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Purpose. Investigations of composition of gas within closed porosity (fluid inclusions and closed pores in
rocks) of prospective gas-bearing Silurian graptolitic argillites of Lviv Paleozoic depression and ground of
plausible mechanism and dynamics of gas generation during “shal€’ gas formation in productive strata of black-
shale formations of the region. Methodology. The compasition of volatile of fluid inclusions and closed pores of
rocks, and their relative gas saturation and water saturation were determined by mass spectrometric chemical
method. Inclusions and closed pores were opened by crushing a standard sample (sample weight 200 mg, +1-2
mm fraction) in asmall metal cylindrical mortar between two plane-parallel hard carbide alloy (pobedit) surfaces
in high vacuum (approx. 1x10° Pa). Results. According to data for mineral-fluidological research, methane
prevails (up to 100 vol.%) with minor content of ethane, carbon dioxide and nitrogen in gas phase of fluid
inclusions and closed pores of Silurian graptolitic argillites of Lviv Paleozoic depression. Lack of the steam may
indicate “dryness’ of hydrocarbon-bearing systems, and low values of relative gas saturation — the conversion of
organic matter as a source of volatile hydrocarbon compounds at the low (mainly, litostatic) pressures. This
indicates the reality of passage of processes of gas production during the transformation of organic matter of
argillite strata. Higher by one order the relative gas saturation of inclusions in calcite, which healed subvertical
fracturesin argillites, had the appearance of the steam indicates the likely influx of deep-seated migrating fluids
via powerful crack systems. It was grounded that the plausible mechanism and dynamics of gas generation
followed by capture of gasin free state and sorption and occlusion within rocks, intensified by influence of deep-
seated fluids. It is based on a comparison of data on the composition of volatile compounds of fluid inclusions
and closed pores of prospective gas-bearing argillites and sorption-generation processes of methane generation in
coal, based on the principle of unity of nature of transformation of dispersed and concentrated form of organic
matter. Originality. For the firg time relics of renewable, almost substantially hydrocarbon anhydrous (dry)
fluids in fluid inclusions and closed pores (cavities, cracks) of shale gas prospective graptolitic argillites of the
Paleozoic of the Volyn-Podillya there were found. This indicates the presence geo-fluid-dynamic conditions,
both for the generation of hydrocarbons in the conversion of organic matter, absorbed and occluded by mineral
and organic component of rocks at the stage of katagenesis, and the influx of deep-seated hydrocarbon fluids,
and thus confirms shale gas potential of mineral resources of theregion. Practical significance. Theinfluence of
volatile compounds in closed porosity (fluid inclusions and closed pores of host rocks (graptolitic argillites)) for
the total gas-bearing potentia of shale-bearing strata is estimated, which will be significant, regardless of other
aspects of the problem (especially social and environmental issues), for the eventual estimate of shale gas
resources (reserves).

Keywords: volatile; fluid inclusions; closed pores; “shale’ gas; graptolitic argillites; Silurian; Lviv Paleozoic
depression.

I ntroduction

Recently, the prospects of gas-bearing potential of
Lviv Palaeozoic depression have been associated,
primarily, with the discovery of deposits of “shale’
gas [Lukin, 2010, ,; Kurovets et al., 2010, 2012;
Loktyev et al., 2011; Hubych et d., 2012].

However, the discussed risks [Loktyev et al., 2011,
Kharkevych, Misyura, 2011; Paviyuk e ad., 2013;
Kurovets ¢ al., 2014; Naumko & d., 2015] cal for a
balanced approach to the assessment of its occurring
within rocks. Therefore, the sudy of compostion of
fluids and dynamics of geochemical processes during the
formation of prospective gas-bearing complexes is one
of thetop priority tasks within the outlined problem.

Given the particularity of “shal€’ gas as a discrete
gas phase, on the one hand, absorbed by mineral and
organic matter, on the other hand — occluded by
defects of closed porosity of rocks (fluid inclusions,
closed pores, travelling rugs, cavities, cracks), specia
importance is attached to the identification of
hydrocarbon compounds in them and justification of
plausible mechanism for gas generation. This will
promote establishing its content and features of the
gpatial distribution in the productive strata of black-
shale formations in the region as a prerequisite of
creating a methodological base for “shale’ gas
resources (reserves) estimate.
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What differs in this study from the existing
literature data on the content and composition of the
gas in shale gas prospective strata [Stavytskyi,
Holub, 2011; Hubych e a. 2012; Zagnitko,
Mykhailov, 2014; Mykhailov et al., 2014], is the use
of techniques of thermobarogeochemistry-minera-
lofluidology [Kalyuzhnyi, 1982], in particular, the
method of mass-spectrometric chemical analysis of
volatile components of closed porosity (fluid inclu-
sions and closed pores in rocks) of gas-bearing
prospective sections. A characteristic feature in this
technique is the redease of volatile from fluid
inclusions and closed pores by mechanically grinding
rock samples which resembles the conditions of rock
crushing in the area of artificial hydraulic fracturing
(fracking).

We studied rocks of Lishchyna (parametric well
1-Lishchynska) and West Buchach (parametric well
3-Buchach) structures of Lviv Palaeozoic depression,
primarily because of the prospects of the Silurian
strata being rich in shale gas, as well asthe likelihood
of discovering of new gas fields in the Devonian
sediments and new complex gas-coal deposits in the
Carbon sediments [Lyzun et al., 2001] due to vertica
migration inflow of methane from underlying rock
complexes [Zinchuk et al., 2003; Naumko, 2006;
Pavlyuk et al., 2008].

Purpose

Investigation of gas composition within closed
porosity (fluid inclusionsin minerals and closed pores
in graptolitic argillites of prospective gas-bearing
Silurian sediments of the Lviv Paleozoic depression
and justification of the probable mechanism and
dynamics of gas generation during shale gas forma-
tion in productive strata of black-shale formationswas
carrie out in the region.

