.
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Fig. 3.2. a, b Major microstructural types of sandy
and conglomeration rocks from Mirosov
horizon and NyFany Mbr (Fig. 3.2a)
and of rocks from Radnice Mbr (Fig. 3.2b).

Carbon dioxide and the rock massif

For the MiroSov horizon of Slany deposit, Martinec and
Krajicek (1990a) constructed maps showing the percent-
age contents of the different rocks — claystones, siltstones,
fine-grained sandstones, medium-grained to coarse-
grained grained sandstones, and conglomerates, as well as
maps illustrating the contents of these rocks according to
a classification based on their ratios in a ternary diagram
(claystones and siltstones) : (sandstones) : (conglomer-
ates). Similar maps were constructed by the same authors
for Lubnd and Radnice seams as well as for the character-
istics of rocks occurring in the sedimentary environment
of Lubna and Radnice seams. Such works find application
in geomechanical analysis and in forecasting of outbursts
that may occur when coal is extracted from the coal seams.
The character of Miro$ov horizon rocks is documented by
data from the SJ 847m borehole drilled in skip shaft at the
depth of 847m (-530 m according to the altimetric system
Baltic sea after leveling, hereafter abbreviated “Bpv”). In
the interval from 847.0m to 952.2m, this borehole crossed
the lower part of Nyfany Mbr in the Miro$ov horizon. At
the depth of 952.2 to 960.8m, it crossed the upper part of
Radnice Mbr and the Dolin coal seam (at 959.05 to 960.8
m). The borehole (of 114.0m final length) reached the
depth of 960.8 m.

From the petrographic viewpoint, the rocks are formed
of | the following rock forming mineral associations:

(a) clastic minerals and rock fragments;
(b) clay minerals and micas in rock matrix;

(c) minerals formed by reaction of mineralized pore
vater solutions with CO, with rock forming minerals.

The grain variability of rocks present in the fluviatile sed-
imentation environment was in the center of attention of
the works by Martinec (1987) and Martinec and Krajicek
(1990a); rather than classifying individual samples from
the SJ 847 m borehole, they describe the entire lithological
position that consists of types of very similar granularity
in spite of a considerable textural and structural variabil-
ity. The term ,sand—conglomerate type” was coined, de-
scribing the type where coarse-grained sandstone changes
over to fine-grained conglomerate with a supporting
skeleton of arcose-like sandstone; the term ,sandstone
type” was used to describe medium-grained arcose-like
sandstones with transitions into coarse-grained sand-
stones; and finally, the term ,clayey-silty type” was used
for alternations with transitions of claystone into sandy
siltstone with frequent sandy admixtures.

3.2.1 SAND-CONGLOMERATE
TO SANDSTONE ROCK TYPES

In MiroSov horizon, these types form sequences occur-
ring in a dynamic sedimentary environment of braided
river deposits where sand is the dominant component.
These types include light-colour, whitish grey to grey
coarse-grained sandstones or arcose with graded transi-
tions into coarse-grained sandstones or arcose enclosing
isolated quartz pebbles and into sand—conglomerate type
to conglomerate type rocks.
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Fig. 3.3 Modal composition of MiroSov horizon rocks in
the skip pit and in the hoisting shaft of Slanyj
Mine.

Clasification of the rocks by their modal composition is
according to Kukal (1985):

1 - arcose; 2 — arcosic sandstone; 3 — quartz sandstone;

4 - greywacke sandstone; 5 — greywacke; 6 — claystone.

=

claystones

Classification by granularity:

(LI

sandstones

NN

conglomerates with sandstone matrix

MANNNN

siltstones and silty claystones

The internal structure is rough and massive, crossing
over to planar cross-bedded, graded, coarse-grained
rock (gravel and sand). The only signs of bedding are
the depositions of clastic grains of micas, coal detritus,
and graded silt laminas. The textures are psammitic or
psamitic-psephitic, with an aleurolithic or aleurolithic-
psammitic rock matrix. Sorting is very variable, depend-
ing on the dynamics of the sedimentary environment.
This sorting corresponds to both single-fraction and poly-
fraction sediments. The structural types of sediments can
be determined by their relation of the clastic skeleton to
the rock matrix (Fig. 3.2). The modal composition of the
rocks is shown in Fig. 3.3.

The primary detritic components include quartz, feld-
spar, muskovite, detritic kaolinite, and illite in the matrix,
stable fragments of rocks (quartzite, phyllite), unstable
debris (clastic sediments), and detritic coal matter. Un-
stable contents of variably kaolinized or carbonatized
feldspars are a typical feature; these being with signs of
pre-sedimentary argilitization and end with full pseu-
domorphosis of the vermicular form of kaolinite after

40

feldspar. Authigenic minerals are represented, above all,
by early diagenetic forms of quartz (see above), by Fe-
dolomite or, in fissures, by the youngest calcite, several
generations of kaolinite, smectization of muscovite and,
rarely, even by zeolite (laumotite)..

