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Abstract
The expansive plains of West Siberia contain globally significant carbon stocks, with 
Earth's most extensive peatland complex overlying the world's largest-known hydro-
carbon basin. Numerous terrestrial methane seeps have recently been discovered on 
this landscape, located along the floodplains of the Ob and Irtysh Rivers in hotspots 
covering more than 2500 km2. We articulated three hypotheses to explain the origin 
and migration pathways of methane within these seeps: (H1) uplift of Cretaceous-
aged methane from deep petroleum reservoirs along faults and fractures, (H2) re-
lease of Oligocene-aged methane capped or trapped by degrading permafrost, and 
(H3) horizontal migration of Holocene-aged methane from surrounding peatlands. 
We tested these hypotheses using a range of geochemical tools on gas and water 
samples extracted from seeps, peatlands, and aquifers across the 120,000 km2 study 
area. Seep-gas composition, radiocarbon age, and stable isotope fingerprints favor 
the peatland hypothesis of seep-methane origin (H3). Organic matter in raised bogs is 
the primary source of seep methane, but observed variability in stable isotope com-
position and concentration suggest production in two divergent biogeochemical set-
tings that support distinct metabolic pathways of methanogenesis. Comparison of 
these parameters in raised bogs and seeps indicates that the first is bogs, via CO2 
reduction methanogenesis. The second setting is likely groundwater, where dissolved 
organic carbon from bogs is degraded via chemolithotrophic acetogenesis followed 
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1  |  INTRODUC TION

Methane (CH4) is the planet's second-most important anthropogenic 
greenhouse gas (Canadell et al., 2021), with a global warming poten-
tial 27–30 times higher than CO2 on a 100-year time horizon (Forster 
et al., 2021). Earth's terrestrial hydrocarbon degassing (onshore seep-
age) contributes an estimated 20–50 TgСН4 to annual global emissions, 
second only to wetlands and freshwater ecosystems among natural 
sources (Canadell et al., 2021; Etiope et al., 2019; Saunois et al., 2020). 
Seep methane biogeochemistry is complex and multivariate, involv-
ing different origin and production pathways (Milkov & Etiope, 2018; 
Walter Anthony et al., 2012; Whiticar, 1999). Primary microbial meth-
ane is produced by Archaea microorganisms (methanogens) in the 
terminal step of the anaerobic organic matter degradation in surface 
soils and sediments (Conrad, 2020; Whiticar, 1999). Methanogens pri-
marily use two distinct metabolic mechanisms for methane produc-
tion: acetate fermentation and CO2 reduction (Conrad, 2005, 2020). 
In contrast, thermogenic methane is generated during thermal crack-
ing of organic matter, including petroleum, without microbial activity 
(Etiope, 2015; Milkov & Etiope, 2018; Whiticar, 1999). Finally, second-
ary microbial methane has been acknowledged as a meaningful meth-
ane pool (Milkov, 2010). This methane is produced in the final step 
of the anaerobic petroleum biodegradation, which is catalyzed by 
methanogens, inhabiting subsurface sediments (Milkov, 2018; Milkov 
& Etiope, 2018).

Understanding the origin, pathways of production, and transport 
mechanisms of methane from regional terrestrial seeps is a matter 
of both practical and academic interest. For example, seep-mapping 
exercises in regions where methane is sourced from underlying oil 
and gas reservoirs could assist with operational petroleum explora-
tion (Schumacher, 2010). Knowing the source of methane from local 
terrestrial seeps also helps scientists appraise the size of regional 
methane pools. Such knowledge is critical for predicting how climate 
change will affect global methane budgets (Conrad,  2020; Etiope 
et al., 2019). For example, emission of thermogenic and secondary 
microbial methane is likely to decrease for depleted oil and gas res-
ervoirs (Etiope,  2015). A better understanding of transportation 
mechanisms between sources and seeps could also help researchers 
identify new CH4 emission hot spots worldwide (Ciotoli et al., 2020).

Recent studies have reported the discovery of a terrestrial meth-
ane seeps in the geographical center of the West Siberia Lowlands, 

near the confluence of Ob and Irtysh Rivers (Belova et al.,  2013; 
Oshkin et al., 2014). These seeps occur as groups of small craters and 
funnels with gas ebullition and groundwater discharge (Figure 1). The 
seeps represent hot spots of methane emissions, with CH4 fluxes 
reaching hundreds of mgCH4 h−1 per seep (Belova et al., 2013; Oshkin 
et al.,  2014). Methane-rich seeps have been observed throughout 
the surrounding region, particularly along broad stretches of the Ob 
(middle reach) and Irtysh (lower reach) River floodplains (Danilova 
et al., 2021; Terentieva et al., 2022). Working with satellite imagery, 
Terentieva et al. (2022) mapped 2885 km2 of seep zones in the region.

The source and metabolic pathways of methane in the Ob and 
Irtysh River seeps are not yet fully understood. Oshkin et al. (2014) 
suggested that the methane is primary microbial in origin. The au-
thors based this suggestion on the stable carbon isotope ratio in 
methane samples (δ13C(СН4)), which fell in the range of −71.1 to 
−71.3‰. However, the reported values could also be attributed to 
thermogenic methane from low-maturity source rocks, as well as 
to secondary microbial methane (Milkov & Etiope,  2018). Since a 
variety of sources can produce methane with similar δ13C(СН4) sig-
natures, multiple indicators are needed to identify methane origin 
of these seeps with confidence (Etiope, 2015). In addition, Oshkin 
et al.'s (2014) observations were obtained from a single site: a remote 
research station called Mukhrino, located 20 km south of the conflu-
ence of the Ob and Irtysh Rivers. Since methane in seeps of the same 
region can have different origins (Walter Anthony et al., 2012), spa-
tially resolved sampling is necessary to obtain reliable conclusions 
on seep methane biogeochemistry.

There are three hypotheses to explain the origin and migration 
pathways of methane seeps along the Ob and Irtysh River flood-
plains (Figure 2).

1.1  |  H1. Methane uplift from oil and gas reservoirs

The West Siberian Basin, which overlaps geographically with the 
West Siberia Lowlands, is the largest known hydrocarbon reservoir 
in the world with more than 30,000 Pg of proven methane deposits 
(Khafizov et al., 2022). Oil and gas reservoirs are located in late-Jurassic 
and Cretaceous deposits, between 0.6 and 3 km below the surface 
(Khafizov et al.,  2022; Milkov,  2010). According to this hypothesis, 
methane from source deposits migrates to the upper layers through 

by acetate fermentation methanogenesis. Our findings highlight the importance of 
methane lateral migration in West Siberia's bog-dominated landscapes via intimate 
groundwater connections. The same phenomenon could occur in similar landscapes 
across the boreal-taiga biome, thereby making groundwater-fed rivers and springs 
potent methane sources.

K E Y W O R D S
groundwater methane, metabolic pathways, methane biogeochemistry, northern peatlands, 
stable isotopes
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faults and fractures in impermeable cap deposits, then discharges with 
groundwater on the surface. This methane should be ancient (>60 mil-
lion years) and is either of thermogenic or secondary microbial origin.

