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Preface 

 

This doctoral thesis is the result of PhD study, which started in September 2010. Four years of 

the PhD study were funded by UiT the Arctic University of Norway, and six months by the 

Research Council of Norway through its Centre of Excellence funding scheme for CAGE, 

project number 223259. The last 18 months were carried out without any funding. The 

Norwegian Research School in Climate Dynamics (ResClim) and CAGE contributed in 

funding laboratory analyses. 

 The study included one year assigned for duty work for the Department of Geology. It 

was finalized during assisting in teaching of courses: GEO-3111 Reconstructing Quaternary 

marine environments”, GEO-3122 “Marine micropaleontology”, GEO-3145/8145 “Arctic 

marine geology and geophysics workshop” and in multiple (stopped counting after 14) 

cruises. The PhD study included also a three and half month research stay at Woods Hole 

Oceanographic Institution, USA in autumn 2013. The results of this thesis were presented in 

national workshops and international conferences. In total 11 countries distributed on four 

continents were visited during this PhD appointment (Fig. 1).  

 

 

Figure 1.  Places visited during PhD related travels. First three from the left: San Francisco and Cape 

Cod, USA; Nuuk, Greenland. Rest from the top to the bottom: Longyearbyen, Svalbard; Tromsø, 

Norway; Torshavn, Faroe Islands; Bergen, Norway, Copenhagen and Aarhus, Denmark; Texel, The 

Netherlands; Bonn, Germany; Nice, France; Sitges, Spain; Taipei, Taiwan; Wellington, New Zealand. 

Map from Wikimedia Commons. 
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environmental changes at Vestnesa Ridge, Fram Strait. In review in Paleogeography, 

Palaeoclimatology, Palaeoecology 

 

Sztybor K., Rasmussen T. L. and Laier, T. “Excess sulfur” in sediments from western 

Svalbard margin as indication for the efficiency of the microbial filter in paleo-

Anaerobic oxidation of methane (AOM). In preparation for submission to Chemical 

Geology. 
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1. Introduction and objectives 

 

Methane hydrates are ice-like structure consisting of methane entrapped in a cage of water 

molecules. The hydrates form and remain stable under specific conditions requiring a 

sufficient amount of methane and water, high pressure and low temperatures (Sloan, 1998). 

Such conditions occur mainly on the continental margins and determine the widespread 

distribution of gas-hydrate systems (Judd and Hovland, 2007) (Fig.2). 

 

 

Figure 2. Distribution of known and inferred gas hydrates. Open circles mark locations where gas 

hydrate has been recovered. Filled circles indicate locations of inferred presence of natural gas 

hydrate. Squares mark regions for potential gas-hydrate occurrence in Russia (from Kvenvolden, 

2000).  

 

The gas hydrates have been estimated to constitute the largest known global carbon reservoir 

(Kvenvolden, 1988; Kvenvolden et al., 1993) and an important component of the carbon cycle 

(Dickens, 2001; Kvenvolden, 2002), although the absolute quantity is uncertain (Milkov, 

2004). The interests in methane and methane hydrate deposits have increased during the last 
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three decades from three reasons: 1) the strong greenhouse effect of methane (Howarth et al., 

2011), 2) the potential of the gas as future energy source (Collett, 2002; Makogon et al., 2007) 

and 3) possible geohazards associated with the release of methane from the sea-floor (Maslin 

et al., 2010). Methane has the potential to accelerate global warming, because one molecule 

has an almost 25 times stronger greenhouse effect than a molecule of carbon dioxide. In 

addition, methane change the atmospheric chemistry and increase the radiative forcing 

(Lelieveld et al., 1998). The decomposition of gas hydrates and release of methane may have 

caused rapid climate changes in the past (Dickens et al., 1997; Kennett et al., 2003) and could 

have led to slope instabilities resulting in massive landslides and tsunamis (Mienert and 

Posewang, 1999; Maslin et al., 2004; Vanneste et al., 2011). In connection with the mentioned 

hazards, understanding of the sensitivity of gas hydrates to climatic and environmental 

changes is crucial, especially in the light of ongoing global atmospheric and oceanic warming 

(IPCC, 2013). Of particular importance are the hydrates in the Arctic region, because the 

global warming is there more pronounced than at lower latitudes (Graversen et al., 2008 and 

references therein). Methane plumes rising from the seafloor on the northwestern Svalbard 

margin have been interpreted as a result of ongoing climatic changes in the Arctic (Westbrook 

et al., 2009). Quantifying the amount of methane released from the seafloor and the 

proportion of it that can potentially reach the atmosphere will allow to estimate the impact on 

the climate and modeling of the global warming in the future. 

 Deep ocean gas hydrates constitute over 95% of the global hydrate reservoir and have 

generally low sensitivity to short time climate changes (Ruppel, 2011). Active methane 

venting currently take place at an Arctic deep-water gas hydrate and free gas reservoir at the 

Vestnesa Ridge, northwestern Svalbard (Hustoft et al., 2009; Bünz et al., 2012). Little is 

known about deep-water hydrate deposits and methane seeps in the high Arctic region. A 

detailed multidisciplinary study is needed in order to improve the understanding of the past 
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and present methane release, its potential relationship with climatic changes, and its effect on 

seafloor sediments, water column and the atmosphere.  

 This PhD thesis focus on: 1) reconstructing past methane release events from an active 

pockmark at the Vestnesa Ridge, evaluation of reliability of paleo-proxy from methane 

influenced environment and solid stratigraphy of study area (Paper 1), 2) detailed 

paleoceanographic and paleoenvironmeantal reconstruction from the study area with the use 

of proxy resistant to diagenesis– faunal composition of the benthic foraminiferal assemblages 

(Paper 2) and 3) the use of diagenetic processes in order to estimate the efficiency of 

microbial filter in the past and quantify the amount of methane escaping to the ocean water 

(Paper 3).   

 

2. Background 

 

2.1 Cold methane seeps 

 

Cold methane seeps are distributed along continental margins worldwide (Levin, 2005; 

German et al., 2011) (Fig. 3). They occur at locations where morphological features like faults 

and fractures provide conduits for methane-rich fluid flow (Paull et al., 1995; Judd and 

Hovland, 2007). At a typical seep site, methane and reduced compounds (mainly hydrogen 

sulfide) are available on the seafloor or in shallow sediments (Orphan et al., 2004; Levin, 

2005). The reduced compounds sustain rich chemosynthetic communities that together with 

authigenic carbonates on the seafloor often are used as indicators of presence of fluid flow 

(Olu et al., 1997; Sibuet and Olu, 1998). At some of the seep–sites obvious venting can be 

observed as gas bubbles rising from the seabed (e.g. Haeckel et al., 2004). This can be 

detected by single beam echo-sounding and is referred to as flares (Paull et al., 1995; 

Heeschen et al., 2003; Veloso et al., 2015). Numerous seeps can also be inferred based on 
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seafloor mapping that may reveal structures formed by intensive fluid flow (pockmarks, 

pingos or mud volcanoes) (Judd and Hovland, 2007). 

Figure 3. Global distribution of modern and fossil cold seeps (from Levin, 2005). 

2.2 Anaerobic oxidation of methane (AOM) 

 

The most important process in a cold seep environment is the anaerobic oxidation of methane 

(AOM). In this process methane migrating towards the seafloor and sulfate diffusing from the 

seawater reacts together within the sulphate-methane transition zone (SMTZ) according to the 

net reaction: CH4 + SO4
2-  HCO3

- + HS- + H2O (e.g. Reeburgh, 1976). This reaction is 

mediated by a consortium of methane-oxidizing archaea and sulfate-reducing bacteria found 

in anoxic marine sediments (Boetius et al., 2000; Orphan et al., 2001). The SMTZ is a 

sediment interval that separates methane-rich and sulphate-depleted sediments below from 

methane-depleted and sulphate-rich sediments above (Borowski et al., 1996; Snyder et al., 
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2007). The products of AOM, bicarbonate and hydrogen sulfide exert a significant influence 

on the pore water chemistry. The accumulation of bicarbonate elevate the alkalinity and leads 

to precipitation of authigenic carbonates (Mazzini et al., 2004; Magalhães et al., 2012). High 

concentration of hydrogen sulphide provides energy for filamentous sulphide-oxidizing 

bacteria, bivalves and tubeworms hosting chemoautotrophic bacteria (Brooks et al., 1987; 

MacDonald et al., 1989; Levin, 2005). The phenomenon of patchy distribution (zonation) of 

the chemosynthetic communities results from heterogeneity within the seep environment (Olu 

et al., 1997; Sahling et al., 2002). Variations is fluid discharge velocities determine the 

availability of hydrogen sulfide in the seafloor sediments (Orphan et al., 2004). In addition to 

serving as the base of the food chain for chemosynthetic communities, the hydrogen sulfide 

readily converts into iron sulfides and is preserved in the sediments mostly as pyrite (Novosel 

et al., 2005; Lin et al., 2016b). AOM is estimated to consume the majority of the upward 

migrating methane and thus, significantly limits the emissions to the water column and 

atmosphere (Luff and Wallmann, 2003; Sommer et al., 2006). The methane that will manage 

to bypass the SMTZ will be oxidized aerobically in the water column. In shallow water 

settings it may reach the atmosphere (McGinnis et al., 2006). 

 

2.3 Evidence of past methane seepage 

 Macrofossils 

The first examples of fossil seeps were identified one year after the discovery of the first 

modern cold seep community in the Gulf of Mexico (Paull et al., 1984; Kiel, 2010 and 

references therein). Seeps fluids attract unique chemosynthetic communities and their fossil 

analogues were recognized at many locations worldwide (Levin, 2005; German et al., 2011). 

High alkalinity at seep environments caused by the AOM enhance preservation of carbonate 

shells. The majority of fossil seep records is based on bivalve shells followed by gastropods, 

brachiopods and tube worms and the studied records cover time scales spanning from 
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Devonian to Pliocene (e.g. Campbell and Bottjer, 1995; Kiel and Peckmann, 2007; Kiel, 

2010; Vinn et al., 2013). 

 

 Microfossils 

Based on studies of modern benthic foraminifera from methane seeps and neighboring areas, 

the benthic foraminifera assemblages were suggested to be good indicators of methane 

seepage (Jones, 1993; Akimoto et al., 1994).  Further studies supported the idea with results 

demonstrating that seep areas were dominated by foraminiferal species typical for organic-

rich environments (Sen Gupta et al., 1997; Rathburn et al., 2000; Bernhard et al., 2001) and 

those that are able to survive periods of seafloor hypoxia (Sen Gupta et al., 2007). Seep-

related benthic foraminifera assemblages enabled identification of intervals of methane escape 

in Plio-Pleistocene (Wefer et al., 1994; Bhaumik and Gupta, 2007; Saeidi Ortakand et al., 

2016) and Holocene deposits (Wiedicke and Weiss, 2006; Panieri et al., 2014). However, a 

study of Miocene records from Apennines reveals no difference between seep and non-seep 

assemblage and points to that “time-averaging” as possible reason of samples homogenization 

(Barbieri and Panieri, 2004). Influence of post-mortem mixing of foraminiferal tests that may 

elevate species richness was also suggested by Lobegeier and Sen Gupta (2008). 

 Molecular fossils 

Strongly depleted 13C values measured in archaeal and bacterial lipids were used to detect the 

presence of anaerobic methane–oxidizing microbial consortia (Hinrichs et al., 1999; Niemann 

and Elvert, 2008). Presence of biomarkers diagnostic of aerobic and anaerobic methanotrophy 

in sediments from the Last Glacial period was interpreted as evidence of methane emission to 

the water column (Hinrichs, 2001; Uchida et al., 2004) and high rates of AOM in the 

sediments (Cook et al., 2011), respectively. High abundance of  these molecular fossils in 

seep sediments marks intervals of vigorous methanotrophic activity (Hinrichs et al., 2003). 

Most likely only the strongest and relatively long-lasting seepage events allow accumulation 
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of sufficient methanotrophic biomass for detection (Hinrichs et al., 2003; Cook et al., 2011). 

Studies based on lipid biomarkers extracted from authigenic carbonates documents seepage 

activity and AOM in Cenozoic and Mesozoic records (Peckmann et al., 1999a; Thiel et al., 

1999; Birgel et al., 2006). 

 Authigenic minerals 

As a result of the increase in alkalinity driven by AOM, methane-derived authigenic 

carbonates are a common feature of cold seeps. They are typically formed of high-magnesium 

calcite, aragonite or dolomite and reveals a variety of sizes and shapes ranging from 

millimeter-size concretions to slabs, pavements, mounds and chimneys (e.g. Aloisi et al., 

2000; Gontharet et al., 2007; Feng et al., 2010; Bayon et al., 2013). Ancient cold seep 

carbonates have been studied at many locations worldwide and are evidences of seeps 

activities from Devonian to the present (Orpin, 1997; Cavagna et al., 1999; Peckmann et al., 

1999b; Campbell et al., 2008). Another product of AOM, hydrogen sulfide, react with iron 

and enhance pyrite formation in seep sediments. Accumulations of pyrite could be used as 

indicator of the position of the paleo-SMTZ (Judd and Hovland, 2007; Lim et al., 2011). 

Depending of the chemistry of the seep fluids precipitation of other authigenic minerals like 

barite (Greinert et al., 2002; Dickens et al., 2003; Castellini et al., 2006) and gypsum crystals 

(Pierre et al., 2012; Lin et al., 2016a) may take place.  

 Carbon isotopic evidence  

Methane has very low carbon isotopic signature, which depending on origin range from –

50‰ to –20‰ for thermogenic and from –110‰ to –60‰ for microbial methane (Whiticar, 

1999). Bicarbonate produced during the AOM increase the alkalinity of pore water and can 

significantly decrease the δ13C values of dissolved inorganic carbon (DIC), which cause 

precipitation of carbonate minerals with low δ13C values (Ritger et al., 1987; Aloisi et al., 

2000).  The low δ13C values of DIC in pore waters can be recorded in tests of benthic 
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foraminifera during mineralization or in the form of diagenetic overgrowth (Rathburn et al., 

2003; Torres et al., 2003; Consolaro et al., 2015). The δ13C values of authigenic carbonates 

and microfossils are the standard and most widely used diagnostic proxy for identifying 

modern and paleo-seeps deposits (Paull et al., 1992; Kennett, 2000; Hill et al., 2004; Pierre 

and Fouquet, 2007). 

3. Study area 

 

3.1 Oceanography 

 

Vestnesa Ridge is located at the western continental slope of Svalbard in the eastern Fram 

Strait at water depth between ~1200 and 1300 m (Fig. 4). The northernmost extension of the 

Norwegian-Atlantic Current - the West Spitsbergen Current (WSC) transports relatively warm 

and saline water (<3–6 °C and S<39.4 psu) along the western coast of Svalbard through the 

eastern Fram Strait into the Arctic Ocean (Schauer, 2004; Walczowski et al., 2005). The 

current transports heat and salt into the Arctic Ocean and maintains ice-free conditions in the 

eastern Fram Strait throughout most of the year (Aagaard et al., 1987; Schauer, 2004; 

Walczowski et al., 2005). The WSC is steered by topography, and the entire water column 

flows northward and reaches maximum speed on the upper slope down to 800 m water depth 

(Walczowski et al., 2005; Beszczynska-Möller et al., 2012). North of Svalbard the WSC 

flows as subsurface current and splits into the Yermak Slope Current and the Svalbard Branch 

(Aagaard et al., 1987; Manley, 1995). In the western Fram Strait, relatively cold and fresh 

water is transported by the East Greenland Current along the East Greenland margin out of the 

Arctic, into the North Atlantic Ocean (Aagaard et al., 1987; Beszczynska-Möller et al., 2012). 

In the central Fram Strait, the dominant water masses, warm Atlantic Water and cold Polar 

Water mix and generate Arctic water masses (Hop et al., 2006).  
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At the coring site, the Atlantic layer overlies the cold Greenland Sea Intermediate 

Water (~ -1 oC) generated by convection in the Greenland Sea (Aagaard et al., 1985). A thin 

surface layer influenced by meltwater (10–30 m) occurs above the Atlantic Water (Aagaard et 

al., 1985; Zamelczyk et al., 2014). Strong bottom current generally prevent preservation of 

Holocene sediments in the area (Elverhøi et al., 1995; Jessen et al., 2010; Rasmussen et al., 

2014).  

 

Figure 4. Map of the Nordic Seas and Barents Sea showing the major currents and location of study 

area, modified from Rasmussen et al. (2007). 
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3.2 Geology 

 

Vestnesa Ridge is a sediment drift on top of a young, thin and hot oceanic crust (Eiken and 

Hinz, 1993; Engen et al., 2008). The thick sediment deposits were formed by bottom currents 

mostly during late Miocene and Pliocene (Eiken and Hinz, 1993). Based on the seismic 

reflectors the sediments were divided into three major stratigraphic units, YP-1, YP-2 and YP-

3 (Eiken and Hinz, 1993), corresponding to post-rift deposits, contourites and Plio-Pleistocene 

glacial deposits respectively (Hustoft et al., 2009 and references therein). The most recent 

(Late Quaternary) sediments consist of contourite deposits punctuated by episodic deposition 

of turbidites (Howe et al., 2008). Presence of gas and gas hydrates in the area was predicted 

based on bright spots and bottom simulating reflectors in seismic data (Eiken and Hinz, 

1993). The crest of Vestnesa Ridge is perforated with pockmarks, the origin of which was 

suggested to be connected to methane venting (Vogt et al., 1994). The hypothesis was 

confirmed by extensive geophysical studies (Hustoft et al., 2009; Petersen et al., 2010; Bünz 

et al., 2012; Plaza-Faverola et al., 2015) that documented methane release from the 

pockmarks at the eastern part of the ridge and by recovery of methane hydrates in sediment 

cores (Fisher et al., 2011). Acoustic flares rising from the seafloor are frequently observed on 

hydroacoustic data (Hustoft et al., 2009; Bünz et al., 2012). Episodes of methane venting at 

the Vestnesa Ridge may be determined by glacial activity and tectonic stress (Plaza-Faverola 

et al., 2015).  

 

4. Material and methods 

 

4.1 Sampling and treatment 

 

Investigated sediment cores were taken at Vestnesa Ridge in the eastern Fram Strait (Fig.4) by 

RV Jan Mayen (now RV Helmer Hanssen) in June 2010 and July 2012. High-resolution 
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seismic profiles recorded by an EdgeTech 3300-HM hull-mounted sub-bottom profiler were 

used to determine the coring positions. CTD (conductivity, temperature, density) data were 

also collected prior the coring. Three of the cores were retrieved from within an active 

pockmark (JM10-335GC, HH12-928PC and HH12-929GC), while one core was taken outside 

the pockmark as a control (Fig. 5).  

 

 

Figure 5. Detailed bathymetric map of the active pockmark on the southern part of Vestnesa ridge with 

locations of four studied cores. Map was created based on data from Bünz et al. (2012) with help of S. 

Vadakkepuliyambatta and T. Grytå. 

 

 All the cores were cut into 1 m sections and kept in a cooling room (4oC) until further 

investigations. Density, porosity and magnetic susceptibility were measured in all core 

sections on a GeoTech Multisensor Core Logger at the Department of Geology, UiT The 

Arctic University of Norway. Thereafter, each core section was split length-wise into two 

halves and described for visual changes in color, texture and occurrence of macrofossils. 

