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A B S T R A C T

The Lower Cretaceous (Barremian) Kuhnpasset sedimentary sequence of northeast Greenland contains many 
carbonate deposits in different stratigraphic positions in the area of Wollaston Forland, several of which have 
previously been identified as having a hydrocarbon seep origin based on their macrofossil content and 
morphology. Most of the seep carbonates contain complex internal microfabrics, including abundant yellow 
calcite and banded and botryoidal cement with δ13C values as low as − 54 ‰. These δ13C values are characteristic 
of carbonate microfabrics with biogenic methane as the major carbon source and carbonate authigenesis caused 
by sulfate-driven anaerobic oxidation of methane (SD-AOM). Such 13C-depletion confirms a methane seep origin 
of most of the Kuhnpasset carbonate deposits. Molecular fossils from the seep carbonates prove methanotrophic 
archaea were involved in the SD-AOM consortia, based on 13C-depleted 2,6,10,15,19-pentamethylicosane (PMI; 
δ13C: − 122 to − 113 ‰) and the co-eluting crocetane and phytane (− 124 to − 105 ‰). The carbon source for the 
Kuhnpasset seeps was biogenic methane with a δ13C value of approximately − 70 ‰, as calculated from 
compound-specific δ13C values of archaeal lipid biomarkers. The δ13C values of the biomarkers of sulfate- 
reducing bacteria, the synthrophic partners of archaea in SD-AOM, including iso- and anteiso-C15/17 fatty acids 
are less 13C-depleted (− 107 to − 87 ‰) than the archaeal biomarkers – a pattern known from modern seep 
environments. Preservation of bacterial fatty acids is rare for Mesozoic seep deposits, revealing excellent 
biomarker preservation and low thermal maturity of the Kuhnpasset seep deposits. The common isoprenoid 
hydrocarbon biomarkers of SD-AOM in the Kuhnpasset seep carbonates are accompanied by 13C-depleted iso
prenoic acids (phytanoic acid: − 112 to − 101 ‰); these compounds are attributed to the early degradation of 
glycerol diether membrane lipids such as archaeol or sn2-hydroxyarchaeol, which are not preserved in the 
samples. Similarly, regular PMI-acid (− 120 to − 107 ‰) probably represents a derivative of extended archaeol or 
extended hydroxyarchaeol. The molecular fossil inventories in the Kuhnpasset seep carbonates and the pre
dominance of early diagenetic banded and botryoidal cement are characteristic of the dominance of ANME-2 
consortia adapted to high methane flux with the sulfate-methane transition zone (SMTZ) positioned at 
shallow sediment depth. Abundant wood fragments and well-preserved leafy conifer shoots enclosed in the 
Kuhnpasset seep deposits indicate a shallow marine paleoenvironment of deposition close to the former 
shoreline.
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1. Introduction

The seepage of hydrocarbon-rich, low-temperature fluids is a com
mon phenomenon along oceanic margins in shallow as well as in deep 
marine environments (Suess, 2020). The hydrocarbons are composed 
either of short-chain hydrocarbons like methane, ethane, and propane, 
or higher hydrocarbons, and are accompanied by hydrogen sulfide 
locally produced in the seep environment (Sibuet and Olu, 1998; Smrzka 
et al., 2019). The seep fluids rise from the sedimentary subsurface to the 
seabed, where a minor fraction of the hydrocarbons can leak into the 
water column and the atmosphere (Chen and Feng, 2023). At seeps, the 
formation of authigenic carbonate occurs in the sulfate-methane tran
sition zone (SMTZ). Such carbonate is a product of a biogeochemical 
process: the sulfate-driven anaerobic methane oxidation (SD-AOM), 
performed by anaerobic methane oxidizing archaea (ANME) and sulfate- 
reducing bacteria (eq. 1; Hinrichs et al., 1999; Thiel et al., 1999; Boetius 
et al., 2000; Orphan et al., 2001). This process substantially reduces the 
amount of methane exiting to the water column and the atmosphere, a 
phenomenon referred to as the ‘benthic methane filter’, with the derived 
authigenic carbonate representing a major carbon sink (Smrzka et al., 
2025). Authigenic carbonate formation at methane seeps is commonly 
accompanied by the precipitation of other authigenic minerals, 
including pyrite (Peckmann et al., 2001). Such authigenic mineral 
phases represent an archive of the local biogeochemical processes 
associated with hydrocarbon seepage and the variability of the seafloor 
depositional environments (Boetius et al., 2000; Thiel, 2018). 

CH4 + SO4
2− →HCO3

− +HS− +H2O (1) 

Ancient seep deposits are identified by criteria including (i) 
geological setting; (ii) low diversity but high abundance macrofossil 
assemblages, including bivalves, worm tubes, and brachiopods; (iii) 
recurring, complex petrographic fabrics and paragenetic sequences; (iv) 
13C-depleted authigenic carbonate minerals; and (v) 13C-depleted lipid 
biomarkers (Peckmann et al., 2004; Campbell, 2006; Hryniewicz, 2022). 
Typical carbonate fabrics and phases associated with seepage are clotted 
micrite, crypto- to microcrystalline yellow aragonite, and fibrous 
aragonite cement forming isopachous rims or botryoidal crystal aggre
gates – the latter referred to as banded and botryoidal cement. In ancient 
deposits, aragonite becomes increasingly recrystallized to calcite with 
age (e.g., Peckmann et al., 2002; Campbell, 2006; Shapiro and Ingalls, 
2025). At modern seeps, the finely crystalline pink or yellow aragonite 
phases have been shown to precipitate much faster than the more 

coarsely crystalline fibrous aragonite cement and contain higher lipid 
biomarker contents than the latter (Smrzka et al., 2025). Petrographic 
observations combined with carbon stable isotope compositions of car
bonate minerals can give an initial indication as to whether oil com
pounds or methane were the major carbon source for carbonate 
formation in ancient seep deposits (e.g., Peckmann et al., 1999; Bug
gisch and Krumm, 2005; Himmler et al., 2015), but should be com
plemented by the analysis of element patterns (Smrzka et al., 2016) and 
lipid biomarkers (Krake et al., 2022) for validation. Lipid biomarkers are 
the tool of choice for the recognition of SD-AOM in deep-time and can be 
preserved in thermally immature seep carbonate deposits (Wang et al., 
2024) to deposits of intermediate maturity (Birgel et al., 2008b). The 
application of lipid biomarkers and their compound-specific δ13C values 
has been widely implemented in the study of ancient and modern seep 
deposits to discriminate between various ANME communities involved 
in SD-AOM (e.g., Birgel et al., 2006b; Niemann and Elvert, 2008; 
Chevalier et al., 2011; Blumenberg et al., 2015; Miyajima and Jenkins, 
2022; Zhang et al., 2023). Kuhnpasset in northeast Greenland is one of 
the five sites in today's Arctic area where Cretaceous-aged hydrocarbon 
seepage has been discovered (cf. Beauchamp and Savard, 1992; Kelly 
et al., 2000; Hammer et al., 2011; Hryniewicz et al., 2015; Fig. 1A), but 
only one Arctic site has previously published lipid biomarker data 
(Williscroft et al., 2017).

