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Abstract
Deeply fractured rocks of meteorite impact craters are suggested as prime niches for subsurface microbial colonization. 
Methane can be a product of such microbial communities and seeps of methane from impact craters on Earth are of strong 
interest as they act as analogs for Mars. Previous studies report signs of ancient microbial methanogenesis in the Devonian 
Siljan meteorite impact structure in Sweden, but the proportion of microbial methane, metabolic pathways, and potential 
modern activity remain elusive. In this study, gas composition, hydrochemistry, oil organic geochemistry, and microbial 
community analyses are reported in 400 m deep fractures of the Siljan impact structure. The results showed a dominantly 
microbial origin for methane, which was supported by highly negative δ13CCH4 and positive δ13CCO2 values along with 
multiply substituted isotopologues (Δ13CH3D) that indicated disequilibrium fractionation due to microbial kinetic isotope 
effects. The presence of C2 to C5 hydrocarbons suggested a minor thermogenic input in the gas mix. Characterization of 
the microbial community via 16S rRNA gene amplicon sequencing and real-time PCR indicated a low abundance of several 
methanogenic archaeal populations, which is common for settings with active methanogenesis. Evidence of oil biodeg-
radation suggested that secondary microbial hydrocarbon utilization was involved in the methanogenesis. Low sulfate 
and high alkalinity in the groundwaters also suggested a dominantly microbial methane formation driven by infiltration 
of freshwater that was coupled to sulfate reduction and secondary utilization of early mature thermogenic hydrocarbons.

Article highlights

1.	 Characterization of deep methane accumulations in a Siljan impact structure fracture aquifer.
2.	 Mixed microbial-thermogenic origin with microbial methanogenesis relating to inflow of freshwater and biodegra-

dation.
3.	 16S rRNA gene sequencing and real-time PCR suggest methanogens present in low abundance.
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1  Introduction

Meteorite impact craters may play an important role in creating and facilitating colonization of deep subsurface habitats 
on Earth, and potentially other planets and moons [1]. The environmental conditions generated by such impacts are 
favorable for microbial communities owing to bedrock fracturing during the impact and creation of pore space as well 
as enhancing hydrothermal circulation that can provide the energy required for maintaining underground life [2, 3]. 
Studying these systems on Earth can give a critical understanding of the methane cycles on Mars, where methane has 
been detected in the Gale crater [4, 5], as well as clarify how the high porosity and fracturing of impact crater systems 
may accumulate gas.

The Siljan impact crater (380.9 ± 4.6 Ma, [6]) is the largest in Europe and located in central Sweden (Fig. 1). The impact 
crater rim consists of 200 m to 600 m downfaulted and fractured sedimentary rocks of Ordovician and Silurian age, con-
sisting of shales and limestones, which overlay Precambrian crystalline granitoid rocks [7]. Seepage of methane and oil 
has occurred in this impact crater for hundreds of years [8], but the origin of hydrocarbons is yet to be fully understood. 
Earlier studies propose the seeping methane to be of abiotic origin [9] and of thermogenic and/or microbial origin in 
more recent studies [10]. Reports of ancient biosignatures in rock fractures and hydrothermal systems in the impact cra-
ter include Hode et al. [11] who reported findings of putative extracellular polymeric substances of microorganisms, of 
unknown age, in fractured granite within the central uplift. In addition, Siljeström et al. [12, 13] reported on the presence 
of biomarkers in crude oils from the Siljan impact structure and in single oil-bearing fluid inclusions of calcite-fluorite 
veins in Ordovician rock of the impact structure. The organic-rich shales present in the Siljan impact structure are pro-
posed to be the source rock for the oil and bitumen found in the area [14, 15]. In addition, the occurrence of microbial 
oil biodegradation has been proposed based on an investigation of seep oil and bitumen [14]. More recently, Drake 
et al. [10] found evidence of microbial methanogenesis in the rock record up to 80 million years ago, in the fractured 
aquifer of the impact structure based on stable carbon and sulfur isotopic signatures. Finally, Drake et al. [16] reported 
fossilized, chitin-bearing fungal hyphae at 537 m depth in granite underneath the sedimentary successions in the crater 
rim. Observations of fossilized anaerobic fungi preserved in fractures in the impact crater further suggests that the H2 
necessary for autotrophic methanogenesis could have been provided by fungi. There are thus several indications of 
paleomicrobiological activity in the impact crater. In contrast, there have been very few reports of the origin of the gas 
accumulations in the Siljan impact crater.

The microbial formation of CH4 most commonly occurs under anoxic conditions at redox levels Eh < −200 mV [17] and 
is conducted by archaea of Euryarchaeota lineages. These methanogens can produce CH4 through three main metabolic 
pathways: in the CO2-reduction pathway H2 is oxidized, and CO2 is reduced to methane (hydrogenotrophic), organic 
carbon molecules like formate, methanol, methylamines (methylotrophic) can be utilized and/or by the acetoclastic 
pathway, where acetate is cleaved with the methyl group and reduced to CH4. In the continental deep subsurface, the 
clades Methanobacteriales and Methanosarcinales are most common, but overall distribution is site-specific [18–20].