Additionally the reference halves were X-rayed, XRF-scanned and color imaged. Working 

halves were subsampled at 5 cm intervals in 1 cm thick slices. The sampling interval applies 
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to all analysis described below. The samples were weighed, freeze dried, weighed and wet-

sieved at 0.063, 0.1 and 1 mm sieves. Prior to sieving about 4 g of bulk sediment was taken 

from each sample for geochemical analyses. Mineral grains in the size fraction > 1 mm were 

counted as ice-rafted debris (IRD). The concentration of IRD was calculated as number of 

grains per gram dry weight sediment. 

4.2 Geochemical analysis 

 

The weight percentage (wt.%) of total carbon (TC), total organic carbon (TOC) and total 

sulfur (TS) were measured in bulk sediment samples using a Leco CS-200 induction furnace 

at the Department of Geology, UiT The Arctic University of Norway. The content (wt.%) of 

calcium carbonate (CaCO3) was calculated using the equation:   

CaCO3 = (TC-TOC)*8.333                

4.3 Stable isotope analysis (δ18O and δ13C) 

 

 Stable oxygen and carbon isotopic ratios were measured on well-preserved tests of planktic 

foraminiferal species N. pachyderma and the benthic foraminiferal species Cassidulina 

neoteretis and Melonis barleeanus. The measurements were performed on specimens picked 

from the >0.1 mm fraction from the four sediment cores and analyzed at the Bjerknes Centre 

for Climate Change, University of Bergen on a Finnigan MAT 253 mass spectrometer with a 

Kiel IV device. The δ18O values in core JM10-335GC were corrected for ice volume changes 

using the sea-level record of Fairbanks (1989). 

4.4 Planktic and benthic foraminiferal fauna 

 

Planktic and benthic foraminiferal analyses were performed in the 0.1 to 1 mm size fraction in 

cores JM10-333GC and JM10-335GC. Approximately 300 benthic and 300 planktic 
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specimens were picked and identified per sample where possible. The species were identified 

based on the systematics of Feyling-Hanssen et al. (1971), and Loeblich and Tappan (1988).  

Benthic foraminiferal species with an affinity to warm bottom water containing Pullenia 

bulloides, P. quinqueloba, Eggerella bradyi, Sigmoilopsis schlumbergeri, Bulimina 

marginata, Gyroidina sp., Gavelinopsis praegeri, Pyrgo serrata, Spirophtalmidium 

acutimargo and Cibicidoides pachyderma were grouped together as ‘Atlantic species’ 

(Rasmussen et al., 1996, 2003; Wollenburg et al., 2001,2004). 

The absolute abundances (concentration, number of specimens per gram dry weight sediment) 

and relative abundances (%) of species were calculated in each sample. The foraminiferal 

accumulation rates (number/cm2/year) were calculated following the methods described in 

Ehrmann and Thiede (1985). Diversity indices were calculated using the PAST software 

(Hammer et al., 2001). 

4.5 Chronology 

 

Chronologies of the investigated cores are based on accelerator mass spectrometry (AMS) 14C 

dates measured at the Chrono Centre, Queen’s University, Belfast (21 samples) and Beta 

Analytic, London (2 samples). Dated material consisted of monospecific samples of N. 

pachyderma (15 dates), mixed benthic foraminifera (two dates) and bivalve shells (six dates). 

A reservoir correction of 440 years was applied to all dates (Mangerud and Gulliksen, 1975) 

and the corrected ages were calibrated to calendar years using the “Fairbanks 0701” 

calibration curve (Fairbanks et al., 2005). In cores JM10-333GC and JM10-335GC, in 

addition to radiocarbon dates, stratigraphic tie points from Jessen et al. (2010) including the 

stacked magnetic susceptibility curve and lithological units were used. Age models were 

established based on the linear interpolation between dates and tie points.  
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4.6 Pyrite study 

 

Pyrite particles counts were performed in sample aliquots of the 0.1-1 mm grain-size fractions 

in cores JM10-333GC and JM10-335GC. The concentrations (number of pyrite particles per 

gram dry weight) and flux were calculated. Pyrite fluxes were calculated using the formula: 

number/g x Mass Accumulation Rate (MAR) 

where MAR=Linear Sedimentation Rate (LSR) (cm/ka) x Dry Bulk Density (DBD) (g/cm3). 

The diversity of pyrite textures were documented by using a Hitachi TM3000 scanning 

electron microscope (SEM) at the Department of Geology, UiT Arctic University of Norway. 

 

5. Summary of papers 

 

Paper 1 

Sztybor K. and Rasmussen T. L.  Diagenetic disturbances of marine sedimentary records 

from methane influenced environments in the Fram Strait as indications of variation in 

seep intensity during the last 35 000 years. Boreas, DOI 10.1111/bor.12202 

 

In this paper we reconstruct the episodes of past methane release in one of the active 

pockmarks at Vestnesa Ridge and investigate the effect of seeping of methane on the marine 

sedimentary record. The study is based on four sediment cores, including three cores taken 

from within the pockmark with methane venting from the seafloor, and one core taken just 

outside the pockmark for comparison. The shallow, high-resolution seismic profiles (Chirp) 

showed acoustic blanking inside the pockmark suggesting gas accumulation at the coring site, 

while the normal stratification outside the pockmark confirmed that the site was undisturbed 

and the core could be used for control core.   
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 We carried out a detailed study of diagenetic processes and their imprint on the 

composition and structure of sediments and foraminiferal shells. The data material comprises 

stable isotopes, authigenic carbonates, benthic and planktonic foraminifera, biostratigraphy, 

radiocarbon dates, sedimentary data and magnetic susceptibility. The environmental 

conditions of seep sediments that stimulate the diagenesis are determined by anaerobic 

oxidation of methane (AOM). In the process of AOM hydrogen sulfide and high alkalinity are 

produced. The results show a clear connection between diagenetic processes and the seep 

environment. We interpret the low and nearly constant magnetic susceptibility values inside 

the pockmark, in contrast to higher and more variable values from the control core (as well as 

in other non-seep sites from the Svalbard margin), as a local phenomenon caused by 

dissolution of magnetic minerals in the reductive environment of seep sediments and 

formation of paramagnetic minerals. The very low δ13C values in foraminiferal shells during 

the Bølling –Allerød interstadials suggest enhanced methane flux that began in the late 

Heinrich event H1. The recorded low values in both planktic and benthic foraminiferal shells 

indicate diagenetic overprint by methane-derived authigenic carbonates induced by high 

alkalinity. Radiocarbon ages of 13C depleted foraminiferal tests are significantly older than 

those of foraminifera with normal δ13C values from similar horizons. The higher ages are 

caused by contamination from methane derived ‘old’ carbon and the degree of disruption may 

depend of the seepage intensity. The study emphasize the importance of lithology, 

biostratigraphy and critical assessment of paleo-proxies in methane influenced sedimentary 

records in order to reconstruct a reliable stratigraphy. 
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Paper 2 

Sztybor K. and Rasmussen T. L. Late glacial and deglacial paleoceanographic and 

environmental changes at Vestnesa Ridge, Fram Strait. In review in Palaeogeography, 

Palaeoclimatology, Palaeoecology 

 

In this study, we reconstruct the paleoceanography of the Vestnesa Ridge and investigate if 

the seepage of methane had any impact on the species composition of the benthic 

foraminiferal faunas and their distribution patterns. For the purpose of the study, we use two 

sediment cores, one taken from a pockmark with active venting of methane and one taken 

outside the pockmark for comparison. In these two cores, we focus on the distribution patterns 

of planktonic and benthic foraminiferal species assemblages, sedimentology and 

geochemistry of the sediment (total organic carbon and CaCO3 content). The study presents 

the first detailed record of benthic foraminiferal assemblages in the area. The results show 

continuous inflow of warm Atlantic water however, during the transition from the glacial 

maximum to the deglaciation the Atlantic water changed its position in the water column. The 

change resulted in higher bottom water temperatures during Heinrich event H1 (17,000-

15,300 cal yr BP). The warmer bottom water conditions enabled the settlement of ‘Atlantic 

species’ of benthic foraminifera (see methods and summary of paper 1) and a community of 

chemo-synthesizing bivalves. The patterns of diversity, density and the assemblage structure 

of the benthic foraminifera were the same in both records, indicating that seepage of methane 

had no influence on the species composition of the foraminiferal faunas. The lack of 

differences in the benthic foraminiferal faunas of the seep core compared to the non-seep core 

suggests that the low δ13C values of foraminiferal tests during the Bølling-Allerød 

interstadials are a result of diagenesis of the dead specimens. Paleoceanographic conditions 

were the major factor controlling the benthic foraminiferal assemblage structure, diversity and 

density. 
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Paper 3 

Sztybor K., Rasmussen T. L. and Laier, T. “Excess sulfur” in sediments from western 

Svalbard margin as indication for the efficiency of the microbial filter in paleo-

anaerobic oxidation of methane (AOM). In preparation for submission to Chemical 

Geology. 

 

In this work we take a closer look at the diagenetic processes at the seep site and try to use the 

changes in distribution of pyrite particles, total sulfur and total organic carbon in order to 

estimate the intensity of the paleo-seepage and efficiency of the anaerobic oxidation of 

methane (AOM) in the past. For the purpose of the study we use the two cores from the 

previous studies (Papers 1 and 2), one core from a pockmark with methane venting into the 

water column and the control core from outside the pockmark. The cores were examinated in 

terms of stable isotopes, total organic carbon and sulfur content and carbon-sulfur ratios, 

magnetic susceptibility, concentration of pyrite particles and their characteristic textures. The 

results show that although the two cores have similar lithofacies their geochemistry vary 

significantly. The pockmark core show much higher concentration of pyrite particles, sulfur 

content and higher sulfur-carbon ratios. The highest sulfur flux correlates with the extremely 

low δ13C values in foraminiferal shells reported earlier (Paper 1), which indicate that the 

sulfate reduction is coupled to the process of AOM.  

 Total sulfur vs. carbon plots are often used to characterize the type of depositional 

environments at the seafloor (Berner and Raiswell, 1983; Leventhal, 1983, 1995). In methane 

seep environments sulfate reduction includes two processes: fermentation of buried organic 

matter and AOM (e.g. Snyder et al., 2007). Sulfate reduction not connected to higher content 

of organic material leads to elevated sulfide sulfur in the sediment and disequilibrium from 

the normal total sulfur/total organic carbon (TS/TOC) ratio (Leventhal, 1995). We interpret 
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the higher sulfur content and higher TS/TOC ratios in the seep core as a result of 

diagenetically produced “excess” sulfide in the process of AOM. Moreover, based on the 

“excess” sulfur fluxes we estimate here for the first time, the efficiency of the microbial filter 

during the Last Glacial Maximum and the deglaciation. The obtained values corresponds to 

low and medium methane fluxes at modern seeps. Additionally, we investigated textures of 

pyrite particles. The framboidal pyrite dominate core intervals with high AOM, while the 

euhedral pyrite dominate in the low AOM intervals and the entire record of the control core. 

We interpret this correlation as a possible indicator of two different precipitation mechanisms. 

 

6. Concluding remarks and outlook 

 

In the present PhD study, a multi-core and multi-proxy approach has been used to reconstruct 

events of past methane release, evaluate the reliability of paleo-proxies from methane 

influenced environments and to reconstruct paleoceanographic variability in the study area 

based on high-resolution investigations of four deep-sea cores. Three cores were from an 

active pockmark with intense release of methane and the fourth was from outside the 

pockmarks and analyzed as a reference record. The following main findings and suggestions 

for future work are a result of this thesis: 

- High-resolution stable isotope records of foraminiferal shells allowed to identify 

intervals of low in δ13C values indicative of presence of a paleo-sulphate-methane 

transition zone(SMTZ). The low δ13C values ( c. -16 to -7 ‰) recorded in both benthic 

and planktic foraminifera points to a postmortem, diagenetic origin of the signal. The 

main problem with using carbon isotopic evidence to detect fossil seepage events is 

the uncertainty of when the signal was recorded as the position of the paleo-SMTZ in 

the sediment column is unknown. Based on the presence of chemosynthetic 



26 

 

macrofaunas, magnitude of the δ13C excursions and correlation between the four 

records it has been suggested that seepage began to increase during Heinrich event H1 

and increased to a maximum in strength during the Bølling-Allerød interstadials. For 

future studies, use of U-Th datings of the authigenic carbonates could give a more 

accurate estimation of the time of their formation. 

- In this study, special emphasis has been put on producing a solid stratigraphy of the 

four records. Due to diagenesis in the seep environment the use of common proxies for 

constructing the age models was impossible (magnetic susceptibility) or limited 

(AMS14C and δ18O records). Detailed study of the lithology and biostratigraphy 

allowed to correlate the records in great details and obtain good age models of the 

records. One core was unfortunately too disturbed due to very heavily encrustations of 

the sediment, so that a firm age model could not be reconstructed. The K\Ti ratios 

from XRF-scanning of the records showed that this proxy known to be fairly resistant 

to diagenesis has the potential to be a reliable tool for reconstructing age models and 

assessing the degree of mechanical disturbance of the sedimentary records. Future 

testing of the K\Ti ratios on multiple sediment cores from seep and control sites from 

the western Svalbard margin could be an interesting aspect to address in the future. 

- Variations in bottom environmental conditions during the Last Glacial and 

deglaciation have not been investigated before in the study area. Changes in bottom 

water temperature (BWT) generally are not expected to have any significant impact on 

deep-sea methane hydrate deposits, but are critical for the benthic micro- and 

macrofaunas. Although a sufficient flux of hydrogen sulfide is currently available at 

Vestnesa pockmarks, no living specimens of chemosynthetic bivalves from the family 

of Vesicomyids have been sampled. Modern oceanographic conditions with a BWT of 

~–1oC appears to be too cold for them. Restrictions of their occurrence to a time of 
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highest paleo-BWT (during Heinrich event H1 17-15.3 ka BP) underlines the 

importance of knowledge about the paleoceanographic conditions in order to make 

reliable reconstructions of paleo-seepage of methane. For future studies, 

measurements of Mg\Ca ratios in shells of benthic foraminifera would enable a 

detailed absolute temperature reconstruction of bottom and surface waters. Also, 

developing transfer functions for benthic foraminifera from deep-sea environments for 

calculation of absolute bottom water temperatures for water depths below 1000 m 

would constitute and independent tool for comparisons with other temperature proxies.  

- Benthic foraminiferal assemblages are generally an excellent tool for reconstructions 

of past environments and paleoceanography. This study shows that they unfortunately 

are not good indicator of paleo-seepage of methane. This may be, because the 

paleoceanographic changes and continuous bottom current activities throughout the 

investigated time interval was strong enough as to overprint any influence from the 

methane on the benthic faunas. Another reason may be post-mortem mixing of 

foraminiferal shells from short-lasting seepage episodes that impair the signal. 

- Products of the diagenetic processes induced by anaerobic oxidation of methane 

(AOM) can change the geochemistry of seep sediments. Seep cores are characterized 

by higher sulfur content and higher sulfur-carbon ratios (TS\TOC) than the control 

core from outside seep areas.  Correlation between low δ13C values of foraminiferal 

shells with high TS\TOC ratios, high TS flux and pyrite content has been interpreted 

as an indication of enhanced paleo-AOM as the cause of the production of “excess” 

sulfide. The “excess” sulfur fluxes have been used as a base to estimate of the 

efficiency of the microbial filter in the past. This may turn out to be a reliable tool for 

future estimations of paleo-seepage. 
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- Different dominating pyrite textures observed in core sections with inferred enhanced 

paleo-AOM, from the low AOM intervals and the control core, may indicate several 

formation mechanisms. However, this requires further investigation. 

Overall, this study contributed to improve our knowledge about high Arctic cold seep 

environments and the paleoceanographic variability in the eastern Fram Strait from the end of 

Last Glacial period and until the early Holocene. The results emphasize the great 

heterogeneity of seep environments and the necessity of multi-core and multi-proxy studies to 

achieve the best possible understanding of paleo-conditions. The outcome of this study 

elucidate the imprint of methane seepage on sedimentary records and together with the 

stratigraphy and paleoceanography of the area provides basis for further geological and 

geophysical interpretations. Reconstructions of paleo-seepage are important to estimate the 

contribution of methane to the future climate changes, especially in the light of ongoing 

global warming and increasing deep-sea temperatures; both trends that are amplified in the 

Arctic region. 
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Diagenetic disturbances of marine sedimentary records from methane-
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The effect of seeping of methane on marine sediment records has been studied in four gravity cores from Vestnesa
Ridge, Svalbard margin. The area shows acoustic signs in the form of flares indicating active methane gas seepage.
For a better understanding of the timing and variability of the flux of methane in the past and the effects on
potential proxies, a detailed study of the diagenetic processes that may affect the composition and structure of
both sediments and foraminiferal shells is needed. Here we discuss deep-sea records from methane-influenced
environments in three cores from an active and very heterogeneous seep-area (pockmark) and one core from out-
side the pockmark for background. The results include the distribution and stable isotopes of authigenic carbon-
ates and of benthic and planktonic foraminifera, magnetic susceptibility, AMS-14C dates, sedimentary data and
biostratigraphy. Extremely low d13C values recorded in both benthic and planktonic foraminifera during the
Bølling-Allerød interstadials indicate possible increased methane flux beginning at late Heinrich event H1. The
recorded low values are mainly a result of diagenetic overprint by methane-derived authigenic carbonates. The
d18O signals of authigenic carbonates are close to those of foraminiferal calcite and thus the d18O records remain
a valid stratigraphical tool in methane seep sites, except in the case of severely encrusted samples. In addition, the
records from the active pockmark show nearly constant values of low magnetic susceptibility in contrast to higher
and more variable magnetic susceptibility values from the control station and other published records from nor-
mal sediments west of Svalbard. This phenomenon is probably caused by dissolution of magnetic minerals in the
reducing environmental conditions of methane seep sediments, associated with anaerobic oxidation of methane
and formation of paramagnetic minerals (pyrite). This process enables magnetic susceptibility to be used as a
common diagnostic tool for identifying methane-related palaeo-reductive environments.

Kamila Sztybor (kamila.sztybor@uit.no) and Tine L. Rasmussen, CAGE - Centre for Arctic Gas Hydrate,
Environment and Climate, Department of Geology, UiT The Arctic University of Norway, Tromsø N-9037, Norway;
received 16th February 2016, accepted 4th July 2016.

Continental margins worldwide store large amounts of
methane in the form of gas hydrate, free gas and dis-
solved gas (Kvenvolden 1988; Kvenvolden et al. 1993;
Milkov 2004). Methane in marine reservoirs comes
from degradation of organic matter via microbial
methanogenesis or thermogenesis (Whiticar 1999). The
methane stored in marine sediments is an important
component of the global carbon cycle and can influ-
ence both the atmosphere and ocean carbon pool
(Judd et al. 2002; Kvenvolden 2002; Dickens 2003).

Cold seeps (Hovland & Judd 1988) occur at many
locations on continental margins, where faults and
fracture networks provide conduits for deep-sourced
methane-rich fluids to advect toward the sea floor
(Paull et al. 1995; Pohlman et al. 2009). Intensive fluid
expulsions can change the morphology of the ocean
floor by forming pockmarks, pingos or mud volcanoes
(Judd & Hovland 2007). These structures are often
associated with release of free gas into the water
column (e.g. Paull et al. 1995; Suess et al. 1999).
Methane-rich fluid flow can also be inferred by the
presence of chemosynthetic biological communities
and authigenic carbonates on the sea floor (Paull et al.
1984; Hovland & Thomsen 1989; Sibuet & Olu 1998;
Orphan et al. 2004; Naehr et al. 2007).

