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1 Introduction 

According to the sixth assessment report (AR6), of Intergovernmental Panel on Climate Change 

the global surface temperature has risen about 1.1°C since the late 19th century (IPCC, 2023). 

The Arctic, in particular the Barents Sea is experiencing rapid climate change. It has been 

observed, that in recent decades due to the progressing climate change the Arctic experiences 

an expansion of Atlantic water into the Arctic basin, called the “Atlantification” (e.g., Tesi et 

al., 2021; Spielhagen et al., 2011; Jernas et al., 2010; Årthun et al. 2012; Polyakov et al., 2017). 

Among others, this process is manifested by severe reductions in sea-ice coverage which results 

in a large decrease in the thickness of the winter sea ice (Kwok and Rothrock, 2009), and most 

importantly temperature is increasing four times faster than the global annual average. 

Throughout the Quaternary period (2.6 Ma – present) Earth´s climate has been characterized 

by the oscillations between colder glaciations and warmer interglacial (Hays et al., 1976). These 

oscillations, with a frequency of ⁓100 000 years, have been driven by the changes in the Earth`s 

orbital parameters and the subsequent amount of solar radiation on Earth (Lisiecki and Raymo, 

2005; Hayes et al., 1976). The ongoing climate change is rapid and caused largely by 

anthropogenic greenhouse gas emission into the atmosphere (IPCC, 2023; Howarth et al., 

2011). The atmospheric methane concentrations in 2019 were higher than at any point during 

at least the last 800 000 years (IPCC, 2023). 

Methane can be produced within the deep marine sediments by exposing deep complex organic 

molecules to high temperatures or at the shallow depth by microbial transformation of organic 

and inorganic carbon (Strąpoć et al., 2020). At temperatures lower than 25°C and pressure 

between 3–5 MPa, and sediment depth of 300–400 m, methane forms solid, ice-like structures 

called methane hydrates/gas hydrates (Rupppel and Kessler, 2017). It has been estimated that 

the gas hydrates constitute the most significant carbon reservoir on Earth (Kvenvolden, 1988). 

Large amounts of methane are stored within Arctic continental shelves (Judd and Hovland, 

2007; Shakhova et al., 2005). 

Gas hydrates are sensitive to environmental changes e.g., increasing temperatures or changes 

in pressure (Maslin et al., 2010). Increasing bottom water temperatures and reduced pressure 

within the seafloor can result in the destabilization of gas hydrate deposits and in the release of 

significant amounts of methane from the gas hydrates (Sloan, 1990; El bani Altuna et al., 2021). 

Abrupt methane emissions from marine sediments may reach the atmosphere, and thus 
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reinforcing already progressing climate change (Hovland et al., 1993). Given the ongoing ocean 

warming, there are increasing concerns and a need to assess the gas hydrate stability and the 

natural emissions of methane from marine sediments in the future (IPCC, 2007). 

The main ambition of this thesis was to study the relationship between isotopic signature of 

fossil foraminifera and past methane emission at Storfjordrenna Pingos site (South of Svalbard) 

during the last deglaciation in context of past climatic changes.  The main objectives were to 

investigate 1) isotopic signatures (δ13C and δ18O) of foraminiferal tests from sediments affected 

by methane, 2) the microstructure and elemental distribution of the foraminiferal tests (SEM-

EDS), 3) the solid-state chemical composition of the sediment (XRF), 4) the magnetic 

susceptibility record of the sediments, 5) the ice rafted debris content of the sediment (IRD), 

and 6) the subjective foraminiferal abundance record. 
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2 Theoretical background 

2.1 Study site 
 

The study site is located on the north-western part of the Barents Sea (Fig. 1a), on the outer 

part of the Storfjordrenna Trough. It is located ca. 50 kilometers south from the southern tip 

of Svalbard archipelago (Fig.1b). 

Storfjordrenna is a cross-shelf trough, a seaward extension of the Storfjord. It ends on the 

continental shelf-break and opens to the Norwegian Sea. The trough is 250 km long and up to 

420 m deep and has a width of 125 km on the self-break (Fig. 1b). The trough was formed by 

a former ice stream and has served since as a drainage route for the eroding ice streams during 

the glaciations (Laberg & Vorren 1996; Howat et al., 2010).  

Numerous cross-shelf oriented channels upon the outer part of the Storfjordrenna trough 

indicate former ice stream erosion. The study site is in the northernmost channel. Mega-scale 

glacial lineations (MSGL´s) (Fig. 2c) and several generations of plough marks and grounding 

zone wedges upon the channels indicate alternating ice- sheet dynamics during the last 

deglaciation (Shackleton et al., 2020). 

 

 

 

 

 

 

 

 

 

 
Figure 1. A) location of the north-western Barents Sea, B) The study site at 
the outer part of the Storfjordrenna Trough. The NAC transports warm 
Atlantic Water (AW) and the WSC transports cold Arctic Water (ArW) to the 
study site. 
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Five distinct, conical, subcircular and elongated Gas Hydrate Pingoes (GHP; Serov et al., 2017) 

are found within a 2.5 km2 area at the study site (76 °N 16 °E). The GHPs stand out 8 – 10 m 

higher than the surrounding seafloor and they are 280 – 450 m in diameter. The present-day 

water depth at the study site is ∼ 380 m (Fig. 2a, c) The GHPs are consisted of soft cohesive 

muds, gas hydrates and authigenic carbonates (Serov et al., 2017). They leak dissolved and free 

methane gas (Hong et al., 2017) (Fig. 2c).  

The GHP 5 (Fig. 2b) is considered being in a “post-active stage” based on the lack of 1) 

hydroacoustic anomalies in the water column above the topographic summit (Serov et al., 

2017), 2) seismic indications of free gas in the subsurface (Sen et al., 2018), and 3) gas hydrates 

in the subsurface sediments (Sen et al., 2018). 

 

 
Figure 2. A) The Pingo site, B) Close-up for the Gas Hydrate Pingo 5, sampling sites for the CTD and the cores 
1070 and 1069, C) The seafloor with methane flares and mega scale lineations (MSGL). Modified from Waage, et 
al., 2019 and El bani Altuna et al., 2021. 
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The internal structure of the shelf 

The subsurface shelf structure beneath the GHPs is consisted of the following units (from top 

to bottom): 1) glacial unit: Pleistocene glacial sediments (thickness: 35–150 m) (Vorren et al., 

1991); 2) pre-glacial unit: Paleocene sedimentary rocks (100–500 mbsf) (Waage et al., 2019); 

3) Pre-Devonian basement rocks (2–5 km) that are part of the regional Hornsund Fault Zone 

(HFZ) (Faleide et al., 2008) (Fig. 3). 

Below the GHPs, vertical, focused fluid flow structures, gas chimneys extend downwards - 

through the glacial deposits into the faults and fractures within the underlying tilted and 

folded Paleocene sedimentary rocks. The faults are linked to an even deeper-seated Pre-

Devonian basement rocks (Waage et al., 2019) (Fig. 3). 

 

 

 

Figure 3. The internal structure of the shelf comprising the Glacial Unit, Pre-Glacial Unit, Pre-Devonian Rocks 
and the chimneys connecting them beneath the GHP´s. Modified from Waage et al., 2019. 
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2.1.4 Modern oceanography 
 

The oceanography of the outer part of the Storfjord Through is characterized by the interplay 

of two contrasting main water masses, the warm Atlantic Water (AW) and the cold Arctic Water 

(ArW) (Loeng, 1991) (Fig. 1b; Table 1). 

Table 1. The water masses at the Storfjordrenna Pingos site. 

 Water mass Salinity (‰) Temperature (°C) 

Main water 
masses 

Arctic Water (ArW) 34.3 – 34.8 < 0.0 

 Atlantic Water (AW) > 34.95 > 0.0 

Locally 
produced water 
masses 

Brine-enriched Shelf Water (BSW) > 35.00 < 0.0 

 Polar Front Water (PW) 34.8 – 35.0 -0.5 – 2.0 

 

AW is transported into the Storfjordrenna Trough by the eastward flowing branch of the North 

Atlantic Current (NAC). AW is a warm (>3°C) and highly saline (>35psu) and keeps the 

western Svalbard climate substantially milder during the wintertime than at comparable 

latitudes in the other parts of the world. It also keeps the western part of the Svalbard free of 

sea ice. The main branch of NAC continues northward as a West Svalbard Current (WSC). The 

AW occupies the entire water column during the summer and autumn (Loeng, 1991). 

ArW is cold (< 0.0°C), low-saline (34.3 – 34.8psu) and isotopically lighter surface water mass. 

ArW is transported into the Storfjordrenna Trough from the Arctic Ocean by the East 

Spitsbergen Current (ESC). East Spitsbergen Current flows southward along the east coast of 

Svalbard, and via Storfjord continues as a Sørkapp Current along the outer Storfjordrenna 

Trough (Loeng, 1991). 

The density gradients between the AW and ArW forms the Arctic Front Zone that follows 

approximately the sea-ice edge and is a highly productive zone. The Arctic Front Zone defines 

the maximum sea-ice extent during winters (Vinje 1977; Loeng 1991). In addition, locally 

produced water masses influence the outer part of the Storfjordrenna Through. At the Polar 
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Front AW and ArW mixes intensely forming local water mass, the Polar Front Water (PFW) 

with temperature between -0.5 and 2.0°C and salinity of 34.8 – 35psu (Loeng, 1991). 

Brine-enriched Shelf Water (BSW) is produced in inner Storfjord during the winters. During 

the brine season, BSW can outflow from Storfjord into the Storfjordrenna Through as relatively 

weak bottom water plumes. The BSW is cold (< 0.0°C), saline (> 35psu) water mass (Midttun, 

1985; Haarpaintner et al., 2001). 

2.1  Late Quaternary climate history of Svalbard 
 
During the Last Glacial Maximum (LGM) around 20 000 years ago, Barents Sea Ice Sheet 

(BSIS) reached its maximum extent over the whole Svalbard-Barents Sea region (Vorren and 

Laberg, 1996). In the north-western Svalbard, the Storfjordrenna Ice Stream, a major outlet of 

the Barents Sea Ice Sheet, reached all the way to the continental shelf break, occupying the 

whole Strodjorden and Storfjordrenna Trough (Laberg and Vorren 1996; Jessen et al., 2010; 

Rasmussen and Thomsen, 2021). Studies show that the Storfjordrenna Ice Stream consisted of 

three distinct sub-ice-streams and the Pingo-site located beneath the northern sub-ice-stream, 

fed by ice draining from terrestrial Svalbard through Storfjorden (e.g., Pedrosa et al., 2011; 

Lucchi et al., 2013; Shackleton et al., 2020). 

The Last Glacial Maximum was followed by abrupt global rise in temperature, a climatic shift, 

that led to the rapid retreat of the Barents Sea Ice Sheet from the continental shelf break and 

deglaciation. Based on several marine records, the beginning of the deglaciation started around 

20,500 ± 500 cal. a BP (e.g., Jessen et al., 2010; Jessen and Rasmussen, 2019; Rasmussen and 

Thomsen, 2021). Various paleoclimatic and -environmental records from the shelf have shown 

that the deglaciation was climatically warm, but unstable and episodic in nature, caused by the 

interplay between climate, ocean circulation and the ice sheet activity (e.g., Jessen et al., 2010; 

Rasmussen and Thomsen, 2014 and 2021; Jessen and Rasmussen, 2019). 

