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Evidence of Arctic methane emissions across the
mid-Pleistocene
Giuliana Panieri 1✉, Jochen Knies1,2, Sunil Vadakkepuliyambatta3, Amicia L. Lee4,6 & Carsten J. Schubert 5

During the Pleistocene, Earth’s climate changed dramatically. The mid-Pleistocene transition

(MPT; ~1.3–0.7 million years (Ma)) featured an important ice volume increase at both poles.

The evolution of large Arctic ice sheets caused the sequestration of methane as free gas and

hydrates in subseabed sediments. Ice volume changes, associated with variable pressures

and temperatures, perturbed those giant reservoirs, causing methane leakages. Here, we

present borehole data from the Arctic–Atlantic gateway region, providing foraminiferal stable

carbon isotope and source-specific biomarker evidence that reveals three main seafloor

leakage episodes that occurred prior to and across the mid-Pleistocene transition. By com-

bining borehole data with hydrate stability modelling, we propose that tectonic stress

changes associated with large ice volume early build-up and wastage during the mid-

Pleistocene controlled episodic methane leakages from subsurface reservoirs. Our data

indicate methane release, showing a potential scenario for vast Arctic areas storing methane

that are now affected by ongoing ice volume decrease.

https://doi.org/10.1038/s43247-023-00772-y OPEN

1 CAGE – Centre for Arctic Gas Hydrate, Environment and Climate, Department of Geosciences, UiT The Arctic University of Norway, Tromsø, Norway.
2 Geological Survey of Norway, Trondheim, Norway. 3 National Centre for Polar and Ocean Research (NCPOR), Ministry of Earth Sciences, Government of
India, Headland Sada, Goa, India. 4 Department of Geosciences, UiT The Arctic University of Norway, Tromsø, Norway. 5 EAWAG, Swiss Federal Institute of
Aquatic Science and Technology, Kastanienbaum, Switzerland. 6Present address: JBA Risk Management, No 1 Broughton Park, Old Ln, Broughton, Skipton
BD23 3FD, UK. ✉email: giuliana.panieri@uit.no

COMMUNICATIONS EARTH & ENVIRONMENT |           (2023) 4:109 | https://doi.org/10.1038/s43247-023-00772-y | www.nature.com/commsenv 1

12
34

56
78

9
0
()
:,;

http://crossmark.crossref.org/dialog/?doi=10.1038/s43247-023-00772-y&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s43247-023-00772-y&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s43247-023-00772-y&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s43247-023-00772-y&domain=pdf
http://orcid.org/0000-0001-9411-1729
http://orcid.org/0000-0001-9411-1729
http://orcid.org/0000-0001-9411-1729
http://orcid.org/0000-0001-9411-1729
http://orcid.org/0000-0001-9411-1729
http://orcid.org/0000-0003-1668-5967
http://orcid.org/0000-0003-1668-5967
http://orcid.org/0000-0003-1668-5967
http://orcid.org/0000-0003-1668-5967
http://orcid.org/0000-0003-1668-5967
mailto:giuliana.panieri@uit.no
www.nature.com/commsenv
www.nature.com/commsenv


Through the Quaternary (from 2.6 Ma years ago to the
present), glacial and interglacial cycles driven by orbital
processes caused the growth and decay of ice sheets in both

hemispheres. These enormous changes in ice volume affected the
stability of large amounts of methane stored as free gas and
hydrate in the subseabed1.

One of the most intriguing time intervals of the Quaternary is
the mid-Pleistocene transition (MPT) between ~1.3 and
~0.7 Ma2, when the periodicity of glacial cycles gradually changed
from dominantly 41- to 100-kyr cycles, without any known
attributable change in orbital forcing3,4. The proposed internal
climate feedback mechanisms include changes in ocean
circulation5, sea ice extent6 and ice sheet dynamics7. These
changes led to modifications in the global carbon cycle because of
decreasing atmospheric CO2 (pCO2)8 and accurately reflected the
onset of 100-kyr glacial cycles. The exposure of continental for-
mations under ice sheets, after the removal of a thick regolith
cover by glacial erosion, enabled the build-up of taller ice sheets
during the MPT, favouring the establishment of more extended
periods of ice ages9. The increase in the severity of glaciations that
paralleled the emergence of the 100-kyr cycles at approximately
1250 ka impacted the Antarctic ice volume, which increased
abruptly at ~900 ka7. In the Northern Hemisphere, ice sheets
likely covered a similar area prior to and after the MPT2,10,
implying that post-MPT ice sheets were substantially thicker than
pre-MPT glaciation2. The Barents and Kara Seas shelves (Fig. 1)
are areas predestined for building large ice sheets during
glaciation7. These Eurasian marine-based grounded ice sheets
may have contributed considerably to the ‘surplus’ glaciations
since the MPT11.

The first shelf-edge glaciations in the Barents Sea occurred
between 1.6 and 1.5 Ma, synchronous with a pronounced increase
in subglacial erosion12,13. Evidence for mega-scale tabular ice-
bergs or ice sheets grounding on the Yermak Plateau and NW
Svalbard14–16 (Fig. 1) suggests an important increase in the ice
volume of the Eurasian ice sheets between ~950 and ~800 ka. This
time interval falls within the period of a substantial increase in the
sea ice extent in the Pacific6, enhanced deep carbon storage in the
Atlantic17, and Antarctic ice volume increase7.