1.2  |  H2. Degradation of relict permafrost

Within the study region, relict permafrost is located at depths of 
100–300 m in an Oligocene confined aquifer under a thin (10–20 m) 
layer of clay (Brown et al., 1997). According to this hypothesis, an-
cient (>27 million years) primary microbial methane from degrading 
relict permafrost dissolves into surrounding groundwater and either 
percolates into the upper Quaternary aquifer or directly discharges 
as artesian springs at the surface. Similar processes have been ob-
served in Alaska, where climate-induced degradation of permafrost 
has increased emission of both biogenic and thermogenic methane 
(Walter Anthony et al., 2012). Large amounts of methane could be 
trapped in permafrost by cryogenic displacement (Kraev et al., 2017), 
including West-Siberian permafrost (Kraev et al., 2019).

1.3  |  H3. Horizontal transport of methane from 
raised bogs through groundwater

According to this hypothesis, modern (<12,000 years) primary mi-
crobial methane is transported by horizontal groundwater flow 

and discharged on the floodplains. About third of the West Siberia 
Lowlands is covered by raised bogs (Kremenetski et al., 2003; Sheng 
et al., 2004; Terentieva et al., 2016) with organic deposits up to 6 m 
deep (Turunen et al.,  2001). Solutes can migrate downward from 
raised bog to groundwater through aquitard via either advection 
(Glaser et al., 2016; Levy et al., 2014; Reeve et al., 2009) or diffu-
sion (Beer & Blodau,  2007; Clymo & Bryant,  2008; Shoemaker 
& Schrag, 2010). Raised bogs in the study region are typically un-
derlain by illite–kaolinite aquitards several meters thick with very 
low hydraulic conductivity (Leschinsky et al., 2006). However, both 
dissolved organic carbon (DOC) and dissolved methane can pass 
through such diffusion-dominated aquitards on a timescale of sev-
eral thousand years, as calculated using diffusion coefficients from 
Jacops et al.  (2013). DOC could be further degraded in groundwa-
ter under anaerobic conditions, fueling methanogenesis (Aravena 
et al., 2004). Since temperature, pH, and substrate concentrations 
and quality are different between raised bogs and groundwater, 
methanogenesis could proceed via distinct metabolic pathways in 
these biogeochemical settings (Conrad, 2020). The latter would re-
sult in variable C and H stable isotopes ratios in methane produced 
in these settings.

The primary motivation of the current work is to understand the 
origin and production pathways of methane from these widespread 
seeps, as well as their role in the regional methane cycle. To test 
the hypotheses suggested above, we used multiple biogeochemical 
tools including (i) light hydrocarbons composition; (ii) stable isotope 

F I G U R E  1  Field photos illustrate different morphologies of methane seeps along the Ob River floodplain in Western Siberia: (a) bubbling 
pool, (b) flooded areas in the stream channel, (c) non-flooded crater-like structures, and (d) a chain of funnels forming small creek due to 
groundwater discharge.
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composition of co-occurring methane, carbon dioxide and water; 
and (iii) radiocarbon content of methane. To obtain spatially repre-
sentative data, we sampled gas and water from 50 sites with seeps 
across a 120,000 km2 study area. In addition, we compared biogeo-
chemical parameters of methane in seeps and its probable source 
to get insights into the mechanisms responsible for transporting 
methane from source to seeps and accompanying biogeochemical 
processes.

2  |  MATERIAL S AND METHODS

2.1  |  Study region

The study region is in the boreal-taiga zone of the West Siberia 
Lowlands, spanning 400 km in an east–west direction and 300 km 
in a north–south direction (Figure  3). The region has a subarctic 

climate (classified as Dfc according to the Köppen–Geiger system) 
with warm, short summers and long, cold winters. The average an-
nual air temperature ranges from −3°C to +1°C, while mean annual 
precipitation ranges from 400 to 650 mm, based on data from 1981 
to 2010 (www.pogod​aikli​mat.ru, accessed on April 5th, 2022). The 
highest precipitation, ranging from 150 to 250 mm, occurs during 
the summer months (Bulatov, 2007; Dyukarev et al., 2021). The re-
gion experiences a continuous snowpack, which lasts for more than 
5 months and reaches depths of 40–80 cm. The soil in the region 
freezes to depths of 15–50 cm (Dyukarev et al., 2021). Snow melt 
typically occurs in April and May, resulting in seasonal floods that 
recede by the end of July. The region receives more precipitation 
than it experiences evapotranspiration, with the average surplus 
being 20–100 mm (Bulatov, 2007; Dyukarev et al., 2021). The topog-
raphy of the region is relatively flat, with elevations ranging from 10 
to 20 m above sea level in floodplains and 30–60 m in watersheds 
(Bulatov, 2007; Kremenetski et al., 2003).

F I G U R E  2  This graphic illustrates the three hypotheses of methane origin in West-Siberian methane seeps: (H1) methane uplift from 
oil and gas reservoirs; (H2) degradation of relict permafrost in Oligocene deposits; and (H3) horizontal transport of methane from raised 
bogs through ground waters in Quaternary deposits. All depths are given for Khanty-Mansiysk city according to Brown et al. (1997) and 
Milkov (2010).
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Sphagnum-dominated raised bogs are widespread within the 
study region, and are characterized by ombrotrophic, acidic condi-
tions with a pH less than 4.4. These nutrient-poor ecosystems are 
the result of the final stage of the paludification process. The region 
is abundant in forested bogs, with sparse stands of Pinus sylvestris 
reaching up to 10 m in height, and patterned bogs consisting of a mix 
of forested ridges and non-forested hollows and lawns (Kremenetski 
et al., 2003; Terentieva et al., 2016). The peat layer in these bogs typ-
ically ranges from 3 to 5 m in thickness, except for the youngest bogs, 
which can have a thickness as low as 1.5 m (Blanchet et al., 2017; 
Kremenetski et al., 2003; Masing et al., 2010; Turunen et al., 2001). 
Water-table levels (WTL), measured in centimeters from the moss 
surface, range from −15 cm in hollows and lawns to 70 cm in forested 
sites (WTL less than 0 indicates water levels above the moss).

The study region is also characterized by coniferous (Pinus si-
birica, Abies sibirica, Picea obovata) and mixed conifer-deciduous 
forests that grow on terraces and well-drained areas along river val-
leys. These forests occur on acidic (pH <5.5) sandy-loam Podzols (as 
classified by the World Reference Base for Soil Resources) with low 
organic content (less than 2%) (Sabrekov et al., 2021). The ground-
water level in these ecosystems is 5–7 m deep. Slopes along river val-
leys are covered by mixed and small-leaved aspen and birch (Populus 
tremula, Betula pubescens) stands that range from 10 to 20 m in 
height, with groundwater depths varying from 2 to 8 m.

