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Abstract: The hydrocarbon compositions of shale oils, generated from two different lithological-facial
Domanic deposits of the Tatarstan Republic (Russia), were studied under hydrothermal impact with
30% of water addition in a 350 °C and CO, environment. The samples were extracted from carbonate—
siliceous rocks of the Semiluky—-Mendym deposits of the Berezovskaya area, and carbonate deposits
of the Dankovo-Lebedyan horizon of the Zelenogorskaya area of the Romashkino oil field. The
distinctive features of rocks are in the composition and content of organic matter (OM), its thermal
stability, as well as the structural-group composition of the shale oil products. The hydrothermal
treatment of the rock samples increased the content of saturates and decreased the content of
aromatics, resins and asphaltenes in the composition of crude oil. The decomposition of the polymer-
like kerogen structure and destruction processes of high-molecular compounds, such as resins and
asphaltenes, are accompanied with the formation of substances highly rich in carbons—carbenes and
carboids. The contents of n-alkanes and acyclic isoprenoids increase in the composition of saturated
hydrocarbons. According to the chemical classification of Al. A. Petrov, the character of the molecular
mass distribution of such substances corresponds to oil type A!, which is considered paraffinic.
The contents of dibenzothiophene, naphthalene and phenanthrene are increased in the composition
of aromatic hydrocarbons, while the contents of tri-methyl-alkyl-benzene and benzothiophene are
decreased. The increase in the aryl isoprenoid ratio (AIR = C13—C;7/C13-Cpp) and maturity parameter
(4-MDBT/1-MDBT) under the influences of hydrothermal factors indicates the increasing thermal
maturity degree of the hydrocarbon system. The differences in the distribution behavior of saturated
and aromatic hydrocarbons—biomarkers in rocks of various lithological-facies types, which are
reasoned by different conditions of initial organic matter transformation as well as under the impact
of hydrothermal factors—were revealed.

Keywords: Domanic rocks; mineral composition; organic matter; composition; kerogen; transforma-
tions; hydrothermal processes

1. Introduction

Domanic-type deposits are widely distributed within the territory of the Tatarstan
Republic in the Upper Devonian sediments, which have a potential to generate liquid
and gaseous hydrocarbons as well as to accumulate them in the unconventional reservoir
types [1-11]. Currently, many international service and oil production companies are
actively working on creating innovative methods, which lead to effectively developing
unconventional oil reservoirs [6]. Public Joint Stock Company (PJSC) Tatneft also has
certain expectations from the Domanic strata in terms of shale oil production [2,3,11]. PJSC
Tatneft has been developing Domanic deposits or shale oil since 2012. According to the head
of the geology department of the Tatarstan Republic Rais Khisamov, the shale oil resources
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of Tatarstan are estimated at about 4-16 billion tons [1,9]. The Semiluky (Domanic),
Mendym and Sargaevsk horizons of Upper Devonian, with TOC 5-20%, correspond to
typical Domanicites [1-3]. The rock samples are source rocks, which are introduced by
siliceous—carbonate limestones, dolomites, marls with various degrees of caverns and
fractures. Deposits with Corg 0.5-5% from the Tournaisian stage to the Mendym horizon
correspond to Domanicoids. The industrial oil-bearing deposits are determined mainly by
carbonate formations of the Dankovo-Lebedyan and Zavolzhsky horizons, where porous—
cavernous limestones alternate with the denser carbonate rocks enriched with organic
matters. PJSC Tatneft carries out industrial-scale works on the production of light shale oil
from the dense carbonate rocks of the Dankovo-Lebedyan horizon, using hydrofracturing
techniques in the Bavlinskoye oil field (East of Tatarstan) [11]. On the territory of Tatarstan,
oil production is carried out from Domanicdeposits, discovered many years ago during
prospecting operations for oil. The development of these deposits is carried out using
the methods for conventional reservoirs since these deposits are associated with linear
zones of increased fracturing of rocks. A thorough study is being carried out toward
creating unconventional hydrocarbon production technology. The main parameters of
quality and technological properties of Domanic rocks are determined by low permeability,
high density, the content of organic matter, its nature and transformation degree [1-3]. The
significant part of OM corresponds to the bituminous resins and asphaltenes, and kerogen,
which is considered one of the petroleum sources. However, the transformation of kerogen
into the hydrocarbons occurs at a temperature above 100 °C [12-17]. Thus, the thermal
methods, which are applied for the development of Domanic deposits, provide catagenic
transformation of organic matters in a certain degree [8]. Besides the in situ combustion,
hydrofracturing and acidizing techniques, one of the promising ways of producing light
hydrocarbons from kerogen is its transformation in aquatic medium in high-temperature or
supercritical conditions [18-20]. Superheated water as well as supercritical water improve
the transportation characteristics of heavy oil by increasing its solubility and decreasing
its viscosity. However, water contributes to safer and more environmentally friendly
technological processes. Recently, some enhanced recovery techniques of dense, kerogen-
containing formations were proposed, where the oil recovery is accelerated or increased.
In [21], the injection of catalytic substrates into the reservoir with further reduction, i.e.,
by hydrogen, and the heating of heavy oil by steam generating in situ is proposed. The
authors also propose another interesting approach, which is based on the application of
catalysts during the in situ combustion process. The heat is transferred to the kerogen-
containing reservoir formations, and the temperature is increased up to 250 °C in certain
parts of the reservoir. In such reservoir conditions, transformation of OM and kerogen
can be industrially feasible. Moreover, the given approach seems to be very promising,
as the content of trace elements, which are capable of exhibiting catalytic properties, is
very high in kerogen-containing reservoir rocks [22]. It is significant to note that the
interaction of supercritical water and hydrocarbons is always carried out by evolving
gases, among which CO; is very attractive, as it swells oil and lowers oil viscosity [23].
However, high temperatures and pressures lead to the destruction of organic matter with
the formation of not only light hydrocarbons, but also heavier products, which can create
additional problems in the development of tight rocks. In this regard, the study of the
composition of Domanic rocks, establishment of the nature and forms of organic matter in
them are crucial in evaluating their hydrocarbon potential and developing technologies for
extracting hydrocarbons from them by thermal methods [24-33].

