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The objects of investigation were samples of domanik formation rocks of Berezovskaya area of
Romashkinskoye oil field. Content of Mn?*, SO;~, SO, ions, vanadyl-ions and free radicals has been
estimated with the X-band (9.43 GHz) electron paramagnetic resonance (EPR) spectroscopy.
Composition of rock and extracted from it bitumen has been studied with methods of thermal analysis,
X-ray-structural analysis and gas chromatography. Significant differences in mineralogical composition
and content of organic matter were revealed in samples taken from adjacent intervals. Pyrolytic
experiments have been conducted to simulate kerogen maturation and petroleum generation. The
increasing number of free radicals was registered in all samples after pyrolysis in a hydrogen atmosphere
at 350°C. A new organic free radical Csso was registered after pyrolysis. It is suggested that domanik
source rocks have not fully realized their hydrocarbon generation potential.

PACS: 76.30.-v.

Keywords: EPR spectroscopy, generation potential, kerogen, pyrolysis, domanik rocks.

1. Introduction

Domanik sediments are widespread in the Volga-Ural Basin and stratigraphically confined to the Upper
Devonian Frasnian stage [1-12]. Domanik sediments thickness in Tatarstan do not exceed several tens
of meters [13]. Domanik sediments are composed of bituminous siliceous-carbonate rocks with a small
argillaceous admixture (5.9-13.6 %). The rocks are black and dark brown due to the high organic matter
content (18-20 %) [8-11]. Certain structural features, such as fissibility, strong pyritization and specific
complex of organic remains characterize domanik sediments [12]. According to many researchers
[8, 12, 14-20], accumulation of domanik sediments in Volga-Ural region was carried under conditions
of tectonic and volcanic activation. According to Neruchev S.G. [17], the reason of the sharp extinction
of many species living in this time was increasing concentrations of uranium and other radioactive
elements, entering the sedimentation basin because of hydrothermal activity.

Semiluki (domanik) sediments are analogous to oil shales. The increasing interest to them in recent
years is explained by the possibility of shale oil extraction [1-4, 20, 21]. A distinctive feature is that
rocks along with light oil contain the organic matter as a component of rock, called kerogen [3, 22-27].

There are different methods of studying domanik rocks to assess the prospects of the liquid
hydrocarbons generation depending on the composition of organic matter in rocks and its thermal
stability [28, 29]. The special place among these methods takes the electron paramagnetic resonance
(EPR) [30-36]. The essence of the EPR phenomenon is the resonance absorption of electromagnetic
radiation by unpaired electrons. One of the traditional objects of EPR researches are stable free radicals,
these are particles containing one or more unpaired electrons, so-called paramagnetic centers [32]. Free
radicals are reliable diagnostic criterion in the reconstruction of sedimentary environments, as well as
in layering and correlation of sections of sedimentary rocks. Free radicals reflect the composition of
carbonate components, show presence of organic matter, indicate ferruginization and other features of
rocks composition [35, 36].

The aim of the work was to study the characteristics of the composition and structure of the mineral
matrix, bitumen and kerogen, as well as the conversion of kerogen and rocks in the pyrolytic laboratory
experiments using EPR spectroscopy.
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2. Materials and methods

The objects of investigations were core materials, selected from the domanik sediments of Berezovskaya
area of Romashkinskoye field from 1712.5-1718.5 m and 1718.5-1724.5 m depth intervals.

Rock samples were extracted on Soxhlet apparatus with a solvent mixture containing chloroform,
benzene and isopropyl alcohol in equal proportions to extract soluble hydrocarbons.

Samples before and after extraction were investigated with methods of thermal, X-ray structural
analysis and with EPR spectroscopy.

The content of organic matter and the presence of thermal effects were identified on the instrument
of simultaneous thermal analysis STA 443 F3 Jupiter (Netzsch, Germany). Measurement conditions:
oxidizing atmosphere (air), heating rate was 10 °C/min. Temperature range was 20-1000 °C. Sample
mass was 30-50 mg. Processing of TG-DSC curves (thermogravimetric curve and differential scanning
calorimetry) was performed on a computer using the Netzsch Proteus Thermal Analysis software.