Methodol ogy

The composition of volatile fluid inclusons and
closed pores in graptolitic argillites, and ther relative
gas saturation (increase of pressure in the assumed
system of a mass-spectrometer relative to its residual
value of the order of 1-10°Pa grinding chamber (A P),
Pa) and water saturation (content of the steam
(absorber — P,0s) in tota volume of volatile (Cyo),
vol.%) were determined by mass- spectrometric che-
mical method using time-of-flight mass-spectrometer
MCX-3 (1-200 atomic unit of mass).

Inclusons in minerals and closed pores in rocks
were opened by crushing the standard sample (weight
200 mg, +1-2 mm fraction) in a smal meta
cylindrical mortar between two plane-paralel hard
carbide alloy (pobedit) surfaces in high vacuum
(approx. 1x10°® Pa).

Area of study
Prospective “shale’ gas-bearing rock complexes
[Poprava, 2009; Kurovets et al., 2010; Loktyev et
a., 2011] are considerably spread within the south-

western margin of the East European platform, in
particular in the Teysseyre-Tornquist Zone (or the
Transeuropean suture zone), including within Ukraine
(Fig. 1). They are represented by deep-sea terrigenous
sediments, mainly graptolitic argillites of Lower
Paleozoic [Einasto et al., 1980; Dryhant, 2000].
Across continuous sequence of Sylurian — Lower
Devonian strata are characterised by almost sub-meri-
diona directionality of clearly marked facial zones
and significant increase of the thickness of stratons
westward. It lies on top of Ordovician, Cambrian and
Vendian surfaces were eroded during prolonged
regression (caused by Takon orogeny phase).

Richness of these drata in organic matter allows
us to consider them as gas-forming strata [Poprava,
2009].

A representative section of deep-sea terrigenous
sediments of the Silurian in the Lviv Paleozoic

depression is provided by a parametric well
1-Lishchynska.

Results of sudy

Our research of Silurian graptalitic argillites, in
particular, on the material of core from the parametric
well 1-Lishchynska (Int. 2278-3537 m) [Kurovets et
al., 2010, 2012] showed.

These rocks are typical black massive argillites
rich in organic matter (Fig. 2) and split by multiple
subvertical, more rarely horizonta cracks healed
predominantly with calcite (Fig. 3).

The results of petrophysical laboratory studies
found that this argillite's open porosity varies within
0.6-2.4 % and it is amost impermeable (less than
0.001 um>10?®). The content of carbonate material
reaches 20 %. The Ilowest volume density
(2.64-2.70 glem?) is characteristic for argillites with
codlised organic substance and the highest
(2.75-2.8 g/am®) — for massive hydromica argillites
with inclusions of the pyrite.

According to the therma analysis of 21 samples it
was found that the content of TOC (total organic
carbon) ranged from 0.75 to 2.38 %.

Chemical analysis made it possible to establish
that the content of silicais on average 50 % regardless
of its depth.

The samples after crushing in a sieved well which,
along with these data, show the prevalence of silica
component over clay component, which will likely
favour fracking phenomena.

According to [Dmitrievskiy et a., 2011] the main
criteria of bituminous shale gas-bearing prospects
should include the following:

—the amount of organic matter exceed one percent
to generate industrial -grade gas accumulations;

—the degree of maturity of organic matter by
vitrinite reflectance (VR) (Ro) should be recorded in
values over one which favours mass generation of gas
hydrocarbons — the main zone of gas production;

—the content of clay materia shall not exceed
50 %, otherwise the layer will plastically deform and
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will not be able to develop cracks gas migration ways.

Overall, deposits of Volyn-Podillya satisfy the
above listed criteria of shale gas prospectiveness
[Kurovets et al., 2010; Loktyev et al., 2011; Kurovets
et al., 2012, Hubych et al., 2012; Kurovets et
al., 2014], which is consigent with data on the
adjacent territory of Poland [Poprava, 2009]. The-
refore, the primary task of the present stage of a study

in the region is seen to establish the presence of
hydrocarbons in a closed pore space of graptolite
argillite (fluid inclusions in minerals and closed pores
of rocks) which alows us to get valuable data about
the gas-bearing prospects of the studied sections with
regard to content and peculiarities of the spatia
distribution of shale gas in them [Naumko et
al., 2012].
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Fig. 1. Scheme of spreading and isopach map of the Slurian deposits [ Kurovets et al., 2012]:
1 — Eagern extend of the Slurian deposts, 2, 3 — Eastern extend of the Lower Devonian deposits; (2 — Tyver
Superhorizon, 3 — Dniester Series); 4 — Western extend of the Slurian deposits; 5 — fault; 6 — Lviv Depression
limits; 7 — boreholes and thickness, 8 — extend of the biohermic barriers (A — Bagovytsya, B — Konivka,

C —Isakivts suite); TTZ — Teisseyre-Tornquist Zone
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Fig. 2. Shows the typical appearance of Slurian
black massive graptolitic argillites enriched
with organic matter in core for the section of the
parametric well 1-Lishchynska:
sample Lishch. 1-66, depth interval 3450-3454 m,
core—78 mm

As determined by mass-spectrometric chemical
andysis, within volatile components of fluid inclu-
sionsin minerals and closed pores (cavities, cracks) in
graptalitic argillites, which are linked to the “shae’
gas as a discrete gas phase, the section of well 1-Lish-
chynska is dominated by methane (up to 100 vol.% in
the depth interval 2750-2755, 2800-2804 and
2998-3003 m), but in deeper (intervals 3402-3406
and 3500-3504 m) methane content decreases (79.2
to 62.1 val.%,). The concentration of carbon dioxide
increases (3.9 to 12.0 vol.%) and nitrogen increases
(11.5 to 25.9 vol.%). It is aso important to note that
ethane appears (5.4 val.%) (Table. 1, Fig. 4).