Although the microbiota of many impact craters hosted lakes have been examined, such as the Lonar [21] and Clear-
water [22] impact lakes, the microbiota of the bedrock of the impact crater itself is seldom reported. One such study 
by Cockell et al. [23] reports microbiological enumerations in the Chesapeake Bay impact structure showing a relation 
between lithology and microbial abundance. Similarly, Cockell et al. [24] show taxonomically distinct microbial communi-
ties in each crater lithology based on the 16S rRNA gene of the Chicxulub crater. In other settings such as sedimentary 
basins, microbial methane generation can be stimulated by the inflow of meteoric water, by for instance lowering the 
sulfate concentrations [25–27]. That microbial methanogenesis might be linked to inflow of meteoric water has also been 
observed in fractured craton sites in e.g., South Africa [28]. However, lack of hydrogeochemical and microbiological data 
at the Siljan crater has so far hindered holistic models of the origin of methane here.

This study presents the results of a comprehensive sampling campaign and analyses of Siljan structure groundwater 
chemistry, isotopic composition of gases, and microbial communities from 400 m depth as well as organic geochemistry 
of the oil. Emerging methods such as clumped isotopes of methane may provide additional evidence for the origin of 
natural gas but has yet to be applied at Siljan. By providing new microbiological and geochemical evidence, the aim 
was to fill knowledge gaps in fundamental understanding of processes related to hydrocarbon generation in the Siljan 
structure with implications for other impact structures on Earth.
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2 � Materials and methods

2.1 � Sampling and analyses

Field samples were taken in September 2021 from four boreholes in the Mora area, central Sweden, in the western part 
of the impact structure where sedimentary rocks crop out (Fig. 1). The samples consisted of free gas, groundwater, oil, 
and microbial biomass collected on filters.

Free gas samples were taken from three boreholes (named PB1, PB2, and PB4) using Isotubes (Isotech) connected to 
valves on the surface directly above the boreholes, as well as  in Schott bottles using the water displacement methodol-
ogy. The gas in the Schott bottles was analyzed by Applied Petroleum Technology, Oslo (APT) for chemical and isotope 
compositions. Hydrocarbons were identified and quantified with a gas chromatograph (GC) equipped with a flame 
ionization detector (FID), and H2, CO2, N2, and O2+Ar with a thermal conductivity detector (TCD). The GC for hydrocarbon 
analysis was an Agilent 7890 A instrument. The chromatographic column was a HP PONA (50 m length, 0.2 mm internal 
diameter, 0.5 µm film thickness). The temperature program of the GC-oven started at 30 °C (held for 10 min), followed by 
heating to 60 °C (held for 10 min) with 2 °C/min, heating to 130 °C with 2 °C/min, and heating to 320 °C (held for 25 min) 
with 4 °C/min. 2,2,4-tri-methyl-pentane was used as internal standard.

The stable carbon isotopic composition of the hydrocarbon components in the gas was determined by a gas chroma-
tograph coupled to a combustion and isotope ratio mass spectrometer (GC-C-IRMS), with a reproducibility of δ13C values 
better than 1‰ V-PDB (2 sigma). The methane hydrogen isotope composition was determined with a reproducibility of 
δD values better than 10‰ V-SMOW (2 sigma). The clumped isotopologues of methane in the free gas were measured 
at the Massachusetts Institute of Technology. For methane isotopologue analysis, methane was extracted and purified 
from gas samples following the preparative GC method described by Wang et al. [29]. The relative abundances of meth-
ane isotopologues 12CH4, 13CH4, 12CH3D, and 13CH3D were measured using a tunable infrared laser direct absorption 
spectroscopy (TILDAS) described previously [30]. Values of δ13C and δD of methane analyzed via TILDAS were calibrated 
via measurements of natural gas standards NGS-1 and NGS-3 [29]. The abundance of 13CH3D isotopologue was reported 
as ∆13CH3D, a metric representing the deviation of the abundance of 13CH3D from a stochastic distribution of isotopes 
among isotopologues 12CH4, 13CH4, 12CH3D, and 13CH3D:

Fig. 1   Map of crater and field 
site with the location of bore-
holes. Borehole stratigraphy 
of PB2 is in supplementary 
Fig. 1. Modified after [7]
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The stochastic isotopologue ratios (i.e., Δ13CH3D = 0) were determined by thermally equilibrating methane at 250 °C 
using Pt catalyst [30] and the theoretical fractionation factors of [31].

Groundwater samples for hydrochemistry and microbiology were pumped from ~ 380 m (slit at ~ 380 m) in borehole 
PB2. Prior to sampling, three borehole volumes were pumped and allowed to refill with its own groundwater to avoid 
contamination from stagnant water. Groundwater samples for hydrogeochemical analysis were taken as follows: 250 mL 
unfiltered samples were collected for anions and alkalinity, 100 mL filtered (pore size 0.45 µm) and acidified (500 µL of 
65% ultrapure HNO3) sample for cations, and 60 mL filtered (pore size 0.45 µm) sample for water stable isotopes (δ18OH2O 
and δDH2O). DNA samples were collected under in situ pressure using an aluminum filter holder with a downstream valve 
(Millipore; as previously described in [32]) on filter membranes in triplicates by filtering (pore size 0.1 µm) 7.0 (filter #1), 
11.2 (#2), and 10.9 L (#3) of groundwater. Flow rates during sampling through the filters were 95–158 mL min−1. The filters 
were aseptically transferred to a collection tube and stored at −80 °C during transport from the field to the laboratory. 
Hydrogeochemical analysis was performed on the PB2 groundwater, which was analyzed for chemical composition 
(anions and cations) at Eurofins Environment Testing, Finland using ion chromatography, ICP-OES, and ICP-MS methods 
following standard protocols. Alkalinity was determined on site by titrating with 1.6 N sulfuric acid to pH 4.5 using a 
digital titrator (Hach). Water stable isotope analysis was carried out at the Geological Survey of Finland, Espoo using 
Picarro cavity ring-down spectrometer (CRDS).