The aim of this study is to compare the composition of shale oil generated by the organic
matter of Domanic rocks of different lithological-facial types in hydrothermal processes.

2. Experimental Procedures

The object of the given study were two samples of Domanic rocks from the different
lithological—facies formations of the Romashkino oil field and the transformation products
of organic matter in hydrothermal processes. One of the rock samples was isolated from
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the depth interval of 1379-1394 m of carbonate (Domanicoid) deposits of the Dankovo-
Lebedyan horizon of the Zelenogorskaya area, while the other sample was isolated from the
depth interval of 1705-1728 m of the Semiluky—Buregsky (Domanic) carbonate—siliceous
deposits of the Berezovskaya area of the Romashkino field—one of the largest reservoirs
located within the South Tatar arch on the territory of Tatarstan [33,34].

According to the XRD, the rock sample from the Berezovskaya area is composed of
quartz = 88.87% and calcite = 11.13%. The Zelenogorskaya rock sample is mainly composed
of calcite = 99.76%, while the content of quartz is only 0.24%.

The hydrothermal experiments were carried out in laboratory conditions in a Parr
Instruments autoclave manufactured in the U.S.A. with a volume of 1 L at a temperature of
350 °C in a CO, medium for 5 hours. The content of the water was 30 wt.% to the weight
of the rock sample, which was 200 g. The initial pressure in the system CO; was 2 MPa. As
the temperature in the system increased, the pressure of the vapor—gas mixture increased
to 17 MPa.

The total Corg content in the rock samples (TOC) before and after hydrothermal
experiments was evaluated by the Rock-Eval pyrolysis method in HAWK (Wild Cat
Technologies, USA). Moreover, other pyrolysis parameters that characterize oil generating
potential of the given rock samples were also considered [35]: S;—content of free HC, mg
HC/gr rock; S,—content of kerogen, mg HC/gr rock; S3—content of CO,, mg CO, /gr
rock; TOC—total Corg content %; PI =51 /(S; + Sp)—productivity index; Tmax—temperature
of maximum HC yield during kerogen pyrolysis, °C; HI and Ol—hydrogen and oxygen
indices, mg HC/gr Corg.; OSI—oil saturation index, mg HC/gr Corg.; Al—adsorption
index, wt.%; CaCOsz—content of calcium carbonate in rocks, wt.%.

Extraction of the rock samples before and after the experiments was carried out in
Soxhlet by the mixture of the following solvents: benzene, chloroform, and isopropyl
alcohol (1:1:1 by volume) [33]. The yield of the extracts was evaluated with respect to the
weight of the rock samples.

The group composition of oil was determined by separating them into four fractions:
saturates, aromatics, resins and asphaltenes, according to the GOST 32269-2013—"Petroleum
bitumens. Method of separation into four fractions”, which is an analogue of the SARA
analysis. The asphaltenes were precipitated in 40-fold amount of aliphatic solvent (hexane).
The precipitated asphaltenes were filtered and washed from the filter by toluene in a
Soxhlet apparatus. If some black carbonaceous particles still remained on the filter, we
referred to them as carbenes and carboids, which are not soluble in toluene [33]. Carbenes
and carboids are polycondensed compounds with high carbon content; the carboids are
more condensed and in some cases can be considered carbon particles. In light and medium
fractions of oil, carbenes and carboids are practically absent, and in heavy and residual
oil products, their concentration is usually significant. Also, carbenes and carboids are
considered compaction products and oxidation products of asphaltenes [36]. In work [37],
asphaltenes insoluble in toluene were named preasphaltenes.

The changes in the structural-group composition of asphaltenes, carbenes and carboids
were evaluated by the FT-IR method. The measurements were carried out by a Tenor-27
(Bruker) operated at a resolution of 4 cm~! in the range of 4000-400 cm~!. The spectral
coefficients were proposed to evaluate the changes in their compositions: Cy = D109/ D720
(aromaticity); C2 S D1710/D1465 (oxidation); C3 = D1380/D1465 (branching); C4 = (D720 +
D1380)/D1600 (aliphaticity); C5 = D1030 /D1465 (sulfurization), where D is the optical density
at the maximum absorption band of corresponding compounds [33,38].

The analysis of the group and individual hydrocarbon composition of saturated and
aromatic fractions was carried out by GC/MS on a Thermo Fisher Scientific instrument
with an ISQ LT Single Quadrupole mass selective detector based on a Chromatec-Crystal
5000 chromatograph with Xcalibur software. The energy of ionizing electrons was 70 eV.
We used a CR-5ms quartz capillary column 30 m long and 0.25 mm in inner diameter with
a deposited methylsiloxane phase (0.25 um). The flow rate of carrier gas (helium) was 1
mL/min. The temperature of the injector was —310 °C and the thermostat temperature
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program was adjusted as follows: temperature rise from 100 to 150 °C at a rate of 12
°C/min, from 150 to 300 °C at a rate of 3 °C/min followed by an isotherm until the end of
the analysis. The total analysis time of a sample was 70 min. All samples were diluted in
carbon tetrachloride at a concentration of 103 g/uL before being introduced into the de-
vice. Chromatograms were recorded, according to the total ionic current (TIC), followed by
reconstruction of the molecular weight distribution of various types of compounds by char-
acteristic ions: n-alkanes and acyclic isoprenoids (mm/z 57 + 113), alkyltrimethylbenzenes
(m/z 133 + 134), triterpanes (m/z 191), steranes (m/z 217 + 259) and monoaromatic steroids
(m/z 253) in saturated fractions; naphthalenes (11/z 128 + 142 + 156 + 170), phenanthrenes
(m/z 178 + 192 + 206), benzothiophenes (/z 147 + 161 + 175) and dibenzothiophenes (1/z
184 + 198 + 212) in aromatic fractions [39-49]. The processing of mass spectral data was
carried out, using the Xcalibur program. Compounds were identified, using the NIST 02
electronic mass spectra library and literature data. The relative content of various groups
of compounds was estimated by calculating and comparing the areas of the peaks corre-
sponding to individual compounds on mass chromatograms (Si) relative to the total area
of all peaks (X5i) of the identified compounds.