Attention is drawn to the absence of the steam,
which may indicate “dryness’ of fluid systems present
in argillite stratum.

The total mass concentration of components
(12.440-61.600-10° g/g sample) is very high. In order
to determine it, a chopped analyzed sample was
sieved through a 0.25 mm seve and results were
attributed to the sifted part of the sample. Since the
vacuumation of graptolitic argillites samples was
dower compared to other samples of rocks, and
degassing in the vacuum continued after the analysis,
the content of natural gasis probably higher.

Note that within the influence of artificia hy-
draulic fracturing, rock under powerful hydrodynamic
impact can be broken down to even smaller particles.
Since by disclosure of pores of smaller volume
(reaching down to perhaps nanoscale [Kiriukov et
a., 2009], at the level of minerals structure) the
concentration of volatile components will increase,
and the amount of gas that can be extracted from
rocks will probably reach even higher values.

Low values of relative gas saturation in host
graptalitic argillites (0.08-0.27 Pa) confirm the
traditional idea that the source of the volatile

compounds of “shale’ gas (primarily hydrocarbon
compounds) is organic matter, which conversion took
place at low mainly, litostatic pressures.

a |

Fig. 3. General view of the core with vertical
(subvertical) (a, b) and horizontal (c) cracks
in Slurian graptolitic argillites healed calcite with
formation veinlet-impregnated
mineralization for the section of the parametric well
1-Lishchynska :
a—sample Lishch. 1-44, depth interval 2800-2804 m,
core—78 mm;
b —sample Lishch. 1-48, depth interval 2800-2804 m,
core— 78 mm;
¢ —sample Lishch. 1-46, depth interval 2800-2804 m,
core—78 mm

This is consistent with known findings by
E. B. Chekaiuk [Chekaliuk, 1990], which were
reached on the basis of thermodynamic cal cul ations of
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margina pressures of gas generation during the process
of dehydration of organic matter in the Earth's crust.

The overal balance of “shale’ gas in the world,
however, is convincing evidence of the influx of deep
hydrocarbon fluids from diverse sources [Dmitri-
evskiy et al., 2011], in particular dualistic abiogenic-
bi ogenic sources [Naumko, 2006, 2015].

In our case it is confirmed by: isotopic compo-
sition of carbon of calcite veinlet-impregnated mine-
ralization (6°S=-3,88%0 (PDB), after etching with
hydrochloric acid -8,34%0 [Zagnitko et d., 2011,
Mykhailov et al., 2014]); essentially methane volatile
substance composition (100 vol.%); by one order
higher relative gas saturation (1.07 Pa) compared with
holding argillite (0.07-0.27 Pa); the presence of water
vapor within inclusionsin cacite (see Table 1) which
heded powerful systems of interconnected
migrational subvertical and horizontal cracks in
argillite strata (see Fig. 3).

Therefore, in fluid inclusons in minerads and
closed pores (cavities, cracks) in graptolitic argillites
we found relics of renewable, almost substantially
hydrocarbon anhydrous (“dry”) fluids as a crucia
prerequisite for the formation of deposits of “shale’
gas.

Similar numbers are as well characterigtic for
section of the parametric well 3-Buchach [Naumko et
al., 2009] (see Table 2 and, Fig. 4).

Note that the comparable data available in the
literature, with regards both to Volyn-Podillya and
other regions, mention a somewhat wider range of
identified hydrocarbon compounds [Stavytskyi, Ho-
lub, 2011; Hubych et d., 2012; Zagnitko, Mykhailov,
2014; Mykhailov et al., 2014], which can be explai-
ned by the use of other methodological approaches to
extraction and analysis of volatile.

The plausible mechanism of the formation
of “shale” gas

Based on the analysis obtained author data by
means of chemical mass-spectrometry on composition
of volatile compounds (see. Tables. 1, 2, and Fig. 4)
and materials [Stavytskyi, Holub, 2011; Hubych et
a., 2012; Zagnitko, Mykhailov, 2014; Mykhailov et
al., 2014] with an attraction of literary information on
methane sorption-generation processes in coa [Ki-
riukov et al., 2009; Khramov, Lyubchak, 2009] we
substantiated plausible mechanism and dynamics of
gas-generation and origin of “shale’ gas.

Tablel
Composition of volatile of fluid inclusionsand closed poresin rocksfor the section
of the parametric well 1-Lishchynskain the Lviv Palaeozoic depression
(according by data of mass-spectrometric chemical analysis)
Components’: _
Depth Voluminous particle % Relative | Water | Total mass
Sample (interval) Rock, Mass concentration, gas | saturation| concent.,
number | of the selection, | mineral nx10° g/g of sample saturation | Cio, | 1@ 10°g/g
0, )
m co, N, CH, CHe AP, Pa vol.% of sample
Lishch. 1-39 2750-2755 Argillite - 100.0 - 0.08 - 19.200
3.900
Lishch. 1-48 28002804 Argillite - 100.0 - 0.27 - 61.600
61.600
Lishch. 1-48 Ibid Calcite - 100.0 - 1.07 85 49.360
49.360
Lishch. 1-56 2998-3003 Argillite - 100.0 - 0.07 - 15.400
15.400
Lishch. 1-61 3402-3406 Argillite 3.9 115 79.2 54 0.16 - 42.232
0.233 | 1,333 | 40.333 | 0.333
Lishch. 1-69 3500-3504 Argillite 12.0 259 62.1 - 0.10 - 12.400
0.800 | 2,600 | 9.000
Notes:

analyst B. E. Sakhno (mass-spectrometer MCX-3A);

2 sample of the mineral (rock) weight of 200 mg fraction + 1-2 was crushed by squashing in a specially designed mortar,
before the analysis, the assumed system of the mass-spectrometer was vacuumed to values of order 1x10° Pa;

