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A large number of oil and gas accumulations at deep and ultra-deep depths,
recently revealed in the world due to the development of drilling technologies,
forces a revision of theoretical ideas on many issues, including conditions of oil
and gas formation and hydrocarbon conservation in zones of high pressures and
temperatures, as well as evaluating the possibility of conservation and formation of
reservoirs. Among the most discussed, in this regard, are the issues determining
the processes and rate of oil and gas formation at deep and ultra-deep depths,
which differ significantly from those at small and medium depths: Thermobaric
conditions responsible for the possibility of formation, phase distribution and
conservation of hydrocarbons, geochemical indicators—type of kerogen, and its
transformation, responsible for the phase distribution and staging of generation
peaks—lithological composition of kerogen-bearing strata—the rate and scale of
dip and uplift and the timing of exposure to high temperatures—the formation of
overlapping saline strata and the presence of deep conductive faults that
significantly affect temperature and pressure gradients. Analysis of the
influence of the above factors on the prospects of deep-lying complexes
taking into account new studies and achievements, mainly in the sedimentary
basins of China (Tarim, Jungar, Ordos, Sichuan), the Gulf of Mexico and offshore
Brazil (Santos) allowed typifying the sedimentary basins and major depressions of
Russia, with the allocation of areas with high and ultra-low depth potential for
hydrocarbon studies. Thermobaric and historical and geological criteria have been
developed and a methodology for detailed study of promising areas has been
proposed, including a complex of geochemical studies of hydrocarbons, extracts
of bitumoids (pyrolytic, chromatographic) and lithological and petrophysical core
studies aimed at assessing the prospects of oil and gas content of deep complexes
in Russian sedimentary basins and the subsequent localization of the most
promising areas for deep drilling.
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1 Introduction

A number of global events in the field of prospecting and
exploration of oil and gas accumulations are attracting more and
more attention to the theoretical issues of oil and gas formation,
taking into account the possibility of using the scientific results
obtained in practice, reinforcing them with actual discoveries
replacing the raw material base of traditional objects that is being
eliminated as a result of extraction.

Among the most significant events that have substantially
affected the state of the raw material base of hydrocarbons in the
world, it is necessary to include such as:

- Scientific foundation of the oil and gas potential and
development of technologies for the development of the raw
material base of low-permeable and “shale” oil and gas-
saturated reservoirs (which made it possible to radically
change the energy balance and, for example, let the
United States became the gas exporter due to the share of
its production of more than 70% of such facilities (Alekseev
et al., 2017);

- Development of deep drilling technologies and obtaining
numerous facts of detecting accumulations of oil and gas at
great depths, as well as new data that significantly clarify ideas
about the thermobaric conditions of formation and the
possibility of preservation of hydrocarbons (Dvoynikov
et al., 2022).

The identification of oil and gas deposits at deep and ultra-deep
depths (5-8 km or more) allowed us to establish that the boundary
values of the thermobaric conditions for the formation and
preservation of hydrocarbon deposits differ significantly from
those assumed (a priori) earlier and justified experimentally
(according to the postulates of the sedimentary migration
(organic) theory of the origin of oil and gas. Some assumptions
previously used as key ones directly in the practice of geological
exploration have ceased to be relevant. First of all, this concerns the
temperature, and, consequently, the depth interval of the processes
of generation of hydrocarbons of various phase composition and
their intensive transformation, up to complete destruction, as well as
the influence of abnormally high and abnormally low pressure on
the preservation of formed accumulations of oil and gas. The second
important aspect determining the possibility of the presence of
hydrocarbon accumulations at deep depths is the possibility of
preserving the primary void space of reservoir rocks or the
formation of fractured and secondary reservoirs, as well as the
influence of epigenetic transformations on their formation
(Gubin, 2004; Belozerov and Gubaydullin, 2020; Khafizov et al,
2020; Kosenkova et al.,, 2022). At the same time, an alternative and
effective approach that could replace the traditionally used and
proven to be highly predictive is basin modeling, which is based on
algorithms of balance equations and models for the conversion of
organic matter into hydrocarbons, developed in the USSR by the
efforts of Sokolov V.A., Wassoevich N.B., Neruchev S.G., Rogozina
E.A. and others (Dobrjanski and Andrejev, 1954; Neruchev et al.,
1976; Sokolov V.A., 1980) and European and American researchers
(Tissot and Welte, 1981; Peters et al., 1994) have not been proposed.
Despite a huge number of experiments to study the effects of
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temperatures and pressures on inorganic compounds, to study
the effect of methane inflow on the transformation of organic
matter in order to substantiate the production of complex
hydrocarbon compounds, to substantiate possible forms (radicals)
of finding hydrocarbon compounds at deep and ultra-deep depths
(Kudryavtsev, 1951; Kudryavtsev, 1971; Porfiriev, 1987; Ermolkin
et al,, 2008) a significant practical contribution to the search for oil
accumulations and they did not have, because they were not adapted
into any technology of search and exploration, which proved its
effectiveness. Of course, the impossibility of obtaining direct
observations at ultra-deep depths and conducting experiments
that fully simulate natural thermobaric conditions, and most
importantly the influence of time, continues to “excite” the
minds of some researchers in the direction of the “deep origin”
of oil and gas today. The most important facts obtained in recent
years, which must be taken into account, along with the timing of
hydrocarbon deposits at deep and ultra-deep depths to certain
geological conditions, were the systematic identification in
“special” conditions of deep depths of very rich in organic matter
of oil and gas source formations that for one reason or another did
not realize their full potential, or the identification of anomalous
zones of high pressures, ensuring the preservation of liquid
hydrocarbons (not complete cracking) in sedimentary basins with
high immersion rates and “avalanche-like” sedimentation.

The concept of “deep origin” considering the possibility of
synthesis of hydrocarbons from inorganic substances (carbonates,
CO, and other carbon-containing substances) at deep depths at high
temperatures and pressure allows the formation of accumulations of
oil and gas at much deeper depths than those assumed by organic
theory and, no less importantly, in which there are no oil and gas
producing strata, primarily enriched with organic substance.

The problem of theoretical research in the direction of studying
“deep oil”, which was developed in particular by N.A. Kudryavtsev
Kudryavtsev, (1951); Kudryavtsev, (1971) and V.B. Porfiriev
Porfiriev, (1961); Porfiriev, (1987), was the impossibility of using
the models of oil and gas formation proposed by them to solve
practical problems, which led to a damping of interest in these
developments and, conversely, high efficiency and the possibility of
provability (experimental) of oil and gas formation processes using
balance equations developed by N.B.Vassojevich, S.G. Neruchev,
E.A. Rogozina et al. Neruchev et al., (1976), the quantitative forecast,
the forecast of the phase composition and the “explainability” of the
formation of most of the identified deposits allowed “organics” to
dominate in the study of standard depths.

Dobrjanski and Andrejev, 1954). noted that despite the huge
scale of accumulated and buried organic matter (according to
Ammosov, and then Neruchev S.G. (Neruchev et al, 1986).
exceeding hundreds of billions of times the volume of all
accumulations of oil and gas already discovered on Earth), the
ambiguity of the accumulation mechanisms does not allow us to
draw conclusions “how much oil will be collected”. S.G. Neruchev
himself drew attention to the ambiguity of the accumulation
coefficients in his calculations. According to V.B. Porfiriev the
presence of areas of discrepancy between the scales and types of
hydrocarbons to the potential of the oil and gas producing strata is
noted, and the presence of deposits at depths greater than the depths
of the oil and gas source formations is established, which determines
the need to search for the causes of oil and gas potential in such areas
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and depth intervals (Aguilera et al., 2014; Guliyev et al., 2017; Liu
et al.,, 2017).

It is established that the processes of oil and gas formation at deep
depths differ significantly from the processes modeled in surface
conditions (DeCelles and Giles, 1996; Eberth et al, 2001; Egorov,
2015; Egorov et al, 2021). Ultra-deep hydrocarbon systems are
characterized by specific features of fluid migration (Samvelov, 1995;
Cao and Bai, 2014; Kerimov et al., 2018), which affects the development
of accumulation zones and the preservation of hydrocarbon
accumulations due to the dominance of such mechanisms as
migration along the planes of conducting disjunctiva, zones of
increased fracturing of decompression, contacts of diapir
embeddings, eruptives of mud volcanoes (DeCelles and Giles, 1996;
Kerimov and Osipov, 2016; Ganguli et al.,, 2018; Li et al., 2020).

Currently, the contradiction between “theory” and “experiment”
(i.e, between science and practice) has worsened due to the
discovery of a number of oil fields below (deeper) the so-called
“oil window”, where oil can be generated from organic residues (an
oil window of 50°C-150°C, i.e., depths, as a rule, from 2.3 to 4.6 km;
immediately below—a “gas window”, 150°C-200°C).