Methane from deeper sources diffusing or advecting
towards the sea floor passes through the sulphate-
methane transition zone (SMTZ) that separates sul-
phate-bearing and methane-depleted sediments above
from sulphate-depleted and methane-rich sediments
below (Borowski et al. 1996; Roberts 2001). Here,
methane is oxidized through a process of anaerobic
oxidation of methane (AOM; Orcutt et al. 2004;
Treude et al. 2005). Any advecting methane that passes
the SMTZ can leave marine sediments by direct vent-
ing into the water column, where it is oxidized aerobi-
cally (Hinrichs et al. 2003; Orphan et al. 2004). In the
process of AOM a consortium of archaea and sul-
phate-reducing bacteria convert methane and sulphate
to bicarbonate and hydrogen sulphide (Reeburgh 1976;
Hinrichs et al. 1999; Boetius et al. 2000). Hydrogen
sulphide can further support rich chemosynthetic com-
munities on the sea floor (Hovland & Thomsen 1989;
MacDonald et al. 1990; Barry et al. 1996; Levin 2005).
The high content of bicarbonate in the subsea-floor
environment increases the alkalinity of the pore water
and leads to precipitation of authigenic carbonates
(Jørgensen 1992; Paull et al. 1992; Borowski et al.
1996; Snyder et al. 2007; Ussler & Paull 2008). At this
horizon dissolved bicarbonate generated from AOM
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contains the isotopic signature of methane, which is
strongly depleted in 13C relative to seawater dissolved
inorganic carbon (DIC) (Paull et al. 1992; Orphan
et al. 2004; Ussler & Paull 2008; Chen et al. 2010).
The isotopic ratio of DIC at the depth of the SMTZ
can also be affected by the DIC of fluids from greater
depths migrating upwards and the bicarbonate pro-
duced from fermentation of buried organic matter
(Luff & Wallmann 2003; Snyder et al. 2007; Chen
et al. 2010; Chatterjee et al. 2011).

Enhanced methane flux would cause a shallower
position of the SMTZ close to or at the sea floor (Bor-
owski et al. 1996; Luff & Wallmann 2003; Bhatnagar
et al. 2011). At numerous locations where advection
brings methane very close to the sea floor, the SMTZ
and authigenic carbonates were observed at or near
the sediment surface (Niemann et al. 2006; Hensen
et al. 2007; N€othen & Kasten 2011; Magalh~aes et al.

2012). Strong methane flux also causes higher rates of
sulphate reduction and higher alkalinity as a result of
intensive AOM closer to the sea floor (Treude et al.
2003; Snyder et al. 2007; Chatterjee et al. 2011). Ben-
thic foraminifera record the low d13C values of the
DIC in the pore waters and thus record the presence of
anaerobically oxidized methane in sediments during
mineralization of their tests and/or through post-
mortem diagenetic processes (Torres et al. 2003;
Martin et al. 2010; Consolaro et al. 2015).

Vestnesa Ridge in the eastern Fram Strait (Fig. 1)
represents one of the northernmost known deep-water
gas hydrate provinces in the Arctic (Hustoft et al.
2009; B€unz et al. 2012). The eastern part of the ridge is
characterized by the presence of pockmarks and flares
(Fig. 1B, C). Previous studies from Vestnesa Ridge
have focused on variations in the release of methane
based on isotope measurements in benthic
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Fig. 1. A. Bathymetric map (IBCAO; Jakobsson et al. 2000) of the West Svalbard margin. Red box indicates the location of the investigated
area of Vestnesa Ridge. Red star shows position of core JM03-373PC from Rasmussen et al. (2007). B. Swath bathymetry map of Vestnesa
Ridge. Black box indicates location of the pockmark field with recently observed gas flares. Black circles mark cores from this study, black
star = core JM10-330GC from Consolaro et al. (2015), blue star = core JR211-26GC from Panieri et al. (2014). C. 38 kHz echogram showing
an example of a gas flare recorded from the studied pockmark in 2014 and reaching more than 800 m above the sea floor.
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foraminifera and comprised single records of either a
short time interval (Consolaro et al. 2015) or without
a solid stratigraphy (Panieri et al. 2014) (Figs 1B, 2).
Thus a new comprehensive data analysis, which aims
towards a reliable chronostratigraphy is needed.

In this paper, we present results from three cores
from a single pockmark, where each core represents
different degrees of disturbance from seeping of
methane. We also studied an important control record
from outside the pockmark from normal sediments
unaffected by methane release for comparison with the
pockmark records (stratigraphical control core). The
purpose of our investigation is to study the heterogene-
ity of the methane seep environment, with focus on the
timing and impact on the sedimentary record and vari-
ous proxies of the variable flux of methane in the past.

Study area

Oceanography

The Vestnesa Ridge is located at the northwestern
Svalbard margin in the eastern Fram Strait (~79°N) at
a water depth of ~1200–1300 m (Fig. 1A). Relatively

warm and saline water (<3–6 °C and S<39.4 psu) is
transported by the West Spitsbergen Current along the
western Svalbard margin and through the Fram Strait
to the Arctic Ocean (Schauer et al. 2004; Walczowski
et al. 2005). Cold, low-salinity water is transported by
the East Greenland Current along the East Greenland
margin into the North Atlantic Ocean (Aagaard et al.
1987; Beszczynska-M€oller et al. 2012). At the coring
site a relatively thin surface layer influenced by melt-
water (10–30 m) occurs above the Atlantic Water (until
~500 m), which overlies the cold Greenland Sea Inter-
mediate Water (~�0.9 °C) generated by convection in
the Greenland Sea (Aagaard et al. 1985). The entire
water column flows northward with maximum current
speed on the upper slope down to 800 m water depth
(Walczowski et al. 2005; Beszczynska-M€oller et al.
2012).

Geology

Vestnesa Ridge is an about 100-km-long, elongated
sediment drift located on <20 -Myr-old, thin and hot
oceanic crust of the Eurasian Plate (Engen et al.
2008) (Fig. 1B). The crest of the sediment drift is

A

B C D

Fig. 2. A. Detailed bathymetric map of pockmark field on southern part of Vestnesa Ridge with locations of the four studied gravity cores
and three seismic profiles. Cores JM10-335GC, HH12-928PC and HH12-929GC were collected from an active pockmark and core
JM10-333GC from outside the pockmark as a control. Location of core JR211-26GC (Panieri et al. 2014) is also indicated. B. Chirp profile
a–a’. C. Chirp profile b–b’ from the pockmark showing chimney structure. D. Chirp profile c–c’ outside the pockmark with normal layering
of sediments.
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perforated with pockmarks (Vogt et al. 1994; Hustoft
et al. 2009). It is adjacent to the eastern spreading
segment of the Molloy Ridge and consists of ~5-km-
thick sediments deposited after the final continental
break-up of Eurasia and North America (Eiken &
Hinz 1993; Ritzmann et al. 2004). The post-rift
deposits are overlain by contourites, Plio-Pleistocene
glaciomarine sediments and glacially derived material
from the Kongsfjorden Trough Mouth Fan (Eiken &
Hinz 1993; Vorren & Laberg 1997). The upper suc-
cession consists of silty turbidites and contourites of
Late Weichselian and Holocene age (Howe et al.
2008). Presence of gas and gas hydrate accumulations
in the area has been reported based on conventional
(Eiken & Hinz 1993; Vanneste et al. 2005; Hustoft
et al. 2009) and high-resolution P-Cable seismic stud-
ies (Petersen et al. 2010; B€unz et al. 2012; Plaza-
Faverola et al. 2015). The pockmark field on the
eastern part of the ridge (Fig. 1B) is characterized by
vigorous gas release from the seabed. Flares rising
from pockmarks are frequently observed on single-
beam 38 kHz echo-sounder data and may reach
>800 m heights into the water column (Fig. 1C; Hus-
toft et al. 2009; B€unz et al. 2012).

Material and methods

Before coring in June 2010 and July 2012, high-resolu-
tion seismic profiles were recorded, using an EdgeTech
3300-HM hull-mounted sub-bottom profiler. Coring
positions were determined based on the profiles
(Fig. 2A, B). Sediments are stratified outside the pock-
mark, while acoustically transparent within the pock-
mark (Fig. 2B).

Two gravity cores JM10-335GC and JM10-333GC
were collected from 1200 m water depth on the Vest-
nesa Ridge in June 2010 during a cruise with RV ‘Jan
Mayen’ (now RV ‘Helmer Hanssen’; Table 1, Figs 1,
2). Core JM10-335GC was taken from inside a pock-
mark, from within a rising gas flare, as observed on the
echo-sounder during core collection. Core JM10-
333GC was taken outside the pockmark as a control
core to retrieve hemipelagic sediments unaffected by
seeping of methane. Two additional cores were taken
in July 2012 from inside the same pockmark during a
cruise with RV ‘Helmer Hanssen’ (piston core HH12-
928PC and gravity core HH12-929GC; Table 1). Pis-
ton core HH12-928PC targeted the old position of

JM10-335GC to obtain a longer stratigraphical record.
Due to strong currents and wind, the ship drifted away
from the exact position (Fig. 2A, B, Table 1) and the
sediment corer accidentally hit hard ground (Fig. 3A).
Despite the bent core tube, more than 2 m of sediments
was collected. Gravity core HH12-929GC was taken
from within the pockmark at the deepest location,
which is about 10 m deeper than the pockmark rim.
This core collected gas hydrates and the sediments
within the core tube expanded. The core sections were
cut to remove the voids, and gas hydrates were
observed at the top and bottom of each small core sec-
tion in the lower part of the core. The reconstructed
sediment-log indicates that the hydrates occurred from
1.45 m to the core bottom (Fig. 3B). Gas flares were
observed on the echo-sounder during the retrieval of
both cores HH12-928PC and HH12-929GC.

Before opening of the cores, density and magnetic
susceptibility were measured every centimetre with a
loop sensor mounted on a GeoTek Multi Sensor Core
Logger. Thereafter, the cores were split, X-rayed,
XRF-scanned and visually described. A lithological
log was established by combining X-ray and grain-size
distributions with XRF-scanning results and visual
descriptions (Fig. 4).

The cores were subsequently subsampled at 5-cm
intervals in 1-cm-thick slices. The samples were
weighed, freeze dried and wet-sieved through 0.063,
0.100 and 1.0 mm sieves. The residues were dried at
40 °C. Benthic and planktonic foraminifera were
counted in the size fraction 0.100–1.0 mm. A total
number of >300 benthic and >300 planktonic speci-
mens of foraminifera were picked for each sample,
counted and identified to species level. In this paper,
we present only data of the percent occurrence of ben-
thic species from the ‘Atlantic species group’: Eggerella
bradyi, Sigmoilopsis schlumbergeri, Bulimina margin-
ata, Gyroidina spp., Gavelinopsis praegeri, Pyrgo ser-
rata, Spirophtalmidium acutimargo, Pullenia bulloides,
and P. quinqueloba (Rasmussen et al. 1996, 2007; Wol-
lenburg et al. 2001).

Seventeen AMS 14C dates were obtained at the
Chrono Centre, Queen’s University, Belfast, UK, and
two dates at Beta Analytic, London, UK (Table 2).
Fifteen dates were measured on monospecific samples
of N. pachyderma sinistral, two on mixed benthic fora-
minifera and two dates were measured on bivalve
shells. In addition, four dates in core HH12-928PC
were measured on bivalve shells cleaned of carbonate
crusts, with oxygen and carbon isotopes measured on
sample aliquots (Table 3). All dates were corrected
using a reservoir effect of 440 years (Mangerud & Gul-
liksen 1975) and calibrated to calendar (cal.) years BP
using the ‘Fairbanks 0701’ calibration curve (Fair-
banks et al. 2005).

Oxygen and carbon isotopes were measured on well-
preserved specimens of the planktonic foraminiferal

Table 1. Core positions and water depth of cores shown in Figs 1
and 2.

Core ID Latitude N Longitude E Water depth (m)

JM10-333GC 78°59.7850 06°58.0440 1200
JM10-335GC 79°00.1730 06°55.3350 1197
HH12-928PC 79°00.1550 06°55.2500 1206
HH12-929GC 79°00.2200 06°56.0070 1211
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species N. pachyderma and on the benthic foraminif-
eral species Cassidulina neoteretis and Melonis bar-
leeanus. Samples were cleaned using alcohol in an
ultrasonic bath. Five-cm-resolution stable isotope
records for cores JM10-335GC and HH12-929 and 5–
10 cm resolution for core HH12-928PC (Fig. 5) were
generated using a Finnigan MAT 253 mass spectrome-
ter with a Kiel IV device at the Bjerknes Centre for Cli-
mate Change, University of Bergen. Stable isotopes on
selected carbonates from cores HH12-928PC and
JM10-335GC were also measured (Table 4). Reported
precision was �0.08& for d18O and �0.04& for d13C.
The oxygen isotope records were not corrected for iso-
topic disequilibrium. The d18O record for core JM10-
335GC was corrected for ice-volume changes using the
sea-level curve of Fairbanks (1989).

Two samples from the surface carbonate pavement
from the site of core HH12-928GC were XRD-ana-
lysed at the Department of Geoscience, Aarhus
University, Denmark (Supporting Information Table
S1 and Fig. S1).

Results

Lithology, magnetic susceptibility, AMS 14C dates and
stable isotopes

Core JM10-333GC: control core east of the pock-
mark. – The sediments consist primarily of soft, fine-
grained, homogenous green-grey hemipelagic clayey
silt, with some intervals containing large dropstones
(Fig. 4A). The upper ~50 cm of the core consists of
hemipelagic clayey, silty deposits with high concentra-
tions of ice-rafted debris (IRD). Below 50 cm down-
core, a 65-cm-thick layer of fine laminated clay with
low magnetic susceptibility (MS) values is found.
Between 265 and 285 cm, a coarse-grained, dark
brown layer of unsorted sediments with high density
and low MS values is found. This layer is clearly visible
in the colour scan. Both the laminated layer and the
coarse-grained layer were clearly visible on the X-ray
photographs, which formed the basis of the drawing of
the lithological log (see Material and methods). The

1 cm

1 cm

A

B C

1 cm

Fig. 3. A. Carbonate from the top of core HH12-928PC (piece of aragonitic pavement). B. Methane hydrates sampled in core HH12-929GC.
C. Vesicomyid bivalve species from the shell horizon in core JM10-335GC.
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K/Ti ratios obtained from XRF-scanning essentially
follow the pattern of MS. The four radiocarbon dates
obtained for the core range from 14 442 to 42 118 cal.
a BP (Table 2) with no age reversals.

Core JM10-335GC from the pockmark. – The upper
part of the core contains very fine-grained, dark mud
with a high abundance of large diatoms (>63 lm), fol-
lowed by hemipelagic deposits with increasing
amounts of IRD (Fig. 4B). An interval of laminated
fine clay similar to the laminated layer in the control
core is found between ~200 and 240 cm. A distinct
layer of large bivalves of the family Vesicomyidae
occurs at a depth of ~275 cm. The lower part of the
core below the shell layer consists of light grey, silty
clay. Similar to JM10-333GC, the core penetrated
through coarse, unsorted sediments of very dark col-
our with numerous clasts. This interval is also charac-
terized by higher density, reaching ~1.6 g cm�3. The
core is characterized by a strong H2S odour between 0
and 400 cm down-core and numerous gas bubbles
occur in the sediment between 280 and 370 cm down-

core. The laminated layer, the horizon of bivalve shells
and the coarse sediment layer are clearly visible on the
X-ray photographs as shown in Fig. 4B. The MS val-
ues are low in the entire core. The K/Ti ratios are low
in the laminated layer and the coarse-grained layer and
high in the intervals dominated by hemipelagic depos-
its. A total of eight radiocarbon dates are in chrono-
logical order and range from 9009 to 31 900 cal. a BP
(Table 2). Both planktonic and benthic d18O values are
lowest in the upper 80 cm of the core (Fig. 5). The
highest values occur in the lower part of the core,
whereas intermediate values are observed between 275
and 80 cm. A prominent peak of low planktonic d18O
values occurs at 280 cm depth. Benthic and planktonic
d13C values are high and nearly constant throughout
the record except for two excursions separated by over
a metre of sediment at 85 and 225 cm.

Core HH12-929GC from the deepest part of the pock-
mark. – This core contains gas hydrates in the lower
part (145 cm) to the bottom of the core (Fig. 4C).
Except for the few nodules in the core catcher, most of
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Fig. 4. Colour scan, lithological log, magnetic susceptibility (MS), K/Ti ratios, density and calibrated AMS 14C dates of four cores from Vest-
nesa Ridge: control core JM10-333GC from outside the pockmark (A), cores from an active pockmark JM10-335GC (B), HH12-929GC (C)
and HH12-928PC (D).
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the hydrates consisted of small flakes evenly dis-
tributed in the sediments.

The upper ~100 cm of the core consists of dark
hemipelagic, homogenous clayey silt without IRD. An
interval of light grey clayey sediments of very high den-
sity with multiple authigenic carbonates occurs
between 110 and 130 cm core depth. Dark grey clayey
silt with numerous authigenic carbonates fills the core
from 130 cm to the bottom. Five intervals with very
low density are probably a result of cavities in the core
sections. Several intervals of slightly higher density
revealed both on X-ray photos and the density
log correspond to horizons of high concentration
of authigenic carbonates. Numerous bivalve shells

(Vesicomyidae and Thyasira) were found at ~110–
240 cm core depth. A strong H2S odour occurs from 0
to 178 cm down-core. The MS signal is low through-
out the core. The K/Ti ratios are low in the entire core
except one interval at ~120–140 cm. The six calibrated
radiocarbon dates range from 3700 to 47 100 cal. a BP
(Table 2). They show an increasing trend down-core
except for one sample at 250 cm. Low planktonic and
benthic d18O values occur in the upper 95 cm of the
core (Fig. 5). Below 100 cm d18O values are high
(Fig. 5). The planktonic and benthic d13C values are
high and nearly constant in the upper 95 cm. Below
95 cm, the values are very low, with a minimum at
115�130 cm (Fig. 5).

Table 2. AMS 14C dates and calibrated ages of cores JM10-335GC, JM10-333GC and HH12-929GC. Correlation tie-points for Western Sval-
bard slope from Jessen et al. (2010) are shown in italics.

Core Depth
(cm)

Dated material Laboratory code Age
(14C a BP�1r)

Calibrated age
(cal. a BP�1r)

Jessen et al. (2010) - TP2 10 Planktonic foraminifera – 9240�100 9840�200
JM10-335GC 20 N. pachyderma UBA-18137 9302�38 9981�111
Jessen et al. (2010) - TP3 35 Planktonic foraminifera – 9390�100 10 100�150
JM10-335GC 56 N. pachyderma UBA-23417 10 829�43 12 245�107
JM10-335GC 57 Mixed benthic foraminifera UBA-23418 10 820�43 12 225�106
JM10-335GC 75 N. pachyderma UBA-18138 11 830�44 13 236�69
Jessen et al. (2010) - TP5 198 Bivalve – 12 840�150 14 300�260
Jessen et al. (2010) - TP6 240 Bivalve – 13 140�150 14 780�220
JM10-335GC 278 N. pachyderma UBA-23197 15 486�73 18 197�189
JM10-335GC 278 Bivalve UBA-18142 15 283�56 17 789�182
JM10-335GC 290 N. pachyderma UBA-18139 16 830�71 19 505�90
JM10-335GC 369 N. pachyderma UBA-18140 19 327�77 22 462�95
Jessen et al. (2010) - TP7 380 N. pachyderma – 20 150�130 23 550�185
Jessen et al. (2010) - TP8 405 N. pachyderma – 20 580�130 24 080�150
JM10-335GC 460 N. pachyderma UBA-18141 27 132�150 31 977�221
HH12-929GC 5 N. pachyderma UBA-23198 3899�36 3715�56
HH12-929GC 80 N. pachyderma UBA-23199 7219�38 7623�30
HH12-929GC 140 N. pachyderma UBA-23200 18 011�101 20 780�152
HH12-929GC 141 Bivalve UBA-23201 23 703�176 27 905�242
HH12-929GC 250 N. pachyderma UBA-23202 44 047�2219 47 1001

HH12-929GC 311 N. pachyderma UBA-23203 42 176�1709 46 181�2016
JM10-333GC 20 Mixed benthic foraminifera Beta-4133010 12 920�40 14 442�1192

Jessen et al. (2010) - TP5 50 Bivalve – 12 840�150 14 300�260
Jessen et al. (2010) - TP6 110 Bivalve – 13 140�150 14 780�220
JM10-333GC 137 N. pachyderma UBA-23419 14 475�61 16 385�142
JM10-333GC 147 N. pachyderma UBA-23420 15 228�61 17 677�190
Jessen et al. (2010) - TP7 258 N. pachyderma – 20 150�130 23 550�185
Jessen et al. (2010) - TP8 281 N. pachyderma – 20 580�130 24 080�150
JM10-333GC 359 N. pachyderma Beta-412869 37 420�340 42 118�339

1

Calibrated with Calib 5.
2

Unknown reservoir age. Calibrated age may be too old.