A nearby borehole to the gas wells (01-11C) contained supernatant oil in the water column. The oil, which had seeped 
into the borehole from rock fractures along the borehole, was sampled and analyzed for organic geochemistry com-
ponents at APT. Molecular composition of the oil was determined on an Agilent 7890 A GC instrument with a HP PONA 
column (length 50 m, i.d. 0.2 mm, film thickness 0.5 μm) with the same temperature program as described above. 2-hep-
tene was used as an internal standard.

2.2 � DNA extraction and amplification

DNA was extracted using the DNeasy PowerWater kit (Qiagen), following the manufacturer’s protocol except for eluting 
the nucleic acids in 50 µL. The V3-V4 region of the 16S rRNA gene was amplified using the primer pair 341F and 805R 
[33]. The product of the first PCR served as a template for the second PCR containing the unique sequencing sequences. 
In total, the two amplification steps contained 32 cycles. The product was purified after each PCR step using the AMPure 
SP reagent (Beckman Coulter). The concentration of the amplified products was measured using a Qubit 2.0 fluorometer 
(Life Technologies) and the fragment length distribution was assessed using automated gel electrophoresis. Sequenc-
ing of the PCR product library was performed at the Science for Life Laboratory, Sweden on an Illumina MiSeq platform, 
producing 2 × 301 bp paired-end reads [32].

The archaeal abundance was estimated by quantifying the 16S rRNA gene copies using real-time PCR (qPCR) on a 
LightCycler 480 (Roche Diagnostics). The reaction volume (10 µL) consisted of 5 μL Platinum SYBR Green qPCR SuperMix-
UDG with ROX (Thermo Fisher Scientific), 0.4 µL 10 µM primer, 3.2 µL nuclease-free water, and 1.0 µL template. Archaeal 
gene fragments were amplified using the primers 915F and 1059R [34]. Cycling conditions were 2 min at 95 °C, 40 cycles 
of 15 s at 95 °C and 30 s at 60 °C, followed by a melt curve analysis to assess product specificity. Standard curves were 
generated with a dilution series of purified PCR product using genomic DNA extracted from a Ferroplasma acidiphi-
lum BRGM4 pure culture as template. Standards (n = 7), test samples, and no-template controls were run in triplicates 
and the former two were 1:10 diluted in nuclease-free water to account for inhibition of the polymerase. The results were 
reported in gene copies mL−1 after correcting for the volume of groundwater used for DNA extraction and the elution 
volume. A minimum and maximum reaction efficiency of 85 and 115% was maintained, respectively. A minimum number 
of three quantification cycles (ΔCq) between samples and no-template controls were maintained as a limit of detection.

2.3 � 16S rRNA sequence analysis

Raw sequences from the 16S rRNA gene amplicon (V3-V4 region) were processed using the ampliseq v2.3.0 pipeline [35] 
from the nf-core framework [36]that used Nextflow (v21.10.6), Cutadapt (v3.4), FastQC (v0.11.9), DADA2 (v1.22.0), and 
the SBDI Sativa curated 16S rRNA gene GTDB database (release 207, [37]). The ampliseq pipeline was run with default 
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parameters, except for the trimming of the primers whereby reads not containing the primer sequence or containing 
double copies were discarded from downstream analyses [38].

3 � Results

3.1 � Gas compositions, isotopes, and isotopologues

3.1.1 � Compositions

The gas composition in the three boreholes (PB1, PB2 and PB4, supplementary Table 1) was dominated by methane 
(94–99 vol.% of total hydrocarbon gas) with small quantities of ethane (1.2–0.4%) and propane (< 0.1%). The ratios of 
methane to heavier chain hydrocarbons, i.e., C1/(C2 + C3), ranged from 73 to 218 (Fig. 2a). Carbon dioxide was present in 
PB1 at 5%, PB2 at 2.4%, and PB4 at 0.02%. Helium concentration was < 0.04%, H2 was below detection limit (< 10 ppm), 
while N2 was 0.84, 0.66, 38.3%, and O2 + Ar was 0.27, 0.32 and 9.54% for PB1, PB2, and PB4, respectively.

3.1.2 � Stable isotopes

Methane had δ13C values of −65.8, −63.2, and −58.8‰ V-PDB for boreholes PB1, PB2, and PB4, respectively (Fig. 2a, 
Table 1). The PB1 and PB2 δ13CCH4 values were also measured during the isotopologue measurement for different Iso-
tube subsamples from the same sampling campaign (Table 2), for which the results were similar to the measurements 
specifically executed for stable carbon isotopes (−65.7 and −63.4‰ V-PDB for PB1 and PB2, respectively). The carbon 
stable isotopes and the C1/(C2 + C3) ratios suggested a mixed origin, from which the proportion of microbial methane 
vs. an early mature thermogenic origin can be estimated. The latter was more prominent for the methane in well PB1, 
whereas microbial methane was more prominent in well PB4 (Fig. 2a). The early mature thermogenic origin of methane 
was less clear when comparing δD and δ13C of CH4 values, as these samples also plotted within the primary microbial 
field (Fig. 2b). The carbon isotope composition of CO2 (δ13CCO2) ranged from −13.8‰ for PB4 to + 5.5 and + 6.4‰ for PB1 
and PB2, respectively that plotted in δ13CCH4 plots within the carbonate reduction microbial field, quite close to secondary 