QUARTZ GRAINS

Quartz grains are polycrystalline, with a pronounced un-
dulatory extinction, subangular to semi-oval, with sphe-
ricity of 0.4 to 0.6. In the case of rocks from the fluvial
facies (bed-load channels), sphericity is 0.7 to 0.8. At the
base of the MiroSov horizon, there also occur shard-like
grains of quartz without undulatory extinction that can
be connected to a volcanogenic origin (possibly also to
a re-deposition from Radnice Mbr).

FELDSPARS

Feldspars occur as a regular clastic component that has
reached different stages of argilitization. Clear, variably
kaolinized or sericitized grains rather reminding of ortho-
class occur rather rarely (Plate B, Fig. B8). The pre-sedi-
mentation kaolinization proper of the feldspars involves
several stages. The first stage develops alongside cleav-
age fissures, the form of clastic feldspar is conserved.
The middle stage is characterized by a three-dimensional
alteration occurring within the grains, which tend to be
cloudy. Secondary metasomatic carbonates are frequent,
together with fine flakes of phylosilicates (kaolinite, illite
(?)). The primary shape of the clay minerals aggregates is
disturbed. The highest, ultimate form is represented by
full pseudomorphosis of kaolinite after micas and by au-
thigenic, vermicular forms of kaolinite (Plate B, Figs. B1,
B2). The shape of the primary grain may be retained or
can be modified, as a pseudomorphous deformed aggre-
gate of vermicular forms of kaolinite, either by transport
in an aqueous medium or by post-diagenetic processes. It
is evident from the character of the feldspar grains that
most of them were subject to some argillitization as early
as in the pre-sedimentary stage, or shortly after sedimen-
tation.

MICAS

Micas are mainly represented by muscovite which is
modified, to a greatly variable degree, by different stages
of illitization or even smectization on the grain surface
(Plate B, Figs. B3, B4, B9a,b).

CARBONATE

In the group of coarse-grained sediments, carbonate tend
to be mostly an integral part of later diagenetic associa-
tions. The main carbonate is Fe-dolomite, at contents
below 5%. It forms isolated grains in the pore cavities,
positioned in such a way as if the given pore mouth were
plugged by a dolomite crystal (see note ¥) (Plate C, Fig.
C5, C6). Furthermore, the carbonates cause a metasomat-
ic suppression of both feldspars and altered micas, and
corrode the surfaces of the quartz grains. Rarely occur-
ring thin strings of calcite belong to the youngest genera-
tion. They fill in the fissures oriented diagonally to the
bedding.

Carbon dioxide and the rock massif



KAOLINITE & ILLITE

Kaolinite, together with illite, is the predominant clay
mineral. Kaolinite occurs in a number of generations
and takes up various positions in the rock texture (Plate
B, Figs. B1, B2). By its position, kaolinite influences the
communication capacity of the pores, both under the
deposition conditions and under conditions where the
moisture content of the sediment is changing (e.g., during
laboratory testing). These changes bring about a collapse
of the kaolinite aggregates or even the transport of loose-
ned flakes of kaolinite via the pores, or they can produce
a thixotropic effect (Cichovsky et al, 1987). This influenc-
es the distribution of pores and the physical properties
of the rock.

DIAGENETIC CHANGES IN SANDSTONES
AND CONGLOMERATES

From the point of view of diagenesis, the post-sedimen-
tary mineral associations in the rocks referred to above
are multiphase associations depending on recurrent
processes tending to establish an equilibrium between
the composition of the pore solution, the CO, gas con-
centration, and the mineral phases; these processes oc-
cur during the geological development of the sediment.
On polished thin sections, small accumulations of clear
quartz on clastic quartz grains were observed, or de-
positions of very fine-grained quartz material in pores
(Plate B, Fig. B7) or on the edges of clastic quartz grains,
wherever the conditions allowed (Plate B, Figs. B5, B6).
This is the case in such positions where there is evidence
of an increased diagenetic argillitization of micas and
feldspars accompanied by release of SiO, into the pore
solution, and also near geochemical barriers, e.g. in the
vicinity of relatively poorly permeable, coal-rich sedi-
ments classified as belonging to the clayey-silty type.
This silicification has affected the various sandy-con-
glomerate type rocks to an uneven degree. Nevertheless,
it has not had any significantly impact on the physical
properties of the rocks. This conclusion follows from
an analysis of the difference between the total porosity
p. and the effective porosity p, which depends on the
position of sample under the interface with insulators
(geochemical barriers) constituted by clayey-silty types
of rocks. A more frequent occurrence of lower values of
these differences (p_ - p,) is observed in areas located
within the distance of up to ca. 3m away from the inter-
face with the insulating rock.

From a practical point of view, anything that is studied
in separated fine fractions represents a mixture of all the
various generations of clayey minerals and micas.

Note 3):

According to the author’s experience, sandstones from other
outburst-prone localities in the Czech Republic and in other
countries which show blocking of the pore mouths by carbon-
ates exhibit one of the typical characteristics of rocks with
a texture pre-disposed for gas accumulation and, thus, exhibit
the tendency to rock and gas outbursts.

Carbon dioxide and the rock massif

Therefore, when describing the sandy-conglomerate
type and clayey-silty type rocks, the following
associations can be identified:

- predominance of illite (1.0 nm) over k