A large number of drilled deep and ultra-deep wells in the oil and gas
basins of the world testify to a wide range of temperatures and pressures,
as well as a complex multi-stage history of the thermal evolution of deep-
submerged horizons. Temperatures, thermal evolution and pressure are
the determining factors of the formation of hydrocarbons, differences in
their phase composition, the possibility of their preservation, and these
parameters are especially significant at deep and ultra-deep depths, which
today are considered as one of the most important areas of theoretical and
practical study of many oil and gas basins in China, the shelf of Brazil, the
Gulf of Mexico and other sedimentary basins with a large thickness of the
cover.

Based on a large amount of new data on the influence of temperatures,
pressures, and the history of diving to deep depths, the concepts of the
factors determining the formation, phase composition and preservation of
hydrocarbons have been significantly refined. Thus, the phase composition
of hydrocarbons in the deep layers of sedimentary basins of different types
varies significantly and is determined by temperature, heating rate,
pressure and types of the initial oil and gas source rocks containing
organic matter deposited with the rock. At the same time, temperature is
the most important factor controlling the formation of hydrocarbons and
their phase state. Along with the temperature, factors that are almost
ignored at shallow depths have a significant impact—this is the time
(exposure) and the rate of temperature increase (Neruchev et al., 1986).

Thus, according to the nature of changes in the temperature
regime of deep and ultra-deep horizons, sedimentary basins can be
distinguished (Ren et al., 2020):

—
'

With late (young in age) rapid deflection, low geothermal

gradient and, accordingly, low temperatures;

2- With late rapid deflection, high geothermal gradient, and,
accordingly, high (but short-lived exposure time) temperatures;

3- With moderate (gradual) deflection, average geothermal
gradient and late rise and, accordingly, cooling;

4- With early (ancient) intense deflection, rapid heating and

subsequent lifting and cooling.

It has been established that under conditions of rapid
temperature rise (type 1, 2, and 4), but a short heating time in
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deep and ultra-deep horizons, the conditions for the existence of oil
and gas condensate deposits persist (Ren et al., 2020).

The most important thing for deep horizons is the close
correlation between temperature and reservoir pressure, which
determines the conditions of oil and gas formation and
preservation of oil and condensate.

By the nature of the correlation between temperature and
pressure at deep depths, all sedimentary basins can be divided
into three groups:

I - high temperature and high pressure;
II - low average temperature and high pressure;
III - average temperature and low pressure (Ren et al., 2020).

It has also been revealed that excessive pressure prevents both the
formation of hydrocarbons and the cracking of previously formed
(reformation of liquid hydrocarbons into gaseous and simple
compounds), which have fallen into zones of high pressures and
temperatures for the second time. For all these types and
combinations of thermodynamic regimes, the prospects for the oil
and gas potential of deep and ultra-deep horizons differ significantly.

The temperature regime of deep horizons is determined by the
endogenous regime (the influence of processes occurring at deep
depths) and a whole group of processes and phenomena occurring
at significantly lower depths, directly in the sedimentary part of the
section, often associated with epigenetic transformations.

Endogenous regimes are the subject of extensive study of
sedimentary basins at the early stages of regional studies. But
with a more detailed study, the significance of the processes
occurring at deep depths becomes less important, declarative and
is rarely used for practical conclusion and determining the directions
of further exploratory research.

Since the influence of processes occurring at ultra-deep depths is more
noticeable for the base of sedimentary basins and section intervals located
at deep depths, the influence of endogenous phenomena and processes is
also one of the subjects of research. At the same time, the possibilities of
studying the deep structure are extremely limited both by the depths of
wells and by obtaining only indirect information when using geophysical
observation methods and conducting laboratory experimental studies
with modeling of natural processes. Such restrictions, on the one hand,
generated a huge number of assumptions, including about the influence of
deep processes on oil and gas formation, and on the other hand, due to the
impossibility of establishing reliable links between the actual oil and gas
potential and purely assumed “deep factors”, they did not allow them to be
used in practice.

Approaches to the assessment of the oil and gas potential based on
the concepts of the deep tectonic structure and processes occurring at
significant depths according to studies (Sokolov, 1980; Malyshev, 2000;
Malyshev, 2004; Egorov et al., 2021) are reduced to the use of the
“evolutionary-genetic method, when modern sedimentary basins are
considered as a system of conjugate paleobasins, consisting of their
relics related to a certain tectonotype, formed in certain geodynamic
regimes and those that have undergone a long geological evolution”
(Egorov et al, 2021). At each stage of the development of paleobasins,
favorable geological, geochemical and thermobaric conditions arose,
affecting the processes of oil and gas formation, migration and
accumulation and further redistribution of hydrocarbons between
different complexes. Crucial importance in the modern distribution
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of hydrocarbon accumulations is attached to the latest stage of the
formation of the basin structure.

According to the research of B.A.Sokolov (Sokolov, 1980): “each of
the basins of the primary evolutionary and genetic series is characterized
by a certain oil and gas geological regime, which includes the conditions
for the development of the basin due to the mobility and direction of
tectonic movements, their contrast, the type of the Earth’s crust and the
rate of accumulation of sediments, as well as heat flow.”

As noted by most researchers, oil and gas geological regimes are not
the same in sedimentary basins located within continents, oceans and
transition zones. Within the continents, sedimentary basins of
platforms and mountain-folded regions have fundamentally different
regimes (Malyshev, 2000; Egorov et al., 2021).

The scales of oil and gas formation differ significantly, which
vary from high and very high within the margins of young plates and
folded-platform basins in the marginal parts of cratons and to low in
post-orogenic depressions on Precambrian median massifs and very
low (less than 1%) in orogenic intermountain depressions on the
Epivariscian folded base (Malyshev, N.A. (2004).

According to modern concepts, in some sedimentary basins, due
to the presence of wide salt layers in the section, relatively low
geostatic pressure is provided (due to their relatively low density)
and a “cooling” effect of the thermal field is observed (due to their
relatively high thermal conductivity), which, despite the deep
depths, leads to a delay in the transformation of organic matter
in primary enriched (producing) rocks.

Large tectonic discontinuous disturbances, which serve as active
conductors of deep heat and which, like salt layers, provide a
“cooling” effect have an important effect on the temperature
regime. This phenomenon has been little studied, but it is
important along with understanding the contribution of the role
of faults in the formation of secondary fracturing at deep depths,
providing the possibility of reservoir formation, in addition to the
preserved primary porosity (Prishchepa et al., 2022).

10.3389/feart.2023.1192051

Separately, it should be noted the influence of high sedimentation
rates (the so-called “avalanche” deposition) with variations in the
accumulation of large capacities only in the Cenozoic, observed, for
example, in the inland basins of China (Tarim, Dzungarian, Sichuan,
Ordos) with massive identified deposits at deep depths and established
oil and gas source rocks at deeper depths than at low sedimentation
rates, which probably lead to stretching of the zones of transformation
of organic matter (catagenesis), and the effect of the presence of zones of
abnormally high reservoir pressures, which, in turn, have a significant
impact on the catagenetic transformation of organic matter and the
stability of the liquid hydrocarbon phase by inhibiting and significantly
slowing down the processes of thermal destruction of organic
components (Khafizov et al., 2020).

It is noted that (Kerimov and Osipov, 2016; Kerimov et al., 2018;
Khafizov et al., 2020; Ren et al,, 2020; Aleksandrova et al., 2023) the key
factors of the transformation of OM into oil and the intervals of the
location of the “oil window” are the rates of sedimentation and
deflection (lowering) of the basin. The rate of deflection of the basin
or the rate of elevation of its side structures determines the nature of
sedimentation in the basin, due, in turn, to the size of negative relief
forms, the rate of introduction of addition of material, its composition
and mass. Depending on the individual contribution of these factors at
each stage of evolution, the basin may be characterized by
uncompensated, compensated and hypercompensated sedimentation
(Kerimov et al., 2018).

The sedimentation rate is generally defined as the ratio of the
sediment thickness (for the rates of deflection of the bottom of the
basin, the sediment thickness together with the thickness of the
water layer) and the absolute time of their formation, respectively, in
meters per million years; the dimension of the resulting value is m/
million years. Standard speeds are 5-10 m/1 million years. High and
ultra-high sedimentation rates exceeding 100-1000 m/1 million
years, respectively, characterize “avalanche-like” sedimentation
(Kerimov et al., 2018).
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Distribution of residual recoverable oil and gas reserves of deep-lying deposits by depth intervals (Osipov, 2021).
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TABLE 1 Characteristics of deep-lying horizons of oil and gas basins of the Russian Federation.

Oil\gas Age of the deep interval of Max. capacity of  Tectonic appurtenance Regional cap rocks providing fluid
bearing basin the sedimentary cover deep horizons of deep horizons systems with abnormal reservoir
pressure (ARP)

West Siberian Mz-Pz More than 10 km Plate and preplate Clays

Pre-Caspian Pz More than 10 km Plate Salts

Volga-Ural R-Pz Up to 5 km Plate and preplate Clays

Timan-Pechora Pz 5-10 km Plate and preplate Clays, salts

Lena-Tunguska R-Pz Up to 5 km Plate and preplate Clays

TABLE 2 Oil and gas province of the Russian Federation with the development of sedimentary complexes at deep depths.