While there are consistencies in a substantial bipolar increase
in ice volume throughout the MPT, the effect of these ‘surplus’
glaciations at both poles on the widely occurring methane and gas
hydrate reservoirs18,19 in previously glaciated continental margins
remains unknown.

In the Arctic, the most major known methane expulsion events
from dissociating gas hydrates occurred during the rapid melting
of kilometre-thick ice sheets at the end of the last (~22–18 kyrs
BP) and penultimate (~140 kyrs BP) glaciations20–24. However,
prior to those events, no direct evidence of methane outbursts
from decomposing hydrates and underlying gas accumulations in
the circum-Arctic exists. The question of whether the ‘surplus’
glaciations and the evolving thicker ice sheets throughout major
transitions in Quaternary climate dynamics had any impact on
the stability of Arctic gas hydrates remains unresolved, and it
cannot currently be tested due to the paucity of greenhouse gas
data from ice core records25.

To assess whether changing Arctic ice sheet dynamics impac-
ted or had a causal effect on submarine methane emissions during
the Quaternary, we combined foraminiferal stable carbon isotope
and source-specific biomarker records from Ocean Drilling Pro-
gram (ODP) Site 912 (Yermak Plateau, NW Svalbard) (Fig. 1 and
Supplementary Tables 3 and 4) with numerical modelling of gas
hydrate stability (Supplementary Fig. 3). The findings suggest that
three major methane seafloor emissions (ME I, ME II, and ME
III) occurred parallel to the increased Northern Hemisphere ice
volume around the MPT. We promote tectonic stress, as sug-
gested from modelling experiments for the Arctic–Atlantic gate-
way region26, as the dominant factor for these seafloor leakages
prior to and across the MPT, causing repeated fault reactivation
linked to glacial isostatic adjustments (GIAs) due to advancing
and retreating ice sheets in the Barents Sea since its first shelf-
edge glaciation at ~1.6–1.5 Ma.

Results
Lithostratigraphy and age model. ODP Leg 151, Hole 912A
(79°57.557’N, 5°27.360’E, 1037 m water depth), is located on the
southern Yermak Plateau (Fig. 1). Hole 912A drilled into a 145.4-
m-thick sequence of predominantly dark grey, unlithified,
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structureless to moderately bioturbated silty clays and clayey
silts27,28. The entire sedimentary section represents the last ca
2.2 Ma29.

The age model is based on magneto- and biostratigraphic
data27 and is supported by new stable oxygen isotope analyses of
benthic foraminifera, Cassidulina teretis-neoteretis, from this
study (Fig. 2 and Supplementary Tables 2 and 3) and high-
resolution seismic data that permit correlation between ODP
Holes 910C, 911A, and 912A29 (see details in the Method
section). Briefly, the interval from 24.6 to 36.5 metre below the
seafloor (mbsf) is characterised by variable inclinations corre-
sponding to the upper Matuyama Chron (~0.78–0.99Ma) and the
Jaramillo Subchron (C1r.1n, ~0.99–1.07Ma). The Cobb Moun-
tain (C1r.2r-1n; 1.20–1.21 Ma) and Olduvai Subchrons (C2n,
~1.78–1.95Ma) are identified within 53.8–54.7 and
107.1–121.6 mbsf, respectively. Sedimentation rates between these
magnetic boundaries vary between 4 and 13 cm/ka (see details in

the Method section). Correlating the benthic δ18O record of Hole
912A to the global LR04 stack30 (Fig. 2) helps to further constrain
the stratigraphic framework for the onset of the MPT. Several
intervals with lighter δ18O values (<4‰) between 75 and 95 mbsf
are correlated to interglacial marine isotope stages (MIS) 47–57
(~1.4–1.6 Ma). Applying this age model, the occurrence of ice-
rafted debris (IRD) input (>500–1000 µm; Supplementary
Table 6) and the number of dropstones (Supplementary Table 7)
show initial peaks at ~1.6–1.5 Ma and a subsequent gradual
increase across the MPT to an IRD maximum at approximately
1Ma (Supplementary Fig. 2). Adjacent to Site 912, high-
resolution seismic data show high-amplitude reflections, suggest-
ing a potential gas accumulation29 (Fig. 1 and Supplementary
Fig. 1). Some of these bright reflections show characteristics of a
bottom-simulating reflection (BSR), indicating the presence of gas
hydrates31. In addition, numerous faults are associated with gas
accumulations, indicating faults as potential migration pathways
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Fig. 2 Stratigraphic correlation of ODP Hole 912A with global records. a Palaeomagnetic interpretation27 and new benthic stable oxygen isotope data in
Hole 912A vs depth (metre below seafloor, mbsf). Ages for chron boundaries are according to ref. 93. b Global LR04 stable oxygen isotope stack30 and
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for fluids in this area. BSRs also occur south of Site 912, along
with multiple bright high-amplitude reflectors and faults (Fig. 1
and Supplementary Fig. 1).

