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Abstract

This study is intended to reveal the impact of hydrothermal treatments at temperatures of 200,
250, 300, and 350 °C on organic matter (OM) of low-permeable rocks of two different lithofacies
types (carbonate and carbonate-siliceous rocks) from Domanic deposits of  Upper Devonian
Tatarstan.  Autoclave  experiments  were  carried  out  in  a  carbon  dioxide  environment.  The
content of OM and the yield of rock extracts, as well as the stability of kerogen structures to
hydrothermal influences, were evaluated. The content of saturated hydrocarbons in the rock
extracts increases after the hydrothermal transformation of kerogen and high-molecular-weight
compounds, while the content of aromatic hydrocarbons and asphaltenes decreases. The results
of molecular weight distribution of normal alkanes and isoprenoids show that rock extracts
according to the classification of A. Petrov correspond to the A type of crude oil.  Exposing
hydrothermal factors on Domanic rocks at low and high temperatures provides more total
extraction of  hydrocarbons from rocks.  The most intensive kerogen transformation process
occurred at 350 °C. Hydrothermal impact on the carbonate rocks leads to almost complete
transformation of kerogen with the formation of hydrocarbons, while in carbonate-siliceous rock
samples, significant part of kerogen does not undergo transformation. The specific features of
some  biomarkers  such  as  alkanes,  aryl  isoprenoids,  steranes,  and  terpanes  in  petroleum
products before and after hydrothermal treatment were discussed. The results indicate the
general genetic nature of OM, but different geochemical conditions of its maturation in the
sedimentary strata. Thus, steam injection leads to different hydrocarbon generating potential
from different reservoir rocks.

http://dx.doi.org/10.1021/acs.energyfuels.1c01138

References

[1] Melnikova, S., Sorokin, S., Goryacheva, A., Galkina, A. Informational and analytical review. The first five years
of the "shale revolution:" What do we now know for sure? Moscow: INEI RAS, 2012, 46 p.

[2] Ryan, R. C.; Fowler, T. D.; Beer, G. L.; Nair, V. Shell's In Situ Conversion Process-From Laboratory to Field Pilots.
Oil  Shale: A Solution to the Liquid Fuel Dilemma. ACS Symp. Ser. 2010, 1032, 161-183, 10.1021/bk-201-
-1032.ch009

[3] Government, U. S., Department of Energy, U.S. Modern Shale Gas Development in the United States: A Primer-
Geology, Regulations, Environmental Considerations, Hydraulic Fracturing, Protecting Groundwater, Pollution
Threats, Impact to Land. U.S.: Independently published; Washington, DC, 2017, 108.

[4] Khisamov, R. S. The field development of strategy at a later stage, the prospects for extraction of hydrocarbon
resources from unconventional sources of hydrocarbons in the Tatarstan Republic. Drilling Oil 2015, 1, 40-44

http://dx.doi.org/10.1021/acs.energyfuels.1c01138


[5] Khisamov, R. S.; Bazarevskaya, V. G.; Yartiev, A. F.; Tarasova, T. I.; Gibadullina, O. G.; Mikhailova, O. V. Oil
potential of Domanic productive formations in territory of Leninogorskneft activities. OIJ 2015, 7, 10-14

[6] Garanina, O. L. Prospects for mining shale oil in the US and implications for the world oil market. Russ. Inst.
Strat. Stud. Natl. Strat. Issues 2014, 4, 185-204

[7] Ananiyev, V. V.; Smelkov, V. M.; Pronin, N. V. Prognostic evaluation of resource base of mendym-domanik
formations as main hydrocarbon source of central areas of Volga-Urals oil and gas province. Oil Gas Geol.
2007, 1, 32-37

[8] Kiryukhina, T. A.; Fadeyeva, N. P.; Stupakova, A. V.; Poludetkina, E. N.; Sautkin, R. S. Domanik deposits of
Timano-Pechora and Volga-Ural basins. Oil Gas Geol. 2013, 3, 76-87

