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Objective. To eucidate the dynamics of catagenetic processes that occurred in the Silurian sediments
againgt the background of an oil and gas systems formation. Method. The method includes lithol ogy-facies,
mineral ogical-petrographic, catagenetic, and litho-fluido-dynamic analyses. Results. The spatia-tempora
development features of carbonate (bank-reefal facies), argillite (outer and inner shelf), and argillite-carbonate
(trangtion facies) complexes located in the Silurian sediments (profile of boreholes: Lishchynska-1 —
Peremyshlyany-1 — Baluchin-1 — Olesko-1) have been determined. The main post-sedimentary transformations
of clayey compound rocks consistent in the formation of quartz, calcite, pyrite, as well in the formation of
caverns and fractures, which in most cases are combined with thin channels forming a single system, have been
studied. It has been established that during the Palaeozoic and Early Mesozoic, the regime of catagenesis of the
Silurian sediments of the considered structures was identical. Its further differentiation caused by the
individualization of various tectonic block development occurred. In the first catagenetic cycle, the Silurian
deposits reached the temperature conditions of the main zone of gas formation. The hydrocarbon (HC)
generation centre was located in the western part of the studied profile (the Lishynskaya area), and within the
zone of hydrocarbon accumulation a number of lithogenetic reservoirs were localized, the formation of which
took place at different catagenetic substages. The main phase of hydrocarbon accumulation is confined to the
Late Cretaceous. At this time in the Lishchino-Peremyshlyanskaya area there was a knot of reservoirs pertaining
to the heterogeneous morphology, genesis, and the time of their formation. The spatial superposition of these
reservoirs and the presence of a multi-directiona system of fractures led to the formation of a single fluid
system. In the Palaeogene, the accumulated oil and gas accumulations were destroyed as a result of the regional
fracture zone development. Hydrocarbon fluids migrated both laterally and verticaly with their possible
accumulation in structural or lithological traps in the Silurian and Devonian sediments. Scientific novelty. The
novel periodization of the Silurian deposits catagenesis has been determined, and the difference in the regime of
catagenesis which occurred in various tectonic structures has been established. Practical relevance. The
hydrocarbon fluids migration stages and the history of conditions during the formation of the lithogenetic
reservoirs have been determined, which allowed assessing specific aspects of the oil-and-gas potential of the
Silurian and adjacent sedimentary complexes.
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rock.

Introduction

The Silurian sediments, originally developed
along the entire western slope of the East European
Craton, are considered to be source rock for both
conventionad and unconventiona  hydrocarbon
accumulations. The previous ones are associated with
the zone of limestone bank-reefal formations, being
potential cavernous-pore reservoirs; the latter are
related with the depression, and predominantly filled
with clays, with layers enriched with organic meatter,
congtituting a shake gag/oil reservoir. These facia
zones are characterized with practically submeridiona
strike and significant westward thickness increase
[Kurovets et al., 2010; Naumko et al., 2017,
Radkovets, Rauball, & Jaremchuk, 2017].

Lithological, minerdogica, and petrographic
(indluding the content and degree of organic matter
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transformation) petro-physical festures of the rocks
located in this sedimentary strata have been previoudy
dudied in deal [Kurovets @ a., 2010; Radkovets,
Raubdll, & Jaremchuk, 2017; Dryhant, 2000]. These
results alongsde with the general geologica data
allowed dlocating a number of potential Stes in respect
of shalegasand/or ail [Krupskyi et a., 2013].

However, such dgructurd and lithology-
petrographical characterigtics are determined based on
the studies of individual core samples, i.e. based on
point data and reflect only fragments of the genera
picture, which depend, first of al, on the efficiency of
coring in particular boreholes The porosity and
permeability properties, the content of organic matter
(OM), and the degree of its transformation are
indicators characterising the present condition of rocks.
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To provide a more valid and overall assessment of
the Silurian complex oil and gas potentia it is necessary
to analyse it in the context of the hydrocarbon systems
formation. With thisin mind, it is essentid to investigate
the lithophysical structure of sediments (the ditribution
of reservoir units and seal), the location of the
hydrocarbon kitchen, the spatial-tempora features of
hydrocarbon fluid migration, as well as the projected
Stesof their accumulation.

This research presents the results of modelling of
the Silurian lithological structure for the profiles of
boreholes Lishchynska-1, Peremyshlyany-1, Baluchin-
1, and Oleko-1l. The results obtained alowed
alocation of the reservoir and seal horizons, and the
recongruction of the history of catagenetic processes
based on the fluid dynamics concept [Hryhorchuk,
2010] and localisation of the hydrocarbon kitchen,
catagenetic reservairs, as well as determination of the
directions of hydrocarbon fluid migration at various
stages of geologica deveopment in this part of the
western dope of the East European Craton.

Objective

Based on the fluid dynamics concept of
catagenesis the objectives are to establish the
historical and genetic features of HC reservoir rocks
and reservoir formations, the dynamics of ther
hydrocarbon generation, and their migration in the
Volyno-Podilia Silurian deposits.

Methods

The lithological differentiation of boreholes was
made by interpreting the results of wire log data
(gamma ray logging). The identification of individua
lithological complexes was carried out based on the
respective classification of sediments along the
borehole cross-sections. Thin sections were examined
under a Carl Zeiss Jena polarizing microscope.

