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Abstract. The article considers one of conditions for the Domanik facies formation on the example of Tatarstan and
Bashkortostan. The main emphasis is on the influence of anoxic paleobasin conditions on the high-carbon strata for-
mation. A detailed study of the hydrocarbon composition of Domanik deposits made it possible to find characteristic
biomarkers in their composition. They are based on the composition and structure of diagenetic products of biological
compounds composing the sulphur bacteria living in anoxic/euxinic paleobasin conditions. Such compounds include
Caodiaryl isoprenoids — isorenieratane and paleorenieratane. Cio tetramethylbenzenes also occupy a special place in the
Domanik deposits study. Their appearance in the composition of organic matter of these deposits results from the
transformation of sulphur bacteria compounds. Diaryl isoprenoids and tetramethylbenzenes are a reliable indicator of
anoxic conditions of the Domanik deposits formation. The thermodynamic state of the hydrocarbon environment can
be determined from the ratio of tetramethylbenzene isomers.
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Introduction. The current stage of the country’s energy complex development is characterized
by a significant contribution to the overall balance of hydrocarbon raw materials from the so-called
“unconventional” resources [1], which include hydrocarbons from tight reservoirs, heavy high-vis-
cosity oils, etc. Currently, their resources, according to various estimates, exceed those of conven-
tional analogues and continue to grow. These accumulations are difficult to exploit due to peculiar
formation and occurrence conditions, well drilling and testing technology, methods for identifying
reservoirs and determining permeability and porosity, etc. One of the promising sources for replen-
ishing oil and gas accumulations are the Upper Devonian Domanik facies, which are widespread
throughout almost the entire area of Tatarstan and the VVolga-Urals.

A large number of works are devoted to the Domanik formations, describing their main proper-
ties. Domanik deposits are dark bituminous shales interbedded with dark bituminous limestones;
sometimes silicified areas and interbeds with a high organic carbon content Corg to 25 % are observed.
They are distributed from the Frasnian of the Upper Devonian (Dzdm) to the Famennian (Dsfm) at
depths of 1-4 thousand m. The rocks are dense, extremely low permeable, and are characterized by
the presence of large zones of lithological replacement of reservoirs with impermeable dense areas.
To characterize rocks enriched with organic matter (OM) from the Domanik deposits, the geochem-
ical classification of organic carbon content is widely used: domanikoids (Cnc — 0.5-5 %), domanikites
(Cne — 5-25 %). However, this approach to studying the Domanik deposits, according to the authors,
is insufficient and requires new criteria that allow for a detailed description of the geological condi-
tions of the Domanik strata formation.
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Geochemical studies occupy one of the leading places in identifying promising sites with
unconventional hydrocarbon resources and their assessment. The studies of Domanik formations
encounter the complexity of predicting oil and gas zones associated with the structural features
of these accumulations, as well as the lack of unambiguous criteria determining the accumulation
prospects during drilling and geophysical studies in wells. Insufficient parameters indicating the
presence of high-carbon strata in the section of commercial accumulations containing mobile
hydrocarbons, the degree of catagenetic transformation of dispersed organic matter of rocks, etc.
are noted.

Domanik formations have their own characteristics that allow them to be used to identify
rocks confined to specific formation conditions. This is necessary in geochemical logging used
to find promising areas. One of these indicators is the specific conditions of the Domanik deposits
formation and their manifestation in the areas under consideration. Several foreign studies note
that a considerable number of large oil and gas fields formed in the Late Devonian [2]. Analysis
of the paleoconditions occurring during their formation showed the development of one of the
five large anoxic conditions in the ocean. It is necessary to note the coincidence of the periodical
appearance of large accumulations and anoxic zones, which indicates a direct connection between
them [3].

