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The continental margins of the East Siberian Sea and Arctic Ocean are among the Earth’s most inaccessible marine environments for hydrocarbon research due to the almost year-round presence of ice cover. Despite this, limited preliminary assessments which have been carried out to date have all yielded some indication of high oil and gas production potential in these regions. This article presents the results of gas-geochemical studies of seafloor sediments of the East Siberian Sea, obtained in three expeditions onboard the R/V “Akademik Lavrentiev” in 2008 (LV45), 2016 (LV77), and 2020 (LV90). The composition of sorbed hydrocarbon gases in seafloor sediments was analyzed. In addition, the stable isotopic composition of carbon was determined for CH4, C2H6, and CO2 in gases, which were desorbed from marine sediments. The sediments were also analyzed for organic matter content. Despite the absence of observable gas seepage directly into the water column, at some stations, increased concentrations of methane and hydrocarbon gases were encountered, indicating the widespread predominance of thermogenically derived gases. We present a hydrocarbon classification system which delineates eight identifiable sources of regional gas occurrences (coal gas, igneous rocks, solid bitumen, condensate-gas, gas-condensate, oil gas, gas oil, and oil gases). A stable isotopic analysis of carbon in CH4, C2H6, and CO2 indicates varying degrees of mixing between a shallow, early-kerogen gas source and a deeper mantle carbon source in some areas of the study.
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1 INTRODUCTION
The marginal-shelf zone of the East Siberian Sea (ESS), continental slope, and Podvodnikov basin of the Arctic Ocean (AO) have only in recent decades garnered close attention by scientists from around the world. This is related not only to improved access in the region but also to a growing body of geological evidence, indicating the presence of oil and gas fields of production potential (Sherwood, 1998; Kim et al., 2007; Khain et al., 2009; Bird and Houseknecht, 2011; Kim et al., 2016; Kazanin et al., 2017a; Kazanin et al., 2017c; Houseknecht et al., 2019) and a general interest in the consequences of global warming related to hydrocarbon release from polar regions (Shakhova et al., 2010).
Gas geochemistry is among the main methods used for prospecting hydrocarbon deposits (Horvitz, 1985; Hunt et al., 2002; Abrams, 2005; Gresov, 2011; Abrams, 2017). Such geochemical analyses of hydrocarbon gases (HCGs) that have migrated to the surface can provide useful information on subsurface hydrocarbon systems, especially in poorly explored “frontier” areas which lack information on petroleum systems which would otherwise be gleaned from deep drilling (Weniger et al., 2019). The main methodological approaches in the field of isotope gas geochemistry are well-documented by (Bernard et al., 1976; Schoell, 1983; Whiticar et al., 1986; Schoell, 1988; Whiticar, 1996; Galimov, 2006; Faber et al., 2015; Milkov and Etiope, 2018). The study of concentration and distribution of HCGs in gas-saturated sediments is, therefore, of key importance in understanding the conditions which have given rise to the formation of active gas seep systems. Arctic seeps are actively being studied in various regions of the AO; however, there are limited data regarding gas genesis. Several previous investigations have been conducted in the western region of the AO (Westbrook et al., 2009; Portnov et al., 2013; Mau et al., 2017; Pohlman et al., 2017; Pape et al., 2020) and in the Laptev Sea (Sapart et al., 2017; Baranov et al., 2020; Steinbach et al., 2021). Gas seeps have also recently been discovered in the East Siberian Sea (Thornton et al., 2020) (Figure 1).
[image: Figure 1]FIGURE 1 | Structural tectonic map of the research area with isolines showing sedimentary cover thickness in kilometer (After Geological Map, 2015 and Geological Map of Russian Federation and Adjacent Waters, 2016) and bathymetry from IBCAO version 3.0 (Jakobsson et al., 2012). Sedimentary basins are as follows I) Cis-East Siberian, II) North Chukchi, and III) Novosibirsk. Geological structures are as follows: 1) Vilkitsky Depression West, 2) North Chukchi Depression, 3) Kucherov uplift, 4) Lomonosov–Mendeleyev flexure–faults zone, 5) De Long uplift, 6) Novosibirsk Depression, 7) North structural terrace, 8) Vilkitsky Depression East, and 9) Kolyuchinsky graben-rift. Position of observed gas flares (green stars) is from Thornton et al. (2020). The location of age-dated sediment cores (square) is from O’Regan et al. (2017), yellow square; and Geological Map (2015), green square. Gas geochemical sampling sites (circle) were sampled in 2008 (LV45), blue circle; 2017 (LV77), red circle, and 2020 (LV90), violet circle. Seismic profiles: 5AR from Sakulina et al. (2011) and MAGE 2016 from Kazanin et al. (2017a).
Hydrocarbon gases in seafloor sediments are primarily the result of two types of genesis: microbial (syngenetic) and thermogenic (epigenetic coupled with migration). Microbial HCGs, predominantly CH4, form within seafloor sediments as a result of microbial degradation of organic matter, where methane is the primary gas produced at relatively low temperature (Claypool and Kaplan, 1974; Whiticar et al., 1986; Stolper et al., 2014). Thermogenic HCGs, on the other hand, tend to have a much higher concentrations of C1–C5 gases and form in deep sediments and rocks through the thermal cracking of organic matter (Claypool and Kvenvolden, 1983; Stolper et al., 2014). Oils generated through thermal cracking can also undergo microbial degradation, resulting in secondary hydrocarbon gases (Head et al., 2003; Etiope et al., 2009; Milkov, 2011). In addition, CH4 can be of abiogenic origin and is produced in different geologic environments under a wide range of temperature and pressure during magmatic, volcanic, and high-temperature hydrothermal processes (Giggenbach, 1997; Etiope and Sherwood, 2013; Wen et al., 2016); however, in these cases methane is often not the primary gas present; CO2 is much more abundant.
Previous investigations have indicated several different isotopic features of HCGs in various areas of the Arctic Ocean (Knies et al., 2004; Cramer and Franke, 2005; Matveeva et al., 2015; Serov et al., 2015; Blumenberg et al., 2016; Lorenson et al., 2016; Graves et al., 2017; Sapart et al., 2017; Sevastyanov et al., 2019; Weniger et al., 2019; Kim et al., 2020).
