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Abstract: East Siberian Arctic Shelf, the widest and the shallowest shelf of the World Ocean, cover-
ing greater than two million square kilometers, has recently been shown to be a significant modern
source of atmospheric methane (CH4). The CH4 emitted to the water column could result from
modern methanogenesis processes and/or could originate from seabed deposits (pre-formed CH4

preserved as free gas and/or gas hydrates). This paper focuses primarily on understanding the
source and transformation of geofluid in the methane seepage areas using ions/trace elements and
element ratios in the sediment pore-water. Six piston cores and totally 42 pore-water samples were
collected in the East Siberian Sea and the Laptev Sea at water depths ranging from 22 to 68 m. In the
active zones of methane release, concentrations of vanadium, thorium, phosphorus, aluminum
are increased, while concentrations of cobalt, iron, manganese, uranium, molybdenum, copper are
generally low. The behavior of these elements is determined by biogeochemical processes occurring
in the pore-waters at the methane seeps sites (sulfate reduction, anaerobic oxidation of methane, sec-
ondary precipitation of carbonates and sulfides). These processes affect the geochemical environment
and, consequently, the species of these elements within the pore-waters and the processes of their
redistribution in the corresponding water–rock system.

Keywords: pore-water; methane seep; trace elements; East Siberian Arctic Shelf; global warming

1. Introduction

The most significant warming (the so-called “Arctic amplification”) is manifested in
the high latitudes of the northern hemisphere. Arctic warming drastically accelerates the
thaw-release of permafrost carbon, and this process could produce strong positive feedback
to the ongoing climate warming. The Arctic Seabed is thought to store significant amounts
of permafrost organic carbon and methane (CH4) including permafrost-associated and
continental slope CH4 hydrates [1–3].

East Siberian Arctic Shelf (ESAS), the widest and the shallowest shelf of the World
Ocean, covering greater than two million square kilometers, has recently been shown
to be a significant modern source of atmospheric CH4 [3,4]. The CH4 emitted from the
seafloor to the water column could result from modern methanogenesis processes and/or
could originate from seabed deposits (pre-formed CH4 preserved as free gas and/or gas
hydrates) [5].

The CH4 entering the surface sediments activates many sediment–water exchange
processes, and accordingly affects the biogeochemical responses of the pore-water (seawa-
ter trapped in the pores of the sediments). Typically δ18O, δ13C, sulfide- and sulfate-sulfur
isotopes are the direct indicators of methane seepage [6–10]. Additionally, major and
trace elements, as well as rare earth elements (REEs), are often employed as geochemistry
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indicators for these processes. Redox-sensitive elements (e.g., Molybdenum and Ura-
nium) [11–13], Ba content [14,15], Sr/Ca and Mg/Ca ratios [16,17], and REE anomalies [18]
can be used to recognize variations of the redox conditions and mineral precipitation,
reconstructing the history of the methane seepage and deposition.

The relationship between sedimentary geochemical anomalies (e.g., redox-sensitive
elements, element ratios, and REE anomalies) and methane seepage has the potential to be
seen in the geological records, serving as a valuable tool for the characterization of methane
seepage. Meanwhile, the origin of sedimentary geochemical anomalies occurs through
water solution during sedimentation and diagenesis. The main purpose of this study is the
identification of the pore-water geochemical indicators in the methane seepage areas. This
paper focuses primarily on the recognition of methane seepage using ions/trace elements
and element ratios in the sediment pore-water.

2. Materials and Methods
Sampling and Analytical Methods

Six piston cores (6373, 6482, 6491, 6492, 6519, 6521) were collected in the East Siberian
Sea and the Laptev Sea at water depths ranging from 22 to 68 m during the 78th cruise
of the research vessel “Akademik Mstislav Keldysh” in October 2019 (Figure 1, Table 1).
The samples were taken at 6 stations with a box-corer. The sediments in the cores mainly
consist of greyish-green silty clay. Rarely, the sediments yielded a strong odour of hydrogen
sulfide. Methane seep was detected at stations 6492, 6519, 6521 during the 78th cruise of
the research vessel “Akademik Mstislav Keldysh” in October 2019.
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Figure 1. Study area in the Laptev Sea. Pink filled circles mark the sediment sampling sites. 
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6521 76.89 127.81 68 −1.1 0.19 7 Methane Seep
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Table 1. Sampling details.