The Late Devonian (383-359 Ma) was a time of prolonged climatic instability with catastrophic
disruption of global marine ecosystems at the Frasnian and Famennian (F-F) [4] as well as the Devo-
nian and Carboniferous (D-C) boundaries. The causes and mechanisms of anoxia (oxygenless envi-
ronment) in sedimentation basins during these periods and, as a consequence, the extinction of marine
organisms in the F-F interval are explained from various positions and are actively discussed. How-
ever, it is not denied that the mass extinction was associated with large-scale regional oceanic anoxic
events [5], during which stagnation in the water column led to permanent stratification and wide-
spread anoxia [6].

In many (but not all) locations, the F-F time interval is characterized by the formation of two
dark layers enriched in dispersed organic matter (DOM): the lower and upper Kellwasser beds (orig-
inally described in Germany), which reflect the successive occurrence of anoxic oceanic environ-
ments that caused the active extinction. The upper and lower Kellwasser beds are often referred to as
the Kellwasser event [7, 8]. In recent decade, new methodological approaches to the study of F-F
boundary depositional paleoenvironments worldwide confirm the global scope of the Kellwasser
event [9, 10], but with some modifications depending on its intensity and the specific paleoenviron-
ments and paleogeography of different areas. Studying many different geochemical and lithologic
manifestations of the Kellwasser event using a wide variety of paleoenvironments, a multi-proxima-
tion approach, and placing the results in the broader context of the Late Devonian marine biodiversity
models is important for understanding the true extent of the ocean anoxia and determining the causes
of the F-F marine biodiversity crisis.

In the initial stages of studying high-carbon strata, black shale deposits formation was based on
the “conservation” model of dying organic matter. At present, resting on the interdependent roles of
environmental conditions of sedimentation and microbial metabolism, the model is accepted in favour
of the “productivity” [11, 12]. Periodic changes in the intensity and predominant influence of each of
these factors probably led to the observed diversity of black shale types. It should be noted that these
issues are complicated by a number of the following contradictory observations: most organic-rich
sediments apparently accumulated at low rates of volume sedimentation, although modern data indi-
cate that the organic matter concentration increases with sedimentation; many sediments of epiconti-
nental basins show periodic or frequent oxygenation events, although persistent anoxia outweighs
the modulation of concentration under the influence of sedimentation; primary production is often
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considered as a control for the burial of ancient organic matter, although this is based on modern
observations at continental margins [11, 13, 14]. These complexities highlight another principal issue:
Devonian black shales were deposited primarily in back-arc and epicontinental seas, which have no
equivalents today.

As is known, biological components of marine ecosystems are extremely sensitive to environ-
mental conditions, in particular to the oxygen level changes in the bottom water. Increased accumu-
lation of organic-rich marine sediments and the black shales formation occur in anoxic (oxygenless)
conditions. This draws attention to the redox conditions of the aquatic environment and bottom sedi-
ments [15]. In many aquatic environments, anoxia developed into euxinia, a condition in which hy-
drogen sulphide concentration in deep waters increased to toxic levels [16], which had a detrimental
effect on marine organisms. This is why euxinic conditions (EC) of a sedimentary basin are an oblig-
atory and key prerequisite for black shales formation, and anoxia of the water column itself acts as a
dominant factor in the organic matter accumulation.

For the occurrence of EC, both anoxic and sulphide environments are necessary. Therefore,
water bodies in which these conditions occur are strongly stratified, having an oxygen-rich, thin
surface layer and an anoxic, sulphide bottom zone. EC are determined in a paleobasin mainly
based on the geochemical indices. For these purposes, the V/(V + Ni) ratio is mainly used
to stratify anoxic conditions (Dysoxic, Suboxic, Anoxic, and Euxinic) [14] of the water column.
The causes of the EC formation in a water basin and their duration, in particular, are associated
with geodynamic situations when ophiolite, island-arc, and trap magmatism were activated [17].
Large events of this type led to the rapid destruction of shallow-water marine benthos during the
mass extinction at the end of the Devonian.