3relative gas saturation A P, Pa— the increase of pressure in the assumed system of the mass spectrometer (with respect to
the residual pressure of order 1x10°Pa in it), which is created as a result of the release of volatile companents (without
taking into account the steam, sorbed on P,Os, placed in the assumed system) from inclusons and closed pores in the
chopping of the sample and may be a comparative val ue for the same weight;

4 relative water saturation Cypo, VOl.% — percentage of the steam, that was absorbed on P,Os placed in the assumed

system, in the total volume of released volatile components;

® to determine the mass concentration of the crushed and analyzed sample was sifted through a 0.25 mm sieve and the

results were attributed to the sieved portion of the sample.
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Fig. 4. Change of the composition of volatile of fluid inclusions and closed poresin rocks
for the sections of parametric wells
1 — Lishchynska and Buchach in the Lviv Palaeozoic depression (according
by data of mass-spectrometric chemical analysis (see Tables 1, 2))

We proceed from the principle of unity of nature
and ways of transformation of dispersed (in this case
in the form of the kerogen in argillites) or
concentrated (as in coal) as forms of organic matter
[Geologicheskiy dovar', 2012], considering that
studied graptolitic argillites and coal differ only in the
amount of organic matter, scattered in the form of
kerogen in argillite or concentrated in coal [Naumko
et al., 2013].

According to scanning electron microscopy [Ki-
riukov et al., 2009] it was found that sorption and
generation of methane in coal occurs simultaneously
in several stages (Fig. 5):

1) initidl methane generation — isolation of CHs
radicals from initial matrixof coal and its frame and
formation of CH, molecules;

2) methane sorption — formation of an equilibrium
system “sorbate (modified coal matrix and its frame —
sorbent (methane molecules)”;

3) desorption — the destruction of the “sorbate-
sorbent” system;

4) filtration of separated gas — its transfer through
the porous surrounding environment.

Accordingly judtified from the standpoint of
classical molecular physics and the colloid chemistry
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mechanism [Khramov, Lyubchak, 2009] methane
generation in the porous space of coal passes on the
decomposition of macromolecular organic matter as a
result of chain free-radicd reactions of methyl radical
in the pore space of lito-basis which is characterised
by increasng volume and local manifestations of high
degree of the rarefaction created by the combination
of nano-, micro- and macrostructures in hetero-
geneous system gas-(finely grinded) coal (Fig. 6, 7).

Extrapolating data from studies of methane
sorption and generation processes in micro- and
nanostructures of coa [Kiriukov et a., 2009; Khra-
mov, Lyubchak, 2009] on conversion of organic
matter of prospective gas-bearing complexes and
complementing them with our data we can suggest a
plausible mechanism of gas generation in the pore
space of rocks followed by occlusion of free state gas
into fluid inclusons in minerals and closed pores,
cavities and cracks, and in the same way absorbed by
kerogen already dtrictly as“shae’ gas.

At the beginning of the transformation of
sedimentary strata under quiet geodynamic conditions
within buried organic matter there happen slow
restructuring changes and, consequently, chemical
changes in the direction of carbonization during
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which both methane (CH,;) and free radicals,
especialy CH; (to formation of ethane (C,Hg) and
other hydrocarbons) are formed — in the process of
diagenesis biogenic gas in the upper zone of gas
generation isformed.

Later at appropriate stages of katagenesis during
rock thermodestruction under conditions of increased
temperature and pressure, structural changes of
organic matter intensify which favours increased gas
generation and formation of thermobaric gas.
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When the certain critical concentration of free
radicals is reached, free-radical chain reactions
[Zherebetska et al., 2011] are initiated. The
condition for the creation of a critical concentration
of free radicds is a sudden momentary
unsettlement of the local dynamic equilibrium in
the reservoir. This leads to appearance of newly-
generated gas in pores, down to perhaps nanoscal e-
sized pores at the level of structure of minerals
[Kiriukov et al., 2009].
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Fig. 6. The chemical scheme of a homolytic reaction
for example methyl radical [ Khramov, Lyubchak, 2009]
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Fig. 7. Mechanisms of chemical reactions of a methyl radical in the pore space
of the lithobasis [ Khramov, Lyubchak, 2009]

The favorable factors include;

1) natural factor — hydrodynamic shock (for
example transformation of seismic shock into
hydraulic shock as is meant by V.P. Linetskiy
[Linetskiy, 1974] or manifestations of the tectonic-
dynamic destabilization [Solovjov, 1996, 2011]) in
the area of introduction of deep-seated high-
temperature fluid and corresponding inflow of deep-
seated gas, in particular gas of abiogenic-biogenic
origin [Naumko, 2006, 2015];

2) artificially created factor — hydrodynamic shock
in the area of artificial hydraulic shock during
hydraulic fracturing stimulation — stimulated gas
generation.

Note that under the conditions of influence of deep
fluids catalytic properties of clay minerals (Fig. 8)
[Kosachev et d., 2010] are extremely enhanced, as a
result of intensifying gas generation processes that
were manifested in earlier stages of forming
sedimentary strata under intense diagenetic formation
of methane, and the adsorption of organic compounds
by the surface of rock-forming minerals, with the
appearance of hydrophobic properties of pore space of
rocks both on micro- and macro-level that promotes
permanent inflow of natural gas[Lukin, 2011, ,].
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The fact that the genesis of the majority of gases
saturated with organic matter strata is associated with
both processes of transformation and coalification of
organic matter and, mainly, with ther influx from
endogenous cells both of crust and mantle nature, is
confirmed by other researchers (for example
[Zagnitko, Mykhailov, 2014]).