No Longitude (E) Latitude (N) Water Depth (m)

Seafloor
Temperature

(Last
Sampler)

Core Length
(m)

Amount of
Pore-Water

Samples

Specific
Conditions

6491 73.11 130.34 26 −0.3 0.25 8 Background

6473 74.90 160.94 45 −1.5 0.13 7 Background

6482 74.94 160.53 44 1.5 0.23 8 Background

6492 73.09 130.28 22 0.23 0.19 9 Methane
Seep

6519 76.89 129.13 65 −1.1 0.17 4 Methane
Seep

6521 76.89 127.81 68 −1.1 0.19 7 Methane
Seep

After extraction from the box corer, the surface of each core sample was carefully
cleaned. Pore-water samples were then collected using Rhizon samplers with pore sizes of
the porous part of approximately 0.2 µm at intervals of 5 cm. The porous polymer tube
of the Rhizon samplers was inserted into the sediments, and the opposite end of the tube
was connected to a 5 mL vial. All the pore-water samples were preserved at ∼4 ◦C before
further analyses. Totally, 42 pore-water samples were taken from the study area. Alkalinity
was measured by direct titration (accuracy ±0.1 mmol/L), phosphate was determined by
the Morphy–Riley method [19,20].

All the offshore analyses were performed at Tomsk Polytechnic University. The SO4
2−,

Cl−, Br−, Ca2+, Mg2+, Na+, K+ concentrations were determined on a Dionex ICS-2000 ion
chromatograph after a 100-fold dilution using ultra-pure water. Dissolved trace elements
were determined by inductively coupled mass spectrometry (ICP-MS, NexIon 300D, Perkin
Elmer, Waltham, MA, USA). All the standard solutions for it were prepared with ultra-pure
deionized water and Perkin Elmer Multi-Element Standard Solutions.

3. Results and Discussion
3.1. Major Element Geochemistry

Average concentrations of the main ions in the pore-waters are presented in Table 2.
The salinity values vary from 29,401.9 to 38,338.4 ppm. The main ionic composition of
the pore-waters does not differ significantly from the composition of sea waters. The
predominant ions in pore-waters are Cl− and Na+ (Figure 2).

The concentrations of Cl− and Na+ in pore-waters vary slightly within the range
of 478–589 mmol/L and 413–558 mmol/L, respectively. More significant concentration
variations are observed for Mg2+ and Ca2+ in the range of 24.6–77.4 and 5.0–10.2 mmol/L.
The concentrations of SO4

2− and alkalinity range from 4.4 to 38.6 mmol/L and 0.05 to 2.6,
respectively. The alkalinity is very low in pore-water. The ionic composition of pore-waters
in background stations and in areas of methane release differs insignificantly. Exclusion of
pore-water at point 6492: pore-water has the lowest salinity if compared to other samples.
The average salinity is 30,160.4 ppm. The concentration of SO4

2− is minimal in pore-waters
at point 6492 and averages 8.8 mmol/L. This is three times lower than in all considered
pore-waters. However, the alkalinity value in pore-waters at point 6492 is significantly
higher than in the considered pore-waters, and averages 2.3 mmol/L.

For all the studied ions, linear trends of the main ionic concentration changes with
depth are observed. At the background stations, concentrations of calcium, potassium,
magnesium, sodium, and chlorine are slightly increasing with increasing depth. The values
of alkalinity and potassium concentration are almost the same for all sampling horizons.
The sulfate ion concentration slightly decreases with increasing depth (Figure 3). In the
areas of active methane release, there are linear trends of the decreasing concentrations
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of sulfate ion, calcium, magnesium with increasing depth. The content of chloride ion
and sodium in the pore-waters increases with depth. The revealed features of the sodium,
chlorine, potassium behavior are consistent with the previously established patterns in
other Arctic seas (White, Baltic and Barents) at depths of 0–5–10–15–35 cm [8,9]. The specific
behavior of the sulfate ion, calcium and magnesium, the alkalinity variation in the studied
pore-waters is presumably determined by the massive methane escaping detected across
the study area.

Table 2. Content of major ions in pore-water, mmol/L (min–max/mean).