Oil\gas bearing mega provinces, provinces and  Age of the sedimentary i Age of oil and gas

subprovinces cover capacity, km complexes

Oil\gas bearing mega provinces of ancient platforms

Eastern European (Russian) mega province

Volga-Ural oil and gas province PZ 1.0-6.0 D,C, P
Timan-Pechora oil and gas province PZ 1.0-7.0 0,S8,D,C P, T
Pre-Caspian oil and gas province PZ, MZ, KZ 6.0-16.0 D,CPT,J,K
Baltic oil and gas province PZ, MZ 1.0-3.5 0,S

East Siberian mega province

Lena-Tunguska oil and gas province PR, PZ, MZ 2.0-7.0 R,V
Lena-Vilyuiskaya oil and gas province PZ, MZ 2.0-14.0 P, T,J
Yenisey-Anabarskaya oil and gas province PZ, MZ 2.0-11.0 P, T,],K

Oil\gas bearing mega provinces of young platforms

West Siberian oil and gas province MZ, KZ 1.5-5.5 J, K

Pre-Caucasian-Crimean (Scythian) oil and gas megaprovince MZ, KZ 2.0-6.0 P,T,J,K,N

Oil and gas provinces of folded territories

Pre-Caucasian oil and gas subprovince MZ, KZ 4.0-12.0 T,J, K, N
Pre-Ural oil and gas subprovince PZ 4.0-14.0 0,8, D,C P
Predverkhoyanskaya oil and gas subprovince PZ, MZ 2.0-14.0 ]

Oil and gas provinces of folded territories

Transcaucasian oil and gas province MZ, KZ 3.0-10.0 K, N

Far Eastern oil and gas province Kz 2.0-6.0 N

Oil and gas provinces of the Arctic and Far Eastern seas of Russia

Barents Sea gas and oil province PZ, MZ 3.0-18.0 T,]

North Kara potential oil and gas province PZ, MZ 2.0-12.0 D,C K
Laptevskaya potential oil and gas province PR, PZ, MZ, KZ 1.0-8.0 R V,S,D,C,PT,]J
East Arctic potential oil and gas province PR, PZ, MZ, KZ 0-8.0 R, V,S$,D,CP,T,J, K
South Chukotka potential oil and gas province MZ C, P, K
Okhotomorskaya oil and gas province Kz

Pre-Pacific oil and gas province KZ 3.0-8.0 Ny
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A certain correlation has been established between the rate of
deflection in the sedimentation basin, the rate, gradients of
precipitation accumulation rates, on the one hand, and the
facies-geochemical situation in the basin and the scale of
hydrocarbon generation by oil and gas source rocks, on the
other. In the catagenetic evolution (transformation) of organic
matter, which begins with its accumulation and burial, as in all
sedimentary processes, the sedimentation rate plays a leading role.
Qualitative observations and quantitative analysis show that the
concentration of OM in sediments increases with an increase in the
rate of fossilization, but, reaching some optimum, then decreases
(Fomin, 2011; Kerimov et al., 2018; Kontorovich et al., 2021).

In the Russian Federation, despite the rather high geological and
geophysical study of oil and gas-bearing areas with a long history of
exploration and development (North Pre-Caucasus, Volga-Ural,
Pre-Caspian, Timan-Pechora and West Siberian, Lena-Tunguska
oil and gas provinces), it can be stated that the number of discoveries
at deep and ultra-deep depths (more than 5 km) is estimated units
(Osipov, 2021) (Figure 1).

At the same time, in sedimentary basins, a fairly significant
volume of rocks is located at deep and ultra-deep depths.

If we consider regions with developed infrastructure and a long
history of study, the undisputed leader in the volume of sedimentary
cover located deeper than 5km is the Pre-Caspian oil and gas
province (hereinafter referred to as “OGP”) the eastern part of
which is located in the Republic of Kazakhstan. Within the West

10.3389/feart.2023.1192051

developed in the central part and in the northern (aquatic),
plunging towards the North Kara Depression, but in general, the
proportion of deep-lying horizons is only 10%-15% (Figure 2).
Most of the sedimentary asymmetric basins have significant
volumes of deep-lying rocks, mainly accumulated in the marginal
parts of the platforms (foothill deflections—Pre-Ural, Pre-
Caucasian, Pre-Verkhoyansky marginal deflections) along the
mountain structures and characterized in that they are blocked
by powerful and often filled with a high rate of accumulation
(“avalanche”) sediments associated with the time of formation in
adjacent areas of the corresponding orogenic structures (Samvelov,
1995; Kontorovich et al., 1998; Leonov et al., 2015; Litvinenko et al.,
2017; Abukova and Volozh, 2021; Egorov et al., 2021) (Tables 1, 2).
The areas of development of deep-submerged sediments of the
second type are mainly associated with ancient avlakogenes and,
accordingly, the phases of their active deflection up to the beginning
of inversion (Pre-Timansky, Pechora-Kolva, Vyatka, Kamsko-
Belsky, Srednerussky, Pachelma, Moscowsky, Pripyat-Dnieper-
Donetsk avlakogenes). Such areas, in general, are often
characterized by an increased heat flow, since they are located
above deep active structures and a wide development of tectonic
discontinuities. The influence of faults as “cooling” channels on deep
horizons has been established, for example, when comparing the
temperatures of deep depths in neighboring areas of the TPP, in
particular wells drilled within the Vuktyl shaft in the fault zone
(West-Vuktyl No. 1 at a depth of 5,604 m, temperature—98.5°C, in

Siberian basin, the deepest part of the sedimentary cover is  the North-Vuktyl No. 214—5,025m—90°C, Vuktylskaya
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No.58-6244 m—127°C, respectively, the geothermal gradient was
17°C-18°C/km), and in the Pechora-Kolva avlakogene in the Kolva
ultra-deep well at a depth of 6,840 m, the temperature was 165°C, at
a depth of 6,900 m—200°C, respectively, the geothermal gradient
was 2.5°C-2.9°C/100m, i.e., significantly higher than in the fault
zone. The deepest deposits represented by condensate and gas were
found at a depth of 4,800-5,000 m. At the same time, within the
Paleozoic part of the Pechora-Kolva avlakogene at depths from
4,500 to 4,800 m, 15 hydrocarbon deposits were identified, with
differentiation from oil and gas condensate to oil.

Sedimentary basins such as the Pre-Caspian, Timan-Pechora,
and East Barents Sea basins belong to areas with precipitation at
deep depth deposited under avalanche sedimentation conditions.

The Pre-Caspian OGP also belongs to the sedimentary basins of
the Russian Federation with a wide salt development in the section,
followed by the Lena-Tunguska and Yenisei-Khatanga. There are
some areas of deep-submerged sediments with the development of
salts in the Timan-Pechora OGP.

In some areas of the ancient East European platform, in the areas
of development of deep-submerged horizons—the Pre-Ural regional
trough, the Dnieper-Donetsk depression—gas deposits were formed
under conditions of immersion rates from 25 to 60 m/million years,
occasionally more, and the gradients of the deflection rates exceeded
50 m/million years. At the same time, the main role in gas
accumulation was played by the degassing of reservoir waters

Kolguyev
Island

Depths above
7,000 meters

Depths above
5,000 meters

The land
boundary

il

FIGURE 3

Structural map of the top of the TPP foundation with areas of
sediments development (A) at a depth of more than 5000 m, (B) more
than 7000 m.
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during inversion tectonic movements and the destruction of oil
from previously formed oil and gas deposits. Thus, in the Timan-
Pechora sedimentary basin, areas of deep depths are associated, first
of all, with the marginal part of the plate—the Pre-Ural marginal
trough and the ancient (Riphean) Pechora-Kolva avlakogene
(separating from the Paleo-Ural orogen and the younger (Early
Hercynian) Varandei-Adzva, where the depths of the Lower
Paleozoic part of the section exceed 8,000 m (and in deflection
and more (up to 10,000 m) (Figure 3).

Analysis of sedimentation rates within the depressions of the
Timan-Pechora sedimentary basin (ancient platform) shows a
the
Verkhnepechorskaya and Denisovskaya depressions,

change from 15-30 m/million years in gas-bearing

up to
60-70 m/million years in the oil-bearing Khoreyverskaya.

The study and development of the Arctic shelf, at least in areas
remote from the coast, is postponed for a long period, probably
beyond the middle of the current century, and therefore one can
hardly expect much interest in their study in the next 30 years,
despite the huge potential of deep horizons and their widespread
development in provinces such as the Barents Sea, North Kara,
Laptev Sea and East Siberian Sea (Dvoynikov and Leusheva E.L.
2022). At the same time, the deep-submerged horizons of the water
extensions of the Timan-Pechora, West Siberian and Pre-Caspian
provinces will certainly be the subject of close study, especially when
substantiating the prospects of oil-bearing capacity or the possibility
of identifying condensate-enriched gas deposits.

Today deep horizons of some sedimentary basins (Ajdukiewicz
et al, 2010; Gu et al., 2019; Huang et al., 2016; Lee and Geological
Survey (U.S.), 1985; Li et al., 2021; Liu et al., 2012; Liu et al., 2015; Li
etal., 2020; Adriano et al., 2022; Smith, 2018; Wang et al., 2014; Wei
etal., 2019; Yang et al., 2021; Zhang et al., 2015; Zhu et al., 2021) are
considered as the main directions of geological exploration for oil
and gas within their limits.