Many studies note that ocean euxinia was one of the main factors in the change of biota and the
emergence of its new species. From the standpoint of biochemistry, under anoxic conditions, the biota
using oxygen in its life cycle was replaced by biota using hydrogen sulphide and other compounds
(possibly methane). The volume of biomass formed under these conditions could increase sharply
against the background of nutrients abundance and ensured a high carbon content in the rocks of
future shale deposits, as well as the formation of large shale strata. This confirms the connection
between EC and the formation of large shale oil and gas fields [18].

The change in the biota of the sedimentation basin and the periodic appearance of another type
of biota capable of adapting to EC and a sharply reducing environment determined the need to use a
new set of biological compounds and products of their diagenetic transformation in geochemical
studies of the Domanik deposits.

Methods. Geochemical methods used to find anoxic/euxinic conditions are based on the study
of hydrocarbon compounds that have retained the basic structural elements of biological organisms
living under these conditions, and on the products of their transformation in the subsurface.

Organisms present in living nature belong to one of three life domains: Bacteria, Eukarya, and
Archaea [19]. Some of them have clear taxonomic associations and can be assigned to a certain group
of organisms with high taxonomic accuracy [20]. To determine EC, it is necessary to use reliable
geochemical indicators that indicate the presence of those groups of organisms that lived exclusively
under these conditions. The most noteworthy is the group of organisms that live exclusively in the
photic zone of an aquatic environment with hydrogen sulphide contamination and belong to the Bac-
teria domain. This group includes brown- and green-coloured sulphur bacteria Chlorobium and pur-
ple sulphur bacterium Pseudomonadota. They produce a number of aromatic compounds that can be
used as reliable geochemical indicators of the EC presence [21]. The main ones are diagenetic deriv-
atives of natural carotenoid pigments:
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The role of natural carotenoids in a living organism is important, since they participate in the
absorption of light energy [22, 23], its filtration [24, 25], colour fixation [26], and adaptation to
extreme environmental conditions [27]. Currently, more than 700 compounds with a carotenoid
structure with various functional substituents have been identified in living nature. However, most of
them are produced by organisms living in an oxygenic environment and dying under EC, leaving no
reliable biomarkers. The formation of aromatic carotenoids occurs differently by changing bacteria
at the gene level. For example, isorenieratane is formed from biological carotenoids with the partici-
pation of a special crtU gene, which is activated when the environmental conditions of bacterial
life change, when they get in conditions of hydrogen sulphide contamination of a water basin [28].
When EC occur, bacteria adapt to new harsh oxygenless conditions due to their changes at the genetic
level. The crtU gene is contained only in a certain type of sulphur bacteria Chlorobiaceae, which
live in EC. Okenane, which is a derivative of the pigment of the Chromatiaceae family purple
sulphur bacterium [29], has not yet been found in the composition of DOM from the Domanik
deposits.

Thus, lipid biomarkers based on aromatic carotenoids can be used to characterize the composi-
tion of microbial communities and to track the evolutionary origins of the main groups of organisms
inhabiting the marine basin during the Domanik deposits formation. An example of this is sulphur
bacteria, which require both light and H>S for normal habitation in the aquatic environment. The
presence of light indicates the shallow depths of the marine basin (shelf zone), and HS is a direct
indicator of the photic zone euxinia. It is worth noting that green sulphur bacteria designated GSB1
were found near “black smokers” at depths greater than 2 km and existed due to the dim light of the
hydrothermal vent. Green sulphur bacteria can use organic compounds only in the presence of H»S,
CO:2 in the environment, and are also capable of nitrogen fixation.
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Fig.1. Characteristic composition of aromatic carotenoids for oil from the Domanik deposits
Cuo, ..., Ca0 — number of carbon atoms in a molecule; V — 3,4,5-trimethyl-1-isoalkylbenzenes;
A —2,3,6-trimethyl-1-isoalkylbenzenes; | — durene; Il — isodurene; 111 — prehnitene;