Background Station Methane Seep Station

Shelf (Laptev Sea) Shelf (East Siberian Sea) Shelf (Laptev Sea) Continental Slope (Laptev Sea)

6491 6473 6482 6492 6519 6521

Alkalinity 0.08–0.13
0.01 - 0.05–0.07

0.06
2.1–2.6

2.3 - -

SO4
2− 24.0–31.6

29.3
23.9–28.0

25.8
23.2–28.0

26.0
4.4–14.9

8.8
31.8–38.6

36.4
23.0–36.7

32.2

Cl− 504.0–588.9
557.6

518.0–577.4
548.2

499.0–556.4
523.0

478.1–519.0
499.1

541.0–554.0
547.4

487.3–533.5
507.9

Ca2+ 6.3–7.3
6.8

6.0–8.7
7.5

7.5–8.7
7.9

5.0–5.4
5.2

7.1–10.2
8.6

7.2–7.7
7.2

Mg2+ 32.1–39.3
36.9

32.0–44.5
38.9

39.4–77.4
53.6

24.6–29.4
26.7

46.1–55.4
51.4

40.8–46.1
43.5

Na+ 468.0–558.0
523.0

466.0–514.0
499.1

413.0–472.3
443.4

433.0–469.0
447.1

482.9–493.6
489.3

442.0–485.0
460.9

K+ 8.7–9.0
8.8

8.9–12.4
10.7

10.3–11.6
11.1

7.7–9.1
8.2

13.6–14.5
14.0

11.7–14.3
12.8

Salinity * 33,449.5–38338.4
36,314.0

33,448.6–36945.8
35,245.5

32,377.4–35142.6
33,455.4

29,401.9–31523.3
30,160.4

35,907.3–37105.0
36,456.6

31,921.6–35569.5
33,701.6

Underline, 0.08–0.13: Min–Max; 0.01: Average.; *—SalinityTDS.
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Figure 2. Piper-diagram of the studied pore-water. Green filled circles mark the pore-water sampling
from background stations, red filled circles mark the pore-water sampling from methane seep stations.
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Figure 3. Concentrations profiles: (a) background sites; (b) “methane seep” sites.

3.2. Trace Elemants Geochemistry

Table 3 shows the average concentrations of trace elements in pore-waters in the back-
ground areas and in the zones of active methane release within the various morphological
elements of the seabed (shelf, continental slope). In general, the abundance of elements in
pore-waters is consistent with the behavior of chemical elements in natural environments.
The average concentrations of most trace elements in the background areas practically do
not differ from those in the zones of methane release. The exception is Mn, Fe, Co, Cu, W. In
the methane seepage areas, the concentration of Mn and Fe sharply decreases. The average
concentration of Mn, Fe in the background areas ranges from 180.1 to 553.1 µmol/L and
from 28.5 to 369.9 µmol/L, respectively. The average concentrations of these elements in
pore-waters across the “methane seeps” range from 28.8 to 65.9 µmol/L for Mn and from
4.4 to 6.2 µmol/L for Fe. The concentration of Co and Cu in pore-waters in the methane
seepage areas is reduced by almost 10 times in comparison with the background areas. At
the background sites, the average concentration of Co is from 0.06 to 0.11 µmol/L, in the
active zones of methane release, the concentration decreases to 0.002–0.01 µmol/L. The
average concentration of Co in the pore-waters of the background areas is 0.1 µmol/L and
decreases to 0.01 µmol/L in methane release zones.

All elements can be divided into several groups according to the nature of concen-
tration changes with depth. The behavior of B, I, and Ba with depth is identical both at
background stations and across the methane release zones. They are characterized by a
weak linear trend of decreasing concentration with increasing depth. The B content both
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at the background station and at the active methane emission site does not vary signifi-
cantly from 384.5 µmol/L to 495.5 µmol/L. The concentration of I in background stations
increases with depth from 5.5 µmol/L to 23.6 µmol/L. At active stations, no significant
changes are observed. The concentration of Li decreases with increasing depth both at
the background stations and in the zones of methane release from 25 to 20 µmol/L. The
concentrations of Pb, Cr, Br, Sr in pore-waters practically do not change with changing
depth, at nor the background neither active methane seeps. The concentrations of Mo, Rb,
Th, Hf, Ta, Cs at anomalous stations increase with increasing depth. The concentrations of
U, P, V, Ni, As, Si decrease with increasing depth at seep stations only; at the background
stations, the concentrations of these elements generally increase.