2.2  |  Study sites

We sampled 50 sites (Figure 3), mostly located on the floodplains 
of the Ob River and its tributaries. The locations of the sampled 
seeps were initially predicted using satellite imagery (Terentieva 
et al.,  2022) and later confirmed through direct field surveys. We 
limited our study to sites that were accessible through the existing 
road network. Extensive sampling was carried out in August and 
September of 2020 to determine the origin of methane. Within each 
seep area, which is a water-logged bare depression in the floodplain, 
several individual seeps (small holes and craters releasing gas bub-
bles) were sampled. A total of six seep areas, which are briefly de-
scribed in Table S1, were sampled in September of 2021 to measure 
the radiocarbon age of methane and other relevant biogeochemical 
parameters of the seeps. In addition, three typical peatlands located 
across the region were sampled in August and September of 2021 to 
serve as a representation of the gas source: Mukhrino (referenced in 
Alekseychik et al., 2017; Blanchet et al., 2017; Dyukarev et al., 2021), 
Chistoe (Kosykh et al., 2008), and Lempino (Kosykh et al., 2008). A 
brief description of the bog sampling sites is provided in Table S1. 
Finally, groundwater was taken from three active water supply 
wells (at depths of 25, 70, and 210 m) in Khanty-Mansiysk (latitude 
61.091° N, longitude 69.465° E, elevation 37 m above sea level) in 
September of 2020.

F I G U R E  3  (a) Location of the study region in central Russia. (b) Map of the West Siberian Lowlands with red rectangle denoting the 
present study region. (c) Sampling site location. Permafrost zonation in this map was taken from Obu et al. (2018), version 5.0. Oil and gas 
fields' locations are indicated after Khafizov et al. (2022). Peatland cover is based on Lehner and Döll (2004). The southern border of relict 
permafrost was redrawn from Brown et al. (1997). Biome zonation is based on Terentieva et al. (2016). Notations “NT”, “MT,” and “ST” mean 
northern, middle, and southern subzones of taiga (boreal forests) biome. Open water and floodplain zones are based on Pekel et al. (2016). 
Forest cover is indicated after Shimada et al. (2014). Red dots indicate points where seep gas composition, dissolved gas concentration, pH, 
δ13C(СН4), δD(СН4), and δD(Н2O) were investigated, red-yellow dots—where seep gas and water were also sampled to measure additional 
biogeochemical proxies including T14C, dissolved organic carbon concentration, 3H content and δ13C(СO2). Groundwater was sampled from 
Khanty-Mansiysk water supply wells. Map lines delineate study areas and do not depict accepted national boundaries.
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The field sampling is described in Appendix S1. Briefly, bubbling 
gas from seeps was sampled using inverted funnels filled with seep 
water and held manually above the seep (Figure S1). Gas was sucked 
into the syringe and then transferred into 20 mL Hungate borosili-
cate glass vials (Bellco Glass, USA). Water discharging from the seep 
was sampled from exactly the same spot using 50 mL polypropylene 
syringe (KDM, Germany), triple-rinsed with seep water before sam-
pling. Water was filtered in a few hours after sampling into 20 mL 
Hungate borosilicate glass vials (Bellco Glass, USA) through single-
use 0.2 μm acetate cellulose filter units (Corning, USA).

2.3  |  Selection of biogeochemical tools

We chose a set of biogeochemical indicators to determine which 
gas-origin hypotheses is correct (Table 1). This set included light hy-
drocarbons (C1–C5), CO2 gas contents, and stable-isotope composi-
tions of methane carbon δ13C(СН4), hydrogen δD(СН4), and water 
hydrogen δD(Н2O) as a source of hydrogen for methane. We meas-
ured these indicators at the 50 sites we visited (Figure 3, red dots). 
For the six sites with the most active bubbling (Figure 3, yellow dots), 
we also determined stable-isotope composition of carbon in carbon 
dioxide δ13C(СO2), DOC concentration as well as radiocarbon age of 
methane T14C.

Briefly, radiocarbon-free thermogenic or secondary microbial 
methane would support the H1 hypothesis, where seep methane 
is uplifted from underlying oil and gas reservoirs. Radiocarbon-
free primary microbial methane would support the H2 hypothesis, 
where methane is sourced from degrading permafrost. Here, H1 
and H2 could be differentiated by the stable isotope compositions 
of methane and associated CO2: δ13C(СН4) >−50‰ and δ13C(СO2) 
>+15‰ would argue in favor of the secondary microbial origin (H1), 
while δ13C(СН4) <−60‰ and δ13C(СO2) <+2‰ would support pri-
mary microbial origin (Milkov & Etiope,  2018). Values in between 
would indicate mixed origin. Finally, radiocarbon-rich primary mi-
crobial methane co-occurring with δ13C-depleted CO2 and negligible 
amounts of ethane and propane would support the H3 hypothe-
sis, where methane comes from adjacent raised bogs. However, it 
should be noted that these tools could not determine whether the 
relict permafrost degradation contributed to a migration of the ther-
mogenic methane from petroleum-bearing sediments. If such migra-
tion took place, the applied geochemical tools would not be able to 
determine whether the permafrost acted as a cap or not.

To minimize the uncertainty in determining the origin of meth-
ane, we utilized reference values for hypothesized sources in the 
study region as described in Table  1. Data for thermogenic gas 
in the study region's reservoirs were obtained from Goncharov 
et al.  (2005) and Milkov (2010). Since there were no data available 
on methane that may be trapped in the relict permafrost in the West 
Siberian Lowlands, we used data from Kraev et al. (2019) and Rivkina 
et al.  (2007) as the best-available proxy. These studies indicate 
that δ13C(СН4) in different permafrost layers ranges from −64‰ 
to −99‰. The characteristics of peatland gas, including methane TA
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concentration, δ13C(СН4), δD(СН4), δ13C(СO2), and δD(Н2O) were 
measured and presented in this study. Finally, groundwater from 
three active water supply wells was sampled to investigate its role in 
methane migration to seeps.

2.4  |  Chemical and isotopic analyses

The gas samples were analyzed for light hydrocarbons (C1–C5) 
and CO2 simultaneously using a gas chromatograph Crystall-5000 
(Chromatec, Russia). The gas chromatograph was equipped with 
flame ionization and thermal conductivity detectors, operated at 
methane concentration below and above 5000 ppm (0.5%), respec-
tively. To determine the concentrations of dissolved gases in peat 
porewater and groundwater, the headspace method was utilized 
(Hope et al., 1995). For a better comparison with CH4 and CO2 con-
tents in gas from seeps, we presented dissolved gas concentrations 
in % of total water saturation at in situ temperature and pressure, 
calculated using (Clymo & Bryant, 2008; Sander, 2015). Further de-
tails about the laboratory methods are described in Appendix S1.