Fig. 2   Gas origin discrimination diagrams. a. C1/(C2 + C3) vs δ13CCH4; b. δ13CCH4 vs δDCH4 c. δ13CCO2 vs δ13CCH4. Figure after [39]

Table 1   Isotope values of 
boreholes PB1, 2, 4 and oil-
associated gas (APT data), in 
permille V-PDB

δ13CC1 δ13CC2 δ13CC3 δ13Ci-C4 δ13Cn-C4 δ13CCO₂ δDC1

PB1 −65.8 −31.7 −17.7 −28.6 −27.4 5.5 −284
PB2 −63.2 −30.2 −14.5 −27.9 – 6.4 −279
PB4 −58.8 −29.8 −14.9 −28.2 – −13.8 −273
Oil −56.8 −35.3 −28.6 −28.9 −27.7 – –
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microbial for PB1 and PB2 (Fig. 2c). However, caution needs to be taken when interpreting the PB4 δ13CCO2 results, as the 
CO2 concentration was low and there was possible air contamination, as indicated by the Ar + O2 and N2 values.

Ethane had δ13C values of −31.7, −30.2, and −29.8‰ for PB1, PB2 and PB4, respectively that suggested a thermogenic 
origin, occurring together with methane of dominantly microbial origin (Fig. 3). Propane had a δ13C values of −17.7, 
−14.5, and −14.9‰ for PB1, PB2, and PB4, respectively. In PB1, both iso-butane and n-butane were present and had 
δ13C values of −28.6 and −27.4‰, respectively. In PB2 and PB4 only iso-butane was detected (δ13C values: −27.9 and 
−28.2%, respectively).

3.1.3 � Isotopologues

Methane clumped isotopologues, Δ13CH3D values, of samples from boreholes PB1 and PB2 were measured in duplicate 
for each sub-sample giving 3.5 ± 0.2 and 3.6 ± 0.3‰ for PB1 and 4.1 ± 0.2‰ and 4.1 ± 0.3‰ for PB2. These values corre-
sponded to apparent methane formation temperatures of 121 ± 19.8 °C and 116 ± 10.2 °C for PB1 and lower temperatures 
for PB2 of 87 ± 7.4 °C and 89 ± 16 °C, respectively.

When Δ13CH3D was plotted vs δ13CCH4 (Fig. 4), the PB1 and PB2 samples were in a field where microbial methane has 
been reported previously [29, 41, 42], and close to studies reporting a mixture of microbial and thermogenic methane 
[41, 43].

3.2 � Oil organic geochemistry and gas component

The whole oil chromatogram was dominated by n-alkanes (n-C3 to n-C33) (Fig. 5). The n-alkane abundance increased 
strongly at n-C12, and a maximum was visible at n-C13. Bulk parameters of the oil also reflected the strong aliphatic 
character, including 68.1 wt% saturates, 23.1 wt% aromatics, 8.4 wt% polar compounds, and 0.4 wt% asphaltenes. An 
unresolved complex mixture (UCM) hump was present in the area of higher molecular weight n-alkanes (Fig. 5). The n-C7/
MCyC6 ratio was 0.20, the Tol/n-C7 ratio was 0.34, the Pr/n-C17 ratio was 0.56, and the Ph/n-C18 ratio was 0.29 (Table 3). 
Tr1 to Tr7 ranged between 0 and 2.94 (Table 3). The carbon isotopic ratios of the different oil fractions were −30.7‰ for 
the saturates and −30‰ for the aromatics.

Table 2   Methane clumped 
isotopologues and apparent 
equilibration temperatures for 
PB1 and PB2, in duplicate

Hydrogen isotopes of methane measured by APT had values of −284‰ in PB1 and −279‰ in PB2; the 
corresponding values from MIT show a systematic difference of 13‰ V-SMOW

δ13CC1 δDC1 Δ13CH3D Temp (°C) + −

PB1a −65.75 ± 0.06 −271.7 ± 0.26 3.5 ± 0.31 121.75 19.77 17.65
PB1b −65.77 ± 0.06 −271.71 ± 0.06 3.6 ± 0.17 116.43 10.2 9.603
PB2a −63.39 ± 0.07 −266.02 ± 0.06 4.1 ± 0.15 86.75 7.43 7.15
PB2b −63.46 ± 0.04 −266.02 ± 0.06 4.1 ± 0.31 88.69 15.95 14.49

Fig. 3   δ13C of ethane (C2) ver-
sus methane (C1), after Taylor 
et al. [40]
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The oil sample headspace gas contained 0.09% methane, 0.13% ethane, and 1.9% propane with δ13C values of −56.8, 
−35.3, and −28.6‰, respectively. The carbon isotope values of iso-butane and n-butane were −28.9 and −27.7‰. The 
hydrogen isotope value of methane (δDCH4) was −321‰.