From the point of view of the tectonic position, it should be
noted that in the Russian Federation there are several internal basins
very similar to the Tarim and Dzungarian depressions of China,
where deep-submerged sediments with identified accumulations of
oil and gas are widely developed (Figure 4). There are known works
comparing the geological structure of the depressions of China with
the Zaisan, Zee-Bureinskaya and other depressions of the east of the
Russian Federation. The problem is that in these depressions, even
judging by relatively outdated seismic surveys, a large thickness of
the sedimentary cover and, accordingly, a wide development of deep
horizons are not expected. In this direction, it is possible to compare
and consider, first of all, the prospects of such depressions as
the Amur.

To develop criteria for the prospects of deep-submerged
horizons, it is necessary to solve a number of theoretical
issues, among the priority of which it is necessary to include
such as:

- Conditions of formation (mechanisms of accumulation) and
preservation of oil deposits at deep depths;

- Conditions of formation and preservation of reservoir rocks;

- Forms of migration and evolution (epigenetic processes) of
hydrocarbons at deep depths;

- Geochemical conditions of formation, accumulation and
preservation of hydrocarbons at deep depths.
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Zones of paleorifts and piedmont deflections with deep and ultra-deep

The practice of geological exploration in the world and
especially in China has proved the existence of liquid
hydrocarbons in deep and ultra-deep horizons, including at
high temperature and high pressure (Meihejef, 1993). Oil
reservoirs preserved at temperatures above 200°C were found
in the deep horizons of the Gulf of Mexico basin (Wang, 1992). In
recent years, significant practical results have been achieved in the
study of deep and ultra-deep horizons within the superimposed
basins of inner China (Sun et al, 2013; Jia and Pang, 2015).
Commercial inflows of oil and gas from reservoirs at depths of
more than 7,000 m have been identified in the Sichuan, Tarim and
Dzungarian basins. The most impressive results were obtained
when studying ultra-deep horizons in the Shunbei region of the
Tarim basin (Gu et al., 2019), where temperature and pressure
were recognized as the most important factors affecting the
conditions of formation, accumulation and preservation of
hydrocarbons (Hao et al, 2002; Ren et al, 2008; Zhao et al,
2011; Liu et al,, 20125 Zhang et al., 2015). However, for a wider
range of sedimentary basins, including the Russian Federation, the
influence of temperatures and thermal evolution on the phase state
of hydrocarbons and the conditions of formation in deep and
ultra-deep horizons has yet to be clarified.

The analysis of the revealed mechanisms of accumulation and
conservation of hydrocarbons in deep and ultra-deep horizons of
sedimentary basins of the world facilitates approaches to the
development of a methodology for determining the areas of
prospecting and exploration of deep-lying deposits.

Frontiers in Earth Science

sediment depths (Egorov et al, 2021).

At the regional level, in order to determine the prospects for
deep and ultra-deep horizons, along with traditional basin analysis,
the study of the history of immersion and the nature of temperature
changes, an analysis and the correlation of paleotemperature with
pressure should be carried out (Kosenkova et al., 2022; Petrakov
et al., 2022; Zakharov et al., 2022).

2 Dependence of the phase
composition of hydrocarbons on the
history of immersion and the influence
of temperatures

Temperature is the most important factor determining the
evolution of organic matter, the formation (generation) of
hydrocarbons and the distribution of their phase state after
accumulation (Wassoevich, 1967; Kontorovich et al., 2021).

With an increase in the depth of burial and temperature, the
maturity of rocks and organic matter increases systematically.

According to researches (Wassoevich, 1967; Neruchev et al.,
1976; Tissot and Welte, 1984; Kontorovich et al., 1991; Peters et al.,
1994; Kontorovich et al., 1998; Bazhenova et al., 2008; Dakhnova
et al, 2011; Jarvie, 2012; Kontorovich et al,, 2021) the boundary
temperature conditions were determined, as well as the pressures at
which liquid and gaseous hydrocarbons are formed. At the same
time, the actual depths of their formation were determined by the
temperature gradient determined by the thermal conductivity of
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Depth intervals corresponding to the main zone of oil and gas
formation (Wassoevich, 1967).

rocks and the geothermal background, and, no less importantly, by
the type of organic matter (sapropel, humus and mixed types
according to researchers of the “Soviet” geochemical school or
types I-II or IIT according to Peters et al, 1994). Thus, in the
well-known work of N.B. Wassoevich in 1967, two scales are
given - minimum and maximum depths (Figure 5) (the second is
often not mentioned by representatives of the school of abiogenic
origin of oil) from 2 to 8 km and gas formation from 4 to 12 km or
more. Accordingly, without idealizing the tools and methods that
were in the arsenal of researchers more than 50 years ago, it is
necessary to note the great intuition and foresight of researchers who
state, mainly, the possibility of reaching the stage of highly mature
and super-mature OM (dry gas formation) at deep and ultra-deep
depths, but do not deny the possibility, under certain temperature
conditions and for of a certain type of OM, preservation of residual
oil and condensate formation at these depths during full-scale gas
formation.

According to the sedimentary migration theory (SMT), the
“temperature window” of the formation of liquid hydrocarbons
varies in the range of 60-90—120°C-150°C, the degree of
transformation of OM, determined by the reflectivity of vitrinite
(Ro) varies in the range of 0.60%-1.35% (Tissot and Welte, 1984)
and according to the stage of catagenesis (used in the Russian
Federation) is in the zone of mesocatagenesis of stages MKI-
MK3. At the same time, most of the identified oil accumulations
in the world are located in the temperature range of 65.5°C-149.0°C
(Pusey, 1973). According to the SMT, hydrocarbons should not exist
in a liquid state, even despite differences in the type of organic
matter, in formations with temperatures above 150°C, ie., at a
standard temperature gradient at depths over 5km!! Below this
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should  be
decomposition  with the

mark, liquid hydrocarbons subjected  to

cracking—thermal formation  of
hydrocarbon gases, hydrogen, and carbon dioxide and sulfur
compounds. And when temperatures reach 200°C (on average at
a depth of more than 6 km), liquid hydrocarbons should completely
decompose (Lu et al,, 2002). At the same time, the lower boundary of
the main gas formation zone is determined by depths of 6-8 km (or
up to 9 km according to N.B. Wassoevich), i.e., in the temperature
range up to 200°C-250°C.

However, some new geological discoveries that were made
recently make it necessary to be more careful about determining
the maximum temperatures and depths of oil and gas formation. For
example, liquid hydrocarbons have been found in reservoirs with
temperatures exceeding 200°C in China in the Wumishan formation
in the Jizhong Basin in the Bohai Gulf Basin, in the United States at
the Puckett field in the Valorville Basin and the Gomez field in the
Delaware Basin, at the Marun field in the Persian Gulf (Ren et al.,
2020). The temperature in the productive horizon of the Marun oil
field exceeded 230°C (Sun et al., 2013). The temperature range of the
distribution of liquid hydrocarbons in deep and ultra-deep horizons
is very different from the temperatures considered by the classical
SMT, as evidenced by the existence of liquid hydrocarbons at a very
high temperature. The results of the studies show that traces of oil
saturation with liquid hydrocarbons were detected in formations
with a depth of 7,544-9,600 m, with catagenesis estimated higher
than AK2-3, Ro reaching 3.0% and a reservoir temperature of
200°C-250°C (Price, 1993).

Statistics on Chinese basins over the past 40 years show a steady
increase in depths estimated as the lower limit of the existence of oil
deposits, and sometimes even faster than theoretical assumptions
(Kosenkova et al., 2022) (Figure 6).

Thus, the solution to the question of the prospects of oil and gas
potential of deep horizons lies in the field of explaining the
established fact of a significant difference in the temperature of
completion of oil and gas formation, varying in different basins and
regions, depending on the time (speed) of heating, pressure, types of
OM and other factors.

Some works (Kosenkova et al, 2022) note important
differences in the conditions of formation of oil and gas
deposits and the factors of their control between basins
developed on ancient and young platforms at deep and ultra-
deep depths. On ancient platforms, the boundaries of the
distribution of liquid hydrocarbons are much higher in section
and in intervals with lower temperatures than in the basins of
young platforms or Mesozoic-Cenozoic folded and transitional
regions. In the latter, oil deposits can sink to a depth of 7 km. The
zone of accumulation of exclusively methane deposits in young
basins has not yet been reached; it is assumed that it can be
developed at a depth of 9-10 km (Gu et al., 2019; Kosenkova et al.,
2022). At the same time, the marginal parts of the ancient
platforms in the area of articulation with folded systems, due to
the high rates of deflection and immersion in the orogenic stage of
differ
conditions of deep depths, which is observed almost along the

development, significantly in the paleotemperature
entire length of the Pre-Ural marginal deflection framing the
Eastern European platform in three independent sedimentary
basins at once (Timan-Pechora, Volga-Ural and the Pre-

Caspian region).
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The temperature and depth of completion of oil formation vary
greatly in different types of basins (Figure 6).