The retreat of the Storfjordrenna Ice Stream was interrupted by three colder stadial: 1) Heinrich 

stadial (HS1) 17 500 – 14 600 cal. years BP, 2) Older Dryas (OD) between the Bølling-Allerød 

interstadials, 3) Younger Dryas (YD) 12 800 – 11 700 cal. years BP. At the beginning of the 

Bølling-Allerød interstadial (14 600 – 12 800 cal. years BP) the Storfjordrenna Ice Stream 

retreated rapidly due to rapid global rise in temperature (Rasmussen et al., 2014a; Rasmussen 

and Thomsen, 2021). These climatic episodes can be recognized as distinct faunistic and 

lithological shifts in the sedimentological records in the Storfjorden Trough and in the whole 
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Barents Sea region (Svendsen et al., 1996; Aagaard-Sørensen et al., 2010; Jessen et al., 2010; 

Junttila et al., 2010; Nielsen and Rasmussen, 2018). 

By the beginning of the Holocene interglacial (11 700 cal. years BP - present), the 

Storfjordrenna Trough had become ice-free (Rasmussen and Thomsen, 2021). The Holocene 

climate has been relative stable, but some general climatic trends have been recognized 1) 

Globally increasing temperatures of ∼0.6°C from Early Holocene to Holocene thermal 

maximum (∼11 700 – 9500 ka), 2) the “Holocene thermal maximum/Climatic optimum” (∼9.5 

– 5.5 ka) (Rasmussen et al., 2014a) and 3) “Long-term cooling” of 0.7°C (∼5.5 – 100 years ago) 

(Lowe and Walker, 2015). Some Early Holocene key climatic events have been recognized 1) 

Early Holocene climatic cooling event at 11.5 ka (Rasmussen et al., 2007), 2) Early Holocene 

diatom maximum 10 100 +/- 150 to 9840 +/- 200 cal years BP (Stabell, 1986; Jessen et al., 

2010), 3) Early Holocene climatic cooling at 9.3 ka (Rasmussen et al., 2007), 4) Early Holocene 

climatic cooling around 8.2 ka (Rasmussen et al., 2007, 2014). In addition, some Late Holocene 

key climatic events have been identified1) Late Holocene 4.2 ka event, 2) Roman Warm Period, 

3) Medieval Warm Period, 4) Dark Ages Cold Period, and 5) The little Ice Age (LIA) and the 

modern anthropogenic warming (Zamelczyk et al., 2020). 

2.2  Palaeoceanographic proxies 
 
Proxies are indirect measurements of past environmental and climatic conditions. In 

palaeoceanographic studies paleoclimates are reconstructed with proxy data because 

instrumental records do not reach far enough back in time. Marine sediments are undisturbed 

geological archives that preserve various signal carriers. Signal carriers are divided into 

biological-, geochemical-, physical- and sedimentological proxies (Bradley, 2015). The proxies 

used in this thesis are described below. 

2.1.1  Biological proxies 
 
Foraminifera are unicellular, marine organisms, known from the Early Cambrian, and they are 

important in paleoclimate studies and as biostratigraphical indicators (Armstrong & Brasier, 

2005). They are very abundant in the modern oceans, and they comprise > 90% of deep-sea 

biomass and > 55% of the Arctic biomass (Murray, 2006). They have wide geographical 

distribution from polar to tropical regions. Foraminifera live either among the surface waters 

(planktonic species) or on/within the seafloor sediments (benthic species). The abundance and 

distribution of foraminiferal species are controlled by various environmental factors 
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(Armstrong & Brasier, 2005; Murray, 2006). To protect the cytoplasm from chemical, physical, 

and biological stress foraminifera secretes a hard shell (tests) made of either calcite (CaCO3), 

aragonite, silica, or build an agglutinated test from particles presented in the environment. After 

dying, organic cytoplasts decay and empty foraminifera tests get buried into the marine 

sediments and become fossilized. The abundance and composition of the fossil foraminiferal 

assemblages within the marine sediments reflects the paleoenvironmental conditions at the site 

at the time of their deposition.  

Planktic foraminifera live passively floating in the surface waters. Bé (1977) divided planktic 

foraminifera into three broad groups based on depth of their habitat 1) shallow water species, 

2) intermediate species, and 3) deep planktic species. A variety of feeding strategies and 

morphological adaptations are found to be related to the living depth (Murray, 2006). Planktic 

foraminifera species show a wide range of behaviors and diet.  Depth-correlated factors such 

as photic conditions, nutrient levels, the amount of dissolved oxygen and temperature are 

limiting factors in their distribution. Deviations from the optimal conditions lead to gradational 

reduction in the vital functions, eventually leading to death (Arnold and Parker, 1999). 

Foraminiferal abundance patterns are believed to reflect primary productivity and they are also 

intolerant to brackish water (Bé and Tollerlund, 1971).   

Benthic foraminifera are the most common Protists within the seafloor sediments at the 

Barents Sea (Steinsund et al., 1994). Benthic foraminifera live either at the sediment-water 

interface or within the sediment. Various studies have shown that physical, chemical, and 

biological parameters may limit the distribution of species. These parameters include e.g.  

temperature (Rasmussen and Thomsen, 2017), amount of oxygen (Alve and Bernhard, 1995), 

food supply (Rasmussen and Thomsen, 2017), hydrodynamics of the bottom water (Gustafson 

and Nordberg, 2001), or pH (Rasmussen and Thomsen 2014b, c). According to vertical 

microhabitat preferences benthic foraminifera have been divided into three groups 1) epifaunal, 

individuals that live above the water-sediment interface, 2) shallow infaunal, live within the 

water-sediment interface, and 3) infaunal, foraminifera that lives within the sediment (Jorissen, 

1999 and references therein). As both food supply and sediment water oxygen concentration 

are influenced by the primary production at the surface waters, which in turn is controlled by 

the surface water mass type, seasonality and climate, the benthic foraminifera can be used as 

indirect paleoclimate/environment indicators (e.g., Polyak et al., 2013; Seidenkrantz 2013).  
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2.1.2  Geochemical proxies 
 
Stable isotopes of oxygen (O) and carbon (C) measured in foraminiferal tests are widely used 

in the paleooceanographic studies. Both oxygen and carbon have more than one stable isotope 

which differ from each other by their molecular weight. Physical and chemical fractionating 

processes like evaporation, condensation, and photosynthesis favor one of the isotopes over the 

other (Ravelo and Hillaire-Marcel, 2007).  This leads to enrichment or depletion of a certain 

isotope in certain environments (Faure, 1998). Because foraminifera biomineralizes their 

CaCO3 tests by secreting the carbon and oxygen from the ambient sea- or porewater the isotopic 

composition of the isotopic signature of ambient seawater is recorded and preserved in 

foraminiferal tests. The isotopic composition of fossil foraminiferal calcite can be measured 

and the isotopic signal can be used to reconstruct the paleoenvironments in which foraminifera 

secreted their tests. (Armstrong & Brasier, 2005; Pearson, 2012). Foraminifera are found to 

secrete their CaCO3 tests close to the isotopic equilibrium with the sea- and porewater 

(McCorkle et al, 1990). However, small, but noteworthy disequilibrium effects do exist caused 

by biological and ecological fractionation. These factors must be considered when 

interpretating the isotopic signatures (Armstrong & Brasier, 2005; Ravelo and Hillaire-Mercel, 

2007). 

As the heavier isotopes of oxygen and carbon are rare, their low abundances in the sample can 

be quantified accurately as ratios to the more common lighter isotopes in the sample (18O/16O 

and 13C/12C).  The isotopic ratio is expressed as `delta` notation (δ) and as departures in parts 

per thousand (‰) from a laboratory standard (Vienna Pee Dee Belemnite, VPDB) (Armstrong 

& Brasier, 2005; Ravelo and Hillaire-Mercel, 2007). 

Oxygen stable isotope 

The oxygen isotopic composition (18O/16O) of the seawater is regulated by the fractionating 

processes evaporation and precipitation. The lighter H2
16O evaporates easier from the ocean to 

the atmosphere than the heavier H2
18O. In contrast, the heavier H2

18O precipitates easier from 

the atmosphere to the ocean than the lighter H2
16O, this fractionating process is called Raleigh 

Distillation (Armstrong and Brasier, 2005). During the periods of cold climate the removal of 

the heavier H2
18O from the atmosphere is enhanced because cold air holds less vapor. The 

atmosphere, and subsequently the ice caps via precipitation, get enriched in the lighter H2
16O. 

The increase of the heavier H2
18O in the sea water is called the Ice Volume Effect (Armstrong 

and Brasier, 2005). The changes in the seawater δ18O and subsequently in the isotopic 
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composition in foraminiferal CaCO3, reflect the variations in total ice volume on Earth. 

Sediment cores from all over the world have revealed the same general consistent primary 

foraminiferal δ18O signal reflecting the cyclic variations in the Quaternary climate. Five Marine 

Isotopes Stages (MIS 1-5) have been defined from the isotopic record comprising the last 

~130 000 years. In the δ18O curve, high δ18O values correspond to the glacial stages and are 

numbered with even numbers (MIS 2 etc.). Low δ18O values correspond to the interglacial 

stages and are numbered with uneven numbers (MIS 1 etc.).  MIS stages can further be divided 

into substages, stadials and interstadials and are given letter denotation (e.g., 5a-d). 

Terminations, rapid transitions between the glacials and interglacials, are given roman numerals 

(Termination I, etc.). Marine Isotopes Stages enable stratigraphical correlation between cores 

(Bradley, 2015). The global ice volume signal of planktonic foraminifera can be altered by the 

local sea surface temperature and salinity changes (Ravelo and Hillaire-Mercel, 2007). These 

local imprints can be avoided by measuring the isotopic signal from the benthic foraminifera 

as they secrete their calcite tests in the relatively stable bottom water/pore water conditions 

(Pearson, 2012). 

Carbon stable isotope 

The δ13C of a foraminiferal test reflects the carbon isotopic composition of the Dissolved 

Inorganic Carbon (δ13CDIC) species in the seawater such as carbon dioxide CO2, and the 

bicarbonate ions HCO-
3 (Mackensen et al. 2006; Wollenburg et al. 2015) the global level, the 

δ13CDIC of the mean ocean is primarily influenced by the changes in the size of the terrestrial 

biosphere as the photosynthesis favor the lighter 12C isotope over the heavier 13C isotope 

leaving the atmosphere and the ocean enriched in 13C. In addition, the δ13C of the seawater can 

be influenced by the local changes in the water masses and the balance between the 

photosynthesis and respiration (Ravelo and Hillaire-Mercel, 2007). The δ13C measured in 

foraminiferal calcite is not in isotopic equilibrium with the δ13CDIC in seawater due to abiotic 

kinetic isotopic fractionating (Romanek et al., 1992), biological vital effects of the internal 

foraminiferal carbon pool (Zeebe et al., 1999) and microhabitat effect. These offsets have 

species-specific differences (McCorkle et al., 1990). 

2.1.3  Physical proxies 
 

Magnetic susceptibility is a physical parameter describing the degree to which the sediment can 

be magnetized in response to an applied external magnetic field. The ability of the sediment to 
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get magnetized depends on the sediment composition, such as grain size and mineral content 

(Stoner et. al., 1996). Magnetic susceptibility signal provides useful record for paleoclimate 

reconstructions, as the grain size and the mineral content of the sediment are resulted from 

climate-controlled transport mechanisms and depositional processes. Furthermore, it can be 

used as chronostratigraphic and correlation tool Jessen et al. (2010) created a stacked and dated 

magnetic susceptibility record for the western Svalbard margin. However, if the primary signal 

has been affected by early diagenetic processes within the sediment, it cannot be used as reliable 

stratigraphical tool any longer, but as a record of past diagenetic processes instead (März et al., 

2008; Sztybor and Rasmussen, 2017). 