[9] Kiseleva, Y. A.; Mozhegova, S. V. Genetic groups of oils in the central regions of the Volga-Ural oil and gas
province and their generation sources. Pet. Geol.-Theor. Appl. Stud. 2012, 7, 16

[10] Shardanova, T. A.; Fadeeva, N. P.; Khomyak, A. N.; Kosorukov, V. L. Peculiarities of structure and formation of
high-TOC rock series. Otechestvennaya Geol. 2017, 3, 74-84

[11] Kiseleva, Y. A.; Zheglova, T. P.; Dakhnova, M. V.; Mozhegova, S. V.; Nazarova, E. S.; Nechitailo, G. S. The role of
Domanik deposits in the formation of oil  pools in the central areas of the Volga-Ural petroleum province
(Buzuluk depression). Russ. Geol. Geophys. 2017, 58, 310-321, 10.1016/j.rgg.2016.09.007

[12] Liu, Y.; Qiu, Z.; Zhong, H.; Nie, Z.; Li, J.; Huang, W.; Zhao, X. Bitumen recovery from crude bitumen samples
from halfaya oilfield by single and composite solvents-process, parameters, and mechanism. Materials (Basel)
2019, 12, 2656, 10.3390/ma12172656

[13] Taranenko, E. I.; Tarsis, A. D.; Khakimov, M. Y. Structure of the main zone of oil accumulation by data of
thermolytic kerogen analysis. Oil Gas Geol. 2000, 4, 46-50

[14] Passy, K.  R.;  Thomas, M. M.;  Bohaks, K.  M.;  Patent RU 2263774 C2. 7 E21B43/24 Method for producing
hydrocarbons from organic-rich rock. ExxonMobil Upstream Research (US) applicant and patent holder; declare
2001.03.23; 2005.11.10.

[15] Tagiyev,  M.  F.;  Zeynalov,  G.  A.  On  a  pyrolysis-based  study  of  the  efficiency  of  primary  migration  of
hydrocarbons from source rocks. Geol., Geophys. Dev. Oil Gas Fields 2010, 2, 16-19

[16] Tissot, B., Welte, D. M. Petroleum Formation and Occurrence: A New Approach to Oil and Gas Exploration.
Berlin, Heidelberg, New York: Springer-Verlag, 1978, 538.

[17] Bushnev, D. A.; Burdel'naya, N. S. Modeling of oil generation by Domanik carbonaceous shale. Pet. Chem.
2013, 53, 145-151, 10.1134/S096554411303002X

[18] Vandenbroucke, M. Kerogen: from Types to Models of Chemical Structure. Oil Gas Sci. Technol. 2003, 58, 243-
269, 10.2516/ogst:2003016

[19] Kovalenko, E. Y.; Sagachenko, T. A.; Min, R. S.; Mel'nikov, Y. Y.; Patrakov, Y. F. Composition of Products of
Transformation of High-Sulfur Oil Shale in Supercritical Benzene. Russ. J. Phys. Chem. B 2017, 11, 1260-1269,
10.1134/S1990793117080061

[20] Espitalié, J.; Senga Makadi, K.; Trichet, J. Role of the mineral matrix during kerogen pyrolysis. Org. Geochem.
1984, 6, 365-382, 10.1016/0146-6380(84)90059-7

[21] Burdelnaya, N. S.; Boushnev, D. A.; Mokeev, M. V. Structural evolution in the kerogen during artificial and
natural maturation by solid-state 13C NMR spectroscopy. Vestnik IG Komi SC UB RAS 2015, 6, 33-39

[22] Gordadze, G. N. Thermolysis of organic matter in oil-gas exploration geochemistry. M.: IGIRGI, 2002, 336 p.
[23] Wang, H.; Dai, F.; Yang, Y.; Li, Z.; Li, C.; Zhang, S. Catalyst Grading Optimization and Kinetic Simulation of the

Shale Oil Hydrotreating Process. Energy Fuels 2017, 31, 4353-4360, 10.1021/acs.energyfuels.6b02720
[24] Rokosova, N. N.; Rokosov, Y. V.; Uskov, S. I.; Bodoev, N. V. Modeling the transformation of organic matter into

hydrothermal oil (review). Pet. Chem. 2001, 41, 243-257
[25] Kayukova, G. P.; Kiyamova, A. M.; Mikhailova, A. N.; Kosachev, I. P.; Petrov, S. M.; Romanov, G. V.; Sitdikova, L.