Isotopic and gas-geochemical features of HCGs of seafloor sediments of the East Siberian Sea shelf has been discussed in a number of studies over the past decade (Shakirov et al., 2013; Gresov et al., 2016; Gresov et al., 2017; Gresov A. I. and Yatsuk A. V., 2020; Gresov A. I. and Yatsuk A. V., 2020; Gresov and Yatsuk, 2021). As a result of these works, the gas saturation and isotope-geochemical characteristics of HCGs in the bottom sediments of the southeastern sector of the ESS (Ayon, Longa, and Pegtymel sedimentary basins) have been studied. Potentially promising oil-bearing areas of the shelf have been identified and a comparative assessment of continental and subaqueous sources of hydrocarbons has been carried out.
In general, despite the significant amount of preliminary research which has been carried out in the East Arctic region, the degree to which detailed gas-geochemical data have been applied to ascertain the regional distribution of hydrocarbons and other gases in the bottom sediments of the ESS and the AO remains extremely limited.
The aim of this work is to study the chemical and isotopic composition of hydrocarbon gases (HCGs) in the seafloor sediments and determine gas-geochemical parameters and potential gas sources of the research area. By carrying out such work, we hope to determine the prospects of oil and gas potential across the region, filling in some of the gaps in our current knowledge of hydrocarbon distribution in the area.
2 STUDY AREA AND GEOLOGICAL SETTING
The study area is located in the central part of the outer shelf of the ESS and the adjacent deep-water sector of the AO. This sector is covered almost year-round with ice and only occasionally in recent years have the waters been navigable for marine research.
The outer shelf of the study area is represented by the transition of a subhorizontal plain to an inclined plain which replaces it, with the overall bathymetry complicated by the island uplifts of Jeannette and Henrietta (Figure 1). De Long’s Ledge and a series of underwater valleys, mostly parallel to each other, also cross-cut the otherwise uniform bottom topography (Geological Map, 2015). The marginal-shelf zone of the ESS comprises the outer shelf and edge of the shelf and is bounded by isobaths of −100 and −200 m. At depths greater than 300 m, the slope steepens appreciably, with the maximum slope occurring between 500 and 700 m water depth. In Podvodnikov Basin (PB), where sea depths exceed 2500 m, the terrace and foot of the basin are traced to depths of 1200–2000 m and 2100–2400 m, respectively (Kazanin et al., 2017a).
Late Pleistocene and Holocene sediments of the study area are represented by clayey silt and silty clay, respectively. The total thickness of Quaternary sediments does not exceed 200 m (Geological Map, 2015; Kazanin et al., 2017a). Most of the bottom sediments of the outer shelf are reduced gray, dark gray, or black clayey silt sediments. Oxidized light brown, brown, and greenish silty clay sediments are characteristic of the continental slope, PB, and the deep-water part of the AO, respectively. The upper 0.1–0.6 meters of seafloor sediments are characterized by the Holocene age, and the deeper intervals are characterized by the Late Pleistocene age (Geological Map, 2015; O'Regan et al., 2017). Based on the small number of stations with age dating of sediments (Figure 1), presumably all the deep intervals of core samples from bottom stations studied by us are characterized by sediments of the Late Pleistocene age.
The tectonic structure of the study area is represented by three large sedimentary basins: Cis-East Siberian, North Chukchi (marginal-shelf basins), and Novosibirsk (intrashelf basin). Sedimentary basins are separated by the North structural terrace and by the De Long and Kucherov uplifts (Figure 1). An important structural and tectonic element that unites the Cis-East Siberian and North Chukchi basin is the Lomonosov–Mendeleev flexure-fault zone. In the Novosibirsk Basin, a similar element is the fault zone of the same name, complicated by its feathering thrusts (Geological Map, 2015; Kazanin et al., 2017a; Kazanin et al., 2017b). The geological structure of the region is characterized by a block structure of the earth’s crust and is limited by steeply dipping faults. The amplitude of displacement along faults reaches 2 km. Rifting is the leading process in the formation of most geological structures in the study area (Geological Map, 2015).
Information about the geological structure of the study area is based on published material from seismic surveys by Sevmorgeo, VNIIOkeangeologia, and MAGE (Sakulina et al., 2011; Verba, 2016; Kazanin et al., 2017a; Kazanin et al., 2017b; Kazanin et al., 2017c; Poselov et al., 2017) and seismic exploration and drilling of deep wells in the American sector of the Chukchi Sea (Sherwood, 1998; Bird and Houseknecht, 2011; Lorenson et al., 2011; Houseknecht et al., 2019). Because there is no drilling on the ESS shelf, an important source of information is also geological mapping of the nearest island territories (Franke and Hinz, 2012; Geological Map, 2015; Kus et al., 2015; Borukaev, 2017).
Geologically, in the study area, the Pre-Paleozoic formations are distinguished, represented by the basic layer of the lower crust and the diorite layer of the upper crust (Figure 2A). The depth of the mantle in the eastern part of the region is 29–30 km and that of basic and diorite layers is 17–20 and 13–17 km, respectively. The Archean–Proterozoic granite metamorphic layer of the upper crust along the 5AP profile was recorded up to station 440 (Figure 2A) (Sakulina et al., 2011; Kazanin et al., 2017c). In the western part of the study area, Archean–Proterozoic rocks are closest to the surface on the De Long uplift and in the area of Henrietta and Jeannette Islands (Franke and Hinz, 2012; Geological Map, 2015; Nikishin et al., 2021).
[image: Figure 2]FIGURE 2 | Geoseismic profiles of the East Siberian Sea: (A) 5AR—after Sakulina et al. (2011). Geostructures are as follows: 1) Kolyuchinsky graben-rift and 2) North Chukchi Depression. Pre-Paleozoic formations are (I) basite layer of the lower crust, II) diorite layer of the upper crust, and III) Archean–Upper Proterozoic granite-metamorphic layer of the upper crust. Red lines—known faults (solid) and assumed (discontinuous). (B) MAGE2016—after Kazanin et al. (2017a). Colored lines—reflectors of geoseismic rock associations and black lines—faults.