2.1.4  Sedimentological proxies 
 
Sea ice houses and transport debris, so called Ice Rafted Debris (IRD). As the ice melts, the 

debris is released and deposited on the ocean floor. The IRD distribution within the seafloor 

sediments provides a signal of past ice sheet dynamics at the site (Bennett and Glasser, 2009). 

The facies architecture of the IRD-rich layers (the abundancy, size, weight, mineral content, 

and the angularity of the clasts) provide further information about the source of IRD, debris 

transport mechanisms, distribution, and number of icebergs, melt rate of the sea ice and 

depositional processes within the water body (Piper and Brisco, 1975; Bennett and Glasser, 

2009). 

2.1.5 Radiocarbon 14C Dating 
 
Radiocarbon dating (AMS 14C dating) provides reliable estimates of sample/sediment ages and 

thus reveals the chronological order of climatic events and the rate of past environmental 

changes. The 14C dating is based on measuring the amount of radioactive 14C isotope from 

fossilized marine organisms. While living, these organisms absorb radioactive 14C isotope from 

dissolved CO2 from the seawater throughout their lives. After dying, the organisms get buried 

and they stop incorporating new 14C into their tissues. The radioactive C14 content of the 

organism starts to decline back to its daughter isotope N14 by beta decay with invariant half-life 

(T1/2) of 5568 years (Bradley 2015). The 14C content of an organism is a function of time and 

the radiocarbon dating is based on counting the proportion of the radioactive 14C atoms in the 

sample, relative to the stable 12C and 13C atoms. The counting is done by Accelerator Mass 

Spectroscopy (AMS) (Bradley, 2015). Radiocarbon ages are calculated with the 14C “Libby 

half-life” of 5568 ± 30 years (Stuiver & Polach, 1977). The resulting radiocarbon ages do not 

equate with the calendar years, due to the atmospheric variations in the 14C concentration (e.g., 
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Reimer et al., 2013) thus the conventional radiocarbon ages must be calibrated. The most up to 

date calibration curve is Marine20 (Reimer et al., 2020) Calibrated 14C dates are expressed as 

“cal years AD” (Anno Domino) or “cal years BC (Before Christ) (Bradley 2015). 

2.3 Methane in marine environments 
 

Methane (CH4) is a greenhouse gas, ~ 25 times more potent than CO2, and therefore a 

significant increase of methane in the atmosphere could contribute to further global warming 

(Howarth et al., 2011, Ruppel and Kessler, 2017; IPCC, 2007). Methane is produced in anoxic 

marine sediments from organic and inorganic carbon either as a metabolic byproduct by 

fermentative archaebacteria (bacterial methane), or by thermogenic degradation (thermogenic 

methane) (Whiticar, 1999). Large amounts of methane are stored in the form of gas hydrate, 

dissolved gas, and free gas within the marine sediments in the continental margins worldwide 

(Kvenvolden 1988). 

Under pressure greater than 3 – 5 MPa and temperature lower than 25°C at the so-called gas 

hydrate stability zone, methane forms gas (methane) hydrates (Fig. 4) (Ruppel and Kessler, 

2017; Sloan, 1990). Gas hydrates are ice-like crystalline solids, composed of water molecules 

and gas molecules bonded together by van der Waals forces (Sloan, 1990). The host water 

molecules form molecular cage-lattices with trapped gas molecules inside. (Sloan, 1990; 

Kvenvolden, 1993).  

The production of gas hydrates is limited to geographic regions, where the flux of organic 

carbon is high e.g., in continental margins worldwide, where the primary productivity is high, 

and the organic detritus is transported from the continents to the sea (Paull & Dillon, 2001). 

The presence of gas hydrates can influence the seafloor morphology by creating craters (Long 

et al., 1998), pockmarks i.e., shallow seabed depressions (Portnov et al., 2016), gas domes or 

submarine landslides (Hovland and Svensen, 2006; Koch et al., 2015, Serov et al., 2017; Waage 

et al., 2019).  
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Gas hydrate dissociation can result in the release of significant amounts of methane from the 

gas hydrates (IPCC, 2007; Phrampus and Hornbach, 2012). Within the marine sediments a large 

portion of methane becomes consumed in the process of Anaerobic Oxidation of Methane 

(AOM) mediated by microbial consortiums of Anaerobic Methanotrophic Archaea (ANME) 

groups and Sulphate Reducing Bacteria (SRB) (Boetius et al., 2000; Orphan et al., 2001). 

During AOM, sulphate and methane react producing bicarbonate ion (HCO3
-), bisulphide (HS-

) and water (H2O) (Boetius et al., 2000) (Eq. 1). The bicarbonates within the sulphate-methane 

transition zone (SMTZ) might further create carbonate crust (Boetius et al., 2000).  

Eq.1: CH4 + SO4
2-      HCO3

- + HS- + H2O     

Figure 4. A) CH4 molecule, B) Gas hydrate cage, C) Gas hydrates within the sediment, D) map of global 
distribution of gas hydrates. Map from https://e360.yale.edu/features/the-world-eyes-yet-another-
unconventional-source-of-fossil-fuels-methane-hydrates. Methane and methane hydrate: 
https://oceanexplorer.noaa.gov/facts/hydrates.html Gas hydrates: https://eos.org/editors-vox/could-subsea-
methane-hydrates-be-a-warming-tipping-point 
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The SMTZ is an interface within the sediment column, where upward migrating methane and 

downward diffusing sulphate (SO4
2) meet. The depth of the SMTZ depends on several factors 

such as the transport velocity of methane and sulphate, and thus the vertical location of the 

SMTZ can vary over time (Boetius et al., 2000; Knittel et al., 2005).   

Methane which passes AOM eventually reaches the water column where it is oxidized in a 

process of aerobic oxidation of methane (MOx; Eq.2) (Knittel et al., 2005). 

Eq.2: CH4 + 2O2   CO2 + 2H2O          

Methane that passes MOx may potentially reach the atmosphere and contribute to climate 

change (Shakhova et al., 2014). 

The δ13C signature of methane depends on the origin of the methane. Microbial methane has 

lighter 13C signatures between -110‰ to -60‰, and thermogenic methane from -50‰ to -20‰. 

(Whiticar, 1999) As a product of microbial activity (MOx and AOM), the light 13C is released 

to the ambient water/sediment, as a carbon dioxide gas (CO2) or bicarbonate ions (HCO3
2-) and 

this results in changes in the isotopic signature of the ambient seawater and pore water 

(Whiticar, 1999; Treude et al., 2007) and later in δ13C of foraminiferal test (Melaniuk et al., 

2022).  

Marine sediments are a mixture of various solid-state chemical components bounded together 

into minerals. These minerals are transported and deposited to the ocean floor sediments from 

various sources from land and ocean. Due to Anaerobic Oxidation of Methane (AOM) within 

the SMTZ, these minerals can get dissolved by subsequent biogeochemical process within the 

sediments and new methane derived authigenic minerals precipitated leaving imprint in the 

solid phase composition. It is possible to infer the past locations of the SMTZ, by tracing 

relative downcore elemental variations with the X-Ray Fluorescence analysis (XRF). (Funk et 

al. 2004; März et al., 2008, 2018) 
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3 Material and methods 

3.2 Sampling 

3.2.1 Sediment sampling 
 
Two gravity cores with marine sediment were collected from GHP 5 during the CAGE 16 - 5 

cruise in June 2016, on board of R/V Helmer Hanssen. The core CAGE 16-5 1070 GC 

(hereafter 1070) was collected from the flank of the pingo and the core CAGE 16-5 1069 GC 

(hereafter 1069) from top of the pingo (Fig. 2b, Table 2). On board, the gravity cores were 

cleaned, labelled, and cut into 1-m long sections which were subsequently stored in a 

temperature-controlled room at +4°C. 

Table 2. Sediment sampling: location, date, ship station, water depth and recovery. 

GHP Latitude (°) Longitude (°) Date Ship 
station 

Water depth 
(m) 

Recovery 
(cm) 

GHP 5 76°06´42.2″ N 16°00′09.7″ E 26.6.16 1070 385 326 

GHP 5 76°06′43.1″ N 16°00′20.0″ E 26.6.16 1069 383 227 

 

Figure 5. Gravity corer is used for coring soft sediments from the sub seabed. It weights two tons and consists of 
a six meters long steel core barrel with heavy lead weights (1600kg) on top. The steel core barrel houses an internal 
plastic core with inner diameter of 10 cm. The vessel is equipped with a winch and a long wire rope to lower the 
corer above the seafloor. Once allowed to freefall, the gravity corer relies on its weight and the gravitation to 
penetrate the seafloor. (Photo: https://www.usgs.gov/media/images/gravity-corer-recovers-uppermost-1-2-meters-
sediment 
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3.2.2 CTD (conductivity, temperature, and depth) 
 
During the same cruise the CTD (conductivity, temperature, and depth) was measured above 

the GHP 5, at the station CAGE_16-5_HH_1046 (Table. 3). The CTD measures the physical 

properties of the water column and consequently enables to identify the present-day water 

masses at the site. 

Table 3. The CTD station. 

Station Latitude Longitude Date Depth (m) 

CAGE_16-5_HH_1046 CTD 76°6′39.6″ N 16°0′25.812″ E 24.6.2016 380 

 

Conductivity determines the ability of the seawater to transmit an electrical current directly 

proportional to the total ion content of the water at given temperature. Electrical conductivity 

of the seawater is measured with a salinometer, an electrical probe inserted into the seawater. 

The salinometer, electronic thermometer and the pressure sensor are attached to the rigid, 

circular frame, known as the rosette cluster. The array is lowered and raised through the water 

column and measurements are made continuously. The CTD instrument transmits the measured 

signals electronically to the ship, where they are stored and analyzed via a shipboard computer. 

Conductivity measurements are then calibrated to determinate the salinity of the seawater. 

Salinity is expressed as ‰ or Practical Salinity Unit (PSU). The temperature measurements are 

expressed as Celsius degrees (ºC). 

3.3 Core processing 

3.3.1 X-ray imaging 
 
X-ray imaging was done with GEOTEK MSCL-XCT X-ray imaging system by Dr Wei-Li 

Hong at the IG, UiT in 2016. Each of sediment cores were placed on a belt and moved through 

the lead box. The upper part of the lead box contained the X-ray source (160 kV, 19 mA), that 

passes through the sediment. The resulting signal was amplified and recorded by camera. The 

signal was then transferred to the computer, where the Geotek acquisition software recorded 

the basic information about the core.  

Later, the Geotek processing software was used to display downcore X-ray intensity logs (gray 

scale values) including the mean, median, minimum, and maximum values, and the standard 
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deviations. The purpose was to enhance sequence boundaries and highlight internal 

sedimentary structures.  

3.3.2 Magnetic susceptibility (MS) 
 

Magnetic susceptibility was measured by Dr Wei-Li Hong at IG, UiT in 2016. Magnetic 

susceptibility was measured with Bartington point sensor integrated on the GEOTEK Multi 

Sensor Core Logger (MSCL-Slow). Intensity magnetic field of 0.565 kHz was used. 

Measurement was performed on opened cores. Each of sediment core sections were placed on 

a belt and moved through the loop in a continuous process with 1-cm measurement interval.  

3.3.3 The X-Ray Fluorescence analysis (XRF) 

The analysis of the solid phase elemental composition of the sediment was done at the IG, UiT 

by Dr Wei-Li Hong. The analysis was done with the Avaatech XRF core scanner. Pre-defined 

measuring time was set to 10 seconds. Based on the atomic number of the element, voltage of 

10, 30 or 50 kV was used. The current was 1000 μA. No filter was used. The measurements 

were carried out with 10 mm interval and reported as counts per second (cps).  