Table 3. AMS 14C dates, calibrated ages and stable isotopes of bivalve shells from core HH12-928PC.

Identification
no.

Depth (cm) Material d13C d18O Age
(14C a BP�1r)

Calibrated age
(cal. a BP�1r)

1 Aragonitic
pavement from
the top of the
core (0–10 cm)

Bivalve shell 0.95 4.77 14 549�70 16 500�152
2 Aragonite needles from

inside a shell
�30.80 5.57 22 347�135 26 360�185

3 Bivalve shell 2.20 4.38 14 120�54 15 923�124
53 53 Bivalve shell 3.93 4.37 15 210�66 17 641�96

BOREAS Diagenetic disturbances of marine sediment by methane in the Fram Strait, last 35 000 years 7



Core HH12-928PC from the pockmark. – This core
sampled dense carbonate crust and the density of the
sediment is very high due to the presence of authigenic
carbonates throughout the entire core (Fig. 4D). The
top section of the core consists of aragonitic pavement
(Fig. S1, Table S1) with numerous bivalve shells
(Fig. 3B). Below the pavement, carbonate rocks and
nodules of variable sizes, heavily encrusted bivalve
shells and small amounts of very dark grey sediments
fill the core liner. No recognizable lithology similar to
the other records could be described. All core sections
are characterized by very low MS values and strong
H2S odour. Three radiocarbon samples dated on
bivalve shells drilled out from the carbonate crust
range from 15 929 to 17 641 cal. a BP. One sample of
aragonite needles precipitated inside a shell dates to
26 360 cal. a BP (Table 3). The planktonic and benthic
d18O records from core HH12-928PC show very scat-
tered values without any particular trend (Fig. 5). The
d13C values are low in both planktonic and benthic
specimens throughout the core (Fig. 5). One sample of
stable isotopes measured on aragonite needles precipi-
tated inside a vesicomyid shell stands out clearly with
very low d13C values (�30.8&) and with d18O values
about 1& higher than average (5.57&) (Table 3,
Fig. 5). This sample dates about 10 000 years older

than the other two samples from the same interval
(Fig. 5).

Discussion

Biostratigraphy, correlation and construction of age
models

In core JM10-335GC the calibrated AMS 14C dates of
19 505–31 977 years together with the high d18O val-
ues show that the sediments below 280 cm correlate
with the end of MIS 3 and MIS 2 including the LGM
dating to 25 000–19 000 years BP (Martinson et al.
1987; Lisiecki & Raymo 2005). The interval below
145 cm in core HH12-929GC also most likely belongs
to MIS 3 – MIS 2 given the high d18O values measured
in C. neoteretis (Fig. 5). The interval 250–280 cm in
core JM10-335GC recorded low values of both plank-
tonic and benthic d18O typical of north Atlantic Hein-
rich event H1 (e.g. Bond et al. 1993). The two dates of
18 197 and 17 789 years are from the H1 interval,
which dates to 19 000–15 600 years (e.g. Bond et al.
1993; Zahn et al. 1997; Fig. 5). The interval comprises
the shell layer and very light grey, clayey sediments, the
latter characteristic of H1 in Svalbard records and with
similar dates (Rasmussen et al. 2007; Jessen et al.
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Fig. 5. Stable isotope records for pockmark cores: JM10-335GC, HH12-929GC and HH12-928PC plotted vs. depth in cm below sea floor
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2010; see above and Figs 3C, 4). In core HH12-
929GC, the interval 135–145 cm with low benthic and
planktonic values most likely correlates with H1. Here,
the sediments also consist of light grey clay with frag-
ments of bivalve shells (Fig. 4). The low planktonic
and benthic d18O values in the upper parts of the two
cores together with the dates indicate that the upper
40 cm in core JM10-335GC and the upper 95 cm in
core HH12-929GC belong to the Holocene (MIS 1).
The low d18O values and dates of 12 245–13 236 years
are typical of the Younger Dryas cold event of Sval-
bard (Rasmussen et al. 2007; �Slubowska-Woldengen
et al. 2007; Jessen et al. 2010). The dark sediments at
250–75 cm in core JM10-335GC and 105–130 cm in
HH12-929GC thus correlate with the Bølling-Allerød
warm interstadials of the deglaciation, which com-
prises the laminated sediment layer dated to 14 700–
14 380 cal. a BP (Jessen et al. 2010; Fig. 5).

High benthic d18O values from core HH12-928PC
suggest that the record belongs to the glacial period of
MIS 2. The lower d18O values in both planktonic and
benthic species in the upper part of the record indicate
that it belongs to the deglaciation (Fig. 5). However,
the d18O values are very scattered without the typical
pattern seen in the other records (Fig. 5). Based on the
radiocarbon dates (excluding the one on aragonite nee-
dles with very low d13C values), we tentatively correlate
the top of the core to Heinrich event H1 and the sedi-
ment below to the LGM (Fig. 5).

Lithostratigraphical units and MS patterns typical
for the western Svalbard margin were described

precisely by Jessen et al. (2010) based on 11 cores from
the area. The records comprised mass transport depos-
its dated to ~24 000 cal. a BP, laminated fine-grained
sediments deposited 14 780–14 300 cal. a BP and a
diatom-rich, fine-grained layer dated 10 100–9840 cal.
a BP (Jessen et al. 2010).

We excluded core HH12-928PC from the age model
because of the difficulties in reconstructing the stratig-
raphy (see above). The age model is primarily based on
core JM10-335GC from the pockmark with the fairly
undisturbed lithology and the control core JM10-
333GC from outside the pockmark. They were corre-
lated with the well-dated MS stack records for the
western Svalbard margin (Jessen et al. 2010) (Fig. 6).
The characteristic lithological units were used as addi-
tional tie-points in the correlation and construction of
the age model (Table 2; green ages in Fig. 6). Our own
14C dates match well with the published dates of the
lithological markers and were also used. In core JM10-
335GC, a benthic foraminiferal assemblage containing
species referred to as ‘Atlantic species’ is found. This
assemblage has been shown to be characteristic for the
H1 event as well as older Heinrich events (Rasmussen
et al. 2007; Rasmussen et al. 2014). It has been dated
to ~16 000 years in core JM03-373PC from Storfjor-
den Fan and in core JM02-460PC from Storfjorden
Trough on the shelf (Rasmussen et al. 2007). A similar
date of 16 446 years was obtained in the control core
JM10-333GC (Table 2, Fig. 6). In core JM10-335GC,
material from 2 cm above the assemblage has been
dated to 17 789 years (bivalve shell) and 18 197 years
(planktonic foraminifera) (Table 2, Fig. 6). The dated
level is part of the shell horizon, containing mussels of
the family Vesicomyidae (Figs 3C, 6). This family of
species is known to live in sulphide-rich, reducing envi-
ronments of cold seeps and hydrothermal vents (Boss
& Turner 1980; Cosel & Salas 2001; Krylova & Sahling
2010). The relatively old ages for both bivalve shells
and planktonic foraminifera together with the presence
of the fossil chemosynthetic fauna suggest that the
dated material could have been influenced by diagene-
sis (see also discussion below). Therefore, the two dates
marked red in Fig. 6 were omitted from the construc-
tion of the age model of core JM10-335GC.

The age models for the cores JM10-335GC and
JM10-333GC were constructed based on the linear
interpolation between dates and tie-points (Fig. 6).
Sedimentation rates were high during the deglaciation
(131 cm ka�1) and low during the beginning of the
Holocene (15 cm ka�1) and in the glacial period
(9.5 cm ka�1) (Fig. 7G).

Seeping of methane, d13C signals and authigenic
carbonates

The benthic and planktonic foraminiferal d13C records
of cores JM10-335GC and HH12-929GC show

Table 4. Stable isotopes of authigenic carbonates, cemented sedi-
ments and encrusted shells.

Core Depth
(cm)

Identification
no.

d13C d18O Description

HH12-928
PC

0–5 1–1 �27.85 4.92 Grey, finely
laminated
hard crust

HH12-928
PC

0–5 1–2 �22.32 4.71 Grey, finely
laminated
hard crust

HH12-928
PC

0–5 1–3 �28.78 5.18 Needles
from cavity

HH12-928
PC

0–5 1–4 �2.69 4.76 1.6-mm-thick
shell

HH12-928
PC

0–5 1–5 �30.71 4.61 Spongy outer
layer of
concretion

HH12-928
PC

0–5 1–6 �18.45 4.15 Fragment
of shell

HH12-928
PC

0–5 2 �28.86 4.92 Nodule

HH12-928
PC

0–5 3 �18.07 4.53 Layered
massive lump

HH12-928
PC

0–5 4 0.86 3.49 Shell

JM10-335
GC

166 �38.80 5.90 Light
grey crust
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significant negative excursions (�16 to �7.5&) in the
Bølling-Allerød interstadials 15 200–13 000 years BP
(Figs 5, 7). In non-methane influenced sites, the d13C
values are normally ~�0.3 to �1& for C. neoteretis
(Wollenburg et al. 2001; Mackensen et al. 2006),
~�2& for M. barleeanus (McCorkle et al. 1990; Wol-
lenburg et al. 2001) and between �0.5 and 0.5& for
N. pachyderma (Knies & Stein 1998; Jessen et al. 2010;
Zamelczyk et al. 2012, 2014).

Benthic foraminiferal species can incorporate the
low d13C values of the DIC in the pore waters and thus
record the presence of anaerobically oxidized methane

in sediments during mineralization of their shells (Sen
Gupta et al. 1997; Bernhard et al. 2001; Hill et al.
2012). It is impossible that planktonic foraminifera cal-
cifying in the water column will be affected to the same
extent as benthic foraminifera during calcification
(Uchida et al. 2004; Cook et al. 2011; Consolaro et al.
2015). Therefore, the low d13C values observed in the
planktonic foraminifera are most likely the result of
diagenetic overgrowth by authigenic carbonates associ-
ated with the AOM at the SMTZ (Uchida et al. 2004;
Cook et al. 2011). While the d13C signal in benthic
foraminifera could be a combination of both primary
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and diagenetic calcite (Cook et al. 2011; Consolaro
et al. 2015), the planktonic foraminifera can reach
comparatively low d13C values due to their spiny and
porous surfaces providing a larger surface area for
authigenic carbonate growth than the smooth tests of
benthic specimens (Cook et al. 2011; Kozdon et al.
2013). The effect of authigenic carbonates on the iso-
topic composition of foraminiferal shells has been
identified previously (e.g. Torres et al. 2003; Martin
et al. 2004; Uchida et al. 2008). However, authigenic
overgrowth is not widely discussed and most studies
from seep environments focus on benthic foraminifera
without simultaneous measurements of the planktonic
foraminifera, assuming that the entire depleted d13C
signal is a result of calcification in pore water with
DIC of very low d13C values (Hill et al. 2004; Martin
et al. 2007, 2010; Panieri et al. 2009, 2012).

Alteration of the foraminiferal shells could have
occurred soon after the foraminifera died or at any
time during modern venting (Martin et al. 2004). As
authigenic carbonates precipitate at the SMTZ it is
important to establish the position of the zone in the

sediment column. A deep SMTZ would result in authi-
genic carbonates forming in sediment much older than
the actual event of enhanced methane flux (Ussler &
Paull 2008). The position of the palaeo-SMTZ is
unknown, making interpretation of the carbon iso-
topic signal as a proxy for methane seepage events
problematical in all three records JM10-335GC,
HH12-928PC and HH12-929GC. However, it is most
likely that during events of intensified seeping, the
SMTZ was at the sediment surface. In favour of our
suggestions of increased activity in the Bølling and
Allerød interstadials is the fact that four different iso-
tope records from three different pockmarks from the
Vestnesa Ridge located 35 km apart at the furthest dis-
tance (Fig. 1B) all show low d13C excursions with simi-
lar timing. The record of Consolaro et al. (2015)
showed indications of higher methane flux in sedi-
ments belonging to the end of the Allerød interstadial
in the western part of the Vestnesa Ridge, while Panieri
et al. (2014) found the highest flux to occur in the
lower Bølling interstadial as indicated by the distribu-
tion patterns and biostratigraphical correlation of the
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interstadials; H1 = Heinrich event H1; LGM = Last Glacial Maximum.
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benthic foraminiferal faunas. The events of low d13C
values are located at different depths below the sedi-
ment surface in the various studied records, yet the
timing of the event is similar: 390 cm in the core of
Consolaro et al. (2015), 108–247 cm in the core of
Panieri et al. (2014) (the SMTZ today is found 65 cm
down-core), 85 and 225–230 cm in core JM10-335GC
and 115–125 cm in core HH12-929GC (Fig. 5). The
two excursions of low d13C in core JM10-335GC are
separated by 145 cm of sediment, probably excluding
the influence of the modern SMTZ.

In further support is the presence of chemosynthetic
macrofauna just below the horizon with the lowest
d13C values. In core JM10-335GC, high abundances of
both whole and intact bivalve shells were observed
(~30 specimens of family Vesicomyidae) at the point
where the benthic d13C values start to decrease
(Figs 3C, 5, 6). The bivalve shells are not present in the
interval characterized by the lowest d13C excursions
during the Bølling-Allerød interstadials as they occur
in the upper part of H1 (Figs 5, 6). Vesicomyids are
known to thrive in environments with medium to low
methane flux generating an optimal sulphide flux (e.g.
Sahling et al. 2002). We think that a potential
enhanced methane flux during the Bølling-Allerød
interstadials could have caused highly elevated concen-
trations of toxic hydrogen sulphide that may have been
lethal for the bivalves.

We thus suggest that the increase in seepage began
during the later phase of H1, and that it may have
intensified during the Bølling-Allerød interstadials.
However, as our evidence also shows the presence of
highly complex and heterogeneous seep environments
within the studied pockmark, the timing of seepage
increase requires further investigations, including pore-
water studies of all the types of seep environments in
the pockmark.

Oxygen isotopes

Postdepositional diagenesis can affect the oxygen iso-
tope composition of foraminiferal shells (Killingley
1983; Kozdon et al. 2013). Coating of the foraminif-
eral shells by authigenic carbonates with high d18O val-
ues (~5–7&) caused by 18O-rich diagenetic fluids
(Aloisi et al. 2002; Orphan et al. 2004) can increase
d18O values. The d18O records of planktonic and ben-
thic foraminifera from the Vestnesa cores JM10-
335GC and HH12-929GC from the active pockmark
are consistent with other d18O records from outside
seep areas (e.g. Rasmussen et al. 2007; Jessen et al.
2010; Zamelczyk et al. 2012, 2014) showing very simi-
lar values through time (Figs 5, 7D, E). The reason for
this, considering that the carbon isotope record was
strongly influenced by diagenetic alteration, is most
probably the very small difference between biogenic
and authigenic oxygen isotope values (Table 4). The

d18O values of the carbonate crust from core JM10-
335GC was 5.9&, while the variability of biogenic car-
bonate is between 5.6 and 2.8& (e.g. Rasmussen et al.
2007; Jessen et al. 2010; Zamelczyk et al. 2012, 2014;
Fig. 5). Thus, in the specimens from the glacial period,
the signal of the incorporation of authigenic carbonate
would be negligible and give only slightly more positive
values for the deglacial and Holocene specimens. The
stratigraphical and palaeoceanographical signal in the
d18O records are thus still fairly intact and useful for
stratigraphy.

Magnetic susceptibility and K/Ti records

In general, the cores taken from inside the pockmark
have very low MS values without the pattern seen in
undisturbed records from the west Svalbard margin
(Figs 4, 6). The most undisturbed core JM10-335GC
of the pockmark cores had clear, easily recognizable
and intact lithological features similar to other records
from the Svalbard margin (e.g. Jessen et al. 2010; see
Fig. 4 and Results). The common feature of all pock-
mark cores was the characteristic smell indicating the
presence of hydrogen sulphide. Canfield & Berner
(1987) observed that in anoxic sediments with high
content of organic carbon the hydrogen sulphide pro-
duced during organoclastic sulphate reduction caused
the dissolution of magnetite and formation of pyrite,
which is a paramagnetic mineral giving magnetic sus-
ceptibility values of near-zero. This process is a major
cause of the loss of magnetostratigraphical records in
marine sediments (Karlin 1990; Passier et al. 1998;
Riedinger et al. 2005). Given the low accumulation
rates of organic matter in the Atlantic zone over the
western Svalbard margin (M€uller & Stein 2014; San-
chez-Vidal et al. 2015), the presence of hydrogen sul-
phide is most probably an indicator of ongoing AOM.
Iron oxides after dissolution by hydrogen sulphide
recombine to reduced forms of iron sulphides such as
greigite and mackinawite that readily convert to the
stable pyrite (Dewangan et al. 2013; Zhang et al.
2014). With sufficient amounts and long enough expo-
sure to hydrogen sulphide, all iron is converted into
pyrite, resulting in low MS values (Canfield & Berner
1987; Novosel et al. 2005; Dewangan et al. 2013;
Usapkar et al. 2014; Zhang et al. 2014). The normal
MS signal in the control core (JM10-333GC) as well as
in other ‘non-seep’ records from the western Svalbard
margin (e.g. Birgel & Hass 2004; Jessen et al. 2010;
M€uller & Stein 2014) indicate that the low MS signals
in the pockmark cores are a local phenomenon con-
nected with seeping of methane. Novosel et al. (2005)
presented the potential of MS measurements as a reli-
able diagnostic tool of methane-induced sedimentolog-
ical and mineralogical changes.

The K/Ti ratio reflects the sediment source and bot-
tom current activity similarly to MS and has been
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proposed as a stratigraphical tool resistant to diagen-
esis (Richter et al. 2006). During warm periods,
enhanced inflow of Atlantic Waters brings eroded
basaltic material derived from North Atlantic vol-
canic provinces, causing low K/Ti ratios, whereas
during cold periods high K/Ti ratios indicate an
increased importance of locally derived terrigenous
material (Pirrung et al. 2002; Richter et al. 2006;
Gr€utzner & Higgins 2010). The K/Ti ratio follows
the MS pattern in our control core JM10-333GC
and shows the same pattern in the pockmark core
JM10-335GC (Figs 4, 6). As titanium is not prone to
diagenetic processes, this signal will be preserved as
long as the sedimentary record is undisturbed. In
core JM10-335GC, where diagenesis destroyed the
MS signal (see above), the lithology was undisturbed
and the K/Ti record intact. Core HH12-929GC lacks
the chronostratigraphical signal seen in the undis-
turbed cores, which possibly could be related to the
presence of the gas hydrates in the lower part
(Fig. 4). It is not known if the K/Ti signal was
destroyed after the core came on deck and the
hydrates melted, or if it was already destroyed before
core retrieval. The K/Ti ratio has the potential to be
a reliable tool for chronostratigraphy and assessing
the degree of disturbance of the lithology in methane
seep environments, but this needs further investiga-
tions.

