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Abstract—We present results of study of the molecular composition of organic matter (OM) in the bottom sediments of the Lap-
tev Sea by gas chromatography—mass spectrometry, isotope gas chromatography—mass spectrometry, and Rock-Eval pyrolytic
analysis. The OM of all collected sediment samples shows a significant terrigenous contribution. Compounds that are biomarkers of
methanotrophic microorganisms are also found. A positive correlation between the contents of the studied biomarkers and the con-
tents of pelite and total organic carbon is observed at the sites with documented intense methane bubbling. For example, the ave-
rage content of C30 hopenes at the “methane” stations is twice higher than that at the “background” ones. The average content
of C32 af-hopanes in sediment samples from the methane seepage area is 1.5 times higher than that at the background stations. We
suggest that the increased C30 af-hopane content (~1.5 times higher within the methane seepage area) and the decreased moretane index
relative to the C31 hopane index are due to the inflow of OM of petroleum origin. The presence of biphenyl in sediments indicates its petro-
leum origin, which supports our assumption of the migratory nature of petroleum hydrocarbons in the methane seepage area. Triterpenoids
found in the sediment OM indicate diagenetic bacterial transformation of OM in the methane seepage areas, which shows that methane
has been released for a long time. We assume the intense activity of the consortium of methanotrophs and sulfate reducers in the methane
seepage areas.
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INTRODUCTION va et al., 2017). In addition, a large amount of material of

terrigenous origin arrives at the ESS, which integrates
changes occurring in the hydrological and biogeochemical
cycles of terrestrial ecosystems in response to climate
change and degradation of the land permafrost (Semiletov et
al., 2000; Gustafsson et al., 2011; Vonk et al., 2012, 2014;
Pugach et al., 2017; 2011, 2012, 2013). This area is warm-
ing faster than any other with the Arctic region (Luchin et
al., 2002; Proshutinsky et al., 2012; Stroh et al., 2015).
Moreover, this unique shelf contains more than 80% of the
world’s subsea permafrost, and also contains the main pro-
portion of the shallow shelf gas hydrates, whose stability
depends on the thermal state of the subsea permafrost (Ro-
™ Corresponding author. manovskii et al., 2005; Shakhova and Semiletov, 2009;
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The Siberian Arctic shelf makes up half the shelf of the
entire Arctic Ocean and contains huge reserves of hydrocar-
bon resources (Gramberg et al., 1983; Kontorovich et al.,
2013). This work focuses on the East Siberian Shelf (ESS),
since it is on the ESS that there are prerequisites for the de-
velopment of the most serious consequences associated with
current climate change (Shakhova and Semiletov, 2009).
The ESS is the largest and shallow shelf of the World Ocean,
its entire area is covered by submarine permafrost, which
has degraded at double speed for the last 30 years (Shakho-
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Shakhova et al., 2010a,b, 2014, 2015, 2017; Nicolsky et al.,
2012). Nowadays thermal state of the subsea permafrost ap-
proach to the melting point and in some areas it has already
reached it, which has led to the mobilization and involve-
ment of huge amounts of ancient organic carbon (OC) in the
modern biogeochemical cycle and an increase in the emis-
sion of major greenhouse gases (CO, and CH,) into the at-
mosphere region (Semiletov et al., 2007, 2012; Shakhova et
al., 2010a,b,c, 2014, 2015; Anderson et al., 2011; Pipko et
al., 2011, 2017; Sergienko et al., 2012). There is a huge
amount of OC in the thick sediments of the ESS (they reach
15-20 km), which is many orders of magnitude greater than
the OC reserves on land (Romankevich and Vetrov, 2001;
Vetrov and Romankevich, 2004; Macdonald et al., 2008),
which can be included in the modern biogeochemical cycle
(seasonally thawed layer), due to the degradation of the up-
per layer of permafrost. Therefore, the involvement of even
a small fraction of the OC buried in the permafrost into the
biogeochemical cycle can lead to unpredictable environ-
mental and climatic consequences (Semiletov, 1999; Shak-
hova et al., 2009a,b, 2010; Shakhova and Semiletov, 2009;
Semiletov et al., 1996, 2004; Vonk et al., 2012, 2014). In the
number of recent studies it was shown that the oxidation of
erosional OC is the main source of CO, and acidification of
ESS waters (Semiletov et al., 2016), and the main source of
CH, is its discharge from bottom sediments into the water
column and atmosphere, due to the degradation of subsea
permafrost (Shakhova et al., 2010a,b, 2014, 2015, 2017; Le-
ifer et al., 2017). As the most realistic candidate for explain-
ing massive CH, bubble emissions from bottom sediments
(up to hundreds of grams per square meter per day (Shak-
hova et al., 2015; Leifer et al., 2017)) into the water column
and atmosphere is considered destabilization of gas hy-
drates, the state of which is controlled by the state of the
subsea permafrost (Shakhova et al., 2010a,b, 2015, 2017).
First studies of methane isotopic composition (Sapart et al.,
2017) were performed for understanding of the nature of
bubble CH,, but these studies were not enough for an unam-
biguous interpretation of methane bubble origin. Obviously,
the solution of such a fundamental problem requires com-
prehensive investigations aimed at studying the qualitative
and quantitative composition of the OC of the bottom sedi-
ments, the degree of their biogeochemical transformation
within and beyond the areas of intense emissions.

The purpose of this work is to study and determine the
characteristic features of the organic matter composition of
the Laptev Sea bottom sediments within and beyond the ar-
eas of intense emissions. In this work recent bottom sedi-
ments in the most studied part of the ESS (the Laptev Sea)
are considered as accumulators of signals indicating various
processes, which lead to transformation of the OC composi-
tion and characterize sedimentation conditions (van Dongen
et al., 2008; Cooke et al., 2009; Semiletov et al., 2012; Tesi
etal., 2014; Vonk et al., 2014; Selver et al. 2015; Xiao et al.,
2015; Broder et al., 2016; Dudarev et al., 2016; Panova et
al., 2017; Semiletov et al., 2017). It is assumed that the use

of different types of biomarkers will contribute to under-
standing geochemical processes, which, within the study
area, are connected with the emission of CH, from bottom
sediments into the water column and atmosphere, this is cru-
cial to identify the main sources of CH,, their qualitative and
quantitative assessment.

STUDY AREA

The Laptev Sea with an area of 500-10° km? with an av-
erage water depth of about 50 m (Jakobsson et al., 2008),
accepts dissolved and suspended terrigenous OC from the
vast drainage area of the largest rivers of Eastern Sibe-
ria — the Lena, the Yana, and the Khatanga (Dobrovolsky
and Zalogin, 1982; Gustafsson et al., 2011; Semiletov et al.,
2011, 2012). In recent years, it has been established that the
main source of suspended OC on the Laptev Sea shelf is
erosion of the coast ice complex deposits (Grigoriev et al.,
2004; Karlsson et al., 2011; Semiletov et al., 2011, 2013;
Vonk et al., 2012, 2014), but not river runoff, as it was con-
sidered before. However, suspended soil OC can appear in
large quantities in the anomalous years (Charkin et al.,
2011) and geological epochs (Tesi et al., 2016), as well as
during high freshet from the drainage basin of the Lena Riv-
er (3 million sq. km), which may lead to the most extremely
BC depleted OC in the surface sediments northwest of the
New Siberian Islands (Sanchez-Garcia et al., 2011).

Climate warming is most pronounced in the Arctic, as
evidenced by a significant increase in air temperature, an
increase in river flow, and a decrease in ice cover [Semiletov
et al., 2000; Luchin et al., 2002; Report..., 2007]. Based on
many years of observations [http://rims.unh.edu/], it is
shown that the annual flow of the Lena River in the period
1999-2008 varied between 457 km? and 716 km?, and the
average annual flow for this period (583 km?®) is about 11%
higher than the average annual flow for the previous decade
(1990-1999) (Semiletov et al., 2013), which resulted in a
significant warming of the Laptev Sea coastal waters (Shak-
hova et al., 2014).