In the overlying Paleozoic, Mesozoic, and Cenozoic formations, by analogy with the American part of the Chukchi Sea (CS) and Northern Alaska, five structural and stratigraphic seismic complexes are distinguished (Figure 2B), separated by the surfaces of regional unconformities EU, PU, JU, BU (ESS11), mCU (ESS1), ESS2, RU (ESS3), and MU (ESS5): Lower Elsmir (Devonian–Lower Permian), Upper Elsmir (Upper Permian–Triassic–Lower Jurassic), Rift (Upper Jurassic–Barremian), Lower Brook and Upper Bermian (Aptian–Upper Bermian) complex, and others. These complexes are identified in the American sector of CS by using the well-drilling data (Sherwood, 1998; Bird and Houseknecht, 2011; Houseknecht et al., 2019) and can be traced to the west in the Russian sector of the CS and ESS, which suggests that the development and structure of these study areas are similar (Kazanin et al., 2017a; Kazanin et al., 2017b; Poselov et al., 2017; Nikishin et al., 2021). The similarity of the geological structure and the proven commercial oil and gas reservoir of the American sector of CS and Northern Alaska allow a favorable assessment of the hydrocarbon potential of the ESS.
3 MATERIALS AND METHODS
The data for research ESS and AO were collected during three expeditions onboard the R/V Akademik M.A. Lavrentiev (Figure 1). Cruise LV45 was carried out in August/September 2008 along the meridional geological and geophysical profile 5AR (Sakulina et al., 2011; Shakirov et al., 2013; Verba, 2016; Gresov et al., 2017). The sample profile of the cruise LV45 (step of the stations is 10 km each) coincides with a multichannel seismic line 5AR (“Sevmorgeo”). Cruises LV77 (September 2016) and LV90 (September 2020) were carried out within the framework of the Russian–Chinese Arctic program “Arctic Silk Way”. On these cruises, the stations were operated along sparse profiles, depending on the actual ice conditions.
3.1 Sampling
Seafloor sediments were collected using gravity corers of different length, ranging from 3 m to 8.35 m. Each core contained precut plastic liners (from 2.5 to 6 m in length). After arriving on the vessel deck, the gravity corers were disassembled, and the liners were immediately moved to the ship’s laboratory for sediment sampling. In total, coring was completed for 38 stations (Figure 1) at depths from 36 to 2565 m (Table 1). The total core length recovered from each gravity core ranged from 45 to 412 cm.
TABLE 1 | General information about the research area.
[image: Table 1]Gas extraction from sediments was carried out by thermal vacuum degassing (TVD). Sediment samples (70–80 ml) were taken with 20-ml plastic syringes in 116-ml glass clear vials and immediately closed by sealed rubber caps with a closing valve. The lowest part of each core was used for sampling (Table 1). A total of 88 vials with sediments were selected (replicated two to three samples for each core). Sorbed gases were extracted using compact degassing systems of laboratory gas geochemistry POI, connected to each collecting vials. The maximum heating temperature was 60 °C. The working vacuum in the system was 0.9 atm. Degassing of each sample included three stages: free gas extraction at room temperature, thermal degassing (heating in water bath), and thermal vacuum degassing. The duration of gas extraction, depending on the type of sediment, was from 30 to 60 min. The work was carried out according to the current regulatory instructions (IGD’Skochinsky, 1977; VNIIGRIugol’, 1988), adapted to the features of marine sediments. The extracted gas sample was transferred into 68-ml sealed glass vials. In total, 198 gas samples were received after extraction. Duplicate samples were averaged for each station and thus formed the final selection of 38 samples (Table 2). Gas analysis was carried out immediately in ship laboratories (cruises LV45, LV90) or after completion of work (LV77); in this case, the samples were stored at 4 °C until GC analysis.
TABLE 2 | Average values of gas composition (ppm, 10−4 vol%), C1/C2+ ratio, and carbon stable isotope ratios of sorbed gases in sediments from study area.
[image: Table 2]3.2 Analytical Methods
Gas analysis was performed by gas chromatography on a “CRISTALLUX 4000M” gas chromatograph (“Meta-Chrome”, Yoshkar-Ola, Russia). The sample was injected into the chromatograph using a sealed syringe. The minimum sample injection volume is 4 ml. The chromatograph module has three detectors: two thermal conductivity (TCD) and one flame ionization (FID) detectors. FID allows one to study the quantitative content of hydrocarbon composition (C1–C6) with a sensitivity of 10−6%. Inorganic gases, such as nitrogen, oxygen, carbon dioxide, and methane, with a concentration of more than 1%, were analyzed on a TCD, the sensitivity of which is 0.01%. A gas chromatograph has two packed columns: HayeSep R column, 2.5 m length, 2.5 mm i.d, 80/100, “Meta-Chrome”; NaA column, 3 m length, 3 mm i.d, 60/80. The temperature program was 50°C, 3 min hold, heating at 10°C/min to 190°C, 14 min hold at 190°C, and 3 min hold. The temperature for detectors was 195°C and that for the evaporator was 160°C. Carrier gas was ultrapure helium 6.0. The carrier gas flow rate was 20 ml/min, for hydrogen 30 ml/min, and for air 250 ml/min. Total analysis time was 20 min. Calibration gas mixtures of HCGs were manufactured by Air Liquide (Scott™), PGS Service, and VNIIM (concentration ranged from 1 ppm to 1%). The relative error of measurements does not exceed 5%. For laboratory gas geochemistry, POI FEB RAS was certified for measurements by Rosstandart (Russia).
Determination of carbon isotope composition δ13С-СН4, С2Н6, and CO2 was carried out in the laboratory of stable isotopes of the Far East Geological Institute (FEGI) and the Center for Isotope Research of the Russian Geological Research Institute (VSEGEI). The following equipment was used to perform the analyses: a high-vacuum setup for preparing samples for isotopic analysis and a mass spectrometer for the analysis of stable isotopes, Finnigan MAT 253 or Deltaplus XL using a double inlet system for measuring 13C/12C isotope ratios. Sample preparation for isotopic analysis was carried out using the method described by Velivetskaya et al., (2015). The measurement results for δ13C are given relative to the international VPDB standard and are expressed in ppm (‰):
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where R is the carbon isotope ratio 13C/12C. Reproducibility of δ13С results in repeated analyses is ±0.2‰. In total, the stable carbon isotope ratios of methane were measured in 31 samples, ethane in 17 samples, and carbon dioxide in 29 samples (Table 2).