Here we present an integrated lipid biomarker, petrographic, and 
stable isotopic study of a subset of carbonate deposits from the Barre
mian Kuhnpasset Beds of Wollaston Forland in northeast Greenland, 
which have previously been described only in terms of their strati
graphic and paleontological characteristics (Kelly et al., 2000; Bjerager 
et al., 2020; Bang et al., 2022). The data prove conclusively that most 
(but not all) of the studied Kuhnpasset carbonates were formed by the 
seepage of methane. Further, compared to other Mesozoic seep deposits 
(e.g., Peckmann et al., 1999; Birgel et al., 2006a, 2006b), the preser
vation of lipid biomarkers in the Kuhnpasset seep deposits is extraor
dinary and allows a precise assignment of the predominate SD-AOM 
consortium and the source of methane. One motivation of this study is 
therefore to unravel the factors responsible for the excellent preserva
tion of biomarkers in the studied deposits. Moreover, the Kuhnpasset 
seep carbonates contain substantial quantities of wood fragments and 
other plant remains, allowing us to investigate a potential relationship 
between the Kuhnpasset chemosynthesis-based SD-AOM communities 
and the entrained wood fragments.

Fig. 1. (A) Schematic geological map of the study site Wollaston Forland, northeast Greenland (modified from Bjerager et al., 2020; Bang et al., 2022); (B) 
Stratigraphic column and lithology profile of Kuhnpasset Beds (based on Kelly et al., 2000; Bang et al., 2022 and new data).
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2. Geological setting and sample collection

The geological setting of the Kuhnpasset seep deposits was first 
described by Kelly et al. (2000), who named the enclosing sedimentary 
strata the Kuhnpasset Beds. This unit was later incorporated into the 
Barremian-Albian aged Stratumbjerg Formation (Bjerager et al., 2020). 
Bang et al. (2022) investigated the palynology of the seep carbonates 
and the enclosing silty and sandy mudstones, and based on dinoflagel
late cysts, assigned them to an ? early–late Barremian age range. The 
Kuhnpasset seep deposits number more than 30 and all but one are 
exposed on a ridge on the eastern side of Kuhnpasset over an area of ca. 
1 km2 below the western flank of Aucellabjerget Mountain (Fig. 1). They 
co-occur with carbonate-cemented concretions of various sizes and 
shapes (Kelly et al., 2000; Bang et al., 2022. Kelly et al., 2000) gave 
numbers to most of the individual seep deposits, which vary in size from 
1 to 3 m in diameter and are up to 1.8 m in height. They have lenticular 
or elliptical shapes, with relatively flat bases, where exposed. The in
teriors of the seep deposits are characterized in hand specimen by 
complex carbonate cements and vugs, and contain large fossils, 
including the bivalves Caspiconcha whithami, Amanocina kuhnpassetensis, 
Solemya sp., and the wood-boring genus Turnus, gastropods, and 
nektonic cephalopods (Kelly et al., 2000).

The samples for this study were collected during fieldwork to 
Kuhnpasset between the 2nd and 12th August 2019 by CTSL, HAN, and 
SRAK under Prospecting License No. 2017/15 from the Ministry of In
dustry, Energy and Research, Government of Greenland. These samples 
come from Seep-27, Seep-24, Seep-8, Seep-3, and Seep-26 of Kelly et al. 
(2000), with Seep-27 being the lowest stratigraphically in the Kuhn
passet section (Fig. 1B). We also included in the study material from 
Seep-1 and Seep-2 of Kelly et al. (2000), which we call here Sample-1 
and Sample-2, as the petrographic and stable isotopic data presented 
below indicates that these are not seep-related.

3. Methods

3.1. Petrography and stable isotope composition of carbonates

Subsets of samples Seep-27, Seep-24, Seep-8, Seep-3, Seep-26, and 
Sample-1 were prepared for 30 to 35 μm-thick uncovered petrographic 
thin sections. Seventy-five thin sections were investigated and photo
graphed in plane-polarized and cross-polarized light using a Leica DMLB 
microscope and photographed with a Leica MC170HD digital camera. 
Illustrated thin sections (Fig. 2) are deposited in the paleontological 
collections of the Natural History Museum, University of Oslo (PMO).

A total of 32 powders from Seep-27, Seep-24, Seep-8, Seep-3, Seep- 
26, Sample-1, and Sample-2 were analyzed for their stable isotope 
compositions (δ13C and δ18O) at the Department of Earth Science, Uni
versity of Bergen, Norway. The powders were obtained by drilling on cut 
surfaces with a 1 mm drill bit. They were analyzed using Finnigan 
MAT251 and MAT253 machines coupled to automated Kiel devices; the 
data are reported to V-PDB standard; the long-term analytical precision 
is 0.05 ‰ with respect to δ13C and 0.1 ‰ with respect to δ18O values.