Radiocarbon dates

In methane-influenced environments, 14C ages of 13C-
depleted foraminiferal tests are significantly older than
those of foraminifera with normal d13C values from
similar sediment horizons not affected by seeping
(Uchida et al. 2008; Cook et al. 2011). According to
Uchida et al. (2008), this indicates that 14C-free carbon
from methane is the main reason for the low d13C val-
ues. Our study confirms the impact of inorganic calcite
precipitation on the radiocarbon ages, with the exam-
ple from the H1 interval, where most probably the
seeping of methane began to increase (slightly higher
ages in core JM10-335GC; significantly higher ages in
core HH12-929GC with presence of gas hydrates and
of the 13C-depleted shell fragment in core HH12-
928PC; Table 3, Figs 4, 6). It is also likely that the two
infinite ages in core HH12-929GC are caused by
contamination from ‘old’ carbon.

Triggering mechanisms

The strongest methane release event, with extremely
13C-depleted shells of planktonic and benthic forami-
nifera occurred during the Bølling-Allerød interstadial
intervals (Figs 5, 7). The Bølling-Allerød interstadials
were periods of warm climate, characterized on the
Svalbard shelf and slope by high sedimentation rates

and a periodic high flux of IRD (Birgel & Hass 2004;
�Slubowska et al. 2005; Rasmussen et al. 2007; Jessen
et al. 2010) (Fig. 7).

The increase in advective methane flux into surface
sediments began towards the end of H1 (Figs 5, 7).
Intermediate water began warming during H1 as indi-
cated by lowering of benthic d18O values and rise in
warm-water benthic foraminiferal species, the ‘Atlantic
species’ (see e.g. Rasmussen et al. 2007). These are also
present in low numbers at 1200 m water depth at the
Vestnesa Ridge in core JM10-335GC (Fig. 6) and in
core JM03-373PC from 1489 m water depth (Ras-
mussen et al. 2007). Mg/Ca measurements of benthic
foraminifera from H1 in the SE Norwegian Sea indi-
cated bottom-water temperatures (BWTs) there as high
as 5–6 °C at 1179 m water depth (Ezat et al. 2014).
The BWTs peaked right before the start of the Bølling
interstadial. At the onset of the Bølling interstadial the
BWT dropped very rapidly to <0–1 °C and remained
low until the present. It might have been possible that
the increase in BWT during H1 caused enhanced flux
of methane increasing in intensity at the beginning of
the Bølling-Allerød interstadials. Persistent bottom-
water warming of 4–5 °C could provide enough heat
propagation to result in a shallower depth of the base
of the gas hydrate stability zone (BGHZ) and melting
of gas hydrates. However, this remains speculative, as
no record of the evolution of the BGHZ at Vestnesa
Ridge exists so far.

Variations in gas emissions from the seabed have
also been associated with seismic activity and changes
in sedimentary regimes (Judd & Hovland 2007; Franek
et al. 2014; Consolaro et al. 2015). The Vestnesa
Ridge, because of its proximity to a mid-oceanic ridge
system (the extension of the mid-Atlantic Ridge, the
Knipovich Ridge) is located in a seismically active area
(Mitchell et al. 1990; Vogt et al. 1999). Consolaro
et al. (2015) suggested that increased seismic activity
could have occurred as a response to the rapid melting
of the nearby Svalbard-Barents Sea Ice Sheet during
the Bølling interstadial.

The deglacial d13C excursions in our records have
similar timings as those found in other records from
the area (Fig. 1B), which we now can show occurred in
the Bølling-Allerød interstadials, beginning during the
late H1 event. Methane release could be caused by cli-
matic events with concomitant bottom-water warming,
sea-level change or increase in seismic activity after the
rapid retreat of the former large ice sheets or by other
climate-related factors.

Conclusions

This study aimed to reconstruct the timing of events of
increase in methane emission during the past
35 000 years and to evaluate the effects of the varying
degrees of disturbance by methane release on the
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sediments and palaeo-proxies in three sedimentary
records from methane-influenced environments. A
record from outside the methane-affected areas was
studied for comparison and stratigraphy. The interpre-
tation of the palaeo-proxy records led to the following
conclusions.

• Low d13C values in both benthic and planktonic
foraminiferal tests during the Bølling-Allerød inter-
stadials are mainly a result of authigenic carbonate
overgrowth of the shells. Even though this is not a
primary signal recorded during calcification, we
argue that it is evidence of increased flux of
methane at that time. A layer of vesicomyid bivalve
shells marks the time of increase in methane seep-
age, correlating with the end of the H1 event.

• Additionally, in records influenced by a weak degree
of methane seepage, even a thin coating of authi-
genic carbonates precipitated on foraminiferal
shells can apparently result in significantly older
ages from AMS 14C dating. This was demonstrated
via correlation of stable isotope and lithological
records from well-dated and undisturbed records
from outside of seep areas.

• The influence of authigenic overgrowth on the d18O
records is minor and the d18O values recorded here
are close to values within the normal range of fora-
miniferal calcite. Therefore, d18O records remain a
valid stratigraphical tool in methane seep sites when
the influence of authigenic carbonate overgrowth is
low. The oxygen isotope record is probably not reli-
able in the case of heavily encrusted samples, such
as in core HH12-928PC.

• In environments of methane release, magnetic sus-
ceptibility records are no longer reliable stratigraph-
ical tools. The reductive conditions dissolve
magnetite grains responsible for signal variations
on the Svalbard margin. However, because of this
process the magnetic susceptibility can be used as a
diagnostic tool for methane-affected palaeo-reduc-
tive environments.

• The stratigraphy was reconstructed by detailed
investigation of the lithology and biostratigraphy,
which allowed us to construct a reliable age model
for the pockmark based on core JM10-335GC, but
not for core sections where the lithology has been
severely disturbed by carbonate encrustations, pres-
ence of gas hydrates and/or gas under high pressure
(cores HH12-928PC and HH12-929GC).

• It is difficult to pinpoint the dominant factor that
triggered the seepage events. However, it appears
that the timing of our recorded methane events
coincides with the timing of events from other pock-
marks of Vestnesa Ridge, suggesting that the
methane emission events affected a larger part of
the hydrate reservoir area of Vestnesa Ridge than
the area investigated here.
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Fig. S1. X-ray diffractograms of two untreated bulk
samples from core HH12-929PC showing distribu-
tion of main minerals with dominance of aragonite
and quartz. (a) Sample 12ET0888. (b) Sample
12ET0889. The calculated percentages of the miner-
als are shown in Table S1.

Table S1. Bulk mineralogy in percentages from XRD-
analysis of two samples from core HH12-928PC.
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Methods for XRD analysis 

 
 

The XRD analyses were performed on a Panalytical X’pert PRO MPD PW3040/x0 

diffractometer) at the Department of Geoscience, University of Aarhus, Denmark. The 

bulk sample material was grinded and pressed into a sample holder. The following X-ray 

setup was used: Goniometer theta/2theta scan from 2-65 degrees. The anode material was 

Cu with generator settings at 40mA and 45 kV during measurements. The program used a 

scan step time of approximately 20 seconds per step (stepsize 0.0170). 

The results of the XRD-analyses are shown in Figure S1 and Table S1.  
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Figure S1. X-ray diffractograms of two untreated bulk samples from core HH12-929PC showing 

main minerals with dominance of aragonite and quartz. (a) Sample 12ET0888, (b) sample 

12ET0889. The calculated proportions of the minerals are shown in Table S1. 
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Table S1. Bulk mineralogy in percentage from XRD-analysis of two samples from core HH12-

928PC. 

 

Sample id Quartz Plagioclase Aragonite Calcite Halite Clay minerals 

12ET0888 11.32 6.39 55.37 3.60 6.98 16.35 

12ET0889 5.54 4.96 87.62 1.89 0.00 0.00 
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Abstract: 

 Two cores from 1200 m water depth from Vestnesa Ridge on the western Svalbard 

margin have been studied. Vestnesa Ridge is known for presence of numerous pockmarks, 

where methane gas is bubbling out from the seafloor. One core was taken from a pockmark 

with active seepage of methane, while the second core was taken just outside the seepage area 

for comparison. Together, the two cores have been analyzed for the distribution of benthic 

and planktonic foraminiferal assemblages and stable isotopes, geochemical and 

sedimentological data including magnetic susceptibility, total organic carbon (TOC) and 

CaCO3 content of the sediment. The purpose of the study is twofold: 1) to reconstruct the 

paleoceanography of the area and 2) to investigate if seepage of methane have had any impact 

on the distribution patterns of benthic foraminiferal faunas and the sedimentary environments 

through time. The results indicate almost continuous presence of warm Atlantic water 

throughout the last 43,000 years. During the transition from the glacial maximum to the 

deglaciation and during the deglaciation the Atlantic water shifted abruptly its position in the 

water column. During the Heinrich H1 interval 17,000-15,300 cal years BP it flowed 

subsurface along the bottom and the period stands out with the highest bottom water 

temperatures of the last 43,000 years. The warmer bottom water conditions allowed 
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settlement of a community of chemo-synthesizing bivalves. However, the distribution patterns 

of foraminiferal species were the same in both records, indicating that seepage of methane had 

no influence on the species composition of the foraminiferal faunas.  

 

1. Introduction 

 Vestnesa Ridge is a south-east to north-west stretching ridge off northwestern 

Svalbard in the Fram Strait (Fig. 1a). Methane is released from numerous pockmarks located 

at the southeastern part of the ridge (Bünz et al., 2012; Pimenov et al., 2000). Pockmark 

arrangement, gas migration pathways and gas hydrate distribution in the area have been 

extensively studied (Bünz et al., 2012; Eiken and Hinz, 1993; Hustoft et al., 2009; Petersen et 

al., 2010; Plaza-Faverola et al., 2015; Smith et al., 2014; Vogt et al., 1994). Geophysical 

studies of the deposits allowed to constrain the major stratigraphic sequences (Eiken and 

Hinz, 1993) and correlate the seismic reflectors with the results of ODP sites from the 

Yermak Plateau (910C, 911A and 912A) (Knies et al., 2009; Knies et al., 2002; Mattingsdal 

et al., 2014; Myhre, 1995) to provide a wide chronostratigraphic framework (Ma scale) 

(Plaza-Faverola et al., 2015). Investigation of a sediment core with late Quaternary sediments 

from the Vestnesa Ridge at 1226 m water depth shows that the ridge is characterized by 

generally high sedimentation rates, with predominantly contourite deposits punctuated by 

episodic deposition of turbidites (Eiken and Hinz, 1993; Howe et al., 2008; Vogt et al., 1994). 

The high sedimentation rates allow us to study the activity of release of methane in high-

resolution and at the same time detailed reconstructions of the paleoceanography. The 

location of Vestnesa Ridge in the eastern Fram Strait, the only deep-water connection 

between North Atlantic and Arctic Ocean, and the proximity to the Svalbard margin makes 

the area a perfect place to study the changes in advection of Atlantic Water in relation to 

climate and ice sheet dynamics in the past. Paleoceanographic changes on the western 
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Svalbard slope were mainly controlled by the inflow of Atlantic Water into the Arctic Ocean 

that regulated sea-ice cover, bottom current activity and evolution of the Svalbard-Barents Sea 

Ice Sheet (SBIS) (e.g.,  Elverhøi et al., 1995). 

In order to time and reconstruct the warm water transport into the high northern 

latitudes many of the previous works focused on reconstructing the surface water conditions 

in the eastern Fram Strait (e.g., Aagaard-Sørensen et al., 2014a; Müller and Stein, 2014; 

Nørgaard-Pedersen et al., 2003; Werner et al., 2013; Zamelczyk et al., 2014). Recent 

discovery of cold methane seeps at the Vestnesa Ridge (Pimenov et al., 2000; Vinogradov, 

1999) made this area of special interest in reconstructing past changes affecting the bottom 

environment.  

 Methane seeps, because of their unique setting, often host rich chemosynthetic benthic 

communities and are subjected to a wide variety of diagenetic processes, which have been 

intensively studied over the last three decades (Hovland and Thomsen, 1989; Orphan et al., 

2004; Paull et al., 1984; Sibuet and Olu, 1998). The most interesting feature of cold seeps in 

the deep-sea is the change of the geometry of the carbon cycle. The energy needed for 

existence of benthic communities is not depending only of the surface productivity and rain of 

phytodetritus to the seafloor as the basis of the food chain. In the seep environments the 

energy can be obtained from anaerobic methane oxidation (AOM). A microbial consortium of 

archaea and bacteria is mediating the process of AOM, including methane oxidation and 

sulfate reduction (Boetius et al., 2000). One of the products, hydrogen sulfide, is actively 

oxidized by filamentous sulfur bacteria, tubeworms and bivalves hosting chemoautotrophic 

bacteria in their own tissues (Levin, 2005; MacDonald et al., 1989). These microbial 

processes at seep sites serve as the base of the food chain and can lead to increased benthic 

productivity compared to areas of no influence of methane release (Brooks et al., 1987; 

MacDonald et al., 1989; Paull et al., 1984; Paull et al., 1985; Sahling et al., 2002). Hence, 
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benthic foraminifera, during times of high methane supply/AOM rates should be able to thrive 

even in times of low surface productivity.  

 In the present study, we focus on the distribution patterns of planktonic and benthic 

foraminiferal species assemblages and the geochemistry of the sediment in two cores from 

Vestnesa Ridge. The purpose is to reconstruct the paleoceanography of the area and to find 

out if release of methane-rich fluids had any influence on the composition, structure and 

paleoproductivity of benthic foraminiferal faunas. Benthic and planktonic foraminiferal 

faunas from Vestnesa Ridge have not been investigated before, as previous studies have 

mainly focused on isotopic (e.g., Consolaro et al., 2015) or geophysical (Bünz et al., 2012; 

Hustoft et al., 2009; Plaza-Faverola et al., 2015) studies. 

The study is based on two cores that have been investigated previously for stable 

isotopes of benthic and planktonic foraminifera, authigenic carbonates, magnetic 

susceptibility, lithology and the distribution of IRD with the purpose of reconstructing the 

degree of methane release in the past in relation to climate changes (Sztybor and Rasmussen, 

submitted manuscript). The results on δ13C in benthic and planktonic foraminifera showed 

evidence for increased activity during the Bølling-Allerød interstadials 15,300–13,000 cal 

years BP, beginning at the H1 event ca. 16,385 years marked by presence of 

chemoautotrophy-dependent bivalves of family Vesicomyidae (Sztybor et al., 2013; Sztybor 

and Rasmussen, submitted manuscript). The two cores from the previous investigation 

selected for this study consist of one core with undisturbed lithology from a pockmark of very 

active site of methane release and a control core from outside the pockmark for comparison 

(Sztybor and Rasmussen, submitted manuscript). 
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2. Oceanographic setting 

Vestnesa Ridge is located in eastern Fram Strait, at the western continental slope of 

Svalbard (Fig.1a) at 1200 to >1300 m water depth. The northernmost extension of the 

Norwegian Atlantic Current - the West Spitsbergen Current (WSC), which is steered by 

topography, flows along the western coast of Svalbard through eastern Fram Strait into the 

Arctic Ocean (Fig 1a). The WSC reaches maximum current speed on the upper slope down to 

800 m water depth (Beszczynska-Möller et al., 2012; Walczowski et al., 2005). The WSC 

transports heat and salt into the Arctic Ocean and maintains ice-free conditions in the eastern 

Fram Strait throughout most of the year (Aagaard et al., 1987; Schauer, 2004; Walczowski et 

al., 2005). North of Svalbard the WSC continues as subsurface current and splits into the 

Yermak Slope Current and the Svalbard Branch (Aagaard et al., 1987; Manley, 1995) (Fig. 

1a). In the western Fram Strait, cold, low-salinity water is transported by the East Greenland 

Current along the East Greenland margin into the North Atlantic Ocean (Aagaard et al., 1987; 

Beszczynska-Möller et al., 2012). In the central Fram Strait warm Atlantic Water mix with 

cold Polar Water and generate Arctic water masses (Hop et al., 2006). The CTD record taken 

at the core sites in June 2010 shows a relatively thin surface layer influenced by summer melt-

water (10–30 m) above the Atlantic Water extending down to c. 500 m (Fig. 1b). The Atlantic 

layer overlies the cold Greenland Sea Intermediate Water (c. -0.9 oC, Fig 1b) generated by 

convection in the Greenland Sea (Aagaard et al., 1985).  

 

3. Material and methods 

The two gravity cores JM10-335GC and JM10-333GC were taken at Vestnesa Ridge 

in June 2010 during a cruise with RV Jan Mayen (now RV Helmer Hanssen). Core JM10-

335GC was taken from an active pockmark from the base of a gas flare recorded on the echo 

sounder during coring (Sztybor and Rasmussen, submitted manuscript). Core JM10-333GC 
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was taken 1.4 km from core JM10-335GC outside the pockmark field as a control site (Fig. 

1c). Both cores were collected from a water depth of c. 1200 m within the cold Greenland Sea 

Intermediate Water and beneath the warmer Atlantic Water (Figs. 1b, c). 

Details of core handling was described previously (Sztybor and Rasmussen, submitted 

manuscript). For this study samples at 5 cm intervals were used in both records. Benthic and 

planktonic foraminifera were counted in the size fraction larger than 0.100 mm. A total 

number of >300 benthic and >300 planktonic specimens of foraminifera were picked and 

identified to species level. Some samples contained less than 300 specimens and samples 

containing less than 100 specimens were regarded as non-representative and excluded from 

the faunal analysis. In core JM10-333GC two samples were barren and 26 samples contained 

very low numbers of foraminifera (22–100 specimens per sample). In these intervals an 

additional thirteen samples were sampled (one cm above or below) in an attempt to fill the 

gap in the data. In core JM10-335GC four samples were excluded from faunal analysis, 

because of very low number of foraminifera (41–100 specimens per sample). Foraminifera 

were identified to species level (if possible) by using the systematics of Feyling-Hanssen et al. 

(1971), and Loeblich and Tappan (1988). Nonionella species (mainly N. stella, N. turgida, N. 

iridea and Nonionellina labradorica) and ‘Atlantic species’ consisting of species with an 

affinity for bottom water with a temperature >2oC (Pullenia bulloides, P. quinqueloba, 

Eggerella bradyi, Sigmoilopsis schlumbergeri, Bulimina marginata, Gyroidina sp., 

Gavelinopsis praegeri, Pyrgo serrata, Spirophtalmidium acutimargo) (Rasmussen et al., 

1996, 2003; Wollenburg et al., 2001, 2004) were grouped together and are presented as 

Nonionella spp. and ‘Atlantic species’, respectively. 

Species richness was defined as the total number of species in a sample. Diversity 

indices were calculated with PAST software (Hammer et al., 2001) to describe diversities and 

distribution in all samples except barren intervals. The species diversity was measured using 
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the Fisher α index (Fisher et al., 1943) and the evenness using the Pielou index (J) (Pielou, 

1966).  

Concentration of planktonic and benthic foraminifera were calculated as number per 

gram dry weight sediment. The foraminiferal accumulation rates (in number/cm2/ka) were 

calculated using the formula: 

number/g x Mass Accumulation Rate (MAR) 

where MAR=Linear Sedimentation Rate (LSR) (cm/ka) x Dry Bulk Density (DBD) (g/cm3). 