Mineral composition of the rocks was studied with X-ray structural analysis. Diffraction spectra
registration was conducted on the automatic powder diffractometer Shimadzy XRD-7000S, on
CuKa radiation with wavelength a = 1.54060 nm, using a nickel monochromator with diffracted
beam with step 0.0008 A~' and single exposition at point 3 seconds. Processing of diffraction
spectra and diagnosis of present crystalline phases were carried by the original EVA interactive
computer system, version 4.0.

For pyrolysis the rock samples were placed into quartz tube of flow-through cell (CDS 1500, Valved
interface), located inside of platinum wire spiral in an electric furnace SUOL (MR 0.15 2/12 180 B;
950 W). Investigations were conducted in hydrogen atmosphere, which was provided into the reaction
chamber through a gas supply line connected with hydrogen generator TsvetKhrom-16
(ColorChrome-16). Pyrolysis of samples was carried out at temperatures 350 and 600 °C for 30 minutes
for each one. The first temperature is the transition point between the release of free and adsorbed
hydrocarbons mode and kerogen destruction mode [25,26,28,29]. The second temperature
corresponding to the completion of thermal destruction process is due to C-C and C-H bonds breaking
because of the large thermal energy (thermal decomposition of kerogen). The process is accompanied
by the formation of new free hydrocarbon radicals [22, 28-30, 35, 36].

Registration of the EPR spectra of the initial rock samples and thermally activated in the pyrolysis
process was conducted on CMS-8400 X-band spectrometer at frequency of 9.43 GHz. Samples
previously were triturated, weighed and loaded into polyethylene ampoules.

EPR spectra were recorded at room temperature with a magnetic field sweep 360 mT (from 40 to
400) for the registration of Fe** ions, 140 mT (from 263 to 403) for the registration Mn?* ions and
vanadyl complexes (VO**) and 10 mT (from 329.3 to 339.3) for registration vanadyl complexes (most
intense line), sulfate ions (SOs3~, SO, ) and stable organic free radicals (R*, Csso). The content of stable
free radicals and ions was measured in arbitrary units (the amplitude of EPR signal corrected for line
width, obtained values were correlated to the weight of samples).

The bitumen was separated into four fractions (asphaltenes, saturated hydrocarbons, aromatics
and resins) according to all-Union State Standard 32269-2013, which is analogous to widely used
abroad SARA analysis. Asphaltenes were precipitated in a 40-fold amount of hexane. Malthenes
were separated by liquid-solid chromatography on alumina calcined at 425 °C into saturated
hydrocarbons, aromatics and resins by elution from the adsorbent with hexane, toluene and solvent
mixture containing toluene and isopropyl alcohol in equal proportions respectively. The analysis of
the saturated hydrocarbons composition was performed on a gas chromatograph "Kristall 2000M"
(Crystal 2000M) in the temperature-programming mode from 100 °C to 300 °C: at range from 100
to 150 °C heating rate in furnace was 10 °C per minute, at the range from 150 to 300 °C heating
rate was 3 °C per minute. Helium was used as carrier gas. Temperature of injector’s evaporator is
310 °C, temperature of detector is 250 °C.
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3. Results and discussion

According to X-ray structural and thermal
analysis samples have different mineral
composition and various organic matter

N.M. Khasanova, D.T. Gabdrakhmanov, G.P. Kayukova et al.

Table 1. The mineral composition of the domanik rock
samples of Berezovskaya area of Romashkinskoye field.

content in the rocks. Minerals. . Sample 1 | Sample 2
As it follows from the published data Qualttz (silica) 88.87 26.80
[5, 6, 14-18], domanik rocks feature high Calcite 11.13 46.45
content of silica, which was confirmed by | Microcline (potash feldspar) - 14.13
the results of X-ray diffraction and thermal | Muscovite - 9.40
analysis. For example, the sample 1 Albite (sodium feldspar) - 2.71
consists of 88.87 % quartz, sample 2 Pyrite - 0.50

contains a total of 26.8 % quartz (Table 1),

which is associated with low levels of silica input during the formation of sediment. On the other hand,
the high content of microcline, muscovite and albite (allothigenous minerals) in sample 2 indicates the
presence of the clastic materials source area. Pyrite in rocks was formed at the diagenesis stage as a
result of sulfate reduction processes. The content of the carbonate material was identified by diffraction
patterns and by results of thermal analysis (endothermic effects in the temperature range 650-800 °C).
In sample 1 content of the carbonate material is 4 times less than in sample 2, which may indicate the
variability of sedimentary processes [8].