Stable isotope compositions of carbon and hydrogen in methane, 
carbon in carbon dioxide, and hydrogen in water were measured using 
gas chromatography isotope ratio mass spectrometry. The results re-
ported are an average of three replicates. All stable isotope ratios are 
reported at a permil scale in the δ-notation relative to Vienna Standard 
Mean Ocean Water (VSMOW) for δD(СН4) and δD(Н2O) and Vienna 
Pee Dee Belemnite (VPDB) for δ13C(СO2) and δ13C(СН4). IAEA-CH-7 
polyethylene foil (International Atomic Energy Agency, 2022, Austria) 
was used as a calibration standard. The repeatability was less than 
±0.1‰ for δ13C and ±1.0‰ for δD in gases and less than ±0.3‰ for 
δD in water (Dubinina et al., 2019). Given values are an average of 
three replicates. The apparent stable isotope fractionation factor for 
a reaction A → B is reported as α (A−B):

and also as isotopic enrichment factor ε ≡ 1 − α (in permil).
Methane radiocarbon dating was performed by accelerator 

mass spectrometry (AMS) in the AMS Golden Valley laboratory 
(Novosibirsk, Russia; laboratory code GV). Seep gas was graphitized 
using the absorption-catalytic unit as described in Lysikov et al. (2018). 
Obtained powder containing 2–3 mg of carbon was compressed into 
tablets and analyzed by AMS (Parkhomchuk & Rastigeev,  2011). In 
addition to seep gas samples, the graphitization was also conducted 
for standard samples: US National Bureau of Standards Oxalic Acid 
I (OX-I) and Australian National University Sucrose (ANU). The rela-
tive content of radiocarbon 14C/13C in samples was normalized to the 
content of 14C/13C in the standards taking into account their stable 
isotope compositions (δ13C = −19.0 and − 10.8‰ for OX-I and ANU, re-
spectively). Fine-grained porous graphite of coke-pitch composition, 
processed through the same graphitization procedure as the samples, 
was used as a blank. All 14C ages were calibrated using OxCal v. 4.4.2 
(Bronk Ramsey, 2009) and the IntCal20 atmospheric curve (Reimer 

et al., 2020). Sample AMS numbers are given in Table S1. The fraction 
modern (F14C, dimensionless) corrected for the stable isotope com-
positions of seep gas (δ13Cseep ≡ δ13C(СН4), ‰) and blank (δ13Cblank, ‰) 
samples was calculated by:

where pMCseep and pMCblank are measured fractions of modern car-
bon in seep gas and blank sample, respectively (%). Radiocarbon age 
(T(14C), years before present (BP)) was determined from the fraction 
modern using:

Tritium measurements were performed in the laboratory of nu-
clear oceanology of V.I.Il'ichev Pacific Oceanological Institute, Far 
Eastern Branch, Russian Academy of Sciences (Vladivostok, Russia) 
on the QUANTULUS 1220 ultralow level liquid scintillation counter 
(Perkin Elmer, USA) as described in Gröning and Rozanski (2003) and 
Morgenstern and Taylor  (2009). The water samples were distilled 
with KMnO4, then alkalized with Na2O2 and enriched electrolytically 
prior to analysis. We estimated the seep groundwater residence 
time using measured tritium content by a simple numerical model of 
steady-state well-mixed homogeneous aquifer (Cook,  2020; Jean-
Baptiste et al., 2017), described in detail in Appendix S2.

DOC concentrations were measured as non-purgeable organic 
carbon (NPOC) via high temperature catalytic combustion (vario 
TOC cube, Elementar Analysensysteme GmbH, Germany) with an 
uncertainty of 2% and a detection limit of 0.03 mgC l−1. Values are 
given as a mean of three replicates. Acidity (pH) as well as dissolved 
oxygen concentration in seep water were measured in situ using HI 
98129 and HI 9147-04, respectively (both Hanna Instruments, USA).

2.5  |  Methanogenic pathway identification

The study employed three models to predict the apparent enrich-
ment factor of hydrogen in methane in relation to the accompany-
ing water. The first model, proposed by Whiticar  (1999), is based 
on the metabolic pathway as the primary control for δD(СН4). 
The other two models (Douglas et al., 2021; Waldron et al., 1999) 
consider δD(Н2O) to be the primary determinant of δD(СН4) in 
global wetlands. In sulfate-poor boreal wetlands, including those 
in the West Siberia, acetate fermentation is the dominant process 
(Conrad,  2020; Kotsyurbenko et al.,  2004; Lokshina et al.,  2019), 
making the latter models a suitable representation of this path-
way. The former model, on the other hand, directly predicts δD of 
methane generated through the CO2 reduction pathway (Golding 
et al., 2013). Since methylotrophic methanogenesis is not considered 
to play a significant role in CH4 production in non-saline environ-
ments (Conrad, 2020), the relative contributions of these two major 
methanogenic pathways can be estimated through mass balance:
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where δD(СН4)meas, δD(СН4)mod,CR, δD(СН4)mod,AF are stable iso-
tope compositions of hydrogen in methane measured in the field, 
modeled for CO2 reduction and modeled for acetate fermentation, 
respectively (‰), and fCR is a relative contribution of CO2 reduc-
tion pathway (dimensionless). From this equation, fCR can be writ-
ten as:

δD(СН4)mod,CR is calculated according to Whiticar  (1999) using 
measured value of δD(Н2O) for seep water, δD(Н2O)meas:

δD(СН4)mod,AF is calculated by regression models from Douglas 
et al. (2021) and Waldron et al. (1999) trained on data measured in 
wetlands. Since these models are based on similar datasets, we use 
average among them:

The contribution of the CO2 reduction pathway could be under-
estimated in our analysis since the models from Douglas et al. (2021) 
and Waldron et al.  (1999) may not exclusively represent the ace-
tate fermentation pathway. These models are based on in situ data 
from freshwater wetlands where methane production via the CO2 
reduction pathway can also play a significant role (Conrad,  2020; 
Kotsyurbenko et al.,  2004; Lokshina et al.,  2019). However, since 
we do not have samples with δD(СН4) values outside the range pre-
dicted by these models (as seen in Figure S2), their accuracy for our 
data is considered acceptable. We exclude from analysis those gas 
samples, which were taken from seeps submerged by river water, to 
ensure that there is no admixtures of allochthonous water or CH4.

2.6  |  Statistical analyses

All calculations were performed using MATLAB 2022a (The 
MathWorks, USA). Significant differences (p < .05) between two 
groups were evaluated using the two-tailed Wilcoxon rank sum test 
(ranksum). Linear regression models were evaluated using fitlm.

3  |  RESULTS

3.1  |  Seep gas composition

The characteristics of the gas and water discharging from seeps 
are detailed in Table 2. Additional biogeochemical information for 
six sites is found in Table 3. The gas composition was dominated by 
methane and nitrogen, with carbon dioxide, ethane, and propane 
being minor components. Dissolved oxygen was not detected in 
any of the samples, with concentrations below the threshold sen-
sitivity of 0.1 mg L−1. The CH4 concentration in the seep gas varied 
from 0.04% to 67.2%, while the concentration of ethane and pro-
pane never exceeded 0.02%. As a result, methane made up more 
than 99.9% of the hydrocarbons in the gas from all seeps. CO2 
concentrations in seep water were significantly lower (p = .0071, 
N = 37) when dissolved CH4 concentrations were less than 0.3 mM: 
median dissolved CO2 concentrations were 0.41 mM and 1.06 mM 
in samples with methane concentrations less and more than 
0.3 mM, respectively (Figure  S3). The medians of pH for seeps 
methane concentrations less and more than 0.3 mM were almost 
identical (p = .86).

The highest dissolved methane concentration in the peat pore-
water was observed at a depth of 2 m in Mukhrino and Lempino bogs, 
with a concentration of up to 68.4% of total saturation at in situ tem-
perature. In the overlying peat layers, the concentration of dissolved 
methane ranged from 15.3% to 36.7% (Figure  S4). Dissolved CO2 
concentration varied in the peat porewater from 2.3% to 9.2% with-
out pronounced depth trend (Figure S5). The median concentration 
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)

TA B L E  2  Overview of geochemical parameters for gas and water in seeps and peatlands.