Total carbon (TC) contents of the lowest part of sediments were determined on subsamples collected in intervals for sorbed gas analysis. A total of 38 samples were analyzed by IR detection on a TOС-VCPN analyzer (Shimadzu, Japan). The measurement relative error did not exceed 1.5%. Measurements were carried out at the accredited Analytical Center (laboratory of analytical chemistry) of FEGI FEB RAS.
Cartographic data were produced in the ESRI®ArcGIS 10.2 software package. Distribution diagrams were compiled using Grapher 12.0. Statistical data were processed in the STATISTICA 10 program.
3.3 Hydrocarbon Characterization
A complex of quantitative geochemical indicators was used to determine the genesis of HCGs: molecular mass of the hydrocarbon fraction, weight concentrations of particular hydrocarbons, their ratios, and data on the carbon isotope composition of δ13С-СН4, С2Н6, and СО2.
The molecular mass of the hydrocarbon fraction (MMHC) is the average weighted sum of the hydrocarbon component (Velev, 1974; Velev, 1981; Gresov, 2011). MMHC was based on the sum of the molecular weights of each hydrocarbon gas (C1—C5, g/mol). The next important parameter closely related to MMHC is weight concentrations of hydrocarbons normalized in relation to MMHC in parts per thousand (Velev, 1974; Velev, 1981; Gresov, 2011). These parameters are used for gas geochemical classification of gas sources.
A change in the composition of HCGs during their long existence in reservoirs, under changing thermobaric and geochemical conditions, is accompanied by a change in methane homolog content. With an increase in temperature, redistribution of methane homologs occurs—the conversion of propane to ethane and butane and propane and butane to ethane and pentane. To assess the degree of conversion of methane homologs, we used the ratio of the concentration product of ethane and butane to the propane content. The parameter is called the coefficient of the transformation hydrocarbon fraction (Gresov, 2011) in the form of
[image: image]
where C2, C3, and C4 are the weighted concentrations of ethane, propane, and group of butane, respectively. The value of Ktr is quite closely related to the age of the gas-bearing reservoir and indicates not only the degree of methane homolog conversion but also the time of formation and duration of HCG presence in the trap (Gresov, 2011; Gresov A. I. and Yatsuk A. V., 2020).
The Abrams coefficient (“wet” of hydrocarbon gases) (Abrams, 2005; Abrams, 2017) is widely used in world practice of gas-geochemical studies as an indicator of the enrichment degree of “heavy” hydrocarbon fractions. The value of Kwet represented by the ratio is as follows:
[image: image]
where C1–C5 are the weighted concentrations of hydrocarbons (in the author’s version, instead of vol% in Abrams, 2005). Kwet values are a rather informative indicator of the degree of maturity of selected gas sources (geological formations) and the genesis of HCGs of the continental margin and the southeastern part of the ESS shelf (Gresov A. I. and Yatsuk A. V., 2020; Gresov and Yatsuk, 2021).
The informative base of gas-geochemical studies is presented by materials of studied natural gases from the bottom sediments of the inner shelf of the ESS (Gresov et al., 2016; Gresov et al., 2017; Gresov A. I. and Yatsuk A. V., 2020; Gresov A. I. and Yatsuk A. V., 2020; Gresov and Yatsuk, 2021).
An additional indicator for determining the genesis of HCGs is the “Bernard coefficient”—C1/C2+ (Bernard et al., 1976) and the “Bernard plot”—C1/C2+ versus δ13C-CH4 (Bernard et al., 1976; Whiticar, 1999). It is generally accepted that for gases of thermogenic genesis, the Bernard coefficient is less than 100 (Bernard et al., 1976; Whiticar, 1999) and for typical microbial gases, it exceeds 1000 (Bernard et al., 1976; Whiticar, 1999; Milkov et al., 2005; Kim et al., 2020; Pape et al., 2020). Secondary microbial gases from oil degradation generally have C1/C2+ ratios between 10 and 1000. The isotopic composition δ13C-CH4 of primary microbial genesis is respectively less than −55‰ or −60‰ (Milkov et al., 2005; Kim et al., 2020; Pape et al., 2020), while for secondary microbial gases δ13C-CH4, it is between −50‰ and −30‰.
The plot δ13C-CH4 versus δ13C-CO2 has been used to distinguish between gases of different source origin: abiotic, thermogenic, primary microbial (Milkov and Etiope, 2018), and secondary microbial (Head et al., 2003; Milkov, 2011). In addition, the same plot has been used for the interpretation of fluid compositions ranging from high-temperature hydrothermal and geothermal systems to lower-temperature natural gas discharges based on the temperature-dependent isotopic equilibrium between CH4 and CO2 (Giggenbach, 1997; Horita, 2001; Hulston, 2004).
The plot δ13C-CH4 versus δ13C-C2H6 has been used for isotope/maturity forecast between organic precursors—huminitic vs. exinitic (Berner and Faber, 1996; Milkov, 2021). This ratio is very useful if data about regional carbon isotope values and maturity (vitrinite reflectance) of the sources of kerogen are available.
4 RESULTS
4.1 Total Carbon Content
The total carbon content (TC) of the lowest part of sediment cores from the study area ranges from 0.16 to 1.17% (average = 0.71%) (Table 1). The maximum TC is found within the Kolyuchinsky graben-rift and the North Chukchi and Novosibirsk sedimentary basins (Table 1). Such features of the distribution are mostly due to the influence of river runoff and morphological and hydrodynamic features of the study area. The results are in good agreement with data on surface sediment composition by the CASCADE project (Martens et al., 2021).
4.2 Gas Composition
The gas composition of the sorbed HCGs is presented in Table 2. The concentrations are given in parts per million (ppm, 10−4 vol%) and show a wide range of variability. Methane is the dominant component in HCGs. The CH4 concentrations range from 2.90 to 121.34 ppm (median = 17.53 ppm). There is a weak correlation between CH4 and C3H8 along with butane groups (r2 = 0.35 and 0.31). The maximum concentrations of methane in seafloor sediments are found within the Novosibirsk sedimentary basin and the North structural terrace. The minimum concentrations of methane are typical for stations in the Cis-East Siberian and North Chukchi sedimentary basins (Figure 3A).