The differences between the samples also appear in the content of organic matter. According to
thermal analysis results (Table 2), samples have different mass losses in the specific temperature ranges
from 20 to 1000 °C, consequently samples have different content of organic matter and form of organic
matter deportment in the rocks [37]. The content of organic matter in the sample 1 is 35.48 %, and in
the second sample is 13.36 %. Thermal analysis allows to evaluate the chemical and physical changes
that occur in rocks in the conditions of temperature change [37, 38]. The amount of organic matter in
the samples was evaluated by mass loss in the temperature range 200-600 °C. The mass loss at
temperatures above 600 °C was associated with thermal decomposition of carbonate rocks. The mass
loss at temperatures from 20 to 200 °C may be associated with removal of adsorbed water [39].

Thermal analysis was conducted with the original and extracted samples (Fig. 1). Qualitative changes
in the DSC and TG curves after organic matter extraction have not been observed. The different mass
losses are mainly due to the heterogeneity of the samples. It was confirmed that the extraction almost
does not change the content of organic matter in the domanik rocks, because it is mainly represented by
insoluble in organic solvents kerogen. Therefore, samples mass loss and exothermic effects in the
temperature range 300-600 °C are associated with kerogen destruction.

Data of group composition of obtained extracts are given in Table 3. The yield of extracts is 0.38 wt%
and 0.25 wt% for samples 1 and 2 respectively, which is not enough for the usual type of sandstone
reservoirs, but for compact varieties, like domanik rocks, such values are normal. It only shows the
presence in domanik sediments insoluble organic matter such as kerogen.

Table 2. Thermal analysis results of domanik rock samples of Berezovskaya area of Romashkinskoye field.

Mass loss (wt%) at temperature range from 20 to 1000 °C
Sample 5 ]
number ) ] ) ) ) organic matter
20-200 200-400 400-600 600-800 | 800-1000 (200-600 °C)
1 0.96 10.05 25.43 11.32 0.45 35.48
lex* 0.76 9.33 24.99 12.94 0.36 34.32
2 0.53 7.02 6.28 12.82 0.16 13.30

*Sample 1 after organic matter extraction.
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Table 3. Results of hydrocarbon group analysis of extracts from the domanik rocks of Berezovskaya
area of Romashkinskoye field.

Sample Extraction yield, Composition, wt%
number wt% Satur. Arom, Resins Asph.
1 0.38 18.58 38.94 28.32 14.16
2 0.25 18.18 22.73 43.18 15.91
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Figure 1. DSC (blue) and TG (black) curves for domanik rock samples of Berezovskaya area of Romashkinskoye
field: (a) sample 1 of the coring interval 1712.5-1718.5 m, (b) sample 1 after soluble OM extraction,
(c) sample 2 of the coring interval 1718.5-1724.5 m.
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Figure 2. The chromatograms of extracts from the domanik rocks of Berezovskaya area of Romashkinskoye field:
(a) sample 1 of coring interval 1712.5-1718.5 m; (b) sample 2 of coring interval 1718.5-1724.5 m.

The extract from sample 1 contains more aromatics, but the extract from sample 2 contains more
resinous substances. In both extracts content of saturated hydrocarbons and asphaltenes is nearly the
same. As follows from the chromatograms (Fig.2) molecular mass distribution of saturated
hydrocarbons from extracts includes Ci;-C3; normal alkanes (n-alkanes), among which n-alkanes
Ci4 have the maximum concentration.

The content of the Ilow-molecular Table 4. Values of chromatographic indicators.

compounds up to n-Ci7; is 61% for | Ratios Sample 1 | Sample 2
sample 1 and 54 % for sample2. | Pristane/phytane 0.75 0.69
Whereas, in contrast, the high molecular Pristane / n-C1 0.70 0.87
part (from n-C,; to n-Cs7) accounted for

7 % and 10.5 %, respectively. This points Phytane / n-Cis 1.12 1.51
at predominant contribution of sapropel 2 (n-Ca7—1-C31)/Z(n-Ci5—n-Cyo) 0.15 0.26
type of organic matter [40]. 21-Cao/n-Cag + n-Cso 1.03 0.91
. Table 4 shows the‘ chromatographic CPI (n-C—n-Cs4) 0.93 0.89
indicators for the studied extracts. Even

n-alkanes predominance (CPI<1) in Odd/Even 0.97 0.99
n-Cos to n-Css range indicates a | Xi-Alkanes/ZX n-Alkanes 0.43 0.38
predominantly reducing conditions of ¥ (n-C11-n-C17)/E (n-C11-n-Cs7) 0.61 0.54
organic matter accumulation. This can

also be a sign of insufficient maturity of Z (n-Corn-Cy7)/ (n-Cri-n-Ca7) 0.07 0.11
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Table 5. Results of EPR spectroscopy of domanik rock samples of Berezovskaya area of
Romashkinskoye field before and after pyrolysis at different temperatures.