The study of “shale’ drata of Volyn-Podillya
along the section of the well 1-Lishchynska by the
methods of EPR- and IR-spectroscopy [Bezruchko et
al., 2015], showed that organic matter of rocks has
relatively low absorption properties and negligible
methane generation potentia. It is insufficient the
amount of organic matter is believed [Loktyev et
a., 2011] to be the root cause of the lack of
conventional fields in the sediments of the lower
Paleozoic and limited displays of natural gas during
drilling in the Lviv Palaeozoic depression. If one
considers almost complete absence of positive results
of exploration drilling [Orlov et a., 2013; Filipovich,
Kudryashov, 2013] and ambiguity of “shal€’ gas
reserve calculation [Mykhailov et al., 2014] within the
Baltic, Podlaskie and Lublin basins, there is a
negative factor of over-estimation of potential in the
studied area, because “shal€’ gas promising strata of
the Paleozoic in Poland and Ukraine form an entire
gas-bearing complex and their potential has been until
recently considered optimistic [Poprava, 2010].

Therefore, like the North American deposits
[Lukin, 20104], during search and evaluation work
within prospective areas in Volyn-Podillya attention
should be paid to locations with a high content of
organic matter, in which large tectonic disturbances
[Krupskyi, 2001] reveal as a result of the possible
tectonic-dynamic destabilization [Solovjov, 1996,
2011] and associated with significant fracturing. It is
hedled by newly-formed calcite veinlet-impregnated
mineradization as one of the indicators of the pro-
cesses of fluid transport of substances and mecha-
nisms of healing of fractures [Naumko, 2006]. Thus,
it forms a prerequisite for the reconstruction of
migrating processes, at high and even prevailing role
of underlying fluid-dynamical processesin the inflow
of hydrocarbon fluids from deep horizons (regardiess
of source), which fact has been repeatedly
emphasized.

In summary, data on geochemical conditions for
formation of “shale’ gas [Zagnitko et al., 2011,
Kurovets et al., 2011, 2014; Hubych et al., 2012;
Zagnitko, Mykhailov, 2014] in sunsurface of various
regions of Ukraine (Dnipro-Donetsk basin, Bovtysk
structure, Volyn-Podillya area) are considered as pro-
spective for “shale’ gas, and indicate the following.

The main types of rocks containing “shale’ gas are
clay and silt shalesrich in organic matter. Their main
mineras are: montmorillonite, kaolinite, chlorite,
hydro-mica, quartz, opal, carbonates, and more rarely
ore minerals and bitumen.

Component composition of gases, localized in
different forms in rocks, changes within a relatively
broad range, and can be very different both in the

same area and at different levels of geological section
and in different structures. The main components of
gases are methane (up to 90 % of content) and its
homol ogues (up to 48%), CO, (up to 65 %), nitrogen
(up to 42 %). Also present are H,, CO, He, H,S.
Content and distribution of components and
proportions between them in different samples is
rather inconsistent.

Analysis of the available data shows that the
composition of these gases is similar to the com-
position of gases from gas fields and by-product gas
from coal mines, which aso fluctuate within a wide
range.

During the step pyrolysis of “shale’ gas, different
dynamics of the degasation is manifested: and as a
rule, the largest total amount of gas (up to 80 %) is
exuded in the range of 400-600 °C, which is espe-
cially characteristic of methane and its homologues.

The ratio between the occluded and carbonate (in
particular sderite) components of CO, is difficult to
determine, athough derivatograms clearly record
intensive processes of de-carbonisation above 500 °C.

The isotopic composition of carbon in the
individual components of “shal€’ gas varies widely:
3°C from -15.7 to -32 %o for methane and its
homol ogues and from -14.1 to -26,4 %o for CO, (PDB
Standard). Sorbed gas (enriched with isotope *C) and
gas from inclusions differ significantly in isotopic
composition. Sometimes there is an irregular
distribution of isotopesin individua homologues.

As the carbon isotopic composition of organic
matter and carbonates in “shale’ strata indicate a
somewhat unusual conditions of their formation, in
particular, not excluding abiogenical sources of
individual components of [Zagnitko, Mykhailov,
2014]), therefore answers to genetic questions can be
further to assist by isotopic and geochemica studies
of carbonaceous components of “shale’ gas — me-
thane and its homol ogues, and carbon dioxide.

Thus, viewed together, factors and processes
enumerated above that occur during the formation and
transformation of gas-bearing shales, rich in organic
matter, that simultaneously both originate and
acummulatore “shale’ gas [Hubych et al., 2012], of
collectively conducide to passage of processes of gas
generation and the formation of “shale” gas.

Originality

For the first time relics of renewable, almost
substantially hydrocarbon anhydrous (“dry”) fluids in
fluid inclusions and closed pores (cavities, cracks) of
shale gas promising graptolitic argillites of the
Paleozoic of the Volyn-Podillya were found. This
indicates the presence geo-fluid-dynamic conditions,
both for the generation of hydrocarbons in the
conversion of organic matter, absorbed and occluded
by the mineral and organic component of rocks at the
stage of katagenesis, and the inflow of deep-seated

hydrocarbon fluids, and thus confirms shale gas
potential of mineral resources of the region.
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Practical significance

The influence of volatile compounds of closed
porosity (fluid inclusions and closed pores of host
rocks (graptalitic argillites)) for the tota gas-bearing
potential of shale-bearing strata is estimated, which
will be significant, regardless of other aspects of the
problem in the eventua estimate of shae gas
resources (reserves).

Conclusions

1. Predominance of methane (up to 100 vol.%) in
the presence of minor content of ethane, carbon
dioxide and nitrogen in fluid inclusions and porous
space of rocks indicates the presence of conditions for
hydrocarbon component generation in processes of
conversion of organic matter within studied grapto-
litic argillites of the Paleozoic of Volyn-Podillya.