Microscopic and spectroscopic analyses of benthic for-
aminiferal tests. Well-preserved pristine foraminiferal tests in
sediments from Hole 912A are optically smooth and have high
reflectance and transparency, except during intervals prior to and
across the MPT, in which the tests have experienced different
degrees of diagenetic alteration. In these intervals, the for-
aminiferal tests appear white or yellow in reflected light micro-
scopy and have lost their optically smooth surface texture,
transparency, and reflectance. Often, the tests are characterised by
a coating of a secondary phase confirmed by scanning electron
microscope (SEM) observations. Further analyses with energy-
dispersive X-ray spectroscopy (EDS) and electron backscattered
diffraction on tests of Melonis barleeanus, Fursenkoina cf.
acuta, Stainforthis feyilingi and Cassidulina spp. reveal that the
coating is a secondary authigenic carbonate overgrowth. The
authigenic carbonate coating is at least 10-μm thick and is present
both on the test walls of the outer chambers and on the test walls
of the inner chambers. Carbonate precipitation embedded minute
grains of siliceous and aluminium mineral phases (Fig. 3). Some
of the foraminiferal tests contain framboidal pyrite (Fig. 3).
Because the foraminiferal biogenic calcite and authigenic calcite
layer phases have the same crystallographic orientation, for-
aminifera serve as preferred nucleation templates for authigenic
calcite precipitation at methane seeps32.

Stable isotopic data of foraminiferal species. A composite stable
carbon (δ13C) record was constructed from various planktonic
(Neogloboquadrina pachyderma) and benthic foraminiferal species
(Cassidulina teretis-neoteretis, Melonis barleeanus, Fursenkoina cf.
acuta and Stainforthia feylingi) (Fig. 4; Supplementary Table 3
displays all the δ13C results also from foraminifera values that are
not shown in the composite record). The δ13C values of planktonic
and benthic foraminifera range between −1.2 and 0.1‰ and
between −2.0 and 0.5‰, respectively, in almost all sediment hor-
izons of Hole 912A and are consistent with values characteristic of
well-oxygenated marine conditions from the Arctic Ocean and
northern Barents Sea33. However, prior to and across the MPT,
both planktonic and benthic foraminifera show major negative
carbon isotope excursions at three intervals: between 1.66 and
1.57Ma (ME I), where the values range from−0.78‰ in C. teretis-
neoteretis to−23.2‰ in F. cf. acuta, between 1.26 and 1.04Ma (ME
II), where−1.06‰ is the value recorded by C. teretis-neoteretis and
−28.91‰ is the lowest recorded by F. cf. acuta and between 0.81
and 0.72Ma (ME III), where the values range between −3.24 and
−12.91‰ in planktonic foraminifera N. pachyderma (Fig. 4 and
Supplementary Table 3). Those negative values recorded in benthic
and planktonic foraminifera are consistent only with a for-
aminiferal signal affected by secondary carbonate overgrowth.
Similar depletion of the carbon isotopic composition was pre-
viously reported from ancient methane seeps34.

Biomarkers. Anaerobic oxidation of methane (AOM)-related
biomarkers of archaea (archaeol) and sulfate-reducing bacteria
(SRB) (iso- and anteiso-C15:0 fatty acids) were identified in all the
samples analysed within the three foraminiferal carbon isotope
excursions recorded prior to and across the MPT. The average
concentrations of archaeol, iso-C15:0 and anteiso-C15:0 for bac-
terial lipids were slightly higher at ME III at ~1.64Ma (0.14, 1.02,
and 1.76 μg g−1 sediment) than at ME II and ME I in the MPT
(0.33, 0.72, and 1.29 μg/g sediment) (Fig. 4 and Supplementary
Table 3). The highest concentrations of bacterial lipids, here iso-

and anteiso-branched C15:0 fatty acids prior to and across the
MPT (~1.67 and 2.85 μg g−1 dry weight, respectively), indicate
the presence of SRB35, which have been found in AOM envir-
onments (ref. 36 and references therein). We suggest that SRB are
the species occurring in our core, although other bacteria could
comprise the fatty acids. However, sulfate reduction performed by
SRB is the overwhelming process for organic matter degradation
in the marine realm37. The presence of AOM-related biomarkers
of archaea (archaeol) and SRB exactly where the three for-
aminiferal carbon isotope excursions occur suggests methane
oxidation in the sediment and involvement of methane-oxidising
microorganisms in the precipitation of secondary carbonate on
foraminiferal tests.

Discussion
Evidence for Arctic methane emissions across the mid-
Pleistocene. Geochemical and stratigraphic data from Site 912 on
the Yermak Plateau provide evidence for episodic methane release
prior to and across the MPT. Migration of methane was activated
three times: from ~1.6 to 1.5Ma, during the tipping point of the first
Barents Sea shelf-edge glaciation and across the MPT, at the onset at
~1.2 and at the end of the midpoint at ~0.7Ma, coinciding with an
important increase in the ice volume of the Eurasian ice sheets. The
three inferred main seafloor methane emission episodes are labelled
as ME I, ME II and ME III (Figs. 4 and 5). The source of methane is
believed to be derived from deep sediments, corresponding to old
carbon reservoirs38. Recent modelling results in the study region
revealed that gaseous hydrocarbons, originating from Miocene-aged
terrestrial organic matter, accumulated in early Pleistocene sedi-
mentary sequences and have been episodically released at the sea-
floor since ~1.5Ma26. Our seismic data at Site 912 support a deep
methane source, showing a vertical fluid migration system trans-
porting fossil hydrocarbons from greater depths (Fig. 1 and Sup-
plementary Fig. 1).