3.3 � Hydrogeochemistry

The groundwater in PB2 (data in Supplementary Table 2) had high alkalinity (713 mg L−1 CaCO3), low SO4 (20 mg L−1), 
and Cl and Mg concentrations of 1100 mg L−1 and 36 mg L−1, respectively. The Na concentration was 654 mg L−1, Ca 
concentration was 149 mg L−1 and Br was below detection limit (< 1 mg L−1). The PB2 groundwater temperature was 
14.3 °C and the total dissolved solids (TDS) was 2858 mg L−1. The δDH2O value was −87.9‰ and the δ18OH2O value was 
−12.4‰, plotting close to the global meteoric water line (Fig. 6, GMWL, [49]).

Fig. 4   Δ13CH3D vs δ13CCH4 
values against previously 
published background data 
[29, 41–48]

Fig. 5   Whole oil chromato-
gram from borehole 01-11C 
in Siljan impact structure. 
The n-alkanes are marked by 
n-Cx, where x represents the 
respective carbon number. IS 
is the internal standard, UCM 
is an unresolved complex 
mixture hump
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3.4 � Microbiology

The qPCR data gave archaeal cell abundances of 0 ±  < 1.0, 1.4 ± 0.6, and 1.7 ± 0.6 16S rRNA gene copies mL−1 for the 
three biological replicate filters. Since the archaeal abundance was so low, archaeal specific primers could not be used 
to characterize the microbial communities in the groundwater. Despite this limitation, some archaea were identified 
in the groundwater communities with the bacterial primers (archaeal phylum Halobacteriota). The deep groundwater 
communities were dominated by Patescibacteria (> 60%) and Bacteriodota (Fig. 7a) while methanogenic archaea 
comprised 0.2, 3.1, and 0.5% of the relative abundance in the three replicate filters (Fig. 7b).

4 � Discussion

4.1 � Origin of the gas

The δ13CCH4 values, C1/(C2 + C3+) ratios, and δDCH4 of the free gas samples taken from boreholes PB1, PB2, and PB4 
at the Siljan impact crater plot at the border of the early mature thermogenic and the microbial fields (overlapping 
into primary and secondary microbial fields) in the discrimination plots from Milkov and Etiope [39], indicating a 
mixture of thermogenic and microbial origins for methane. The carbon isotopes of CO2 point more distinctly towards 
a dominantly microbial origin for PB1 and PB2, in primary microbial carbonate reduction field, bordering to secondary 
microbial field (Fig. 2c). In contrast, the PB4 sample indicated a more mixed thermogenic and primary microbial origin 

Table 3   Molecular indices of 
the oil from borehole 01-11C 
in the Siljan impact structure

Index Ratio Value

n-C7/MCyC6 n-Heptane/methylcyclohexane 0.20
Tol/n-C7 Toluene/n-heptane 0.34
Pr/n-C17 Pristane/n-heptadecane 0.56
Ph/n-C18 Phytane/n-octadecane 0.29
Tr1 Toluene/1,1-dimethylcyclopentane 0.75
Tr2 n-Heptane/1,1-dimethylcyclopentane 2.22
Tr3 3-Methylhexane/1,1-dimethylcyclopentane 2.11
Tr4 2-Methylhexane/1,1-dimethylcyclopentane 0.83
Tr5 2-Methylhexane + 3methylhexane/1,1-dimethylcyclopentane 2.94
Tr6 1-Cis-2-dimethylcyclopentante/1,1-dimethylcyclopentane 0
Tr7 1-Trans-3-dimethylcyclopentane/1,1-dimethylcyclopentane 2.12

Fig. 6   Stable isotope compo-
sition (δD vs δ18O) in the PB2 
Siljan groundwater plotted 
together with the Global 
Meteoric Water Line (GMWL), 
with data from another site 
on the Fennoscandian Shield 
(Forsmark) and possible end-
members of Baltic Sea water, 
glacial waters [50] and ancient 
brine (Kidd Creek, Canada 
[51]). The local meteoric water 
in central Sweden at present 
is around -11 ± 1‰V-SMOW 
δ18OH2O for surface waters 
(IAEA/WMO, 2024)
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based on the δ13CCO2 (Fig. 2c). The relatively high CO2 concentration in PB1 and PB2 was also indicative of carbonate 
reduction pathway and/or secondary microbial origin [17, 52], whereas the low concentrations of CO2 and lower 
δ13CCO2 values in PB4 potentially indicated a larger thermogenic than microbial contribution in PB4. However, CO2 
values could also partly be effected by air contamination as indicated by the relatively high O2 + Ar values (Table 1). 
A thermogenic contribution to the gas was expected as bitumen, oil seeps, and shales (e.g., the organic rich Upper 
Ordovician Fjäcka Shale, a source rock known for economic accumulation of oil in the eastern Baltic region) are pre-
sent in this formation [14]. In summary, for PB1 and PB2, the substantial 13C-enrichment in CO2 together with low 
δ13CCH4 and high C1/C2+ ratios, all pointed to a dominant microbial contribution to the gas mix, which also included 
a precursor early mature thermogenic endmember to a lesser extent.