M.; Plotnikova, I. N.; Vakhin, A. V. Generation of Hydrocarbons by Hydrothermal Transformation of Organic
Matter of Domanik Rocks. Chem. Technol. Fuels Oils 2016, 52, 149-161, 10.1007/s10553-016-0685-2

[26] Kayukova, G. P.; Mikhailova, A. N.; Kosachev, I. P.; Pronin, N. V.; Sotnikov, O. S.; Evdokimov, A. M.; Khisamov, R.
S. Hydrothermal transformations of organic matter of low permeability rocks from Domanic formation of the
Romashkino oil field. Pet. Sci. Technol. 2018, 36, 1463-1470, 10.1080/10916466.2018.1490764

[27] Kayukova, G. P.; Mikhailova, A. N.; Morozov, V. P.; Musin, R. Z.; Vandyukova, I. I.; Sotnikov, O. S.; Remeev, M.
M. Comparative Study of Changes in the Composition of Organic Matter of Rocks from Different Sampling-
Depth Intervals of Domanik and Domankoid Deposits of the Romashkino Oilfield. Pet. Chem. 2019, 59, 1124-
1137, 10.1134/S0965544119100050

[28] Khasanova, N. M.; Gabdrakhmanov, D. T.; Kayukova, G. P.; Mikhailova, A. N.; Morozov, V. P. EPR study of
hydrocarbon generation potential of organic-rich domanik rocks. Magn. Reson. Solids 2017, 19, 17102

[29] Peters, K. E. Guidelines for Evaluating Petroleum Source Rock Using Programmed Pyrolysis. AAPG Bull. 1986,
70, 318-329, 10.1306/94885688-1704-11D7-8645000102C1865D



[30] Burnham, A. K.; Braun, R. L.; Gregg, H. R.; Samoun, A. M. Comparison of methods for measuring kerogen
pyrolysis rates and fitting kinetic parameters. Energy Fuels 1987, 1, 452-458, 10.1021/ef00006a001

[31] Lewan, M. D. Experiments on the role of water in petroleum formation. Geochim. Cosmochim. Acta 1997, 61,
3691-3723, 10.1016/S0016-7037(97)00176-2

[32] Lewan, M. D.; Spiro, B.; Illich, H.; Raiswell, R.; Mackenzie, A. S.; Durand, B. D.; Manning, A. C.; Comet, P. A.;
Berner, R. A.; De Leeuw, J. W. Evaluation of petroleum generation by hydrous pyrolysis experimentation. Phil.
Trans. R. Soc. Lond. A 1985, 315, 123-134, 10.1098/rsta.1985.0033

[33] Yeletsky, P. M.; Sosnina, G. A.; Zaikina, O. O.; Kukushkin, R. G.; Yakovlev, V. A. Heavy Oil Upgrading in the
Presence of Water. J. Sib. Fed. Univ. 2017, 4, 545-572

[34] Arcelus-Arrillaga, P.; Pinilla, J. L.; Hellgardt, K.; Millan, M. Application of Water in Hydrothermal Conditions for
Upgrading Heavy Oils: A Review. Energy Fuels 2017, 31, 4571-4587, 10.1021/acs.energyfuels.7b00291

[35] Johnson, G. Recovering More oil Through CO2 Flooding. Valve Magazine Fall. 2014, 38-44.
[36] Trukhina, O. S.; Sintsov, I. A. Experience of carbone dioxide usage for enhanced oil recovery. Adv. Curr. Nat.

Sci. 2016, 3, 205-209
[37] Kayukova, G. P.; Mikhailova, A. N.; Khasanova, N. M.; Morozov, V. P.; Vakhin, A. V.; Nazimov, N. A.; Sotnikov, O.