2. Lack of steam may indicate “dryness’ of hydro-
carbon-bearing systems present in argillite stratum,
and low values of relative gas saturation — that the
transformation of organic matter as a source of
volatile, especially hydrocarbon compounds happened
in the presence of low (mainly, litostatic) pressures.

3. However, by one order higher relative gas
saturation of veinlet cacite which healed the mul-
titude of subvertical and horizonta cracks in argillite
stratum and appearance of the stream indicates a
possible inflow of deep-seated migrating paleofluids
via these crack systems (powerful systems of inter-
connected cracks).

4. A plausible mechanism of gas generation and
origin of “shale’ gas is substantiated, based on the
principle of unity in nature and ways of transfor-
mation of dispersed and concentrated forms of
organic matter, and considering that studied grap-
talitic argillites and coa differ only by the amount of
organic matter, are dispersed in the form of kerogen
in argillites or concentrated in coal .

5. The obtained results on composition of the
volatile components of fluid inclusions in minerals
and closed pores of rocks supplement data on gases of
hydrocarbon-holding paeosystems, their migration
and localization with the formation of deposits of
“shale’ as the basis for establishing the nature of
evoluting and migrating schemes and, therefore,
peculiarities of fluid regime of processes of gas
genesis within prospective deposits of the region.

6. Within “shale” gas prospective rock complexes
of Paleozoic Volyn-Podillya there existed geo-fluid-
dynamic conditions both for the generation of
hydrocarbons in the processes of conversion of
organic matter, sorbed and occluded by minera and
organic component of rocks at the stage of
katagenesis and for gas arrival from deep sources as a
result of the inflow of hydrocarbon fluids. Established
quantitative measures of its contents are quite high,
confirming gas-shale potential of subsurface of the
region and cal for the expansion of targeted
geochemical research.
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BYTJIEBOJIHEBI CIIOJIYKHU TA BIPOTIJJHMIA MEXAHI3M
T'A3OT'EHEPALII V ITIEPCIIEKTUBHUX HA “CJIAHIIEBUIT” TA3
BIJIKJIAJIAX CUJIYPY JIbBIBCHKOI'O ITAJIEO30MCHKOI'O I[TPOTMHY

MeTa. [JlociipkeHHs ckiaay ra3y 3akpurtol mopuctocti ((aroiHi BKITIOUSHHS y MiHepaiax i 3aKpHTi MOpu
MOpiT) MEePCHEeKTHUBHO Ta30HOCHHUX TPAMOiTOBUX apriliTiB cuiypy JIbBIBCHKOrO Maje030WCHKOr0 MPOrHHY Ta
OOTpYHTYBaHHS BipOTiJIHOTO MeXaHi3My i JUHAMIKHM rasoreHepauii mija yac (opMyBaHHS “ClaHIIEBOrO” Trasy y
MIPOJYKTUBHUX BEPCTBAX YOPHOCIAHIEBUX (opmaiiid periony. Meroguka. Ckiaja JETKUX CHONYK (UIIOiTHUAX
BKJIFOYCHb Y MiHEpasiaX 1 3aKpUTHX IOp IMOpPiJ, IXHI BiTHOCHI T'a30HACHYCHICTh 1 BOMOHACHYCHICTh BHU3HAYAIIH