The Laptev Sea is characterized by low annual average
water temperatures varying from —1.8 °C in the north to
—0.8 °C in the southeastern part (Dobrovolsky and Zalogin,
1982), which is explained by the warming effect of river
flow and effective mixing of waters till to the bottom (Shak-
hova et al., 2014), this manifests itself in positive summer
temperatures of bottom water and surface bottom sediments,
including the Dmitry Laptev Strait in the East Siberian Sea
(Shakhova and Semiletov, 2009). Diffusion of heat and con-
vective salinization of bottom sediments of the coastal zone,
which is characterized by the predominance of the psam-
mitic fraction, leads to high rates of subsea permafrost deg-
radation and the formation of deep (open) taliks (Shakhova
et al., 2017).

From the north, it is bounded by the Eurasian Ocean Ba-
sin, which accommodates the axial Gakkel Ridge, the ex-
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treme link in the world system of spreading ridges, which
ends at the Laptev Sea continental slope (Imaev et al., 1990;
Drachev, 2000). Thus, it is one of few places, where active
spreading axis is adjacent to the edge of the continent, which
has overriding importance for studying the split of the con-
tinents and the origin of the oceans (Franke et al., 2001).
The ambiguity and inconsistency of ideas about the geologi-
cal structure of the Laptev Sea Plate are due to extremely
complex fault tectonics (Leonov et al., 2007; Andieva,
2008). The Laptev Sea represents a unique articulation of
the active spreading axis (Gakkel ridge) and the continental
margin, important for studying the fault of the continents.
The modern understanding of the tectonics of this region is
based on the results of marine multichannel seismic profil-
ing, the latest gravimetric data and geological studies of the
continental framing. The structure of the shelf is represented
by a series of deep rifts and high standing foundation blocks
forming the rift system. From the west to the east, the South
Laptev Sea Rift Basin, the Ust-Lena Rift, the East Laptev
Sea and Stolbovkoy horsts, the Bel’kov-Svyatoy Nos and
Anisinsky Rifts are distinguished (Fig. 1b) (Drachev, 2000).
Sedimentary filling of rifts is underlain by a heterogeneous
folded basement of Mesozoic consolidation (Andieva,
2008).

Due to the absence of deep drilling, the material compo-
sition of the complexes of the Laptev Sea sedimentary sec-
tion can only be determined approximately on the basis of
the characteristics of seismic recording and their compari-
son with the data on framing and transgressive regressive
events in the Arctic (Leonov et al., 2007). It can be assumed
that the characteristic features of the disjunctive tectonics
studied in detail and certified by deep core drilling in the
Anabar-Lena zone, which adjacent to the Laptev Sea (Kon-
torovich et al., 2013), are similar to those of the Laptev Sea.
If this assumption is valid, we can propose that on the
Laptev Sea Shelf, by analogy with the northern part of the
Anabar-Lena zone, there are faults that cut through the en-
tire sedimentary cover and penetrate into the Mesozoic. It is
possible that these faults penetrate deeper, which to some
extent may testify in favor of the hypothesis about a deep
source of methane with an anomalously young radiocarbon
age (Sapart et al., 2017) whose massive discharge was docu-
mented in the northern part of the Laptev Sea (Shakhova et
al., 2015; Leifer et al., 2017). The density modeling data
confirm that the sedimentary cover on the Laptev Sea Shelf
lies on the Mesozoic folded basement (Andieva, 2008).

The change in water salinity is determined by the river
runoff and sea ice melting, as well as hydrometeorological
factors. Salinity values change in winter from 20-25%o in
the southeast to 34%o in the northern areas of the sea, and in
summer, due to the increasing freshwater flow, the salinity
decreases to 5-10%o and 30-32%o respectively (Dobrovol-
sky and Zalogin, 1982; Dudarev, 2016; Pipko et al., 2017).
In work (Semiletov et al., 2016), it was shown that the dis-
tribution area of surface waters desalinated by the Lena
River, marked with isochaline 23, increased by 116 thou-

sand km? over the period (2000-2012) compared with the
period (1932-2000), which indicates a steady long-term
trend of warming and growth of the Lena River flow, which
was first shown for the second half of the 20th century in
works (Savelieva et al., 2000; Semiletov et al., 2000).

It follows from the above that the Laptev Sea is one of
the areas most affected by climate warming and the corre-
sponding changes in the land — cryosphere — sea system.

The study area in this paper is a polygon located in the
northern part of the Laptev Sea (Fig. 1) between 76.5—
77.5°N and 121-132°E, with total area approximately 6400
km?, and denoted as P1 (Shakhova et al., 2015). This site
represents the outer shelf, where melting of permafrost was
predicted, and intense methane bubbling associated with de-
stabilization of subsea permafrost were detected (Shakhova
et al.,, 2015, 2017).

The content of organic matter in the investigated polygon
is characterized as relatively high for the Arctic region
(more than 0.5% on average) (Tissot and Welte, 1984; Fahl
and Stein, 1997; Vetrov and Romankevich, 2004). The most
complete map of the OC distribution in the surface sedi-
ments of the Laptev Sea and the East Siberian Sea is given
in (Shakhova et al., 2015), and for the investigated polygon
it is shown in Fig. S10.!

MATERIALS AND METHODS

Sampling. Samples of recent bottom sediments studied
in the course of the research (Table 1) were collected by the
staff of the Arctic Research Laboratory of the V.I. II’ichev
Pacific Oceanological Institute in the northern part of the
Laptev Sea in the framework of the marine research expedi-
tion in 2011 (R/VAkademik Lavrent’ev) (Sergienko et al.,
2012). The Van Veen grab sampler and the direct-flow
gravity tube were used as the technical devices for sam-
pling. The sampling interval for all samples was 0-5 cm.
Samples were stored in a frozen state. The P1 investigated
polygon, where samples were collected during the expedi-
tion, is shown in Fig. 1 in the upper left corner.

The collected samples in the course of the research were
stored in the laboratory in a frozen state.

Sample preparation. Samples were thawed at the room
temperature for 24 hours and then homogenized. Next, the
samples were brought to constant weight in a desiccator at
the temperature of 45 °C. Extraction of the bottom sedi-
ments samples (separation of the bitumoid) was performed
with chloroform in the Soxhlet apparatus for at least 14 h.
Then the extracts were concentrated on a rotary evaporator
and dried to constant weight in the desiccator.

Rock-Eval pyrolytic analysis. The total content of or-
ganic carbon, the content of mineral carbon, the content of
volatile organic compounds (peak S1, see Fig. Sl), the
amount of the destruction products of protokerogen (peak

! http://sibran.ru/journals/Supplementary tables figures.pdf
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Fig. 1. The study area (the investigation polygon in the upper left corner, enclosed with a red line,) polygon P1 (a) (Shakhova et al., 2015), and
the stations of the test site (the study area is marked with a rectangle), plotted on the map with the structural scheme of the Laptev Sea rift system
(b) (Drachev, 2000).



460

A.A. Grinko et al. / Russian Geology and Geophysics 61 (2020) 456—477

Table 1. Stations coordinates, depth of sampling, and degree of diagenetic transformation of sediments.!