[image: Figure 3]FIGURE 3 | Distribution plot of the concentration of CH4 in ppm (A), C2–C5 in ppm (B), gas ratio C1/C2+ (C), and carbon isotope data of δ13C-CH4 (D), δ13C-C2H6 (E), and δ13C-CO2 (F).
Saturated HCGs are represented by ethane, propane, butane (sum of i-C4 and n-C4), and pentane (sum of i-C5 and n-C5). Ethane and propane were detected in all samples, ranging from 0.01 to 8.30 ppm (median: 0.22 ppm) and from 0.001 to 5.10 ppm (median: 0.08 ppm), respectively. The butane group concentrations range from 0.001 to 4.15 ppm (100% of samples, median = 0.43 ppm) and the pentane group from 0.01 to 0.48 (79% of samples, median: 0.09 ppm). In the ethane–propane–butane group, a good correlation was identified: ethane–propane (r2 = 0.85), ethane–butane (r2 = 0.79), and propane–butane (r2 = 0.90). Unsaturated hydrocarbons (ethene and propene) exceed saturated homologs (ethane and propane) in most samples from the eastern part; the opposite picture is observed in the western part of the study area (Table 2). Ethylene concentration ranges from 0.01 to 6.38 (100%; median: 0.38) and propylene from 0.01 to 0.87 (58%; median: 0.13). In general, the total content of C2–C5 hydrocarbons is higher in the western part of the study area (maximum concentrations are found within the North structural terrace, De Long uplift, and Novosibirsk basin) than in the eastern part (minimum in the Kolyuchinsky graben-rift and the North Chukchi basin) (Figure 3B).
The C1/C2+ ratio ranges from 2 to 463 (Table 2), lower values are observed in western part of the study area (Cis-East Siberian basins, De Long uplift, and Novosibirsk basin), and higher values in the east (North Chukchi basin) (Figure 3C).
Since our research has not found active gas seepage, the predominant type of gas migration in the near-surface sediments is upward diffusion of deeply derived thermogenic HCGs coupled with shallow contributions of microbial gas formed in situ. Methane concentrations are significantly lower than those of other regions which have been shown to host gas hydrates, such as the northern part of the Chukchi Sea (Kim et al., 2020). Previous studies in ESS have also noted low concentrations of methane in pore water (Miller et al., 2017). Unfortunately, the work of Miller et al. (2017) does not provide any information about real concentration values of methane and its homologs. The study does indicate that the sulfate–methane transition (SMT) zone is deep, ranging from 23 to 64 meters. We did not measure sulfate in our study. Given our depth range of gravity coring, we assume that that all our samples were collected within the sulfate reduction zone, shallower than the methanogenic zone. This may explain such small concentration range of methane. Despite this, the concentrations of HCGs in our work is an order of magnitude higher than those observed in both the Barents Sea (Knies et al., 2004; Blumenberg et al., 2016; Weniger et al., 2019) and the Laptev Sea (Cramer and Franke, 2005), but lower than in the Kara Sea (Serov et al., 2015) and the Chukchi Sea (Kim et al., 2020). These differences can possibly be associated with regional features of the distribution of HCGs or they may be associated to differences in station selection strategy and methodological approaches (headspace technique, TVD, and acid extraction).
4.3 Gas Isotopic Properties and Gas Genesis Parameters
The carbon isotopic signatures of the sorbed hydrocarbon gases (δ13C-CH4 and δ13C-C2H6) and carbon dioxide (δ13C-CO2) are shown in Table 2. The isotope composition of methane carbon (δ13С) varied from −59.3 to −36.0‰, ethane from −26.4 to −16.8‰, and carbon dioxide from −24.3 to −18.0‰. Good correlation was identified for δ13C-CH4–δ13C-C2H6 (r2 = 0.76) and δ13C-CH4–δ13C-CO2 (r2 = 0.70) and weak correlation for δ13C-CO2–δ13C-C2H6 (r2 = 0.37). The spatial distribution of carbon isotopic signatures is shown in plots (Figures 3D–F). The maximum values for all three components were obtained in the northwestern part of the study area (Cis-East Siberian sedimentary basins and Lomonosov–Mendeleev flexure-fault zone).
The values of the MMHC vary in the range from 16.31 g/mol to 27.53 g/mol, Ktr from 4.0 to 354.2, and Kwet from 2.5 to 69.7%. Within this group of parameters, there is a good and moderate correlation: MMHC–Kwet (r2 = 0.97), Ktr—Kwet (r2 = 0.67), and MMHC–Ktr (r2 = 0.65). In addition to this, a wide relationship with carbon isotope data was found (r2 = 0.42–0.78). The spatial distribution of gas genesis parameters is shown in plots (Figures 4A–C).
[image: Figure 4]FIGURE 4 | Distribution plot of the gas-geochemical parameters of sorbed HCGs of bottom sediments: MMHC (A), Ktr (B), and Kwet (C).
Based on previous experience and interpretation of gas-geochemical parameters in continental sedimentary basins of the Balkan region, Northern Bulgaria (Velev, 1974; Velev, 1981), Far East of Russia (Gresov, 2011), and subaqueous sedimentary basins ESS (Gresov et al., 2016; Gresov et al., 2017; Gresov A. I. and Yatsuk A. V., 2020; Gresov A. I. and Yatsuk A. V., 2020; Gresov and Yatsuk, 2021), we have compiled a generalized summary of the geochemical indicators for the southeastern part internal shelf of the ESS (Table 3). This made it possible to perform similar work for the external shelf of the ESS and adjacent part of the AO.
TABLE 3 | Average values of geochemical indicators of bottom sediment hydrocarbon gases of the inner shelf of the East Siberian Sea.