IV - 3,4,5/2,3,6-paleorenieratane; V — 2,3,6/2,3,6-isorenieratane; VI — 4,5,6/2,3,6-renieratane

Diagenetic and catagenetic processes in the natural environment subsequently transform bio-
lipids into fossil lipids or hydrocarbon biomarkers via complex pathways including oxidation, reduc-
tion, and cyclization. These transformations are usually associated with environmental conditions at
the early stage of diagenesis, in which organic geochemical reactions proceed most rapidly. For ex-
ample, in an anoxic environment, in contrast to an oxygenic one, many initial compounds are reduced
to the fossil lipid state with the preservation of the initial composition and structure. The euxinic
environment, as a rule, promotes the preservation of lipid biomarkers due to the restoration of H2S
double bonds, or incorporation into macromolecules via reactions between functional groups and
H>S. This also applies to aromatic carotenoids, which are well preserved during the burial of DOM
and its occurrence in the Domanik deposits.

Discussion of the results. Fig.1 shows a mass fragmentogram identifying a group of aromatic
carotenoids and their derivatives in the composition of oil from the Domanik deposits in the Republic
of Tatarstan. Isorenieratane, as well as its digenetic and catalytic products, were first identified in this
area in the Semilukian deposits in 2013-2014 [30-32] and described in [30-33]. Similar compounds
are also observed in Domanik deposits in the adjacent areas of Tatarstan [34-36]. This indicates the
large-scale manifestation of common facial geological conditions of sedimentation, contributing to
the active biota development during this period

In practice, the presence of aromatic carotenoids in oils is determined based on the mass frag-
mentogram scanned for the m/z 133+134 ions [37]. As an example, Fig. 1 shows a group of C14-C2
aryl isoprenoids with the designation A, which have a methyl substitution of the benzene ring in po-
sition 2,3,6 in relation to the alkyl chain and an individual Cso diaryl isoprenoid V (isorenieratane)
with a methyl substitution of two benzene rings in position 2,3,6-/2,3,6 [38], which are derivatives of
natural C4o isorenieratane.

Mass fragmentograms clearly show the presence of the second homologous series of aryl isopre-
noids V and the individual Cso diaryl isoprenoid IV called paleorenieratane. In its composition
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and distribution pattern, the homologous series of aryl isoprenoids V is similar to that of
aryl isoprenoids A. The difference is that a biological analogue for aryl isoprenoid compounds
V has not yet been identified in nature. The structure of the V series compounds was accepted
upon the results of studies described in [39-41]. According to these studies, the compounds
designated V have a methyl substitution of the benzene ring at position 3,4,5. Compound IV
(paleorenieratane) with methyl substitution of the benzene rings at position 3,4,5-/2,3,6 has the
following structure:

Cis Cus P& Ca
Ce C Cio Cis | Cao Cn Cx Cxy Cao C
\Cs 1 P Cs
Cs Cu Cu Cs Co Ca Cos Ca1 Ce
Cz Cos Cog

Cs

It should be noted that compounds of carotenoid structure with methyl substitution at 3,4,5-/2,3,6
in the ring were not found in the composition of more than 700 identified natural compounds [28].
Nevertheless, aryl isoprenoids of the V series, despite the absence of their biological precursor in
nature, are present in significant quantities in the late Devonian deposits [42] (Fig.2, A). These com-
pounds are also widely represented in the composition of all studied oils and DOM from the Domanik
deposits in Russia (Fig.2, B). This arouses a certain interest both in their origin and in their confine-
ment to the Domanik-type deposits.
The observed regularities in the structure and
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= — EEEE— products are identical to the isorenieratane transfor-
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Fig. 2. Stratigraphic distribution of C4o aromatic carotenoids  0ils and DOM from the Domanik-type deposits. In
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Knowing the genetic relationship between aryl isoprenoids and aromatic carotenoids, we can
assume a similar relationship with TeMB. This can be confirmed by the thermolysis of the aromatic
fraction with a high content of isorenieratane and Cao paleorenieratane from the DOM of the Domanik
facies rocks [31]. Two TeMB isomers dominated in the composition of the aromatic products formed
as a result of thermolysis. Their formation can be traced using the example of the C4o paleorenieratane
destruction:

The composition of the aryl isoprenoids initially present in the DOM remained unchanged, which
indicates that, compared to diaryl isoprenoids, aryl isoprenoids are more stable and much more re-
sistant to changes in sedimentation conditions. Based on this, TeMB, along with aryl isoprenoids, are
indicators of the appearance of phototrophic sulphur bacteria in seawater due to the development of
a reducing environment corresponding to EC. This allows us to use TeMB and aryl isoprenoids as
one of the EC indicators influencing the formation of the Domanik deposits composition.

Figures 3-5 show chromatograms of oils and organic matter from the Domanik deposits in dif-
ferent regions of Bashkiria as an example. Their composition indicates the characteristic presence of
TeMB, localized in the region of C11-C12 n-paraffins. The high TeMB content and the absence of joint
elution with other compounds facilitate their reliable identification in chromatograms of unfraction-
ated oils and DOM extracted from rocks.
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Fig.3. Chromatogram of deep oil from the Kayumovskoe field (Bashkortostan) from the D3fm2.1, D3fm2 deposits
Cu11, C12— number of carbon atoms of n-alkanes; DAI40 — Cao diaryl isoprenoid; I, I1, 111 — see Fig.1
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Cu1, C12 — number of carbon atoms of n-alkanes; DAI40 — Cao diaryl isoprenoid, I, I1, 111 — see Fig.1
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Fig.5. Chromatogram of the chloroform extract from DOM from the Dsdm deposits in well N 2 of the Krasnousolskoe field
(Bashkortostan)
Cu1, C12 — number of carbon atoms of n-alkanes; Pr — pristane; Ph — phytane; I, 11, 111 — see Fig.1
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The relationship between oil and DOM of rocks from the Domanik deposits with EC formation
can be traced on the triangular diagram (Fig.6) with coordinates in the position of paraffin,
Cu1 — prehnitene — isodurene. The main products of isorenieratane and paleorenieratane destruction,
as well as Ci1 paraffin eluting before them on the chromatogram, are used as coordinates. These
compounds accepted for comparative analysis allow us to determine the nature of TeMB and to
evaluate their role in comparison with paraffins. As follows from Fig. 6, oils from the Domanik facies
rocks formed in EC are located in a fairly narrow interval of region Il. The small region | contains
oils that have no connection with EC.

Note the large scatter of values and the lack of complete coincidence of the fields of values for
oils and DOM samples. This can be explained: firstly, hydrocarbon systems from various generation
sources are present in the Domanik deposits, which has already been noted many times [32]; secondly,
the limited range of values for DOM extracted from the rock may be associated with a partial loss of
Cu hydrocarbons during sample extraction, which shifts the field of values to the left. Despite the
ambiguous interpretation of the results, the information obtained is quite important for characterizing
DOM during the formation of high-carbon strata in the aquatic environment of the paleobasin.

The presence of three TeMB isomers in oil allows us to estimate its thermodynamic state. This
is based on the tendency of isomers to reach an equilibrium state during their occurrence from the
formation moment. The composition of oil and DOM from the Domanik deposits is always dominated
by two of the three isomers: isodurene (1) and prehnitene (I11). The high prehnitene content indicates
the prevalence of terminal benzenes with 1,2,3,4 substitution in diaryl isoprenoids. The presence
of isodurene characterizes exclusively paleorenieratane, in which one of the two benzene rings
has 1,2,3,5 substitution. It is necessary to note the extremely low content of the most stable isomer,
durene (1), in the composition of TeMB isomers. The 1,2,4,5 substitution of the benzene ring charac-
teristic of it is not observed in natural compounds. It is also not formed during the OM thermolysis,
which gives grounds to associate its origin with the isodurene and prehnitene isomerization. This can
be used as the main indicator of the TeMB isomerization effectiveness.