Coordinates of the stations, °

Depth, m
Nest.  Start End IDM Pr/C, Phy/C,4 7w °C
Latitude Longitude Latitude Longitude Echosounder CTD
20 76.554 130.136 76.556 130.133 60.0 60 0.44 0.29 0.30 339
21 77.210 130.471 77.212 130.477 65.6 67 0.42 0.34 0.37 341
22 77.440 129.550 77.442 129.555 85.0 86 0.36 0.26 0.22 344
23 77.383 131.398 77.386 131.402 67.0 68 0.42 0.25 0.19 335
25 77.101 130.007 77.103 130.013 60.0 60 0.44 0.27 0.22 340
28 77.000 125.985 76.997 125.990 91.3 92 0.38 0.24 0.16 344
29 76.736 125.905 76.732 125.910 67.3 68 0.43 0.23 0.21 341
30 76.392 125.755 76.388 125.754 50.0 50 0.43 0.25 0.14 335
32 77.029 127.289 77.029 127.289 74.0 74 0.42 0.14 0.21 336
33 76.721 127.309 76.720 127.313 65.0 66 0.45 0.28 0.16 332
34 76.720 126.396 76.720 126.401 66.0 67 0.41 0.18 0.14 338
35 76.392 126.423 76.393 126.431 49.0 49 0.41 0.55 0.32 340
36 76.398 125.051 76.397 125.057 62.0 62 0.42 0.43 0.18 347
37 76.648 125.048 76.648 125.055 70.0 69 0.42 0.42 0.26 334
38 76.859 125.047 76.856 125.047 86.0 86 0.40 0.41 0.30 343
40 76.867 124.134 76.863 124.135 103.0 103 0.42 0.47 0.24 344
43 77.143 126.368 77.140 126.366 651.0 651 0.34 0.34 0.26 362
44 76.896 127.812 76.895 127.806 64.0 64 0.38 0.48 0.17 337
45 76.880 128.834 76.876 128.827 69.0 69 0.41 0.38 0.26 336
48 76.410 129.573 76.410 129.573 57.0 57 0.39 0.38 0.20 339
49 75.734 129.301 75.733 129.306 46.0 46 0.39 0.39 0.36 361

Note. 'The degree of diagenetic transformation of sediments is determined by the coefficients Pr/C,,, Phy/C,s, defined using the GC-MS method (Pr, pris-
tane, Phy, phytane) and by pyrolytic method Rock-Eval (IDM index). IDM, index of diagenetic maturity determined by Rock-Eval analysis.
IDM is equal to the ratio of the number of pyrolytic hydrocarbons released under temperature up to 380 °C to the total amount of hydrocarbons (Me-

lenevsky et al., 2017).
CTD, oceanographic probe for depth measurement.
T

max>

S2, see Fig. S1) in the sediments were determined on a
“Rock-Eval 6 Turbo” pyrolyzer produced by VINCI Tech-
nologies. Temperature program was as follows: start heating
the sample was 300 °C, holding for 3 minutes, then heating
to 650 °C with the heating rate of 25 °C/min.

GC-MS analysis of the extracts. The obtained extracts
were investigated by gas chromatography-mass spectrome-
try (GC-MS) method on the Bruker SCION 436 GC TQ in-
strument using the HP-SMS quartz capillary column (length
30 m, internal diameter 0.25 mm, film thickness 0.25 pm).
Analysis conditions were as follows: inlet temperature was
300 °C, initial oven temperature was 40 °C, followed by
heating with the rate 5 °C/min to 150 °C, then 3 °C/min to
310 °C, and holding at 310 °C 20 min. The velocity of the
carrier gas (helium) was 1.1 ml/min, the volume of the in-
jected sample was 1 pl (the solvent is hexane). Measure-
ments were carried out both on the total ion current, and on
the selected ions (in the Scan and SIM modes), as well as in
the MS-MS mode on GC-MS Agilent 7890B (GC) —Agilent
Q-TOF 7200 (MS) instrument with the same temperature
program (quartz capillary column HP-1MS, length 30 m, in-

temperature of the maximum rate of hydrocarbon generation during Rock-Eval pyrolysis.

ternal diameter 0.25 mm, film thickness 0.25 um) with sec-
ondary ionization in a collision cell with nitrogen with the
collision energy 10 eV, to confirm the identification of indi-
vidual compounds (Fig. S3). In addition, chromatograms of
extract samples were obtained in the MRM (multiple reac-
tion monitoring) mode on the SCION 436 GC TQ instru-
ment, also to confirm the results of identification of indi-
vidual compounds (Fig. S4) with secondary ionization in a
collision cell with argon (collision energy 10eV), with con-
trolling the following transitions: M* = 410 a.m.u. — 191,
189, 121, 367 (Shiojima et al., 1992; Ageta et al., 1994).

Components were identified using NIST 14 mass spec-
trometry libraries, as well as using a detailed study of the
mass spectra of splinter ions and molecular ions using mass
spectrometry reference literature, and also using rock sam-
ples and oil extracts previously analyzed in the laboratory,
as well as standards provided by Chiron (hopenes).

The relative concentrations of the components were de-
termined by the method of internal normalization relative to
the total ion current (TIC) by dividing the area of the com-
pound peak studied by the sum of the areas of all the peaks.
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In the case of small peak areas and interference of neighbor-
ing peaks on the TIC chromatogram, individual compounds
(alkylbenzenes, polyaromatic hydrocarbons) were normal-
ized by dividing the corresponding peak areas of the mass
fragmentograms of the corresponding characteristic ions
(m/z 91 for alkylbenzenes, m/z 154, 178, 202 for polyaro-
matic hydrocarbons) on the sum of all n-alkanes peaks in the
m/z 57 mass fragmentogram. The reproducibility, which was
calculated from parallel measurements, did not exceed 5%.

Blank experiments were performed to recognize and
eliminate contaminants, which could penetrate into the sam-
ples during sampling, sample storage, extraction and con-
centration operations (Grosjean and Logan, 2007; Silva et
al., 2013). In the present study, desulfurization of extracts
was not applied, because the sulfur content was used as an
additional tool for description and comparison of samples
between themselves along with other biomarkers. Crystals
of elemental sulfur for many samples were clearly visible in
the extracts obtained from them.

IRM-GC-MS. The isotopic composition of organic car-
bon in samples of bottom sediments was measured on the
DELTA V ADVANTAGE isotope mass spectrometer (man-
ufactured by “Thermo Fisher Scientific”) connected to a
Flash 2000 elemental analyzer using the ConFlo IV inter-
face. Samples of bottom sediments were preliminarily de-
carbonated with hydrochloric acid. For each sample at least
3 parallel measurements were performed. The determination
error did not exceed 0.20%o. The obtained values of carbon
isotopic composition are given as §'*C values relative to the
international standard VPDB.

The reliability of the measurement results was controlled
by the IAEA standards — NBS-22 (mineral oil) with
313C ppp=-30.03%0 and IAEA-CH-7 (polyethylene 8"*C ppp=
—32.15%o.

Mineralogical fractional analysis. The size composi-
tion of sedimentary material was studied on the laser diffrac-
tion analyzer “Analysette 22 Fritsch”. For different-grain
sediments with inclusions of sand particles, the method of
classical water-mechanical analysis combined with a laser
analyzer was used (Petelin, 1961). The lithological (dimen-
sional) typification of sedimentary substances was carried
out on the basis of the three-component classification of the
V.I. I’ichev Pacific Oceanological Institute according to the
ratio of the content of sand fractions (from 1 to 0.1 mm),
aleurite fractions (from 0.1 to 0.01 mm) and pelite fractions
(<0.01 mm) (Dudarev et al., 2016).

RESULTS AND DISCUSSION

Tables 1-3, S2, S3 show the main parameters calculated
from data of chromatography-mass-spectrometric analysis,
as well as the parameters calculated on the basis of Rock-
Eval pyrolytic analysis and §'3C isotopic analysis. Based on
the parameters of IDM, Pr/C,,, Phy/C,; (Table 1), K, (Ta-
ble 2), samples of the bottom sediments are characterized by

a low degree of diagenetic transformation (high values of
IDM and relatively low Pr/C,,, Phy/C 5 K;). The IDM values
range from 0.34 to 0.44 and are similar to the boundary val-
ues of this index between the coccolith and sapropel silts of
the Black Sea (Melenevskii et al., 2017). However, for sam-
ples of group I, in which there is a significant predominance
of the terrigenous signal, the degree of diagenetic maturity,
based on the aforecited coefficients, is higher (Fig. 44, b).

The content of total organic carbon (TOC) in sediment
samples in the polygon is generally low, reflecting the low
bio-productivity of the Laptev Sea (Vetrov and Romanke-
vich, 2004), which, in our opinion, is explained by: 1) low
transparency of waters caused by high content of humic
acids coming from the river runoff (Pugach et al., 2015,
2018), 2) a low proportion of OC of terrigenous origin, and
relatively labile OC of marine origin due to its remoteness
from the coastline (Tesi et al., 2014; Vonk et al., 2014,
Broder et al., 2016), 3) the high lability of the OC of marine
origin, its proportion being predominant in this part of the
Laptev Sea (Semiletov, 1999; Semiletov et al., 2011, 2012).
With an increase in TOC content, the proportion of volatile
organic substances (peak S1) and the proportion of degra-
ded compounds above 300 °C, which belong to the class of
biogeopolymers (protokerogen) (peak S2), also increase
(Figs. S1, S2).