3.2. Lipid biomarker analysis

Samples from Seep-27, Seep-24, Seep-8, Seep-3, Sample-2, and 
Sample-1 used for lipid biomarker analyses had an average weight of 
160 g and were cleaned by bathing the rock first in 10 % hydrochloric 
acid and afterwards in acetone. The cleaned samples were broken up 
into small pieces and dissolved with 10 % hydrochloric acid. The re
sidual material after dissolution was centrifuged and then saponified 
with 6 % KOH in methanol after addition of internal standards and was 
extracted repeatedly with a mixture of dichloromethane:methanol (3:1; 
v:v) until the solvents became colorless. The resulting saponification 
extracts were combined with the total lipid extracts (TLE). Water was 
added to the combined extract and the aqueous phase was acidified to 

Fig. 2. Petrography of the Kuhnpasset seep deposits, plane-polarized light. (A) Matrix micrite with fecal pellets; Seep-3; thin section PMO 222.048. (B) Early 
diagenetic carbonate phases, multiple alternations of yellow calcite with banded and botryoidal cement; Seep-8; thin section PMO 222.099A. (C) Paragenetic 
sequence of micrite, yellow calcite, banded and botryoidal cement, and equant calcite cement; Seep-8; thin section PMO 222.098. (D) Wood fragment with a car
bonate cement-filled Teredolites boring (white arrow; yellow arrow points to the shell of a wood-boring bivalve, most likely Turnus sp.); Seep-3; thin section PMO 
222.077B. m, micrite; fp, fecal pellets; yc, yellow calcite; bbc, banded and botryoidal cement; ec, equant calcite cement; w, wood fragment. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web version of this article.)
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pH 2 to release free fatty acids. The resulting TLE including fatty acids 
was separated with the aid of the solvents n-hexane and dichloro
methane into maltenes and asphaltenes, respectively. The maltene 
fraction was separated by column chromatography (SPE Chromabond, 
NH2, 500 mg) into hydrocarbons, ketones, alcohols, and fatty acids. The 
alcohol and fatty acid fractions were derivatized with N,O-bis (trime
thylsilyl) trifluoroacetamide:pyridine (1:1; v:v) and 10 % boron tri
fluoride in methanol (1:8; v:v), respectively. The detailed 
decarbonization and extraction procedures have been described in Bir
gel et al. (2006b, 2008a). The alcohol fractions did not contain any 
pristine compounds and are not further discussed below. Sample-1 and 
Sample-2 did not contain lipid biomarkers of the SD-AOM consortium 
(Supplementary Fig. S1, S2), so were not further analyzed.

Aliquots of the asphaltene fraction were desulfurized using 8 ml 
tetrahydrofuran:methanol (1:1; v:v) mixed with 200 mg water-free 
nickel (II)-chlorid (NiCl2) and 200 mg sodium boronhydride (NaBH4), 
then repeatedly extracted with dichloromethane:methanol (1:1; v:v) 
collecting the resulting products with MilliQ water and dichloro
methane. The resulting hydrocarbon fractions were separated from the 
polar fractions using a silica gel column. The detailed desulfurization 
procedure followed Schouten et al. (1993) and Sabino et al. (2021).

All fractions were analyzed with gas chromatography–mass spec
trometry (GC–MS) using a Thermo Scientific Trace GC Ultra gas chro
matograph coupled to a Thermo Scientific DSQ II mass spectrometer at 
University of Hamburg. Quantification of lipid biomarkers was achieved 
with a Thermo Scientific Trace GC 1310 gas chromatography (GC) 
coupled with a flame ionization detection (FID). The GC–MS devices 
were equipped with 30 m TG-5MS fused silica capillary column (0.25 
mm i.d., 0.25 μm film thickness) and helium was used as carrier gas. The 
GC temperature program was set to 50 ◦C (for 3 min) ramping up to 
325 ◦C at 6 ◦C/min, and 25 min isothermal. The identification of com
pounds was based on comparison of mass spectra and GC retention times 
with published data.

The two co-eluting isoprenoids crocetane and phytane cannot be 
separated by gas chromatography with the applied conditions on the GC. 
An estimate of the relative proportions of the co-eluting isoprenoids was 
provided by extracting the masses m/z 169 (crocetane) and m/z 183 
(phytane) from the total ion current. Subsequently, the peak areas of the 
two masses were summed up, and relative percentages of the respective 
peak areas were calculated (Table 1).

For compound-specific carbon isotope measurement, a gas chro
matograph (Agilent 6890) coupled with a Thermo Finnigan Combustion 
III interface to a Thermo Finnigan MAT 253 isotope mass spectrometer 
(GC-IRMS) was used at University of Bremen. The GC conditions were as 
follows: 50 ◦C (for 2 min) to 320 ◦C at 12 ◦C/min. Carbon stable isotope 
composition is expressed as δ13C values relative to the V-PDB standard. 
The standard deviation of replicate measurements was within ±0.8 ‰.

4. Results

4.1. Petrography

Samples from Seep-27, Seep-24, Seep-8, and Seep-3 exhibit a similar 
paragenetic sequence of carbonate phases, typified by the abundance of 
early diagenetic carbonate cements. The dominant carbonate phases are 
(i) matrix micrite, (ii) yellow calcite, (iii) fibrous cement forming 
banded and botryoidal crystal aggregates, and (iv) equant calcite 
cement. The matrix of the deposits is dominated by a dark, brownish 
micrite with abundant detrital grains, especially quartz and feldspars. 
Parts of the deposits, including the micritic matrix, have been recrys
tallized to different degrees to microspar. Peloids, interpreted to repre
sent fecal pellets, are abundant in Seep-27, Seep-24, Seep-8, and Seep-3 
and are mainly found in the micritic matrix (Fig. 2A). Yellow calcite 
postdates micrite and is typically closely associated with the banded and 
botryoidal cement. It commonly occurs as irregular interlayers of 
banded and botryoidal cement (Fig. 2B). Banded and botryoidal cement 

is commonly the volumetrically dominant carbonate phase and forms 
regularly cement rims (Fig. 2B, C). The latest stage phase comprises 
equant calcite cement, which fills up the remaining cavity and pore 
space, and replaces in some areas the earlier cement phases (Fig. 2C). 
Wood fragments are common; they are up to 9 mm in diameter and are 
enclosed in micritic matrix and commonly filled by authigenic carbonate 
(Fig. 2D). Some wood fragments have Teredolites trace fossils, made by 
wood-boring bivalves (Kelly, 1988; Kelly et al., 2000). Sample-2 
comprised micrite and some patches of equant calcite cement; Sample- 
1 had micrite only.

4.2. Carbon and oxygen stable isotopes

The analyzed carbonates have δ13C values between − 54.2 and − 4.9 
‰ and δ18O values between − 12.7 and + 3.2 ‰ (Fig. 3, Supplementary 
Table S1). Micrite is typified by 13C-depletion with values varying from 
− 51.3 to − 6.8 ‰; peloidal micrite yielded low δ13C values of around 
− 51 ‰. Banded and botryoidal cement shows the most negative δ13C 
values of all carbonate phases, varying from − 54.2 to − 29.7 ‰. δ18O 
values of micrite and banded and botryoidal cement range from − 11.3 
to +3.2 ‰; only sample Seep-24 yielded positive δ18O values. Equant 
calcite cement yielded the least negative δ13C values, ranging from 
− 36.9 to − 9.9 ‰ and relatively uniform δ18O values with an average of 
around − 11 ‰. The Caspiconcha shell samples has δ13C values of − 5.7 
and − 4.9 ‰ and δ18O values of − 0.1 and 1.0 ‰.