When methane reaches the seafloor, biogeochemical processes
that involve microbes, chemical elements, and minerals leave
their fingerprint in the sedimentary archive. At ME I, ME II, and
ME III, we recognise secondary overgrowth on foraminiferal tests
with isotopically light carbonate that resulted from methane
oxidation together with the presence of pyrite around and inside
foraminiferal tests (Fig. 3). These observations suggest syn-
sedimentary methane oxidation at the sulfate–methane transition
zone (SMTZ) close to the seafloor or within the first decimetres.
That this methane was oxidised at the seafloor or in subsurface
sediments is further indicated by the negative δ13C excursions
recorded in foraminifera (up to −28.9‰). Depleted δ13C isotope
values in foraminifera are widely considered to reflect methane
seepage. They are used to identify the periodic release of methane
at various times in Earth’s history24,39–42. Foraminifera can
incorporate 13C-depleted methane-derived dissolved inorganic
carbon (DIC) during biomineralization while alive43,44 and may
ingest 13C-depleted methanotrophic microbes43,44. Recent evi-
dence of foraminifera inhabiting sediments impacted by gas
hydrate dissociation shows a close association with putative
methanotrophs45. However, the shift to more negative δ13C
values at Site 912 prior to and across the MPT (up to −28.9‰) is
the result of secondary authigenic carbonate overgrowth at the
SMTZ, as indicated by the microscopic inspection and EDS and
EBDS analyses (see Methods and data displayed in Fig. 3). The
formation of authigenic carbonates by precipitation of bicarbo-
nate with calcium ions follows an increase in alkalinity due to two
relevant biogeochemical processes: (1) the oxidation of organic
matter under anoxic conditions or (2) the AOM46. The first
process would release DIC, with isotopic composition of the
organic material that settles to the seafloor, which at the water
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depth of Site 912 was mainly phytoplankton and marine algae
with an isotopic value of approximately −21‰47. Hence, as
observed in our data, this process would never result in
isotopically depleted foraminiferal shells (up to −28.9‰). On
the other hand, the second process would release very isotopically
depleted DIC since oxidised methane would result in the
formation of DIC that is isotopically very light, for example,
down to −46‰ in cores from the north-eastern South China
Sea48. It must also be noted that at the current SMTZ in Hole
912A, at ca. 15 mbsf27, the δ13C values of foraminifera are within
the range of the normal marine environment (~−0.5‰).

Interestingly, the δ13C values of F. cf. acuta and S. feylingi are
always more negative than those recorded by C. teretis-neoteretis
(Fig. 4). While C. teretis-neoteretis are epifaunal-shallow
species49,50, Fursenkoina acuta and S. feylingi are deep infaunal
species51 that exhibit a lower δ13C in the primary shell52,53. This
phenomenon occurs because the isotopic composition of the
bottom water controls the isotopic composition of epifaunal
species. In contrast, the infaunal species is controlled by the pore-
water isotopic composition, where the DIC values already include
DIC derived from the degradation of isotopically light organic
material. Hence, the 13C-depleted values of the diagenetic

Fig. 3 Examples of diagenetic alterations in foraminiferal tests from methane sites. The images are from specimens from ME I, where the sediments
were affected by past methane emissions and exhibit test alteration evidenced by backscatter-scanning electron microscopy (SEM) images (a, b) and
energy-dispersive X-ray spectroscopy (EDS) images (c–g). SEM images and backscatter electron (BSE) images from cross-sections of the benthic
foraminifera Melonis barleeanus (a) and Fursenkoina cf. acuta (b) exhibit the presence of methane-derived authigenic carbonate (MDAC) coatings around
the calcite test. In M. barleeanus (a), the primary test with evident pores is still visible on the upper left side of the image corresponding to the first
chambers. Fursenkoina cf. acuta (b) tests have lost the optically smooth surface texture, transparency and reflectance. They are pervaded by a pervasive
coating of MDAC, presenting moderate diagenetic alteration, according to ref. 94. The BSE images of cross-sections of M. barleeanus (d, e) and Fursenkoina
cf. acuta (f) show the presence of the MDAC coating throughout the tests. The secondary electron images show the chemical characterisation of
foraminifera primary tests and secondary overgrowth, presented as point analyses (I–VI in panel d, with relative spectra) and as compositional maps (blue
indicates calcium, Ca; green indicates magnesium, Mg; red indicates silicon, Si; yellow indicates aluminium, Al). SEM image and backscatter electron (BSE)
images from cross-sections of the benthic foraminifera Cassidulina teretis (c–g) show the presence of rounded clots formed by micrometric pyrite crystals
precipitated inside the test (point analyses VII in panel g and relative spectra).
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carbonate overgrowth on F. cf. acuta and S. feylingi shells occur
because the isotopically light carbonate from AOM is added to
the already negative values of the primary tests biomineralised in
an infaunal habitat. The presence of pyrite inside the forami-
niferal tests (Fig. 3), pyrite-encrusted tube-like features that are
probably fossil worm tubes, and the increase in total sulfur

(Supplementary Fig. 2) at ME I, ME II and ME III corroborate the
syn-sedimentary nature of the methane emissions. It supports
observations of similar encrusted tubes found in cold seeps at
Vestnesa Ridge that are attributed to frenulate siboglinid
worms54,55, typical seep fauna.