The apparent formation temperatures derived from the Δ13CH3D (87–122 °C) were anomalously high for recently 
formed methane at the current depth of sampling (380 m) where the groundwater temperatures were ~ 14.3 °C 
(PB2). A geothermal gradient of 15–20 °C/km is plausible for this setting [53, 54] and would imply formation depths 
of 4.4–8.1 km. However, this was unrealistic except potentially during foreland basin formation in the aftermath of 
the Caledonian orogeny (~ 400–380 Ma), when sedimentary cover pushed the craton to depths of more than 4 km 
in the central Fennoscandian Shield [55]. If the methane was produced more recently, following uplift/denuda-
tion, it can be assumed that the high apparent temperatures were a result of kinetic fractionation during microbial 
methanogenesis. As microbial methanogenesis is not an equilibrium process, the clumped isotopologue composi-
tions corresponded to anomalously high apparent equilibrium temperatures [29, 45]. Methane isotopologues can 
be equilibrated by microbial methanogenesis or anaerobic methane oxidation below about 60 °C or abiotically at a 
temperature above about 160 °C (e.g., [44, 56]). The calculated range of apparent temperature of 87 to 122 °C, sug-
gested that the methane did not experience temperatures above 160 °C or anaerobic methane oxidation. Therefore, 
the apparent temperatures derived from Δ13CH3D at least partially indicated methane formation by microbial metha-
nogenesis. Overall, the methane stable isotopes pointed towards a mixed thermogenic and microbial gas, and the 
disequilibrium temperatures supported a microbial methanogenesis as origin.

Fig. 7   a 16S rRNA gene based relative abundance in the PB2 groundwater at 380 m depth; b 16S rRNA gene based relative abundance of 
the archaeal phylum Halobacteriota (as part ofthe ‘other’ phyla in panel a for filters 1 and 3, as it constitutes < 1% of the community relative 
abundance)
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4.2 � Biodegradation features

4.2.1 � Gas

The C1 to C4 carbon isotopic ratios plotted against reciprocal carbon number 1/n (Fig. 8) indicated the gas had undergone 
biodegradation. This was evident from the propane carbon isotopic composition, as propane, n-butane, and pentane 
are more affected by microbial oxidation compared to ethane [57–61]. When free gas from PB1, 2, and 4 was compared 
to hypothetical unaltered thermogenic gas (stippled line in Fig. 8), there was a clear elevation in the δ13CCH4 values of 
propane, and lesser so for ethane, which was in accordance with Kim et al. [44].

Furthermore, when comparing the free gas from the boreholes to the oil-associated gas, there was a more than 10‰ 
difference in the propane δ13C values (Fig. 8). The propane from the oil was not as affected by microbial consumption 
compared to the gas from PB1, 2, and 4. The i-C4/n-C4 ratio of the oil-associated gas (0.85) was much lower than in PB1, 
2 and 4 (1.76, 6.75 and 9.3, respectively). As n-C4 is more susceptible to biodegradation than i-C4 [52, 62–64], it indicated 
that the free gas in the boreholes has undergone biodegradation. This confirmed that biodegradation of precursor 
hydrocarbons was an important microbial process in this deep aquifer.

4.2.2 � Oils

The presence of an UCM hump in the whole oil chromatogram indicated biodegradation of the oil, as well as the elevated 
i-C4/n-C4 ratio, as biodegradation would affect n-alkanes more than isoprenoids (e.g., [65–67]). The low n-C7/MCyC6 ratio 
and low TR1 to Tr7 ratios are also indicative of biodegradation [68]. Alteration of the light hydrocarbons by water washing 
that is often observed in combination with biodegradation, also occurred, which is indicated by the low Tol/n-C7 and 
Tr1 [66, 67]. In contrast, the low asphaltene and high saturate contents, as well as the low Pr/n-C17 and Ph/n-C18 ratios 
do not suggest biodegradation.

Ahmed et al. [14] characterized seep oil and bitumens in the Siljan area from the east side of the impact crater, and 
those show moderate to heavy biodegradation, albeit with a high variability in maturity in different samples. The vari-
ability in the different oil samples they reported, together with the features observed in this study, indicates different 
oil charges. The oils in the Siljan impact structure likely represented mixtures of biodegraded and non-biodegraded oils.

4.3 � Hydrological origin and influence on methanogenesis

The stable hydrogen and oxygen isotopic compositions of the groundwater follow the GMWL (Fig. 6). In systems with 
prolonged water–rock interaction at low water to rock ratios, such as old continental brines in South Africa, Canada, 
and the Fennoscandian Shield [48, 69, 70], the values will diverge from the GMWL with time. The Siljan sample was thus 
interpreted to be dominated by meteoric water with limited water–rock interaction. However, the oxygen isotope value 
(−12.4‰ V-SMOW δ18OH2O) was slightly lower, although overlapping, with modern meteoric water in the Siljan area 
(−11 ± 1‰ V-SMOW for surface waters, IAEA/WMO (2024)), which might indicate a small contribution from at least one 
other meteoric source water. Considering that glacial meltwater has low δ18O values (−21 to −16‰V-SMOW, [50]), a Late 
Pleistocene glacial meltwater endmember may be a plausible mixing endmember that can explain the relatively low δ18O 