Parameter

Median ± IQR Minimum Maximum

Seeps Peatlands Seeps Peatlands Seeps Peatlands

СН4 concentration, % 30.3 ± 43.2 30.9 ± 13.0 0.039 15.3 67.2 68.4

СO2 concentration**, % 0.86 ± 0.79 2.5 ± 0.8 0.17 0.60 3.0 2.8

СН4/(С2Н6 + С3Н8) 47,812 ± 98,991 n.d. 4487 n.d. 437,200 n.d.

δ13C(СН4)***, VPDB ‰ −79.3 ± 14.2 −68.1 ± 6.5 −98.3 −76.3 −64.6 −57.9

δ13C(СO2)**, VPDB ‰ −23.3 ± 4.3 −15.3 ± 4.0 −29.6 −20.8 −20.3 −7.7

δD(СН4)*, VSMOW ‰ −304.8 ± 47.0 −286.2 ± 13.8 −354.2 −329.4 −270.6 −275.5

δD(Н2O)**, VSMOW ‰ −119.2 ± 10.1 −106.2 ± 7.5 −130.7 −115.0 −103.4 −98.0

рН*** 6.8 ± 0.5 4.2 ± 0.6 6.2 3.3 8.6 4.7

Note: Asterisks denote significant (*p < .01, **p < .001, ***p < .0001) differences between seep and peatland median values of respective parameters; 
peatland gas concentrations are recalculated from dissolved concentrations using Henry's law; n.d. means no data.
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of carbon dioxide in the gas phase was significantly lower in seeps 
compared to peatlands (p < .0001, N = 52).

The groundwater in the studied region was also highly saturated 
with methane, with the concentration increasing from 4.3 ± 0.4% 
(average ± SD) at 25 m depth to 35.2 ± 2.4% at 70 m and 27.7 ± 5.9% 
at 215 m depth, respectively. Ethane was not detected in the ground-
water in concentrations exceeding 0.01%, and propane was not de-
tected at all.

3.2  |  Gas stable isotope composition

The stable isotope composition of methane from both seeps and 
groundwater in the studied area was primary microbial with a few 
samples showing isotopic signatures characteristic of thermogenic 
gas, but still within the biogenic field (Figure 4a). We found a clear 
linear trend (p < 0.0001, R2 = .63, N = 50) between seep δ13C(СН4) 
and δD(СН4), where depletion in carbon heavy isotope corre-
sponded to depletion in deuterium (Figure  4a). The concentration 
of methane in seep gas decreased along with a depletion of heavy 
carbon (Figure 4b) and hydrogen (data not shown) stable isotopes. 
The dominating methanogenic pathway is unclear from the genetic 
diagram, as the fields for acetate fermentation and CO2 reduction 
overlap for the values observed in seeps and groundwater.

δ13C(СН4), δD(СН4), and δD(Н2O) were significantly more en-
riched in peatland gas compared to seep gas (p < .0001, N = 74, 
p = .0027, N = 72, and p = .0001, N = 39, respectively). However, 
their values overlapped and maximal values are closer than minimal 
(Table  2). In some samples, peatland methane reached the range 
of thermogenic gas on genetic diagram. The correlation between 
δ13C(CH4) and methane concentration in peatlands was significant, 
but less pronounced compared to the correlation observed in seeps 
(Figure  4b). Groundwater methane showed stable isotope finger-
prints similar to those of seep methane, but more depleted in 13C 
and/or enriched in D.

The δ13C(СO2) values were different between peatland and 
seep gas samples (p = .0002, N = 23). In seep gas, δ13C(CO2) ranged 

from −20.3‰ to −29.6‰ (as reported in Table 3). The δ13C(CO2) in 
peatlands varied from −20.8‰ to −7.7‰, decreasing with depth 
(Figure S6). As δ13C(CH4) also tended to decrease with depth (as seen 
in Figure S7), δ13C(СO2) had a positive correlation (p = .0009, N = 13, 
R2 = .64) with δ13C(СН4) in co-occurring peatland gases (Figure S8).

3.3  |  Methanogenic pathway identification

The observed δD in peat porewater ranged from −98.0 to −115.0‰ 
(Table  2), and tended to decrease with depth (Figure  S9). The dif-
ference in δD between seep water and co-occurring methane was 
approximately 167‰, 186‰, and 224‰ for the maximal, median, 
and minimal values, respectively. These values aligned with those 
found in peat porewater, which were 178‰, 193‰, and 224‰, 
respectively. Isotopic composition of hydrogen in seep methane 
significantly correlated with isotopic composition of hydrogen in 
co-occurring water (Figure  S2). However, slope was steeper than 
predicted by either metabolic pathway fractionation model. The 
estimated relative contribution of the CO2 reduction pathway (fCR) 
ranged from 0.15 to 0.98, with a median of 0.71. The fCR significantly 
correlated with methane concentration in seep gas and δ13C(СН4) 
(Figure 5a,b). Relative contribution of the CO2 reduction pathway in 
peatlands significantly increased with depth (p = .025, N = 10).

3.4  |  14CH4 age and additional geochemical tools

The observed values of methane's radiocarbon age, as listed in 
Table 3, showed a wide range from 4.2 to 8.0 thousand years BP with 
a median of 6.7 thousand years BP. Thus, organic carbon used for 
methane production by Archaea was of early to mid-Holocene age. 
The apparent stable isotope fractionation factor α13C(СO2–CН4) in 
seep gases ranged from 1.0572 to 1.0727 (Table 3), with a median of 
1.0607. The α13C(СO2–CН4) in peatland gas was statistically similar 
(p = .1078, N = 20 for median comparison) with a range of 1.0475–
1.0703 and a median of 1.0570.

TA B L E  3  Additional biogeochemical parameters of water and gas at selected seep sites.

Site
δ13C(СO2), 
VPDB ‰

α13C 
(СO2–CН4)

T(14CH4), years 
BP

DOC, mgC 
l−1 3H ± 2σ, T.U.

Renewal timea ± 2σ, 
years

Bolshaya Rechka river −23.39 1.0670 6926 ± 132 8.3 1.61 ± 0.26 569 ± 90

Baibalak channel of Ob −28.71 1.0572 7340 ± 140 11.0 0.28 ± 0.13 3400 ± 2000

Bolshoy Variegan river −22.68 1.0626 7975 ± 186 7.7 10.01 ± 0.76 44 ± 10

Elykovskaya river −23.26 1.0573 6436 ± 120 n.d. 4.54 ± 0.38 172 ± 18

Mukhrino creek −20.30 1.0588 4204 ± 111 n.a. n.a. n.a.

Grishkina channel of Irtysh −29.60 1.0727 4586 ± 112 10.5 0.62 ± 0.22 1530 ± 400

Yarki stream −20.66 1.0763 n.d. 5.0 7.33 ± 0.49 86 ± 9

Shaitanka river −25.71 1.0641 n.d. 3.9 18.65 ± 0.86 1 ± 1

Note: n.d.—no data (lost samples), n.a.—not applicable (seep was inundated by allochthonous river water).
aCalculated based on seep water tritium content, see Appendix S2 for details.
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    |  5343SABREKOV et al.