S.; Khisamov, R. S. Influence of Hydrothermal and Pyrolysis Processes on the Transformation of Organic Matter
of Dense Low-Permeability Rocks from Domanic Formations of the Romashkino Oil Field. Geofluids 2018, 2018,
1-14, 10.1155/2018/9730642

[38] Kayukova, G. P.; Feoktistov, D. A.; Pronin, N. V.; Eskin, A. A. Oil-generating potential of bituminous rocks from
Permian and Domanic deposits in Tatarstan by the data of the pyrolytic Rock-Eval method. OIJ 2017, 12, 86-89,
10.24887/0028-2448-2017-12-86-89

[39] Idiyatullina,  Z.  S.;  Arzamastsev,  A.  I.;  Muzovatkina,  E.  N.  Application  of  horizontal  drilling  and hydraulic
fracturing to enhance low-permeability carbonate reservoir performance. OIJ 2014, 1, 78-79

[40] Khisamov, R. S.; Zakirov, I.  S.;  Zakharova, E. F.;  Bazarevskaya, V. G.; Abusalimova, R. R.; Timirov, D. A.
Experience of studying and development of Domanic deposits on the example of Bavlinskoye field of the
Republic of Tatarstan. OIJ 2018, 11, 78-83, 10.24887/0028-2448-2018-11-78-83

[41] Hashemi, R.; Nassar, N. N.; Almao, P. P. Nanoparticle technology for heavy oil in-situ upgrading and recovery
enhancement :  Oppor tun i t i es  and  cha l l enges .  App l .  Energy  2014 ,  133 ,  374 -387 ,
10.1016/ j .apenergy.2014.07.069

[42] Gilaev, G. G.; Manasyan, A. E.; Letichevskiy, A. E.; Parfenov, A. N.; Khamitov, I. G. Hydraulic fracturing as field
development instrument in Samara region. OIJ 2014, 11, 65-69

[43] Khusainov,  R.  F.;  Nazimov,  N.  A.;  Gumarov,  N.  F.;  Ganiev,  B.  G.;  Shvydenko,  M.  V.;  Absalyamov,  R.  S.
Development of low permeable Domanic reservoirs using massive hydraulic fracturing on the example of
Production Department Almetyevneft PJSC Tatneft. Georesursy 2015, 4, 14-17

[44] Kizim, O. V. Analysis of the effectiveness of hydraulic fracturing and the prospects for its further application on
carbonate sediments of the Danko-Lebedyan horizon [Electronic resource]: Tr. youth scientific and practical.
conf. Institute ″TatNIPIneft″ 2014. Access mode: http://www.tatnipi.ru/upload/sms/2014/geol/005.pdf (appeal
date 13.01.2020).

[45] Khisamov, R. S.; Akhmetgareev, V. V.; Khakimov, S. S.; Kenzhekhanov, S. S. Technology of Multistage Hydraulic
Fracturing in Horizontal Wells: Development Experience of Shaly Carbonates in the US and Its Adaptation for
the Fields of the Republic of Tatarstan. Georesursy 2017, 19, 186-190, 10.18599/grs.19.3.6

[46] Ziyatdinov, A. G.,  Mikhailova, O. V. Promising methods for the development of Domanik deposits on the
example of Bavlyneft Oil and Gas Production Unit. TatNIPIneft, Section No. 1 "Geology, development of oil and
gas  fields"  2016,  8  p.  [Electronic  resource]:  http://www.tatnipi.ru/upload/sms/2016/geol/010.pdf  (Accessed
21.09. 2019).

[47] Vakhin, A. V.; Morozov, V. P.; Sitnov, S. A.; Petrovnina, M. S.; Nurgaliyev, D. K.; Kayukova, G. P.; Romanov, G.
V.;  Yusupova,  T.  N.  Application  of  Thermal  Investigation  Methods  in  Developing  Heavy  Oil  Production
Technologies. Chem. Technol. Fuel Oils 2014, 6, 75-80

[48] Mikhalkina, O. G. Application of X-ray diffraction to studying core and man-caused products. Vesti Gazovoy
Nauki 2016, 4, 96-107