3. Results and Discussion

Characterization of rock samples by the pyrolytic Rock-Eval method. According to
the results obtained from the pyrolytic Rock-Eval method, the organic carbon content
(Corg)- in the carbonate rock sample of Zelenogorskaya area was 3.03%, while in carbonate—
siliceous rocks of Berezovskaya area, it was —17.44% (Table 1). According to the classification
of Tisso and Welte (1984), the rocks are divided into two types: good (Corg > 3%) and very
good productive deposits. The significant difference of the given rock samples is in the
pyrolysis parameters. The S; value, which shows the share of the initial genetic potential
of OM transformed into the free hydrocarbons, is equal to 9.91 and 2.29 mg HC/gr of rock.

Table 1. Characterization of rock samples according to the Rock-Eval pyrolysis data.

Object S1 S> S3 TOC PI Tmax HI (0)1 OSI Al CaCOj;
Zelenogorskaya area, 1379-1385.5 m
Before experiment 2.29 1.49 11.6 3.03 0.61 398 48 15 75 2.49 61.60
After experiment 0.04 0.05 3.82 1.03 0.45 416 40 22 3 0.85 40.68
Berezovskaya area, 1712.5-1718 m
Before experiment 9.91 10944  9.05 17.44 0.09 426 587 2.0 56 14.30 37.65
After extraction 7.69 120.26  9.10 19.87 0.06 424 605 3.0 38 16.29 39.29
After experiment 1.95 87.85 6.91 16.0 0.02 428 549 2.0 12 13.12 37.79

S1—content of free HC, mg HC/gr rock; S,—content of kerogen, mg HC/gr rock; S3—content of CO,, mg CO, /gr rock; TOC—total
Corg content %; PI = S1/(S1 + Sp)—productivity index; Tmax—temperature of maximum HC yield during kerogen pyrolysis, °C; HI
and Ol—hydrogen and oxygen indices, mg HC/gr Corg.; OSI—oil saturation index, mg HC/gr Corg.; Al—adsorption index, wt.%;
CaCOz—content of calcium carbonate in rocks, wt.%.

The residual oil generating potential S; or the content of hydrocarbons pyrolyzed from
the kerogen varied from 1.49 to 109.44 mg HC/gr of rock. The low value of S; and high
value of S, parameters are specific for the kerogens of source carbonate-siliceous rocks of
the Berezovskaya area. After the extraction of oil from the rock sample of Berezovskaya
area by the mixture of solvents (chloroform, toluene, isopropyl alcohol), the value of
S, parameter remained very high. The S, value was significantly reduced from 1.49 to
0.05 mg HC/gr of rock after the extraction of carbonate rocks of the Zelenogorskaya area.
The low hydrogen and oxygen indices (HI and Ol) indicate that the kerogen of carbonate
rocks corresponds to type III kerogen. The significant contribution to the formation of
this type of kerogen is carried out by the residue of terrestrial plants. This shows that the
destruction products of kerogen do not affect the pyrolysis parameters. Instead, resins and
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asphaltene fractions, which are transformed in carbonate deposits, have more influence
on the pyrolysis parameters. The migratory nature of hydrocarbons is justified by the low
Tmax (398 versus 426 °C), which shows that kerogen in these rocks is immature and could
not generate hydrocarbons. This indicates the ease of kerogen pyrolysis and its immaturity.
According to the high value of S; and productivity index (PI), the carbonate rock sample
from the Dankovo-Lebedyan Domanic deposits is isolated from the productive formations.
For the initial carbonate-siliceous rock sample of the Berezovskaya area, the hydrogen and
oxygen indices that characterize the quality of kerogen is significantly high. The same is
true for Tmax, but even this temperature indicates the zone of insufficient kerogen maturity,
and it is in the range of temperature values corresponding to epigenetic organic matter of
the sedimentary rock formations. The productivity index (PI), which stands for the degree
of kerogen depletion and its catagenesis measure, is extremely low (0.09 vs. 0.61). On
the one hand, the rock sample is characterized by low productivity value. On the other
hand, the rock sample has high productive residual potential, which is specific for oil and
gas source rocks. Thus, the oil generating potential of the given rocks can be realized
by application of technologies that stimulate artificial maturity of kerogen in reservoir
formations. The hydrothermal impact on the reservoir rocks at 350 °C contributes to the
total destruction of kerogen in carbonate rocks of the Zelenogorskaya area, while kerogen
in carbonate-siliceous rocks of the Domanic deposits of the Berezovskaya area is strongly
stable to hydrothermal impacts. That is why the S, value indicates the high oil-generating
potential of the given rock sample. In [50], the structure of the kerogen residue undergoes
certain changes with an increase in the temperature of rock treatment in an autoclave in the
presence of water. It was established by the 1*C NMR spectroscopy method that natural
catagenesis as well as artificial catagenesis, lead to unidirectional changes in the structure
of aromatic cores in kerogen. These changes are related to the transition of substituted
aromatics in the condensed aromatic structure as a result of the thermal destruction of
sulfide bridging bonds and C-C alkyl chain bonds.

