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The paper presents the results of studies on the transformation of the organic matter of siliceous-clayey
carbonate rocks of the Semiluksko—Mendymsky horizon of the Romashkino oil field in a hydrothermal
fluid for an hour (with a water-to-rock ratio of 33) at 340°C and 380°C and pressures of 17 and 20 MPa. As
a result of hydrothermal treatment, at 340°C and 17 MPa, based on nitrogen porosimetry and electron
microscopy data, transformations of rock-forming minerals in the rock are observed. They lead to an
increase in the volume and average diameter of mesopores in it and the formation of micropores, as well,
which improve its filtration properties. At the same time, the amount of kerogen in the composition of
the organic matter decreases and the yield of the petroleum hydrocarbon extract increases, in which,
according to the SARA analysis, the content of asphaltenes increases and the content of resins, aromatic
and saturated hydrocarbons decreases. In the composition of aroatic hydrocarbons, the proportion of
alkyltrimethylbenzenes and dibenzothiophenes increases, phenanthrene homologues appear, and in the
composition of saturated hydrocarbons, the amount of iso-structure alkanes decreases relative to the
content of linear alkanes. Raising the temperature and pressure of the hydrothermal fluid to 380°C and
20 MPa increases the degree of kerogen conversion from 12.4% to 23.6%. At the same time, changes
occurring in the component composition of petroleum hydrocarbon extracts remains similar to the
experiments carried out at 340°C and 17 MPa; the content of naphthalenes decreases, the content of
dibenzothiophenes increases and Cy;—Cj7, Ci9—Cyp alkyltrimethylbenzenes appear. According to IR
spectroscopy, with increasing temperature and pressure of the hydrothermal fluid the intensity of the
absorption bands of the aromatic ring, aliphatic fragments, and oxygen-containing groups increases in
resins; the structural-group composition of asphaltenes changes little: aromaticity and the content of
condensed structures slightly increase. The revealed distinctive features in the composition of organic
matter after hydrothermal impact on siliceous-clayey carbonate rocks confirm the concept of staged
destruction of kerogen, when large structural heteroatomic blocks (asphaltenes) are split off at the initial
stages. Changes occurring in the composition of petroleum hydrocarbon extracts indicate their
involvement in the process of hydrothermal transformation of organic matter of siliceous-clayey
carmbonate rocks with the predominant reactions of dehydrogenation of naphthenic compounds and
oxidative polycondensation of aromatic structures. The data of electron microscopy and nitrogen
porosimetry of rocks after hydrothermal exposure at 380°C and 20 MPa indicate a deterioration in their
reservoir properties. The most optimal thermobaric conditions of the hydrothermal fluid for the gen-
eration of petroleum hydrocarbons from kerogen of siliceous-clayey carbonate deposits of the
Semiluksko—Mendymsky horizon of the Romashkino field, which improve their reservoir properties, are
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340°C and 17 MPa; with implication of hard-to-recover heavy hydrocarbon resources and well-
established catalytic methods of in-situ conversion.
© 2023 Southwest Petroleum University. Publishing services by Elsevier B.V. on behalf of KeAi
Communications Co. Ltd. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

The innovative technologies for the development of hydrocar-
bon resources is of high relevance due to a decrease in reserves of
conventional oil and gas fields [1-5]. Alternative oil-bearing de-
posits are widespread in the USA, Canada, Zaire, Italy, France, China,
Jordan, Brazil, Morocco and Australia [6]. A preliminary assessment
of their resource potential is several times higher than the reserves
of hydrocarbons lying in conventional reservoir rocks [7]. On the
territory of Russia, similar deposits are found in the Perm region,
Udmurtia, Bashkiria in the sargaevsky, Buregsky and Askyn hori-
zons of the Fransk and Famensk tiers. In Tatarstan, oil-producing
deposits are confined to the Semiluk horizon of the Nizhnefran
sublayer [8—11]. The lithological composition of the deposits is
heterogeneous and is represented by limestones, siliceous marls
and silica [12,13]. The presence of organic matter in the sediments
in the form of mobile petroleum hydrocarbons and kerogen, het-
erogeneous mineral composition, low filtration and capacitance
properties necessitate the development of new technologies for the
extraction of hydrocarbon raw materials from them. Conventional
hydrofracking processes are characterized by high degree of
pollution of ground waters with chemical additives. Therefore,
there is high need for the development of other environmentally
friendly production methods.