MAac-CIEKTPOMETPHUYHAM XIMIYHUM METO/IOM. BKIFOYEHHS 1 3aKpUTi IMOPH PO3KPHBAIM 32 JOIOMOTOIO
pO3UYaBNIOBAHHA CcTaHAapTHOI mnpobu (HaBaxka 200wmr, ¢pakiis +1-2 MM) y HeBenuKii Meranesiit
IWUTIHAPUYHIA CTYMIi MiXK JBOMAa IUIOCKOMAPAJICIbHUMH TBEPAOCIUIABHUMH (TTOOE€TITOBUMH) MOBEPXHIMH B
YMOBax BHCOKOro Bakyymy (mopsaka 1.10° ITa). PesyabraTH. 3a maHUMH MiHEpaTO(IIFOIIOTOT YHUX
JIOCITIJPKEHB Y ra30Bii (a3i (uItoiJHNX BKIIOUEHb Y MiHEpaslaX i 3aKpUTUX IOp TPANTOIITOBUX apriliTiB CUIYpY
JIbBiBCHKOTO Masie030ichKOro mporuHy Aominye meran (1o 100 06. %) 3a He3HAYHUX BMICTIB €TaHy, TIOKCHIY
BYTJICIIIO, a30Ty. BiCYTHICTh Mapu BOJU MOXKE CBIAYUTHU MPO “CyXiCTh” BYITICBOJHEBMICHUX CHCTEM, a HU3BKI
3HAQYEHHs BIMHOCHOI Ta30HACHYEHOCTI — IIPO MEPETBOPEHHS OPTaHiuYHOI PEYOBHUHM SIK JDKEpela JIeTKHUX
BYTJICBOJTHEBHX CIIONYK 32 HEBUCOKHX (TOJOBHO, JIITOCTATHYHNX) TUCKIB. 1le CBiUHUTh MPO peanbHiCTh mepediry
MPOLIECIB Ta30YTBOPEHHS ITij1 Yac TpaHcgopMallii opraHigyHoi peuoBUHH apriliToBuX BepcTB. Ha mopsimok Buia
BiJTHOCHA T'a30HACHUYEHICTh BKIIIOYEHb Y KaJbLUTI, SKUM 3aJiKOBaHi CyOBEpTHKaJbHI TPIIIMHH B aprunrax, i
T0sIBa TIApH BOJM BKa3ye HA WMOBIpHHUI NPUILIUB MNIMOMHHUX MITPYBAJIBHHUX (DIIIOI/IB MOTY)KHUMHU TPIIIMHHUMH
cucreMaMu. OOIpYHTOBAaHO BipOTiTHUH MeXaHi3M 1 AWHAMIKy ra3oreHeparii 3 NOAANBIIAM 3aXOIUICHHSM ra3y y
BUJILHOMY CTaHi Ta COpPOLI€I0 1 OKKIIFO3i€I0 MOpOAaMy, iHTeHCH(IKOBaHUI BILIMBOM INTMOMHHUX (uiroiniB. Bin
OCHOBYETHCSI Ha 3ICTaBJICHHI JaHWUX PO CKJIAJ JIETKUX CHOIYK (IIOIAHUX BKJIIOYEHb y MiHepajiaxX 1 3aKpUTHX
MOp MEPCIIEKTHBHO I'a30HOCHHUX apriliTiB Ta COpOLiHHO-TeHepalliiiHi MPOIeCH YTBOPEHHs MeTaHy Y BYTiJUIi,
BUXO/SIYM 3 TMPUHIMUIOBOI €IHOCTI MPHPOAM TEPETBOPEHHS PO3CISTHOI 1 KOHIEHTPOBAaHOI ()OPM OpraHigHOL
pedounu. HaykoBa HoBu3HA. Briepiie y (roilHUX BKITIOUCHHSX Yy MiHepaiax i 3aKpUTHX mopax (KaBepHax,
TpIlIMHAX) TIEPCIEKTHBHUX Ha “CilaHIeBWi” Ta3 TPanTONiTOBHX apriliTiB majeo3or0 Bomuuo-Tloimms
BCTAQHOBJICHO PEiKTH BiJHOBHHUX, MPAKTHYHO iCTOTHO BOAHEBoAHeBHX Oe3Bomuux (“cyxux”) ¢umoinis. Lle
BKa3ye Ha HasBHICTh Te0(UIIOIJONMHAMIYHAX YMOB, SIK JUIsl T€Hepalii BYrJIeBO/HIB y Mpolecax NepeTBOPEHHS
OpraHiyHOI pe4yoBHUHH, COPOOBAHMX 1 OKKIIOJOBAHHX MIHEPAIBHOIO 1 OPraHIYHOIO CKIIJIOBOIO MOPIJ Ha CTamil
KaTareHe3y, Tak 1 NPHUIUIMBY TINIMOMHHUX BYIJIEBOJHEBUX (QUIIOIIB, 1, OTXKe, MIATBEPIKYE Tra3oClIaHIEBHUMA
noteHian Hajap periony. IlpakTtmyna 3HawymgicTts. OI[HEHO BIUIMB JIETKUX CIIOJNYK 3aKPUTOI ITOPHCTOCTI
(dbroinmi BRITFOUEHHST Yy MiHepanaxX i 3aKpuTi MOPU BMICHHX TIOpia (IpamToNiTOBHX apriliTiB) HA CyMapHY
MOTEHIIfiHY Ta30HOCHICTh CIIAHIIEBOBMICHHX BEpCTB, IO MAaTUME 3HA4YCHHs (HE 3aTOPKYIOYH iHIIHMX aCIEKTiB
mpobJieMH) 3a MOXKITMBOTO IMiAPaxyHKY pecypciB (3amaciB) “cimaHiieBoro” rasy.