According to the commonly used procedure, the core halves are taken out of the cooling room 

one day before the XRF-measurements to allow the sediment to reach the room temperature. 

On the measuring day, the surface of the sediment is smoothed with a plastic card perpendicular 

to the long core axis to avoid cross-contamination. Afterwards the surface of the sediment is 

covered with 4 µm thick film to avoid contaminations during the measurements (Forwick, 

2013). 

In total, 27 elements were measured by the XRF scanner (see appendix), but S, Ba, P, Mn, and 

Fe were chosen for closer study as indicative elements of diagenetic processes. The 

compositional data was expressed in terms of logarithms of ratios (log-ratios) of two elements 

to minimize closed sum and matrix effects (Weltje and Tjallingii, 2008). The elements were 

normalized against Rubidium (Rb) since it is easy to measure and conservative element. 

3.3.4 Sampling, Freeze drying and wet sieving 
 
Sampling and freeze drying were done by Dr Haoyi Yao at IG, UiT. The working halves were 

subsampled into 1-cm thick slices. The sampling interval was 10 cm. To avoid contamination, 

the sampling spatula was cleaned between every sample. Sediment samples were transferred to 
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plastic bags and kept in freezer (-20°C) overnight. On the following day, the samples were 

freeze dried to remove the water content from the sediment. The freeze drying was done using 

Christ Alpha 144 freeze dryer.  

The sediment samples were wet washed through sieves with a mesh size of 250, 100, and 63µm. 

To avoid contamination, sieves were cleaned (running water, sonic bath, and compressed air) 

between every sample. Residues were collected on a filter paper and kept at +40 overnight. 

Dried residues were weighed and kept in labelled pre-weighted plastic bags. 

3.3.5 Stable isotope analysis 
 

For the stable isotope analysis (δ13C and δ18O) empty tests of planktic and benthic foraminifera 

were hand- picked with a sharp brush using stereomicroscope Leica CLS 150X - MZ12.5. 

Undamaged foraminiferal tests were picked from designated intervals (every10-cm) with 

fraction seize 100 - 250µm and stored in Labco Exetainer vials. Approximate 10 planktic and 

benthic specimens were picked from each sample. The selected planktic species was the 

common polar species Neogloboquadrina pachyderma (sinistral) (Ehrenberg, 1861). For 

benthic species the most numerous among the core species; Cassidulina neoteretis 

(Seidenkrantz, 1995) (core 1070) and Cassidulina reniforme (Nørvang, 1945) (core 1069) 

(Table. 4) were picked. 

Table 4. Stable isotope analysis: foraminifera species, cores, size fraction, picking intervals and number of picked 
specimens. 

Core Species Reference Size fraction Picking 
interval (cm) 

Picked 
specimens (No.) 

1070 N. pachyderma Ehrenberg, 1861 100 - 250µm 10 ∼ 10 

1070 C. neoteretis Seidenkrantz, 1995 100 - 250µm 10 ∼ 10 

1069 N. pachyderma Ehrenberg, 1861 100 - 250µm 10 ∼ 10 

1069 C.reniforme Nørvang, 1945 100 - 250µm 10 ∼ 10 

 

The stereomicroscope Leica CLS 150X - MZ12.5 with the maximum magnification of 1000X 

was used. To avoid contamination, the tools used for picking were cleaned between every 

sample with compressed air. The identification of the species was based on morphological 

features according to Loeblich and Tappan, 1988.  
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Before the analyses foraminiferal tests were cleaned with methanol to remove possible 

sediment remnants. Measurements were done with the Elemental Analyser – Isotope Ratio 

Mass Spectrometer (EA-IRMS), using a Thermo-Fisher MAT253 IRMS with Gasbench II 

Mass Spectrometer at the IG UiT.  Results were given in standard delta (δ) notation (in parts 

per thousand ‰) relative to Vienna Pee Dee Belemnite (VPDB). The δ18O values from the core 

1070 were corrected for ice volumes according to Fairbanks 1989. Reported precision was 

estimated to be ± 0.07 ‰ for δ13C and ± 0.15 ‰ for δ18O by measuring the certified standard 

NBS-19. 

3.2 Radiocarbon dating (AMS – 14C) 
 

To establish the age of the oldest interval (core 1070, depth 116 – 117 cm), AMS – 14C dating 

was performed on fragments of shells of unidentified bivalve species (Table 5).  

 
Table 5. Radiocarbon dating: core and depth, dated material, 14C age and calibrated age in years before present 
(BP). 

Core Dated material 14C age Cal. yr. BP. 

1070 Bivalve shell fragments, depth 316 cm 14 680 +/- 40 (Yao et al., 2020) 17 067 

 

Dated material was chosen and picked by Dr Haoyi Yao. Measurement was carried out with 

the AMS at the Beta Analytic Radiocarbon Dating facilities in Miami (US).  The age of the 

sediment was calibrated using CALIB 8.20 software (Stuiver et al., 1993) and by applying the 

Marine20 calibration curve (Heaton et al., 2020) with 1R (marine reservoir age) = 0±50, as 

recommended by Andrews et al. (2016). The date is presented in calibrated years before present 

(ka cal BP), where zero-year BP is 1950 CE. (Table. 5) 

3.2.1 Subjective abundancy of foraminifera 
 
The subjective abundancy of the planktic and benthic (both calcareous and agglutinated) 

foraminifera were studied using stereomicroscope at the IG, UiT. Every 5-cm interval was 

investigated. The abundancy of each foraminiferal group was defined with the abundancy scale 

of 0 – 5 with the following determinations: 0 (absent), 1 (rare), 2 (present), 3 (some), 4 

(abundant), 5 (very abundant). 

3.2.2 Ice rafted detritus (IRD)  
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The IRD content of the sediments was investigated by following the method introduced by 

Grobe (1987). The gravel size fraction (>2 mm) clasts were counted from every 1-cm thick 

horizon in the X-radiographs. Possible enrichments of gravel size clasts caused by bioturbation 

and methane-derived authigenic mineral precipitations were not counted. Clasts extending 

equally into two distinct horizons were counted as belonging to the upper horizon.  

3.2.3 Lithological description 
 
The core surfaces were studied for the lithological description at the IG, UiT in 2019. The cores 

were opened earlier in 2016. Lithology log was made by studying the X-ray images and the 

sediment surfaces of the archive halves (the archive half of the #2, core 1069, was damaged 

(appendix) so the working half was used here instead). The color, lithological composition, 

sedimentary structures, and the presence of macrofossils were described. Before studying the 

sediment surfaces, the top layer of the sediment surface was removed carefully to expose the 

unoxidized sediment surface. Then the surfaces were carefully smoothed with a plastic card to 

reveal its physical characteristics. To prevent contamination a) the smoothing was done 

perpendicular to the long core axis, b) the plastic card was cleaned between every wipe. 

The content of unidentified clast with a size of 5 x 2.5 cm from the top of the core 1070 (Fig. 

9) was tested with the “acid test”. A drop of hydrochloric acid (HCL, 5%) was dropped on the 

surface of the clast. If the clast is calcium carbonate CO2 is formed. 

3.2.4 Grain size analysis 
 
The grain size analysis was based on the residue weights (g) of wet sieved sediment samples. 

The measured grain sizes were >250mm, 100 – 250 mm (fine sand) and 63 – 100 mm (very 

fine sand). Measurement was performed every 10 cm along the cores. The classification of the 

sediment grain sizes was based on Udden (1914) and Wentworth (1922). 

 

3.2.5 Visual investigation, SEM (scanning electron microscope), 
  and EDS (Energy-Dispersive X-Ray Spectroscopy) 

For the visual investigations, specimens from depth intervals with strongly depleted and normal 

δ 13C values were selected. Investigated species were N. pachyderma, C. neoteretris and C. 

reniforme (Table. 6). The δ 13C values representative for non-seep environments, are considered 
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to be between -0.5 and 0.5‰ for N. pachyderma (Zamelczyk et al., 2014; Werner et al., 2016), 

and between −0.3 ‰ to −1 ‰ for C. neoteretis (Wollenburg et al., 2001). 

Table 6. SEM-EDS investigations: foraminifera species, δ 13C values, depth, and core. 

Core Depth (cm) Species δ 13C value (‰) 

1070 156 – 157 C. neoteretis - 1.14 

1070 286 – 287 C. neoteretis - 11.34 

1070 286 – 287 N. pachyderma - 8.26 

1069 11 – 12 C. reniforme - 10.16 

1069 88 – 89 C. reniforme - 1.87 

1069 116 - 117 N. pachyderma   0.14 

 

Specimens were photographed using Leica DFC 450 digital camera mounted on a Leica Z16 

Apo stereomicroscope and described (colour, texture, transparency, reflectance, and 

morphological features). Then the tests were placed on adhesive tape and coated with fine 

carbon layer to enable good image resolution for the scanning electron microscope investigation 

(SEM). 

SEM in conjunction with the Energy-Dispersive X-Ray Spectroscopy (EDS) enabled 

investigation of the nano-scale microstructural features on surface of foraminiferal tests. 

Investigation was performed using SEM Hitachi Tabletop Microscope TM-3000 and SEM Carl 

Zeiss LEO 1450VP and Quantax 70 software at the IG, UiT. In particular interest was the 

distribution and abundance of the element Magnesium (Mg), an indicative element of methane-

induced diagenetic alteration on test (Aloisi et al., 2000; Naehr et al., 2007).  

Results were described by using the terminology (“glassy” and “frosty”) by Sexton et al., 

(2006). Diagenetic alteration stages (“pristine”, and “minor-, moderate- or major diagenetic 

alteration”) of the tests were defined by the criteria developed by Schneider et al., (2017).  
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4 Results 

4.1 Modern oceanography 
Within the uppermost ~15 m of the water column, the temperature is constant ~ 6.5°C. A sharp 

temperature gradient is observed between the depths of ~ 24m and 30m; temperature decreases 

from 6.5°C to 5.5°C within six meters. From ~ 30m to ~ 350m, gradually 3.1°C from 5.5°C to 

2.4°C. Temperature remains constant at 2.4°C within the lowermost ~ 30m of the water column. 

In total, the temperature decreases 4.1°C through the whole water column (380m) from the sea 

surface (~ 6.5°C) to the sea bottom (2.4°C) (Fig. 6). 

Within the uppermost ~ 15m of the water column the salinity remains stable at 35.10 psu. 

Varying values are observed from ~ 15m to ~ 26m; the salinity varies between 35.10 psu and 

35.14 psu. From ~ 26m salinity starts to decrease gradually. Within the lowermost ~ 30m from 

~ 350m to ~ 380m salinity remains constant at ~ 34.96 psu. In total, the salinity decreases 0.14 

psu through the whole water column (380m) (Fig. 6). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6. CTD profile of salinity and temperature (June 2016) from the CTD-
station CAGE 16-5 HH 1046, above Pingo 5. 
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4.2 Age model and sedimentation rate 
 
The chronostratigraphic framework of this study is based on one AMS 14C age from the core 

1070 (depth 316 – 317 cm) (Yao et al. 2020), and on lithostratigraphic correlation to two AMS 
14C ages published by Jessen et al. (2010). The two 14C ages from Jessen et al. (2010) 

corresponds to the two tie points from the lower and upper boundaries of the diatom rich layer. 

These dates are regarded as chronostratigraphic markers for the western Svalbard slope. The 

correlated diatom rich layer is found from the core 1070 between 76 – 100 cm bsf (Fig. 7, 13). 

 
Table 7.The chronostratigraphic framework: one AMS 14C age and lithostratigraphic correlation to two AMS 14C 
ages published by Jessen et al. 2010. 