Innovative methods of extraction of hydrocarbon resources
from oil-producing reservoir rocks are based on scientific knowl-
edge about geological and geochemical aspects of generation of
hydrocarbons from the organic matter of rocks. Generally, experi-
mental studies of these processes are carried out by thermolysis or
aquathermolysis methods, which allow modeling thermogenic,
steam-thermal or hydrothermal effects on sediments containing
organic matter. Studies on hydrothermal transformation of organic
matter of rocks are considered as one of the methods for modeling
hydrocarbon generation and subsequent transformation in the
sedimentary column using thermal methods of increasing oil re-
covery [14—16]. The advantage of experimental studies is objective
data on the formation of mobile hydrocarbons from sediments
containing organic matter. This enables classification of oil-
producing rocks by oil-generation potential, and therefore, opens
prospects for an unconventional source of hydrocarbon raw
materials.

The first successful studies on hydrothermal effects on high-
carbon rock in closed systems at high pressures proved the possi-
bility of obtaining mobile hydrocarbons similar in composition to
the above-lying oils, and the absence of olefins in them [17,18]. For
the first time, the participation of water in these processes as a
reagent was expressed in the work [19]. For organic matter occur-
ring mainly in clay minerals, the formation of petroleum hydro-
carbons was achieved at temperatures above 200°C [20].
Experiments on hydrothermal effects on carbonaceous rock
composed of clay minerals, hydrosluidic and montmorillonite
types, as well as quartz and feldspar were accompanied by the
maximum formation of hydrocarbons at 340°C, however, a further
increase in the temperature of the process led to a decrease in their
amount to complete absence. The results of comparative studies of
thermolysis and aquathermolysis of high-carbon shale in the
presence of carbonate rock minerals, montmorillonite, and
kaolinite showed that more mobile hydrocarbons were formed in
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the presence of calcite in the reaction medium [21]. Thus, the main
factors influencing the initial temperature of hydrocarbon genera-
tion by oil-producing deposits were the genotype of organic matter
and the lithological, mineral composition of the rock. Based on the
analysis of works devoted to hydrothermal transformations of
heavy high-viscosity and bituminous oils, as well as their high-
molecular heteroatom, asphalt-resin components at temperatures
from 250°C to 450°C and above, in most cases the process pro-
ceeded with the formation of gases, mobile hydrocarbons and
compounds of carbenes and carbides. The temperature and pres-
sure of the process had a major influence on the hydrocarbon,
structural and group composition of the final products [2,22—30].

As aresult of the analysis of previously conducted studies on the
aquathermolysis of oil-producing carbonaceous deposits [31,32], it
can be concluded that the mechanisms of transformation of organic
matter (OM) of the source rocks into mobile hydrocarbons have not
been fully established. Research in this area is at the initial stages of
its development, and many issues related to the transformation of
organic matter in dense low-permeable siliceous-clay carbonate
deposits and the accumulation of hydrocarbons in them remain
open and require further study.

This work is devoted to the study of the composition of mobile
hydrocarbons depending on the thermobaric conditions of hydro-
thermal treatment on the siliceous-clay carbonate deposit of the
Semiluksko—Mendymsky horizon of the South Tatar arch. The
novelty of the present work: change patterns in the composition of
the organic matter of the deposits in the presence of excess hy-
drothermal fluid at temperatures of 340°C and 380 °C, and pres-
sures of 17 and 20 MPa were revealed. For the first time, regularities
of change in the molecular composition of mobile hydrocarbons
and characteristics of the pore space of a siliceous-clay carbonate
rock, reflecting its reservoir properties, under hydrothermal treat-
ment were presented.

2. Materials and methods

The need to replenish the hydrocarbon resources of the Republic
of Tatarstan against the background of high rates of reserves pro-
duction in the terrigenous reservoirs of the giant Romashkinskoye
field is observed. Therefore, the development of oil-producing
rocks representing domanic deposits at the same field becomes
relevant. A sample of siliceous-clay carbonate rock enriched with
organic matter from  high-carbon  deposits of the
Semiluksko—Mendymsky horizon of the South Tatar arch lying at a
depth of 1724 m of the Berezovskaya area of the Romashkinsky
deposit was selected as the object of research. The studied sample
of carbonate rock is characterized by low permeability, the content
of quartz 62%, dolomite 16%, calcite 12%, feldspars 9% and other clay
minerals 1%. The organic matter, including mobile hydrocarbons
according to the chemical classification of Al. A. Petrov corre-
sponding to type A? are also present.