[image: Table 3]Thus, we have determined eight main genetic groups of epigenetic HCGs in sediments of the edge shelf zone of the East Siberian Sea and adjacent part of the Arctic Ocean (Table 4). We assumed that these gases emanated from the supposed underlying deep sources in the process of natural diffusion and migration along the fault zones and lineaments of the study area. Relatively low values of total carbon content in sediments, probably from the Pleistocene age, appear to be responsible for the low levels of microbial gas formation in modern sediments. These gases are quite complicated to identify due to their mixing with the underlying migration gases of geological formations.
TABLE 4 | Average values of geochemical indicators of bottom sediment HCGs of the edge shelf zone of the East Siberian Sea and adjacent part of the Arctic Ocean.
[image: Table 4]4.3.1 Coal Gas Sources
The first genetic group of HGCs is associated with black coal. The group is poorly represented in the study area (Table 4). The group is characterized by the values of the coefficients: MMHC: 16.29–16.33 g/mol, Ktr: 4–19, Kwet: 2.5–2.7, and δ13С-СН4 and СО2: −58 ... −59.3 and −23.4 ... −22.4‰, respectively. In contrast to the areas of the inner shelf (Gresov A. I. and Yatsuk A. V., 2020; Gresov and Yatsuk, 2021), this source is not predominant in the study area and occurs locally in the southern slope of the North Chukchi sedimentary basin (Figure 4A). The complexity of the formation of the first group determines the mixed polygenic composition of biochemical, thermogenic-transformed, and possibly magmatic gases formed in the upper part of the sedimentary cover. This is also confirmed by rather high values of the C1/C2+ ratio from 189 to 463, which is typical for gases of mixed genesis.
4.3.2 Igneous Rock Sources
The second group of HCGs is also represented quite locally. Igneous HCGs are assumed for station LV90-3 with the following coefficient values: MMHC: 16.79 g/mol, Ktr: 18, and Kwet: 8.4. The values are close to those of the established gases of the Cretaceous igneous rocks of the southeastern part of the ESS. According to limited data, the isotopic composition of δ13С-СН4 varies from −29 to −25‰ (Gresov A. I. and Yatsuk A. V., 2020; Gresov A. I. and Yatsuk A. V., 2020).
4.3.3 Condensate-Gas Sources
The migration gases of the supposed condensate-gas deposits represent the third genetic group of HCGs of bottom sediments. The groups were characterized by the average value of MMHC: 17.13 g/mol, Ktr: 61.1, and Kwet: 10.6%. The C1/C2+ ratio ranges from 34 to 153. The average value of δ13С-СН4, С2Н6, and СО2 is –50.2, –26.4, and –21.7‰, respectively. The location of this group is mainly in Novosibirsk sedimentary basin (Figure 4A).
4.3.4 Solid Bitumen Sources
The fourth genetic group of hydrocarbon gases presented gas-geochemical parameters of solid bitumen of the continental-island framing and the internal shelf of the ESS (Table 3, Table 4). A specific feature of the gases in the eastern sector of the study area (stations 460, 470, 380, and 390) is their intermediate position between the sites of the first group and supposed oil gas deposits (Figure 4A) and in the western sector (station 23 and LV90-3) between station condensate-gas and oil gas deposit groups (Figure 4A). HCGs of the group are characterized by MMHC: 17.43–17.87 g/mol, Ktr: 72.9–257.0, and Kwet: 14.2–16.4%. The average value of δ13С-СН4, С2Н6, and СО2 is –48.0, –25.1, and –21.1‰, respectively. The C1/C2+ ratio is 71 in average. The formation of HCGs of solid bitumen is associated with the thermogenetic transformation of organic matter and in some cases with thermal influences of magmatic processes (anthraxolites) (Klubov, 1983; Borukaev, 2017; Gresov A. I. and Yatsuk A. V., 2020; Gresov A. I. and Yatsuk A. V., 2020). In general, the poorly studied issue of gas formation in solid bitumen in the East Arctic region requires more complicated research.
4.3.5 Gas-Condensate Sources
Migration gases of the supposed gas-condensate deposits represent the fifth genetic group of HCGs in sediments (Table 3, Table 4). This group has a value of MMHC ranging from 17.91 g/mol to 18.63 g/mol, Ktr: 42.3–151.0, and Kwet: 15.5–22.8%. The average value of δ13С-СН4, С2Н6, and СО2 is –51.9, –23.5, and –23.3‰, respectively. The C1/C2+ ratio is 102 in average. This group is most prevalent in the North Chukchi sedimentary basin (Figure 4A). Based on the gas-geochemical parameters, in the bottom sediments of the study area, there are probably two HCG subgroups of the supposed gas-condensate deposits with the values of Ktr 42.3–78.8 and 117.5–151.0. It has been established that HCGs of this group in most cases is a natural gas-geochemical "fringe" of oil and gas deposits.
4.3.6 Oil Gas, Gas Oil, and Oil Sources
Migration HCGs of the supposed oil gas, gas oil, and oil deposits represent the sixth, seventh, and eighth genetic groups of epigenetic gases of bottom sediments in the study area (Table 3, Table 4). The gas-geochemical parameters presented by MMHC: 19.35–20.71, 21.5–22.79, and 22.61–27.53 g/mol; Ktr: 64.8–236.8, 221.3–242.7, and 136.3–354.2; and Kwet: 25.8–37.3, 44.1–49.8, and 50.8–69.7% (Figures 4A–C). The isotope parameter range for δ13С-СН4, С2Н6, and СО2 is −45.7 to −39.9, −21.8 to −19.8, and −21.8 to −19.9‰; −42.8 to −37.2, −21.7 to −18.2, and −21.0 to −18.4‰; and −40.5 to −36.0, −20.0 to −16.8, and −20.8 to −18.0‰, respectively (Figures 3D–F). Previously, we have found similar parameters for oil gas deposits in the southeastern part of the ESS (Table 3) and continental deposits of Far East of Russia (Gresov, 2011). These groups of HCGs are located in the bottom sediments of North Chukchi, Cis-East-Siberian, Novosibirsk sedimentary basin, Longa uplift, Northern Terrace, and Lomonosov–Mendeleev flexure-fault zone.
Thus, the use of a complex of isotope and gas-geochemical indicators is a rather informative method for identifying various regional and stratigraphic gas sources of hydrocarbons in bottom sediments. It was found that all the isotope and gas-geochemical parameters of HCGs are closely associated with each other by wide correlation (r2 = 0.37–0.97) (Table 5).