Since the development of lithofluid systems from
the dandpoint of the fluidodynamic concept of
catagenessis consgidered and for a better understanding
of the materia presented in this article we briefly
present the main provisons and terms used. The
fluidodynamic conception of catagenesis grounds the
cyclic nature of catageness according to stages of
tectonic regime, the features of which influence the
rocks adteration were mediated by fluidodynamic
features. According to the wel-known typification of
fluid regimes [Kartsev, 1986], the infiltration and
exfiltration Stages were didinguished, the latter
congging of a passve and active sub-sage
Catagenesis cycles began with an infiltration or
exfiltration passve substage (dominance of the
downward tectonic movements) and ended with an
exfiltration active substage (inverson movements). The
performed catagenesis is based on modeling the burial
history of the successions. At the passve subgtage, in
the zones of intensve subsidence of low-permeable
clay depodts, isolated systems were formed, and
abnormally high reservoir pressures occurred. Due to
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the accumulation and impossbility of removing
products of direct reactions the processes of
transformation of organic matter and clay mineras
were inhibited (the phenomenon of conservation of
lithogeness), (Kudd'skij, 1982). At the sametime high
reserves of fluid, heat, and astic energy accumulated,
which are the driving forces of fluid migration
including hydrocarbons. This migration occurred
during the active sub-stage of catagenesis in regiona
sub-horizontal fracture zones of tectonophysical nature.
On the paths of this migration, catagenetic type
reservoirs are formed. The latter are areas of mineral
dissolution of cement and rock carcass, shidded by

zones of intense mineral ogenesis.

Area of sudy. The research area is located in the
south-western part of the Eastern European Platform, the
Volyn-Podilsky margin bdonging to the zone of
trangtion of the old platform to the Alpine Carpathian
orogen. The Silurian deposits on it are represented by a
gratigraphically continuous layer, which, in the form of
a monoclind with doping layers to the west and
southwest, floats the edge of the platform in the territory
from the Baltic to the Black Seas. Within Ukraine it is
digributed in the western (Volyn) and southwestern
(Podillya) dopes of the Ukrainian shidd, in the Lviv and
in the south-eastern part of the Carpathian depressions,
forming together with the Lower Devonian a single
gructural complex. For the Silurian sequence, an amost
submeridiona drike of facial zones and a significant
westward increase in the thickness of geological unitsis
characterigtic. The minimum thickness of the sequence
(340-385 m) is observed in the eastern part of the region
and aong the south-eastern boundary of the Lviv
depression, where carbonate sediments predominate in
cross-sections; its maximum values (989-1102 m) are
fixed in the Pre-Carpathian zone and the central part of
the Lviv depression, where only argillites are spread
[Dryhant, 2000].

Results
Lithological characteristics

Following thelithologica interpretation of the boreholes
wirelog data (radicedtivelogging), thelithological sections of
the Slurian sediments were accomplished for the borehdles
Lishchynska-1, Peremyshlyany-1, Baluchin-1, Oleko-1 (see
TablelandHg. 1).

Table 1
Lithological composition of the Silurian in the
Lishchynska-1, Peremyshlyany-1, Baluchin-1, and
Olesko-1 bor ehole sections

lithol ogic composition (%)
Boreholes
Argillite | Marl | Limestone
Lishchynska-1 65 30 5
Peremyshlyany-1 58 39 13
Baluchin-1 34 34 32
Olesko-1 43 29 28
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Fig. 1. Lithological sections of the Silurian
sediments. Location of the studied boreholes (A)

1 —argillites, 2—marls, 3 —limestones; facial zones
(according to [ Radkovets, 2015] ) with changesin authors:
4 —internal shelf, 5—barrier zone and front slope, 6 —
external shelf, 7—mesopelagic zone, 8 —eastern border of
the Slurian sediments spreading; 9 — boreholes (a), studied
boreholes (b); 10 — boundaries of facial zones; 11 — Stebnyk
overthrust; 12 — Carpathian overthrus.t

The section of the Lishchynska-1 borehole is
characterised by the domination of argillite (4-35m)
and marl (1-10 m) lithology with sporadic limestone

layers (up to 3m) (Table 1, see Fig. 1). In the eastern
direction, a remarkable change in the sequence
lithological structure is observed. For instance, the
section of the Peremyshlyany-1 borehole can be
considered as a trandtiond one the content of
limestones and marlsincreased there, whiletherole of
clayey rocks decreased. At the same time, the
thickness of intervals of the latter one does not exceed
18-20 m; however, the thickness of marl (up to 25-30
m) and limestone (up to 14 m) sequences increased.
Their thickness is up to 35-40 m in cross-sections of
the Baluchin-1 and Olesko-1 boreholes. Wherein if in
the first case limestone formations are concentrated
close to the Upper and Lower Silurian boundaries,
then in the second case they are developed in the
upper parts of the Upper and Lower Silurian, which
indicates a certain migration of facial zones with time
(seeFig. 2).

Based on the interpretation of lithologica
sections, a model of the Silurian deposit’ s lithol ogical
structure along the profile was designed through the
above boreholes (Fig. 2). Three main lithologica
complexes were identified.

The characterigtic feature of the carbonate complex is
its 60—70% content of carbonate rocks. The argillite
complex is characterized by — similar content of clayey
rocks, while the argillite-carbonate complex differs in
terms of its rdative content of limestone, marl and
argillite, and their comparatively thin and frequent
interdratification. The carbonate lithological complex is
interpreted as a bank-regfal facies, the limestone
lithological complex — as a unit of externa (in the
western part of the profile) or internd shef (initseagtern
part), and the argillite-carbonate complex is a zone of
facid trandtions which aso incdudes formations of
bi ogeni ¢ bodi es destruction.
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Fig. 2. Schematic cross-section illustrating lithological structure of the Silurian complex.
Lithological complexes: 1 — carbonate, 2 —argillite-carbonate, 3 — argillite

In the terms of reservoir characteristics
[Hryhorchuk, 2010; Hnidets et al., 2013] the first
complex is characterised by the prevalence of porous
reservoirs, the second one is a seal or under certain
conditions — a fractured reservoir for the
unconventional hydrocarbon (HC) accumulations, and
the third oneisfractured.