Experimental studies of the transformation of high-carbon
siliceous-clay carbonate rock in a hydrothermal fluid were carried
out in a batch reactor (autoclave), a cylindrical thick-walled hollow
vessel with a volume of 1000 cm® made of Hastelloy S-276 material,
equipped with an electric stirrer, a thermocouple and a pressure
gauge. The reactor temperature was regulated by means of a
heating jacket and a cooling coil. The experiment began with
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crushing 10 g of carbonate rock, which, together with an excess
amount of distilled water (330 g), was loaded manually through the
upper nozzle; the reactor-filling factor was 0.6. With a temperature
increase from 340 to 380°C, the pressure in the reactor increased
from 17 to 20 MPa. The duration of the experiments was 1 h.

Thermal analysis of siliceous-clay carbonate rock before and
after the experiments was carried out on a synchronous thermal
analyzer STA 6000 (PerkinElmer). Mass losses were established in
temperature ranges(°C): 40—200, 200—400, 400—600, 600—800,
800—1000. According to the mass loss data, the values of Foy
(200—400°C/400—600°C) were calculated [33,34].

The extraction of hydrocarbons from water was carried out by
chloroform, the extraction of hydrocarbons from siliceous-clay
carbonate rock before and after the experiments was carried out
in the Soxlet apparatus using a mixture of solvents: chloroform,
toluene and isopropyl alcohol, taken in a ratio of 1:1:1 by volume.
The obtained hydrocarbon extracts were divided into fractions:
saturated and aromatic hydrocarbons, resins and asphaltenes. The
deposition of asphaltenes was carried out with a 40-fold amount of
n-hexane. Saturated, aromatic hydrocarbons and resins were
separated by adsorption-liquid chromatography, using aluminum
oxide as an adsorbent, with solvents: n-hexane, toluene, benzene
and isopropyl alcohol. The analysis was carried out according to the
procedure described in ASTM D 4124-09. Each analysis was
repeated three times, the total error (reproducibility) of the SARA
analysis results did not exceed +2.0% rel., the average values are
given in the article. The study of the composition of saturated hy-
drocarbons was carried out by gas-liquid chromatography on a
“Clarus 500" chromatograph (PerkinElmer) using a flame ionization
detector. The composition of aromatic hydrocarbons was analyzed
by the GC/MS method on the “ThermoFisherScientific” device with
the ISQ LT SingleQuadrupole mass-selective detector based on the
chromatograph “Chromatek-Crystal 5000”. The structural and
group composition of resins and asphaltenes was determined by IR-
Fourier spectroscopy on the IR spectrometer Vector 22 (Bruker).
The parameters of the pore space of the rock were obtained using
the Quantachrome Nova 1200e surface area and pore size analyzer.
The microstructure of the rock surface before and after the exper-
iments was studied using the Eclipse LV100POL binocular stereo-
microscope (Nikon).

3. Results and discussion

The organic matter (OM) of the siliceous-clay carbonate rock
consists of mobile petroleum hydrocarbons (which include
asphaltenes, resins, saturated and aromatic hydrocarbons), as well
as kerogen, which is an insoluble part of the OM, chemically stable
component within the rock, and which, according to the results
presented in Ref. [33], is converted into hydrocarbons only under
the influence of high temperatures [35].

The results obtained during the experimental study are pre-
sented in six subsections, each of which corresponds to a specific
analysis method: (1) thermal analysis results; (2) analysis of hy-
drocarbon extracts; (3) gas chromatography and gas
chromatography-mass spectrometry results; (4) IR-Fourier
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spectroscopy data; (5) analysis of the microstructure of the rock
surface; (6) analysis of the pore space of the rock.