The HI parameter characterizes hydrogen saturation of
the organic matter, and reflects the proportion of the aliphat-
ic component in the structure of organic matter (OM). Sev-
eral samples are characterized by increased values of the HI
index (exceed the value of 100, Table 2), which means that
they were formed in more reducing environment. The 3'*C
values of bottom sediment samples are close to each other
and belong to the range of —23.0; —24.9%o and are character-
istic values for the studied area of the outer shelf (Tesi et al.,
2014, 2016; Dudarev et al., 2016). These data are compara-
ble with the 3'°C data obtained for the samples collected
from the estuaries of the GRARs (Great Russian Arctic Riv-
ers), in particular, for the sediments collected from the Lena
river estuary, the value was —25%o + 0,1%o (van Dongen et
al., 2008; Semiletov et al., 2011; Feng et al., 2015), and for
the samples of surface sediments collected from the Buor-
Khaya Bay 8'3C values were in the range of —25,3; —27,5%o
(Semiletov, 1999; Karlsson et al., 2011). The values that we
obtained are “on the edge” of a significant effect of the in-
flux of terrigenous carbon and shifted towards marine orga-
nics, since 8'°C values of the organic carbon of terrigenous
origin on average are —25%o, and the range characteristic for
terrigenous organic matter ranges from —25%o to —30%o
(Galimov, 1982; Semiletov, 1999). The relative content of
n-alkanes with different numbers of carbon atoms in a mol-
ecule allows determining the type of bio-producer and the
conditions of its fossilization (Tissot and Welte, 1984;
Petrov, 1987). All samples are characterized by the predom-
inance of n-alkanes containing an odd number of carbon at-
oms in the molecule, which are generally accepted markers
of higher terrestrial vegetation (Fig. 2). It is considered that
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Table 2. The geochemical coefficients and results of the Rock-Eval analysis of the bottom sediments

No st. The geochemical coefficients calculated on the basis of the GC-  Rock-Eval parameters 313C, %o
MS data
A/B C/D K, Pr/Phy  CPI TAR TOC, wt.%  S1 S2 HI MinC, wt.%
mg/g
20b' 0.55 3.05 0.29 2.61 8.04 1.85 1.01 0.23 0.82 81 0.18 -23.7
21m' 1.29 2.28 0.35 2.01 5.75 1.54 0.82 0.17 0.65 79 0.14 —24.1
22m 1.97 1.82 0.24 2.32 4.87 0.83 0.34 0.09 0.39 115 0.07 —24.4
23b 1.70 2.03 0.23 2.61 5.95 0.99 0.84 0.20 0.72 86 0.16 -243
25b 2.20 3.12 0.26 3.10 5.61 0.66 0.59 0.14 0.49 83 0.12 -243
28m 3.20 4.86 0.22 2.77 5.63 0.43 0.38 0.08 0.34 89 0.09 -24.5
29b 1.04 1.76 0.22 2.20 6.69 1.74 0.69 0.16 0.58 84 0.12 -25.2
30b 1.21 2.25 0.21 3.12 7.32 1.57 0.54 0.12 0.45 83 0.10 -23.8
32m 1.74 2.88 0.16 1.40 6.35 1.03 0.49 0.12 0.45 92 0.10 -24.4
33b 0.92 1.89 0.24 3.01 7.22 1.95 1.09 0.23 0.85 78 0.20 -23.2
34m 0.39 0.23 0.16 1.78 5.47 10.29 0.94 0.21 0.83 88 0.16 -23.4
35b 0.42 0.28 0.46 2.85 6.18 10.53 0.46 0.11 0.43 93 0.08 -23.0
36b 0.40 0.29 0.33 3.60 6.99 10.96 0.91 0.20 0.76 84 0.16 -24.5
37m 0.36 0.28 0.35 2.28 6.05 12.43 0.71 0.16 0.62 87 0.15 -24.6
38m 0.37 0.30 0.36 1.97 6.34 12.51 0.51 0.11 0.46 90 0.12 -24.6
40m 0.41 0.53 0.38 3.05 6.85 7.44 0.62 0.14 0.52 84 0.15 -24.2
43m 0.41 0.42 0.31 2.03 7.02 9.47 0.31 0.07 0.36 116 0.08 -25.2
44m 0.71 0.14 0.35 3.57 1.91 12.64 0.35 0.10 0.43 123 0.06 -25.5
45b 0.40 0.49 0.34 2.24 6.85 8.00 0.84 0.19 0.80 95 0.17 -24.5
48b 0.44 0.41 0.31 2.89 5.67 8.69 0.86 0.22 1.02 119 0.16 -243
49b 0.39 0.22 0.32 1.95 5.51 13.48 0.88 0.17 0.72 82 0.14 -24.9

Note. The sample number corresponds to the sampling station number. 'm, designation of the station where methane emission is detected (Fig. 10, 12),
b, designation of the sampling station beyond methane emissions zones. A/B, the ratio of the sum of the peak areas of n-alkanes over the even envelope to
the sum of the peak areas of high molecular n-alkanes (markers of higher terrestrial vegetation) on m/z 57 chromatograms (Fig. 2a). C/D, the ratio of the
sum of the peak areas of low-molecular n-alkanes to the sum peak areas of high-molecular alkanes over the even envelope curve on m/z 57 chromatograms
(Fig. 2b). K; = (Pr + Phy)/(nC,, + nC,s). Pr/Phy, pristane-phytane ratio. CPI = 0.5:[(Cy)s + C,; + Cyy + C5; + C55) /(Cyy + Cyg+ Cyg + Cyp+ Cyy) +
(Cys+ Cpy+ Cyg+ Cyy + Cy3) /(Cyg + Cpg + C5 + Cy, + Cyy)]. TAR, terrigenous to aquatic ratio = (Cy; + C, + C5)/(C 5 + C,; +C,,). TOC, total organic
carbon, wt.%. S1, the number of the low-boiling organic compounds (up to 300 °C), mg/g sediment (Fig. S1). S2, the number of the volatile products of
the organic matter destruction, mg/g sediment (Fig. S1). HI, hydrogen index S2-100/TOC, mg products of the organic matter destruction / g organic carbon.

MinC, total mineral carbon, wt.%.

the maximum in their distribution falls on C,,, C,y, C5, (Eg-
linton et al., 1962; Smith et al., 2007; Volkman et al., 2015).
It is worth noting that there is rather high content of C;, al-
kane in the composition of the high molecular weight n-al-
kanes in all samples, which is a marker of sphagnum moss
that grows in marshy coastal bays (Romankevich et al.,
2003; Tesi et al., 2014).

The odd index CPI in all samples has high values, which
indicates a constant flow of fresh biogenic material from the
continent to sediments by the river runoff, for example, the
CPI index >5 is characteristic of modern higher terrestrial
vegetation (Rieley et al., 1991; Hedges and Prahl, 1993).