Petr ogr aphic char acteristics

The Silurian organogenic limestones have been
dudied in detal in several works [Dryhant, 2000;
Radkovets, 2015]. These rocks are present at various
dratigraphic levds and are represented mainly by
biomorphic limestones composed of cora remains,
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dromatopora, agae, and crinoids cemented with the
carbonate-clayey matter [Dryhant, 2000]. The reservoir
parameters of the carbonate rocks are primarily defined
by sedimentation factors, as well as considering specific
post-diagenetic processes. Organogenic limestones are
occasonaly dolomitised in an intense way forming
secondary dolomites, which contain a significant amount

of caverns, making it a high-grade reservoir rock
[Dryhant, 2000]. In the intervals where various
lithological types interbed, mainly fractured reservoirs
are formed, according to [Yusupova, Abukova, &
Abramova, 2005], due to the uneven compaction of
different lithological bodies during catagenetic
transfomations.

0,1 nim
=

0.1 3w

Fig. 3. Structural and mineralogical features of rocks (borehole Lishchynska-1)
The structural and mineralogical features of the rocks from borehole Lishchynska-1 in figure3:
a — clayey bituminous limestone (int. 3500-3501 m, nick. 71); b 4laminated calcareous argillite (int. 3551-3556
m, nick. II); c— dlicified pyritic marl (int. 3551-3556 m, nick. X); d — large fragments of crinoids in silt-clay
limestone (int. 3250-3256 m, nick. 7I); e-fragment of a crinoid in laminated silty limy argillite (int. 3300-3306
m, nick. 71); f —fragment of a crinoid with traces of dissolution in clayey limestone (int. 3651-3656 m, nick. X);
g—organogenic-detrital dlt-clayey limestone with pyrite (int. 3651-3656 m, nick. X); h—autogenic quartzcarbonate
aggregatesin argillite (int. 3002-3004 m, nick. X); i —a spot of autogenic quartzin marl (black ispyrite) (int. 3050-3056
m, nick X); j—a spot of autogenic quartzin pyritic marl (int. 3551 — 3556 m, nick. X); k—disseminated slicificationin
clayey limegtone (int. 3651-3656 m, nick. X); [—calciteveinin clayey limestone, (int. 3651-3656 m, nick I1); m-
microfracture with cavitiesin argillite (int. 3002—3004 m, nick I1); n—cavernouszonein marl (int. 3050-3056 m, nick.
I1); —microfracture with cavitiesin limy dlty argillite (int. 3200-3205 m, nick. I1); p—banded microfracturesin limy
argillite (int. 3300-3306 m, nick. 71); g—cavernin clayey bituminouslimestone (int. 3500-3501 m, nick. 11); r—cavernsin
slicified clayey organogenic-detrital limestone (int. 3651-3656 m, nick. I1), st—caverns, partially filled with quartzin
marl, with a cellular microtexture (int. 3600-3603 m, nick. X)
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The potential productivity of the above types of
reservoirs can be explained by the dynamics of a
lithofluid system development during the
catagenesis. The energy of such a system is
primarily determined by the rocks and OM
transformations within the depression zone clayey
layers, which to some extent are OM enriched
[Radkovets, 2015]. These units dominate in the
Lishchynska-1  borehole section and are
predominantly composed of argillites and marls
with the subordinate limestone's (see Fig. 3).

Argillites are characterized by both pditic and
siitpelitic dructure, a massive or thin-laminated
texture (see Fig. 3b). The latter resulted from the
uneven distribution of clastic fragments and € ongated
clusters of black organic matter. The silt materia
content (mainly quartz grains) varies from 1-2 to 8-
12%, and its dimensions are 0.01-0.03mm on
average. Frequent small finely scattered (up to
0.04 mm) grains of carbonate minerals, thin (up to
0.01-0.02 mm) pyrite impregnations forming sporadic
concretion sized up to 0.2 mm are observed. The
pyrite content is 5-6%.

Fragments (up to 0.5x1.9mm) of crinoids (see
Fig. 3 c,d) occur in thin-laminated silty (up to 7 % of
quartz grains) argillite (int. 3300-3306 m). These
skeletal fossils are somehow stratifically “flown
around” which is due to the post-sedimentation
compaction of rocks.

Carbonate rocks are represented with marls and
clayey or glty-clayey limestones. The latter often
contain crinoid fossils (see Fig. 3 1), which reveal
individual traces of the post-sedimentation
dissolution.

Limestones are chiefly clayey and marked with a
thin-laminated  texture  (int. 3250-3256 m).
Lamination is caused by the development of
elongated (0.01-0.02x0.1-0.25 mm) clusters of black
OM and lenses (up to 0.08x0.3mm) of carbonate
material againgt the background of the more clayey
mass.

In the thin-section lower part (see Fig. 3 ) clayey-
st limestone is present. Its characterigtic feature is
the increased content of terrigenous material (up to
25-27%) represented with quartz grains (0.01-
0.03 mm) and muskovite laths.

Limestone from the interval of 3500-3501 m (see
Fig. 3a) differs in its fine crystalline structure and
significant (up to 8-12%) deveopment of black
bitumens.

Post-sedimentation  transformations of  rocks
located within Lishchynska-1 borehole are mainly
associated with the developement of authigenous
quartz and calcite found both in clayey and carbonate
rocks (see Fig. 3¢, h, i, j, 1,). In the interval of 3551—
3556 m dlicified marl isidentified. It is characterized
with findy-diffused silica (an approximate content is
up to 15-20%). The latter forms (see Figure 3t)
sporadic forms sized up to 0.1x0.3 mm and composed
of fine quartz crystals (0.003—0.006 mm). Sometimes,

authigenous quartz
(Fig. 31).