The tritium content in seep water ranged from 0.26 to 18.65 T.U., 
with a median value of 4.54 T.U. Using a simple steady-state model 
to assess tritium dynamics in a well-mixed aquifer, we predicted that 

the groundwater renewal time for methane-bearing aquifers in the 
Western Siberia boreal zone region can vary widely, ranging from 1 
to 3400 years (Table 3) with a median of 172 years.

F I G U R E  4  (a) A genetic diagram of the stable isotope composition of methane from various sources in Western Siberia's boreal zone. 
Fields are redrawn from Milkov and Etiope (2018). The majority of the seep and groundwater samples showed isotopic signatures consistent 
with primary microbial methane. The red circle highlights the region of overlapping methane stable isotope compositions of seeps and 
peatlands. Seep methane with isotope fingerprints inside of this circle is likely produced in situ in peatlands. Seep methane, which is 
depleted relative to red circle region, could be at least partly produced in groundwater. (b) The isotopic depletion of seep methane with 
decreasing methane concentration. Numbers indicate peat depth (in m) where sample was taken. This, along with the observed linear trend 
between δ13C(СН4) and δD(СН4), indicates minimal oxidation of methane occurred during migration from bogs to seeps.
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4  |  DISCUSSION

4.1  |  Methane origin

Peatlands (H3) are the key source of methane released from terres-
trial seeps in the West Siberian Lowlands. Several lines of evidence 
support this conclusion. The maximal and median methane concen-
trations were similar in seep and peatland gas samples. Methane 
comprised over 99.9% of hydrocarbons in the seep gas (Table  2) 
as typical for its microbial origin (Etiope,  2015). Trace amounts of 
ethane and propane are also consistent with Hypothesis 3 as these 
hydrocarbons can be produced by microbes (Milkov & Etiope, 2018; 
Oremland et al., 1988; Xie et al., 2013). The absence of alkanes with 
more than three carbon atoms suggests that the seep gas is not of 
thermogenic origin (Etiope, 2015). The stable isotope compositions 
of both carbon and hydrogen in the methane indicate that it is of 
the primary microbial origin (Figure 4a). Radiocarbon age of the seep 
methane reflects its origin from early to mid-Holocene organic mat-
ter and is lower than the basal peat organic carbon ages in peatlands 
of the region (Kremenetski et al., 2003; Turunen et al., 2001; Zarov 
et al., 2021). Stable isotope composition of CO2 in seep gas provides 
further evidence for the peatland origin of seep methane, as the CO2 
is believed to come from the same source. The δ13C-depleted CO2 in 
the seep gas contradicts the possibility of secondary microbial meth-
ane percolation from petroleum-bearing sediments into surface aq-
uifers: CO2 produced during petroleum biodegradation is strongly 
δ13C enriched, with values up to +40‰ (Milkov & Etiope, 2018).

The significant differences in pH, carbon dioxide concentration, 
and δ13C(CO2) between seeps and peatlands of the studied region 
(Table  2) suggest the interaction between acidic peat porewater 
and calcite in the mineral layers underlying peat deposits. Ca2+ and 
HCO3− are the dominant ions in the groundwater of the region, re-
flecting the dissolution of carbonate minerals from the underlying 

rocks and sandstone cements (Frey et al.,  2007). We hypothesize 
that acidic bog porewater is buffered by calcite dissolution after mix-
ing with groundwater, according to the following reaction (Clark & 
Fritz, 2013):

This mechanism can explain decrease in the carbon dioxide con-
centrations compared to bog porewater and simultaneous increase 
in pH. Furthermore, this mechanism successfully predicts observed 
δ13C-depletion of СO2 in seep gas compared to peatland gas accom-
panying this buffering. The isotope composition of the remaining 
substrate δs

13C(СO2) (i.e., of seep gas) should follow the Rayleigh 
model of fractionation (Clark & Fritz, 2013):

where δ0
13C(СO2) is the isotope composition of СO2 carbon at the start 

of the process (i.e., in peatland gas), ε13C(HCO−

3
 – CO2) is the enrich-

ment factor between hydrocarbonate as a product and carbon diox-
ide in gas phase as a substrate (‰) and f is the fraction of unreacted 
CO2 (dimensionless). Under equilibrium conditions ε13C(HCO−

3
 – CO2) 

is 10.2‰ at 5°C (Clark & Fritz,  2013). Assuming f is a ratio of seep 
to peatland median gas phase CO2 concentrations (0.86/2.50 = 0.34) 
and δ0

13C(СO2) is a median δ13C(СO2) in the catotelm (>1 m deep) gas 
(−14.0‰), δs

13C(СO2) would be −24.9‰. The minor differences be-
tween this and observed median value (−23.3 ± 4.3‰) may have arisen 
because the gas samples were collected only from the upper peat 
layers. In deeper peat layers (>2 m), the substrate δ0

13C(СO2) could 
be more enriched in heavy isotopes, as has been observed in other 
peatlands (Aravena et al., 1993; Clymo & Bryant, 2008; Shoemaker & 
Schrag, 2010). In addition, 13C-depleted carbon dioxide in the seep gas 
indicates minor role of methane production in groundwater through 

CO2 + H2O + CaCO3 → Ca
2+

+ 2HCO
−

3

δ
13
s
C
(

CO2

)

= δ
13
0
C
(

CO2

)

+ ε13C
(

HCO
−

3
− CO2

)

∙ ln(f)

F I G U R E  5  The relative contribution of the CO2 reduction methanogenic pathway in seeps, peatlands, and groundwater with varying (a) 
methane concentrations and (b) δ13C(СН4). The dashed lines indicate linear fits for seeps. Numbers indicate peat depth where sample (in m) 
was taken. The linear correlation between pathway contribution and methane concentration and δ13C(CH4) in seep-gas samples indicates a 
mixing of two methane sources dominated by different pathways. CO2 reduction accounted for 75%–100% of δ13C-enriched seep methane 
in high-concentration samples, while acetate fermentation contributed substantially to 13C-depleted methane in low-concentration samples.
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CO2 reduction. If this process was significant, then CO2 would be en-
riched relative to the calculated equilibrium value.

In an earlier study of West Siberian floodplain seeps, Oshkin 
et al. (2014) reported higher methane concentrations (70%–99%), 
but similar δ13C(СН4) (−71.1 to −71.3‰) compared to this study. 
We do not have a natural explanation of these differences in 
methane concentration. Oshkin et al. (2014) used flame ionization 
detector to measure methane concentrations in the seep gas, but 
did not report in what range it was calibrated. Linear response of 
the flame ionization detector could be limited under concentra-
tions of more than 5% (McNair et al., 2019). The narrow range of 
δ13C(CH4) values can be explained by the much smaller spatial ex-
tent of the Oshkin et al. (2014) study (a single 3-km long stretch of 
river floodplain). Methane in all individual seeps of this area likely 
migrated from the same peatland and thus had almost identical 
isotope fingerprints.