Total carbon (TC) and total organic carbon (TOC) were measured in bulk samples 

from the same depth-intervals as the foraminiferal samples using a Leco CS-200 induction 

furnace instrument. The weight percentage (wt.%) of TC and TOC was calculated. For 

calculating the content of CaCO3 the following equation was used: CaCO3=(TC−TOC)×8.33. 

AMS-14C dates and calibrated ages are presented in Sztybor and Rasmussen 

(submitted manuscript) and shown in Figs. 2–5. Stable isotopes were measured in several 

benthic foraminiferal species and one planktonic species. Here we present the published stable 

isotope values measured in the benthic foraminiferal species Cassidulina neoteretis and the 

planktonic species Neogloboquadrina pachyderma.  

 

4. Results  

Age models 

The age models are based on four (JM10-333GC) and nine (JM10-335GC) AMS 14C 

dates, oxygen isotopes, lithology and correlation with the western Svalbard slope MS stack as 

presented in Fig. 2. Detailed description of stratigraphy, lithology and construction of the age 

models was published previously by Sztybor and Rasmussen (submitted manuscript). The 

cores contain hemi-pelagic silty clay comprising early Holocene and glacial intervals, fine 

clay with laminations in the Bølling-Allerød interval and a layer of coarse sediments 
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interpreted as glacigenic debris flow deposits in the glacial interval (Sztybor and Rasmussen, 

submitted manuscript) (Fig. 2). The fine clay with laminations and the coarse layer were 

found in other cores from the western Svalbard margin (Jessen et al., 2010; Müller et al., 

2009; Müller and Stein, 2014; Rasmussen et al., 2007) and are interpreted as deposited from 

deglacial turbid meltwater plumes and downslope mass transport deposits, respectively. The 

age of these conspicuous horizons plus the ages of a diatom layer in the lower Holocene 

sediments were used as tie-points in the construction of the age model (see Sztybor and 

Rasmussen, submitted manuscript) (Fig. 2). The age models were calculated assuming linear 

sedimentation rates between dates and tie-points from Jessen et al. (2010) (Sztybor and 

Rasmussen, submitted manuscript) (Fig. 2). All ages presented in the following text will be in 

calendar years. 

Together the two cores cover the time interval 43,000 to 9500 years. Core JM10-

335GC from the pockmark dates 35,000 years at the bottom and contain 40 cm thick 

sediments from the lower Holocene at the top, while core JM10-333GC dates 43,000 years at 

the bottom and has no Holocene sediments at the top. According to the age model the 

youngest sediments dates c. 13,955 years at the core top (Fig. 2).  

Based on the previously established age models, and published stable isotopes, 

lithofacies, content of IRD, MS, grain size with the addition of the foraminiferal assemblage 

data and geochemical analyses obtained in this study (Figs. 3–6), the records have been 

subdivided into the following intervals: Late glacial (~43,000–23,500 years), Last Glacial 

Maximum (LGM) (23,500–19,000 years), LGM-H1 transition (19,000–17,000 years), 

Heinrich event H1 (17,000–15,300 years), Bølling-Allerød interstadials (15,300–13,000 

years), Younger Dryas (13,000–11,900 years) and early Holocene (11,900– ~9500 years).  

 

Foraminifera and geochemistry 
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Benthic foraminiferal diversity and accumulation rates (AR) 

 The benthic foraminiferal fauna comprises 40 species in core JM10-333GC (from now 

referred to as 333GC) and 44 species in core JM10-335GC (from now referred to as 335GC). 

The assemblages in both cores consist mainly of calcareous species. Agglutinated species are 

absent except for a few single specimens in the core top samples and they were excluded from 

the diversity estimates. The number of species per sample (excluding barren samples) varies 

between 3 and 20 in core 335GC and between 2 and 21 in core 333GC giving an average of 

11 and 8.6 species per sample, respectively (Fig. 3). Number of species and the Fisher α 

diversity index show similar fluctuations reaching lowest values during the Bølling-Allerød 

interstadials and highest during Heinrich event H1, Younger Dryas and top most sections of 

both cores (Fig. 3). The evenness (J) in both cores has the same pattern showing highest 

values during the Bølling-Allerød interstadials where specimens are nearly equally distributed 

(only few species present) (Fig. 3), while lowest values occurred during the LGM and the late 

glacial, which are caused by strong dominance of the assemblages by one species (C. 

neoteretis).  

The benthic foraminiferal accumulation rates (AR) are also similar in both cores (Fig. 

3). The lowest AR – below 2000 specimens per cm2\ka occurred during the glacial period. 

From ca 25,000 years the AR shows an increasing trend and reach highest values exceeding 

12,000 specimens cm2\ka during the Bølling-Allerød interstadials. The fluctuations in the AR 

are highly correlated with the changes in sedimentation rate (Fig. 3). 

 

Major trends in distribution patterns of species  

 The glacial and deglacial intervals in both cores are strongly dominated by 

Cassidulina neoteretis, which exceeds 70% in the majority of the samples (Fig. 4). Other 

common species in both records are Cassidulina reniforme and Melonis barleeanus. They can 
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reach above 60% and dominate the assemblages in the intervals of lower abundance of C. 

neoteretis (Fig. 4). Nonionella spp. and Stainfortia loeblichi shows peaks of about 25–20% 

during the Younger Dryas and late glacial that appear asynchronous.  Cibicidoides 

wuellerstorfi occurs only in the Holocene section of core 335GC. Oridorsalis umbonatus 

shows sporadic peaks during the glacial period and at the beginning of the Holocene. 

Elphidium excavatum has a peak in both cores at ca 30,000 years and shows a decreasing 

trend in relative abundance towards the deglaciation (Fig. 4). The Atlantic species has only 

one peak in both cores during Heinrich event H1 reaching 3–6% of the assemblage (Fig. 4). 

 

Planktonic foraminiferal assemblages and fluxes 

 Planktonic foraminifera were only examined in core 335GC. The assemblages are 

basically dominated by two species N. pachyderma and Turborotalita quinqueloba together 

constituting an average of 97.6% of the assemblages (Fig. 5). Other identified species are N. 

incompta, Globigerinita uvula, G. glutinata and Globigerina bulloides. The glacial part of the 

record is strongly dominated by N. pachyderma, while the early Holocene shows higher 

relative abundance of T. quinqueloba (Fig. 5). The planktonic foraminiferal fluxes and the 

planktonic\benthic ratio has the same pattern and shows apparently random peaks in the 

interval 31,000–26,000 years, a strong peak at ca 16,500 years and reach the highest values in 

the early Holocene (Fig. 5). 

 

Geochemistry 

 The TOC content is nearly identical in both cores (Fig. 5). It has low and stable values 

of about 0.7% on average in the glacial period with one exception in the interval 23,500–

24,500 years where the TOC content reaches 1.5–2% (Fig. 5). The TOC content increases in 

the Bølling-Allerød interstadials to ca 1.3% and remains quite high (0.9%) until the early 
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Holocene, where it increase slightly (1.2%). Higher content of TOC correlates with higher 

sedimentation rates (Fig. 5). The TC and CaCO3 content in both cores show the same pattern, 

but reaches slightly higher values in the seep core 335GC (Fig. 5). Both TC and CaCO3 have 

lower values during the Younger Dryas and early Holocene.  

 

Methane seep site versus non-seep site 

 The benthic foraminiferal fauna shows the same patterns of relative abundance in both 

cores with overall similar timing (Fig.4). There is a slight asynchrony in the abundance peaks 

in the oldest part of both records, where the age control is based on extrapolation and is 

tentative. The diversity patterns are very similar and minor differences in species numbers 

concern mainly single specimens of accessory species (Figs. 3, 4). The content of TOC is also 

nearly identical in both records. For the time interval present in both records (ca 35,000–

14,000 years), the average values of TC are slightly higher in the seep core 335GC (~1.75 %) 

than in the control core 333GC (~1.55 %). This is the result of a higher content of CaCO3 in 

core 335GC (Fig. 4). Because of lack of significant differences between the foraminiferal 

faunas and geochemical data of the two records, we first discuss paleoceanographic changes 

and then inspect the potential influence of methane. 

 

5. Discussion 

 

Interpretation of faunas and geochemistry in terms of paleoceanography 

Time interval ~43,000–23,500 years (Late glacial) 

 The time interval 43,000 to 35,000 years is only represented in core 333GC, the 

control core. The benthic assemblage of the oldest part of the interval is dominated by M. 

barleeanus together with C. neoteretis and O. umbonatus (Fig. 4). This indicates relatively 
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stable food supply and seasonally ice-free conditions (Hald and Steinsund, 1992; Korsun and 

Hald, 1998; Wollenburg and Mackensen, 1998). At ca 38,000 years C. reniforme, S. loeblichi, 

E. excavatum and Cibicides lobatulus increase in relative abundance (Fig. 4) indicating more 

polar conditions with extended sea-ice cover (Hald and Korsun, 1997; Wollenburg et al., 

2001). The general interpretation of this part of the record (43,000–35,000) is tentative 

because of the very low resolution - only four data points (Fig. 4).  

 The interval from 35,000 years is represented by both cores 335GC and 333GC. The 

oldest part of core 335GC consists of dense hemi-pelagic sediments characterized by high 

δ18O values for both planktonic and benthic foraminifera (Fig. 3). Such high δ18O values are 

typical for the end of MIS 3 and MIS 2, including the LGM (Lisiecki and Raymo, 2005). The 

planktonic foraminiferal fauna are strongly dominated by N. pachyderma (>90%), an 

indicator of cold, polar surface water masses (Bauch et al., 2001; Carstens and Wefer, 1992; 

Zamelczyk et al., 2014). From ca 31,000 years both the planktonic and benthic δ18O values 

start to decrease reaching the lowest values at 29,000 years. The values remains low until ca 

26,000 years (Fig. 3). The interval of lower δ18O values contains three peaks of high 

concentration of planktonic foraminifera and high planktonic foraminiferal flux (Fig. 3). The 

highest flux of planktonic foraminifera at ca 27,000 years is consistent with findings of 

Dokken and Hald (1996) and Zamelczyk et al. (2014). The increased flux in planktonic 

foraminifera are interpreted as enhanced paleoproductivity and called high productivity zones 

considered typical for the western Svalbard margin (Hald et al., 2001). The increased 

productivity was due to inflow of Atlantic Water (Dokken and Hald, 1996; Hebbeln et al., 

1994; Hebbeln and Wefer, 1997).  

The benthic foraminiferal assemblages in cores 333GC and 335GC are characterized 

by relatively high and variable diversity (Fisher α index) (Fig 3). Both records shows high 

diversity and number of species around 30,000 years (Fig. 4). The assemblages consist mainly 
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of C. neoteretis, C. reniforme, S. loeblichi and E. excavatum (Fig. 4), which are characteristic 

species for cold glacial stadials at intermediate water depth (Rasmussen et al., 2007, 2014; 

Wollenburg et al., 2001). A small peak in relative abundance of C. lobatulus spanning ca 

32,000–29,000 years most likely indicate moderate bottom current activity (Hald and Korsun, 

1997; Sejrup et al., 1981). At ca 31,000 and 29,000 years increase in relative abundance of 

Islandiella norcrossi, S. loeblichi, E. excavatum and C. reniforme correlates with decrease in 

diversity and number of species (Figs. 3-4). Increased percentages of I. norcrossi and S. 

loeblichi indicate enhanced seasonal paleoproductivity and food supply (Wollenburg et al., 

2001), while E. excavatum and C. reniforme are associated with cold polar water and unstable 

conditions (Hald and Korsun, 1997; Hald and Vorren, 1987; Polyak et al., 2002). Enrichment 

in phytodetritus species (I. norcrossi, S. loeblichi) in the foraminiferal assemblages together 

with lowered δ18O values of planktonic and benthic foraminifera suggest enhanced heat 

advection and meltwater events.  

Between 43,000 (35,000; 335GC) –25,000 years the TOC content is quite low in both 

records (Fig. 5). In both cores, TOC and TC increase rapidly at ca 24,000 years, while the 

content of CaCO3 decreases (Fig. 5). A similar event of high TOC and low CaCO3 and of 

similar timing was also found by Zamelczyk et al. (2014) just south of Vestnesa at 1500 m 

water depth. The interval is characterized by high sedimentation rate of coarse material and 

high IRD supply (Fig. 5) and was interpreted as mass transport deposits from glacigenic 

debris flow and turbidity flow events that occurred at the western Svalbard margin, when the 

SBIS reached the shelf edge (e.g., Jessen et al., 2010 and references therein). As a result, high 

amounts of organic matter (TOC) of terrestrial origin have been deposited (Elverhøi et al., 

1995; Hebbeln et al., 1994; Knies and Stein, 1998; Müller and Stein, 2014).  

 

Time interval 23,500–19,000 years (Last Glacial Maximum (LGM)) 
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Both planktonic and benthic δ18O values are high (Fig. 3). The planktonic fauna is 

dominated by N. pachyderma, but the subpolar species T. quinqueloba reaches up to 40% in 

this interval indicating high productivity and seasonal open water and inflow of Atlantic 

Water in accordance with numerous studies from the Svalbard margin (e.g., Dokken and 

Hald, 1996; Hebbeln et al., 1994; Rasmussen et al., 2007; Zamelczyk et al., 2014) (Fig. 5). 

Fluctuations in the planktonic foraminiferal flux and species (Fig. 5) probably correlate with 

advances and retreats of the sea-ice cover in the study area caused by perturbations in the 

advection of warm Atlantic water (Hebbeln et al., 1994; Müller and Stein, 2014).  

The benthic foraminiferal faunas at both sites are strongly dominated by C. neoteretis 

with low species richness, diversity and evenness (Fig. 4). The C. neoteretis assemblage is 

associated with seasonally ice-free conditions and moderate to high seasonal productivity 

(Jennings and Weiner, 1996; Jennings et al., 2004; Osterman et al., 1999; Wollenburg and 

Mackensen, 1998). Benthic foraminiferal fluxes of this low diversity fauna shows multiple 

fluctuations, but generally increase in both cores from ca 24,000–19,000 years (Fig.3).  

The content of TOC is low in both records (~0,8%) while the CaCO3 content reach its 

highest values (Fig. 5). This is related to the generally enhanced preservation of CaCO3 

during the LGM (e.g., Zamelczyk et al., 2014 and references therein). 

 

Time interval 19,000–17,000 years (LGM-H1 transition) 

High planktonic δ18O values (Fig. 3) indicate low surface temperatures and decreased 

advection of Atlantic water. The planktonic fauna is almost completely dominated by N. 

pachyderma (>90%), while the flux of planktonic and AR of benthic foraminifera decrease 

(Figs. 3, 5). A possible explanation is increase in sea-ice cover to perennial or near-perennial 

that caused decrease in productivity. In a study from the Fram Strait, Zamelczyk et al. (2014) 

observed a similar decrease in planktonic foraminiferal flux and connected it with cooling of 
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the surface water. Müller and Stein (2014) measured extremely low values of algae 

biomarkers, which they attributed to the presence of permanent sea-ice cover. Low relative 

abundance of C. lobatulus suggests weakened bottom current activity (Fig. 4). 

 

Time interval 17,000–15,300 years (Heinrich event H1) 

 A spike of very low planktonic δ18O values correlating with Heinrich event H1 (Fig. 3) 

have been observed in many records from the North Atlantic and the western Svalbard margin 

(Birgel and Hass, 2004; Dokken and Hald, 1996; Jones and Keigwin, 1988; Myrvang, 2015; 

Nørgaard-Pedersen et al., 1998; Rasmussen et al., 2007; Sarnthein et al., 1995; Zamelczyk et 

al., 2014). The event has been interpreted to indicate presence of meltwater at the surface. 

Benthic δ18O values also tend to decrease towards the end of H1, but with smaller magnitude 

(Fig. 3). This has also been found in other records from the Nordic seas and the Svalbard 

margin (Rasmussen et al., 2007; Sarnthein et al., 1994) and in two records from Vestnesa 

Ridge (Myrvang, 2015). Increasing concentration of IRD indicate enhanced calving of 

icebergs (cf. Bond et al., 1993) (Fig. 3). The high amount of melt water provided inorganic 

nutrients for phytoplankton (Müller and Stein, 2014). This probably intensified the planktonic 

productivity as seen in the peak in planktonic foraminiferal flux (Fig. 5). Benthic foraminifera 

are characterized by moderate AR and prominent changes in the assemblage structure. A 

rapid increase in biodiversity (Fischer α) in both records is caused by decrease in dominance 

of C. neoteretis (Figs. 3, 4) and occurrence of a more diverse assemblage of species with a 

southern affinity referred to ‘Atlantic species’ (see methods). The ‘Atlantic species’ are 

known to be associated with Atlantic water and elevated bottom water temperatures 

(Rasmussen et al., 1996; Wollenburg et al., 2001, 2004, 2007). The group of ‘Atlantic 

species’ reach up to 3.5–6% of the assemblage. Rasmussen et al. (2007) in a study from 

southwestern slope of Storfjorden at ca 1500 m water depth noted enrichment in ‘Atlantic 
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species’ of 4–7% that together with a 0.5 ‰ decrease in the benthic δ18O values gave an 

estimated bottom temperature rise of at least 2 oC. In our study the recorded 0.4 ‰ decrease in 

the benthic δ18O would correspond to a temperature rise in the bottom water of at least 1.6 oC 

(e.g., Duplessy et al., 2001). 

The TOC content in both records is low (~0.4 %) and shows increasing trend towards 

the end of the interval (~1.2 %) (Fig. 5). Peaks of higher % CaCO3 occur in both records (Fig. 

5). The increase in % CaCO3 in core 335GC correlate with the peak in planktonic 

foraminiferal concentration and flux (Fig. 5) probably caused by both enhanced planktonic 

productivity (Müller and Stein, 2014) and improved preservation of calcium carbonate in the 

warmer bottom water (Barker et al., 2004; Rasmussen et al., 2007; Zamelczyk et al., 2014). 

In the seep core 335GC the upper part of the Heinrich H1 interval contains a shell 

horizon with about thirty well-preserved valves of various sizes of mussels from the family 

Vesicomyidae (Sztybor and Rasmussen, submitted manuscript). Vesicomyids are associated 

with sulphide-rich, reducing environments of cold seeps and hydrothermal vents (Boss and 

Turner, 1980; Krylova and Sahling, 2010; von Cosel et al., 2001). Presence of Vesicomyids 

shells indicates that hydrogen sulfide, a product of anaerobic oxidation of methane, was 

available in the near-surface sediments at that time (Sztybor et al., 2013; Sztybor and 

Rasmussen, submitted manuscript). The shell layer is absent from cores from outside the 

pockmarks (Myrvang, 2015; Sztybor and Rasmussen, submitted manuscript). 