Fig. 3. Carbon and oxygen stable isotope composition of carbonate phases. 
Values are relative to V-PDB standard.
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4.3. Lipid biomarker inventory

The samples from Seep-27, Seep-24, Seep-8, and Seep-3 contain 
significant amounts of molecules in the hydrocarbon and carboxylic acid 
fractions, as well as some polycyclic aromatic hydrocarbons in the ar
omatic fraction. All samples reveal a predominance of isoprenoids in the 
hydrocarbon fractions. The carboxylic acid fractions are dominated by 
short-chain fatty acids, mostly n-fatty acids and terminally branched 
fatty acids and accompanied by isoprenoic acids. Small amounts of 
organic sulfur compounds (OSCs) are also found in the hydrocarbon 
fractions of samples Seep-24, Seep-8, and Seep-3. The total contents of 
compounds in the hydrocarbon and carboxylic acid fractions does not 
vary significantly in the various samples. The total inventory of com
pounds and their carbon isotopic compositions are shown in Table 1.

4.3.1. Hydrocarbon fractions
The hydrocarbon fractions include minor n-alkanes, which comprise 

about 20 % of the total content in the hydrocarbons of samples Seep-27, 
Seep-24, Seep-8, and Seep-3. Generally, n-alkanes range from n-C14 to n- 
C29, with short-chain n-alkanes with less than 24 carbons predominat
ing. Among the short-chain alkanes, n-C16 to n-C19 and n-C23 are most 
abundant in all samples. The n-alkanes are accompanied by terminally 
branched alkanes, iso- and anteiso-alkanes ranging from C14 to C19.

The most abundant compounds in all samples are isoprenoids with 
an average proportion of 65 % of all hydrocarbon compounds, with the 
combined tail-to-tail linked C20 isoprenoid crocetane (2,6,11,15- 

tetramethylhexadecane) and the head-to-tail linked phytane (2,6,10,14- 
tetramethylhexadecane) peak amounting to 2639 ng/g rock (Seep-3) to 
5489 ng/g rock (Seep-8); for the combined crocetane/phytane peak, 
crocetane accounts for 59 % and 63 %, respectively. Tail-to-tail linked 
2,6,10,15,19-pentamethylicosane (PMI) reveals contents as high as 
2609 ng/g rock (Seep-8), accounting for 20 % of all hydrocarbon com
pounds in the four samples on average. The tail-to-tail linked C30 iso
prenoid squalane is present in all samples with low contents of 98 to 185 
ng/g rock, representing an average proportion of 1 %. Other groups of 
isoprenoids comprise head-to-tail linked farnesane, nor-pristane, and 
pristane with a total content averaging 8 % in all samples. The only 
head-to-tail linked pseudohomologue isoprenoid found is 2,6,10,14-tet
ramethylheptadecane (C21-isoprenoid) in samples Seep-24 and Seep-3, 
amounting to 3 % of all hydrocarbons on average. Organic sulfur com
pounds (OSCs) are found in the three younger samples and mainly 
included PMI-thianes with total contents of 164, 185, and 120 ng/g rock 
for the samples Seep-24, Seep-8, and Seep-3, respectively (Fig. 4).

Compound-specific δ13C values of the hydrocarbon fraction vary 
between − 124 ‰ (pristane and mixed crocetane/phytane, sample Seep- 
8) and − 30 ‰ (n-C20-alkane, sample Seep-27). The lowest δ13C value of 
n-alkanes is − 108 ‰ (n-C14-alkane, samples Seep-8 and Seep-27). 
Sample Seep-8 also yielded the lowest δ13C values of isoprenoids, 
ranging from − 124 ‰ (pristane and crocetane/phytane) to − 104 ‰ 
(squalane), whereas the highest δ13C values of isoprenoids are present in 
sample Seep-27 (− 57 ‰; nor-pristane). Generally, the mixed crocetane/ 
phytane peak and PMI are the most 13C-depleted compounds for all 

Table 1 
Contents of selected lipid biomarkers and their compound-specific carbon stable isotope compositions.

Sample Seep-27 Seep-24 Seep-8 Seep-3

Compound Content (ng/g) δ13C (‰) Content (ng/g) δ13C (‰) Content (ng/g) δ13C (‰) Content (ng/g) δ13C (‰)

n-alkanes
n-C14 90 − 108 27 tr 40 − 108 45 − 95
n-C17 831 − 38 224 − 57 146 − 104 107 − 69
n-C20 492 − 30 158 − 57 77 − 88 109 − 56
n-C23 555 − 95 165 − 89 153 − 105 177 − 81

Terminally branched alkanes
iso-C14 68 − 100 15 tr 26 tr 24 − 93
anteiso-C14 34 − 110 6 tr 18 tr 18 tr
iso-C15 199 − 71 89 − 71 108 − 94 92 − 76
anteiso-C15 82 tr 41 tr 60 − 92 48 − 70
iso-C16 159 − 85 80 − 90 105 − 102 77 − 90
anteiso-C16 140 − 88 58 − 89 69 − 106 59 − 94
iso-C17 271 − 54 139 − 80 90 − 94 76 − 93
anteiso-C17 209 − 49 83 − 81 81 − 103 45 − 95

Isoprenoids
nor-pristane 499 − 57 158 − 80 196 − 110 122 − 101
Pristane 1206 − 60 516 − 92 716 − 124 408 − 113
crocetane/phytane (%) 4849 (54) − 105 2806 (51) − 114 5489 (63) − 124 2639 (59) − 119
C21-isoprenoid (regular) n.d. 211 − 104 n.d. 122 co
PMI, irregular 2505 − 118 1965 − 113 2609 − 122 1409 − 117
Squalene 185 tr 98 − 92 113 − 104 101 tr

Branched fatty acids
iso-C15 947 − 90 996 − 88 789 − 99 615 − 90
anteiso-C15 673 − 89 620 − 87 550 − 98 476 − 91
anteiso-/iso-C15 ratio 0.7 0.6 0.7 0.8
10me-C16 181 − 75 166 − 86 151 − 92 151 − 90
iso-C17 523 − 92 523 − 90 433 − 107 300 − 92
anteiso-C17 324 − 87 287 − 91 402 − 106 211 − 94