4.2  |  Methane transport from raised bogs to seeps

Seep methane radiocarbon age comprises the age of organic matter 
used for CH4 production and migration time of CH4 from peatlands to 
the seeps. The early to mid-Holocene radiocarbon age of seep meth-
ane could be solely explained by the age of organic matter at depths 
of 1.5–4 m in West Siberian peatlands (Kremenetski et al.,  2003; 
Turunen et al., 2001; Zarov et al., 2021). If seep methane is indeed 
produced in these deep peat layers, then methane migration time 
should be negligible relative to its age. The time of methane migra-
tion from source to seep is the sum of individual methane residence 
times in the peat layers, underlying aquitard(s), and aquifer(s). It is 
largely dependent on the transport mechanism, which can be either 
predominantly advective (Glaser et al., 2016; Reeve et al., 2009) or 
diffusive (Beer & Blodau, 2007; Clymo & Bryant, 2008; Shoemaker 
& Schrag, 2010). When the underlying aquitard has very low hydrau-
lic conductivity, solute transport is restricted to molecular diffusion 
both in the deeper peat (Beer & Blodau, 2007; Fraser et al., 2001; 
Reeve et al., 2000) and the aquitard (Jacops et al., 2013). In contrast, 
solutes can move downward from the surface to the deeper peat 
by advection, when underlying deposits are relatively permeable 
(Reeve et al.,  2009). It is noteworthy that in advection-dominated 
raised bogs, deeper-peat methane production is at least partly 
fueled by recently photosynthesized organic matter; this methane 
is typically half the age of the peat at any given depth (Aravena 
et al., 1993; Chanton et al., 1995; Glaser et al., 2016). Hence, fast 
migration via advective transport, which is suggested to occur on 
a decadal timescale (Glaser et al., 2016), would likely result in seep 
methane age of less than 2–4 thousand years BP, half the average 
age of the peat at depths of 1.5–4 m in West Siberian boreal zone 
(Kremenetski et al., 2003; Turunen et al., 2001; Zarov et al., 2021).

After migration through peat layers and aquitard(s), methane is 
transported by groundwater, which partly discharges in seeps. Seep 
water 3H data clearly indicate that the contribution of groundwater 
transport to the age of the seep methane is minor. Residence time 

of groundwater discharging in seeps (median is 172 years) is more 
than one order of magnitude lower than seep 14CH4 age (Table 3). 
The presence of tritium with activities above approximately 1 T.U. in 
water from seeps suggests that post-1953 precipitations is reaching 
the aquifer(s) discharging in seeps (Jasechko, 2019). Nevertheless, 
the variability in tritium content of seep water suggests that in some 
cases, groundwater transport may significantly (up to several thou-
sand years) contribute to the age of seep methane.

One more line of evidence contradicting the fast-migration mech-
anism is based on the depth trend of stable isotopes in CH4 and 
CO2 in peatlands. Since methane in studied peatlands was produced 
dominantly via CO2 reduction (Figure  5), CO2 isotope composition 
directly affect δ13C(CH4). The δ13C(CO2) values in studied peatlands 
increase with depth and are positively correlated with the δ13C(CH4) 
values (Figure S8). Several studies have reported the simultaneous in-
crease in δ13C(CO2) and δ13C(CH4) with depth in peatlands (Aravena 
et al., 1993; Clymo & Bryant, 2008; Corbett et al., 2015). Hence, if 
deeper (>1.5 m) peat layers would significantly contribute to the pro-
duction of seep methane, δ13C(CH4) in seeps would be higher than ob-
served, that is, higher than −63.6 ± 4.3‰ (average ± SD for the depth 
of 2 m). Notably, it was not the case for δD(CH4) because source water 
was not enriched but slightly depleted in heavier hydrogen isotopes 
with depth (Figure S7). This difference in depth trends of δ13C(CO2) 
and δD(H2O) in peatlands is a viable explanation why methane in 
seeps had a higher maximal δ13C(CH4) but a lower maximal δD(CH4) 
compared to peatlands (Table 2). As the change in δ13C(CH4) in peat-
lands with depth relative to the whole range of observed δ13C(CH4) 
values for seeps is more pronounced than change in δD(H2O) for 
δD(CH4), differences in δ13C(CH4) between peatland and seep meth-
ane provide more insights on seep methane transport and origin.

Therefore, both current knowledge on peatland hydrology 
and depth trends of δ13C(CH4) in studied peatlands contradict the 
fast-migration explanation of methane via advective transport. 
Otherwise, seep methane would be more δ13C enriched and would 
be younger than observed. Transport of methane by groundwater is 
likely too fast to significantly contribute to the seep methane age. 
By elimination, it could be suggested that diffusion through deeper 
peat layers and underlying aquitard is the primary determinant of 
the seep methane age.

4.3  |  Biogeochemical processes driving 
concentration of seep methane

The isotopic depletion of seep methane with decreasing methane 
concentration (Figure  4) indicates that no significant oxidation of 
methane occurred during migration from bogs to seeps. Oxidation 
drives isotope composition of methane toward more enriched val-
ues with a slope between δ13C(CH4) and δD(CH4) from 0.05 to 0.2 
tending to be larger for aerobic than for anaerobic methane oxida-
tion (Kinnaman et al., 2007; Rasigraf et al., 2012; Whiticar, 2020). 
Both the aerobic and anaerobic methane oxidation are likely im-
peded by the absence of dissolved oxygen and low concentrations 
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of alternative electron acceptors (Oshkin et al.,  2014) observed 
in the groundwater of the study region, respectively. Diffusion of 
methane from gas bubbles to the groundwater also cannot explain 
the observed depletion. Otherwise, a fractionation slope between 
δ13C(CH4) and δD(CH4) would be about 1 (Bergamaschi, 1997).

The pronounced linear correlations between pathway con-
tribution and methane concentration as well as δ13C(CH4) in seep 
gas samples (Figure 5) suggest a continual mixing of two methane 
sources dominated by different pathways. The first source pro-
duces δ13C-enriched (−70 to −75‰, Figure 5b) seep methane with 
higher concentrations (45%–60%, Figure 5a) predominantly via CO2 
reduction. This seep methane had CH4 stable isotope fingerprints 
(red circle in Figure 4a) and concentration values (Figure 4b) similar 
to methane in upper 1–2 m of raised bogs. This similarity indicates 
that methanogenesis in bogs is an appropriate candidate for the 
first source. Consistent with this, CO2 reduction is suggested to be 
a dominant methanogenic pathway in the catotelm of raised bogs 
(Conrad, 2020; Hornibrook et al., 1997; Kotsyurbenko et al., 2004) 
below the root zone, where transport of methane to the atmosphere 
is limited (Laanbroek, 2010). If this methane with higher concentra-
tions was produced not in peatlands but in groundwater or flood-
plains, then CO2 in a seep gas would be not depleted but enriched 
in heavy carbon isotope relative to a peatland gas since CO2 is 
consumed during CO2 reduction methanogenesis. In contrast, the 
second source produces 13C-depleted (down to −98‰, Figure  5b) 
methane with relatively low concentrations (down to 2%, Figure 5a) 
predominantly via acetate fermentation. However, numerous stud-
ies showed that methane produced via acetate fermentation is 
more δ13C-enriched relative to methane produced via CO2 reduc-
tion (Conrad, 2005; Hornibrook, 2009; Whiticar, 1999). What could 
resolve the discrepancy between the observed dominant role of 
acetate fermentation in production of CH4 with relatively low con-
centrations and the pronounced depletion in 13C of this methane?