Fig. 8   Reciprocal carbon 
numbers of the three bore-
holes and comparison with 
oil-associated gas, indicating 
biodegradation. Dashed lines 
indicate the isotopic values 
without alteration
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values detected. However, the salinity indicated by chlorine concentration (1100 mg L−1) was not fully compatible with 
meteoric or glacial water origins, and requires a third, more saline source in the mix. Therefore, mixing with deep saline 
water or a relict marine water may have occurred, which are commonly encountered at depth in the Fennoscandian Shield 
[50, 71, 72]. The Mg concentrations of 36 mg L−1 was more indicative of marine contribution as deep saline water usually 
has concentrations below 3 mg L−1 and marine waters can have up to ~ 450 mg L−1 [72]. The expected Br concentration 
based on the Cl concentration (1100 mg L−1) and a Br/Cl ratio typical for seawater (0.0035, [73]) would be around 3.8 mg 
L−1. The Br concentration being below detection (< 0.1 mg L−1) inferred that the saline endmember was not dominantly 
from a marine source, but instead indicated a significant deep saline fraction to the saline endmember. Although the 
residence time of the water was unknown, it can thus be proposed that the waters at 380 m depth in the PB2 borehole 
were relatively recently infiltrated, i.e., after sedimentary covers have been eroded in the Cenozoic [74] and freshwater 
infiltration was enabled (such as during Quaternary deglaciations and/or from subglacial recharge). If the residence time 
of the groundwater was longer, and the groundwater was isolated, a higher concentration of helium would be expected, 
as seen for instance in Outokumpu, Finland [70, 75]. As the helium content was low (< 0.04%) in an otherwise gas-rich 
formation, this supported a more recent infiltration of water. Overall, the source of the groundwater was likely dominantly 
meteoric, from a relatively recent infiltration, with a smaller component of marine and/or glacial waters.

The sulfate concentration of 20 mg L−1 was lower than in many deep saline and marine waters infiltrated during 
transgressions in the Fennoscandian Shield (~ 200–1000 mg L−1, [50, 76]), but in line with meteoric or glacial waters. 
Methanogens are associated with lower sulfate concentrations, because at higher sulfate concentrations, they are out-
competed by sulfate reducing bacteria (SRB) for acetate and hydrogen [77], which has also been indicated in natural 
systems influenced by dilute water infiltration [78, 79]. The PB2 sulfate concentration (20 mg L−1 = 208 µM) was close to the 
sulfate threshold where bacterial sulfate reduction can become the dominant carbon reducing pathway (~ 100 µM, [80]).

The abundant sub-vertical fracture zones associated with the impact ring structure may have been particularly influ-
ential in allowing meteoric waters to infiltrate to ~ 400 m depth. The presence of earlier formed thermogenic gas and 
oil could have provided organic carbon that could be degraded initially during sulfate reduction, leading to microbial 
conversion of hydrocarbons to biomass and carbon dioxide providing substrate for methanogenesis  [81–84]. The carbon 
dioxide produced was likely further reduced to methane using molecular hydrogen [60].

The high alkalinity detected in PB2 groundwater can be a further indicator of in situ microbial methanogenesis [85], 
but could also reflect other microbial processes, such as sulfate reduction. Taken together, it is plausible that microbial 
methane generation in this setting was triggered by dilution of deeper saline water through the infiltration of meteoric 
waters that led to lowering of the sulfate concentration, potentially aided by SRB initiating biodegradation of the primary 
hydrocarbons, creating suitable conditions for methanogens.

4.4 � Microbiological pathways for methanogenesis

Taking the thermogenic mixing endmember aside, the discrimination plots (Fig. 2) indicated microbial methanogenesis 
through various pathways depending on which proxy was used. Although the relatively low δ13CCH4 and the relatively 
high C1/(C2 + C3+) point in the direction of carbonate reduction pathway and/or being formed by secondary microbial 
degradation of precursor hydrocarbons [39],Vinson et al. [86] showed that the fractionation between δDCH4 and δDH2O can 
indicate an apparent hydrogenotrophic pathway, regardless of the actual metabolic pathway generating the methane. 
This is caused by equilibration of the H isotopes between methane precursors and the groundwater. When the Siljan free 
gas sample PB2 with corresponding water sample was plotted in the δDCH4 vs δDH2O diagram (Fig. 9), it positions just 
on the left side of hydrogenotrophic methanogenesis. However, this does not exclude a methylotrophic or acetoclastic 
pathway.

The presence of several methanogenic archaeal families in the groundwater indicated multiple methanogenesis 
pathways. The relative abundance of methanogens was low, but the abundance cannot be certain due to PCR primer 
bias. Moreover, Tong et al. [87] found only a weak correlation between methane production and abundance of metha-
nogens, indicating a small abundance of methanogens can still produce methane, if enough substrate is available. The 
most abundant family was Methanoregulaceae, of which its members are reported to mainly use CO2-hydrogenotrophic 
pathways [88] or using formate and hydrogen for growth and methane production [89]. The second most abundant family 
was Methanobacteriaceae from the Methanobacteriales order that is ubiquitous in many different environments [90]. This 
family predominantly consists of CO2-reducing hydrogenotrophic methanogens [90] with fewer methylotrophic metha-
nogen taxa [91]. Methanospirullum from the Methanospirrillaceae is also mainly hydrogenotrophic or can use formate 
and hydrogen [92]. Methanothrix was also present in all three DNA samples, an obligate acetoclastic methanogen that 
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is unable to grow on CO2 or formate [93]. Methanosarcinaceae are one of the most diverse methanogenic families, being 
able to use methylated compounds, acetate, and CO2 [90]. Methanogens of the Methanomethylophilaceae family are 
predominantly obligate methylothrophs, reducing methyl groups using H2 as the electron donor, and have been found 
mostly in the animal digestive tract [94]. Co-occurring in low abundance with the methanogens was the methanotrophic 
archaeal family Methanoperedenaceae. Finally, Leu et al. [95] show that members of the family Methanoperedenaceae 
(formerly known as ANME-2d) are capable of the anaerobic oxidation of methane coupled to nitrate and iron reduction.