Alkanes with an even number of carbon atoms are pres-
ent on the chromatograms along with odd n-alkanes. How-
ever, their origin is difficult to explain unequivocally, since
they can represent both the contribution of marine (phyto-
plankton) and the bacterial component of organic matter, as

well as indicate the presence of the oil component of OM
(Petrov, 1987; Peters et al., 2005), which, in turn, may be
due to products coming from deeper horizons as a result of
upward migration. A lower value of CPI (1.91) was record-
ed for one station (Ne 44, located in the methane seep zone).
Similar ratio is typical for oils, for example, for n-alkanes of
Norman Wells oils, it is 1-2 (Petrov, 1987; Romankevich et
al., 2003), as well as for the sediments of the Mackenzie
River estuary, where CPI values range from 1.8 to 2.7, due
to petrogenic influence, since there are oil and bitumen de-
posits in the basin of this river (Yunker et al., 1993, 1995,
2002; Drenzek et al., 2007). It is also important to note the
presence of biphenyl in samples of station Ne 44 (Table 3),
since at stations 3449 it is missing. Therefore, it is likely
that there may be a hydrocarbon influx for this station. Sitos-
terols, cholesterol, small amounts of stigmasterol (m/z 213)
and oleanan (m/z 191, Fig. 8) identified in most samples and
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Fig. 2. Molecular weight distribution of n-alkanes (sample Ne 49).
Scheme for calculating A/B and C/D parameters is shown. a) A, the
sum of n-alkane peaks on the even envelope (highlighted in blue);
B, the sum of the peaks of high-molecular n-alkanes, which are mark-
ers of land plants, on the odd envelope — C,;, C,5, C,7, Cyg, Cyy, Cys,
C;;, Cs; (highlighted in green). b) C, the sum of the peaks of low-mo-
lecular n-alkanes on the even envelope C,,—C,; (highlighted in purple);
D, the sum of the peaks of high-molecular n-alkanes on the even enve-
lope C,y—Cs4 (highlighted in red).

also originated from higher terrestrial vegetation are addi-
tional markers of the terrigenous signal (Tissot and Welte,
1984; van Dongen et al., 2008).

Polyaromatic hydrocarbons (PAHs) were identified in
quite large quantities relative to n-alkanes in the sediments.
The origin of PAHs can be related to the migration of petro-
leum hydrocarbons, including their transport by the Lena
River, since numerous of oil-saturated rock outcrops are
noted along the coasts of the Eastern Siberia Rivers and on
the coastline of the continent (Kashirtsev, 2003; Kashirtsev
et al., 2004, 2013). However, the remoteness of the study
area from the Lena River delta (over 450 km) can be a rea-
son to consider this factor as insignificant. Positive trends of
these compounds relative to each other over the entire poly-
gon area regardless of the presence or missing of the meth-
ane seeps (Fig. 3) indicate that they have one formation
source. On the other hand, this preliminary conclusion is
uncertain, since these compounds could also be formed as a
result of the marine biota activity and the cyclization pro-
cess of polyunsaturated fatty acids in reducing marine envi-
ronment (Goncharov, 1987; Fahl and Stein, 1997).

The presence of biphenyl, which is typically a petroleum
product, reinforces our suggestion about the migration na-

ture of petroleum hydrocarbons in the study area. Correla-
tions of biphenyl content relative to other PAHs look less
significant (Fig. 3b, d, f), which may be additional evidence
in favor of another source of this compound. It can be as-
sumed that the part of biphenyl could have been formed due
to oxidative destruction from phenanthrene (Sun and Putt-
mann, 2001). The absence of this compound at about half of
all stations, which are located mainly in the western part of
the investigated polygon (Fig. 10; Table 3) and where the
investigated sediment samples were collected, still remain
unclear. We suppose that this may be due to the high mosaic
pattern in the distribution of gas streams (Shakhova et al.,
2015; Leifer et al., 2017), where the signal of upward migra-
tion of petroleum hydrocarbons should be expressed most
clearly. This question requires further clarification on the
basis of a complex of geophysical and biogeochemical
methods that are planned for sea expeditions in 2020-2021.

We used the A/B and C/D coefficients to characterize the
composition of n-alkanes and to assess the contribution of
the marine OC relative to the terrigenous OC (Fig. 4a; Ta-
ble 2). The C/D coefficient characterizes the relative concen-
tration of low molecular weight n-alkanes, which refer to the
source of marine organic carbon and originate from phyto-
plankton and bacteria (Fahl and Stein, 1997), while the A/B
coefficient characterizes the proportion of n-alkanes by the
even envelope of the n-alkane distribution relative to high
molecular weight n-alkanes, which are the markers of higher
terrestrial vegetation. In fact, this coefficient characterizes
the contribution of the marine organic carbon relative to the
terrigenous OC [Han and Calvin, 1969; Ladygina et al.,
2006; van Dongen et al., 2008). This is indirectly confirmed
by the positive correlation between the parameters A/B and
C/D (Fig. 6a).

Thus, the studied samples are divided into two groups
(Fig. 4a, b). In samples belonging to the first group (I), the
contribution of the terrigenous OC predominates, and in the
second group (II), the influence of the marine OC is already
more significant (on average, TAR is an order of magnitude
higher for the first group, see Table 2). The maximum of
marine origin OC is accumulated at station 28, which is lo-
cated as more “marine” in relation to the two designated
groups on the graph (Fig. 4a) and has a minimum TAR in-
dex (0.43). It is worth noting that that the average value of
813C of the second group (—24.19%o) is slightly higher com-
pared with the first group (—24.43%o). The second group of
the samples (“marine”) on average is characterized by lower
values of the coefficients K;, Pr/C,,, Phy/C,; and higher
IDM values compared with the samples of group I (Ta-
bles 1, 2), which characterizes the increased contribution of
less diagenetic transformed OM of marine origin into sedi-
ments of the second group, as terrigenous OM undergoes
more diagenetic transforming during transportation (Tesi et
al., 2014, 2016; Broder et al., 2016). Furthermore, the con-
centration of alkylbenzenes and PAHs is significantly higher
for the samples of the second group (Table 3), which con-
firms the presence of a significant contribution of the OC of
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Fig. 3. Dependence between the contents of aromatic hydrocarbons over the entire area of the investigation polygon. The sample of station Ne 20

falls out from the detected trends (see graphs a, c, f).

hydrobionts to the sediments of this group (Petrova et al.,
2008, 2010; Goncharov, 1987). The ratio of the alkylphen-
anthrenes to the phenanthrene (APn/Pn) is reduced for all
stations (<1) (Table 3), which indicates a relatively high
transformation of organic matter of the sediments (accord-
ing to (Petrova et al., 2008), this coefficient is 2.5 for the
ESS sediments). The ratio APn/Pn on average is higher at
the “marine” stations. The same division of the samples into

two groups is observed when building the dependencies of
the following identified compounds in the sediments D: A-
Friedolean-6-ene (FO), oleanane (Ol) as well the OEP odd-
ness index (Table S4) relative to the TAR index (Figs. S10,
S13). FO and Ol have terrigenous origin from higher terres-
trial vegetation (Peters et al., 2005) and FO increases from
the “marine” group of samples (II) to the “terrigenous”
group (I) (Fig. S10a), with the average content of FO at ter-
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Table. 3. The relative concentrations of the aromatic hydrocarbons, squalene, and sulfur in bottom sediments

Sample Ne Component concentration, % rel. to the sum of the peak areas of n-alkanes by m/z 57 Component concentration, % rel. to the
sum of all peak areas
Ab Bp Pn Py APn/Pn S Sq
m/z 91 m/z 154 m/z 178 m/z 202 m/z(192+206)/178 m/z 64 m/z 69

20b 5.19 0.27 4.70 0.33 0.75 6.30 n.d
23b 5.41 0.43 1.67 0.52 0.80 3.40 0.01
25b 8.54 0.12 1.82 0.45 0.59 10.36 0.01
29b 6.21 0.01 1.33 0.21 0.52 21.80 n.d.
30b 3.63 0.20 0.78 0.22 0.57 7.05 n.d.
33b 6.38 0.01 0.86 0.24 0.32 14.00 0.01
35b 1.59 n.d. 0.36 0.27 0.41 16.36 0.66
36b 1.59 n.d. 0.41 0.37 0.54 27.70 1.80
45b 2.79 n.d. 0.66 0.11 0.25 30.80 0.43
48b 2.32 n.d. 0.49 0.10 0.53 24.60 n.d.
49b 1.46 n.d. 0.36 0.10 0.75 15.45 n.d.
Avb 4.10 0.17 1.22 0.27 0.55 16.17 0.49
21lm 5.39 0.13 2.03 0.37 0.57 0.60 n.d.
22m 6.75 0.19 1.75 0.73 0.62 1.03 0.01
28m 7.42 0.26 1.24 0.36 0.59 16.17 n.d.
32m 6.91 0.37 0.78 0.31 0.40 2431 n.d.
34m 0.61 n.d. 0.14 0.14 0.48 30.06 0.42
37m 1.66 n.d. 0.38 0.08 0.34 26.00 4.19
38m 1.54 n.d. 0.35 0.10 0.66 33.20 1.29
40m 2.73 n.d. 0.37 0.09 0.64 25.70 1.10
43m 2.24 n.d. 0.41 0.10 0.54 23.20 1.78
44m 1.29 0.08 0.26 0.07 0.27 29.00 0.45
Avm 3.65 0.21 0.77 0.24 0.51 20.93 1.32