Trace elements that are sensitive to changes in diagenetic environments can potentially
be used to determine depositional conditions and reconstruct processes. Trace elements,
including Fe, Mo, Mn, Co, Cu, Ni, Zn, V, Ce, U and Th, W, P exhibit anomalies in response to
the intense methane seepages (Tables 2 and 3, Figure 4). The Th, W, P enrichments in the
pore-water occurred at the methane seep station (6492). In contrast, Fe, Mo, Mn, Co, Cu, Ni,
Zn, V, Ce precipitate from the pore-water at the methane seep station. This fact illustrates
the ratio of these elements in pore-waters at a depth of 15–20 cm at the anomalous station
itself (6492) in relation to the background station (Figure 5).

Table 3. Concentrations of the trace elements in the pore-waters, µmol/L (min–max/mean).

Background Seep

Shelf (Laptev Sea) Shelf (East Siberian Sea) Shelf (Laptev Sea) Continental Slope (Laptev Sea)

6491 6473 6482 6492 6519 6521

Li 15.8–33.3
19.9

18.0–49.5
25.6

20.2–27.0
23.1

12.4–15.5
13.8

25.9–33.1
29.1

20.8–42.1
27

Be 0.1–0.1
0.1 n.d. 0.1–0.1

0.1 n.d. 0.1–0.1
0.1

0.1–0.1
0.1

B 315.3–408.9
348.2

313.1–453.1
391.9

424.7–518.4
474.7

346.8–519.4
421.5

462.1–647.6
564

368–501.9
450.8

Al 0–2.8
0.9

0.5–2.7
1.5

0.7–5.9
2.1

0.6–2.4
1.1

0.6–1.4
1.0

0.4–4.1
1.4

Si 222.6–328.1
257.4

397.2–552.0
487.1

373.7–463.4
424.9

267.9–327.0
291.5

232.9–331.9
277.7

100.5–406.3
261.4

P 12.5–99.9
40.1

38.3–113.4
63.2

14.7–112.5
59.8

96.5–175.1
138.4

17.4–18.6
17.9

28.7–96.8
51.5

Sc 0.002–0.03
0.01

0.002–0.03
0.01

0.002–0.015
0.01

0.01–0.03
0.01

0.001–0.001
0.001

0.003–0.01
0.02

Ti 0.04–0.1
0.09

0.04–0.1
0.07

0.05–0.1
0.1

0.01–0.03
0.01

0.03–0.1
0.1

0.02–0.1
0.1

V 0.65–0.8
0.7

0.55–0.7
0.6

0.6–0.8
0.6

0.7–0.9
0.8

0.7–0.9
0.8

0.7–0.8
0.8

Cr 0.01–0.7
0.04

0.02–0.04
0.03

0–0.04
0.02

0.08–0.15
0.1

0.04–0.08
0.05

0.02–0.07
0.04

Mn 143.7–261.9
180.1

531.1–638.8
553.1

344.9–533.8
458.3

22.8–33.2
28.8

43.9–121.3
65.9

6.8–59.5
31.5

Fe 228.1–705.7
369.9

9.1–79.1
28.5

7.3–143.5
94.5

3.2–6.0
4.4

4.9–7.3
6.2

3.8–8.4
5.8

Co 0.04–0.14
0.11

0.04–0.11
0.07

0.02–0.15
0.06

0.007–0.02
0.01

0.004–0.02
0.01

0.0004–0.006
0.002

Ni 0.08–1.7
1.2

0.5–1.4
0.9

0.4–1.9
1.1

0.3–0.9
0.7

0.9–1.4
1.2

0.7–1.3
0.9

Cu 0–0.2
0.1

0.02–0.2
0.1

0.01–0.4
0.1

0.001–0.03
0.01

0.01–0.13
0.06

0.01–0.09
0.04

Zn 0–0.1
0.04

0.1–1.2
0.4

0.1–0.7
0.3

0.01–0.1
0.06

0.07–0.6
0.3

0.06–0.3
0.2

Ga 0.003–0.004
0.007

0.009–0.01
0.01

0.005–0.01
0.01

0.001–0.008
0.004

0.0004–0.007
0.004

0.001–0.003
0.002
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Table 3. Cont.