2.1 The influence of paleotemperature on
the phase state of hydrocarbons in ancient
basins

At deep depths of the basins of ancient platforms, a
significant number of deposits of liquid hydrocarbons—oil
gas Such
accumulations are established, first of all, of
extremely low temperature gradients determined by geological

and\or condensate—have  been  revealed.

in zones

conditions, the first of which include the presence of salts, late
and rapid deflection, where Paleozoic sediments were at low
temperatures for a long time.

Such areas include the Pre-Caspian bowl, where the geothermal
gradient is only 16°C/km (Gulieyu et al., 2017; Khafizov et al., 2020),
and the lower boundary of oil formation drops to a depth of 8-9 km,
the Pre-Ural deflection of the marginal part of the Pechora Plate (the
geothermal gradient is only 14°C-17°C/km. In the Tarim basin of
China, the reservoir temperature at a depth of 8,000 m is only
160°C-170°C, and oil detected at a depth of more than 7 km (Liu
et al,, 2015; Huang et al., 2016; Ma, 2016) (7,200-7,863 m) in the
Ordovician formation in the Shunbei region has no signs of
degradation (Sun et al, 2013) (Figure 7). Ordovician sediments
in the Shunbei area of the Tarim basin have been in low temperature
conditions for a long time, which was crucial for the preservation of
the light part of liquid hydrocarbons.

In the Dzungarian basin, a fairly low geothermal gradient is
observed in a number of wells in the central part of the basin
(2.0°C-2.3"C/100 m), and accordingly, conditions for the formation
of oil have been preserved at depths up to 6 km, and condensate at
deeper depths. Thus, in the work (Prischepa et al., 2022), a pattern of
decreasing the density of crude oil with depth was revealed (at a
depth of <3,100 m—average density oil 0.84-0.9 g/cm?, at a depth of
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Prerequisites for the reassessment of the temperature of oil
destruction and the discovery of deep deposits (Zou et al., 2014;
Kosenkova et al., 2022).
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3,100-3,900 m—Ilight 0.8-0.82 g/cm’, and below

4,400 m—mainly condensate. An important pattern is noted in

oil

the distribution of gas in the central part of the Dzungarian
basin. Thus, the methane content varies from 60%-95% with a
decrease in it at deep depths (below 4,500 m <80%). The content of
ethane and propane, on the contrary, gradually increases with
increasing depth (Prischepa et al., 2022). The dryness coefficient
of natural gas in the study area is 0.7-1.0 and it gradually decreases
with increasing depth.

On the other hand, along with geochemical conditions, an
extremely important positive factor for hydrocarbons of deep
depths is a significant expansion of the reservoir conservation
depth range in conditions of a low geothermal gradient.

In one of the most representative (in terms of the number of
wells) that have opened deep and ultra-deep horizons, in the
sedimentary basin of the Gulf of Mexico (HPHT, 2020; Iskaziev
etal., 2021) out of more than 30,000 wells drilled in the period of
2000-2016. 31 wells reached a depth of 9,000 m and more than
60 wells reached a depth of 8,000 m (the total of the sea and rocks,
with most of these wells drilled at a sea depth of more than
3,000 m) (Figure 3). For wells with a depth of more than 6,000 m,
the average geothermal gradient differs significantly in wells
drilled in a zone of relatively shallow sea depths (up to
3,000 m), but with a small proportion of salts in the section or
their absence from 24°C to 26°C/km to 12°C-12.8°C/km for wells
drilled at a deeper depth of the sea (more than 3,000 m) and with
a significant development of salts in the section. Very low
downhole temperatures were detected in the deepest 8 wells
(9,700-10,000 m) from 93°C to 138°C, which indicates the
conditions for finding such horizons in the conditions of the
completion of the “oil window”. One of the important factors
determining the preservation of oil from cracking at high
temperatures is pressure. The deep horizons of the Gulf of
Mexico basin are characterized by abnormally high reservoir
pressures with a coefficient of 1.6-2.0 (Figure 8).

For Paleozoic basins, such as the Pre-Caspian bowl, a low
(1.2-2.2C/100 m) determined the
reservoir temperature no more than 200°C even for the

geothermal gradient
deepest horizons (14-16 km), which can be considered as the
main factor in the possibility of the existence of deep-lying oil
and gas deposits in the basin in the Paleozoic and possibly in the
Upper Proterozoic deposits. The key factor is not the
achievement of temperatures at which crude oil is completely
cracked, and the oil and gas producing strata remain in the
range of oil generation.

2.2 Influence of paleotemperature on the
phase state of hydrocarbons in young basins

For the basins of young platforms, it was found that under
conditions of rapid temperature increase and even with a high
geothermal gradient, deposits of crude oil and gas condensate are
formed and preserved at deep depth. For example, in the basin of
the Bohai Bay, which belongs to the Cenozoic basins, where a high
established,
accordingly, rapid temperature rise in the late Cenozoic led to

geothermal gradient is rapid deflection and,

thermal transformation of the source rocks, causing a rapid transition
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The dependence of temperature on depth in the oil and gas basins of the world, opened by lls at deep depths (Wang et al, 2014; Ma, 2016, Liu et al,

2017, HPHT 2020)

from oil formation to gas formation. Thus, in the basin of the Bohai
Bay, a condensate-saturated reservoir was detected at a depth of
5,641-6,027 m with a reservoir temperature of 201°C (Zhao et al,,
2011). According to modern data, at a depth below 4,500 m, the
reflectivity coefficient of vitrinite Ro exceeded 1.5%, which indicates
the stage of intense gas formation. At a depth of 5,141 m, the
temperature reached 180°C, but due to the short duration of
heating—less than 10 million years (Zhou et al, 2017), the
condensate did not degrade.

The cracking of crude oil is controlled by the properties of crude
oil and the history of thermal evolution. Experiments show that the
boundaries of the beginning of oil degradation differ greatly in
temperature. So, if under standard conditions this occurs in the
range from 165°C to 190°C, then under certain conditions
(extremely high pressure) oil is preserved at higher temperatures
in the range from 230°C to 240°C (Sun et al.,, 2013; Liu et al., 2017).
Under the condition of rapid burial and low temperature due to the
low geothermal gradient in the Cenozoic basins, the depth of oil
formation is in a very wide range, with a maximum of more than
8,000 m or even more than 10,000 m (Sun et al., 2013; Liu et al,,
2017; Ren et al., 2020).

For intermountain basins and foothill depressions, such as the
southern part of the Pre-Caspian basin, the Panon basin, due to
rapid immersion and short heating time (<10-15 million years), the
temperature of the “oil window” is significantly higher than in other
basins at comparable depths.

For Mesozoic basins (for example, the Barents Sea, West
Siberian) with a low rate of deflection in the Cenozoic, or
subjected to uplift and denudation since the Cenozoic, the
effective heating time is stretched, and the temperature of the
“oil window” and “gas window” decreases, and the depth of the
location of oil and gas deposits is extremely limited.
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2.3 Influence of heating time on the phase
state of hydrocarbons

The heating time also has an important influence on the

temperature range and phase state of hydrocarbons.

Temperature and heating time are the key reasons for the
of
hydrocarbons in different basins. In the case of a short

difference in temperature ranges of phase states
heating time, the oil is stored at a very high temperature.
Liquid hydrocarbons can be stored at a maximum depth of
up to 8,000m and reservoir temperature >200°C; gas
deposits—at a maximum depth of 10,000-12000 m and
reservoir temperature up to 300°C-350°C (Tuo, 2002). Oil in
a basin with a short heating time and a temperature in the range
from 300°C to 315°C was discovered in a deep ocean basin in the
northeast Pacific Ocean (Wang, 1992).

For basins with a high deflection rate in the Cenozoic, the
effective heating time is very short, and crude oil can exist at very
high temperatures. For example, in China, condensate gas deposits
were found in the Bohai Bay basin at a temperature of 201°C at a
depth of 6,027 m (Sun et al, 2013); liquid hydrocarbons were
detected at a depth of 5011 m in the Inghehai Basin at a
reservoir temperature of 240°C and Ro of only 1.20% (Hao et al,
2002). With the same rate of increase in reservoir temperature, the
temperature of the initial cracking of oil varies greatly from region to
region, and the temperature of the complete cracking of oil also
differs slightly.

As a rule, the temperature at which the liquid phase undergoes
thermal cracking is at least 170°C, and the thermal stability largely
depends on the composition of the crude oil, in addition to the
temperature and heating time. The temperature of the formation of

the oil phase is 178°C-214°C (Liu et al,, 2017).
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The heating rate also has an obvious effect on the temperature  independent oil phase by 17°C-27°C. With an increase in the
range of the liquid phase. An increase in the heating rate from  heating rate in conditions of deep depth and high temperature,
I°C/Ma to 10°C/Ma can increase the temperature of the  hydrocarbons can existin the oil phase, and the temperature limit
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for storing condensate in a supercritical state is about 240°C
(Kerimov and Osipov, 2016; Liu et al., 2017; Kerimov et al., 2018;
Ren et al., 2020).