Isoprenoic acids
Phytanoic acid 1446 − 101 1421 − 107 1253 − 112 829 − 111
C21-isoprenoic acid (regular) 241 − 107 162 − 104 334 − 113 80 − 103
PMI-acid (regular) 161 − 111 129 − 110 155 − 120 69 − 107

ng/g, ng/g rock; tr, trace amounts; n.d., not detected; n.m., not measured due to low contents; co, co-elution; δ13C values are in ‰ vs. V-PDB; PMI-acid, 3,7,11,15,19- 
pentamethylicosanoic acid; numbers in brackets designate percentage of crocetane in mixture.
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samples. The most 13C-depleted terminally branched alkanes are iso- and 
anteiso-C14 in sample Seep-27 with δ13C values of − 100 ‰ and − 110 ‰, 
respectively, followed by iso- and anteiso-C16 with values of − 102 ‰ and 
− 106 ‰, respectively in sample Seep-8 (Table 1, Fig. 5).

4.3.2. Carboxylic acid fractions
The n-fatty acids are the most abundant compounds in the carboxylic 

acid fraction with an average of 51 % of all compounds, followed by 
terminally branched fatty acids with an average of 30 %. The chain 
lengths of n-fatty acids varied from C12 to C28, and the highest contents 
are found for n-C16 with 2495 ng/g rock in sample Seep-27. Among the 
branched fatty acids, iso- and anteiso-C15 fatty acids are the most 

abundant compounds with total contents of 1417 ng/g rock on average, 
followed by iso- and anteiso-C17 with lower total average contents of 751 
ng/g rock. Isoprenoic acids are found with an average content of 1671 
ng/g rock; among the isoprenoids, phytanoic acid is most abundant with 
an average content of 1237 ng/g rock (Fig. 6). Other isoprenoic acids 
make up less than 3 % of the carboxylic acids.

The isoprenoic acids yielded the lowest δ13C values in the carboxylic 
acid fraction, ranging from − 115 ‰ (Seep-8) to − 106 ‰ (Seep-27) on 
average. The lowest δ13C values were obtained for head-to-tail linked 
3,7,11,15,19-pentamethylicosanoic acid (PMI-acid) with values as low 
as − 120 ‰ in sample Seep-8. Terminally branched iso-C15 and -C17 fatty 
acids yielded the lowest values of − 99 ‰ and − 107 ‰, respectively in 

Fig. 4. Relative proportions (%) of compounds in hydrocarbon fractions. br, branched; Cr/Ph, crocetane/phytane; PMI, 2,6,10,15,19-pentamethylicosane; Sq, 
squalane; OSC-PMI, sulfurized PMI.

Fig. 5. Partial gas chromatogram (FID) of the hydrocarbon fraction and compound-specific carbon isotopic values (‰ vs. V-PDB) of selected compounds for sample 
Seep-8. White circles, n-alkanes with number of carbon atoms; black triangles, iso- and anteiso-alkanes; gray triangles, isoprenoids; nor-Pr, nor-pristane; Pr, pristane; 
Cr, crocetane; Ph, phytane; PMI, 2,6,10,15,19-pentamethylicosane; Sq, squalane; Istd, internal standard.

S. Wang et al.                                                                                                                                                                                                                                   Palaeogeography, Palaeoclimatology, Palaeoecology 680 (2025) 113349 

6 



sample Seep-8 (Table 1, Fig. 7).

4.3.3. Aromatic compounds
Aromatic hydrocarbons are dominated by perylene and show lower 

amounts of pyrene, fluoranthene, phenanthrene, and other polycyclic 
aromatic hydrocarbons with or without methyl-groups. Perylene has 
contents of 157, 109, 40, and 159 ng/g rock in samples Seep-27, Seep- 
24, Seep-8, and Seep-3, respectively. Among the samples, perylene is the 
most abundant aromatic compound in samples Seep-27, Seep-24, and 
Seep-3, while the content of perylene in Seep-8 is quite low, and the total 
content of other aromatic hydrocarbon compounds is mostly below 100 

ng/g rock in all samples (Fig. 8).

5. Interpretations and discussion

5.1. Carbonate microfabrics and carbon and oxygen stable isotopes

The carbonate cement facies and carbon stable isotope values of 
Seep-27, Seep-24, Seep-8, and Seep-3 are typical of those found in 
modern and ancient seep deposits, confirming the inference in Kelly 
et al. (2000) that the carbonate bodies containing the large bivalve 
fossils in the Kuhnpasset Beds were formed by hydrocarbon seepage. 

Fig. 6. Relative proportions (%) of compounds in carboxylic acid fractions. FAs, fatty acids; br, branched; Ph-acid, phytanoic acid; PMI-acid, 3,7,11,15,19-pentam
ethylicosanoic acid.

Fig. 7. Partial gas chromatogram (FID) of the carboxylic acid fraction and compound-specific carbon isotopic values (‰ vs. V-PDB) of selected compounds for sample 
Seep-8. White circles, n-fatty acids with carbon atoms; black triangles, iso- and anteiso-fatty acids; gray triangles, isoprenoic acids; 10me-16, 10me-C16 fatty acid; Ph, 
phytanoic acid; iso-C21, 2,6,10,14-tetramethylheptadecanoic acid; PMI, 3,7,11,15,19-pentamethylicosanoic acid; Istd, internal standard.
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However, we could not confirm this for Seep-1 and Seep-2 (our Sample-1 
and Sample-2) of Kelly et al. (2000), because these deposits do not have 
complex internal carbonate cements, and their δ13C values are more 
typical of those of non-seep-associated carbonate concretions (cf. Rais
well and Fisher, 2000). Further, Sample-1 and Sample-2 do not contain 
the large bivalves found in the seep deposits, but rather a sparse bivalve 
fauna in common with the host sediments recorded in Kelly et al. (2000).