Background Seep

Shelf (Laptev Sea) Shelf (East Siberian Sea) Shelf (Laptev Sea) Continental Slope (Laptev Sea)

6491 6473 6482 6492 6519 6521

As 0.4–0.6
0.5

0.4–0.6
0.5

0.3–1.2
0.8

1.1–3.1
2.1

0.2–0.9
0.4

0.2–0.9
0.5

Se 0.7–4.6
2.8

0.2–3.9
2.7

0.5–2.3
1.5

1.1–2.7
2.2

2.1–4.7
3.3

1.4–4.9
3.0

Br 173.9–186.5
181.1

191.1–239.0
217.0

205.7–219.7
214.9

157.5–178.6
166.6

244.9–285.3
265.9

217.3–237.4
228.0

Rb 0.9–1.0
1.0

0.4–1.7
1.2

1.1–1.7
1.2

0.9–1.0
1.0

1.7–1.8
1.7

1.2–2.0
1.5

Sr 62.1–70.0
65.8

55.7–78.7
67.0

66.8–73.7
70.6

44.2–50.2
46.9

75.6–87.1
80.1

69.4–76.4
72.3

Y 0.0008–0.004
0.002

0.0004–0.0008
0.0005

0.0002–0.001
0.0008

0.0002–0.002
0.0008

0.0006–0.001
0.0009

0.0002–0.001
0.0007

Zr 0.004–0.02
0.01

0.0003–0.02
0.0009

0.0008–0.02
0.001

0.02–0.04
0.03

0.001–0.006
0.003

0.001–0.01
0.004

Nb 0.0004–0.0009
0.0006

0.0003–0.001
0.0008

0.0002–0.001
0.0006

0.0001–0.004
0.002

0.001–0.001
0.001

0.0002–0.002
0.001

Mo 0.4–0.8
0.6

0.4–0.9
0.6

0.2–0.7
0.4

0.06–0.56
0.25

0.15–1.8
0.7

0.09–12.5
2.6

Ru 0.001–0.0014
0.0012

0.0008–0.001
0.0009

0.001–0.003
0.002

0.0007–0.002
0.001

0.0008–0.002
0.001

0.0007–0.001
0.001

Rh 0.005–0.0014
0.001

0–0.001
0.0006

0.0006–0.0007
0.006

0.001–0.002
0.001

0.0008 −0.002
0.001

0.0004–0.002
0.001

Pd 0.0003–0.002
0.001

0–0.001
0.0006

0.0006–0.0007
0.0006

0.0005–0.003
0.002

0.0005–0.0015
0.0001

0.00005–0.0009
0.0006

Ag 0.0005–0.009
0.0006

0.0009–0.002
0.001

0.0005–0.0005
0.0005 n.d. 0.0005–0.0005

0.0005
0.003–0.003

0.003

Cd 0.0003–0.015
0.004

0.0006–0.009
0.0025

0.003–0.003
0.003

0.001–0.03
0.006

0.002–0.007
0.004

0.002–0.009
0.005

In 0.0001–0.0002
0.0002

0.0001–0.0002
0.0002

0.0001–0.0002
0.0002

0.0001–0.0002
0.0001

0.0003–0.0003
0.0003 n.d.