TABLE 5 | Correlation (r2) between gas genetic indicators of the study area.
[image: Table 5]5 DISCUSSION
In the context of global climate change processes, great attention is paid to the current state of the Arctic region. At the same time, a number of studies have provided differing estimates as to the potentially catastrophic climatological impact resulting from the destruction of marine permafrost and massive greenhouse gas emissions (Shakhova et al., 2010; Shakhova et al., 2017). Most of these estimates are given for the water area of the inner ESS shelf. At the same time, a number of other studies indicate a rather limited or local distribution of these processes in the outer ESS shelf and adjacent part of the Arctic Ocean (Thornton et al., 2016; Miller et al., 2017; Sparrow et al., 2018; Thornton et al., 2020). In addition, it is important to emphasize that the study of the processes of migration of methane in the aquatic environment and at the water–atmosphere boundary should always be accompanied by a direct study of its bottom sources. In this regard, the ability to separate surface and deep sources of methane formation is especially important. It should be noted that the existing estimates of geological methane emissions are far from complete (Sherwood et al., 2017; Etiope et al., 2019), and the available global estimates have a large uncertainty in the values of natural methane emissions (Saunois et al., 2020).
Gas geochemistry is widely used to obtain information about the origin and sources of gas in geological systems. In this work, we used a complex technique for the determination and interpretation of isotope and gas-geochemical parameters to identify and determine the genesis of bottom sediment sorbed gases. The representativeness of our methodology has been confirmed by approbation of the results at continental and subaqueous areas with proven oil and gas-bearing sedimentary basins of the Northeast of Russia (Gresov, 2011; Gresov et al., 2012; Gresov et al., 2016; Gresov et al., 2017; Gresov A. I. and Yatsuk A. V., 2020), Balkan region, and Northern Bulgaria (Velev, 1974; Velev, 1981).
Undoubtedly, we understand that the sample and analysis of HCGs of surface sediments and samples from the source itself (natural gas seepage, commercial gas drilling, and oil- and gas-bearing rock) are slightly different factors. The thermogenic gases can have a long migration history to the surface and have possibly undergone various changes over time. There are works that show that it is possible to predict gas sources directly on a sufficiently large statistical scale (Schoell, 1983; Faber et al., 2015; Abrams, 2017; Weniger et al., 2019; Milkov, 2021). To check an important question: how does our proposed methodology correlate with existing classifications and approaches to assessing the genesis of gases, we used three famous diagrams: plot of values of δ13C-CH4 versus δ13C-CO2 after Giggenbach 1997 (Figure 5A), Bernard diagram (Bernard et al., 1976) (Figure 6A), and plot of values of δ13C-C2H6 versus δ13C-CH4 after Milkov et al., 2005 (Figure 7A). Thus, based on a comparison with the main classification diagrams, we see that the distribution of thermogenic-sorbed gases prevails in the studied area. The influence of the processes of microbial formation, secondary microbial formation, and biodegradation (Etiope et al., 2009; Milkov, 2011) in the studied area of the ESS was not recorded.
[image: Figure 5]FIGURE 5 | Plot of values of δ13C-CH4 vs. δ13C-CO2 after Giggenbach (1997) (A). Thin solid lines represent compositions expected for attainment of isotopic equilibrium as a function of temperature. Solid dashed lines correspond to compositions expected for formation of CH4 and CO2 from a common C source, such as a kerogen with δ13C of total C of −27‰, or magmatic C with δ13C of −7‰, as a function of the percentage of CO2 in the gas mixture formed. Plot of values of δ13C-CH4 vs. δ13C-CO2 with author’s gas genetic groups (B): 1) coal and gas deposits, 2) igneous rock, 3) condensate-gas, 4) solid bitumen, 5) gas condensate, 6) oil gas, 7) gas oil, and 8) oil deposits.
[image: Figure 6]FIGURE 6 | Bernard diagram (after Bernard et al., 1976). (A) Bernard diagram versus author’s gas genetic groups (B). Genetic groups are the same such as in Figure 5.
[image: Figure 7]FIGURE 7 | Plot of values of δ13C-C2H6 versus δ13C-CH4 after Milkov et al., 2005. Plot of values of δ13C-C2H6 versus δ13C-CH4 with author’s gas genetic groups (B). Genetic groups are the same such as in Figure 5.
The plot of δ13C-CH4 versus δ13C-CO2 shows us values for both components in the thermogenic field (Figure 5A). Isotherms from 100 to 350 °C show a starting gas characteristic of thermogenic gas from early-stage cracking of the more labile components of kerogen (Giggenbach, 1997), which becomes progressively more enriched in 13C in both CH4 and CO2. The highest equilibrium reservoir temperatures derived from Hulston (2004) on the high end of what would be expected for methane-rich hydrocarbons. The progressively heavier 13C values do not appear to represent the mixing between a secondary microbial gas source, similar to values indicated in previous studies (Head et al., 2003; Milkov, 2011), with a labile kerogen thermogenic gas as indicated by Giggenbach (1997). Instead, the gases trend toward a high-temperature magmatic end-member as has been observed in deep high-temperature geothermal systems (Giggenbach, 1997). Such values for magmatic gases seem to be influenced by subduction recycling of carbonates into the mantle. In any case, the Cis-East Siberian sedimentary basin has a sedimentary cover depth up to 10 km and De Long uplift up to 4 (Figure 1, Figure 2B). In our opinion, the most enriched 13C samples shown in Figure 5A reflect the admixture deeply sourced of magmatic gas with a more labile kerogen source, predominantly in the western part of the study area. The source of the magmatic fluid may be Cretaceous basalts and intrusions, which are widespread at the base of the basement of the De Long uplift (Nikishin et al., 2021). Migration of fluids to the upper part of the sedimentary cover is possible along a network of tectonic faults that are deep (>5–6 km) and represent an extended Lomonosov–Mendeleev flexure-fault zone (Figure 1, Figure 2B). The localization of such fluids in the course of vertical and lateral diffusion is possible in the zone of anticlinal uplifts and wedging out traps in the presence of seals. Promising areas of oil and gas deposits in the area of the De Long uplift were discovered according to MAGE data. There are 20 local anticlinal dome-shaped structures mapped, in the arch of which anomalies of the "bright spot" type were found (Kazanin et al., 2017a). The largest anomaly was found in the area of the Demidov saddle (length 39.5 km). Station 25 is located in the region of the dome-shaped uplift of the Demidov saddle and has typical parameter HCGs of oil fields: MMHC: 27,5, Ktr: 265, Kwet: 70% and “heavy” isotopic composition of sorbed gases (Table 2). The average value of the geothermal coefficient in the outer ESS shelf is 57 °C/km (O’Regan et al., 2016). According to the roughest estimates, then the source of the origin of the gas maybe lies at a depth of approximately 6 km. This fully coincides with the geological features of the region, and the existing structure of tectonic faults is a channel for migration to the surface.