 

Time interval 15,300–13,000 years (Bølling-Allerød interstadials) 

The planktonic and benthic δ18O values rapidly increase and reveal high variability 

(Fig. 3) indicating enhanced inflow of Atlantic water and relatively unstable conditions 

(Aagaard-Sørensen et al., 2014a; Birgel and Hass, 2004; Ebbesen et al., 2007).  The 

composition of the planktonic assemblages varies in the same pace as the oxygen isotope 
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values with >90% of N. pachyderma associated with cold polar waters dropping several times 

to 75–60%, which indicates episodic advection of Atlantic water. The sedimentation rate was 

extremely high in both records consisting of fine clays in the Bølling interstadial, with an 

increasing trend in the IRD content reaching very high values towards the end of the Allerød 

interstadial (Fig. 3). The fine sediments deposited in the lower part of the Bølling interstadial 

are laminated and deposited rapidly from turbid meltwater plumes released from the melting 

of the Svalbard-Barents sea ice sheet (e.g., Ebbesen et al., 2007; Jessen et al., 2010; Knies and 

Stein, 1998). It is possible that the pulsed inflow of Atlantic water caused the release of these 

meltwater plumes. The flux of planktonic foraminifera were low (Fig. 5), probably caused by 

the high turbidity from the high sedimentation rates (Birgel and Hass, 2004; Howe et al., 

2008; Rasmussen et al., 2007). Similar low planktonic flux was also found in a record off 

southwestern Svalbard (Rasmussen et al., 2007), continental margin off western Svalbard 

(Ebbesen et al., 2007), Fram Strait (Aagaard-Sørensen et al., 2014a; Nørgaard-Pedersen et al., 

2003) and Yermak Plateau (Chauhan et al., 2014; Nørgaard-Pedersen et al., 2003). The δ13C 

values of benthic and planktonic foraminifera in the seep core shows very low values (Fig. 3) 

from coating by authigenic carbonates probably as a result of enhanced AOM (Sztybor and 

Rasmussen, submitted manuscript).  

The benthic foraminiferal assemblages are characterized by the lowest biodiversity of 

both cores (Fig. 4). The assemblage is dominated by C. neoteretis with increasing relative 

abundance of C. reniforme at ca 14,500 years and M. barleeanus at ca 13,500 years (Fig. 4). 

The increase of C. reniforme and M. barleeanus caused more even distribution of the species 

as observed by the maximum values in the Pielou index (J) (Fig. 3). The increase of C. 

reniforme may indicate unstable conditions with high turbidity as the species is common in 

glaciomarine environments (Hald and Korsun, 1997; Korsun and Hald, 1998). The increase of 

M. barleeanus and C. lobatulus at ca 13,500 years (Fig. 4) can be referred to a more stable 
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food supply and higher bottom current activity during the Allerød interstadial (Korsun and 

Hald, 1998; Mackensen et al., 1985; Rasmussen and Thomsen, 2015; Rasmussen et al., 2007; 

Ślubowska-Woldengen et al., 2007).  The concentration of benthic foraminifera per g of dry 

weight sediment was quite low, but gave relatively high AR as a result of the extremely high 

sediment accumulation rates (Fig. 3). 

The TOC content in both cores is high (~1.2 %) (Fig. 5). Similar high concentrations 

of TOC during Bølling-Allerød interstadials were observed in records from western Svalbard 

and northwestern Barents Shelf (Elverhøi et al., 1995; Knies and Stein, 1998; Müller and 

Stein, 2014). The organic carbon is of mixed marine and terrigenous origin and was deposited 

due to high mineral flux in the meltwater plumes that enhanced organic carbon preservation 

(Knies and Stein, 1998 and references therein ). The CaCO3 content is low and reach lowest 

values in both cores (Fig. 5) indicating polar conditions probably caused probably by high 

influence of meltwater (Aagaard-Sørensen et al., 2014a; Ebbesen et al., 2007).  

 

Time interval 13,000–11,900 years (Younger Dryas) 

The interval is presented only by the seep core 335GC (Figs. 2–5). A decrease in 

planktonic and benthic δ18O values at the beginning of the Younger Dryas (ca 13,000–12,400 

years) (Fig.3) indicate cold conditions with polar surface water (Aagaard-Sørensen et al., 

2014a) most likely caused reduced salinity (Rasmussen et al., 2007). The planktonic 

assemblage is dominated by N. pachyderma except for a short-lasting increase in relative 

abundance of T. quinqueloba (<40%) at 12,600 years (Fig. 3). Towards the end of the interval 

(ca 12,400–11,900 years) planktonic and benthic δ18O values increase together with stronger 

dominance of the polar planktonic foraminiferal species N. pachyderma  (Fig. 3), which  

imply cold conditions. Numerous large diatoms Coscinodiscus spp. became abundant in the 

sample in the size-fraction 63–100 µm, which can be interpreted as increase in primary 
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productivity associated with the passage of an oceanic front (Karpuz and Jansen, 1992; 

Rasmussen et al., 1996; Stabell, 1986). Our results correlate with the findings of Müller and 

Stein (2014), who measured high productivity of sea-ice diatoms followed by increase in 

phytoplankton productivity at the beginning of the Younger Dryas. Despite the enhanced 

primary productivity the planktonic foraminifera concentration and flux are very low (Fig.5). 

The reduced production of planktonic fauna was also observed in a study from southwestern 

Svalbard slope (Rasmussen et al., 2007), western Svalbard margin (Ebbesen et al., 2007) and 

eastern Fram Strait (Aagaard-Sørensen et al., 2014a) and was explained by expanded sea-ice 

cover. The observed very low IRD concentrations support the interpretation of increased sea-

ice cover (Fig. 3). 

Major shifts occurred in the benthic foraminiferal assemblages (Figs. 4). The 

abundance of C. neoteretis decreased rapidly and the assemblage became dominated by 

Nonionella spp. (mainly Nonionella stella), S. loeblichi and C. reniforme (Fig. 4). Nonionella 

species are known as opportunistic species often associated with seasonally elevated organic 

carbon flux and periodic low oxygen conditions (Bernhard et al., 1997; Corliss, 1991; 

Fontanier et al., 2014a; Jorissen et al., 1992; Korsun and Hald, 1998; Rasmussen et al., 2012). 

Reduced relative abundances of C. neoteretis and C. lobatulus (Fig. 4) indicate weaker 

influence of Atlantic water and weak bottom current activity (Jennings et al., 2004; 

Wollenburg et al., 2001), slightly resembling conditions during Heinrich event H1. Benthic 

foraminiferal AR were low (Fig.3). High abundance of S. loeblichi may be connected with 

increasing sea-ice cover (Polyak et al., 2002; Ślubowska et al., 2005). Increased percentages 

of C. reniforme in the benthic assemblages and extremely low benthic AR (Figs. 3, 4) also 

point to presence of cold water masses and unstable environmental conditions.  

The TOC content is lower than during the Bølling-Allerød interstadials, but higher 

than during the glacial period (Fig. 5). This is most likely a result of high primary productivity 
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(Müller and Stein, 2014) and low sedimentation rates (Fig. 5) (see discussion in Knies and 

Stein, 1998). The low CaCO3 content is a consequence of low planktonic faunal productivity 

and poor carbonate preservation (Aagaard-Sørensen et al., 2014a; Ebbesen et al., 2007; 

Rasmussen et al., 2007) (Fig. 5). 

  

Time interval 11,900–~9500 years (early Holocene) 

This interval is also only present in the seep core 335GC (Figs. 2–5). The beginning of 

the period is characterized by increasing concentrations of IRD, which points to increase in 

meltwater and iceberg supply (Fig. 3). According to the study of Aagaard-Sørensen et al. 

(2014a) from the eastern Fram Strait cold surface water conditions continued until ca. 10,500 

years. Gradual surface warming and\or increasing amounts of fresh water supply is inferred 

from decreasing planktonic δ18O values and increasing relative abundance of T. quinqueloba 

(Fig. 5). At ca 10,100 years T. quinqueloba dominate the planktonic assemblages (>90%), 

which indicates strong inflow of Atlantic water, high productivity and warmer surface 

conditions.  High surface productivity is reflected in the very high planktonic foraminiferal 

flux (Fig. 5). Numerous diatoms (Coscinodiscus spp.) were abundant in the size-fraction 63–

100 µm (Fig.2) and are linked to the northward movement of the Polar front (Jessen et al., 

2010 and references therein). Benthic δ18O values increase and M. barleeanus, O. umbonatus 

and C. reniforme dominate the benthic foraminiferal assemblages indicating stronger inflow 

of Atlantic water and a stable food supply (Hald and Steinsund, 1992). Higher abundance of 

C. lobatulus and occurrence of C. wuellerstorfi indicate increase of bottom current activity 

(Jennings et al., 2004; Mackensen et al., 1985; Sejrup et al., 1981). 

The TOC content increase from the end of Younger Dryas and reach ~1.2 % in the 

early Holocene (Fig. 5). The CaCO3 is very low ~4% and drops to 2.5 % at the beginning of 

the interval to reach ~6 % at the end of the studied interval (Fig. 5). The initially low content 



21 

 

of CaCO3 is most likely caused by post-depositional dissolution, while the increase in CaCO3 

after ca ~10,000 years indicate enhanced carbonate preservation (Aagaard-Sørensen et al., 

2014b). 

 

Seeping of methane and benthic foraminiferal assemblages 

 

 The species composition of foraminiferal assemblages depends mostly on food 

availability and quality, oxygen, substrate, bottom water temperature and salinity (Corliss and 

Emerson, 1990; Hald and Korsun, 1997; Jernas et al., 2013; Jorissen et al., 1992). The 

importance of carbon flux and primary productivity in the Arctic Ocean recently came into 

focus (Loubere and Rayray, 2016; Osterman et al., 1999; Wollenburg and Kuhnt, 2000; 

Wollenburg et al., 2001; Wollenburg and Mackensen, 1998). Wollenburg and Mackensen 

(1998) suggested that benthic foraminiferal distribution in high Arctic is controlled mainly by 

food supply. A more detailed study of Wollenburg and Kuhnt (2000) confirmed that the 

majority of the benthic foraminiferal species in the central Arctic Ocean and western Svalbard 

are attracted by the availability of fresh organic material. Anaerobic oxidation of methane 

releases hydrogen sulfide that provides a source of energy for chemosynthetic benthic 

communities (Brooks et al., 1987; Levin, 2005; Paull et al., 1985). In the oligotrophic deep-

sea environment this process is expected to enrich benthic communities and affect the species 

composition and accumulation rates of benthic foraminiferal faunas (Hovland and Thomsen, 

1989 and references therein; Levin, 2005). In addition, from studies of modern methane seeps 

it is known that the methane release may influence benthic foraminiferal assemblages by 

favoring opportunistic species tolerant of low oxygen (e.g., Bernhard et al., 2001; Sen Gupta 

et al., 1997; Wefer et al., 1994). The dominant species are infaunal, otherwise typically found 

in organic-rich oxygen poor environments (Rathburn et al., 2000; Sen Gupta and Aharon, 
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1994; Sen Gupta and Machain-Castillo, 1993; Wiedicke and Weiss, 2006). Some occur at 

deeper infaunal habitats than normally found (Rathburn et al., 2000; Rathburn et al., 2003). A 

number of the species occurring most frequently at the seep sites were recognized to host 

endosymbionts that most likely facilitates survival in the unfavorable, low-oxygen conditions 

(Bernhard et al., 2000; Bernhard et al., 2001). Epifaunal species have been observed to 

colonize tubeworms above the seafloor to escape from hypoxia and sulfide toxicity 

(Lobegeier and Sen Gupta, 2008; Sen Gupta et al., 2007; Wollenburg and Mackensen, 2009). 

The concentration of benthic foraminifera at the seep sites may display complex patterns 

depending on the severity of the environments. It is sometimes comparable to the non-seep 

site (Fontanier et al., 2014b; Martin et al., 2010), it can be lowered (Bernhard et al., 2001) or 

fluctuate from elevated concentrations at the margin of the seep site to become nearly barren 

in the center (Wollenburg and Mackensen, 2009). The diversity patterns in relation to 

methane release are also complex. Modern benthic foraminiferal faunas at many seep sites 

can in some cases be characterized by lower diversity than at the control sites outside the seep 

areas (Martin et al., 2010; Wollenburg and Mackensen, 2009) or it may also show no 

differences (Fontanier et al., 2014b).  

Fossil records apparently reflect this complexity and can show either no difference 

between seep and non-seep assemblages (Barbieri and Panieri, 2004), or clear differences 

with strong dominance of opportunistic\organic carbon related taxa (Bhaumik and Gupta, 

2007; Wefer et al., 1994). Fossilized episodes of increased seep activity may also be inferred 

from slightly elevated concentrations of opportunistic benthic foraminiferal species in 

comparison to the control site (Wiedicke and Weiss, 2006).  

In the two records from Vestnesa Ridge no significant changes in concentrations of 

benthic foraminifera, diversity or assemblage structure in comparison to the control site were 

observed (Figs. 3, 4). In the Bølling-Allerød interstadials characterized by extremely low δ13C 
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excursions (Sztybor and Rasmussen, submitted manuscript), we also saw no differences in the 

composition of the benthic foraminiferal assemblages between the two records (Figs. 3, 4). In 

Heinrich event H1, when a large population of Vesicomyids clams colonized the seafloor, 

being a sign of sulfide rich fluids being available close to the seafloor (Sztybor et al., 2013; 

Sztybor and Rasmussen, submitted manuscript), the benthic fauna was similar to faunas found 

in other studies from the Svalbard margin (Rasmussen et al., 2007, 2014) and from areas far 

away from Vestnesa (e.g., Rasmussen and Thomsen, 2004; Wollenburg et al., 2004). 

 The observed minor differences in benthic foraminiferal absolute and relative 

abundances and accumulation rates between the cores are within the normal variability and 

patchiness of the marine seafloor environment. The lack of real differences preserved in the 

fossil record could be caused by time-averaging of the assemblages, short lasting methane 

events or species richness elevation by post-mortem mixing of foraminiferal tests as described 

previously (Barbieri and Panieri, 2004; Lobegeier and Sen Gupta, 2008). We suggest that 

another explanation for the lack of differences in the foraminiferal faunas can be actual lack 

of influence by seepage on foraminifera caused by a too deep sulfate-methane transition zone. 

The present day SMTZ is located ca 1 m downcore at the position of 335GC (Hong et al., 

2016), therefore living foraminifera at the sediment surface today are unlikely to register any 

effects of the seeping. In the past, when seepage was stronger such as during H1 and the 

Bølling-Allerød interstadials, the SMTZ may have been shallower, but still too deep. The 

overall dominant species C. neoteretis lives close to the actual surface of the sediment 

(shallow infaunal) (e.g., Wollenburg and Mackensen, 2009), while Vesicomyids clams dig 

deeper into the sediments in search of hydrogen sulfide (Sahling et al., 2002). Highly depleted 

δ13C values in both planktonic and benthic foraminifera from core 335GC confirms diagenetic 

alteration of empty shells in the shallow subsurface sediments (Sztybor and Rasmussen, 
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submitted manuscript), that may have been the only influence the seeping of methane has had 

on the foraminifera in the area.  

A notable difference between the studied cores is the age of the core-top sediments. 

The topmost sediments of pockmark core 335GC consist of an early Holocene section, while 

the core top of the control core dates from the Bølling-Allerød interval (Fig. 2). It is known 

that Holocene sediments are usually not present in the cores from western Svalbard slope at 

water depths above ~1200 m due to strong Holocene bottom currents (Jessen et al., 2010; 

Rasmussen et al., 2014). Pockmarks at Vestnesa work as ‘sediment traps’ and have enabled 

the deposition of Holocene sediments (see also Sztybor and Rasmussen, submitted 

manuscript). 

 

Seeping of methane vs oceanography 

 Our result show that during the last glacial several episodes of higher productivity 

occurred. Increased surface productivity cause temporal increase in organic carbon and anoxic 

conditions that favor opportunistic species like Nonionella spp. and S. loeblichi (Fig. 4). The 

assemblage structure changed, but the accumulation rates of benthic foraminifera remained 

the same. The episodes were driven by enhanced inflow of Atlantic water that caused 

temporal retreat in the sea ice (Müller and Stein, 2014). It is in agreement with previous 

studies (e.g., Hebbeln et al., 1994) that postulated increased advection of Atlantic water as a 

moisture source for the growing SBIS. No changes in the foraminiferal assemblage or 

accumulation of TOC were recorded during episodes of increased methane seepage. 

Sztybor et al. (2013) reported the first discovery of Vesicomyid clams at Vestnesa 

Ridge. A thick layer of well-preserved shells mark the horizon dated to Heinrich event H1 

(Sztybor et al., 2013, 2014; Sztybor and Rasmussen, submitted manuscript). Ambrose et al. 

(2015) collected a core at the same location as core 335GC and confirmed the occurrence of 
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Vesicomyid shells exclusively in the H1 interval. Suitable rates of sulfate reduction are 

currently present at Vestnesa Ridge to sustain a community of chemosymbiotic bivalves 

(Hong et al., 2016; Pimenov et al., 2000), however despite a recent submersible survey 

(Vinogradov, 1999) and extensive bottom sampling in the area during recent years, no living 

Vesicomyids have been found so far. Heinrich event H1 on the western Svalbard margin was 

characterized by elevated bottom water temperatures (Rasmussen et al., 2007, see discussion) 

the highest recorded in the entire examined records of 333GC and 335GC (Fig. 4). We claim 

that the factor restricting the occurrence of bivalves to this specific interval was the elevated 

bottom water temperature (~1oC). Current bottom water temperature at Vestnesa is ~-1oC, 

most likely too cold to sustain the bivalve community. This emphasizes the importance of 

familiarity with paleoceanographic conditions for the correct reconstruction of paleo-seepage. 

 

6. Conclusions 

 No seep influence on diversity, density or assemblage structure of the benthic 

foraminifera communities for the last 43,000–9000 years were found  

 The lack of difference in the diversity and community structure of the seep core 

compared to the non-seep core suggests that the low δ13C values of foraminiferal tests 

are a result of diagenesis of the dead assemblages at the depth of the SMTZ. 

 There was a clear control of ocean circulation on the assemblage structure and density. 

 Significantly higher bottom water temperature during glacial time than in the 

Holocene with a possible maximum during Heinrich event H1 

 There was probably a paleoceanographic (temperature) control on the occurrence of 

the chemosynthetic bivalve community 
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Table captions: 

Table 1. AMS 14C dates and calibrated ages of cores JM10-333GC and JM10-335GC. 

Correlation tie points for Western Svalbard slope from Jessen et al. (2010) are shown in 

italics. 

 

Figures captions: 

Figure 1. (a) Map of the Nordic seas and the Barents Sea with major surface currents. Red box 

shows location of Vestnesa Ridge. (b) CTD (conductivity-temperature-depth) data of 

temperature and salinity from the coring site JM10-335GC taken in June 2010. (c) Detailed 

bathymetric map of the pockmark on the southern part of Vestnesa Ridge with location of the 

two studied gravity cores (JM10-335GC inside the pockmark and JM10-333GC outside the 

pockmark). The map is based on data from Bünz et al. (2012). 

 

Figure 2. Correlation between the control core JM10-333GC and pockmark core JM10-

335GC and the stacked magnetic susceptibility record for the western Svalbard slope (Jessen 

et al., 2010), lithological log, calibrated AMS14 dates, and grain size. Three lithological 

stratigraphic markers are indicated with color shading. Ages in green are based on correlation 

between the cores, ages in red are considered too old (see Sztybor and Rasmussen, submitted 

manuscript). 
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Figure 3. Records for core JM10-333GC (grey) and JM10-335GC (black) plotted versus age 

(cal yr BP). (a) number of species, (b) Fischer α index, (c) Pielou index (J), (d) benthic 

foraminifera per gram dry weight sediment, (e) benthic foraminiferal accumulation rate, (f) 

average sedimentation rates, (g) number of IRD >1mm per gram dry weight sediment. (h) 

Planktonic (N. pachyderma, red) and benthic (C. neoteretis, black) δ18O values corrected for 

ice volume measured in core JM10-335GC. (i) Planktonic (N. pachyderma, red) and benthic 

(C. neoteretis, black) δ13C values measured in core JM10-335GC. Abbreviations: YD, 

Younger Dryas; B-A, Bølling-Allerød interstadials; H1, Heinrich event H1; LGM, last glacial 

maximum. 