Note. Sq, squalene; S, elemental sulfur (S;+Sg); Ab, phenylalkanes with a small admixture of linear n-alkylbenzenes (Fig.7); Bp, biphenyl; Pn, phenan-
threne; Py, pyrene; APn/Pn, the ratio of the content of the sum of methyl phenanthrenes and dimethylphenanthrenes to the content of holonuclear phenan-
threne; n.d., the analytical signal of the compound is not determined. Avb, the average concentration of the components at the sampling stations beyond
methane seepage zones; Avm, the average concentration of the components at the sampling stations in the methane seepage zones.

rigenous stations being 1.8-fold higher. The same trend
could be expected in the case of oleanane, however, such
correlation is not observed (Fig. S100), possibly due to the
inflow of oleanane not only in the course of transportation of
the erosional and river OC to sediments, but also from deep-
er horizons with ancient OC as a result of degradation of
subsea permafrost (Semiletov et al., 2007; Salvado et al.,
2016; Shakhova et al., 2017). Nevertheless, it is worth not-
ing that the oleanane average content in the terrigenous
group is 1.2-fold higher than that in the marine group. The
graphic distribution of the TAR index by the sampling sta-
tions is shown in Fig. 7, and C/D is shown in Fig. S14. It can
be seen that the most of marine stations with low TAR index
and high C/D index are confined mainly to the eastern part
of the polygon.

Alkylbenzenes (Ab) found in the studied sediments are
mainly represented by phenylalkanes (Fig. 5) (Peters et al.,
2005). Phenylalkanes are presumably biomarkers of marine
microbiota (including archaea) (Kristjansson et al., 1982;
Lengeler et al., 1999; Peters et al., 2005). Ab are markers of

marine organic carbon, since they positively correlate with
the parameters A/B and C/D (Fig. 6). On the other hand, for
these components an additional contribution from techno-
genic source is not excluded (Eganhouse, 1986; Ellis et al.,
1996; Peters et al, 2005). In contrast, phenylacetic acid es-
ters (Bae, Fig. 6), also detected by m/z 91, are likely to have
terrigenous origin from higher terrestrial vegetation (Wight-
man and Lighty, 1982) (Fig. 5).

Squalene, which is a common marker for all domains of
living organisms (Peters et al., 2005), was detected in the
sediments of the investigated polygon in different concen-
trations. In the case of marine origin of the OC, the most
likely sources of the squalene are eukaryotes, bacteria
(Donk, 2015) or archaea (Matsumoto and Watanuki, 1990).
Squalene is also characteristic of diatoms (Matsueda et al.,
1986). Its terrigenous sources are mainly microorganisms
and higher terrestrial vegetation (Tissot and Welte, 1984).
As follows from Table 3 and Fig. 4, squalene is practically
missing in samples conditionally belonging to group II,
which may testify in favor of its more terrigenous origin.
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parameter A/B (b). The numbers indicate sampling stations. Roman numerals denote groups of the samples: I, with the predominance of the ter-

rigenous OC; II, with the increased contribution of the marine OC.

Interesting inverse regularity is observed for the squalene
relative to the biphenyl: starting from sample station 34,
there is a decrease in the concentration of the biphenyl,
while the content of squalene increases. This means that bi-
phenyl was formed at stations enriched with marine organic
matter, therefore, it could originate from deeper sedimentary
horizons (Belenitskaya, 2012), where oil and gas fields are
supposed to be present (Malyshev et al., 2010; Safronov et
al., 2013; Vinogradov et al., 2013).

Hopanoids were identified in the composition of the in-
vestigated sediments (Dp, Hpl7, Hp21, etc.) (Figs. 8, 9;
Table S2, S3), and in this case they related to the organic
matter of the marine origin (Blumenberg et al., 2010; Zhu et
al., 2013; Rush et al., 2016), because no correlation was
found between their content and TAR coefficient (Prahl et
al., 1992). Therefore, in this case, hopanoids, apparently, are
biomarkers of bacteria acting in the water column and sedi-
ments. The source of the formation of these compounds re-
sulting from diagenesis is bacteriohopanepolyols (bacterio-
hopanepentol, -tetrol, and -triol) and diplopterol (Dol),

1
30
5-PhC11
4-PhC11
20

5-Phcio 4-Phcto  B-PhCT

which, in particular, are contained in the lipids of the metha-
notrophs bacteria (Rohmer et al., 1980; Simoneit, 2004; Me-
deiros and Simoneit, 2007; Rush et al., 2016). Bacterio-
hopanepolyols are contained in the membranes of aerobic
bacteria (for example, cyanobacteria), heterotrophic and
methanotrophic bacteria (Talbot et al., 2008, 2014, 2016;
Cooke et al., 2009). C,, hopanoids, such as Dol, diplopten
(Dp) are synthesized by the variety of bacterial species and
mainly originate from aerobic bacteria in the oxidizing envi-
ronment. However, it has recently been shown that various
anaerobic bacteria can contain a range of hopanoid lipids
including hop-22(29)-ene (Dp) u hop-21(22)-ene (Hp21)
(Damste et al., 2004, 2014; Fisher et al., 2005; Hartner et al.,
2005).

The neohop-13(18)-ene (nHp), detected in the collected
sediments in the course of the research, is a rearranged
hopene, its carbon skeleton is identical to that of the hopanes,
but the methyl group is located at C-17 instead of C-18
(Fig. 9) (Moldowan et al., 1991; Damste et al., 2014). The
rearranged hopenes were previously found in modern and

3-phc1t OPhC12 5 ppc2

Fig. 5. Chromatogram (m/z 91) of sample extract Ne 33: Ph, the designation of a phenyl radical; Bae, esters of phenylacetic acid; F, phthalate.
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Fig. 6. The dependence of the Ab content on the parameters A/B (a) and C/D (b) over the entire area of the polygon.

ancient sediments, both marine and lacustrine (Brassell and
Farrimon, 1986; Stein et al., 1988; van Dongen et al.,
2006a,b). These compounds can be formed through dehy-
drogenation and isomerization reactions from the quite com-
mon hopanols and hopenes.

The identified C,, hopanoids, as mentioned above, are
derived from bacteriohopanepolyol (probably from amino-
pentol (Volkman et al., 2015; Osborne et al., 2017)), and
further in the process of diagenesis diploptene (Dp), hop-
21(22)-ene (Hp21), hop-17(21)-ene (Hp17), neohop-13(18)-
ene (nHp) are formed as a result of dehydratation and isom-
erization processes, and as a result of the hydrogenation of
these isomers hopane BPC,, (BH30) is formed and then as a
result of diagenesis hopane affC;, (H30) is formed. This
chain of diagenetic transformations is characteristic of lipids
of methanotrophic microorganisms, as was shown in (Volk-
man et al., 2015, Fig. 5). C;, Ts hopane was not detected in
the samples collected, and in general, it is not found in sedi-
ments and oils, but its precursor neohop-13(18)-ene, detect-
ed in the analyzed samples was also found in a number of
other sediments (Damste et al., 2014; Volkman et al., 2015).

Ocean Data View

Fig. 7. Distribution of TAR index values over the area of the investiga-
tion polygon. The numbers indicate sampling stations. The map was
created using the Ocean Data View software. Number 1 designates the
stations that are located in the methane seep area.