In argillite (int. 3002-3004 m) we detected a
concretion (3x7 mm) composed of authigenous quartz
and calcite (see Fig. 3h). In the interval of 3350—
3358 m an area (up to 0.4x0.5mm) of fine (0.01-
0.03 mm) calcite crystals are devel oped.

The presence of palm-like grains of authigenous
quartz, silicified skeletons of foraminifera shells, cells
of which are filled with crystals of calcite, is also
mentioned in [Kurovets et a., 2010]. Moreover, rocks
bear traces of their ancient decompaction. Thus, in the
interval of 27552804 m the rocks are divided with a
considerable number of sub-vertical fractures (up to
3-5mm) filled with calcite. Winding calcite veins up
to 0.1 mm thick are observed (see Fig. 31).

In addition, various cavities are observed in the
studied rocks, i.e. caverns, cavernous zones,
microfractures (see Fig. 3 m—t), found in argillites and
in marls and limestones. The dimensions of caverns
are 0.1x0.1 mm on average, and sometimes they are
up to 0.1x0.4-0.5 mm. In most cases, caverns are
joined by thin channels, forming a single system. In
argillites (see Fig. 3p), 0.02-0.03 mm wide thin
layer-wise fractures are developed. Similar
microfractures are described in the interval of 2804—
3020 m [Kurovets et a.2010].

Burial and thermal history

According to the methodological approach by
[Hryhorchuk, 2010], the post-diagenetic evolution of
the Silurian complex was analysed with use of the of
the burial history modelling applied to each of the
analyzed borehole sections (Fig. 4).
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Fig. 4. Burial and thermal history
of the Silurian complex
Sages of catagenesis: 1 —infiltration; exfiltration:
2 — passive substage, 3 — active substage;
4 — paleotemperatures, 5 —regional fracture zones
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The obtained results show that during the
Palaeozoic and Early Mesozoic, the catagenetic
regime of Silurian deposits within all considered areas
was identical: by the end of the Devonian, the passive
substage of the exfiltration catagenesis occured, later
its active phase began. The further regime of
catagenesis within these areas was different, which
led to an uneven number of cycles, stages, and
substages of catagenesis. However, a tendency of
their westward quantity increaseis observed.

In Lishchynska-1 borehole, according to the
fluidodynamic conception of catagenesis
[Hryhorchuk, 2010], three cycles of latter are
manifested, Peremyshlyany-1 — two cycles, Baluchin-
1 — two cycles (second one incomplete), Olesko-1 —
one cycle. The boreholes are located in various
tectonic blocks [Kurovets et al., 2010]. Thus, the
above features can indicate some difference in the
tectonic regime of their development during the
Mesozoic-Cenozoic time. The dynamics of post-
diagenetic processes within these areas somehow
reflect thisfact, what we describe below.

Pdectemperature recondructions are an important
dement in higorical and catagenetic sudies. They are
esentid  both  for  reconstrudion  of  hydrocarbon
generation, and for deemining the gpatial-time
localization of the so-called carbonate minerals“ingtability
window” (80-120°C) [Minskij, 1972; Dixon, Summe's
& Surdam, 1989], which contributed to the formation of
reservoir rocksthrough leaching processes.

Paleotemperatures specified in the modds of
sediments higtorical burial were determined based on the
modern parameter values [Krupskyi et a., 2013] (Fig.4)
and considerations [Bd okon', 2005; Leonov & Volozha,
2004] tedtifying thet at the early stage of development of
such basins the temperatures exceeded the modern
values by 1.4-1.5 times. Besdes, we have taken into
account the data [lvanova, 2016] indicating that the
paleogectherma  gradient during the Paleozoic was
approximately 7.5° C per 100 m.

The recongruction paeotemperature values in our
modd arewel| corrdated with the results of other studies
[Srodon, 2013; Schito . al., 2018], which have shown
that maximum pal ectemperatures in the near-bottom part
of the Silurian deposits reached 200 C.

Evolution of lithofluid systems

The lithofluid system, according to [Sokolov,
2002) is a well-ordered set of interacting and mutua
influencing solid, liquid, and gas components of the
lithosphere, linked by a common history of
development. Aiming to reconstruct the Silurian
deposits catagenetic processes we have performed a
coceptual modelling per the considered section in Fig.
5, 6. Since the main source of the lithofluid energy
were clayey depression units prevailing in the
westward sections, we have designed the retrospective
models for two catagenetic cycles clearly manifested
within the area of boreholes Lishchynska-1 and
Peremyshlyany-1.
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The passive substage of exfiltration catagenesis
had lasted until the end of the Late Devonian. At that
time, the Silurian deposits reached temperature
conditions of the main gas generation phase
[Radkovets, Kosakowski, Raubdll, Zakrzewski, 2018].
Consequently, it is possible that hydrocarbons then
accumulated in different traps (in this particular case
only catagenetic reservoirs are considered).

However, a the passve substage the large-scae
migration of hydrocarbons was impossble since no
effective fluid carriers were present [Hryhorchuk, 2010],
which led to the preservation of lithogenetic processes
([Kudd'skij, 1982]). The latter was maximaly
manifested only within the Lishchynska: Peremyshlyany
area (see Fig. 5). In its section prevail mainly clayey
sediments enriched to some extent with the organic
meatter [Radkovets, Rauball, & Jaremchuk, 2017].

Under the above conditions, the diffusive processes
prevailed [Hryhorchuk, 2010]. As a rexult of the
defluidisation of dayey units and the OM
transformation, the abnormally high reservoir pressures
generated and “layers-reactors’ (the term by [Sidorova,
Safronova, Burova, 1991]) appeared, which accumul ated
subgtantial reserves of fluid dynamic energy.