The rock properties for both samples are comparative. For the Domanic rock sample, a
low value of oil saturating index (OSI) and high value of AI (adsorption index) are specific.
The oil saturation of carbonate rock sample from the Zelenogorskaya area is drastically
reduced from 75 to 3 mg HC/gr Corg after hydrothermal treatment of the rock samples.
The oil saturation of carbonate—siliceous Domanic rock is also reduced, but not drastically.

The relatively high and different concentration of CaCOj3 in the given rock samples
leads to the different amount of evolved CO, (S3) during the pyrolysis process. Thus, the
development of such reservoir rocks by steam techniques will increase the oil recovery
factor to varying degrees [51,52].

The hydrocarbon group composition of shale oil. Hydrothermal treatment of rock
samples increases the yield of shale oil and the content of saturated hydrocarbons in it,
while the content of aromatic hydrocarbons, resins and asphaltenes decreases (Table 2).

Table 2. Group composition (SARA analysis) of rock extracts before and after the experiments.

Group Composition, wt.%

Object E:ti:alft: f% S A R As Carbenes/
) Carboids
Zelenegorskaya area, 1379-1385.5 m
Before experiment 0.63 39.69 26.72 17.56 16.03 -
After the experiment, T350 °C, P17 MPa 0.97 56.38 13.83 14.63 9.04 6.12
Berezovskaya area, 1712.5-1718 m
Before experiment 0.25 18.58 38.94 28.32 14.16 -
After experiment, T350 °C, P17 MPa 4.56 35.69 23.45 24.48 12.07 431

S—saturate hydrocarbons; A—aromatic compounds; R—resins; As.—asphaltenes.
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It was shown that polyaromatic hydrocarbons undergo destruction processes upon
mechanical treatment at 180 °C [53]. Thermal destruction products enrich the composition
of other studied groups of compounds: saturated and hydrocarbons with a smaller number
of cycles. Based on the composition of the products, it can be assumed that changes in
the quantitative composition are possible, due to the occurrence of not only isomerization
reactions, but also cyclization and addition processes during the thermal processes.

It was shown in [54] that all oils after thermolysis of oil shale at 350 °C consist mainly
of normal alkanes. In all samples, an increase in n-alkanes and a decrease in cyclic saturated
hydrocarbons—hopanes—are detected, the content of which decreases 9 times in thermally
activated samples compared to bitumen of the initial GS shale and 15 times compared
to a sample that is not thermally treated, which obviously indicates the course of OM
destruction processes.

Studying the forms of capture of free hydrocarbons by kerogen in work [55], it was
shown that a significant part of the captured hydrocarbons remains in the structure of
kerogen. It was determined that the group of saturated hydrocarbons Cy5-C3s is very
significant among the captured components. It was shown that at the stage of destruction
(peak Sy, according to Rock-Eval), not only the products of destruction, but also the
previously captured free hydrocarbons are released.

Carbenes and carboids were observed in the composition of shale oil extracted from the
rock samples. They are probably the decomposition fragments of kerogen [25]. On the other
hand, the stability of asphaltenes by the thermal destruction method was studied in [56]. It
was revealed that the destruction of sulfurous structures that were in the composition of
asphaltene molecules starts at 200 °C with the detachment of alkyl sulfide bonds. At 300 °C,
the intensive destruction process of the weakest carbon-heteroatom bonds and relatively
strong C-C bonds initiates, which leads to a reduction in molecular mass. The conversion
degree of resins at the given temperature is higher than that of asphaltenes. This is due
to the high content of alkyl sulfide bonds. In [56], it was shown that the hydrothermal
impact at 360 °C leads to the destruction of aliphatic parts of asphaltene molecules and
carbonization of their structures. Hence, they lose solubility in aromatic solvents and
become like carbenes and carboids. It was shown that the formation of carbenes and
carboids not only due to the hydrothermal destruction of kerogen, but also the destruction
of high-molecular components of OM—tesins and asphaltenes.

The differences in the content and composition of hydrothermal products were eval-
uated based on the content of OM in rock samples and their thermal stability. The yield
of shale oil from carbonate rock samples of Zelenogorskaya area before and after the
hydrothermal experiments do not prevail 1% and 56.4%, corresponding to the saturate
fraction. The yield of oil extract from the initial Domanic rock of the Berezovskaya area is
sharply low, —-0.25%. However, the hydrothermal influence on the rock samples increases
the yield of shale oil up to 4.56%. The content of saturates in extracts increases from 18.58
up to 35.69%, but their content is two times lower than the saturates of extracts from
carbonate rocks of the Zelenegorskaya area. The composition of the last is rich in aromatic
compounds, resins and asphaltenes.

Structural-group composition of asphaltenes, carbenes and carboids. Hydrothermal
treatment of Domanic rock samples at 350 °C results in the carbonization of asphaltene
structures and changes of their structural-group composition, which is concluded by
the changes in the FT-IR intensity of absorption bands at 1600 cm~!, 952 cm~! and
817 cm~!. The given absorption bands correspond to the bonds of C=C aromatic structures
(Figure 1a,b). In the FT-IR spectra of carbenes and carboids, absorption bands of aromatic
structures at 1600-1642 cm ™! are significant in contrast to the asphaltenes from the initial
rock samples and after hydrothermal experiments (Figure 1c,d).
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Figure 1. IR specters of asphaltenes (a,b) and carbene-carboids (c,d) from the rocks of the Zelenogorskaya and Berezovskaya
areas before and after the experiments: 1—initial rock, 2—experiment at 350 °C.