[49] Muslimov, R. K.; Bulygin, D. V.; Ganiev, R. R. Features of modeling of large oil  fields on the example of
Berezovskaya area of the Romashkino oil field. Georesursy 2008, 2, 4-9

[50] Galimov, E. M.; Kamaleeva, A. I. Source of hydrocarbons in the supergiant Romashkino oilfield (Tatarstan):
Recharge  from  the  crystalline  basement  or  source  sediments?.  Geochem.  Int.  2015,  53,  95-112,
10.1134/S0016702915020032

[51] Mikhailova, A.  N.;  Kayukova, G. P.;  Batalin,  G. A.;  Babayev, V. M.;  Vakhin, A.  V.  Comparative influence's
research of the compound of metals carboxylates on the generation and composition of hydrocarbons from
Domanic  deposits  at  steam-thermal  effect  in  COenvironment.  J.  Pet.  Sci.  Eng.  2020,  186,  106699,
10.1016/j.petrol.2019.106699



[52] Kayukova, G. P.; Kiyamova, A. M.; Romanov, G. V. Hydrothermal transformations of asphaltenes. Pet. Chem.
2012, 52, 5-14, 10.1134/S0965544111060089

[53] Kiyamova, A. M.; Kayukova, G. P.; Romanov, G. V. Composition of the high-molecular-mass components of oil-
and bitumen-bearing rocks and their hydrothermal transformation products. Pet. Chem. 2011, 51, 231-242,
10.1134/S0965544111030078

[54] Ivanova, L. V.; Safiyev, R. Z.; Koshelev, V. N. IR spectroscopy in the analysis of oil and oil products. Bull. Bashkir
Univ. 2008, 13, 869-874

[55] Gilinskaya, L. G. EPR spectra of the V (IV) complexes and the structure of oil porphyrins. J. Struct. Chem. 2008,
49, 245-254, 10.1007/s10947-008-0120-6

[56] Nasirov, R. N. Paramagnetism of oils and rocks of the Pre-Caspian. M.: Nedra, 1993; 127.
[57] Petrov, A. A. Oil hydrocarbons. M.: Science, 1984; 264.
[58] Gordadze, G. N.; Tikhomirov, V. I. Geochemical characteristics of oils and dispersed organic matter from the

rocks of the central Volga-Ural Basin: Hydrocarbon biomarker data. Geochem. Int. 2005, 43, 1108-1123
[59] Krasnoyarova, N. A.;  Chirkova, D. Y.;  Serebrennikova, O. V. Depositional environment and composition of

dispersed organic matter of the lower Jurassic-Paleozoic rocks in the Archinskaya field (south-east of Western
Siberia). Tomsk State Univ. J. 2014, 388, 235-245, 10.17223/15617793/388/39

[60] Kayukova, G. P.; Mikhailova, A. M.; Feoktistov, D. A.; Morozov, V. P.; Vakhin, A. V. Conversion of the Organic
Matter of Domanic Shale and Permian Bituminous Rocks in Hydrothermal Catalytic Processes. Energy Fuels
2017, 31, 7789-7799, 10.1021/acs.energyfuels.7b00612

[61] Kayukova, G. P.; Mikhailova, A. N.; Kosachev, I. P.; Feoktistov, D. A.; Vakhin, A. V. Conversion of Heavy Oil with
Different Chemical Compositions under Catalytic Aquathermolysis with an Amphiphilic Fe-Co-Cu Catalyst and
Kaolin. Energy Fuels 2018, 32, 6488-6497, 10.1021/acs.energyfuels.8b00347

[62] Ivanova, V. P., Kasatov, B. K., Krasavina, T. N., Rozinova, E. L. Thermal analysis of minerals and rocks. L.:
Nedra. 1974, 399.