In the eastern part of the study area, the influence of magmatism is not so noticeable; perhaps the very large depth of the sedimentary layer (more than 16 km in the depocenter) has an effect (Figure 2A). However, there is also a tendency toward an increase in the gas–genetic parameters of oil and gas potential toward the Lomonosov–Mendeleev flexure-fault zone (Figure 3, Figure 4). In the eastern part of the study area, the predominant sources of HCGs are gas-condensate sources and coal-bearing formations.
As with the previous figure, a plot of δ13C-CH4 vs. C1/C2+ (Figure 6) shows that the same most thermogenic gases in the trend toward a magmatic gas end-member as indicated by Giggenbach (1997). The presence of higher C1/C2+ values, particularly the North Chukchi area gases, indicates some involvement of both primary microbial and secondary microbial gases. Likewise, a plot of δ13C-CH4 vs. δ13C-C2H6 (Figure 7) shows mixing of a thermogenic end-member where both C2H6 and CH4 are relatively more enriched in 13C, with an end-member containing both microbial CH4 and thermogenic C2H6.
All of the isotopic diagrams indicate similar patterns in regard to the separation of potential sources in the series coal, condensate-gas, bitumen, gas condensate, and oil and gas (Figure 5B, Figure 6B, and Figure 7B). In addition to this, we create diagrams of the dependence of the three main gas genetic indicators (MMHC, Ktr, and Kwet) among themselves (Figure 8) and between carbon isotopes of δ13С-СН4 (Figure 9). In this case, the source categorization schema turns out to be quite good as all parameters have a good cross-correlation. In our opinion, the additional use of these three coefficients derived from weighted concentrations of hydrocarbon gases significantly expands the possibilities of interpreting gas data for hydrocarbon prospecting.
[image: Figure 8]FIGURE 8 | Paragenetic variability of gas-geochemical parameters MMHC-Ktr (A), MMHC-Kwet (B), and Kwet-Ktr (C). Genetic groups are the same such as in Figure 5.
[image: Figure 9]FIGURE 9 | Paragenetic variability of gas-geochemical and carbon isotopic data δ13C-CH4 with MMHC (A), Kwet (B), and Ktr (C). Genetic groups are the same such as in Figure 5.
Next, a major feature of the distribution of thermogenic hydrocarbon gases is the mutual distribution of weight concentrations of hydrocarbons fractions. So, for HCGs of coal gas deposits is the steeply descending distribution of the weight concentrations of particular hydrocarbons toward high molecular mass members. Concentrations naturally decreases and the rule Сn > Cn + 1 is completed with an increase in the sequence number of homologs. This feature is interpreted as a sign of a genetic relationship between members of the hydrocarbon fraction. Based on the validity of this assumption, one can consider HCGs of the first group as a set of interrelated and arranged elements of some integral gas-geochemical formation of the upper part of the Cenozoic–Cretaceous sedimentary cover. HCGs of the other genetic groups are characterized by an irregular distribution of weight concentrations of hydrocarbons in the form of Сn = Cn + 1, Сn > Cn + 1, and Сn < Cn + 1 (Table 3, Table 4). This specific feature is typical for HCGs of gas oil and oil deposits of coal oil- and gas-bearing sedimentary basins in the Northeast of Russia (Gresov, 2011; Gresov et al., 2012).
Thus, the proposed methodology for determining HCG sources can be used quite organically with known classification schemes, mutually complementing and checking each other. We suggest several important points for conducting future studies which will improve on the qualitative analysis of hydrocarbon genesis:
- Carrying out a complete analysis of the content of HCGs C1–C5, especially at the level of trace concentrations.
- Information about regional geology, geophysical knowledge, and objects analogous to the industrial development of hydrocarbons is very important.
- The use of a large number of gas genetic parameters and classifications and sufficient statistics.
The solution of these issues in the future will significantly enhance the predictive assessment of oil and gas prospects and our fundamental knowledge about the processes of migration and accumulation of natural gases in the sedimentary cover of the Earth
6 CONCLUSION
As a result of the studies, the distribution of hydrocarbon gases was established, which are of great practical importance in the search and forecast of hydrocarbon deposits of the ESS marginal-shelf zone, the continental slope, and geological structures of the Arctic Ocean.
In the process of research in the bottom sediments, eight main genetic groups of epigenetic HCGs were identified, originating from supposed underlying gas sources in the process of natural diffusion and migration. Relatively low TC values determine the formation of insignificant volumes of syngenetic gases of modern sediments, which are difficult to identify due to their mixing with the migration gases of underlying geological formations. In general, the formation of the bottom sediment gas composition of the marginal-shelf zone of the ESS and AO is subject to the rules of additivity, that is, sequential spatiotemporal accumulation of migration gases in sediments with the dominance of the gas phase and gas-geochemical parameters of a more gas-saturated source.
Based on the data of gas geochemical studies, the areas of the southeastern part of the Cis-East Siberian sedimentary basin (Vilkitsky depression), Lomonosov–Mendeleev structural tectonic zone, and northwestern part of the Novosibirsk basin are among the most highly promising oil-bearing forecast areas in the western sector of the study area. Similar territories in the eastern part of the study area include the southern flank and the central part of the North Chukchi basin.
The study of these inaccessible areas of the Arctic Ocean is important not only from the standpoint of resource hydrocarbon potential but also important from the point of view of climate change and the study of natural sources of greenhouse gases into the environment.
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