Content of paramagnetic centers, arb. units
:33&? Free organic (hydrocarbon) radical Inorganic radicals and ions

23°C 350 °C 600 °C SOz SO;~ vO* Mn**

Coring interval 1712.5-1718.5 m
1 613.2 5860.9 4373 322.2 472.4 720.9 2375.2
lex 1057.2 2690.7 412.6 295.2 916.0 979.6 2708.6

Coring interval 1718.5-1724.5 m
2 164.0 817.4 341.6 304.1 150.2 141.7 2082.2
2ex 367.8 753.3 311.9 156.7 120.9 441.7 844.8

organic matter and an evidence of carbonate-rich source rocks. Saturated hydrocarbons contain
alkanes with isoprenoid structure (isoalkanes), but in much smaller quantities than n-alkanes (ratio of
isoalkanes to n-alkanes is 0.43 and 0.38 for samples 1 and 2 respectively), which may also point to
the low thermal maturity of organic matter. The ratio of pristane to phytane for the investigated
extracts, which is an important genetic trait, varied from 0.69 to 0.75, which confirms mainly sapropel
type of organic matter. According to the distribution of pristane/C;7 and phytane/Cis ratios bitumen
of sample 2 is less mature. In general, according to gas chromatography results, the extracts from the
rocks are typical for Tatarstan [41].

This study focuses on domanik rocks research using EPR spectroscopy. Four samples of rocks were
taken: initial samples (1 and 2), and the same samples after soluble organic extraction (lex and 2ex).

Comparative analysis of the EPR spectra of the initial and extracted samples showed that in the
extracted rocks there are the vanadyl-ions (VO?*") and the free radicals R*, which belong to a bitumen
part of rock. Moreover, extraction increases their concentration per unit weight of sample. Vanadium
can be found in a mobile state in oil and bitumen and in immobile state in kerogen. Increasing
concentration of vanadyl porphyrins in rocks after organic matter extraction gives a reason to believe
that the vanadium enters to the structure of kerogen. In addition, this may serve as a criteria to include
the studied rocks to the group of shales, containing kerogen in its composition.

Results of subjected to preliminary thermal treatment in a hydrogen atmosphere at 350 and
600 °C samples study are of particular interest. EPR spectroscopy results for all samples are
presented in Table 5.

Fe’" ions, SO;” and SO, ions in CO5®” position in the structure of calcite, Mn*>* ions in the position
of calcium and the presence of silicium due to radiation E'centers were identified by EPR spectra
(Fig. 3). Mn?" ions indicate the presence of deep-water facies formed in conditions of oxygen
insufficiency [42, 43].

Distribution details of SO3;™ and SO,  ions in carbonate minerals are especially interesting for
analysis as they are indicators of eodiagenesis (early diagenesis) of carbonate silts with the
participation of syngenetic organic matter [33, 34]. The inequation SOs™ / SO,” > 0.5 indicates that
the carbonate formation occurred in oxidizing environment of sedimentation. Alternatively, the
inequation SOz~ / SO, < 0.5 shows that the carbonate formation occurred in reducing environment of
sedimentation.

It should be noted that the pyrolysis of samples was conducted with preliminary exposure of
hydrochloric acid for calcite dissolving which enable to avoid the overlay of crystal matrix spectra on
organic free radical signal.
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The number of paramagnetic centers, belonging to organic matter, significantly increased after
pyrolysis. In addition to quantitative changes, qualitative changes were registered as well. Organic
matter undergoes thermal conversion, which is evident because of the formation of new organic radical
Csso after heating at 350 °C in a hydrogen atmosphere. Csso radical signatures differ in shape, not merely
in intensity from the radicals R* registered in the initial sample (Fig. 4). New radical indicates the
appearance of newly formed free hydrocarbons. The research results give good reason to believe that