In the eastern direction, following changes in the
sequence lithological — structure, no lithogenetic
conservation processes occurred due to the formation
of more permeable carbonate and argillite-carbonate
units, which promoted a certain emigration of fluids.
Such processes were activate in the areas of
lithological subgtitutions (facia transtions), which
differed by inhomogeneous lithological structure
(interstratification of argillites, limestones and marls).
Here the uneven compaction of various lithological
bodies resulted in the formation of multidirectiona
lithogenetic fractures, which facilitated the migration
of fluids. These fluids were enriched with aggressive
agents (primarily OM transformation products),
which triggered leaching; recrystallization and
dolomitization of carbonate rocks. As a result,
catagenetic reservoirs formed in these areas
[Hryhorchuk & Senkovskyi, 2013], which differed by
their complex structure: blocks of porous and micro-
fractured rocks divided by more thick fracture zones.
At the end of the passive substage of exfiltration
catagenesis (the Late Devonian), based on the laterd
variations of the Silurian sediments lithological
structure, we predict the presence of three main
reservoirs of this type (see Fig. 5). With regard to
HCs accumulation, an R-1 reservoir drive is the most
important. This can be explained by two factors.
Firgly, it has the most volume due to more
pronounced facial substitutions which occurred within
this area. Secondly, it islocated in close proximity to
the (HC source zone). Fluids, including hydrocarbon,
periodically arrived from their generation zones into
this reservoir when the fluid energy became
accumulated. This, on the one hand, contributed to
some energy relaxation in the conservation zone, on
the other hand, it caused gradually accumulation of
hydrocarbonsin the R-1 reservair.
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Fig. 5. Modd of the hydrocarbon reservoirs development in the first cycle of catagenesis
1 —the area of lithogenetic processes conservation; 2 — reservoirs, 3 —fractures; 4 —reservoir rocks within the
zone of decarbonatization; fluid migration: 5 — scattered; 6 — aggregated; 7 — avalanched; 8 — hydrocarbons;
9 — paleotemperatures; 10 —regional fractured zones; 11 — zones of mineral compaction
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Two other reservoirs (R-2 and R-3) are characterized
by ther andler sizes (volumes) and are located farther
from the main hydrocarbon fluid generation zone (east
part of the prafile). Taking into condderation the location
of these reservoirs and the maximum temperature range of
80-120°C , cddite dissolution occurred in carbonate
rocks, as well pores and caverns were formed. The letter
could partidly be filled with hydrocarbons from adjacent
marl-clayey sourcerock.

At the end of the Devonian, along-term and active
substage of exfiltration catagenes's began (see Fig. 5).
Then, regional fracture zones were formed a two
hypsometric levels. In the Silurian depositsthe first one
manifested itsdf within the Olesko-1 borehole ares, the
second one (deeper) — within the Lishchynska-1
borehole area. Due to a sgnificant dilatancy effect
[Dmitrievskij, Beljankin, & Karakin, 2007], the high-
energy hydrocarbon fluids were pumped into the
Lishchynska-1 borehole from the surrounding rock
mass having been accumulated at the passive substage
of catagenesis within the lithogenetic conservation
zone. Some portion of these fluids arrived in the P-1
reservoir replenishing its reserves, while the remainder
migrated into Ordovician and Cambrian bottom set
deposits where they apparently formed a catagenetic
reservoir (leaching rocks shielded with zones of intence
mineralogenesis [Hryhorchuk, 2010]). These reservoirs
were a temporary accumulation for the HC, which in
the course of the onward geologica history could
emigrate both horizontally and verticdly. Certain traces
of the such reservoir exisence can serve as a gas
fountain (int 3475-3545 m) in the Peremyshlyany-1
borehol e [non-traditional sources..., 2013].

Long time span (over 200 Ma) duration of the
active substage of catagenesis (see Fig. 5) does not
exclude the possibility of the manifestation of severa
catagenetic cycles. This is justified by the results of
burial history processes modelling applied to the
Peremyshlyany-1 borehole [Radkovets, Kosakowski,
Raubdll, & Zakrzewski, 2018]. However, we believe that
the depth of the fracture zone did not sgnificantly
change and covered the lower part of the Silurian, where
organic matter had aready exhausted the generation
potentia by the end of thefirgt cycle.

The lithofluidal features of the R-2
reservoir,compared to the previous substage of
catagenesis, have remained unchanged. Instead, the
R-3 reservoir fell under the influence of the second
regiona fracture zone, which led to the activation of
fluid dynamics including their probable migration
from the upper sediments of the Lower Devonian.
Taking into account temperature conditions, these
fluids promoted, fird¢ of all, leaching and
recrystallization of calcite as well as the formation of
dolomite. All this improved the filtration and
reservoir properties of rocks by creating pores and
caverns. Previoudy accumulated HCs underwent
redistribution within the reservoir.

The further burial history and, accordingly, the
regime of Silurian deposits catagenesis in the studied
boreholes were somewnhat different (see Fig. 4).

It should be noted that in the area of the
Lishchinskaya-1  borehole  another cycle  of
catagenesis (late Jurassic - Early Cretaceous) was
revealed. Despite some decrease in temperature, its
result was probably the entry into the reservoirs P-1
and P-1K having certain portions of HC.