Core Source 14C age Cal. yr. BP. 

1070 The upper boundary of the diatom rich 
layer, depth 76 cm 

8800 +/- 100 (Jessen et al., 2010) 9370 

1070 The lower boundary of the diatom rich 
layer, depth 100 cm 

8950 +/- 100 (Jessen et al., 2010) 9599 

1070 Bivalve shell fragments, depth 316 cm 14 680 +/- 40 (Yao et al., 2020) 17 067 

 

The radiocarbon ages were calibrated using CALIB 8.20 software (Stuiver et al., 2020) and by 

applying the Marine20 calibration curve (Heaton et al., 2020) with 1R (marine reservoir age) = 

0± 50, as recommended by Andrews et al. (2016). The date is presented in calibrated years 

before present (ka cal BP), where zero-year BP is 1950 CE (Table. 7). 

 

 

 

 

 

 

 
Figure 7. (A) General view of the diatom rich layer (76 – 100 cm) seen in the very fine 
sand fraction through stereomicroscope. (B) The Diatom rich layer is dominated by 
Coscinodiscus spp.  
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According to the estimated AMS-14C age from the oldest sediments in the core 1070 the record 

comprises the time period of ~ 17 067 cal. yr. BP years to present, comprising the Heinrich 

stadial HS1 (17 500 – 14 600 cal years BP), Bølling and Allerød interstadials (14 600 – 12 800 

cal years BP), the Younger Dryas stadial (12 800 – 11 700 cal years BP), and the Holocene 

epoch (11 700 cal years BP - present). 

Any AMS 14C dates are not measured for the core 1069. In addition, stratigraphic correlation 

to other data is challenging as the diatom rich layer is not found, the δ18O is measured only 

within the topmost ~120 cm (as the foraminifera are absent below this depth), and the δ18O 

record has a measuring interval of 10 cm (Fig. 16). Caused by these reasons, it is challenging 

to try to establish any age model for the core 1069. However, the laminated interval was found 

between ~186 - 210 cm most likely representing the well-known distinct lithological shift in 

the sedimentological records of Storfjorden Trough and in the whole Barents Sea region (Fig. 

14 and 15) (Svendsen et al., 1996; Aagaard-Sørensen et al., 2010; Jessen et al., 2010; Junttila 

et al., 2010; Nielsen and Rasmussen, 2018; Rasmussen and Thomsen, 2021). The relatively 

consistent ages obtained above and below the laminated interval have indicated that the layer 

has been deposited around 14,400 cal years BP corresponding to the Bølling interstadial (Jessen 

et al., 2010; Rasmussen and Thomsen, 2021). The laminated interval was not found from the 

core 1070 (Fig. 10 and 12). 
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Calculated sedimentation rate for the core 1070 is the highest within the interval between 9379 

– 9599 cal. yr. BP where it has taken 9.17 years for 1 cm to accumulate. The lowest calculated 

sedimentation rate is found within the first 9379 cal. yr. BP (121.81 yr/cm). During the interval 

of 9599 – 17 067 cal. yr. PB the calculated sedimentation rate is 34.57 yr/cm (Fig. 8). 

 

 

 

 

 

 

 

Figure 8. Calculated average sedimentation rate for the core 1070. 

 



 

Page 27 of 76 

4.3 Core 1070  

4.3.1 Isotopic signature 
 
The δ13C signature measured in tests of Cassidulina. neoteretis vary from -1.10 to -11.34‰. 

The lowest values are found at 26 cm (-4.34‰), between 186 – 257 cm (-4.25 to -11.03‰) and 

at 286 cm (-11.34‰). Elsewhere, the values remain relatively stable from -1.10 to -3.34‰ (Yao 

et al., 2020) (Fig. 13).  

The δ13C signature of Neogloboquadrina pachyderma vary from 0.37 to -8.26‰. The lowest 

values are found within the topmost 27 cm (from -3.02 to -5.87‰), at 126 cm (-1.08‰), 

between 186 – 207 cm (from -1.57 to -6.56‰), at 226 cm (-2.94‰), and below 276 cm (from 

-1.11 to -8.26‰). Elsewhere, the values remain relatively stable from 0.37 to -0.96‰ (Yao et 

al., 2020) (Fig. 13). 

The ice volume corrected δ18O signature of C. neoteretis has an increasing trend towards the 

core top. The values vary between 2.35 – 4.66‰. Within the topmost 77 cm the values are 

generally higher and more stable than deeper in the core. The highest value is found at 66 cm 

(4.66‰). The lowest values are found at 256 and 316 cm with values of 2.41 and 2.35‰ 

respectively (Fig. 13). 

The uncorrected δ18O signature of C. neoteretis varies between 3.48 and 4.89‰. The lowest 

values are found at 256 and 316 cm with values of 3.48 and 3.52‰ respectively. The highest 

value is found at 66 cm (4.89‰) and at 206 cm (4.88‰) (Fig. 13). 

The ice volume corrected δ18O signature of N. pachyderma varies between 2.52 – 3.65‰. 

Within the topmost 77 cm the values are generally higher and more stable than deeper in the 

core. The highest value of the record is found here at 66 cm (3.65‰) (Fig. 13). 

Below 77 cm the values remain mainly below 3‰.  The lowest values are found from at 116 

(2.52‰) and 206 cm (2.62‰). At 126, 176, 196, and 316 cm the values increase slightly above 

3‰. High peak value is found at 236 cm (3.62‰) (Fig. 13). 

The uncorrected δ18O signature of N. pachyderma varies between 2.96 and 4.66‰.  Decreasing 

trend is observed towards the core top. The lowest values are found at 116 cm (2.96‰). The 

highest value is found at 236 cm (4.66‰) (Fig. 13). 
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4.3.2 Magnetic susceptibility 
 
Magnetic susceptibility record of the core 1070 varies from 7.67 to 32.75 SI with an average 

value of 11.3. Within the bottommost 25 cm between 295 to 320 cm the values are characterized 

by an increasing trend towards the core top. Between 210 and 295 cm the values fluctuate 

strongly. Peak values are observed at 290 and 245 cm with values of 33 and 22 SI respectively. 

The topmost 210 cm is characterized by relatively stable values with an average value of 10.4 

SI (Yao et al., 2020) (Fig. 13). 

 

4.3.3 IRD, grain sizes and lithostratigraphy 
 
The topmost ∼150 cm of the core 1070 consists of structureless dark brown mud. The IRD is 

mainly absent, only few drop stones are found occasionally. Within the topmost ∼30 cm the 

mud is crudely bedded with sand fraction size sediment (Fig. 10). The unknown clast on top of 

the core was identified as calcium carbonate (Fig. 9, 10). Between ∼20 and 50 cm, dark, dense, 

and small grains, interpreted as authigenic precipitation, are found scattered throughout the 

sediment (Fig. 11). Bivalves are found occasionally throughout the sediment and especially 

between ∼85 and 150 cm where they are accompanied with bioturbation (Fig. 10).  

Within the bottommost ∼170 cm (150 − 320 cm) IRD-rich layers and structureless mud 

alternate with each other. The first IRD-rich layer is found between 150 – 163 cm. The angular 

clasts without long axis orientation are found from dark brown muddy matrix. A peak in > 

250µm grain size fraction is observed at 160 cm. The IRD-rich layer is followed by a layer of 

mud layer between 163 – 188 cm. The layer consists occasional angular drop stones. The color 

of the layer alternates from light reddish brown to light grey, seen as alternating darker and 

lighter beds in x-ray image (Fig. 10).  

 
A 5 cm thick IRD-rich layer is observed between 188 – 193 cm. The clasts are angular, and 

they do not have long axis orientation. The matrix is dark brown mud. The layer is accompanied 

with peak value of >250 µm grain size fraction at 190 cm (Fig. 11). Structureless dark brown 

mud with few angular drop stones is found between 193 – 199 cm (Fig. 10,). 

 
The next IRD-rich layer is found between 199 – 211 cm. The angular clasts do not have long 

axis orientation. The matrix is dark brown mud. The layer is accompanied with peak value of 
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>250 µm grain size fraction at 210 cm. A layer of structureless dark brown mud is found 

between 211 – 219 cm. The layer is absent of drop stones. Some bioturbation is observed (Fig. 

10, 12). 

 
Two sharp IRD peaks are found at 220 and 222 cm with 11-12 clasts within 1 cm horizon. 

These peaks are accompanied with peak value in >250 µm grain size fraction at 220 cm. The 

angular IRD clasts have no long axis orientation. The IRD-rich layer is followed by 

structureless dark brown mud between 224 – 229 cm (Fig. 10, 12). 

 
The next IRD-rich layer is found between 229 – 235 cm. Angular IRD clasts have no long axis 

orientation. The layer is followed by a thick layer (40 cm) of structureless dark brown mud 

between 235 and 264 cm. The layer contains occasional drop stones and some bioturbation and 

a bivalve (Fig. 10, 12). 

 
A 30 cm thick layer of angular IRD is found between 264 – 306 cm. The clasts have no long 

axis orientation, and some clasts are relatively large; up to 4 cm in diameter. A sharp IRD peak 

is found at 282 cm with 16 clasts per 1 cm horizon. Few bivalves are found within the 

bottommost part of the layer with fewer IRD. The matrix is dark brown mud. The bottommost 

14 cm of the core consists of structureless dark brown mud with few bivalves (Fig. 10, 12). 

 

 

  

Figure 9. Core 1070: A) Piece of calcium carbonate crust on top of the core, 
depth: 0-3 cm. On top: external surface, in the middle: splitted surface, at the 
bottom: X-ray image, B) X-ray image of dark, and dense precipitation scattered 
throughout the sediment within the barite fronts around 25 and 42 cm. 
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Figure 10. Core 1070, from left: lithology log, photo, X-ray image, IRD-, Magnetic Suceptibility-, 
and grain size records. 
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4.3.4 Subjective abundancy of foraminifera 
 
The core 1070 is almost barren of agglutinated foraminifera. They are observed only from two 

distinct depths at 166 and 221 cm as 1/rare (Fig. 13). Planktic foraminifera are found with the 

scale of 1/rare – 3/some. For most of the core they are found as 1/rare. At three horizons they 

reach abundancy of 3/some: at 186 – 201 cm, 226 and 311 cm. They are absent at several 

horizons between 101 – 271 cm. Between 246 – 271 cm they are mostly absent. Other depths 

with absence are: 101, 121, 131, 141, 171, 211, and 221 cm (Fig. 13). Benthic foraminifera are 

present throughout the core and found as 1/rare – 4/abundant. They are found as 4/abundant 

within eight horizons throughout the core: 6 - 11, 21, 76, 151 – 161, 186 – 191, 226, 266 and 

296, - 301 cm. They are found as 1/rare only from three horizons at 66, 181 and 221 cm (Fig. 

12). 

4.3.5 XRF 
 

The solid phase elemental composition of the core 1070 is described below with downcore 

profiles of S/Rb, Ba/Rb, P/Rb, Mn/Rb and Fe/Rb. 

The S/Rb ratio fluctuates strongly between 0.1 – 1.5 and many peaks are observed throughout 

the core. The average value is 0.7. Increasing trend towards the core top is observed above 98 

cm (Fig. 11). 

The Ba/Rb ratio has nearly constant values throughout the core between -0.04 and 1.3. The 

average value is 0.3. Within the topmost 27 cm the ratios are slightly higher than deeper in the 

core. Distinct peaks are observed at 26, 41, 50, and 255 cm with values of 0.7, 1.3, 0.7 and 0.8 

respectively (Fig. 11). 