The evaluation of the hydrocarbon fluid composition based on 
δ13Ccarbonate values alone is equivocal due to the fact that an unquanti
fied mixture of different carbon sources like seawater dissolved inor
ganic carbon (DIC) and DIC resulting from the oxidation of sedimentary 
organic matter, oil-derived hydrocarbons, and methane as well as re
sidual DIC from a pore-water pool affected by methanogenesis can 
produce variable isotope compositions (Himmler et al., 2008; Akam 
et al., 2023). Despite an unquantified degree of mixing of different 
carbon sources, δ13Ccarbonate values as low as − 54 ‰ of the banded and 
botryoidal cement from the Seep-27, Seep-24, Seep-8, and Seep-3 de
posits not only confirm the presence of methane in the Kuhnpasset 
seepage fluids, but such low values also suggest a biogenic origin of 
methane (cf. Whiticar, 1999; Fig. 3). Microfabrics with less negative 
δ13C values, as for example the matrix micrite, agree with mixed carbon 
sources and a higher proportion of marine DIC compared to the banded 
and botryoidal cements (Peckmann and Thiel, 2004; Kiel et al., 2021).

Yellow calcite, which has been interpreted to result from the 
recrystallization of an aragonite precursor (Zwicker et al., 2018), is 
abundant in many ancient seep deposits (Beauchamp and Savard, 1992; 
Campbell et al., 2002; Hagemann et al., 2013). Unfortunately, this phase 
could not be sampled separately for the analysis of δ13Ccarbonate values 
due to its close association with the volumetrically more abundant 
banded and botryoidal cement. Yellow calcite and its predecessor yellow 
aragonite have been interpreted as fossilized biofilms of SD-AOM con
sortia (Hagemann et al., 2013; Zwicker et al., 2018; Smrzka et al., 2025). 
In the Kuhnpasset seep deposits, yellow calcite is always closely asso
ciated with banded and botryoidal cement, commonly producing 
alternating sequences of the two cements. Such alternations have also 
been reported for modern seep deposits (Smrzka et al., 2025). The 
abundance of yellow calcite in all of the seep deposits studied herein is 
consistent with the obtained biomarker inventories, suggesting a 

dominance of the ANME-2 clade, and the high contents of SD-AOM 
biomarkers, agreeing with the presence of abundant biofilms of SD- 
AOM consortia at the Kuhnpasset seeps (see chapter 5.2 for details on 
lipid biomarkers). The latest carbonate cement phase (equant calcite 
cement) exhibits less negative δ13C values (− 18.2 to − 11.4 ‰) than the 
early cements, but still records substantial 13C-depletion, unlike marine 
carbonates forming from seawater DIC. Such 13C-depletion suggests 
contributions from carbon sources other than seawater DIC. Similar δ13C 
values from equant calcite cement in other seep carbonates have been 
interpreted to reflect decarboxylation of organic compounds during late 
diagenesis (Peckmann et al., 2013).

Oxygen isotopic compositions are more easily compromised than 
carbon isotopic compositions during later stages of diagenesis due to the 
influence of burial temperature and fluid composition (Tong et al., 
2016). The δ13C and δ18O values from the Kuhnpasset seep deposits 
show a common trend where the early phase micrite, and banded and 
botryoidal cement are less 18O-depleted and more 13C-depleted than 
later phases, which is a common pattern for ancient seep deposits 
(Campbell et al., 2002; Peckmann et al., 2002). The most likely expla
nation for the observed 18O-depletion of the later phases is an influence 
of meteoric water or moderately higher temperatures during late 
diagenesis (cf. Peckmann et al., 2002; Himmler et al., 2008; Campbell 
et al., 2010). A deep burial and strong thermal overprint can be excluded 
though since the lipid biomarker inventory does not agree with signif
icant alteration due to thermal stress, especially when compared with 
other examples of Mesozoic seep deposits (Peckmann et al., 1999; Birgel 
et al., 2006a).

5.2. Methane seepage and SD-AOM recorded in Kuhnpasset Beds

The two tail-to-tail linked isoprenoid hydrocarbons crocetane and 
PMI are the most abundant compounds in almost all of the studied 
Kuhnpasset samples. Both molecules are accessory lipids in archaeal 
membranes (Salvador-Castell et al., 2019). The extremely 13C-depleted 
isoprenoid lipids with values as low as − 124 ‰ allow an assignment to 
ANMEs that consumed biogenic methane (cf. Peckmann and Thiel, 
2004). The finding that biogenic methane was the major carbon source 
confirms the interpretation of Kelly et al. (2000), who previously 

Fig. 8. Partial gas chromatogram (FID) of the aromatic fraction for sample Seep-3. Phe, phenanthrene; me-, methyl; dime-, dimethyl; trime-, trimethyl.
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suggested that biogenic methane was the most likely carbon source of 
the SD-AOM community, given the limited sediment thickness of the 
shallow buried Middle Jurassic to Lower Cretaceous strata in the study 
area. Whereas crocetane is especially abundant in ANME-2, PMI is 
common in all ANMEs (Blumenberg et al., 2004; Niemann and Elvert, 
2008). The ANME-2-specific lipid crocetane co-elutes with phytane and 
shows similar δ13C values as PMI, which agrees with an assignment of 
phytane to ANMEs as well. Based on the premise that crocetane (making 
up 57 % on average of the combined peak) and PMI, which are most 
likely derived from the same ANME source, have similarly low isotopic 
values, it is probable that phytane is an exclusive or close to exclusive 
degradation product of archaeol or sn2-hydroxyarchaeol in the Kuhn
passet samples, not deriving from allochthonous sources (cf. Birgel et al., 
2006b; Xu et al., 2022). The least 13C-depleted combined crocetane/ 
phytane peak had a value of − 105 ‰ and an offset of 13 ‰ with PMI for 
sample Seep-27, where other sources of phytane like chlorophyll de
rivatives or contributions of this compound from methanogenic archaea 
are possible. Probably, chlorophyll derivatives were among the sources 
of phytane in this case, because pristane and shorter nor-pristane also 
exhibited slightly higher δ13C values and pseudohomologization of 
phytane as observed for other Mesozoic and Paleozoic seep deposits (cf. 
Birgel et al., 2008b; Blumenberg et al., 2012; Wang et al., 2024) was not 
observed.