The last catagenetic cycle began in the Late
Cretaceous. It ismore or less distinctivein al studied
sites (apart from the Olesko-1 borehol€). The passive
substage of exfiltration catagenesis occurred during
the Late Cretaceous, and its active phase began in the
Palaeogene. During the passive substage, the most
diverse and broad-scale processes took place in the
Lishchino-Peremyshlyanskaya area, where in the
upper part of the Silurian sequence a lithogenetic
process conservation zone was formed (see Fig. 6).
Along its periphery there existed two previously
originated reservoirs (R-1, R-1C) and later the P-1*
reservoir appeared. The decreased tectonic tension
stress within a fracture (fluids transit) zone occurred
at the previous stage (lower part of the Silurian
sediments) and promoted its formation. At the same
time, the residual porosity has remained within its
limits but the permeability of fractures was reduced.
Pre-generated hydrocarbon fluids took the form of
individual lenses and inclusions in fractured rocks
(marls, argillites).

Thus, a knot of reservoirs of heterogeneous
morphology and genesis existed in this area and
moreover they formed during different times. The
spatial superposition of these reservoirs and the
presence of a multi-directional system of fractures
resulted in the formation of a single fluid system
during the indicated substage. Fluids migrated mainly
to the R-1 reservoir causing its maximum filling with
hydrocarbons. They were preserved owing to the fact
that the reservoir became blocked with over 200 m of
thick clayey sediments. Consequently, during the
passive sub stage of the second catagenetic cycle the
HCs mainly accumulated within the Lishchino-
Peremyshlyanskaya area.

The lithofluid features in the R-2 and R-3
reservoirs did not significantly change at the above
substage. It should be noted that the fluid migration
started to be activated following fault development
(their location is shown according to [Kurovets,
2010]. At the firgt stage the leaching processes and
rock reservoir properties improvement continued, in
the second case the pores and caverns were filled with
calcite (at temperature less than 80 °C).

During the active substage, which began in the
Palacogene, the largest lithofluidal processes re-
manifested within the Lishchino-Peremyshlyanskaya
area. First of all, this was associated with the
formation of a regiona fracture zone, which drained
the conservation area, contributing to the
hydrocarbons migration. To some extent, they could
move up aong the fault.

The R-1 reservoir content was destroyed by the
fracture zone that affected most of its extent.
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Following this, hydrocarbons kept in their generation
zone and accumulated in the R-1 reservoir, migrated
eastward into the catagenetic reservoir (R-2C)
encompassing the Late Silurian deposits and lying
bel ow the Cambrian and Ordovician formations. This
reservoir was temporary. Hydrocarbons could
gradually migrate laterally into the adjacent R-2
reservoir and vertically along the fault into the Lower
Devonian and Upper Silurian layers.

Consequently, in genera, it can be stated that
during the geological higtory hydrocarbon fluids
generated by the OM of the Silurian sediments were
scattered due to their discrete lateral and vertical
migration.

Scientific novelty

The Silurian deposits have been thoroughly
dismembered with respect to their lithologica
structure, and the lithological complexes per
Lishchynska-1 — Peremyshlyany-1 — Baluchin-1 —
Olesko-1 boreholes have been specified for the first
time. The first-ever periodization of the Silurian
sediments catagenesis has been determined. In has
been shown that during the Palacozoic and Early
Mesozoic, the catagenetic regime in the considered
structures was identical. The subsequent catagenetic
history was diverse and was affected by the
developmental dynamics of individua tectonic
blocks.

Practical relevance

The stages of generation and migration of
hydrocarbon fluids, and the history of lithogenetic
reservoir formation has been determined in the study
area. This allowed assessing the potential oil and gas
bearing capacity of the Silurian and the adjacent
sedimentary complexes.

Conclusions

1. In the analysed sections of the Silurian complex
we have identified carbonate, argillite, and argillite-
carbonate lithologies. The first oneis interpreted as a
bank-reefal facies, the second one — as the external (in
the west profile part) or inner shelf (in its east part),
the third one is a zone of facial subgtitutions. In the
reservoir rock aspect, the first complex is
characterized by the dominance of pore reservoir
rocks, the second one is a cap rock, or, under certain
conditions, a reservoir for unconventiona HC
accumulations, and the third is fractured.

2. Post-depositional transformations of the rocks
of the clay lithological complex consisted in the
formation of authigenous quartz, calcite and pyrite
developed in argillites, marls and limestones. The
traces of decompaction have been detected in al type
of rocks, namely various cavities, i.e. caverns
cavernous zones, microfractures, which in most cases
are joined by thin channds, forming a single system.
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3. Based on burial history modeling it was
established that during the Palaeozoic and Early
Mesozoic the catagenetic regime of the Silurian
sediments in all considered structures was identical:
the passive substage of exfiltration catagenesis lasted
to the end of the Devonian, then the active one began.
Further on regime at the sudied sStes was its diversity
located in the various tectonic blocks, which during
the Mesozoic-Cenozoic period their individual
developmental dynamics were manifested.

4. In the firgt catagenetic cycle the HC generation
centre was located in the west part of the profile (the
Lishynskaya ared), and within the zone of
hydrocarbon accumulation a number of catagenetic
reservoirs were localized, the formation of which took
place at different catagenetic substages.

5. The main phase of the HC accumulation
occurred during the passive substage of the second
catagenetic cycle (the Late Cretaceous). At this time
in the Lishchino-Peremyshlyanskaya area there was a
knot of reservoirs pertaining to the heterogeneous
structure, genesis, and time of formation. The spatial
superposition of these reservoirs and the presence of a
multi-directional system of fractures resulted in the
formation of a single fluid system. HCs were
preserved owing to the fact that the reservoir became
sealed with over 200 m thick clayey deposits.