3.1. Thermal analysis results

According to the thermal analysis data, the OM content is esti-
mated from the weight loss of the original rock and the rock after
the experiments (without their preliminary extraction) in the
temperature range of 200—600°C [36]. At temperatures from 20 to
200°C, adsorbed water and low-boiling hydrocarbons are removed
from the rock, the value of rock mass loss above 650°C includes the
effect of the destruction of carbonate minerals with the formation
of CO; [9]. The siliceous-clay carbonate rock is characterized by a
high value of the contained organic matter (8.67% by weight)
(Table 1). The multidirectional change in the content of organic
matter (OM) after the experiments indicates a significant influence
of the temperature and pressure of the hydrothermal fluid on the
processes of desorption of organic matter bound to the rock by
physical and chemical bonds. After exposure to hydrothermal fluid
at 380°C and 20 MPa, the value of the fractional composition of Foym
decreased from 0.54 to 0.45, and the content of OM increased to
9.29% by weight. On the contrary, at relatively low temperatures
and pressures of the hydrothermal fluid (340°C and 17 MPa), the
content of organic matter in the rock decreases to 8.25% by weight,
its composition is depleted by mobile and low-boiling hydrocar-
bons, as evidenced by a lower value of Fog and a decrease in mass
loss in the temperature range 0—200°C.

With an increase in the temperature and pressure of the
experiment from 340 to 380°C and 17—20 MPa, respectively, the
content of the contained organic matter in the rock becomes
greater, which is associated with the processes of transformation of
the rock-forming minerals in the hydrothermal fluid, which leads to
a decrease in their content relative to OM.

3.2. Analysis of hydrocarbon extracts

With an increase in temperature and pressure of the hydro-
thermal fluid in the range of 340—380°C and 17—20 MPa, the
amount of mobile petroleum hydrocarbons (extract yield) in the
siliceous-clay carbonate rock increases from 3.1% to 3.3%—5% mass.
(Table 2).

With an increase in the temperature of the hydrothermal
treatment of siliceous-clay carbonate rock, in addition to the
cracking reactions of resins with the breaking of C—S and C—C
aliphatic bonds and the formation of n-alkanes of the C10—C32
composition described in Ref. [37], intensive reactions of deal-
kylation of resins and aromatic compounds proceed; as well as
dehydrogenation of naphthenes to aromatic structures with their
subsequent condensation. With an increase in the temperature and
pressure of the process, the revealed regularities increase. It should
be noted that within the conditions of hydrothermal treatment
close to the critical point of water, as well as a high ratio of fluid to
rock (33:1), the mineral composition of the rock does not lead to
the destruction of asphaltenes, as described in Ref. [38], but to their

Table 1
Results of thermal analysis of the rock before and after the experiments.
Thermobaric parameters of the experiment Mass loss in the temperature range, % wt. >-OM (200—600°C) Fom
0—200 200—400 400—-600 600—800 800—1000
Initial rock 047 3.05 5.62 14.92 0.89 8.67 0.54
340°C, 17 MPa 0.08 224 6.01 12.72 0.75 8.25 037
380°C, 20 MPa 0.00 2.87 6.43 11.58 0.77 9.29 0.45
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Table 2
Yield and composition of hydrocarbon extracts before and after experiments.
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Sample Extract output, Component composition of the hydrocarbon extract, % mass. Content IOM", % mass.
% mass. Hydrocarbons Resin Asphaltene Carbene-carbide
Saturated Aromatic
Initial rock 3.12 14.81 19.17 37.00 29.02 0 5.55
340°C, 17 MPa 339 8.87 12.36 24.46 46.43 7.88 4.86
380°C, 20 MPa 5.05 5.73 15.59 26.82 47.08 4,78 4.24

“ IOM insoluble organic matter (kerogen), it was calculated as the difference between the organic matter content (3°S (200—600 °C)) and the extract yield, % mass.

accumulation with the formation of substances such as carbene-
carboids.

3.3. Gas chromatography and gas chromatography-mass
spectrometry results

According to gas-liquid chromatography data, with an increase
in the temperature and pressure of the hydrothermal fluid to 380°C
and 20 MPa, the content of linear alkanes (n-alkanes) of the
composition Cy1—Cyg decreases in the composition of saturated
hydrocarbons, and the content of Cy9—Cy2 n-alkanes significantly
increases, the number of alkanes of the iso-structure decreases
(Fig. 1).

With an increase in the temperature and pressure of the hy-
drothermal fluid, the polymodal nature of the distribution of n-
alkanes increases, which indicates several mechanisms of their
generation.

In the composition of aromatic hydrocarbons of extracts, with
an increase in temperature and pressure of the hydrothermal fluid,
the content of naphthalenes decreases and the amount of alkyl
trimethylbenzenes increases, which is due to the reactions of
cyclization and aromatization of light compounds, as well as the
processes of destruction of kerogen with the formation of structural
heteroatomic blocks (asphaltenes) (Fig. 2). The formation of
asphaltenes from kerogen during hydrothermal treatment con-
firms the dominant view on the oil formation, i.e., the catagenesis
of organic matter, which proceeds through the stage of asphaltene
formation [39].