In summary, microbial methane in the Siljan impact crater likely originated via predominantly CO2 reduction, as well as 
methylotrophic and acetoclastic methanogenic pathways, and mixed with pre-existing thermogenic gas that originates 
from the shales (such as Fjäcka shale) in the sedimentary successions. However, the methanogens were  present in low 
abundances and not all species could be detected in the sequencing. Furthermore, other methanogens may be present 
that will further convolute potential methanogenesis pathways [87].

4.5 � Conditions for microbial methane formation in meteorite impact craters, and comparison to other 
settings

The Siljan impact structure is, to the best or our knowledge, the only known crater on Earth with significant microbial 
methane seepage. The reports of seeping methane of unknown origin in the Gale crater on Mars [4], make the Siljan 
impact crater a terrestrial analogue. To put the formation conditions of microbial methane at Siljan into context, we will 
compare it to other sites with sedimentary basins where microbial methane accumulates, the Michigan Basin and the 
Illinois Basin, USA.

The Michigan Basin contains a Devonian black shale (Antrim Shale) within sedimentary strata, and its gas production is 
of economic importance. Both microbial and thermogenic gas has been identified, but microbial gas dominates. Martini 
et al. [96] presented a comprehensive data set on the gas produced from the Antrim Shale. The δ13C of methane ranges 
from −57.9 to −43.0‰, with the former being indicative of an immature thermogenic gas, and this gas being diluted by 
variable amounts of microbial gas. The methane gas has a lower than typical isotopic signature for microbial gas, but high 
C1/(C2 + C3) ratio (149 to 257) at the western margin is indicative of microbial gas. The microbial gas deposits are located 
where there is a permeable fracture network allowing for fresh water to infiltrate, which is at the margin of the basin.

The Illinois Basin is underlain by Precambrian bedrock, overlain by the Devonian New Albany Shale and Paleozoic 
sedimentary rocks. Microbial methane accumulations are present in the New Albany Shale, with δ13CCH4 ranging between 
−65.4 to −57.9‰ and δ13CCO2 values of 0.1 to 6.6‰ [97], similar to the isotopic composition of the Siljan free gas. 
Stra ̧poć et al. [98, 99] found δ13CCH4 ranging between −65.1 and −56.6‰ and concludes that high permeability allows 
inoculation of methanogenic consortia, leading to microbial methane generation in eastern margin of Illinois Basin. The 
geochemical conditions reported in the Illinois Basin by Schlegel et al. [100], such as neutral pH, low sulfate concentra-
tions (< 2 mM) and Cl⁻ < 3 M, are favorable for methanogenic microbes. Additionally, low numbers of archaea species 
were identified, likely methanogenic. Stra ̧poć et al. [99] characterized the methanogenic microbes in the Illinois Basin, 

Fig. 9   Hydrogen isotope 
ratios of methane and the 
host groundwater, with 
inferred lines for hydrog-
enotrophic and acetoclastic/
methylotrophic methano-
genesis [86]. CBM = Coal Bed 
Methane
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with Methanocorpusculum as the dominant genus, which has also been found in the Michigan Basin [101]. However, as 
different 16S rRna gene PCR primers were used, comparison to our dataset is difficult.

Based on data from the Michigan Basin, Martini et al. [96] described the optimal conditions for microbial gas and 
microbial colonization, such as dilute formation water (< 3 M Cl⁻) with low sulfate concentrations (< 0.05 mM), increased 
reservoir permeability via high density of fracture networks in shales, high CO2 concentrations (> 2%) in the gas and high 
δ13CCO2 values (> 10‰). The δ13CCO2 is lower (> 5‰) in the Siljan impact crater, but all other conditions are met.

Taken together, this all suggested that the microbial methane accumulation in the Siljan impact crater shows great 
similarities to sedimentary basins and its conditions and occurred through similar mechanisms. The presence of shale 
and organic matter, the meteoric water containing low sulfate and Cl⁻ concentrations, and the highly fractured nature 
of the Siljan impact structure was apparently optimal for the promoting microbial methanogenesis. The Siljan impact 
crater is of interest as an analogue for determining the source of microbial methane gas in other impact craters, both 
on Earth and on other planetary bodies, but as we show, its nature is highly influenced by terrestrial organic rich shales, 
and a complex history of late-stage infiltration of surface water.

5 � Conclusions

Based on conventional stable isotope analysis and multiply substituted isotopologues, the methane present at several 
hundred meters depth in the fracture aquifer of the Siljan impact crater was characterized to be of mixed thermogenic 
and microbial origin. The microbial methanogenesis occurred in a coupled system, where sulfate reducers performed 
anaerobic oxidation of hydrocarbons (ethane and oil) to produce CO2, which was then used by methanogens to produce 
methane. Recharge with relatively sulfate poor freshwater coupled with bacterial sulfate reduction lowered the dissolved 
sulfate concentration to levels preventing methanogens from being outcompeted by sulfate reducers. The presence of 
multiple methanogen populations suggested to generate methane via different pathways indicated a complex metha-
nogenesis system with multiple pathways and is the first report of modern methanogenesis in a deeply fractured impact 
structure on Earth. In addition to these new models for methane formation in this unusual petroleum system, there are 
astrobiological implications that include Earth analogue evidence of deep microbial colonization of porous and highly 
fractured target rock of an impact structure, with associated microbial methane accumulation and seepage.
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