Other biological evidence for a syn-sedimentary nature of the
methane leakages at the three past methane excursions involves
microbial biomarkers. According to former publications56,57,
methane oxidation was related to a consortium of bacteria and
archaea58, namely, the AOM community. However, according to
recent studies59,60, methane oxidation was also associated with
Archaea that do not build consortia. In our research, we found
lipid biomarkers of Archaea but also SRB in the sediments prior
to and across the MPT (Fig. 4 and Supplementary Table 4).
Furthermore, the strongly 13C-depleted values of the archaea-
derived compounds (archaeol and OH-archaeol) provide compel-
ling evidence for AOM. The distinct negative 13C-depleted value
of archaeal lipids of −93.7‰ at 1.6 Ma and −66.3‰ at the MPT
reflect the utilisation of methane as a carbon source, as indicated
by several previous investigations61–64. Values of archaeol δ13C
(−62‰) similar to those measured at the MPT were obtained, for
example, from microbial mats in 0–2 cm of sediment at the
Håkon Mosby Mud Volcano active methane seep site64,65 and
from microbial mats elsewhere (−88‰)66. The co-occurrence of
the archaeal lipid archaeol, sn-2-hydroxyarchaeol, together with
fatty acid-derived SRB is similar to microbial biomarker
assemblages found in seepage sites on continental margins56,67,68.

The archaeal and SRB biomarker concentrations typically
reach maxima close to the SMTZ, where archaeal biomarkers are
depleted in δ13C67. However, the SRB fatty acids in our sediments
are not heavily isotopically depleted (isoC15:0, δ13C=−25.3‰;
anteiso C15:0, δ13C=−26.3‰), which means that they are not
involved in AOM but rather only in organic matter degradation.
As mentioned above, it is not unusual that AOM is performed
only by archaeal cells (namely, ANME-2). Hence, it is very likely
that a single organism performed AOM in our core. Altogether,
we can state that in addition to the isotopic composition of the
carbonaceous overgrowth of the foraminifera, we find strong
evidence for AOM close to the surface sediments by the
drastically depleted isotopic composition of biomarkers related
to methane-oxidising microorganisms.

Mechanisms for methane leakage. The high-amplitude reflec-
tions and BSRs adjacent to Site 912 suggest the presence of
shallow gas accumulations rising from deep reservoirs below the
Yermak Plateau (Figs. 1 and 5). The BSRs occur adjacent to faults
and fractures, which likely supply gas to the current hydrate
stability zone. These faults may also have acted as conduits for
transferring old carbon to the seafloor during past methane
emission episodes ME I, ME II and ME III, as postulated and
modelled for Vestnesa Ridge, NW Svalbard26,69.

Past dynamics of Arctic methane seepage are generally inferred
to be associated with the repeated waxing and waning of glacial
ice20,21,34. On the formerly glaciated Barents Sea continental
margins, high-pressure and low-temperature subglacial conditions
have favoured the sequestration of methane and heavier natural
gases in hydrate form70. It is known that such hydrates experienced
dissociation after the Last Glacial Maximum (LGM) when the ice
sheet started to retreat20,21,71. The consequent large-scale methane
release resulted in the formation of seafloor craters and domes20,21

and precipitation of MDAC22. Similar large craters have been
recently found in the frozen Yamal Peninsula in Siberia72,73.
Researchers have suggested that increased temperature causes
permafrost thawing and collapse for these remarkable features,
releasing methane trapped as a hydrate in the frozen ground73.

Fig. 4 Compilation of background data and biogeochemical evidence
indicate methane leakages during methane excursions ME I–ME III in
Hole 912A. a The recovered sediment from Hole 912A is shown in grey.
Epochs and ages are according to ref. 29. The palaeomagnetic record is from
ref. 27, where black = normal polarity and white = reversed polarity.
b Benthic δ18O record LR04 stack (in ‰ vs Vienna PeeDee Belemnite
VPDB)30. c δ13C stable isotopes of selected planktonic and benthic
foraminifera expressed in ‰ vs VPDB. Depleted values characterise
methane emission events ME I, ME II and ME III. d AOM lipid biomarkers
measured within ME I, ME II and ME III show the presence of anaerobic
oxidation of methane (AOM)-related biomarkers of archaea (archaeol) and
sulfate-reducing bacteria (SRB). The typical AOM consortia indicate the
presence of methane oxidation and processes involved in the formation of
secondary authigenic carbonate overgrowth in foraminiferal tests. See
Supplementary Table 3 for the complete dataset of δ13C values measured in
planktonic and benthic foraminifera and Supplementary Table 4 for the
biomarker data.
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However, in deep-water settings (>1000 m), such as the
Yermak Plateau, gas hydrates trapped in sediments are less
vulnerable to temperature variations. Instead, pressure changes
due to sedimentation or erosion can considerably affect hydrate
stability (e.g., ref. 74). Fault reactivation and syn-depositional
deformation due to changes in ice sheet configuration cause
glacial tectonic stress, inducing rapid build-up of excess pore fluid
pressure and the subsequent flow of fluids through faults and
triggering fault movement and fracturing69,75,76. In a deep-water
(>1000 m) gas hydrate system on Vestnesa Ridge (off NW
Svalbard), repeated tapping of hydrocarbon reservoirs due to
fracture formation and reactivation promoted by GIA and
forebulge formation has been responsible for the long-term
pattern of methane seepage23,24,26,34,77.