[63] Yusupova,  T.  N.;  Ganeeva,  Y.  M.;  Tukhvatullina,  A.  Z.;  Romanov,  G.  V.;  Muslimov,  R.  K.;  Kruglov,  M.  P.
Composition of oils in Vereiskian and Bashkirian carbonate reservoirs of the Akanskoe oilfield in the Republic of
Tatarstan. Pet. Chem. 2012, 52, 215-220, 10.1134/S0965544112040111

[64] Batalin, O. Y.; Vafina, N. G. Forms of free-hydrocarbon capture by kerogen. Int. J. Appl. Basic Res. 2013, 10,
418-425

[65] Vargaftik, N.B. Handbook of thermophysical properties of gases and liquids. M.: Nauka, 1972, 721 p.
[66] Kayukova, G. P.; Mikhailova, A. N.; Kosachev, I. P.; Nazimov, N. A.; Sotnikov, O. S.; Evdokimov, A. M.; Khisamov,

R. S. Composition of Shale Oil from Poorly Permeable Carbonate Rocks of Domanikovian Deposits of Dankov-
Lebedyan Horizon of Romashkino Field. Chem. Technol. Fuels Oils 2018, 2, 33-40

[67] Grantham, P. J.; Wakefield, L. L. Variation in the sterane carbon number distribution of marine source rocks
derived crude oils through geological time. Org. Geochem. 1988, 12, 61-73, 10.1016/0146-6380(88)90115-5

[68] Smirnov, M. B.; Fadeeva, N. P.; Borisov, R. S.; Poludetkina, E. N. The Characteristics of the Organic Matter of
the Upper Devonian Domanik-Type Deposits in the Northern and Central Regions of the Volga-Ural Basin
According  to  Saturated  Biomarkers  Composi t ion.  Geochem.  Int .  2018,  56,  812-827,
10.1134/S0016702918080104

[69] Schwark, L.;  Frimmel, A. Chemostratigraphy of the Posidonia Black Shale, SW-Germany II.  Assessment of
extent and persistence of photic-zone anoxia using arylisoprenoid distributions. Chem. Geol. 2004, 206, 231-
248, 10.1016/j.chemgeo.2003.12.008

[70] Poludetkina, E. N.; Smirnov, M. B.; Fadeeva, N. P.; Kozlova, E. V. Proof of formation of organic matter in upper
Devonian carbonate and carbonate-siliceous sediments of  the South-Tatar  uplift  in  constant  photic  layer
anoxia. Geochem. Int. 2017, 55, 726-736, 10.1134/S0016702917080079

[71] Kayukova, G. P.; Foss, L. E.; Feoktistov, D. A.; Vakhin, A. V.; Petrukhina, N. N.; Romanov, G. V. Transformations
of hydrocarbons of Ashal'hinskoe heavy oil under catalytic aquathermolysis conditions. Pet. Chem. 2017, 57,
657-665, 10.1134/S0965544117050061

[72] Speight, J.; Asphaltenes, G. Resins and the Structure of Petroleum. Oil Gas Sci. Technol. 2004, 59, 467-477,
10.2516/ogst:2004032

[73] Mullins, O. C.; Betancourt, S. S.; Cribbs, M. E.; Dubost, F. X.; Creek, J. L.; Andrews, A. B.; Venkataramanan, L.
The Colloidal Structure of Crude Oil and the Structure of Oil Reservoirs. Energy Fuels 2007, 21, 2785-2794,
10.1021/ef0700883

[74] Zhang, C.; Lee, C. W.; Keogh, R. A.; Demirel, B.; Davis, B. H. Thermal and catalytic conversion of asphaltenes.
Fuel 2001, 80, 1131-1146, 10.1016/S0016-2361(00)00178-2

[75] Vakhin, A. V.; Onishchenko, Y. V.; Chemodanov, A. E.; Sitnov, S. A.; Mukhamatdinov, I. I.; Nazimov, N. A.;
Sharifullin,  A.  V.  The  composition  of  aromatic  destruction  products  of  Domanic  shale  kerogen  after
aquathermolysis. Pet. Sci. Technol. 2019, 37, 390-395, 10.1080/10916466.2018.1547760



[76] Kiyamova, A. M.; Kayukova, G. P.; Morozov, V. I.; Romanov, G. V. Paramagnetic properties of oil asphaltenes at
a late stage of development of productive strata of uneven-age deposits of the Romashkino field. Oil Gas
Technol. 2009, 2, 27-35