3 The relationship between pressure
and temperature

An important role in the control of the phase state of
hydrocarbons and the distribution of oil and gas reserves
depending on the ratio of temperature and pressure is
revealed. These two factors are closely related and interact
with each other.

According to data analysis, the correlation between
temperature and pressure at deep depths is complex and
varies significantly in different types of basins and even in
different structural units of the same basin. This ratio can be
divided into three types: the type of high temperature and high
pressure, the type of low average temperature and high pressure,
and the type of medium temperature and low-medium pressure
(Ren et al., 2020) (Figure 9).

3.1 Basin type with high temperature and
high pressure

High reservoir temperatures (>150°C) and high reservoir
pressures (>60 MPa) in deep and ultra-deep depths are the most
typical and characteristic of both ancient and young basins.
According to classical concepts, the degree of transformation of
organic matter should be extremely high and oil can only be located
at a relatively shallow depth. But high pressure prevents the

10.3389/feart.2023.1192051

conversion of hydrocarbons into oil and gas producing strata,
which is why the temperature does not reach the threshold value
of cracking crude oil. (Gu et al., 2019). At the same time, another
extremely important positive moment was revealed, associated with
the possibility of formation of fracture zones in such conditions, as
well as the formation of an additional capacity due to a large driving
force due to pressure drop during migration from the oil and gas
producing strata. Such examples are known in the Timan-Pechora,
Pre-Caspian and Lena-Tunguska basins (Cherdantsev and Zharkov,
2021; Zhukov and Kuzmin, 2021; Prischepa et al., 2022).

The influence of abnormally high pressure plays an important
role in controlling the thermal evolution of deep-lying oil and gas
source formations. Some researchers as Price and Wenger (1992)
believe that an increase in pressure can prevent the thermal release
of organic matter and the formation of oil and gas. At the same time,
the correlation between the reflectivity of vitrinite and the depth in
the overpressure range (2,400-4,500 m) in the northern part of the
Green River basin in the United States did not reveal any significant
effect of overpressure on the reflectivity of vitrinite (Law, 2002). The
study of Domanik deposits of the TPP (Prischepa et al., 2013)
showed, with large pressure variations, significant variations in
determining the reflectivity of vitrinite and the degree of
transformation of organic matter in neighboring wells and even
within the section of one well, depending more on the lithological
composition. Excessive pressure prevents thermal degradation and
formation of hydrocarbons from kerogens, as well as high-
temperature cracking of hydrocarbons (Helgeson et al., 2009; Gu
et al.,, 2019).

In sedimentary basins with a low geothermal gradient and a deep
depth of occurrence of oil and gas producing strata, high pressure
affects the thermal evolution and the degree of transformation.
Thus, in the study (Gu et al,, 2019), Ro was observed to be more
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FIGURE 9

Correlation between reservoir temperature and reservoir pressure in deep oil and gas deposits.
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than 0.5% lower than the normal value. High pressure helps to
prolong the formation time of liquid hydrocarbons in the strata at
deep and ultra-deep depths and prevents the conversion of liquid
hydrocarbons into gaseous hydrocarbons.

The presence of excessive pressure leads to the fact that even
deep-lying oil and gas producing strata (hereinafter referred to as
“OGPS”) that have entered the stage of metamorphism in a
sedimentary basin with a high geothermal gradient remain in a
favorable stage of hydrocarbon formation and accumulation of oil
and gas. At the Lake Washington oil field in the Gulf of Mexico
basin, tertiary formations with a depth of more than 6,540 m have a
reservoir temperature of more than 200°C, but hydrocarbons remain
in the liquid phase due to abnormally high pressure (130 MPa)
(Ajdukiewicz et al., 2010).

Typical examples are the Shunbei, Tabei, and Anyue gas fields in
the Tarim Basin. In the Shunbei region, for deep-lying (more than
8,000 m) productive sediments of the Ordovician, the geothermal
gradient is 2.12°C/100 m, the reservoir temperature is 160°C-170°C,
and the reservoir pressure is more than 80 MPa. At the Anyue gas
field, the gas reservoir of the Lunwangmiao formation at a depth of
4,600-5,400 m is characterized by a reservoir temperature of
140°C-161°C, a reservoir pressure of 56-59 MPa and a pressure
anomaly coefficient of 1.06-1.65 (Wang et al., 2014).

3.2 Basin type with low temperature and
abnormally high pressure

In the most common case, both temperature and pressure are a
function of the depth of occurrence and, accordingly, at deep and
ultra-deep depths, high pressures must correspond to high
The
discussed above, mainly in the direction of their lowered values,

temperatures. causes of temperature anomalies were
caused by both a reduced geothermal background and a “cooling”
effect in the case of the presence of salts in the section, a powerful
layer of overlapping water in the water areas and zones of tectonic
disturbances. Accordingly, in such areas, a lower temperature will be
shown relatively to the “standard” at the appropriate depths. A
feature of sedimentary basins with oil deposits at deep depths is
often abnormally high pressures with an anomaly coefficient of
1.5 or more.

This type of basins (structures) is characterized by a low
reservoir temperature (usually up to 150°C) and increased
reservoir pressure (usually >80 MPa) than most basins at
comparable depths of 5,000-8,000 m.

Since pressure can suppress the degree of thermal transformation
of hydrocarbons for this type of structures, the generation stages and
the possibility of preserving liquid and gaseous hydrocarbons occur
later and at deeper depths. Abnormally high pressure can also slow
down the compaction of overlying sediments, which contributes to
the formation and preservation of deep and ultra-deep zones with
high residual porosity (Ren et al., 2020; Volozh et al., 2021, Zakharov
et al., 2022). Typical examples are the Keshen gas fields of the Tarim
basin, Kelasu and Dabey in the Kukainsky depression of the
Dzungarian basin (Lu et al., 2018).

The Kela-Keshen gas field (Tarim basin) is an ultra-deep
accumulation in the zone of abnormally high pressures at a
depth of 6,500-8,000 m, with a reservoir pressure of 90-136 MPa,
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an anomaly coefficient of 1.60-1.85 and a low reservoir temperature
of less than 150°C. The same is noted for the neighboring Keshen
2 block, where the initial reservoir pressure was 116 MPa, the
pressure 1.79, the
temperature is 168°C. The Keshen gas field was formed due to

anomaly coefficient is and reservoir
the Jurassic coal-bearing gas-producing strata of the Baicheng
depression. The maturity coefficient of natural gas at the gas field
is 2.28%-3.68%, on average 3.10%, which indicates the overripe
nature of natural gas.

Similar thermobaric conditions were found in the central part of
the Dzungarian basin located to the north. So, at depths from
4,600 to 5,900 m, the reservoir pressure was 67-115 MPa, the
1.45-2.04, the
temperatures varied in the range of 100°C-140°C, i.e., they were

low enough for such depths. The reservoir, according to the

anomaly  coefficient  was and reservoir

researchers, was formed under the influence of rapid burial and
rapid formation of hydrocarbons, as well as a significant difference
in pressure in oil and gas producing strata and reservoirs with a
correspondingly strong driving force of migration and accumulation
of hydrocarbons (Wei et al., 2019).

3.3 Medium temperature and low pressure
type

Sedimentary basins with low pressure (<50 MPa) and moderate
temperature at deep depths (<150°C) are specific, first of all, for
ancient platforms or their marginal parts, but are also noted on
young platforms. They have extremely limited opportunities for
vertical and lateral redistribution of hydrocarbons due to the low
pressure drop. The most favorable conditions for the preservation of
oil and gas accumulations at deep depths are provided by relatively
young uplift and erosion. In such conditions, a significant potential
is associated with the oil and gas producing strata from which
previously generated hydrocarbons did not migrate. Typical
examples are the Lena-Tunguska OGP of the Siberian Platform
with a large burial depth in the Proterozoic and Paleozoic periods
and a relatively small depth at present, limited areas of the northern
part of the West Siberian OGP, and, for example, the Ordos basin in
China. The Ordos basin was subjected to severe uplift and erosion,
which let the residual potential of the OGPS to be preserved.

Despite the similarity of temperature—pressure relations, when
comparing the sedimentary basins of the Siberian Platform and the
Ordos basin, they differ significantly in the hydrocarbon potential of
the deep-lying horizons. Thus, in the Lena-Tunguska OGP, the
widely developed phenomena of uplift and erosion in the period
after the Early Ordovician, when the basin reached the maximum
depth of immersion and maximum paleotemperature, which
allowed the formation of hydrocarbons from black shales of the
Riphean and Vendian age, led mainly to unsatisfactory conditions
for the preservation of deposits at deep depths, since the ancient
(Late Riphean-Vendian) reservoirs were violated (Bochkarev and
Krinochkin, 1988). At the same time, due to the low geothermal
gradient, the ancient OGPS were still at the stage of oil formation at
the time of the beginning of the inversion. Later, when the basin
experienced slow uplift and was largely eroded, the reservoir
temperature decreased. A positive factor for deep horizons was
the widespread distribution of salts in the lower Cambrian of the
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East Siberian Platform, which in this case did not work as a
subsurface cooling system, but created good conditions for the
preservation of ancient oil and gas deposits, which is confirmed
by numerous discoveries at moderate depths and are assumed to be
within the entire Riphean-Vendian (Precambrian) part section
(Bochkarev and Krinochkin, 1988; Qiu et al., 2018) (Figure 10).