To test the impact of gas hydrate evolution on methane
seepage, the gas hydrate stability zone (GHSZ) at Site 912 was
simulated between 0.7 and 2.0 Ma, incorporating transient

variations in sea level78 and varying sedimentation rates29. The
model shows that the base of the GHSZ shifted multiple times
during the modelled period in response to changes in sea level
and increasing overburden due to sedimentation and deposition
of IRD-rich deposits at the study site (Supplementary Fig. 3).
Most of these shifts at the base of the GHSZ were <20 m. Such
variations might have resulted in increased pore pressure at the
base of the GHSZ and methane release at the seafloor (e.g.,
ref. 74). However, since carbon isotope anomalies in planktonic
and benthic foraminifera and AOM biomarker abundance occur
only prior to and across the MPT at Site 912, we rule out the
possibility of large-scale methane emissions controlled by sea-
level-induced variability in the GHSZ. Alternatively, we propose
that shelf-edge glaciations and associated reactivation of faults
and fractures trigger methane release at the seafloor during
episodes ME I, ME II and ME III. The onset of episodic seafloor
seepage during ME I is associated with the end of a phase
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Fig. 5 Mid-Pleistocene methane release on the Yermak Plateau, NW Svalbard. a Conceptual model of glacial intensification (~1.6–1.5 Ma) and MPT ice
sheet grounding (~1.0 to ~0.8Ma). The locations of ODP Sites 910 and 912 are indicated. b Upon glacier retreat, hydrate dissociation and fault reactivation
contributed to intense methane release at the seafloor during ME I, ME II and ME III. c Present-day environment in the study area, where the stable isotope
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characterised by high sediment input to the trough mouth fan
systems offshore Svalbard, suggesting strong glacial erosion and
the development of large ice sheets over Svalbard13, also testified
by an increase in IRD and dropstones in Hole 912A (Supple-
mentary Fig. 2). On the Yermak Plateau, this glacial intensifica-
tion is best illustrated by the start of crestal erosion and the first
occurrences of large iceberg plough marks on the eastern and
western slopes29. Recent modelling results from a broader study
region (W Svalbard and the Yermak Plateau) indicate that glacial
forebulge formation during extensive ice growth and decay in the
same period caused extensional fracturing, resulting in fault
damage of potential gas accumulations underlying the vast study
area26. A similar mechanism has been proposed for methane
seepage at Vestnesa Ridge, which hosts a gas hydrate system
>50 km seaward from the ice sheet grounding line and 100 km
seaward of the maximum ice extent during the LGM79, and
during the penultimate glacial maximum (~160,000–133,000
years ago), when the ice sheet fluctuation resulted in a vertical
lithosphere displacement of up to approximately 60 m23. Hence,
glacially driven forebulge formation is extensive, and ice wastage
during numerous Pleistocene glacial–interglacial cycles has
potentially caused large-scale methane release upon deglaciation
due to fracture formation and fault reactivation.

Mid-Pleistocene methane emissions during intervals of Arctic
ice sheet growth and wastage. We provide evidence of Arctic
methane seepage dynamics paralleled by expansive mid-
Pleistocene ice sheets in the wider Barents Sea region. Our
empirical observations of enhanced methane seepage during
episodes ME I–ME III support recent modelling results proposing
repeated forebulge uplift and subsidence during glacial cycles with
associated fracture formation and reactivation since the first
shelf-edge glaciation of the Barents Sea ice sheet26,80. However,
our observations further indicate that with increased ice volumes
and recurrent glacial–interglacial cycles during the mid-Pleisto-
cene, reservoirs of old carbon (e.g., gas hydrates and shallow gas
accumulations) were repeatedly affected by fault damage, leading
to persistent migration pathways and thus widespread methane
seepage. Considering the prevalence of old carbon reservoirs
beneath glaciated continental margins across the circum-Arctic,
an area of 33 million km2 of hydrocarbon reserves, and the fact
that grounded ice sheets directly influenced this region during the
LGM and previous glaciations20,81, glacially driven forebulge
formation and ice wastage during Pleistocene glacial–interglacial
cycles potentially caused large-scale methane release upon
deglaciation. Indeed, remnants of methane leakage on formerly
glaciated margins since the last deglaciation are widespread in the
circum-Arctic73,82,83. Whether leaking gas from old carbon
sources contributed to an enhanced atmospheric methane con-
centration once the first shelf-edge ice collapsed ~1.5 Ma years
ago remains unresolved. While Greenland ice cores are still
underexplored, methane from old carbon sources has been absent
in Antarctic ice cores since the last deglaciation84. Most of the
methane in these ice cores is inferred to be derived from the
decomposition of recently formed organic carbon, such as plants
and soil. Given the substantial size of old carbon reservoirs in the
Arctic81 and widespread leakage following the last
deglaciation20,22 until today71,82,83, the apparent small effect of
this source on global climate fluctuations remains a mystery.

Methods
Samples for this study were taken at the Bremen IODP repository during three
sampling parties. Core depth in centimetres (with zero at the top of the section) is
reported throughout.