6. In the Palaeogene, the pre-accumulated HC
deposits were destroyed since the reservoirs fell into
the regional fracture zone. Hydrocarbon fluids
migrated both laterally and vertically. In this respect,
they could possibly be accumulated in structura or
lithological traps located both in the Silurian and
Devonian sediments.
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JITOI'EHETUYHI ACIIEKTU ®OPMYBAHHSA HA®TOI'A30BUX CUCTEM
Y BIIKITAJAX CUJIYPY BOJIMHO-IIOATJUIA

Merta. 3’sicyBaTH JAMHAMIKy TpPOLECIB KaTareHedy BiAKJIQAiB CWIYpy B KOHTEKCTI (OpPMYBaHHS
HadrorazoBux cucreM. Meroauka. Meroanka BKIIOYAE JITOIOro-(aliaabHui, MiHepaloro-rerporpadivyHui,
ICTOPUKO-KaTareHEeTUYHUH Ta JITOQUIIOII0oANHAMIYHUN aHaii3u. Pe3ynabraTh. 3'sCOBaHO MPOCTOPOBO-BIKOBI
0COOJIMBOCTI PO3BHUTKY Yy Bimkmamax cunypy (mpodins cB. Jlimuucbka-1 — Ilepemunuisiau-1 — banyuns-1 —
Onecpko-1) kapOoHaTtHOro (6aHKO-pudoBa (airist), aprimitoBoro (30BHINIHIA Ta BHYTpilIHIA mIenbd) Ta
apriyito-kapboHatHoro (mepexifni arii) KoMIIeKkciB. BiHBUeHI OCHOBHI MicC/IsICEeIUMEHTALINAHI TEPETBOPEHHS
TIOPiJ] TIIMHUCTOIO KOMIUIEKCY, SIKi MOJISTatoTh B YTBOPEHHI KBapIly, KaJbLUTY, MIPUTY, a TAaKOX (OpMYyBaHHI
KaBepH Ta TPILHH, sKi y OLIBIIOCTI BUNAJKIB CIIONYYalOThCs TOHKUMH KaHajlaMH, (QOPMYIOUH €TUHY CHCTEMY.
BcraHoBieHO, 10 TPOTSATOM Iaje030I0 Ta PAaHHBOI'O ME3030H0 PEXUM KaTareHe3ly CUIIYpiHChKUX BiAKIaIiB
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PO3TJIHYTHX CTPYKTYp OyB aleKBaTHMM. Y MONAIBIIOMY BimOymacs #oro mudepeHIiallis, mo 3yMOBJICHO
IHAWBIAyasi3ali€l0 pO3BUTKY PI3HUX TEKTOHIYHMX OJoKiB. Ha mepmiomy mukii kaTtareHe3y BiIKIagu CHIYPY
JOCSITIIA  TEMITEpAaTYpHUX YMOB TOJOBHOI 30HM TaszoyTBopeHHs. OcepemoK TeHepaiii BYIJIEBOIHIB OyB
po3TamioBaHuii y 3aximHiii vactuHi mnepetuny (paiioH JlimmHCHKOI IUTONN), a B MeXax 30HH
BYIJICBOJIHEHATPOMA/KEHHsI JIOKaJi30BaHa HHW3Ka pEe3epBYapiB JIITOrEHETHYHOTO THUILY, (OpMyBaHHS SIKUX
BiOy/ocs Ha pi3HMX miferanax karareHesy. OcHOBHa (aza akyMmynsmii BYIJIEBOJHIB NMPHYpPOYEHA O Mi3HBOT
kpeiiau. B neii yac y Jlimunachko-TlepeMUnUITHCBKIH JUISHIN ICHYBaB BY30Il pe3epByapiB pizHoI Mopgororii,
TeHe3HCy Ta 4Yacy yTBOpeHHs. IIpocTopoBa cymeprno3uilis IUX pe3epByapiB Ta HasBHICTh Pi3HOCHPSMOBAHOL
CHCTEMHU TPILIMH 3YMOBWJIM (OPMYBaHHS €IUHOI (IIOIAHOI cucTeMu. B majeoreHi akyMmynbOBaHI ITOKJIaIH
BYIJICBOJIHIB 3pYHHOBaHI BHACTIJIOK MpPOSIBY pPErioHajJbHOI 30HU pO3YIIiIbHEHHs. ByrieBoaHesi ¢mroinu
MITpyBaJld SIK [0 JlaTepaji, TaK IO BEPTUKAII 3 MOXJIHMBAM iX HAarpOMa/DKCHHSIM Y CTPYKTYPHHX YH
JITOJIOTIYHHX MAacTKaX 1 y Bigkiaaax cuiaypy, 1 neBony. HaykoBa HoBH3Ha. Briepiie Bu3Ha4YeHa nepiofu3ais
KaTareHe3dy CHJIYPIHCHbKUX BiIKJIaiB, BCTAaHOBJIEHA DI3HHI[I PEXKHMY KaTareHely Ha pIi3HUX TEKTOHIYHHX
cTpykTypax. IlpakTHyHa 3HAYYHIiCcTh. 3'sCOBaHA CTAmidHICT, Mirpamii BYyrJeBOAHEBHX (IIIOIMIB, icTOpis
(opMyBaHHs pe3epByapiB JITOTEHETHYHOI NPUPOIH, IO JO3BOJMIO OLIHUTH IEBHI ACIEKTH HEPCIEKTHB
Ha(TOra30HOCHOCTI CHITYpiHICBKOTO Ta CyMIXKHUX OCaJIOBUX KOMIUIEKCIB.