It is noteworthy that the abnormal amount of diploptene iso-
mer hopene C,, (Uh, Figs. 8, 9) is present in the OM of the
sediments, which has hardly been described in the previous
works. The average content of this hopene at the “methane”
stations is 1.4-fold higher than that at the “background” sta-
tions, and the average content of the sum of C,, hopenes at
the methane stations is twice as high as that at the back-
ground ones.

In addition to the abovementioned hopenes, biological
BB-hopanes C,,, C;, C;,, geohopanes — fa-hopanes C,, and
C,, (moretane), as well as af-hopanes C,,, C5,, C;;, and C;,
(S and R epimers) were detected (Fig. 8; Tables S2, S3),
which are also products of the diagenetic chain of transfor-
mations of bacteriohopanepolyol (Damste et al., 1995;
Volkman et al., 2015). Tm, H29, Ba-hopanes, Tm-ene and
TP compounds may have the same origin (Fig. 8). Tm, H29,
BaH29, H30, M, afH31S and afH3 1R components may oc-
cur both in sedimentary rocks and in oils, but Ts (it was de-
tected in most samples in trace amounts by MRM method),
affH32S and affH32R have only petroleum origin, therefore
detection of these hydrocarbons may suggest the inflow of
the oil OM (“micro-oil”) through thawed permafrost into the
sediments (Wenger et al., 2002). It should be noted that the
average concentration of C;, aff-hopanes in the zones of the
methane seeps is 1.5-fold higher compared to the “back-
ground” stations. Also, it is likely that due to the inflow of
the OM of petroleum origin, we observe the increase in H30
content (1.5 times higher at the seep stations on average)
and at the same time the decrease in the M/(M+H30) index
relative to the hopane index C;; S/(S+R) (Fig. S§; Table S4).
Coupled with the detection of the trace quantities of the
steranes (pf-steranes, Fig. S16) and Ts, the average 1.2-fold
increase in the content of alkanes on the even (“oil”) enve-
lope (Goncharov, 1987) in the molecular weight distribution
of the n-alkanes (the A/B coefficient) at the stations with
methane emissions also indicates the possible inflow of the
OM of oil origin (Fig. S13). Here it is worth noting that the
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Fig. 8. Chromatogram (m/z 191) of sample extract Ne 40: Sq, squalene; Ts, 18a(H)-22, 29, 30-trisnorneohopane; Tm-ene, 17a(H)-22, 29, 30-tris-
norhop-(17,21)-ene; Tm, 170(H)-22, 29, 30-trisnorhopane; TB, 17B(H)-22, 29, 30-trisnorhopane; H29, 17a(H), 21B(H)-30-norhopane; Hp17, Cs,
hop-17(21)-ene; paH29, 178(H), 21a(H)-30-norhopane (normoretane); Ol, oleanane; H30, 17a(H), 21B(H) C,,hopane; nHp, C,, neohop-13(18)-
ene; BH29, 17(H),21B(H)-30-norhopane; M, 17p(H), 21a(H)-hopane (moretane); Uh, unknown C;,hopene; FO, D:A-friedolean-6-ene; afH31S
and offH31R, C;; 17a(H), 21B(H) homohopanes 22S and 22R epimers respectively; pBH30, C;, 17p(H), 21B(H)-hopane; Dp, diploptene (Cs,
hop-22(29)-ene); Hp21, C,, hop-21(22)-ene; afH32S and offH32R, C;, 17a(H), 21B(H) bishomohopanes 22S and 22R epimers respectively;

BPH31, C;, 17B(H), 21B(H)-homohopane; Dol, diplopterol (hopan-22-ol).

S/(S+R) C,, index is characteristic in its values for the ma-
ture OM of petroleum origin (Table S4). Possibly due to the
uneven inflow of micro-oil to the OM of the sediments, we
cannot observe clear correlations for the Tm component and
C;, and C,, af-hopanes components relative to the pelitic
fraction (Fig. S6).

Furthermore, we note that in the sediments collected at
different times outside the investigated polygon ofC,,-
hopanes, diplopterol, hop-21(22)-ene and Uh are missing,
and neohop-13(18)-ene, hop-17(21)-ene and diploptene are
contained in significantly smaller quantities (Fig. S15). This
indicates the missing of the OM inflow into the sediments
associated with the methane release in total outside the in-
vestigated polygon.

The origin of methane in the research area is detected on
the basis of three-isotope studies (1*C, D, *C), which is a
complicated task in general (Sapart et al., 2017). However,
it can be argued that the large proportion of methane is pro-
duced in the sediment layer, with the thickness up to
5-10 km, and enters the bottom layer, where it can be par-
tially oxidized by aerobic methanotrophic bacteria and an-
aerobic methanotrophs and methanotrophic archaea (Peck-

mann et al., 1999; Thiel et al., 2001; Savvichev et al., 2010).
Methanotrophic microorganisms make the group of methy-
lotrophs that use methane as the sole source of carbon and
energy and are the most important link in the utilization of
methane released into the atmosphere (Oremland and Culb-
ertson, 1992; Hanson and Hanson, 1996). Methanotrophs
are widespread and form communities, even under extreme
conditions (Lein et al., 2000; Wagner et al., 2005; Savvi-
chev et al., 2010).

The bubble mechanism of methane transfer dominates in
the study area (Shakhova et al., 2015), which allows the
main part of the rising gas to avoid oxidation and get into
the water column and atmosphere (Sapart et al., 2017).
However, over a long period of time in some parts of the
bottom, besides bubble transfer, a diffusion mechanism of
migration may be present, or complete dissolution of small
bubbles (with a diameter of less than 2 mm) may take place,
as it was previously observed in northern lakes (Semiletov
et al., 1996). Therefore, the possibility of the development
of the methanotrophs colonies in the seep areas of the Laptev
Sea shelf (Fig. 10) is quite likely, by analogy with the bacte-
rial mats found on the Gakkel Ridge near hydrothermal
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Fig. 9. Mass spectra of the individual identified hopanoids in the Laptev Sea sediments. Uh, unknown C;, hopene.

469



470 A.A. Grinko et al. / Russian Geology and Geophysics 61 (2020) 456—477

o 22
77.5
N & ZA?’
-100 (9]
\ B %21
S A oos®® A
77.0°H 7 QLD 44, 47 25
fo.o@gs o Ao AP U
34
@ A AT A &
2 ne 5 % #
76.5° 37 —60 A
Belen B 35 20
. AeA A A
36 30 48
~60
76.0°
49
A P
5 0 g ¥
75.50 ‘ ‘ ‘ ‘
124° 126° 128° 130° 132°F

Fig. 10. The location of sampling stations (black triangles) and regis-
tered methane emissions (red circles) within the investigation polygon
(Shakhova et al., 2015).

methane sources (Helmke et al., 2007; Thomas et al., 2008),
which is confirmed by carbonate nodules found in the study
area and supposed to be products of authigenic carbonate
formation (Dudarev et al., 2016).

This assumption is confirmed by positive correlations of
the concentrations of the abovementioned markers of the
methanotrophs from the pelite fraction in the sediments (Ta-
bles S1, S2, S3; Fig. 11a) at the sampling stations in the ar-
eas of intense methane emissions (Fig. S6, Fig. 11a). It is
worth noting here that such correlations are observed only
for hopanoids, and for the remaining OM components (with
the exception of alkanes and biogeopolymers, assessed by
parameter S2) of the sediments such trends were not record-
ed. Organic matter is produced and sorbed on the surface of
the fine pelite in the sediments left after the removal of its

part by methane flows and bottom currents (Fig. S5a). On
average, the OC content in the areas of jet emission of meth-
ane is lower compared to the stations located outside the
methane emission zones, which may be associated with a
diluting effect, due to the filling of sediments with sand from
deeper horizons and the removal of part of the fine pelite
fraction (negative trend of the quantity of OC depending on
the content of the sand fraction, see Fig. S5b, as well as
(Dudarev et al., 2016; Panova et al., 2017). At stations out-
side the area of methane emissions, such trends are observed
neither for TOC nor hopanoids relative to the mineralogical
composition (more “quiet” regime of sedimentation)
(Fig. S5c¢, d, Fig. S7, Fig. 11b). In general, for background
stations we can even observe rather the reverse trend of
hopanoids content relative to the pelitic fraction (Fig. 115,
Fig. S7), because of the lower production of these com-
pounds at the stations outside the methane seeps and due to
the dilution by the fine pelite fraction. The distribution of
hopanoids concentrations over the area of the investigated
polygon is clearly shown in Fig. 12.