The aromaticity parameter C; = D100/ D72 for carbenes/carboids is four times higher
than the aromaticity of asphaltenes (Table 3). It should be noted that the aromaticity
parameter (C;) for asphaltenes of the Berezovskaya area increases from 3.64 to 6.03, while
that for the asphaltenes of the Zelenogorskaya area decreases from 3.9 to 3.52. It may
be related with the more intensive destruction of OM components of carbonate rocks in
hydrothermal processes. At 350 °C, the total destruction of kerogen with the formation
of significant amount of carbenes and carboids, in the case of the carbonate rock sample
from the Zelenogorskaya area, is observed (Table 1). However, the content of resins and
asphaltenes in such shale oil is reduced due to the transformation into insoluble carbenes
and carboids under the hydrothermal impact [46,47]. As the result, asphaltenes with more
aliphatic structure remains in the oil system.

The results of the FT-IR analysis of asphaltenes from Domanic rock samples of the
Berezovskaya area after hydrothermal experiment show a decrease in intensity of the
absorption band at 1030 cm ™!, which indicates the destruction processes carried out in
SO-containing groups.

This also reflects the sulfurization parameter Cs = D130/ D1465, which significantly de-
creases from 0.44 to 0.23. The given parameter is higher for the asphaltenes of shale oil from
the Zelenogorskaya area and it is probably due to the transition into carbenes/carboids. In
this regard, it is important to evaluate the changes in the content of SO-group in carbenes
and carboids. Thus, carbenes and carboides form after the hydrothermal process. The
carbenes and carboids formed after hydrothermal processes at 350 °C are quite similar
in structural-group composition, independent from initial rock types (Table 3). However,
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the content of the SO group is two times higher in carbenes and carboids of rock samples
from the Zelenogorskaya area rather than in asphaltenes. In the case of the Berezovskaya
area samples, their content in carbenes and carboids is almost the same as in the initial
rock sample.

Table 3. Spectral parameters of asphaltenes, carbenes and carboids for the asphaltenes of Domanic rock samples before and

after the hydrothermal experiments.

Object

Optical Density D in Maximum Absorption Band, cm—1

* Spectral Parameters

1710 1600 1465 1380 1030 720 Cq (@) Cs Cy Cs

Zelenogorskaya area

Initial rock

0.133 0414 1.023 2.000 1.479 0.627 0.262 3.90 0.21 0.74 1.70 0.32

Rock after the experiment

Asphaltenes

0.18 0559 1323 2.000 1.608 0.734 0.376 3.52 0.28 0.80 1.50 0.37

Carbene/carboids

0.175 0422 1570 2.000 1.700 1.388 0.087 1795 0.21 0.85 1.14 0.70

Berezovskaya area

Initial rock

0274 0.699 1.053 2.000 1.494 0.886 0.289 3.64 0.35 0.75 1.69 0.44

Rock after the experiment

Asphaltenes

0.163 0422 1399 2.000 1.411 0.456 0.232 6.03 0.22 0.71 1.17 0.23

Carbene/carboids

0.068 0270 2000 1156  0.893 0.494 0.110 1818  0.23 0.77 0.51 0.43

* Cy = Digo/ D7 (aromaticity); Co = Di719/Digss (oxidation); C3 = Di3gp/Diges (branching); Cy = (Dyyg + Di3go)/Dieoo (aliphaticity);
Cs = D130 /D1465 (sulfurization).

Hydrocarbon composition of saturated and aromatic fractions of shale oil. The con-
tent of various group of hydrocarbons in saturated fractions of shale oil from Domanicoid
rocks of Zelegosrk area and Domanic rocks of Berezovskaya area, as well as individual
hydrocarbon composition of the given fractions, were determined by the GC/MS method,
the results of which are presented in Table 4 and Figures 2 and 3. The saturated fractions
contain predominantly aliphatic hydrocarbons. The content of n-alkanes and isoprenoids
is high in the composition of saturated fractions of shale oil from carbonate rocks of the
Zelenogorskaya area. After hydrothermal treatment of rocks, their content increases from
83.46% to 91.72% in carbonate rocks, for the carbonate—siliceous rocks of the Berezovskaya
area from 67.37 to 74.43%.

Table 4. The relative content (%) of different type hydrocarbons in saturated fractions of shale oil from the rocks of

Zelenogorskaya and Berezovskaya areas.

Zelenogorskaya Area Berezovskaya Area

Compounds
(Characteristic Ions) Bef.ore Af’.cer Bef.ore Affer
Experiment Experiment Experiment Experiment
n-alkanes and isoprenoids (m/z = 57 + 113) 83.46 91.72 63.37 7443
Steranes (m/z = 217 + 218 + 259) 1.62 0.44 1.38 0.63
Triterpenes (m/z = 191) 5.72 1.80 5.34 2.30
Alkyl-tri-methyl-benzene (m/z = 133 + 134) 3.46 1.05 19.16 4.46

Monoaromatic steroids (m/z = 253) 5.75 4.99 10.74 18.18




Processes 2021, 9, 1798

9 of 20

Intensity

Intensity

Intensity

Intensity

1.2

0.0

1.2
1.0
0.8
0.6
0.4
0.2
0.0

1.2
1.0
0.8
0.6
0.4
0.2
0.0

inc

Ph

7 14 21 28 35 42 49 56 63 70

Time, min

.

0 Fi 14 21 28 35 42 49 56 63 70
Time, min

1TIC .

A [

0 7 14 21 28 35 42 49 56 63 70
Time, min

iTIC 5

; 3| S (d)

i 5 g

‘ = ‘E S 5 .

E 3 g2, .

] L - .