The chromatogram of aromatic hydrocarbons after hydrother-
mal experiments revealed new peaks of both phenanthrene (P)
itself and its homologues with the number of carbon atoms in alkyl
substituents from 1 to 3 (Fig. 2(d)). In a hydrothermal fluid at 340°C
and 17 MPa, the amount of alkyl trimethylbenzenes of Ci;—Ca3
composition increases (Fig. 2(b)), among them, the content of ho-
mologues with the number of carbon atoms 12, 14, 16,19 and 21in
the molecule increases. With an increase in the temperature of the
hydrothermal fluid to 380°C and pressure to 20 MPa, the intensity
of peaks of alkyl trimethylbenzenes of C;;—Cy7 composition and
higher molecular weight C;9—Cy; increases. In the initial aromatic
hydrocarbons, the maximum content of alkyl naphthalene
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compounds falls on naphthalenes with 2 carbon atoms in alkyl
substituents (C,—N), while C3—N and C4—N isomers predominate
after the experiment (Fig. 2c).

3.4. IR-Fourier spectroscopy data

According to IR spectroscopy data, intense absorption bands of
1383 cm ™! and 1465 cm™ !, as well as 2857 cm ™! and 2925 cm ™!
characteristic of methyl (—CHs3) and methylene (—CHy—) groups
and aromatic compounds (1600 cm~') [11] are observed on the
spectra of resins and asphaltenes (Fig. 3). According to the IR
spectra of the resins, the highest intensity of the aromatic ring at
900-730 cm~! corresponds to the spectrum of resins from the
original rock; it decreases during the experiments. Besides, in
resins, with increasing temperature and pressure of the hydro-
thermal fluid, the intensity of C=C aromatic bonds at 1600 cm™,
and oxygen-containing groups (1700-1730 cm~!, 3342 cm™!)
increases.

The most noticeable changes occur in the structural-group
composition of the resins: the intensity of the absorption
band of oxygen-containing groups (1710 cm™!) increases relative
to the intensity of the sum of absorption bands
((1710 ecm™") + (1630 cm™1)); the intensity values of valence
bonds of aromatic compounds C—H (3050 cm™!) decrease, relative
to the intensity of valence bonds of aromatic compounds C=C
(1600 cm™1), which indicates an increase in the degree of their
polycondensation. Resins after hydrothermal treatment are char-
acterized by a lower content of branched structures, which is
indicated by the low ratio of the absorption band at 2957 cm™~! to
the absorption band at 2925 cm™".

In asphaltenes, with an increase in the temperature of the hy-
drothermal fluid from 340 to 380°C, the intensities ratio of the
absorption bands of the aliphatic structures CH; (2857 cm™') and
CHs3 (2925 cm™ 1) to the aromatic C=C bonds (1630 cm™!) indicating
aliphaticity, as well as the intensities ratio of the absorption bands
of CHj3 to CHj, indicating branching, do not change. On the contrary,
the intensity of the absorption band of aromatic stretching C—H
(3050 cm™ 1) increases relative to the absorption band of aliphatic
stretching C—H (2897 cm™!), confirming the occurrence of naph-
thene dehydrogenation and condensation of aromatic structures,

ol Lwdw .&k..L'M

(c)

Fig. 1. Chromatograms of saturated hydrocarbons from hydrocarbon extracts of the source rock (a) after the experiments: 340°C, 17 MPa (b); 380°C, 20 MPa (c).
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Fig. 2. Chromatograms of aromatic hydrocarbons by total ion current TIC (a) alkyl trimethylbenzenes; (b) naphthalenes; (c) and phenanthrenes; (d) before and after experiments.

leading to the formation of asphaltenes with subsequent reactions
of their carbonization to carbene-carboids. Despite the ongoing
condensation reactions of aromatic hydrocarbons with the forma-
tion of resins, the amount of the latter decreases, which indicates a
high intensity of the processes of polycondensation of resins into
asphaltenes.