Kniouosi crosa: nerki KOMIOHEHTH; (IIOiMHI BKJIFOUEHHS; 3aKPHUTI MOpH; “ClaHIeBUil” Ta3; TparTolliTOBi
aprinity; cuinyp; JIbBIBChbKHI MTaj€030iCHKUI TPOTHH.
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VYTJIEBOJIOPO/IHBIE COEJIMHEHUS U BEPOSITHBIM MEXAHI3M
I'A30I'EHEPAIIMU B ITEPCIIEKTUBHBIX HA “CJIAHLIEBBIN” T'A3
OTJIOXXEHUSX CAJTYPA JIbBOBCKOI'O ITAJIEO30MCKOI'O ITPOTMBA

Henws. UcciemoBanwe cocTaBa Trasza 3aKpbITOi MOpUCTOCTH ((IIFOMIHBIC BKIIOUCHHS B MHHEpajax H
3aKpBIThIE TIOPBI MOPOJ) MEPCIEKTHBHO Ta30HOCHBIX TPAMONUTOBBIX apTHUIUTUTOB CHTypa JIBBOBCKOrO TMaieo-
30MCKOro Mporuda u 00OCHOBaHHE BEPOSITHOI'O MEXaHW3Ma M JUHAMHKH ra3oreHepanuy npu (GOpMHPOBAHUH
“crnaHueBoro” raza B NPOJYKTHBHBIX TONIIAX YEPHOCIAHIEBHIX (opmaumii pernoHa. Mertomuka. Cocras
JIETYYMX COCIMHEHHH (IIOUIHBIX BKJIIOYEHUH B MUHEpajax M 3aKpBITBIX IIOp IIOPOJ, UX OTHOCHTENbHBIE
ra30HACBIIIEHHOCTh M BOJIOHACHIIIEHHOCTh ONPENEISUId MacC-CHEKTPOMETPUYECKUM XHMHUUYECKHM METOJIOM.
BruttoueHHsT W 3aKphIThie TIOPBI PACKPBHIBAIN TIYTEM pa3laBIMBaHMs CTaHIApTHON mpoOsl (HaBecka 200 mr,
¢bpakuust +1-2 MM) B HeOONBIION METAJUTMYCCKON IMIMHIPUYCCKONH CTYNKE MEKAY OBYMs ILIOCKOMA-
paenbHBIME TBEP/OCILIABHBIME (TOOCIUTOBBIMU) MOBEPXHOCTSIMU B YCIOBHSAX BBICOKOTO Bakyyma (MOpsiika
1-10° ITa). Pesyabratht. [10 JaHHBIM MHHEPATO(TIOMIOTOIHUECKHX HCCIEIOBAHMIT B TA30BOi (hase (IIOMIHBIX
BKJIIOUEHUI B MUHEpajax M 3aKpBITHIX IOp TPAINOIMTOBBIX aPTHIUIMTOB cuirypa JIBBOBCKOTO Ianeo30icKoro
nporuba gomunaupyer Meta (1o 100 06. %) npu He3HAYMTENBHBIX COMCPIKAHUAX dTaHA, JHOKCHIA YrIeposa,
azora. OTCyTCTBHE TIAPOB BOJABI MOXKET CBHETEIBCTBOBATH O “CyXOCTH” YIIIEBOJOPOJOCOAEPIKAIINX CUCTEM, a
HHU3KHE 3HAYCHUs] OTHOCUTENILHOM Ta30HACHIIIEHHOCTH — O MPEBPAIIEHHH OPTaHMYECKOro BEIIECTBA B KAYECTBE
HCTOYHHMKA JIETYYUX YTJIIEBOJOPOIHBIX COCTUHEHUHM MPU HEBBICOKHX (IPHHUMYIIECTBEHHO, JTUTOCTATUYCCKUX )
JIABJICHUSIX. DTO CBUAETEIHCTBYET O PEATBHOCTU IPOXOXKAEHHsS IIPOIECCOB ra3oo0pa3oBaHUsl NPU TpaHC-
(dopMan OpraHUYecKoro BEIIECTBa apTHUIMTOBBIX TONI. Ha mMOpSOoK BhICHIAs OTHOCHTENbHAsl ra3oHa-
CBHIIIEHHOCTh BKJIIOYEHUIH B KaJIBIUTE, KOTOPHIM 3aJieYeHbl CyOBEpPTUKAIbHBIE TPEUIMHBI B apTHUIUIATAX, H
TIOSIBJICHHE TIapOB BOJABI YKa3bIBA€T Ha BEPOSATHBIM NMPUTOK TITYyOMHHBIX MUTPHPYIOIIUX (IIIOMIOB MOIIHBIMH
TpemMHHBIMU cucTeMamu. OOOCHOBaH BEpOSTHBIH MEXaHW3M M JUHAMHKA Ta30reHepaliy C JaIbHEUIINM
3aXBaTOM Traza B CBOOOJHOM COCTOSHUM W COpOLMEd W OKKIIO3HMEiH IOpoAaMH, WHTEHCU(HUIUPOBAHHBIH
BIMSHHEM TITYOMHHBIX (bironzoB. OH Ga3upyeTcsi Ha COINOCTABJICHUU JAHHBIX O COCTaBe JIETYYUX COEIUHEHUH
(ITIOMTHBIX BKITIOYEHUH B MUHEPAIaX M 3aKPBITHIX ITOP MEPCIEKTUBHO ra30HOCHBIX apTHUIUTOB ¥ COPOLIMOHHO-
TeHEepalMOHHbBIX IMpolieccax 00pa3oBaHMs METaHA B YIVISAX, UCXOJs U3 NPHHIMITMAILHOTO €MHCTBA IPHPOJIBI
npeoOpa3oBaHKs pacCcessHHOW M KOHIIEHTPUPOBAaHHOH (opM opraHmdeckoro BeuiectBa. HayuHasi HOBH3HA.
BriepBbie BO (TFOMIHBIX BKIIOYCHUSX B MUHEpATaX M 3aKPHITHIX Mopax (KaBepHax, TPEIMHAX) MepPCIeKTHBHBIX
Ha “claHneBHMi” Ta3 TPAINTONUTOBBIX aprHUJUIMTOB Naiieo30s BonuHo-Ilomonun BBISBIEHBI PEUKTHI BOCCTA-
HOBJIEHHBIX, IPAKTHYECKU CYIIECTBEHHO YIIIEBOAOPOAHBIX 0e3BoaHbIX (“cyxux”) (uronmoB. ITO yKa3bIBa€T Ha
HaJIMuue reoIronI0AMHAMUYECKHX YCIIOBUH, KaK IJIsl TeHEepaliy YIIeBOIOPOAOB B MPOIECCaX MPEeBPAICHHs
OpPraHUYECKOro BEUIeCTBa, COPOMPOBAHHBIX M OKKIIOJUPOBAHHBIX MHUHEPAIBHONH W OPraHMYECKOH COCTaB-
JISIOIMMU TIOPOJ] HA CTaJMU KarareHesa, TaK W IPUTOKA TIyOWHHBIX YTJIEBOMOPOAHBIX (DIIOMIOB, W, TaKUM
0o0pa3oM, MOATBEPXKJIAeT Tra30CHaHIEBbId MOTeHIMad Henp peruoHa. IlpaxkTmyeckoe 3Hauenme. OnEHEHO
BJIMSIHUE JIETYYHX COCTUHEHHUH 3aKpbITOi mopuctocTy ((Irou/IHbIC BKIIOYCHHS B MUHEpAIaX U 3aKPhIThIC TTOPBI
BMEIIAIOIUX TOpOA (IPANTOIUTOBBIX APTHJUIUTOB) HA CYMMAapHYIO MOTEHIHAIbHYI T'a30HOCHOCThH CIIaHIle-
BOBMEIIAOIINX TOMI, YTO OyaeT WMeTh 3HaueHWe (He 3aTparuBas JPYTHX AacleKTOB MPOOJIEMbl) MpH
BO3MO)KHOM TIOJICUETE pecypcoB (3amacoB) “ cliaHIeBoro” rasa.

Kniouesvie cnosa:. nerydre KOMIIOHEHTHI; (DIIIOUIHBIC BKJIFOUCHHS; 3aKPBITHIC IMOPHI; “CIaHIEBBIA  Tas3;
TPanTOJIUTOBbIC APTUILIUTHI, CHITYP; JIbBOBCKHIA Iasie030HCKUi Poruo.
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