 

The P/Rb ratio fluctuates strongly throughout the core between -3.2 and 0.4 and with average 

value of -1.1. Two distinct peaks are observed at 236 and 255 cm with values of 0.4 and 0.1 

respectively (Fig. 11). 

Relatively stable values between -0.9 and 1.6. characterize the Mn/Rb record. The average 

value is 0.0. Distinct peaks are observed at 236, 255, 310 and 318 cm with values of 1.6, 1.6, 

1.1 and 0.9 respectively (Fig. 11). 

 

The Fe/Rb ratio is characterized by stable values from -1.1 to 3.7 throughout the core. The 

average value is 2.0. Two peak values are found at 235 and 264 cm with values of 3.7 and 3.5 

respectively (Fig. 11). 
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Figure 11. Core 1070, solid state elemental composition: Sulfur (S), Barium (Ba), Phosphorous (P), Manganese 
(Mn,) and Iron (Fe) normalized against Rubidium (Rb). 
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4.4 Core 1069 

4.4.1 Isotopic signature 
 
The δ13C signature of Cassidulina reniforme is measured from the topmost 107 cm of the core, 

where the benthic foraminifera are present. The δ13C signature of C. reniforme vary from -1.66 

to -10.16‰. The lowest values are found within the topmost 19 cm (from -4.78 to -10.16‰), 

at 51 cm (-8.98‰) and at 71 cm (-5.26‰). Elsewhere, the values remain relatively stable from 

-1.66 to -2.85‰ (Fig. 18). 

The δ13C signature of N. pachyderma is measured from the topmost 117 cm of the core, where 

the planktic foraminifera are present. The values vary from -0.41 to -5.81‰. The lowest values 

are found within the topmost 19 cm (from -1.53 to -2.20‰), at 51 cm (-1.91‰), and within 71 

– 79 cm (from -1.29 to -5.81‰). Elsewhere the values remain relatively stable from -0.41 to -

0.57‰ (Fig. 18). 

The δ18O signature of C. reniforme is measured from the topmost 107 cm of the core, where 

the benthic foraminifera are present. The values vary between 4.42 and 4.82‰. The lowest 

values are found at 31 and 106 cm with values of 4.47 and 4.42‰ respectively. The highest 

values are found at 58 and 71 cm with values of 4.77 and 4.82‰ respectively (Fig. 18). 

The δ18O signature of N. pachyderma is measured from the topmost 117 cm of the core, where 

the planktic foraminifera are present. The values vary between 2.57 and 4.83‰. Most of the 

samples has a value > 3‰. The lowest value is found at 31 cm (2.57‰). The highest δ18O 

values are found at 58 and 72 cm with values of 4.83 and 4.12‰ respectively (Fig. 18). 

4.4.2 Magnetic susceptibility 
 
The magnetic susceptibility record of the core 1069 varies from 8.86 to 15.74 SI. The average 

value is 10.7. The record has gradually decreasing trend towards the core top. Two peak values 

are observed at 1 and 95 cm with values of 15.4 and 15.7 SI respectively (Fig. 18). 

4.4.3 IRD, grain sizes and lithostratigraphy 
 

The topmost 135 cm of the core 1069 is consisted of dark brown mud and the topmost 75 cm 

of it is crudely bedded with sand fraction size sediment. IRD is mostly absent, some drop stones 

are observed occasionally. High peak in >250 µm grain size fraction is observed at 50 cm. 

Between ∼43 - 50 cm small, dense, and dark grains are found scattered throughout the sediment 

(Fig. 14). Occasional bivalves and bioturbation are found from the topmost ∼110 cm. Many 
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bivalves are found between 110 – 120 and the bioturbation is common between 107 – 135 cm  

(Fig. 15, 18).  A layer of angular IRD is found between 134 – 155 cm. The clasts have no long 

axis orientation. The clasts become more abundant towards the core top with a peak of 9 clasts 

at 137 cm. The matrix is dark brown mud (Fig. 15, 18). The IRD rich layer is followed by a 

layer of structureless mud between 155 – 170 cm. A distinct clast with a size of ∼5.5 x 2.5 cm 

is found at 159 cm (Fig. 13). It is characterized by rusty iron color and mineral fragments with 

brass-yellow color and metallic luster. A peak in >250 µm grain size fraction is found at 160 

cm. The topmost part of the mud layer has dark brown color whereas between 165 – 188 cm 

the color alternates from light reddish brown to light grey (Fig. 15, 18). Between 170 – 181 cm 

a layer of angular IRD is observed. The clasts have no long axis orientation.  The layer is 

followed by structureless mud between 181 – 186 cm. One drop stone and one bivalve are found 

(Fig. 15, 18). 

 
Laminated mud is found in X-ray images between ∼186 and 210 cm. Sharp IRD peak of 11 

clasts is found at 190 cm. Some bioturbation is observed at the top of the layer. Few drop stones 

are found within the lamination. The bottommost ∼10 cm is consisted of structureless mud with 

few drop stones and a bivalve (Fig. 15, 18).  

 

 

 

 

 

 

Figure 13. Core 1069: A) Pyrite block, depth ∼160 cm. On top: photo, at the bottom seen in X-ray 
image, B) X-ray image of dark, and dense precipitation scattered throughout the sediment within 
the barite front, between 43-50 cm. 
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Figure 14. Core 1069, from left: lithology log, photo, X-ray image, IRD-, Magnetic susceptibility-, 
and grain size records.  
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4.4.4 Subjective abundancy of foraminifera 
 

The core 1069 is almost barren of agglutinated foraminifera. They are found only from two 

distinct horizons at 51 – 58 cm and 126 cm as 1/rare (Fig. 18). Planktic foraminifera are absent 

below 117 cm. Between 31 – 117 cm they are found as 1/rare. Within the topmost 18 cm they 

are found as 2/present (Fig. 18). Benthic foraminifera are absent below 144 cm and at 136 cm. 

Between 38 and 126 cm they are found either as 2/present or as 3/some. They are most abundant 

within the uppermost 32 cm as 4/abundant - 5/very abundant (Fig. 18). 

4.4.5 XRF 
 
The solid phase elemental composition of the core 1069 is described below with downcore 

profiles of S/Rb, Ba/Rb, P/Rb, Mn/Rb and Fe/Rb. The S/Rb ratios vary from 0.3 to 2.0 with 

average value of 0.8. The values vary stronger within the bottom half of the core with observed 

peak value of 2.0 at 164 cm.  Above 100 cm the overall trend is slightly increasing (Fig. 17). 

The Ba/Rb record remains nearly constant throughout the core with values from -2.2 to 0.8. 

The average value is 0.2. Strong negative peak is observed at 160 cm with value of -2.2. Two 

small peaks are observed at 49 and 219 cm with values of 0.8 and 0.5 respectively (Fig. 17). 

The P/Rb record varies between 1.3 and 3.7 with average value of 3.5. Distinct negative peaks 

are observed at 55, 145, 165 and 219 cm with values of 3.0, 2.9, 2.8 and 1.3 respectively (Fig. 

17). Relatively stable values from -0.3 to 0.9 characterize the Mn/Rb record with average value 

of 0.0. Distinct peaks at 151, 163 and 219 cm are observed with the values of 0.6, 0.4 and 0.9 

respectively (Fig. 17). The Fe/Rb values vary between 0.9 and 2.7. The average value is 2.0. 

One peak value is found at 163 cm (2.7). 
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Figure 15. Solid state elemental composition of the core 1069. Sulfur (S), Barium (Ba), Phosphorous (P), 
Manganese (Mn,) and Iron (Fe) are normalized against Rubidium (Rb). 
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4.5 SEM – EDS 
 

4.5.1 Cassidulina neoteretis 
 
Benthic foraminifera species Cassidulina. neoteretis is studied with the following δ13C values 

and depths from the core 1070:  

• -1.14‰ (156 – 157 cm) 

• -11.34‰ (286 – 287 cm) 

C. neoteretis with the δ13C value of -1.14‰ has transparent test with glassy appearance and 

high reflectance. The texture is optically smooth. Morphological features such as aperture, 

sutures and chambers are easy to observe under the stereomicroscope. SEM-EDS investigation 

does not reveal any foreign crystals or grains on the test and the pores are unplugged. 

Anomalous amounts of high-Mg calcite are not observed. The specimen is defined as 

´pristine´(Fig.19). 

The test of the C. neoteretis with the δ13C value of -11.34‰ has a light grey – yellowish color 

under the stereomicroscope. The test is frosty, and it has lost its transparency, reflectance, and 

optically smooth texture. The SEM-EDS reveals plugged pores and widespread high-Mg 

Calcite crystals that have started to form solid crust on top of the exterior wall. The specimen 

is defined as having ´major diagenetic alteration´(Fig.19). 

4.5.2 Neogloboquadrina pachyderma 
 
Planktic foraminifera species Neogloboquadrina pachyderma is studied with the following 

δ13C values, depths, and cores: 

• 0.41‰ (116 – 117 cm, core 1069) 

• -8.26‰ (286 – 287 cm, core 1070) 

N. pachyderma with the δ13C value of 0.41‰ has a test with grey color under the 

stereomicroscope. Morphological features such as aperture and champers recognizable. The 

SEM-EDS imagery reveals high-Mg calcite crystals covering the exterior wall. The pores are 

plugged. The specimen is however identified as `pristine´ according to its δ13C value of 0.41‰ 

(Fig. 20).  
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The test of the N. pachyderma with the δ13C value of -8.26‰ is white under the 

stereomicroscope. The test has a coarse texture. Morphological features such as chambers and 

aperture are recognized. The SEM-EDS imagery reveals pervasive high-Mg calcite crystals that 

have started to form solid crust on the exterior wall. The pores are plugged. The specimen is 

defined as having ´major diagenetic alteration´ (Fig. 20). 

4.5.3 Cassidulina reniforme 
 
Benthic foraminifera species Cassidulina reniforme from the core 1069, is studied with the 

following δ13C values and depths: 

• -1.87‰ (88 – 89 cm) 

• -10.16‰ (11 – 12 cm) 

C. reniforme with the δ13C value of -1.87‰ has a highly transparent test with high reflectance 

and glassy appearance under the stereomicroscope. The texture of the test is optically smooth. 

Morphological features such as champers, sutures, and aperture are easily recognizable. The 

SEM-EDS imagery does not reveal foreign crystals or grains on the test and the pores are 

unplugged. Anomalous amounts of high-Mg calcite are not observed. The specimen is defined 

as ´pristine´ (Fig. 21). 

The test of the C. reniforme with the δ13C value of -10.16‰ has white-yellowish color. The 

surface of the test is grainy, and it has lost its transparency, reflectance, and optically smooth 

texture. Morphological features such as chambers and sutures are not distinguishable. The 

SEM-EDS imagery reveals pervasive and thick coating of crystals covering the exterior wall. 

The pores are plugged. The specimen is defined as having ´major diagenetic alteration´ (Fig. 

21). 
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Figure 18. Row 1) Pristine N. pachyderma with δ13C value of 0.41‰, Row 2) N. pachyderma with major 
diagenetic alteration and δ13C value of -8.26‰. Columns: A) The view through stereomicroscope, B) SEM 
image of the exterior wall, C) zoomed SEM image, D) EDS image. The color change in the EDS images from 
green to yellow and eventually to orange reflects the change in the Mg content in the test. Green = low 
content, yellow-orange = high content. 