Fig.7 shows a triangular diagram in the coordinates of the prehnitene — durene — isodurene position
with the values of the TeMB isomer groups plotted. The TeMB group with the equilibrium state is
grouped in a narrow region on the left side of the diagram. All oils according to the TeMB isomers state
are in the lower part of the diagram at a sufficient distance from the equilibrium values.

0.0
1.0

0.0 0.2 0.4 0.6

Paraffin, C11 Prehnitene
Fig.6. Diagram of the position of oils (1) and organic matter (2) Fig.7. Diagram evaluating the thermodynamic state
from the Domanik deposit rocks of TeMB groups in oils from the Domanik deposits
Formation zones: | — not associated with anoxic conditions; | — low isomerization; Il — medium isomerization; 111 — high
Il — associated with anoxic conditions isomerization; 1V — equilibrium values; 1 — samples;

2 — equilibrium values
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The location of the TeMB groups on it can be conditionally divided into four main regions. Region |
is the largest in practice, which includes the bulk of the studied Domanik-type oils. Durene in their com-
position is at the background values level, not exceeding 5 %, which indicates the absence of isomeriza-
tion or its initial stage. Under such conditions, the isodurene and prehnitene content is not subject to isom-
erization and corresponds to the initial state.

Region 11 is not as numerous as region I. It includes oils from the Domanik deposits with
a low degree of isomerization (transformation). This is indicated by the durene content, reaching
25 %, which is formed due to the isodurene and prehnitene isomerization, which cease to reflect the
original state.

Oilsincluded in region Il are extremely rare. The high durene content observed in them indicates
a high degree of thermal transformation of syngenetic DOM, biomarkers of which are present
in the oil.

The equilibrium state of IV TeMB isomers in oils and DOM from the Domanik deposits was not
observed.

Thus, the durene content in the organic matter of the rocks can serve as a geochemical indicator
indicating the impact of secondary superimposed processes (e.g., high-temperature hydrothermal sys-
tems) on the Domanik deposits, which can lead to local changes in the lithology and reservoir prop-
erties of high-carbon strata.

Conclusion. The conducted studies show that the Domanik facies formed in complex paleocli-
matic conditions, the peculiarity of which was the periodic change in redox conditions of the sedi-
mentation environment. In particular, stable anoxic conditions periodically arose in the sea basin,
which were accompanied by an increase in the hydrogen sulphide concentration in the water to a toxic
level, which led to a sharp extinction of some types of biota and the activation of the vital activity
of others.

Considering the change of biotas and the surge in bioproductivity of sulphur bacteria against the
background of periodic development of ocean anoxia are the basis for a new methodological approach
to the geochemical study of the Domanik deposits. The periodic pulsating occurrence of anoxic con-
ditions in the water column determined the lithological unevenness of the Domanik deposits section
and the uneven distribution of organic matter and metallogenic orientation in it.

The exceptional conditions of the sulphur bacteria habitat during the Domanik formation and the
surge in their bioproductivity make it possible to use Caso diaryl isoprenoids as one of the most reliable
criteria for identifying the boundaries of the Domanik facies distribution in a geological section.
Along with Ca diaryl isoprenoids, it is also advisable to use tetramethylbenzenes, which are present
in the composition of oils and OM from the Domanik deposits, to determine the sedimentation EC
and the presence of anoxia.

The emergence of a sharply reducing environment and euxinic conditions of sedimentation in
the studied areas occurred with the dominant participation of the endogenous component. Deep gas
emanations entering the sedimentation basin had a reduced character, and their source were areas
(channels) of cooling mafic magmas, the melting of which in the Middle Devonian occurred from a
depleted mantle reservoir. This explains the mass extinction at the F-F boundary and the creation of
unique conditions for a rapid burst of anaerobic bacteria development, which led to the formation of
high-carbon strata in the Late Devonian.
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