E ) h | e [*) o a E J a

i 4 —

0 F 14 21 28 35 42 49 56 63 70
Time, min

Figure 2. TIC of saturated fractions from the rocks of Zelenogorskaya and Berezovskaya areas before (a,b) and after (c,d)
the experiments. C1p—C35—the number of carbon atoms in n-alkanes. P,—pristane (C19), Ph—phytane (Cyp).
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Figure 3. Geochemical parameters of saturated fractions of the rocks from Zelenogorskaya and Berezovskaya areas before
and after hydrothermal experiments: (a,b) alkanes; (c,d) steranes and hopanes, arylisoprenoids. AIR = (C13-Cy7)/(C18-Cp);
Ky = (C12-C14)/(C14-C15); Kz = (C14-C19)/ (C19-C3); K = (IT + $)/(Cy7 + Cyg); Ts/Tm = Co7 18 Tpucnopromnan(Ts)/Coy
17« Tpucuopronau(Tm); DIA/REG = Cyy 20S fa duacrepan/Cpg 20R avaxex Crepan: CrgS/R = Cyg 20S avoxox Crepan/20R
o Crepan: Co9BB/AA = Cyg 20R a3 Crepan/Cpg 20R axoxx Crepan: CpgSSR =Crg20Sacxxx- sterane /Cy920Saxxxx-sterane

+ Cp920Rxxx-sterane.

According to the chemical classification of Al. A. Petrov [39], which is based on the
molecular-mass distribution of normal and isoprenoid alkanes, extracts from initial Domanic
rock samples correspond to the highly paraffinic oil, type A. Further, depending on the
Ki, which is the ratio of pristane (C19) and phytane (Cyg), to the C17 and Cyg n-alkanes, we
subdivide type A into two categories: Al if K; > 1 and A? if K; < 1 (Figure 3).

The specific feature of the hydrocarbon extracts from the original Domanic rocks
is the predominance of phytane (Cyg) over the content of n-alkane C;g. This difference
is especially pronounced for the carbonate rocks of the Zelenogorskaya area (Figure 2a).
The hydrothermal impact on the rock samples smooths out these differences. The differ-
ence in the molecular-mass distribution of normal and isoprenoid alkanes is little after
hydrothermal treatment of shale oil (Figure 3a,b).

The results of the investigation justify the correspondence of hydrocarbon fluids to a
single genetic series and its connection with sapropel matter of marine genesis [33,39,40].
The hydrocarbon composition of shale oil after hydrothermal treatment becomes similar
to the shale oil produced by PJSC Tatneft from low-permeable carbonate rocks of the



Processes 2021, 9, 1798

11 of 20

Dankovo-Lebedyan horizon of the Bavlinsky reservoir [14,57,58], which is located in the
east of Tatarstan.

The content of polycyclic biomarkers, steranes and triterpenes, in saturated fractions
of shale oil from the rocks of the Zelenogorskaya and Berezovskaya areas is not high
and almost the same (Table 4). Their content is significantly reduced after hydrothermal
treatment: steranes from 1.62 and 1.38 to 0.44 and 0.63%, triterpenes from 5.72 and 5.34
to 1.80 and 2.30, correspondingly. The values of sterane parameters: Co9BB/AA (C920R
o p-sterane/Cp920Raaxa-sterane), CrgSSR (Cr920Saxaxx- sterane/Cy920Sxxx-sterane +
Cr920Raxx-sterane) and Cp9S/R (Cp920Sxxa-sterane/Crg20Rxxcx-sterane), as well as
Ts/Tm parameter, which is the ratio of stable Cyy18x (H) to the less stable isomer—
Cp717(H), reflect the close maturity degree of initial OM of shale oil from the rocks of the
Zelenogorskaya and Berezovskaya areas of the Romashkino field (Figure 3c,d). However,
the differences in their composition before and after the experiments are observed in the
DIA /REG parameter (the ratio of regrouped Cy720Sf o-diasterane to Cy920Rocxox-sterane;
1.29 and 0.36 versus 1.21 and 0.83, correspondingly). The oil from carbonate formations of
the Dankovo-Lebedyan horizon of the Zelenogorskaya area has higher values of the given
parameter, which indicates a relationship between the formation of its hydrocarbon compo-
sition with clay minerals [40,42,44]. This justifies the conclusions of some authors [32,33];
according to the pyrolysis data (see Table 1), hydrocarbons in the carbonate rocks of the
Zelenogorskaya area are not syngenetic to the enclosing sediments, but are migration
fluids. The DIA /REG ratio increases almost twice (from 0.36 to 0.83) after hydrothermal
processes for the shale oil of rocks extracted from the Berezovskaya area. In the case of the
Zelenogorskaya area, the given value is almost constant (1.29 and 1.21).

The distinguished feature of saturated fractions of rock samples is the content of
alkyltrimethylbenzene (or aryl isoprenoid) and monoaromatic steroid (Table 4). The content
of alkyltrimethylbenzene (C;1—Cp) in 0il decreases after hydrothermal treatment by three
times, while the content of relatively light homologues increases.

The significant difference between the rock samples is observed in the values of
arylisoprenoid index (AIR), which stands for the ratio of the sum of arylisoprenoids (Cy3—
Cy7) to their high-molecular homologues of C13-Cy; (Figures 3 and 4). The higher value of
AIR is specific for the rock sample of Berezovskaya area (2.25 versus 0.96), which is probably
due to different intensity of unstable photic zone of hydrogen sulfide contaminations on
the territory of initial OM transformations. The destruction of OM of Domanic rocks in
hydrothermal processes increases the AIR value from 0.96 to 2.32 for the crude oil from
the Zelenogorskaya area, and from 2.25 to 3.30 for the rock sample from the Berezovskaya
area. The differences in the composition of arylisoprenoids of initial extracts from the rock
samples with different composition persist in the composition of shale oil generated in the
course of hydrothermal experiments. The content of monoaromatic steroids is significantly
higher in the composition of oil from the Domanic rocks of the Berezovskaya area in
comparison to the oil from carbonate rocks of the Zelenogorskaya area: 3.46 vs. 19.16%
and 5.75 vs. 10.74%, correspondingly (Table 3). The content of such hydrocarbons after
hydrocarbon treatment of rocks decreases from 5.75% to 4.99% in the saturates fraction
of the oil extracted from the Zelenogorskaya rock sample. Oppositely, the mentioned
hydrocarbons significantly increase (from 10.74 to 18.18%) in the saturates fraction of oil
extracted from the Berezovskaya rock sample.