Kmiouosi cnosa: cunyp, Bomuno-Ilomisis, JiTONOTIYHI KOMIUIEKCH, KaTareHes, JITO(IIIOiI0AMHAMIKA,
pe3epByapH BYIJICBOIHIB.
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JIMTOI'EHETUMYECKUE ACIIEKTBI ®OPMUPOBAHVA HEOTET'A30BbIX CUCTEM
B OTJIOXXEHUAX CUITYPA BOJIBIHO-TIOJOJINA

Hean. BpisicHUTH JUHAMHKY IIPOLIECCOB KaTareHe3a OTJIOXKEHWH CHiIypa B KOHTEKCTEe (POpMHUpPOBAHHS
HedrerazoBeix  cucreM. Metonuka. MeroaMka — BKIIOYAeT  JIUTOJOTO-(hanuaibHBI,  MHHEpPaJIOro-
nerporpauueckuif, HCTOPUKO-KaTareHeTUYHHH W JUTO(IIOWAOIUHAMUYECKUH aHauu3bl. Pe3yabTaTsl.
BbIsICHEHBI TIPOCTPAaHCTBEHHO-BO3PACTHBIE OCOOCHHOCTH PAa3BUTUS B OTIOXKEHUAX cuiypa (mpoduib CKB.
Jlemmnnckas-1 — Tlepembmuisaubi-1 — Bamyunn-1 — Onecbko-1) kapbonatHoro (6anko — pudosas darwms),
apriJUIMTOBOrO (BHEIIHMHA W BHYTPCHHHMH UIeNb() H apruyutur-kapOoHaTHOro (mepexojHbie (harum)
KOMIUTIEKCOB. V3ydeHbl OCHOBHBIE IOCTCEIUMEHTAIIOHHBIE MTPeoOpa30BaHusl MOPOA TIIMHUCTOrO KOMILIEKCA,
3aKITIIovaloIMecss B 00pa3oBaHMU KBaplia, KajblUTa, MHUPUTA, a Takke (OPMUPOBAHUM KaBEpH W TPEIHH,
KOTOpblE B OOIBIIMHCTBE CIy4aeB COCAWHSIOTCS TOHKUMH KaHalamH, (OPMHpPYS €IHHYIO CHCTEMY.
VYcTaHOBIIEHO, YTO B TEYEHHE Majeo30s M PaHHEro Me303051 PeXKMM KaTareHe3a CHIIYPHHCKHX OTJIOKEHHH
PacCMOTpPEHHBIX CTPYKTYp Obul ajekBaTHbIM. B pampHelimem mnpousouuia ero auddepeHimanys,
00YCIIOBJICHHAsl WHAWBHyaln3aliell pa3BUTHSl PaA3IMYHBIX TEKTOHWYECKMX OnokoB. Ha mepBom 1mkie
KaTareHe3a OTJIIOKEHMSI CHIIypa JOCTHINIM TEMIIEPAaTYPHBIX YCIIOBHH TJIaBHOM 30HBI razooOpazoBanus. Oyar
TeHEpaIlii YIIeBOJOPOJOB HAXOAWICS B 3amagHod dvactd mnpodwis (padion JlemmHckod Iwiomaau), a B
npezieNiaX 30Hbl aKKyMYJSIIUU YIJIEBOAOPOJIOB JIOKAJIH3UPOBAH DSAJl PE3EPBYapOB JIMTOTEHETHYECKOTO THIIA,
KOTOpBble (hOPMHUPOBAIIMCH HAa pa3HbIX IMoAdTanax karareHeza. OcHOBHas (paza MX aKKyMYJSIMH COCTOsUIAch B
nozaHeM Meny. B aTo Bpemst B JlenuHcko-IIepeMBIIIITHCKOM yJacTKe CyIIeCTBOBAI y3€J Pe3epByapoB pa3HOiM
MopdoJyiorun, TeHe3uca M BpeMeHH oOpas3oBaHus. [IpocTpaHCTBEHHAas CYNEpHO3WIMS ITHX PE3EpPBYapoB U
CYIIECTBOBAHUE DPA3HOHANPABICHHONW CHUCTEMBl TpEIIUH O0YCIOBWIN (OpMHUpOBaHHE €AMHON (IIIOMIHOM
chucTeMbl. B maneoreHe akKyMyJIHMpOBAaHHBIE 3aJIe)KHM YIVIEBOAOPOJIOB OBLIM paspylIeHbl B pe3yJbTaTe
TIPOSIBJICHUS] PETHOHAIBHON 30HBI PAa3yIIOTHEHHS. Y TJIEBOAOPOIHBIE (IIFOKIBI MUTPHUPOBAIN KaK IO JIATEPalH,
TaKk MO BEPTHUKAJIH C BO3MOXXHBIM WX HAKOIUICHHEM B CTPYKTYPHBIX WIIM JIUTOJOTMYECKUX JIOBYIIKAX KaK B
OTJIOKEHMSIX CHJIypa, Tak U JeBoHa. Hayunasm HoBM3Ha. BrniepBhle ompezeneHa NepHOAM3alMs KaTareHesa
CHITypHHCKHMX OTJIO)KEHHH, YCTaHOBJIEHA pa3HHIA PESKUMAa KaTareHe3a Ha pa3HbIX TEKTOHHYECKHX CTPYKTypax.
IpakTuueckast 3HauyuMocTh. OrnpeneneHa CTaJUHHOCTb MHIPALMU  YIJIEBOAOPOIHBIX (DIFOMIOB, HUCTOPHS
(opMUpOBaHUsT PE3EPBYAapPOB JIUTOTEHETHYECKOH NPHUPOJIBI, YTO MO3BOJHIO OLEHUTh HEKOTOpPBIE AaCHEKTHI
MIEPCIIEKTUB HEPTEra30HOCHOCTH CHIIYPUHCKOTrO M CMEXKHBIX 0Ca/I0YHBIX KOMIUIEKCOB.

Kniouesvie  cnoea: CHITYP, Bonsino-ITonomnus, JUTOJIOTUYECKHE  KOMIUIEKCHI, KaTareHes,
TUTO(ITIONI0ANHAMUKA, PE3EPBYaphl YIIIEBOIOPOIOB.
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