Other than these tail-to-tail linked and head-to-tail linked isoprenoid 
hydrocarbons, the Kuhnpasset samples also contain head-to-tail-linked 
phytanoic acid, which is probably a degradation product of ANME- 
derived glycerol diether membrane lipids like archaeol or sn2-hydrox
yarchaeol (cf. Xu et al., 2022). However, the assignment of phytane and 
phytanoic acid to specific ANMEs is problematic because the original 
sn2-hydroxyarchaeol/archaeol ratio has been altered and cannot be 
calculated any longer (cf. Blumenberg et al., 2004). Still, the overall 
scarcity of n-alkanes and the presence of 13C-depleted phytanoic acid are 
more consistent with an archaeal origin of both compounds than input 
from allochthonous sources. The δ13C offset of 4 to 12 ‰ between 
phytanoic acid and the mixed crocetane/phytane peak may indicate that 
different archaeal sources have existed for the various phytanyl moi
eties. Additionally, head-to-tail linked PMI-acid is detected in all four 
samples with δ13C values as low as − 120 ‰ (Seep-8). This compound 
possibly derived from the cleavage and subsequent oxidation of 
extended archaeol and extended hydroxyarchaeol (cf. Stadnitskaia 
et al., 2008). Similarly, the presence of 13C-depleted regular C21-iso
prenoic acid (− 113 ‰; Seep-8) can be explained by cleavage of glycerol 
diether lipids comprising at least one C25 isoprenoid chain (Grice et al., 
1998; Birgel et al., 2006b, 2008b; Stadnitskaia et al., 2008). While the 
regular C21 isoprenoid was only found in small amounts in sample Seep- 
24, showing the same δ13C value as C21-isoprenoic acid, regular PMI was 
not identified in the Kuhnpasset samples, possibly masked by the co- 
eluting and more abundant irregular PMI (cf. Birgel et al., 2006b).

Other diagnostic lipids of the Kuhnpasset seep carbonates are head- 
to-head linked acyclic biphytanes (in traces in sample Seep-8), which are 
degradation products of glycerol dialkyl glycerol tetraethers (GDGTs) 
commonly produced by ANME-1 in seep environments (Birgel et al., 
2008b; Schouten et al., 2013; Liu et al., 2016); though ANME-2 can also 
produce GDGTs in lower abundance (Elvert et al., 2005). Biphytanoic 
diacids, which are putative derivatives of ANME-1 that are commonly 
abundant in ancient seep deposits (Birgel et al., 2008a), are lacking in 
the Kuhnpasset samples. Their absence agrees with the predominance of 
ANME-2 consortia in the Kuhnpasset seeps. Unfortunately, the low 
volume of sulfurized PMIs found in the Seep-24, Seep-8, and Seep-3 
samples precluded the analysis of compound-specific δ13C values. The 
formation of sulfurized PMIs agrees with sulfurization of reactive pre
cursor molecules due to high levels of hydrogen sulfide produced by 
intense SD-AOM and scarcity of reactive iron during early diagenesis (e. 
g., Sinninghe Damsté et al., 1988, 1989a, 1989b; Werne et al., 2000; 
Amrani, 2014) as previously suggested for sulfurized ANME biomarkers 
found in Permian seep deposits of Western Australia (Wang et al., 2024).

At modern seeps, ANME-2 are closely associated with their syntro
phic partners in the SD-AOM consortium, sulfate-reducing bacteria of 
the Desulfosarcina/Desulfococcus group (Boetius et al., 2000; Elvert et al., 
2003; Niemann and Elvert, 2008). Even though the Kuhnpasset samples 
are of Cretaceous age, the fatty acid inventory is largely unaffected by 
secondary input, representing a close to primary composition of the 
bacterial partners in SD-AOM apart from the absence of unsaturated 
fatty acids. The pronounced 13C-depleteion of the terminally branched 
iso- and anteiso-C15 and-C17 fatty acids with δ13C values spanning from 
− 99 to − 87 ‰ and − 107 to − 87 ‰ records the utilization of methane- 
derived carbon with only minor influence of allochthonous input. An 
average ratio of anteiso- over iso-C15 of 0.7 is consistent with the 
dominance of ANME-2-associated Desulfosarcina in the Kuhnpasset seep 
environment (cf. Niemann and Elvert, 2008; Birgel et al., 2011; Guan 
et al., 2013; Feng et al., 2014; Himmler et al., 2015). Similar to modern 
seep environments, sulfate-reducing bacteria other than Desulfosarcina 
were present in the Kuhnpasset seep environment as indicated by the 
occurrence of 13C-depleted 10me-C16 fatty acid (− 92 to − 75 ‰), a 
compound typically associated with Desulfovibrio (Hinrichs et al., 2000; 
Niemann and Elvert, 2008; Chevalier et al., 2013); such strong 13C- 
depletion of bacterial lipids is also common at modern seeps (Hinrichs 
et al., 2000; Elvert et al., 2003; Blumenberg et al., 2004; Himmler et al., 
2015). Because of thermal alteration, the original fatty acid patterns of 
SD-AOM are typically more severely compromised in Mesozoic or 
Paleozoic seep deposits compared to what is observed for the Kuhn
passet deposits, reflected by the transformation of fatty acids to alkanes 
with similarly low δ13C values for more thermally-mature seep deposits 
(Birgel et al., 2006a, 2008b; Wang et al., 2024). Only few Mesozoic seep 
deposits of low maturity and minor thermal overprinting show a similar 
preservation pattern of fatty acids (e.g., Birgel et al., 2006a; Williscroft 
et al., 2017) as preserved in the Kuhnpasset seep carbonates, which 
makes this set of samples valuable in reconstructing the predominating 
SD-AOM community. Interestingly, in samples Seep-27, Seep-24, and 
Seep-3, iso- and anteiso-C15 alkanes are found but show an offset of 19, 
17, and 18 ‰ toward higher δ13C values compared to the iso- and 
anteiso-C15 fatty acids. Moreover, an offset as high as 38 ‰ between iso- 
and anteiso-C17 alkanes and fatty acids in sample Seep-27, together with 
a low average ratio of anteiso-/iso-C15 alkanes of 0.5, points to some 
variability in the composition of the bacterial population in the Kuhn
passet seep environment (cf. Birgel et al., 2008b; Kiel et al., 2021).

The presence of 13C-depleted n-tricosane (δ13C values as low as 
− 105 ‰) in the Kuhnpasset samples, a compound more abundant than 
other n-alkanes with a similar number of carbon atoms, is in accord with 
SD-AOM; n-tricosane apparently derives from bacteria involved in or 
associated with SD-AOM (cf. Thiel et al., 2001; Peckmann et al., 2007; 
Chevalier et al., 2013). This compound is accompanied by other, short 
chain n-alkanes (n-C14 to n-C18); especially n-C14 alkane with an average 
value of − 104 ‰ and n-C17 alkane with a value of − 104 ‰ in sample 
Seep-8 are also possibly derived from the degradation of fatty acids or 
alkyl glycerol ether lipids (cf. Kiel et al., 2021).