From the foregoing, it can be concluded that at the “meth-
ane” stations there is a more intense activity of methanotro-
phic microorganisms compared to the background stations,
and there is also a possibility of “micro-oil” inflow into the
sediments. The average concentration of all identified
hopanoids is 1.5-fold higher and squalene concentration is
more than 2.5-fold higher at the methane stations than be-
yond the scope of these zones. This geochemical anomaly
can be associated both with the activity of methanotrophs
and with the inflow of OM from the underlying horizons,
since in the deep (open) taliks, besides the intense methane
bubbling (Sergienko et al., 2012; Shakhova et al., 2015,
2017), there is a probable discharge of the deep geofluid in-
cluding oil components (V. Peresypkin, personal communi-
cation; Kasymskaya et al., 2005; Overduin et al., 2007;
Vonk et al., 2012).
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Fig. 11. Dependence of the total content of hopanoids (XH) on the content of finely dispersed pelite fraction (P13) in the sediments at stations in
zones of the methane emissions (a) (£ZHm) and outside these zones (b) (XHD).
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Ocean Data View

Fig. 12. Distribution of total relative concentrations of hopanoids
(ZH, %) over the area of the investigation polygon. Fire badges in the
black circle indicate the station numbers in the zones of intense meth-
ane emissions.

It was also found that increased sulfur formation at the
stations in the methane emissions zones (average content is
1.3-fold higher than that the stations located outside the jet
transfer of methane) can be associated with more intensive
processes of sulfate reduction in these areas. As is known,
methanotrophs, which are active in the methane seeps, cre-
ate the favorable environment for sulfate reducers in the
community with methanotrophic archaea (Lein et al., 1996,
2000; Savvichev et al., 2010). The so-called anaerobic oxi-
dation of methane takes place due to biological filter wide-
spread throughout the World Ocean (Michaelis et al., 2002;
Joye et al., 2004; Cooke et al., 2009; Knittel and Boetius,
2009; Timmers et al., 2016). Thus, methane in the areas of
its outflow is consumed not only by aerobic methanotrophs
(de Angelis et al., 1991; Lein et al., 2000), but also under-
goes anaerobic oxidation by a consortium of sulfate reduc-
ers and methanotrophic archaea, with the latter process be-
ing more intense (Aloisi et al., 2002; Joye et al., 2004).
These processes can contribute to the formation of authi-
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genic carbonate mineral deposits found in the investigated
polygon (Aloisi et al., 2002; Lein, 2009; Dudarev et al.,
2016). It is possible that the colorless sulfur bacteria may
additionally contribute to the accumulation of elemental sul-
fur in the sediments of the methane seeps (Dworkin et al.,
2006). For instance, these bacteria were found in the Norwe-
gian Sea on the cold methane seeps (Lein et al., 2000). It is
interesting that during the expedition in 2014 aboard the
Swedish scientific icebreaker “Oden” dissolved methane
was found in low concentrations in the pore water of the
surface sediments (D. Kosmach and V. Bruchert, personal
communications), and also it was found in low concentra-
tions even in the areas of powerful bubble jets (Shakhova et
al., 2015), where the concentrations of the dissolved meth-
ane in the water column reached values 2—3 orders of mag-
nitude higher than the corresponding equilibrium values
(with respect to the atmosphere) of the concentrations. The
authors believe that such a “paradoxical” situation is ex-
plained by the fact that diffusion methane is almost com-
pletely withdrawn from treatment on the sulfate-reduction
biofilter, but the massive release of bubble methane (with
the average bubble radius of 0.7 cm (Shakhova et al., 2015))
occurs in the mega-seep areas by the through discharge
channels — gas outlets, as suggested in the earlier works
(Shakhova et al., 2009a,b; 2010b). To get a more accurate
answer, additional complex biogeochemical, geophysical,
and geological studies are required (with sampling of the
core of the sediments up to 5-6 m long), which are planned
by the authors team for 2020-2021.

Principal Component Analysis (PCA). The data ob-
tained were subjected to PCA by the four main components
(Pomerantsev, 2014). The analysis showed the separation of
the studied samples in the space PC1-PC2 into two classes:
Class 1 and Class 2 (Fig. 13a, b). The Class 1 samples are
characterized by high sulfur content on average (and also
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Fig. 13. The diagrams of the space of the main components PC1 — PC2 (a) and PC3 — PC4 (). The numbers indicate sampling stations.
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have higher HI index on average and lower average Pr/Phy
ratio), i.e. they are characterized by a more reducing sedi-
mentation environment compared to the Class 2 samples.
All samples that are in the methane emission zones fall into
this group, except for the sample collected at station 21.
Somewhat apart is station 20. The sample of this station is
characterized by a high content of polyaromatic hydrocar-
bons, as well as a maximum CPI index. In the space
PC3 — PC4 (Fig. 13b), the separation almost corresponds to
the principle of dividing the samples into two classes in ac-
cordance with stations location: Class 3 (zones of methane
emissions) and Class 4 (outside the zones of methane emis-
sions). All samples located in the methane emission zones
belong to the Class 3 group. However, it is worth noting that
the division is incomplete, since the samples of stations 25,
30 and 35 also fall into the Class 3 group and station 36 is
located somewhat separately. This indicates that within the
study area there are other factors as yet known, which re-
quire additional research.

CONCLUSIONS

1) The triterpenoids found in the sediment composition,
which are the constituent links of the diagenetic transforma-
tion chain of organic matter of bacterial origin in the meth-
ane emission areas, indicate that methane has been emitted
for a long time (Talbot et al., 2014, 2016; Volkman et al.,
2015). In places where methane is released, an intensive ac-
tivity of a consortium of methanotrophs and sulfate reducers
takes place.

2) A positive correlation was found between the content
of some biomarkers relative to the pelite fraction and the
total organic carbon content at the stations with the recorded
intense methane bubbling. For instance, the average content
of the C;, hopenes at the methane stations is twice as high as
that at the background ones, while the average concentration
of C;, of-hopanes at the methane seep areas is 1.5-fold
higher. It is also likely that due to the inflow of the OM of
the petroleum origin, we observe an increase in the content
of C;, ap-hopane (1.5-fold higher on average at the “seep-
age” stations) and the decrease in the value of the moretane
index relative to the hopane (C;,) index.

3) The detection of biphenyl mainly at the stations en-
riched with marine organic matter, as well as the detection
of ap-C;, hopanes, Ts traces, the reduced CPI value for
samples of one of the methane stations (Ne 44) and lower
values of the moretane index suggest the migration of the
petroleum hydrocarbons (micro-oil) through gas outlet
channels from the underlying horizons, through the thawed
subsea permafrost; however, this hypothesis requires addi-
tional research.

4) On average, the OC content in the areas of jet emission
of methane is lower compared to the stations located outside
the methane emission zones, which may be connected with
diluting action due to the filling of the sediments with sand

from the deeper horizons and partial removal of the fine
pelite fraction.

5) Alkylbenzenes identified in the sediments are predom-
inantly phenylalkanes and have a marine genesis. Squalene
is primarily of terrigenous origin, however, part of it is pro-
duced under marine conditions by methanotrophic microor-
ganisms in the zones of methane emissions. Polyaromatic
hydrocarbons—phenanthrene and its alkyl substituted homo-
logues, pyrene have one source of formation with phenylal-
kanes, most likely originating from marine biota, and biphe-
nyl has another — yet insufficiently studied source.

6) The composition of the organic matter of the sedi-
ments in the eastern part of the polygon is dominated by
more diagenetically transformed material of terrigenous ori-
gin, which is probably due to the transport of erosional OC
from Kotel’nyi Island, where thermoerosion banks are wide-
spread.
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