Chronology. The age model of Hole 912A is originally based on magnetostrati-
graphic interpretation27 and subsequently used to establish a comprehensive
stratigraphic framework for the Yermak Plateau through integration with paleo-
magnetic and biostratigraphic interpretation from ODP Hole 910C and Hole 911A
as well as the correlation of high-resolution seismic data between all sites29. Five
age fixpoints were identified in Hole 912A and are illustrated in Fig. 2 and Sup-
plementary Table 1. The interval from 24.6 to 36.5 mbsf is characterised by variable
inclinations corresponding to the upper Matuyama Chron (~0.78–0.99 Ma) and
the Jaramillo Subchron (C1r.1n, ~0.99–1.07Ma). The Cobb Mountain (C1r.2r-1n;
1.20–1.21 Ma) and Olduvai Subchrons (C2n, ~1.78–1.95Ma) are identified
between 53.8 and 54.7 and 107.1 and 121.6 mbsf, respectively. Sedimentation rates
between these magnetic boundaries vary between 3 and 13 cm kyr−1. Linear
sedimentation rates calculated for the three lowermost Subchron boundaries (Cobb
Mountain top, Olduvai top and base) in Hole 912A, however, show constant values
between 8.7 and 9.2 cm kyr−1. Interpolation of these constant rates provides an age
for the onset of methane emission episode (ME) 1 at ~1.67 Ma at ~97 mbsf. The
age is further supported by new, though, typically for Arctic sediments, erratic
stable oxygen isotope (δ18O) analyses of benthic foraminifera Cassidulina teretis-
neoteretis (Fig. 2). Applying the same constant sedimentation rate model to the
benthic δ18O record, interglacial MIS 47, 53, 55, and 57 (~1.42–1.64Ma) are
identified by visual correlation of light stable oxygen isotope intervals to the global
LR04 stack30 (Fig. 2). The identification of the MPT (~1.3–0.7 Ma) is approxi-
mately constrained by the Brunhes/Matuyama boundary (~0.78Ma) at 24.6 mbsf
and the top of the Subchron Cobb Mountain (~1.2 Ma) at 53.8 mbsf where there
are the two methane emission episodes named ME II and ME III respectively. The
onset of the second methane emission episode (ME II) coincides with the top of the
Cobb Mountain Subchron (~1.2 Ma) and the onset of the third methane emissions
ME III coincides with C1n.

Total sulfur and ice-rafted debris count. Sediment samples from Hole 912A were
freeze-dried, ground, and homogenised at the Geological Survey of Norway
(NGU). Samples for total sulfur contents (30–40 g) were combusted at 1350 °C and
analysed using a LECO SC-632. All results are given in weight per cent (wt%)
(Supplementary Table 5), and the standard deviation was ± 0.06 wt%. The limits of
detection were 0.06 and 0.1 wt%. The IRD count was performed on the free-dried
samples; the coarse fraction (500–1000 µm) was determined by wet-sieving and
presented as percentages (%) of the bulk fraction (Supplementary Table 6).

Stable isotopic analyses of foraminifera. Benthic (C.teretis-neoteretis [Sei-
denkrantz, 1995], C.reniforme Nørvang 1945, Melonis barleeanus [Williamson,
1858], Fursenkoina acuta [d´Orbigny, 1846], and Stainforthia feylingi [Knudsen
and Seidenkrantz, 1994]) and planktic foraminifera (Neogloboquadrina pachy-
derma sinistral (sin) [Ehrenberg, 1861] N. Atlantica [Berggren, 1972) were picked
for isotope measurements from the dry residue of the >125-μm size fraction. These
species were selected since they are abundant throughout the cores, and some of
them (C.teretis-neoteretis, Melonis barleeanus, and Neogloboquadrina pachyderma
sinistral) are common in the Arctic Ocean33,85,86 and have already been investi-
gated at Arctic seep sites32,34,86,87. Each sample of C. teretis-neoteretis (142 sam-
ples), M. barleeanus (27 samples), F. cf. acuta (10 samples), S. feylingi (4 samples),
and N. pachyderma sin (110 samples) consisted of 10–20 tests. Foraminiferal shells
were placed in 4.5 mL vials and flushed with He gas. Five drops of water-free
H3PO4 were added manually. After equilibration (>3 h at 50 °C), the samples were
analysed. Carbon (δ13C) and oxygen (δ18O) isotope analyses of foraminiferal tests
were performed using a Thermo Scientific MAT253 IRMS coupled to a Gasbench
II at UiT. In-house standards (1.96‰, −10.21‰, and −48.95‰ for (δ13C and
−2.15‰ and −18.59‰ for (δ18O) were used for calibration and analytical pre-
cision was estimated to be better than ±0.08‰ for oxygen and ±0.03‰ by mea-
suring the certified standard NBS-19. We report all isotope results in standard delta
notation relative to VPDB.

Elemental composition of foraminifera tests. SEM energy-dispersive X-ray
analyses of randomly picked individuals of several specimens of Cassidulina spp.,
Melonis barleeanus, and Fursenkoina cf. acuta (>125 μm) from sediment samples
from the Hole 912A ME I (sample at 94.49 mbsf) were carried out with a Zeiss
Merlin VP Compact SEM equipped with an EDS x-max 80 system by Oxford
Instruments, combined with the analytical software AZtec. For 3D analyses,
samples were mounted on carbon tape. For 2D sections, samples were mounted in
resin blocks and polished with ¼ μm diamond paste and colloidal silica. The
samples were carbon-coated with a 5-nm carbon coat to prevent charging. Analyses
were performed at an accelerating voltage of 20 kV and a working distance of
9–10 mm with a 120-μm aperture. These EDS data for chemical characterisation
are presented as a compositional map in Fig. 3. Normalised element maps are
coloured by individual elements and overlain to show chemical variations.