The lipid inventory of the Kuhnpasset seep deposits records a mi
crobial community performing SD-AOM consuming biogenic methane, 
as evidenced by the extremely 13C-depleted archaeal and bacterial bio
markers. The carbon isotope offset between parent methane and ANME- 
2 lipids is about − 50 ‰ (cf. Niemann and Elvert, 2008); consequently, 
δ13Cmethane values calculated for the Kuhnpasset lipids vary between 
− 70 and − 60 ‰ (cf. Himmler et al., 2015). Further, the lipid inventory 
points to ANME-2 and Desulfosarcina/Desulfococcus (DSS) consortia, 
prokaryotes adapted to high seepage intensities. Abundant crocetane, 
the low abundance of biphytanes, absence of biphytanoic diacids, and 
low ratios of anteiso-/iso-C15 fatty acids (0.7), along with the 13C- 
depleted, former aragonite cement (yellow and banded and botryoidal 
cement) now recrystallized to calcite (cf. Haas et al., 2010), typify 
ANME-2 consortia common at seafloor sites with vigorous seepage 
(Elvert et al., 2005; Peckmann et al., 2009). Compared to ANME-1, 
ANME-2 typically dwell at shallower sediment depth (Elvert et al., 
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2005; Knittel et al., 2005; Guan et al., 2013), resulting in carbonate 
authigenesis close to the sediment-water interface at times of high 
methane flux (Peckmann et al., 2009; Haas et al., 2010).

Methane seepage began in the early Barremian in the Kuhnpasset 
area, recorded by Seep-27 (Kelly et al., 2000; Bang et al., 2022; Fig. 1B). 
In this deposit, and over the next three million years of the Barremian, 
the lipid inventories and the abundance of early diagenetic fibrous 
cement at the seeps indicate the dominance of ANME-2-consortia, sug
gesting a shallow positioning of the SMTZ and a high methane flux (cf. 
Peckmann et al., 2009; Feng et al., 2014), leading to the establishment of 
a rich benthic macrofauna, including taxa that were probably chemo
symbiotic (Fig. 9). The presence of abundant sunken wood and well- 
preserved leafy conifer shoots (Supplementary Fig. 3) indicates a loca
tion of the seeps not far from the paleo-shoreline.

5.3. Entombment of sunken wood in seep carbonate

The presence of Teredolites trace fossils (some definitively produced 
by the wood-boring genus Turnus) in the wood pieces in the seep de
posits poses the question whether the Kuhnpasset seep deposits can, in 
part, also be classified as examples of wood-falls (Young et al., 2022). 
Fossilized wood fragments are accessory components of some ancient 
seep deposits (e.g., Beauchamp et al., 1989; Peckmann et al., 2002; 
Himmler et al., 2008; Zwicker et al., 2015). Some of the wood fragments 
in these deposits have been found to be bioeroded by wood-boring bi
valves (Hryniewicz et al., 2016). Interestingly, sunken wood represents 
a predominant carbon source of marine heterotrophic organisms 
consuming components like hemicellulose, cellulose, and lignin, which 
can also be utilized by chemosynthesis-based communities (Fagervold 
et al., 2012).

Fossilized wood has commonly been reported to yield abundant ar
omatic compounds like perylene, a compound interpreted to represent a 
biomarker of wood-degrading fungi (Jiang et al., 2000; Bechtel et al., 
2007; Grice et al., 2009; Marynowski et al., 2013). It has been confirmed 
that the reduction of fungal-derived perylenequinone pigments to per
ylene occurs during early diagenesis (Louda and Baker, 1984; Jiang 
et al., 2000; Grice et al., 2009). The preservation and diagenetic trans
formation of the precursors of perylene is restricted to reducing 

conditions during deposition and burial, typically favored by either high 
sedimentation rates or fast entombment by authigenic carbonate (Orr 
and Grady, 1967; Aizenshtat, 1973; Wakeham et al., 1979; Jiang et al., 
2000). For the Kuhnpasset seep deposits, excellent preservation of 13C- 
depleted ANME and bacterial lipids agrees with fast entombment, also 
enabling the preservation of perylene.

However, the lipid inventory – and particularly the pronounced 13C- 
depletion of individual biomarkers – of the Kuhnpasset seep carbonates 
reveals that wood was not the major carbon source of the local benthic 
microbial community. Likewise, other than perylene, no diagnostic 
fungal lipids were found, for example fungal steroids (cf. Leefmann 
et al., 2008). Therefore, wood degradation was not the major process 
that sustained the local benthic communities. Probably, most wood 
degradation had already taken place before the wood fragments were 
engulfed in the authigenic methane-derived carbonates at the Kuhn
passet seep sites.

6. Conclusions

Petrography, stable carbon isotopes, and lipid biomarkers of authi
genic carbonate deposits from different stratigraphic positions of the 
Kuhnpasset Beds indicate methane seepage in a shallow marine envi
ronment of the Early Cretaceous in northeast Greenland, spanning three 
million years during the Barremian. The excellent preservation of lipid 
biomarkers compared with other Mesozoic or Paleozoic seep deposits 
suggests that the Kuhnpasset seep deposits were not affected by deep 
burial and thermal overprinting. Extremely 13C-depleted archaeal and 
bacterial lipids reveal that the Kuhnpasset seep ecosystem was based on 
sulfate-driven anerobic oxidation of methane (SD-AOM). The encoun
tered lipid inventories together with the presence of abundant early 
diagenetic fibrous cement indicate the predominance of ANME-2 con
sortia adapted to high methane flux, using biogenic methane as carbon 
source. SD-AOM driven carbonate authigenesis resulted in the engulf
ment of wood fragments, suggesting, in combination with well- 
preserved leafy conifer shoots, a paleogeographic position close to the 
ancient shoreline. The fossilized wood fragments have been biodegraded 
to different degrees, with most biodegradation apparently predating SD- 
AOM activity and carbonate authigenesis.

Fig. 9. Schematic diagram illustrating SD-AOM and carbonate formation at the Kuhnpasset seeps. In these nearshore, shallow-water sites, seep activity was vigorous 
and sunken wood and other plant material was common. DIC, dissolved inorganic carbon; ANME, anaerobic methanotrophic archaea; SRB, sulfate-reducing bacteria; 
SD-AOM, sulfate-driven anaerobic oxidation of methane.
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