a) ' b) \

Fe3t

i

40 130 220 310 400 40 130 220 310 400

Magnetic field, mT Magnetic field, mT
9) d)
’\
y s ‘ ‘
Mn?* M,=1/2,1=5/2 M.=1/2, I=5/2
V& Hlzrrr ———[=7/2 V# Hlz 1=7/2
He—————— Hkre—r————— .
263 298 333 368 403 263 298 333 368 403
Magnetic field, mT Magnetic field, mT
e ‘702+ SOZ f)
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R‘
E' E'
3293 331.8 334.3 336.8 339.3 3293 3318 3343 336.8 339.3
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Figure 3. EPR spectra: the area of Fe*" ion (absent in the first sample) for sample 1 (a) and for sample 2 (b), the
area of Mn?" and VO?"ions for sample 1 (c) and for sample 2 (d), the area of the organic radical, most
intense ion signal VO*', and E', SO5~, SO, for sample 1 (e) and for sample 2 (f).
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the process of pyrolysis, to some extent, simulates the natural conditions of organic matter maturation,
because content of paramagnetic centers in the organic matter increases with increasing degree of
thermal maturation and sediments depth [44-46].

Kerogen destruction processes are associated with increasing temperature, resulting in
decomposition of polymeric polycondensed compounds to less complex compounds including
hydrocarbons. It happens because the kerogen loses aliphatic chains while aromatic structural fragments
redistributed in its matrix [35].

Pyrolysis at 600 °C is accompanied by intensive detachment of ferric iron from the structure of
siliceous minerals. A new free hydrocarbon radical Cepo forms as well. In Ceoo radical area, multiple
overlapping signals are observed. Newly formed free hydrocarbon radical Cego distinguishes from Cssgo
radical by smaller intensity. The absence of divalent manganese after pyrolysis at 600 °C is due to the
processes of carbonate minerals destruction (Fig. 5).

The diagram (Fig. 6) reflects the concentration of hydrocarbon free radicals. It may be noted that the
sample 1 has a much larger oil generating potential. There is a growing number of free radicals in all
samples after pyrolysis at 350 °C. Inverse trend is observed for pyrolysis at 600 °C (number of free
radicals for all samples after pyrolysis at 600 °C is lower than after pyrolysis at 350 °C), which probably
can be explained by the exhaustion of the kerogen generation potential and the subsequent destruction
of newly formed compounds at high temperatures.

a) SO,

VO3
/sm=+1/2 / SOz
7 / VO3

o
\\/ R* \ﬂ\,'/ Csso
B \
329.3 3318 3343 336.8 339.3 3293 331.8 3343 336.8 3393
Magnetic field, mT Magnetic field, mT

b)

VOt SO;

/ Mﬂ\
A J R*WWJ H,\/“ | Wﬁ\ f Csso

3293 3318 3343 336.8 3393 3293 3318 3343 336.8 3393
Magnetic field, mT Magnetic field, mT

Figure 4. Differences in the EPR spectra in organic radicals area before (left) and after (right) pyrolysis at 350 °C:
(a) sample 1, (b) sample 2.
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Figure 5. EPR spectra: (a) the area of Fe** ion before pyrolysis at 600 °C, (b) area of Fe** ion after pyrolysis at
600 °C, (c) the area of organic radical after pyrolysis of 350 °C, (d) the area of organic radical after
pyrolysis at 600 °C. For d spectrum sweep of the magnetic field is 5 mT.
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Figure 6. Diagram of free radicals content in organic matter (in arbitrary units).
4, Summary

Comprehensive analysis of the samples revealed the following features of domanik sediments:

1. The high heterogeneity through the section, which is manifested in the mineral composition of
rocks and in the content of organic matter.

2. High content of kerogen.
3. Extracted bitumen composition is generally similar, except the content of aromatics and resins.
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The calculated values of geochemical ratios suggest a mainly sapropel type of initial organic matter,
buried in the reducing and subaqueous conditions and low thermal maturity of organic matter.
The increasing number of free radicals, belonging to organic matter, was registered in all samples
after pyrolysis in a hydrogen atmosphere at 350°C. A new organic free radical Caso was registered
after pyrolysis. This indicates the appearance of free newly formed hydrocarbons.

Based on the values of geochemical ratios, results of thermal analysis and interpretation of the EPR

spectra, it can be assumed that domanik sediments have not fully realized their oil generation potential.
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