3.5. Analysis of the microstructure of the rock surface

In the hydrothermal fluid, significant changes are observed in
the microstructural composition of the constituent minerals of the
siliceous-clay carbonate rock (Fig. 4). In the rock at 340°C and
17 MPa, pores size increases and additionally pores are formed,

220

contributing to an increase in the displacement of hydrocarbon
components by hydrothermal fluid.

3.6. Analysis of the pore space of the rock

In the hydrothermal fluid in the rock, at 380°C and 20 MPa, as a
result of reactions between carbonates (calcite, dolomite) and
aluminosilicates (feldspar, clay minerals), swelling clays such as
smectites can form [40], which along with a high content of
asphaltenes, carbene-carbides can cause colmatation of the pore
space and deterioration of reservoir properties of the rock. The
conducted studies have shown changes in the pore space of the
rock in the hydrothermal fluid (Table 3).
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Fig. 3. IR spectra of (a) resins (b) asphaltenes before and after experiments.

(a)

(®)

Fig. 4. Micrographs (x 500) of siliceous-clay carbonate rock before (a) and after experiments: 340°C, 17 MPa (b); 380°C, 20 MPa (c).

Table 3
Specific surface area of the rock, pore volume and average pore diameter.

Sample Specific surface area Total pore volume Average pore diameter Specific surface area The volume of The area of micro
according to BET, m?/g by BJH, cm®/g by BJH, nm by BJH, m?/g micro pores according to pores according to
the t-method of Helsi, cm®/g the t-method of Helsi, m?/g
Initial rock 1.454 0.0054 4.094 1313 0 0
340°C, 17 MPa 3.376 0.0098 4113 2.791 0.000055 0.216
380°C, 20 MPa 0.637 0.0014 4.106 0.507 0 0

4. Conclusions

It is shown that the hydrothermal impact on the siliceous-
argillaceous carbonate rock containing 8.67 wt organic matter at
340°C and 17 MPa within an hour leads to the destruction of
kerogen by 12.4% rel. An increase in the temperature and pressure
of the hydrothermal fluid up to 380°C and 20 MPa almost doubles
the degree of kerogen conversion, from 12.4% to 23.6% rel. In
addition, the index of the fractional composition of organic matter F
decreases from 0.54 to 0.45, as well as the weight loss in the
temperature range from 0 to 200°C, which indicates an increase in
heavy components in its composition. The rock after the hydro-
thermal experiment at 340°C and 17 MPa is characterized by
significantly lower values of the fractional composition index F
(0.37), which indicates a change in the composition of organic
matter towards enrichment in heavy components. In contrast to the
original feedstock, rock extracts after hydrothermal exposure are
characterized by a smaller amount of resins (their content de-
creases by 27.5%—33.8% rel.), saturated and aromatic hydrocarbons
(in total, their amount decreases by 37.3% rel.), as well as a high
content of asphaltenes (46.43% and 47.08% wt.). In addition, hy-
drothermal impact on the rock above 340°C leads to the formation
of carbene-carboids in extracts (mobile hydrocarbons) Particular
attention is drawn to the change in the yield of the extract desorbed
from the surface of the rock pore space: with an increase in the
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temperature and pressure of the hydrothermal fluid from 340°C to
17 MPa to 380°C and 20 MPa, the yield of mobile hydrocarbons
increases by 8.6% and 61.8% rel. (relative to the yield of the extract of
mobile hydrocarbons in the original rock (3.12% wt.) taken as 100%
rel.). The degree of kerogen conversion (IOM) could be considered
as a possible method to assess the oil generating capacity of the
rock and increase oil recovery, as well. According to gas-liquid
chromatography data, mobile hydrocarbons of siliceous-
argillaceous carbonate deposits after hydrothermal exposure are
characterized by a lower ratio of the sum of the peak heights of
pristane and phytane to the sum of the peak heights of heptadecane
and octadecane ((Pr + Ph)/(C17 + C18)) compared to the extract of
the original rock: from 2.34 to 1.84 and 1.62. The ratio of hepta-
cosane to heptadecane (C27/C17) decreases by half, which indicates
the predominance of linear alkanes (n-alkanes) in the composition
of the extracts, mainly with a large number of carbon atoms in a
chain. The decrease in the content ratio of iso-alkanes is due to the
oxidation reactions proceeding according to the radical chain
mechanism. The rate of decrease in the concentration of iso-
alkanes is higher than that of linear alkanes. It can be assumed
that additional initiators of the radical chain mechanism are aro-
matic ring radicals formed as a result of abstraction of alkyl sub-
stituents from the molecules of resins and asphaltenes and
destruction of kerogen. An increase in the amount of C15—C27 n-
alkanes indicates the chain propagation or growth reactions with
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recombination of the formed radicals due to the abstraction of alkyl
substituents of the resin-asphaltenes. According to IR-Fourier
spectroscopy, resins in extracts after hydrothermal treatment are
distinguished by increased aliphatic values against the background
of close aromaticity values. As the temperature of the hydrothermal
fluid increases from 340 to 380°C, the aromaticity and condensa-
tion of asphaltenes increase, followed by their carbonization to
carbenes and carboids. The presence of oxidized structures in the
extracted hydrocarbons indicates the occurrence of organic matter
oxidation reactions in the hydrothermal fluid. An increase in the
temperature of the hydrothermal fluid initiates radical chain
nucleation reactions involving molecules of aromatic hydrocar-
bons, resins, and asphaltenes with the most vulnerable C—H bond
located in the B-position to the benzene ring. Chain termination
occurs due to the recombination of aromatic radicals with the
accumulation of resin and asphaltene molecules in the hydrother-
mal fluid. With an increase in the temperature, in addition to the
reactions of kerogen destruction, i.e. large structural heteroatomic
blocks (asphaltenes) splitting off, the mobile hydrocarbons of
organic matter are subjected to the following reactions: the dehy-
drogenation of naphthenic and dealkylation of aromatic structures,
followed by their condensation. In the extracts of mobile hydro-
carbons, as the temperature and pressure increase, the content of
naphthalenes decreases. The increase in the content of trime-
thylbenzenes and dibenzothiophenes occurs due to the cyclization
and aromatization of saturated hydrocarbons. The resulting
hydrogen proton (the dehydrogenation of naphthenic and naph-
thenoaromatic structures) participates in the inhibition of the
radical chain mechanism of the occurring reactions.