Biomarkers. Biomarker analyses were performed on seven samples chosen where
benthic foraminifera exhibited a change in species in the assemblages, and isotopic
measurements showed negative carbon excursions. Freeze-dried sediment
(20–50 g; Supplementary Table 4) was extracted and homogenised. Total lipids
were extracted by a SOLVpro Microwave Reaction System (Anton Paar, Graz,
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Austria) at 70 °C for 7 min with 15 mL (7:3; v/v) of dichloromethane (DCM)/
methanol (MeOH). For quantification, a known mixture of 5α-cholestane, C19
n-alcohol and C19:0 fatty acid was added to the extract. Total lipid extracts (TLE)
were then transferred to separation funnels containing 20 mL of nanopure water
(H2O) with 5% sodium chloride to remove salts. The TLE was recovered from the
saline aqueous phase by liquid-liquid extraction using 3 × 10 mL DCM. The extract
was run over a Cu column to remove elemental S and over a column filled with
Na2SO4 to remove traces of water. Extracts were then saponified at 80 °C for 3 h
using 3 mL of 1 N KOH in MeOH. After saponification, solvent-extracted nano-
pure H2O was added to the saponified TLE. Neutral lipids were recovered by
liquid-liquid extraction of hexane, while the acid fraction was extracted from the
aqueous phase after the addition of 6M HCl. Neutrals were further separated using
500 mg/6 mL Isolute Si gel columns (Biotage, Uppsala, Sweden) with increasingly
polar solvents. The polar fraction was derivatised (1 h at 80 °C) with N,O-bis-
trimethylsilyltrifluoroacetamide (BSTFA, Supelco). Fatty acids were derivatised
with 14% BF3/MeOH (Sigma-Aldrich) to produce methyl esters (FAMEs).
Archaeol and fatty acids were identified by gas chromatography-mass spectrometry
(GC-MS-QP2010 Ultra, Shimadzu) and quantified with a GC2010 gas chromato-
graph by splitless injection at 280 °C. A Gl Sciences Inertcap 5MS (30 m × 0.25
mm × 0.25 μm) GC column was used. The temperature programme of the oven
was held for 1 min at 80 °C, heated to 130 °C at 20 °C/min, and then to 320 °C at
5 °C min−1 (held for 10 min). Compound-specific δ13C values were obtained using
gas chromatography isotope ratio mass spectrometry (GC-IRMS). Samples were
injected with a TriPlusRSH autosampler into a split/splitless injector operated in
splitless mode at 280 °C on a GC-1310 gas chromatograph (Thermo Scientific,
Bremen, Germany) equipped with an InertCap 5MS column (30 m × 0.25 mm ×
0.25 μm) (GL Sciences, Japan, run with the same temperature profile as above) and
interfaced with a Delta V Advantage IRMS (Thermo Scientific) with a ConFlow IV
(Thermo Scientific). Isotope values were measured using Thermo Isodat 3.0 soft-
ware relative to pulses of working gas measured at the beginning and end of each
analysis. Sample δ13C values were normalised to the VPDB scale using known
values of isotopic standards (n-C17, 19, 21, 23, 25, 28, and 34 alkanes, Arndt
Schimmelmann, Indiana University), which were run at the beginning and end of
each sequence, as well as after every 6–8 sample injections.

Transient modelling of gas hydrate stability. The evolution of gas hydrate
stability at ODP Site 912 during the period 0.7–2Ma was simulated by incorpor-
ating pressure changes due to sea level variations (from ref. 78) and pressure and
temperature variations due to sedimentation (with sedimentation rates from
ref. 29). The effect of ice load was not accounted for in the model since there is no
evidence of grounded glaciers at Site 912. The subsurface temperature evolution
was assumed to be gradual, whereas the subsurface pressure change was considered
instantaneous. Although multiple glaciations have affected the continental shelf
close to Site 912, this model assumes that subglacial conditions did not exist at Site
912 and that the impact of glaciations was negligible. To estimate the variation in
the GHSZ at Site 912, a 1D model with 5000 cells (1 m resolution) is generated with
the upper boundary at the seafloor and the basal boundary 5000 mbsf. The initial
conditions at the start of the model run at 2Ma were set using past sea level data
from78, sedimentation rates from ref. 29, an assumed bottom water temperature of
−1 °C, a linear thermal gradient of 65 °C km−1 27and a thermal diffusivity of
4.58 × 10−7 m2 s−1 (based on thermal conductivity, specific heat capacity, and bulk
density of sediments from ODP 912). The bottom water temperature is assumed to
be constant throughout the model run. The water depth at the top boundary of the
model varies over the period from 2 to 0.7 Ma based on the sea level and sedi-
mentation rates. In contrast, the bottom boundary shifts along with changes in
water depth, keeping the cell number constant. The diffusive heat transport
resulting from sedimentation is estimated using an explicit finite-difference
numerical solution of the heat equation88,89 discounting heat flow variations due to
hydrate formation and dissociation. The time step for the model run is estimated as
1/(4 × thermal diffusivity). The base of hydrate stability at each time step is then
calculated by integrating the subsurface thermal profile with the theoretically
predicted gas hydrate phase boundary generated using the CSMHYD
programme90. This programme estimates the pressure at which hydrates are stable
for any given temperature, taking into account the composition of gas-forming
hydrates and the presence of inhibitors of hydrate formation (e.g., salt). We assume
pure methane gas and a pore-water salinity of 35‰ for evaluating the hydrate
phase boundary. The pressure estimate from CSMHYD is converted to depth using
standard values for the density of seawater (1027 kg m−3) and acceleration due to
gravity (9.8 m s−2), assuming hydrostatic pressure.

Data availability
The data used in this study can be accessed at https://doi.org/10.18710/FSLZAB,
DataverseNO, V1.
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