We propose that chemolithotrophic acetogenesis followed 
by acetate fermentation methanogenesis (Conrad,  2020; Conrad 
et al., 2014; Dolfing, 1988) may be a likely mechanism explaining the 
observed pattern:

This mechanism can explain the abrupt decrease in DOC con-
centration from hundreds of mg L−1 in West Siberian raised bogs 
(Blanchet et al.,  2017; Payandi-Rolland et al.,  2020; Ratcliffe 
et al., 2017) to 7.7 ± 2.3 mg L−1 (average ± std) in the seep water. As 
DOC in raised bogs typically has high aromatic content (Olefeldt 
& Roulet,  2012; Tfaily et al.,  2013), its anaerobic degradation re-
sults in substantial H2 production (Conrad,  2020; Kotsyurbenko 
et al., 2004). In the Quaternary and Oligocene aquifers of the West 
Siberian boreal zone, both concentrations of the alternative electron 
acceptors (Oshkin et al., 2014) and temperatures (0–6°C according 
to Bulatov, 2007) are low. At these conditions acetogens effectively 

compete with Fe(III) reducers, sulfate reducers and methanogens for 
H2 in cold lake sediments, tundra wetlands, and deep subterranean 
groundwater (see Drake et al., 2013 and references therein).

The first argument in favor of the proposed mechanism is a suc-
cessful prediction of observed δ13C(CH4) in seep samples with meth-
ane concentrations less than 10%. The expected range of δ13C(CH4) 
in methane produced exclusively via this mechanism is −91‰ to 
−106‰. It is calculated as a sum of enrichment factors (−58‰ (Blaser 
et al., 2013; Conrad et al., 2014) and −10‰ – −25‰ (Conrad, 2005; 
Conrad & Klose, 2011; Whiticar, 1999) for the first and the second 
reactions, respectively) and median of δ13C(CO2) in seep gas. Mass 
balance calculation using relative contributions of this mechanism 
and CO2 reduction (71% and 29%, respectively) and their isotopic 
compositions (−91‰ to −106‰ and −70‰, respectively) results in 
an expected range of δ13C(CH4) from −85‰ to −96‰. This is close 
to the observed range in seep samples with methane concentrations 
less than 10% (from −73‰ to −95‰, median −88‰). Furthermore, 
decrease in dissolved CO2 concentration predicted by proposed 
mechanism (one molecule of CH4 produced from one molecule of 
CO2 via net reaction) is also corroborated by our data. In seeps with 
lower concentration of dissolved methane (presumably produced via 
acetate fermentation), concentrations of dissolved carbon dioxide 
were also significantly lower. The pH for these seeps was similar, 
suggesting that variable buffering by carbonates could not explain 
the lower CO2 concentration in seep gas samples with methane con-
centration less than 10%.

4.4  |  Assumptions and limitations

Our approach to calculating pathway contributions has several limi-
tations, which could potentially bias our conclusions. We assumed 
no exchange of hydrogen isotopes between CH4 and water. Such 
an exchange is unlikely to occur in the groundwater temperatures 
and Holocene timescale present in the Western Siberian boreal zone 
(Turner et al., 2022). We also assumed that there are only two path-
ways of methane production in groundwater (CO2 reduction and 
acetate fermentation), while methyl-based methanogenesis could 
also contribute to the organic matter degradation in various envi-
ronments (Bueno de Mesquita et al., 2023; Conrad, 2020). Since no 
data are currently available on the hydrogen isotope fractionation of 
methyl-based methanogenesis in the literature (Bueno de Mesquita 
et al., 2023), we cannot predict how this process can affect our calcu-
lations. However, while methyl-based methanogenesis is of primary 
importance in saline environments and animal guts, its contribu-
tion to the total methane production in freshwater environments 
seems to be minor (Bueno de Mesquita et al., 2023; Conrad, 2020). 
Another possible source of error is the assumption that regression 
models from Douglas et al. (2021) and Waldron et al. (1999) exclu-
sively represent acetate fermentation. However, the contribution 
of CO2 reduction or the influence of methane oxidation on these 
models would result in the underestimation of acetate fermentation 
role because both these process increase δD(CH4) relative to the 

4H2 + 2CO2 → CH3COOH + 2H2O

CH3COOH → CH4 + CO2
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acetate fermentation. Finally, we assumed that there is a direct rela-
tionship through methanogenesis between seep δD(CH4) and δD in 
co-occurring water, that is, there is no admixtures of allochthonous 
water or CH4. To ensure this we exclude from analysis those gas 
samples, which were taken from seeps submerged by river water.

5  |  CONCLUSION

This study aimed to examine the origin, metabolic pathways, and mi-
gration of methane in recently discovered terrestrial seeps located 
on the floodplains of the Ob and Irtysh Rivers in the middle of the 
West Siberia Lowlands. We found negligible concentration of hy-
drocarbons with more than one carbon atom in the seep gas, and 
values of δ13C(CH4), δD(CH4) typical for methane of microbial origin. 
The radiocarbon age of seep methane ranged from 4.2 to 8.0 thou-
sand years before present, pointing to Holocene-aged sources from 
peatlands. The close similarities between seep and peatland gas 
suggest that methane is migrating from raised bogs (the source) to 
seeps located within the floodplains of the West Siberia rivers (hot 
spots of its release to the atmosphere) through groundwater. These 
processes operate at a regional spatial and Holocene temporal scale.

The stable isotope compositions of the seep methane indicate 
the absence of significant oxidation during transport from bogs 
to seeps as well as continual mixing of methane produced in two 
different biogeochemical settings. While methane with the high-
est concentrations is likely produced in situ in raised bogs via CO2 
reduction, methane with relatively low concentrations could be 
produced in groundwater from DOC, which migrates from raised 
bogs. Discrepancy between the strong δ13C depletion and the high 
contribution of acetate fermentation for methane with relatively 
low concentrations could be explained by the biogeochemical 
mechanism, which couples acetogenesis and acetate fermentation 
methanogenesis.

These findings reveal the close links between peatlands, ground-
water, and river floodplains in the West Siberia Lowlands in terms 
of methane-migration pathways from terrestrial to aquatic ecosys-
tems and its eventual large emissions to the atmosphere. Since the 
groundwater substantially contributes to the river flow in the non-
permafrost part of the West Siberia Lowlands (Frey et al., 2007), it 
could transport methane not only to seeps but also to rivers and 
streams, thereby increasing methane emission from them. This 
groundwater pathway in the terrestrial methane cycle may be over-
looked in other regions where raised bogs are widely present. 
Further research is needed to understand the environmental con-
trols of methane concentration in seep water on different spatial and 
temporal scales, to estimate the contribution of West Siberia boreal 
zone seeps to the global methane budget, and to investigate the bio-
geochemistry of carbon transformation in West Siberia aquifers.
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