Sn 0.0006–0.003
0.001

0.002–0.006
0.004

0.001–0.003
0.002

0.001–0.006
0.002

0.0002–0.004
0.002

0.0005–0.004
0.001

Sb 0.001–0.004
0.003

0.0004–0.013
0.008

0.002–0.016
0.005

0.005–0.004
0.003

0.005–0.01
0.008

0.003–0.02
0.0008

I 8.9–37.8
16.3

1.9–5.5
4.4

3.9–18.5
11.6

4.4–7.7
5.9

0.4–3.3
1.9

0.6–8.3
3.2

Cs 0.001–0.005
0.001

0.001–0.003
0.002

0.001–0.003
0.002

0.000–0.001
0.0005

0.002–0.003
0.0025

0.001–0.003
0.002

Ba 0.2–0.3
0.3

0.5–1.3
0.8

0.4–1.3
0.6

0.1–0.3
0.4

0.3–0.6
0.4

0.2–0.7
0.4

La 0.0001–0.0008
0.0004

0.00005–0.0004
0.0002

0.0001–0.0003
0.0002

0.0002–0.0004
0.0003

0.0001–0.0004
0.0003

0.0002–0.0002
0.0002

Ce 0.0003–0.0016
0.0008

0.0001–0.0005
0.0001

0.0001–0.0004
0.0003

0.0002–0.0008
0.0004 n.d. 0.0001–0.0002

0.0001

Pr 0.0001–0.0004
0.0002

0.0001–0.0002
0.0001 n.d. 0.00004–0.0002

0.0001 n.d. 0.0001–0.0002
0.0001

Nd 0.0008–0.003
0.001 n.d. n.d. 0.0005–0.0006

0.0005 n.d. n.d.

Eu 0.0001–0.0001
0.0001

0.0001–0.0002
0.0002 n.d. 0.0001–0.0001

0.0001
0.0001–0.0001

0.0001
0.0001–0.0001

0.0001

Tb 0.0001–0.0001
0.0001

0.0001–0.0001
0.0001 n.d. 0.0001–0.0001

0.0001 n.d. 0.0001–0.0001
0.0001

Ho 0.00002–0.00005
0.00004

0.0001–0.0001
0.0001

0.0001–0.0001
0.0001

0.0001–0.0001
0.0001 n.d. 0.0001–0.0002

0.0001

Tm n.d. n.d. 0.0001–0.0001
0.0001

0.00003–0.00003
0.00003

0.00003–0.00003
0.00003

0.00003–0.0001
0.0001
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Table 3. Cont.

Background Seep

Shelf (Laptev Sea) Shelf (East Siberian Sea) Shelf (Laptev Sea) Continental Slope (Laptev Sea)

6491 6473 6482 6492 6519 6521

Lu n.d. n.d. n.d. 0.0001–0.0002
0.0001 n.d. 0.0001–0.0001

0.0001

Hf n.d. n.d. n.d. 0.0001–0.0005
0.0003 n.d. n.d.

Ta 0.0002–0.0005
0.0004

0.00002–0.0002
0.0002

0.0001–0.0001
0.0001

0.00004–0.0002
0.0001 n.d. 0.0003–0.0004

0.0003

W 0.0002–0.0025
0.001

0.007–0.017
0.012

0.002–0.012
0.007

0.004–0.011
0.007

0.002–0.005
0.003

0.003–0.008
0.005

Au 0.0001–0.0006
0.0003

0.0001–0.0004
0.0002

0.0001–0.0006
0.0003

0.00002–0.0005
0.0002

0.0001–0.0003
0.0002

0.0003–0.0004
0.0003

Hg 0.0006–0.004
0.002

0.0005–0.0005
0.0005

0.0001–0.0001
0.0001

0.001–0.006
0.004

0.002–0.002
0.002

0.0001–0.002
0.001

Tl 0.0002–0.0002
0.0002

0.0003–0.0007
0.0006

0.0001–0.0001
0.0001

0.0001–0.0006
0.0003 n.d. n.d.

Pb 0.0008–0.005
0.003

0.0009–0.004
0.003

0.002–0.007
0.005

0.0002–0.005
0.003

0.001–0.003
0.002

0.001–0.004
0.003

Bi n.d. 0.0001–0.0004
0.0002 n.d. n.d. 0.0001 0.0001–0.0002

0.0001

Th 0.00001–0.0002
0.0001

0.00001–0.0002
0.0001

0.0001–0.0002
0.0002

0.00001–0.0002
0.0001

0.0001–0.0006
0.0003

0.00005–0.0002
0.0001

U 0.003–0.018
0.013

0.004–0.016
0.01

0.0012–0.023
0.009

0.01–0.07
0.02

0.02–0.04
0.03

0.007–0.12
0.04

Underline, 0.08–0.13: Min–Max; 0.01: Average; n.d.—no data.