Hydrocarbon composition of aromatic fractions of shale oil. The relative content
of different hydrocarbon groups considering trimethyl benzene, naphthalene, phenan-
threne, benzthiophene, dibenzothiophene (DBT) in aromatic fractions of shale oil from
Zelenogorskaya and Berezovskaya rock samples are presented in Table 5, and the TIC of
aromatic fractions are presented in Figure 5 [43,46-49].
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Figure 5. TIC of aromatic fractions of shale oil from the rock samples of Zelenogorskaya and Berezovskaya areas before
(a,c) and after (b,d) hydrothermal experiments. N—naphthalene, P—phenanthrene, DBT—dibenzothiophene and BT—
benzothiophene, n—number of carbon atoms in alkyl substitutes of Cp.
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Table 5. Relative content (%) of different type of compounds in aromatic fractions of shale oil before and after the

hydrothermal experiments.

Zelenogorskaya Area Berezovskaya Area
Compounds Before After Before After
Experience Experience Experience Experience

Alkyltrimethylbenzenes (1/z 133 + 134) 9.08 2.73 1.40 111
Naphthalenes (1m/z 128 + 142 + 156 + 170) 18.01 23.16 25.14 27.86
Phenanthrenes (m/z 178 + 192 + 206) 6.86 14.34 6.24 11.86
Benzothiophenes (m1/z 147 + 161 + 175) 56.64 42.71 56.10 38.75
Dibenzothiophenes (1/z 184 + 198 + 212) 9.42 17.07 11.12 20.42

Content, %

o =]
= =

=
=]

20

The concentrations of aromatic sulfur organic compounds, benzothiophene (56.64 and
56.10%), are high in the composition of aromatic fractions of shale oil, independent from
the rock type. After the hydrothermal treatment of rock samples, the content of such
compounds decreases to 42.71% and 38.75%, correspondingly. This indicates that the
destruction processes are carried out mainly on sulfur-containing bonds. The content
of organosulfur compounds is very important in terms of shale oil production. The aro-
matic organosulfur compounds, such as benzothiophene and dibenzothiophene, and the
alkyl-substituted isomers of them, present mainly in heavy oil and heavy fractions [43].
The hydrothermal transformation of the OM of Domanic rocks decreases the content of
benzothiophene and increases the content of dibenzothiophene in shale oil by almost
twice. It increases from 9.42 to 17.07% in the case of Zelenogorskaya rock samples and in
the Berezovskaya rock samples, from 11.12% to 20.42%. In [59], a correlation was found
between the values of the ratio of the benzothiophene isomers to dibenzothiophenes and
the types of hydrocarbon reservoirs: with an increase in the degree of catagenesis of the
hydrocarbon system and with a significant decrease in the content of benzothiophenes,
the concentration of methyl-substituted dibenzothiophenes increases. Similar behavior
was revealed in the composition of shale oil under hydrothermal processes. The cor-
relation of benzothiophene/dibenzothiophene for the shale oil of Zelenogorskaya area
reduces from 6.01 to 2.50, for the shale oil of Berezovskaya area from 5.04 to 1.89. The
molecular-mass distribution of aromatic organosulfur compounds, benzothiophene and
dibenzothiophene, in the composition of shale oil from Domanic rocks before and after
hydrothermal experiments at 350 °C are presented in Figure 6.

Zelenogorskaya area Berezovskaya area
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a .
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Figure 6. Cont.
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Figure 6. Molecular-mass distribution of aromatic organosulfur compounds: benzothiophene (a,b) and dibenzothiophene
(c,d) in shale oil before and after hydrothermal experiments at 350 °C.

According to the abovementioned authors [59] the ratio of 4-methyl-di-benzothiophene
to 1-methyl-di-benzothiophene (4-MDBT/1-MDBT) is very sensitive to thermal matu-
rity evolution system. In [60], the authors also proposed that the ratio of di-methyl-di-
benzothiophene may reflect the maturity degree of naphtides. The 4-MDBT/1-MDBT ratio
in shale oil of carbonate rocks from the Zelenogorskaya area after hydrothermal treatment
increases from 1.01 to 1.53, and in the case of Berezovskaya shale oil, from 0.39 to 1.19.
According to the changes in the given ratio, one may propose that hydrothermal impact on
the given rock samples leads to an increase in thermal maturation, from which shale oil
is produced.

Hence, it is attractive to interpret and apply the ratio of 4-MDBT/1-MDBT. In [60],
4-MDBT is less stable than 1-MDBT during the microbial decomposition processes and
the ratio of 4-MDBT/1-MDBT is used in the evaluation of bacterial degradation degree of
heavy oil in reservoir development processes. The higher value of the given parameter is
specific for the original extracts from carbonate-siliceous rocks of the Berezovskaya area in
contrast to the carbonate rocks of the Zelenogorskaya area (2.57 versus 0.99). This indicates
not only the different thermal transformation degree of hydrocarbons in the given Domanic
rock samples, but also the different biochemical degradation degree.