An analysis of the obtained data on nitrogen adsorption and
desorption isotherms using the Brunauer-Emmett-Teller (BET),
Barrett-Joyner-Halend (BJH) and Halsey t-method showed that
with an increase in the temperature of the hydrothermal process to
340°C, the volume and diameter of the pores increase from
0.0054 cm>/g and 4.094 nm to 0.0098 cm?/g and 4.113 nm. Mi-
cropores are formed, which lead to an increase in the specific sur-
face of the internal pore space to 3.376 m?/g according to the BET
method and up to 2.791 m?/g according to the BJH method. As a
result, at 340°C and 17 MPa, micropores are formed, the volume
and diameter of the existing mesopores increase, due to the
destruction of insoluble organic matter (kerogen) and the trans-
formations of the minerals that make up the carbonate rock.
Increasing the open pore space of the rock available to the hydro-
thermal fluid improves its ability to pass mobile hydrocarbons
through. A further increase in the temperature and pressure of the
hydrothermal process to 380°C and 20 MPa, as a result of the
transformation of minerals that make up the siliceous-clay car-
bonate rock, leads to a decrease in the pore volume to 0.0014 cm?/g
and specific surface area to 0.637 m?/g according to the BET method
and up to 0.507 m?/g according to the BJH method, which indicates
a significant deterioration in its filtration and capacity properties.
When implementing hydrothermal technologies for the extraction
of hydrocarbons from siliceous-clayey carbonate deposits of the
Semiluksko—Mendymsky horizon, exposure to high temperatures
of 380°C and pressures of 20 MPa should be avoided.

Thus, the hydrothermal fluid is dominated by reactions pro-
ceeding according to the radical chain mechanism: abstraction of
alkyl substituents from condensed structures, dehydrogenation of
naphthenic compounds, and condensation of aromatic compounds.
Despite the increase in pore space and the amount of mobile car-
bons in the low-permeability siliceous-clayey carbonate rock after
hydrothermal treatment, they are similar in composition to natural
bitumen, which makes it necessary to improve the production
technologies for their extraction, i.e. catalytic in-situ conversion of
resin-asphaltene components in the extracted hydrocarbon
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feedstock. In addition, the obtained new dependences of the
composition of mobile hydrocarbons of the organic matter of the
siliceous-clay carbonate rock on the temperature and pressure of
the hydrothermal fluid open up new possibilities for establishing
migration routes, the genesis and formation of oil hydrocarbon
deposits of the Romashkino field.
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