The behavior of the chemical elements in the pore-water within the zones of an active
methane release is determined by the following main biogeochemical processes (Figure 6):
the anaerobic oxidation of methane (AOM) coupled sulfate reduction (SR) (CH4 + SO4

2−

→HCO3
− + HS− + H2O) mediated by a syntrophic consortium of methanotrophic archaea

and sulfate-reducing bacteria [21,22]. The sulfate reduction also consumes dissolved sulfate
and plays a critical role in the early diagenesis of marine sediments [23,24]. The AOM
is always the predominant reaction in seep environments. In low-methane flux seep
environments, all the methane can be consumed by AOM, while in high methane flux
seep environments, a proportion of the methane may pass through the SMTZ and escape
to the bottom water [25,26]. Both AOM and OSR processes strengthen the alkalinity of
pore-water, which facilitates the precipitation of authigenic carbonate (Ca2+ + HCO3

− →
CaCO3 + H+), and decrease the calcium concentration in pore-water. Mg-rich authigenic
carbonates are formed in the seep-impacted sediments.

In fact, AOM coupled with sulfate reduction can produce abundant H2S at cold
seeps and generate sulfidic environments that favor the precipitation of authigenic sul-
fides [27–29] which leads to the decrease in Fe, Mn, Co, Cu concentrations. The redox-
sensitive elements Mo and U to intense methane seepages provides a good opportunity to
explore the conditions for their behavior and the implications for tracing methane seepages.

In oxic seawater, Mo exists primarily as molybdate (MoO4
2−) and is adsorbed onto

Mn-oxyhydroxides. Under a sulfidic environment, MoO4
2− is converted to thiomolyb-

dates (MoS4 − xOx
2−) at a critical concentration of hydrogen sulfide (H2S; ~10–100 µM)

and is rapidly sequestered into the organic fraction and/or precipitated as sulfide miner-
als [30–32].

In oxic seawater and oxidation state, U exists primarily as UO2(CO3)3
4− and is con-

verted to insoluble UO2, U3O7 or U3O8 in reducing conditions [33].
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Figure 4. Depth profiles of the pore-water geochemical parameters (content of B, I, Li, Ba, Mo, Rb, Th, Cr, Hf and Ta, Cs, Al, U,
P, V, Ni, As, Mn, Fe, Co,Si, Pb, Br, Sr, Se) at the methane seep stations and at the background stations.
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During early organic matter diagenesis, sulfate reduction (SR) and AOM consume
sulfate, generating both alkalinity, dissolved inorganic carbon and phosphate which leads
to an increase in their concentrations in pore-waters at the methane seep station:

2(CH2O)x(NH3)y(H3PO4)z + xSO4
2− → xH2S +2xHCO3

− + 2yNH3 + 2zH3PO4
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Under such environments, other redox-sensitive elements (e.g., W, Th, Al) that are
closely associated with organic matter also show corresponding enrichments [33,34].

4. Conclusions

Methane release observed across the East Siberian Arctic Seas affects the chemical
composition of pore-waters within the sediments at the active seep sites. When seawater
is getting trapped in the bottom surface sediments, its chemical composition is being
drastically transformed, and methane (geofluid) emitting from the seabed could signif-
icantly accelerate this biogeochemical process. The anionic and cationic composition of
pore-waters corresponds to the composition of the sea waters.

Methane emission affects the ionic composition of the pore-water. A lower concentra-
tion of the sulphate ion is accompanied by a lower salinity and increased alkalinity. At the
same time, the concentration of the dominant Na and Cl ions in the pore-waters both at
background and methane seep stations change insignificantly.

The regional differentiation was also observed. Stations located in the East Siberian Sea
are characterized by an increased content of manganese, aluminum, silicon, phosphorus,
iron, copper and barium relative to other elements and a lower content of uranium and
thorium. The continental slope is characterized by an increased content of lithium, boron,
vanadium, bromine, as well as uranium and low content of iodine and manganese.

In the active zones of methane release, concentrations of vanadium, thorium, phos-
phorus, aluminum are increased, while concentrations of cobalt, iron, manganese, uranium,
molybdenum, copper are generally low. The behavior of these elements is determined by
biogeochemical processes occurring in the pore-waters at the methane seeps sites (sulfate
reduction, anaerobic oxidation of methane, secondary precipitation of carbonates and
sulfides). These processes affect the geochemical environment, and, consequently, the
species of these elements within the pore-waters and the processes of their redistribution
in the corresponding water–rock system. Further studies are required to understand better
the role of in situ biogeochemical processes vs. upward transport of geofluid and its
chemical composition.
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