Some other authors investigated the stability of asphaltenes by the thermal destruction
method [56]. They revealed that the main share of sulfur in asphaltenes is found in thiocy-
clan fragments and the least part in aromatic structures. The content of dibenzothiophene
rather than benzothiophene and benzonaphthothiophene structures was higher in the
destruction products of asphaltenes. Since the content of asphaltenes in the products of
hydrothermal experiments decreases, this may serve as additional evidence for the increase
in aromatic fractions of shale oil of thermally more stable methyl-substituted dibenzoth-
iophenes and can be the result of both the decomposition of the kerogen structure with
the formation of new heterocyclic sulfur-containing aromatic fragments and processes of
destruction of high molecular weight compounds, such as resins and asphaltenes.

In this regard, data on the content of total sulfur in the composition of oil extracted
from the studied Domanic rocks before and after the experiments are of interest. The sulfur
content in the composition of oil from the original rock from the Zelenogorskaya area is
1.58%; after the experiment, its content increases to 3.60%. In the oil from the original rock
of the Berezovskaya area, in comparison with the Zelenogorskaya area, the sulfur content
is four times higher, -6.60%. After the experiment, the sulfur content does not increase so
sharply, but remains quite high at 6.74%. The sulfur analysis data indicate a different type
of kerogen in the studied rocks of different lithological—facies types, as well as an additional
source of sulfur input into the oil composition as a result of kerogen decomposition and
destruction of its high-molecular sulfur-containing fragments.
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Besides aromatic organosulfur compounds, some naphthalenes, phenanthrenes and
tri-methyl-alkyl-benzenes are identified in the aromatic fractions of shale oil (Table 5). The
molecular mass distribution of the given hydrocarbon groups before and after hydrother-
mal treatment is presented in Figure 7. The content of naphthalene and phenanthrene
increases in aromatic fractions after hydrothermal experiments. If the content of phenan-
threne in the rock extracts before the experiments is almost the same (6.84 and 6.24%), then
their content is different and increases up to 14.34% and 11.86% in aromatic fractions of
shale oil after hydrothermal treatment. The content of naphthalene is higher in shale oil
from the Domanic rocks of the Berezovskaya area, in contrast to the oil from carbonate rocks
of the Zelenogorskaya area (25.14 vs. 18.01%). In [61], the possible ways of phenanthrene
formation—biomarkers in OM of rocks and crude oils—are discussed. It is shown that such
molecules can play a role of “secondary” biomarkers in shale oils generated by dispersed
organic matter of different facies and ages.

It is important to note the presence of alkyl-trimethylbenzenes (1m/z 133 + 134) or
arylisoprenoids—aromatic compounds characterized by the presence of long alkyl chains
of isoprenoid structure in saturated fractions of the studied oils [20]. Due to the presence of
long alkyl substitutes in aromatic benzene rings, aryl isoprenoids may concentrate both in
saturates and aromatic fractions during SARA analysis. Aromatic and saturated fractions
differ in the content and nature of the molecular weight distribution of these hydrocarbons.
Thus, the content of aryl isoprenoids in saturate fractions of shale oil from Berezovskaya
rock sample is very high, 19.16%, while their content in aromatic fraction is only 1.40%.
Oppositely, in the shale oil of the Zelenogorskaya rock sample, saturates have only 3.46%,
while aromatics contain about three times more (9.08%) aryl isoprenoids. The redistri-
bution of aryl isoprenoids between saturates and aromatics depends on the difference in
their molecular-mass composition of a certain shale oil. The aryl isoprenoid index AIR =
Cy3—Cy7/Cy8-Cyy increases in saturates after hydrothermal experiments (Figures 2 and 3),
due to the increase in low-molecular aryl isoprenoids composed of C13—Cy7, while AIR
in aromatics decreases because of increasing high-molecular homologues (Figure 6a,b).
Long alkyl chains of arylisoprenoids, apparently, undergo destruction with the formation
of lower molecular weight homologues. The results of the study show that low-molecular
homologues of aryl isoprenoids formed during hydrothermal destruction processes con-
centrate in saturated fractions.

Berezovskaya area
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Figure 7. Diagrams of the molecular weight distribution of (a,b) arylisoprenoids, (c,d) naphthalenes, and (e,f) phenanthrenes
before and after hydrothermal experiments at 350 °C.

4. Conclusions

The results of the carried out experiments reveal the influence of hydrothermal pro-
cesses at a temperature of 350 °C in a carbon dioxide environment on the ability of OM
of Domanic rock samples to generate shale oil. Moreover, the experimental results allow
to justify the in situ dilution of heavy bituminous components of Domanic deposits by
light hydrocarbons, which are generated in the given formations. The degree of heavy oil
conversion is determined by their initial types and activation degree of destruction reac-
tions on C-C, C-N, C-O, and C-S bonds of kerogen as well as high-molecular components,
such as resins and asphaltenes. Hydrothermal impact on Domanic rock samples leads
to more intensive and total extraction of shale oil, with an increased content of saturates
and decreased content of aromatic hydrocarbons, reins and asphaltenes. The content of
paraffinic hydrocarbons in the composition of saturates is significant. In the composition
of aromatics, benzothiophene and dibenzothiophene are significant. It is revealed that
asphaltenes from the Domanic and carbonate rock samples are different in their content
and structural-group compositions. New insoluble fractions of coal-like matters, such
as carbenes/carboids, are formed in the hydrothermal experimental products that can
determine the various properties of the oil disperse system in a porous medium under
hydrothermal impact.

The hydrothermal treatment of carbonate rocks with low content of OM contributes
to the total destruction of kerogen, while in similar conditions, kerogen of Domanic rocks
undergoes partial destruction. This shows the different oil-generating potential of the given
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rocks under hydrothermal influences. Thus, different stability of OM of the given rocks to
the thermal influences and distinguished features of the composition and quality of the
generated crude oil require special and probably different development approaches.
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