Inversion movements and the influence of erosion processes are
noted as important factors that cause the formation of reservoirs in
ancient (Paleozoic) strata filled with hydrocarbons before their
immersion to deep depth in subsequent historical periods. The
possibility of preserving deposits is provided, as already discussed
earlier, by a high rate of immersion and high pressures that do not let
cracking to begin. Thus, the influence of erosion processes with an
emphasis on carbonate rocks is noted for many formations and
sedimentary basins where oil deposits have been identified at deep
depths. The influence of stratigraphic inconsistencies on the
improvement of reservoir properties as a result of leaching by
meteoric waters is noted in works.

Discussing the criteria of oil and gas potential along with the
effect of “cooling” of the depths, due to the presence of conducting
(through) faults, it is impossible not to say about their role in the
formation and distribution of reservoirs. Thus, at deep depths,
control of the distribution of oil-saturated reservoirs by faults is
noted, which is used as a search sign (Figure 10). Based on the
analysis of the factors of hydrocarbon accumulation in the deep
reservoirs of the oil and gas fields of the Dzungarian basin (Shiksi,
Mobei, and Mosuovanan), it was concluded that the oil and gas
source rocks were connected by faults with the reservoirs (Prischepa

10.3389/feart.2023.1192051

etal., 2022), which let hydrocarbons to migrate. Consequently, faults
not only contribute to the formation of fractures at deep depths
(Prischepa et al, 2022), but also to the flow of oil and gas
through them.

Conditions for the formation of reservoirs (areas with improved
FCS) at deep depths are an important issue along with the formation
and preservation of hydrocarbons (Kosenkova et al, 2022;
Kuandykov et al, 2022). A major generalization on the
distribution of porosity and permeability at deep depths was
made in Ehrenberg’s work, in which an extensive database was
statistically processed, including more than 35,000 values for
terrigenous sections and 13,300 for carbonates (Ehrenberg and
Nadeau, 2005). A decrease in porosity with depth was traced in
the range up to 3,500-4,500 m, after which a “flattening” of the trend
is observed, which allows us extrapolating the values of absolute
porosity to more than 5,000-6,000 m at the level of 8% for carbonate
reservoirs and 10% for terrigenous ones. Due to the significantly
greater chemical activity of carbonate reservoirs, epigenetic
processes during immersion pay great attention to them. It is
noted that for FCS, the influence of reservoir temperatures (and
paleotemperature) is much more important than the absolute values
of the depths of occurrence (Kuandykov et al., 2022).

A significant addition to understanding the prospects of deep
horizons is the direct study of the geochemistry of oil and the
comparison of parameters with the geochemistry of extracted
bitumen core samples. Thus, the use of the isomerization
parameters of C29 sterane for deep oil and shallow oil deposits
makes it possible to determine the similarity of the source of oil and
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gas formation, and the ratio of Bf3 sterane C29/(Bf3+aa) characterizes
the depth, since it decreases with increasing depth. This is probably
influenced by the degree of thermal evolution, which increases with
increasing thermal maturity and, according to (Osipov, 2021),
significantly affects the migration of hydrocarbons. During the
migration of oil and gas, the ratio of P8 sterane C29/(Pf3+aa)
increases with the distance of migration. Thus, the ratio of P8
sterane C29/(Bfi+aa) is gradually increasing from deep-lying to
shallow oil and indicates oil migration controlled by faults and
distance.

Based on the analysis and the proposed classification, a sequence
(methodology) for studying deep and ultra-deep horizons of
sedimentary basins of the Russian Federation, including two
main blocks, has been developed (Figure 11):

1. Study of thermodynamic conditions (temperature, pressure)
and assessment of their influence on the possibility of
formation and preservation of hydrocarbon accumulations
at deep depths.

2. Assessment of geochemical conditions for the formation and
preservation of hydrocarbon accumulations at deep depths.

The first block, in turn, includes the study of:

of the
tectonic conditions

- Geodynamic characteristics sedimentary basin

(including for the formation of

underlying sedimentary cover levels);

Oil or core
material sample

Extractions in a
Soxhlet apparatus
to produce bitumoid

Bitumoid

Precipitation of asphaltene
compounds

Eluent chromatography

Methane-naphtenic

fraction fraction

A4 \ 4

Naphtenic-aromatic

Asphaltenic acids
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- Sedimentary basin immersion history (immersion rates and
sedimentation rates);

- The nature of the temperature distribution and geothermal
gradient with an emphasis on deep depths;

- Paleotemperature history (time of exposure to temperatures);

- Lithological composition of rocks, distribution of depths and
areas of development of salts and salt-containing strata;

- Conducting or screening properties of tectonic disturbances
penetrating to deep depths;

- Studying the possibility of preserving the primary properties of
reservoirs (porosity) at deep depths;

- Studying the time and scale of formation and preservation of
fracturing.

The second block of research includes a number of sequential
procedures containing clarification of the features of the geological
structure of the thickness section intervals that can be diagnosed as
oil and gas-producing, the study of geochemical features and
biomarkers of oil and gases, oil-saturated reservoirs, bitumoids
and kerogen of the core of wells from deep depths and the study
of reservoir properties of hydrocarbon-containing strata.

Such sequential steps include:

1. Identification of characteristic features of attribution to high-
carbon deposits (study of TOC content).

. Determination of the stratigraphic interval of the distribution of
deposits primarily enriched with organic matter, referred to as OGPS.

Study of the macrostructure
by X-Ray analysis

Determination of the isotopic
composition of carbon "*C
(isotope chromatography)

Determination of elemental
composition (C, H, S, N, O)

Asphaltenes

Determination of
porphyrin content (visible spectroscopy)

Study of ctructural-group composition
(IR-, UV-, NMR-spectroscopy)

A4

Determination of n-alkanes

and acyclic isoprene content

(gas-liquid chromatography
or Rock-Eval analogue)

Determination of the isotopic
composition of carbon *C
(isotope chromatography)

Study of ctructural-group composition
by physical-chemical methods
(IR-, UV-, NMR-spectroscopy)

Determination of cyclic
isoprenoid hydrocarbons
(steranes, terpanes)
(chromatography-mass spectrometry)

Determination of the individual
composition of aromatic HC
(chromatography-mass spectrometry)

FIGURE 11

Schematic diagram of geochemical analysis of oil and core material to assess the potential of deep horizons.

Frontiers in Earth Science

16

frontiersin.org


https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2023.1192051

Prischepa et al.

. Determination of lithological composition (microscopic and
petrographic studies of sections) and lithotyping of sediments.

. Mapping of the current concentration of organic carbon and
catagenetic maturity of organic matter by bituminological and
pyrolytic studies.

. Assessment of geochemical parameters (laboratory study of
extracts of bitumoids and pyrolytic studies of core samples),
distribution and degree of transformation of organic matter
of high-carbon deposits, their association with different
lithotypes and zones differ in facies conditions of
formation.

. Assessment of thermodynamic conditions. Isolation of
temperature parameters and pressures of zones of HC
manifestation and preservation of different composition.

. Geochemical characteristics of oil and bitumen extracts
(analytical studies, including: pyrolysis (Rock-Eval), study of
the kinetics of thermal decomposition of kerogen, one-
dimensional (GC-MS), two-dimensional (GC x GC-MS)
chromatomass spectrometry and isotope mass spectrometry
(EA-IRMS).

. Biomarker analysis with the identification of the oil-extract
connection.

. Assessment of the possibility of preserving the porosity
(petrophysical parameters) of the selected OGPS lithotypes.
10. Evaluation of petrophysical properties with fracturing.
11. Recalculation of the organic carbon content in rocks at the
beginning of catagenesis using balance equations for three main

types of organic matter.

12. Determination of the movable part of bitumoids (separation

into residual kerogen and parautachthonous bitumoids)

preserved in Domanik oil and gas bearing deposits after
migration of generated hydrocarbons.

13. Assessment of oil and gas resources of deep and ultra-deep

horizons according to a set of geological and geochemical

indicators.

14. Assessment of the possibility of using the developed approach to

the deeply submerged horizons of sedimentary basins of the

Russian Federation

Geochemical characteristics of oil and bitumen extracts can be
obtained by using a complex of modern analytical studies, including:
pyrolysis  (Rock-Eval), study of the
decomposition of kerogen, one-dimensional (GC-MS), two-

kinetics of thermal
dimensional (GC x GC-MS) chromatomass spectrometry and
isotope mass spectrometry (EA-IRMS).

According to the results of pyrolytic studies, the total content of
organic carbon (TOC) in rocks can be estimated. The obtained
pyrolytic parameters S1, S2, and Tmax are used to estimate the
generation potential.