 

 

 

Figure 17. Row 1) Pristine C. neoteretis with δ13C value of 1.14‰, Row 2) C. neoteretis with major diagenetic 
alteration and δ13C value of -11.34‰. Columns: A) The view through stereomicroscope, B) SEM image of 
the exterior wall, C) zoomed SEM image, D) EDS image. The color change in the EDS images from green to 
yellow and eventually to orange reflects the change in the Mg content in the test. Green = low content, yellow-
orange = high content. 
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5. Discussion 
 
Past methane releases from marine reservoirs have been linked to climate changes and an 

increase in the temperature during the Quaternary and the Paleocene (Wefer et al., 1994; Smith 

et al., 2001), Late Paleocene (Dickens et al., 1997), and Cretaceous (Jahren et al., 2001). Several 

studies used isotopic signature (δ13C) of planktic and benthic fossil foraminiferal tests to 

reconstruct past methane seepages (Millo et al., 2005; Consolaro et al., 2015; Sztybor and 

Rasmussen, 2017; Schneider et al., 2017).  

Depleted foraminiferal δ 13C values can result from incorporating methane derived depleted δ 

13C in various suggested ways during the biomineralization and as postmortem. During 

biomineralization benthic foraminifera can incorporate depleted 13C from DIC species (carbon 

dioxide CO2 and bicarbonate HCO3
2-) from the ambient pore water and from intracellular 

storage of inorganic carbon (de Nooijer et al., 2009; Toyofuku et al., 2017). It has been also 

suggested that benthic foraminifera can incorporate low δ 13C via feeding on methanotrophic 

bacteria or having symbiosis with them (Melaniuk et al., 2022; Hill et al., 2003). Feeding on δ 

13C depleted microbes has shown to be able to lower the δ13C values down to -6‰ (Hill et al., 

Figure 19. Row 1) Pristine C. reniforme with δ13C value of 1.87‰, Row 2) C. reniforme with major 
diagenetic alteration and with δ13C value of -10.16‰. Columns: A) The view through stereomicroscope, 
B) SEM image of the exterior wall, C) zoomed SEM image. 
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2003). Empty foraminiferal tests can get passively coated by methane derived authigenic 

carbonates (MDAC) manifested by a high- Mg content and significantly lower δ13C values 

(Schneider et al. 2017) (see chapter 2.3). Similar to this, in my study the SEM-EDS 

investigation of C. neoteretis with δ13C value of -11.34‰ (at depth 286cm) revealed widespread 

MDAC precipitations, characterized by a high-Mg calcite crystals. The specimen was defined 

as having ´major diagenetic alteration that have started to form solid crust on top of the exterior 

wall (Fig. 17). 

5.1 Core 1070 from the flank of the GHP5 
 

Benthic and planktic δ13C records combined with the visual investigation of the foraminiferal 

tests from the core 1070 revealed several past seepage events from the presently inactive GHP5. 

Significantly low benthic δ13C values (from -5.99 to -11.34‰) indicative of the past seepage 

events were found between 190 – 290 cm from the deglaciation deposits (Fig. 20). The benthic 

foraminiferal species selected for the stable carbon isotope investigation was shallow infaunal 

species Cassidulina neoteretis. Cassidulina neoteretis has been previously shown to be capable 

of living within the hostile methane induced environment with low oxygen and high CO2 

concentrations, and possibly with the presence of hydrogen sulfide, as shown at the Håkon 

Mosby Mud Volcano (Wollenburg and Mackensen, 2009) and at Vestnesa Ridge (Melaniuk et 

al, 2022; Dessandier et al., 2019).  

A previous study showed that C. neoteretis can incorporate depleted δ13C if the seepage is only 

moderate but strong methane seepage will lead to their death (Melaniuk et al., 2022). 

Significantly depleted δ13C values of -6 ‰ or lower are considered to be the result of 

postmortem precipitation of Methane Derived Authigenic Carbonates (MDAC) (Melaniuk, 

2022, Schneider et a, 2017; Torres et al. 2003; Sztybor and Rasmussen, 2017).  Additionally, 

MDAC coating is manifested by a high- Mg content (Schneider et al. 2017).  Similar, in my 

study the SEM-EDS investigation of C. neoteretis with δ13C value of -11.34‰ (at depth 286cm) 

revealed widespread MDAC precipitations, characterized by a high-Mg calcite crystals. The 

specimen was defined as having major diagenetic alteration that have started to form solid crust 

on top of the exterior wall (Fig. 17).  

Significantly low planktic δ13C values varied between -6.56 and -8.26‰ (Fig. 20). The planktic 

species selected to the isotopic measurements was Neogloboquadrina pachyderma. The 

expected normal δ13C value for N. pachyderma in non- methane affected surface waters varies 
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from -0.5 to 0.5 ‰ (Zamelczyk et al., 2014; Werner et al., 2016). Neogloboquadrina 

pachyderma precipitate its test from the DIC species in the ambient surface waters, and thus 

reflects the environmental conditions within the water column (Torres et al. 2003). Therefore, 

the depleted δ13C values of N. pachyderma in my study (from -6.56 to -8.26 ‰) are most likely 

resulted from postmortem secondary MDAC precipitation covering the test, making planktic 

foraminifera a good indicator for MDAC precipitations at methane charged sites (Schneider et 

al., 2017; Martin et al., 2010; Uchida et al., 2004; Torres et al., 2003). In the visual investigation, 

N. pachyderma with significantly depleted δ13C value of -8.26‰ (at depth 286 cm) was defined 

as having ´major diagenetic alteration´. The SEM-EDS imagery revealed plugged pores and 

pervasive high-Mg calcite crystals that had started to form solid crust on the exterior wall (Fig. 

18). 

It has been suggested that the δ18O rich digenetic fluids in the sediment could influence the   

δ18O signature of the postmortem planktic and benthic foraminiferal δ18O signature by 

increasing it up to ∼5 - 7‰ (Dessandier et al. 2020; Cook et al. 2011). Nevertheless, the 

foraminiferal δ18O record of the core 1070 do not support this hypothesis, because the planktic 

δ18O values range between 2.52 – 3.65‰ (Fig. 20) and benthic δ18O values vary between 2.35 

– 4.66‰ reflecting the values similar to the values from non-seep areas (2.8 - 5.6‰) (Sztybor 

and Rasmussen 2017; Zamelczyk et al. 2014, 2012; Jessen et al., 2010; Rasmussen et al., 2007). 

The solid phase element concentrations of the sediment were used to trace early diagenetic 

processes linked to biogeochemical cycling around the SMTZ. Several diagenetically 

interesting intervals were found from the Holocene sediments within the topmost ∼50 cm and 

especially from the deglaciation (and possibly Early Holocene) deposits between 150 – 280 cm 

(Fig. 20).  

Three distinct zones with barium enrichments were found around 25, 42 and 255 cm with values 

of 0.7, 1.3 and 0.8 respectively (Fig. 20). In addition, X-ray imagery revealed dark and dense 

precipitations scattered within these sediment layers (Fig. 9 and 20). It is possible that these 

enrichments represent barite fronts that are known to precipitate at or just above the SMTZ with 

sulphate depletion (Venneste et al., 2013; Greinert et al., 2002; Aloisi et al., 2004; Castellini et 

al., 2006). These fronts are formed when upward ascending dissolved barium precipitates with 

downward diffusing pore water sulphate as microcrystalline authigenic barite (BaSO4). 

Authigenic barite (BaSO4) has been considered as a proxy for the depth of modern and relict 
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SMTZs and past methane fluxes (Dickens, 2001) The Ba/Rb results correlate well with the 

earlier published Ba/Ti record by Yao et al., (2020). 

Right below the barite front, a slight sulphur enrichment is found around 53 cm with value of 

0.9 (Fig. 20) Several other sulphur enrichments are found further down from the deglaciation 

(and possibly Early Holocene) deposits between 150 – 280 cm with varying values between 0.9 

and 1.5 (Fig. 20). Within these depths, the amount of barium is low indicating that the sulphur 

enrichments are not bounded in barite (FaSO4). It can also be seen that the sulphur enrichments 

are accompanied with low magnetic susceptibility. Based on these observations the sulphur 

enrichments could imply the precipitation of authigenic Fe sulphides (Märtz et al., 2008). Of 

all formed Fe sulphides around the SMTZ, pyrite (FeS2) is paramagnetic mineral and thus 

causing low magnetic susceptibility. On the other hand, the sulphur enrichments are not 

accompanied with Fe enrichment, making it challenging to interpret if the S enrichment actually 

indicates pyrite precipitation. However, authigenic Pyrite (FeS2) is known to precipitate at the 

SMTZ (Berner, 1984; Canfield, 1989; Passier and Dekkers, 2002; Garming et al., 2005; 

Novosel et al., 2005; Riedinger et al., 2005). The solid phase barite front around 20-50 cm and 

the precipitation of pyrite below it could though indicate that the present day SMTZ is located 

right below 50 cm. Pyrite is known to precipitate at the SMTZ and barite above it. In addition, 

previously published pore water profiles by Gründger et al., 2019 and Hong et al., 2018 indicate 

that the modern SMTZ indeed locates just below 50 cm based on the sulphate and methane 

concentrations. 

Solid phase enrichments of phosphorous (P), manganese (Mn) and iron (Fe) were found 

together from two distinct intervals from deglaciation deposits at 236 and 255 cm (Fig. 20). At 

236 the values are 0.4 for phosphorous, 1.6 for manganese and 3.7 for iron. At 255 cm the 

values are 0.1 for phosphorous, 1.6 for manganese and 3.5 for iron (Fig. 20). The geochemical 

cycle of P and Fe are known to have a strong connection. A possible explanation for the 

enrichment of solid phase P, Fe and Mn at the same intervals could be the precipitation of 

authigenic phosphate mineral like Mn-rich vivianite (Fe3(PO4)2 8H2O). Sulphate methane 

transition zones (SMTZ) have been suggested to be biogeochemical hotspots of P cycling with 

Fe (II) phosphates precipitating below it in the methanic zone (März et al., 2018). 

In addition, a piece of carbonate crust was found from top of the core (Fig. 9 and 20). 

Precipitation of carbonate crust on the sea floor indicates that the SMTZ has previously situated 

in the topmost sediments.  
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5.2 1069 from the top of the GHP5 
 

Benthic and planktic δ13C records combined with the visual investigation of the foraminiferal 

tests from the core 1069 from the top of the post-active GHP5, revealed several past methane 

seepages. Several significantly depleted benthic and planktic δ13C values were found from the 

Holocene sediments between 11 – 78 cm with benthic values varying between -4.78 and -10.16 

‰ and planktic between -1.29 and -5.81 ‰ (Fig. 21).  

The benthic species selected for the isotopic measurements in the core 1069 was Cassidulina 

reniforme. In this study the normal marine δ13C values for C. reniforme are expected to be 

similar to non-methane affected δ13C values in C. neoteretis (0 to 1‰) (Wollenburg et al., 2001) 

The visual investigation of C. reniforme with δ13C value of -10.16‰ (depth 11cm) revealed 

pervasive and thick coating of crystals covering the exterior wall indicating postmortem 

precipitation of Methane Derived Authigenic Carbonates (MDAC) (Melaniuk, 2022, Schneider 

et a, 2017; Torres et al. 2003; Sztybor and Rasmussen, 2017) (Fig. 19 and 21). 

The planktic species selected to the stable isotope investigation for the core 1069 was 

Neogloboquadrina pachyderma. The expected normal δ13C values for N. pachyderma in non-

affected by methane surface water varies between -0.5 and 0.5 ‰ (Zamelczyk et al., 2014; 

Werner et al., 2016). Thus, the depleted δ13C values within the topmost ∼80 cm (Fig. 21) most 

likely represents the post-mortem secondary MDAC precipitation on the test. In the visual 

investigation N. pachyderma with δ13C value of 0.14‰ (depth 116 cm) was defined as ́ pristine´ 

according to the δ13C value. In contrast to what was expected, the SEM-EDS imagery revealed 

plugged pores and high-Mg calcite crystals on the exterior wall (Fig. 18). The reason for this is 

unknown. 