The
experience in studying kerogen-saturated sections of such

Russian Federation has store of considerable
oil-producing strata as the Bazhenov, Domanik, Kuma, and
Khadum formations, located at relatively shallow depths and
almost unexplored at deep depths. Meanwhile, even
fragmentary data indicate a significant and not fully realized
potential of these strata at deep depths. Thus, in the Timan-
Pechora basin, “cooled” zones with a geothermal gradient of

15°C-18°C/km and a residual TOC for marls and clay

Frontiers in Earth Science

17

10.3389/feart.2023.1192051

limestones of the Upper Devonian from 0.5% to 1% were
identified within the junction zone of the marginal part of
the platform and the Pre-Ural marginal deflection. According
to the results of GIS, intervals of oil-producing, fluid-saturated
rocks are being distinguished.

In connection with the development of ideas about events
that contribute to the accumulation of carbon-enriched “high-
bituminous” horizons, the information about global anoxic
events in the World Ocean is important information for
their diagnosis. The isotopic composition measured by the
values of isotopic densification 813Ccarb and &13Corg.
Carbonate and organic carbon of sedimentary rocks allows
us to diagnose sedimentation conditions and to isolate biotic
and facies conditions for the formation of enriched rocks
with OM.

The saturation of reservoirs with movable oil (both natural
reservoirs and technically stimulated ones) can be determined by
high values of pyrolytic parameters SO + S1, productivity index (PI),
oil saturation index (OSI) and reduced Tmax, relative to the average
distribution in the section.

According to the results of kinetic studies of thermal
decomposition of kerogen, most samples are characterized by
a spectrum characteristic of type II kerogen. As the degree of
catagenesis increases, the shape of the spectrum changes and the
maximum shifts towards higher activation energies. Information
about the facies-genetic type of OM and its thermal maturity can
be obtained by studying the composition of biomarkers and
isotopic composition data. Based on the values of molecular
parameters, characteristic biomarker ratios Pr/Ph and C29/
C27, conclusions are drawn about the assessment of the
conditions for the OM formation of the studied deep sediment
bitumoids.

The second block of the proposed methodology assumes the
obtained analytical data, which should be compared with the data
of thermodynamic modeling to assess the possibility of the
existence of individual components of liquid oil, gaseous
fluid and under
thermobaric conditions (Shimansky et al., 1994; Kerimov et al.,
2018; Kontorovich et al., 2021).

It is most rational to take the interpretation of equilibrium

reservoir solid kerogen mass various

processes described in R. Helgeson’s work as the basis of the
thermodynamic model (Helgeson et al., 2009).

The Helgeson model suggests a sequence of biomass
conversion processes with a step-by-step transformation of
shales containing bitumoids and kerogen, oil and gas, formed,
among other things, in areas of high pressures, temperatures and
depths.

For further research, it is important that this equilibrium system
of equations will also help to describe the processes postulated
within the framework of abiogenic concepts, which are characterized
by a reversible dependence.

This case implies a reverse pyrolysis process. At the same time,
endogenous deep hydrocarbons, with a decrease in temperature
and pressure, form the oil and gas familiar to us, successively
passing into carbon shales, shungite and graphite during the
ascent.

Thus, the proposed method of thermodynamic modeling,
based on the basic chemical reactions associated with chemical
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and physical transformation in an equilibrium system of solid,
liquid, gas and further construction of the dependences of the
reduced Gibbs energies on temperature and pressure in the
reservoir, taking into account the imperfection of the system,
will allow us obtaining an array of results that let not only
determine the equilibrium composition of the components of
this a three-phase system at various depths, but also to confirm
the
characterized by the possibility of phase “solidification” of oil

or refute possibility of regressive metamorphism,
in areas of ultra-high pressures or abnormally low temperatures
with the formation of pseudocrystal kerogens.
Thermodynamic calculations are based on the assumption that
all the transformations described above proceed in accordance with
the basic postulates of Hess’s law, Kirchhoff’s law and the second law

of thermodynamics.

FIGURE 12
Structural formula of “immature” kerogen (Helgeson et al,, 2009).

FIGURE 13
Structural formula of "mature” kerogen (Helgeson et al., 2009).
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At the same time, it is possible to represent oil, gas and solid
kerogen in the form of chemical compounds of a given
stoichiometry, and, consequently, to bring their thermodynamic
state functions for further calculations. For example, light and heavy
oils can be represented as compounds of the type—(C10H22), solid
kerogens—(C128H6807 and (C292H288012), gases (alkanes
(CnH2n+2) (Helgeson et al., 2009). The structural formulas of
“mature” and “immature” kerogen are shown in Figures 12, 13.

The transformations of sulfur-containing and nitrogen-containing
heteroatomic compounds of kerogen will not be considered in the
proposed model. This assumption makes the above described system
idealized, however, in accordance with the data published in (Helgeson
et al, 2009), the possibility of applying such a simplification is shown.

Thus, the equilibrium reactions between the phases can be
written as:

s
\/\/(jKSEQ/ C292H2880 12

H/C =0.99
0/C =0.041

C 128H6807

H/C =0.53
O/C =0.055
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TABLE 3 Isotherms of equilibrium constants for the proposed reactions.

Reaction no.

10.3389/feart.2023.1192051

Dependence of the equilibrium constant on the activities and fugitives of the components

logK = 9,129log (ac,,m,,) + 36,710log (f co,)

logK = 23,097l0g (ac,,n,,) + 61,032l0g (f o)

3 logK = 128log (f co,) + 283log (fy,)

4 logK = 292l0g (f ¢o,) + 716l0g (fy,)

5 logK = 12,8log (ac,,n,,) — 113, 8log (fy,)

6 logK = 29,2log (ac,,n,,) — 189, 2log (fy,)

7 logK = 12,45log (ac,,u,,) + 3,5l0g (fco,) — 102,95l0g (f;,)
8 logK = 28, 61log (ac,,m,,) + 6log (fco,) — 170, 6log (fy,)
9 logK = -log (ac,,m,,) + 10log (f co,) + 31l0g (fy,)

10 logK = log (aco,) - log(fcoz)

Hydrolytic disproportion of kerogen:

CuasHes Or(s) +66,419H,0() = 9,129C1oHny + 36,710C0, ()
Cr0:H 550155 + 110,065H,0 ) = 23,097C0H 1y
+61,032C0, )
Metastable state in the kerogen—water system:
CusHes 07y + 249H,0() = 128C0, () + 283H, ;)
CasaHossOra(s) + 572H, 0y = 292C0, () + 716H,

Metastable state in the kerogen—oil—water system:
C128H6807(s) + 113, 8H2([) =12, 8C10H22(S) + 7H20(g)
C292H283012(s) + 189, 2H2 (g) =29, 2C10H22(1) + 12H20(g)

Metastable state in the kerogen—oil—gas system:
C128H6807(s) + 102, 95H2 (g) = 12, 45C10H22(1) + 3, SCOZ (g)
C292H288012(s) + 170, 6H2 (g) = 28, 6C]0H22(1) + 6C02 (g)

Metastable state in the oil—gas—water system:

CIOHZZ(I) + 20H20(1) = 31H2(g) + 10C02 (g)

Metastable state in the gas—water system:

€O, ,) = COy

The obtained isotherms for the equilibrium constants for the
proposed reactions are shown in Table 3.

By solving the proposed system of equations for various
temperatures and pressures, it is possible to obtain
dependences of the quantitative ratio of the components
described above on the depth of occurrence, which in turn
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will allow us predicting the critical boundaries (depth) of the
place of possible oil and gas accumulations in atypical geological
conditions.

4 Conclusion

1) Deep and ultra-deep horizons of sedimentary basins differ
significantly in temperature and paleotemperature conditions,
reservoir pressures, the rate of deposition of sediments and the
time of exposure to high temperatures from horizons located at
medium and shallow depths, where most of the previously
discovered hydrocarbon deposits are located (up to 4.5-5 km).

58
~

Sedimentary basins with widely developed deep and ultra-deep
hydrocarbon deposits are fairly confidently typified by their
prospects in terms of the ratio of temperature and reservoir
pressures, geothermal gradient, presence (or forecast) and
richness at great depths of strata, organic matter, and
belonging to a certain geodynamic (tectonic) situation.

3) One of the significantly underestimated factors for large
depths, and not included in the technology of basin
modeling, is the time factor (which refers to both the rate
of immersion and the time of exposure to high temperatures
and the time of manifestation of peaks in the generation of
liquid and gaseous hydrocarbons). The effective heating time
significantly affects the phase composition of ultra-deep
hydrocarbon accumulations.

4) The phase composition of hydrocarbons is controlled by

temperature, heating time, heating rate, pressure and the type

of organic matter of the oil and gas producing rock. The
possibility of detecting oil deposits at deep and ultra-deep
depths of 8-10 km is determined by both a low geothermal
gradient and abnormally high pressures. Under the condition of
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rapid heating in a high-temperature environment, gas condensates
may exist. The detection of gas deposits in conditions of progressive
cracking of oil or at relatively low temperatures is not limited by
ultra-high pressures and is possible up to a depth of 10-12 km.
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