Planktic foraminifera were absent below 117 cm and benthic foraminifera below 144 cm (Fig. 

21). The core 1069 was cored from the top of the GHP5 (Fig. 2b). In contrast to the core 1069, 

foraminifera were present throughout core 1070 that was cored from the flank of the GHP5 

(Fig. 2b and 20). As the methane seepage is concentrated to the GHP summits (Serov et al., 

2017), the absence of the foraminifera in the core 1069 could indicate an inhospitable living 

environment for the foraminifera during past methane seepage events. Indeed, an earlier study 

by Melaniuk (2021) from the active neighboring GHP1 showed that the distribution and density 

of modern benthic foraminifera was found to be zero on the top of the pingo and the highest at 

the edge of the pingo. It was suggested that the absence of the foraminifera on top of the pingo 
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was caused by sedimentary disturbance due to the passage of gas bubbles and low oxygen levels 

or the presence of hydrogen sulfide (Herguera et al., 2014; Carrier et al., 2020). 

The solid phase element concentrations of the sediment were used to trace early diagenetic 

processes linked to biogeochemical cycling around the sulphate methane transition zone 

(SMTZ) (März et al., 2008). Two interesting intervals were found from the core 1069. The first 

one was found from Holocene deposits between 43 – 50 cm with barium enrichments with top 

wards decreasing values between 0.8 and 0.5 (Fig. 21). In addition, the x-ray images revealed 

dark and dense precipitation scattered within the sediment. This layer was interpreted as barite 

(BaSO4) front (Fig. 21).  

 
The second interval was found at ∼160 cm (Fig. 21). The interval is characterized by 

enrichments of sulphur (S) and iron (Fe) with values of 2.0 and 2.1 respectively. In addition, 

lithological investigation revealed a block with a size of ∼5.5 x 2.5 cm, rusty iron color and 

with mineral fragments with brass-yellow color and metallic luster between ∼160 − 163 cm 

(Fig. 13 and 21) This interval was accompanied with low magnetic susceptibility with value of 

∼10.12 SI which is lower than the average value of the whole MS record (10.7 SI) (Fig. 21). 

Based on the combined observations of S and Fe enrichments, the low MS values indicating 

paramagnetic minerals and the properties of the large block, this layer is interpreted as 

containing pyrite (FeS2).  

 

Mn enrichment with a value of 0.6 is found at 151 cm is not accompanied with any other 

element enrichment, and it remains unclear what this could indicate (Fig. 21).  

 

Neither the planktic nor benthic δ18O record of the core 1069 do not support the hypothesis by 

Dessandier et al. (2020) and Cook et al. (2011) that the δ18O rich digenetic fluids in the sediment 

could influence the postmortem foraminiferal δ18O signature by increasing the δ18O signature 

up to ∼5 – 7 ‰. The planktic δ18O values vary between 2.57 and 4.83 ‰ and the benthic δ18O 

values vary between 4.42 and 4.82 ‰ reflecting the values similar to non-seep areas (2.8 - 

5.6‰) (Sztybor and Rasmussen 2017; Zamelczyk et al. 2014, 2012; Jessen et al., 2010; 

Rasmussen et al., 2007) (Fig. 21).  

 

 

 



 

Page 50 of 76 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 Fi

gu
re

 2
1.

 C
or

e 
10

69
, 

co
m

bi
ne

d 
pr

ox
y 

da
ta

 f
or

 t
he

 p
as

t 
m

et
ha

ne
 s

ee
pa

ge
 e

ve
nt

s 
an

d 
ea

rly
 d

ia
ge

ne
tic

 p
ro

ce
ss

es
. 

Fr
om

 le
ft:

 t
he

 δ
13

C
 s

ig
na

l o
f 

pl
an

kt
ic

 N
. 

pa
ch

yd
er

m
a 

an
d 

be
nt

hi
c 

C
. r

en
ifo

rm
e,

 m
ag

ne
tic

 s
us

ce
pt

ib
ili

ty
, a

nd
 th

e 
so

lid
-s

ta
te

 e
le

m
en

ta
l c

om
po

si
tio

n 
(S

, B
a,

 P
, M

n,
 F

e)
 o

f t
he

 s
ed

im
en

t n
or

m
al

iz
ed

 a
ga

in
st

 R
b.

 
O

ra
ng

e 
ba

rs
 in

di
ca

te
 n

eg
at

iv
e 

ex
cu

rs
io

n 
in

 th
e 
δ1

3 C
 s

ig
na

l. 
G

re
y 

ba
r i

nd
ic

at
es

 th
e 

de
pt

h 
of

 th
e 

py
rit

e 
la

ye
r. 

B
lu

e 
da

sh
ed

 li
ne

 in
di

ca
te

 th
e 

de
pt

h 
of

 M
n 

en
ric

hm
en

t. 

 



 

Page 51 of 76 

Summary and conclusions 
 

Two gravity cores, the core 1070 from the flank of the GHP5 and the core 1069 from the top 

of the GHP5, were investigated to find possible relationship between isotopic signature of fossil 

foraminifera and past methane emission at Storfjordrenna Pingos site during the last 

deglaciation in context of past climatic changes.   

The main objectives were to investigate the isotopic signatures (δ13C and δ18O) of foraminiferal 

tests from sediments affected by methane, the microstructure and elemental distribution of the 

foraminiferal tests (SEM-EDS), and the solid-state chemical composition of the sediment 

(XRF). 

Combined benthic and planktic δ13C records, visual investigations (SEM-EDS) of the 

foraminiferal tests and the solid phase composition of the sediment (XRF) revealed interesting 

and complex methane seepage history at the presently inactive GHP5. 

• Foraminiferal δ13C records revealed distinct paleo seepage events from both cores. 

The oldest events are recorded in the core 1070 from the flank of the GHP5 

corresponding to the deglaciation deposits (Fig. 22). The most recent events are found 

from the Holocene deposits from the core 1069 from the top of the GHP5 (Fig. 22).  

• The foraminiferal δ18O record from both cores did not support the hypothesis by 

Dessandier et al., (2020) and Cook et al., (2011) that the δ18O rich digenetic fluids in 

the sediment could influence the   δ18O signature of the postmortem planktic and benthic 

foraminiferal δ18O signature. Instead, the δ18O signature reflected the values similar to 

values from non-seep areas (2.8 - 5.6‰) (Fig. 20 and 21) (Sztybor and Rasmussen 2017; 

Zamelczyk et al. 2014, 2012; Jessen et al., 2010; Rasmussen et al., 2007). 

• The visual investigation (SEM-EDS) of foraminiferal tests from the intervals with 

significantly depleted δ13C values revealed pervasive high-Mg calcite crystals that had 

started to form solid crust on the exterior wall plugging the pores, indicative of passive 

postmortem precipitation of MDAC. The specimens were defined as having ´major 

diagenetic alteration´ (Fig. 17, 18 and 19) 

• The solid phase composition of the sediment (XRF- analysis) revealed precipitations 

of authigenic minerals accompanied with the distinct paleo seepage events recorded by 

the δ13C records from both of the cores indicative of early diagenetic processes at the 

paleo Sulphate-Methane Transition Zones (SMTZs) (Fig. 20, 21 and 22) (Funk et al. 
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2004; März et al., 2008, 2018). Distinct Barite fronts were found from both cores from 

the Holocene deposits above 50 cm (Fig. 20, 21 and 22) indicative of modern SMTZ 

location below 50 cm. A piece of carbonate crust was found from the top of the core 

1070 indicating the presence of the paleo SMTZ close to the sea floor (Fig. 20).   

• Agglutinated foraminifera are mostly absent in both cores. Planktic foraminifera are 

mainly rare throughout both cores. Foraminifera were absent in 1069 (on the top of the 

GHP5) below 117 cm (planktic) and 144 cm (benthic). In the core 1070 (on the flank of 

the GHP5) they are present throughout the core. The absence might be related to the 

strong methane seepage in the past as described from GHP1 (Melaniuk et al., 2022) 

• In both cores IRD is absent or very low within the Holocene sediments. Pre-Holocene 

sediments are characterized by alternating hemipelagic and glaciogenic deposits. Light 

brown layer with rather sharp boundaries is found from both cores at the same depth 

(1069: ∼166 – 187 cm) (1070: ∼165 – 188 cm). The color change indicates some kind 

of change in the sedimentation environment and sharp boundaries indicate rapid change. 

Laminated mud is found from 1069 (on the top of the GHP5) right below the light brown 

sediment at ∼186 – 210 cm most likely representing the well-known distinct lithological 

shift in the sedimentological records of Storfjorden Trough and in the whole Barents 

Sea region (Svendsen et al., 1996; Aagaard-Sørensen et al., 2010; Jessen et al., 2010; 

Junttila et al., 2010; Nielsen and Rasmussen, 2018; Rasmussen and Thomsen, 2021). 

The relatively consistent ages obtained above and below the laminated interval have 

indicated that the layer has been deposited around 14,400 cal years BP corresponding 

to the Bølling interstadial (Jessen et al., 2010; Rasmussen and Thomsen, 2021). The 

laminated interval was not found from the core 1070 (Fig. 10 and 14) 
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Appendix 

Core 1069, #2. Upper row: working half. Lower row: 
archive half. 
 

 

Solid state element counts (XRF) of the cores 1070 and 
1069 

The XRF analysis was done with the Avaatech XRF core scanner. Pre-defined measuring time 

was set to 10 seconds. Based on the atomic number of the element, voltage of 10, 30 or 50 kV 

was used. The current was 1000 μA. No filter was used. The measurements were carried out 

with 10 mm interval and reported as counts per second (cps).  

10 kv voltage was used for the following elements: Aluminium (Al), Silicon (Si), Phosphorus 

(P), Sulfur (S), Chlorine (Cl), Potassium (K), Calcium (Ca), Titanium (Ti), Chromium (Cr), 

Manganese (Mn), Iron (Fe), Rhodium (Rh). 

30 kv voltage was used for the following elements: Copper (Cu), Zink (Zn), Gallium (Ga), 

Arsenic (As), Bromine (Br), Rubidium (Rb), Strontium (Sr), Zirconium (Zr), Niobium (Nb), 

Molybden (Mo), Lead (Pb). 

50 kv voltage was used for the following elements: Silver (Ag), Tin (Sn), Iodine (I), Barium 

(Ba). 

Figure 23. Photos of the core 1069, #2. Upper row: working half, Lower row: archive half. 
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Figure 24. Core 1070, solid phase element counts of Ag, Sn, I, Ba. Used voltage: 50 kv. 
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Figure 25. Core 1070, solid phase elemental counts of Al, Si, P, S, Cl, K, Ca, Ti, Cr, Mn, Fe, and Rh. Used voltage: 
10 kv. 
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Figure 26. Core 1070, solid phase elemental counts of Cu, Zn, Ga, As, Br, Rb, Sr, Zr, Nb, Mo, and Pb. Used 
voltage: 30 kv. 
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Figure 27. Core 1069, solid phase elemental counts of Al, Si, P, S, Cl, K, Ca, Ti, Cr, Mn, Fe, and Rh. Used 
voltage: 10 kv. 
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Figure 28. Core 1069, solid phase elemental counts of Cu, Zn, Ga, As, Br, Rb, Sr, Zr, Nb, Mo, and Pb. Used 
voltage: 30 kv. 
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Figure 29. Core 1069, solid phase element counts of Ag, Sn, I, Ba. Used voltage: 50 kv. 
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