 

Figure. 4. (a) Benthic δ18O (black) and  δ13C (red) values measured on C. neoteretis in core 

JM10-335GC. (b–k) Records of relative abundance of benthic foraminiferal species in 

percentages of total benthic fauna for core JM10-333GC (grey) and JM10-335GC (black) 

plotted versus age (cal yr BP), (b) Cassidulina neoteretis, (c) Cassidulina reniforme, (d) 

Melonis barleeanus, (e) Nonionella spp, (f) Stainfortia loeblichi, (g) Islandiella norcrossi, (h) 

‘Atlantic species’ group, (i) Oridorsalis umbonatus, (j) Elphidium excavatum, (k) Cibicides 

lobatulus\ Cibicidoides wuellerstorfi. Abbreviations: YD, Younger Dryas; B-A, Bølling-

Allerød interstadials; H1, Heinrich event H1; LGM, last glacial maximum. 

 

Figure 5. (a) Planktonic δ18O (black) and δ13C (red) values measured on N. pachyderma, in 

core JM10-335GC. (b–e) Records for core JM10-333GC (grey) and JM10-335GC (black) 

plotted versus age (cal yr BP), (b) % TOC, (c) % TC, (d) % CaCO3, (e) sedimentation rates. 

(f-i) Planktonic records from core JM10-225GC. (f) Relative abundance of planktonic 

foraminifera species in percentages of total planktonic fauna, N. pachyderma (black) and T. 

quinqueloba (red, inverse scale), (g) planktonic foraminifera per gram dry weight sediment, 
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(h) flux of planktonic foraminifera, (i) planktonic\benthic foraminifera ratio. Abbreviations: 

YD, Younger Dryas; B-A, Bølling-Allerød interstadials; H1, Heinrich event H1; LGM, last 

glacial maximum. 
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Table 1. AMS 14C dates and calibrated ages of cores JM10-333GC and JM10-335GC. 

Correlation tie points for Western Svalbard slope from Jessen et al. (2010) are shown in 

italics. 

 

 

 

 

 

 

 

 

Core Depth (cm) Dated material
Laboratory 

code

Age               

( 
14

C ± 1σ)

Calibrated age 

± 1σ

JM10-333GC 20 mixed benthic foraminifera Beta-4133010 12920 ± 40 14442 ± 119**

Jessen et al., 2010-TP5 50 bivalve ─ 12840 ± 150 14300 ± 260

Jessen et al., 2010-TP6 110 bivalve ─ 13140 ± 150 14780 ± 220

JM10-333GC 137 N. pachyderma sin UBA-23419 14475 ± 61 16385 ± 142

JM10-333GC 147 N. pachyderma sin UBA-23420 15228 ± 61 17677 ± 190

Jessen et al., 2010-TP7 258 N. pachyderma sin ─ 20150 ± 130 23550 ± 185

Jessen et al., 2010-TP8 281 N. pachyderma sin ─ 20580 ± 130 24080 ± 150

JM10-333GC 359 N. pachyderma sin Beta-412869 37420 ± 340 42118 ± 339

Jessen et al., 2010-TP2 10 planktonic foraminifera ─ 9240 ± 100 9840 ± 200

JM10-335GC 20 N. pachyderma sin UBA-18137 9302 ± 38 9981 ± 111

Jessen et al., 2010-TP3 35 planktonic foraminifera ─ 9390 ± 100 10100 ± 150

JM10-335GC 56 N. pachyderma sin UBA-23417 10829 ± 43 12245 ± 107

JM10-335GC 57 mixed benthic foraminifera UBA-23418 10820 ± 43 12225 ± 106

JM10-335GC 75 N. pachyderma sin UBA-18138 11830 ± 44 13236 ± 69

Jessen et al., 2010-TP5 198 bivalve ─ 12840 ± 150 14300 ± 260

Jessen et al., 2010-TP6 240 bivalve ─ 13140 ± 150 14780 ± 220

JM10-335GC 278 N. pachyderma sin UBA-23197 15486 ± 73 18197 ± 189

JM10-335GC 278 bivalve UBA-18142 15283 ± 56 17789 ± 182

JM10-335GC 290 N. pachyderma sin UBA-18139 16830 ± 71 19505 ± 90

JM10-335GC 369 N. pachyderma sin UBA-18140 19327 ± 77 22462 ± 95

Jessen et al., 2010-TP7 380 N. pachyderma sin ─ 20150 ± 130 23550 ± 185

Jessen et al., 2010-TP8 405 N. pachyderma sin ─ 20580 ± 130 24080 ± 150

JM10-335GC 460 N. pachyderma sin UBA-18141 27132 ± 150 31977 ± 221

**Unknown reservoir age. Calibrated age may be too old.
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Figure 1. (a) Map of the Nordic seas and the Barents Sea with major surface currents. Red box 

shows location of Vestnesa Ridge. (b) CTD (conductivity-temperature-depth) data of 

temperature and salinity from the coring site JM10-335GC taken in June 2010. (c) Detailed 

bathymetric map of the pockmark on the southern part of Vestnesa Ridge with location of the 

two studied gravity cores (JM10-335GC inside the pockmark and JM10-333GC outside the 

pockmark). The map is based on data from Bünz et al. (2012). 
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Figure 2. Correlation between the control core JM10-333GC and pockmark core JM10-

335GC and the stacked magnetic susceptibility record for the western Svalbard slope (Jessen 

et al., 2010), lithological log, calibrated AMS14 dates, and grain size. Three lithological 

stratigraphic markers are indicated with color shading. Ages in green are based on correlation 

between the cores, ages in red are considered too old (see Sztybor and Rasmussen, submitted 

manuscript). 
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Figure 3. Records for core JM10-333GC (grey) and JM10-335GC (black) plotted versus age 

(cal yr BP). (a) number of species, (b) Fischer α index, (c) Pielou index (J), (d) benthic 

foraminifera per gram dry weight sediment, (e) benthic foraminiferal accumulation rate, (f) 

average sedimentation rates, (g) number of IRD >1mm per gram dry weight sediment. (h) 

Planktonic (N. pachyderma, red) and benthic (C. neoteretis, black) δ18O values corrected for 

ice volume measured in core JM10-335GC. (i) Planktonic (N. pachyderma, red) and benthic 

(C. neoteretis, black) δ13C values measured in core JM10-335GC. Abbreviations: YD, 

Younger Dryas; B-A, Bølling-Allerød interstadials; H1, Heinrich event H1; LGM, last glacial 

maximum. 
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Figure. 4. (a) Benthic δ18O (black) and  δ13C (red) values measured on C. neoteretis in core 

JM10-335GC. (b–k) Records of relative abundance of benthic foraminiferal species in 

percentages of total benthic fauna for core JM10-333GC (grey) and JM10-335GC (black) 

plotted versus age (cal yr BP), (b) Cassidulina neoteretis, (c) Cassidulina reniforme, (d) 

Melonis barleeanus, (e) Nonionella spp, (f) Stainfortia loeblichi, (g) Islandiella norcrossi, (h) 

‘Atlantic species’ group, (i) Oridorsalis umbonatus, (j) Elphidium excavatum, (k) Cibicides 

lobatulus\ Cibicidoides wuellerstorfi. Abbreviations: YD, Younger Dryas; B-A, Bølling-

Allerød interstadials; H1, Heinrich event H1; LGM, last glacial maximum. 
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Figure 5. (a) Planktonic δ18O (black) and δ13C (red) values measured on N. pachyderma, in 

core JM10-335GC. (b–e) Records for core JM10-333GC (grey) and JM10-335GC (black) 

plotted versus age (cal yr BP), (b) % TOC, (c) % TC, (d) % CaCO3, (e) sedimentation rates. 

(f-i) Planktonic records from core JM10-225GC. (f) Relative abundance of planktonic 

foraminifera species in percentages of total planktonic fauna, N. pachyderma (black) and T. 

quinqueloba (red, inverse scale), (g) planktonic foraminifera per gram dry weight sediment, 

(h) flux of planktonic foraminifera, (i) planktonic\benthic foraminifera ratio. Abbreviations: 

YD, Younger Dryas; B-A, Bølling-Allerød interstadials; H1, Heinrich event H1; LGM, last 

glacial maximum. 
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Abstract: 

Anaerobic oxidation of methane (AOM) in near-surface sediments is an important process in 

significantly limiting methane emissions from the seafloor. Sediments with low content of 

organic carbon are known as those of highest capacity and efficiency of AOM. In this study, 

we focus on the relationship between AOM, stable isotopes, concentrations of pyrite particles 

and their texture, magnetic susceptibility, carbon and sulfur content and carbon-sulfur ratios 

in three cores. Two cores are from a pockmark with active methane seepage and one core 

from outside the pockmark. The records are from the western Svalbard margin, from ca 1200 

m water depth. The cores are characterized by similar lithofacies, sedimentation rates and 

organic carbon content (TOC). However, the pockmark cores show much higher 

concentration of pyrite particles, sulfur content and higher sulfur-carbon ratios. Sulfur vs. 

carbon plots, usually used to characterize the type of depositional environments, here show 

diagenetically produced “excess” sulfide in the process of AOM. Highest sulfur flux 

correlates with extremely low δ13C values in foraminiferal shells and is taken as strong 

evidence that sulfate reduction is coupled to the anaerobic oxidation of methane. Based on 

“excess” sulfide, AOM rates and consumed methane flux are estimated here for the Last 

Glacial Maximum and the deglaciation period. The calculated methane flux correspond to low 
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to medium methane fluxes at modern seeps. Furthermore, different pyrite textures were 

observed in high excess sulfide core intervals, from the low excess sulfide intervals and in the 

control core, which most likely is connected to different precipitation mechanisms. Moreover, 

the low and nearly constant magnetic susceptibility values and high content of pyrite in 

pockmark cores compared to high and highly variable susceptibility values and low pyrite in 

the control core is probably the result of dissolution of magnetic minerals in the reducing 

methane seep sediments and the formation of paramagnetic minerals, mainly pyrite. 

 

1. Introduction 

 

 Cold methane seeps are common on continental margins worldwide (Judd and 

Hovland, 2007). Methane from deeper geological sources is migrating towards the seafloor 

through conduits like faults and cracks. The methane may reach the atmosphere or be 

oxidized aerobically in the water column, but the major part is usually oxidized anaerobically 

in the sediment and before it reaches the sediment-water interface (Hinrichs and Boetius, 

2003; Treude et al., 2005). The sulfate-dependent process of anaerobic methane oxidation 

(AOM) is mediated by a consortium of methane-oxidizing archaea and sulfate-reducing 

bacteria (Boetius et al., 2000; Hinrichs et al., 2000) and works as a filter that significantly 

limits the emissions of methane to the water column (Treude et al., 2003; Niemann et al., 

2006). The AOM takes place at the sulfate-methane transition zone (SMTZ), a sediment 

interval separating methane bearing sediments from sulfate bearing sediments (Borowski et 

al., 1996), where upward migrating methane reacts with downward diffusing sulfate to 

produce dissolved bicarbonate and hydrogen sulfide (e.g. Reeburgh, 1976). The dissolved 

bicarbonate increases the alkalinity of the pore water. In addition, the δ13C values of the 

dissolved inorganic carbon (DIC) decrease, because methane is strongly depleted in 13C 

relative to seawater DIC (Luff and Wallmann, 2003; Chen et al., 2010). Low δ13C values of 
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pore water DIC derived from AOM can mix with the DIC of fluids from greater depths 

migrating upwards and the bicarbonate produced from fermentation of buried organic matter 

(Snyder et al., 2007; Chatterjee et al., 2011). The hydrogen sulfide can be oxidized by 

chemosynthetic communities (Hovland and Thomsen, 1989; MacDonald et al., 1990; Levin, 

2005) or stored as iron sulfides, mostly pyrite (Novosel et al., 2005; Zhang et al., 2014; Lin et 

al., 2016).  

 Sulfur reduction (SR) in marine sediments is normally coupled to degradation of 

organic matter at the seafloor (Berner, 1982; Thomsen and Vorren, 1984). Total sulfur (TS) vs 

total organic carbon (TOC) plots and TS/TOC ratios are useful for characterizing ancient and 

modern sedimentary depositional environments (Berner and Raiswell, 1983; Leventhal, 1983, 

1995). For marine sediments deposited in normal oxygenated seawater the TS/TOC ratio is 

constant and is about ~0.36 (or ~2.8 if showed as TOC/TS) (Berner, 1982; Berner and 

Raiswell, 1983). Lower ratios occurs in freshwater sediments because of limited sulfate 

availability, higher ratios are attributed to euxinic environments (Berner and Raiswell, 1984). 

In methane seep environments SR includes two processes: fermentation of buried organic 

matter and AOM (e.g. Snyder et al., 2007). Because both processes are sulfate consuming, 

sediments with lower content of organic matter have higher capacity for AOM, because more 

of the sulfate flux is available for AOM (Pohlman et al., 2013). In seep sediments poor in 

organic matter, almost all sulfate is consumed in AOM (Pohlman et al., 2013). Sulfate 

reduction not connected to decomposition of organic material leads to elevated sulfide sulfur 

in the sediment in relation to organic carbon and disequilibrium from the normal TS/TOC 

ratio (Leventhal, 1995).  

Here we investigate the relationship between higher sulfur content in the sediment and higher 

sulfur flux as evidence for enhanced AOM. From the total sulfur content of the seep core the 

sulfur content of the control core covering the same time interval was subtracted, so the fluxes 
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shows only the sulfur coming from the process of AOM. Several studies showed that paleo-

AOM can be inferred by the presence of authigenic carbonates (Judd and Hovland, 2007; 

Magalhães et al., 2012) and microfossils with very low δ13C values (Hill et al., 2011; 

Consolaro et al., 2015). Unfortunately, neither carbonates nor isotopic signatures reflect how 

much of the methane has been consumed in the process of AOM. The efficiency of the 

microbial filter was estimated from experiments (e.g. Treude et al., 2003; Joye et al., 2004; 

Sommer et al., 2006) or modelled based on the pore-water profiles (Aharon and Fu, 2000; 

Hong et al., 2016). However, these attempts to quantify AOM rates are considered 

controversial as the measured and calculated fluxes can change significantly on short time-

scales (Snyder et al., 2007 and references therein). In this study, we propose the first long 

term (late glacial and deglaciation) quantitative AOM record based on the flux of “excess 

sulfur”.  

 

 

3. Material and methods 

 The study is based on three gravity cores retrieved from a water depth of 1200 m at 

Vestnesa Ridge, eastern Fram Strait: JM10-333GC and -335GC in June 2010 and HH12-

929GC in August 2012 during a cruise with RV Jan Mayen (now RV Helmer Hanssen) (Fig. 

1a). Pockmarks at the eastern part of the ridge are characterized by active gas discharge into 

the water column (Bünz et al., 2012; Plaza-Faverola et al., 2015). Cores JM10-335GC and 

HH12-929GC were taken from the same active pockmark, while core JM10-333GC was taken 

outside the pockmark field as a control (Fig. 1b).  

 Details of core handling have been published previously (Sztybor and Rasmussen, 

2016). For this study, samples at 5 cm intervals were used in all three records. Total organic 

carbon (TOC) and total sulfur (TS) were measured in bulk samples using a Leco CS-200 

induction furnace instrument. The excess sulfur was calculated as TS of the pockmark core 
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minus TS of the control core outside pockmark, for samples of same age in the cores. The 

sulfur fluxes (mg/cm2/1000 yr) were calculated using the formula: 

mg S/g x Mass Accumulation Rate (MAR) 

where, MAR=Linear Sedimentation Rate (LSR) (cm/1000 yr) x Dry Bulk Density (DBD) 

(g/cm3). The AOM:SR ratio used in methane flux calculations was 1:1 as in sediments with 

low TOC content (Joye et al., 2004; Pohlman et al., 2013) according to the equation of 

(Reeburgh, 2007): 

CH4 + SO4
2-   HS- + HCO3

- + H2O 

Pyrite particles were counted in aliquots of the 0.1-1 mm grain-size fractions and 

concentrations calculated as number per gram dwt (dry weight) sediment. Pyrite fluxes were 

calculated using the same formula as for calculating of the sulfur fluxes. The diversity of 

pyrite textures were documented by using a Hitachi TM3000 scanning electron microscope 

(SEM) at the Department of Geology, UiT Arctic University of Norway. Details about the 

stratigraphy and age models of cores JM10-333GC and JM10-335GC and stable isotopes 

measured in several foraminiferal species have been described by Sztybor and Rasmussen 

(2016) (see Supplementary information and Fig. S1). Here we present the published age 

models, magnetic susceptibility (MS) records and δ13C values measured in the planktonic 

foraminiferal species Neogloboquadrina pachyderma and benthic species Cassidulina 

neoteretis. 

  

4. Results  

 

 Samples from the control core JM10-333GC show low TS/TOC (0.09– 0.68; average 

0.22) ratios with values typical for sediments deposited in normal marine environments (Fig. 

2). Results from the seep core JM10-335GC are more scattered, with predominantly high values 

(0.41–2.35; average 1.12) typical for euxinic environments (Fig. 2). All samples from the seep 
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core HH12-929GC containing gas hydrates show very high “euxinic” TS/TOC ratios (0.57–

2.30; average 1.45) (Fig. 2). 

 Because of problems with generating a precise age model for core HH12-929GC 

(Sztybor and Rasmussen, 2016), data plotted against age scale are presented only for cores 

JM10-333GC and -335GC (Fig. 3). Both the seep and the control core show the same pattern 

in the distribution of total organic carbon (TOC) vs sediment age, also seen in other non-seep 

records from the western Svalbard margin (e.g. Birgel and Hass, 2004; Zamelczyk et al., 2014) 

(Fig. 3c). The content is generally low during the glacial interval with average ~0.6 % with one 

peak at 24,000 yr reaching up to 2%. This peak occurs in both cores at the level of the dark 

coarse sediments belonging to mass transport deposits (see Sztybor and Rasmussen, 2016 and 

references therein and Fig. S1 in Supplementary information). The interval is characterized by 

similar TS/TOC ratios in both cores (Fig. 3b). The TOC values are higher (~0.9–1.3 %) during 

the deglaciation 16,000–13,500 yr and early Holocene 11,500–9000 yr (~1%) (Fig 3b). During 

the Bølling and Allerød interstadials c. 15,000–13,000 yr and at 24,000 yr a correlation between 

increase in %TOC and higher sedimentation rates is clearly visible (Fig. 3c, e). 

 The total sulfur (TS) content in the control core JM10-333GC (Fig. 3d) co-varies with 

the TOC (Fig. 3e). In the pockmark core JM10-335GC the TS is high (0.52–1.89 %) throughout 

the entire core (Fig. 3d). The only interval where TS is similar for both cores is the layer of 

mass transport deposits mentioned above, which in both cores reach 16 mg S/g (1.6 %).  

The magnetic susceptibility (MS) of the control core JM10-333GC show lowest values around 

24,000 and 15,000 yr. The MS of the seep core JM10-335GC is very low and nearly constant. 

The values in both cores are similar in the time intervals of maximum sedimentation rates at 

24,000 and 15,000 yr (Fig 3e, f). 

 The δ13C values of planktic and benthic foraminifera in the seep core JM10-335GC are 

characterized by low (0.2– -2 ‰) and nearly constant values in the lowest part of the core 
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covering the time interval 35,000–26,000 yr and the Holocene. Minor excursions towards 

slightly lower δ13C (-3– -5 ‰) occurred between 26,000 and 15,000 yr. Two major excursions 

towards very low δ13C (-10– -16 ‰) values occurred between 15,000 and 13,000 yr (Fig 3a). 

This interval correlates with a significant increase in ‘excess’ sulfur flux and estimated methane 

flux (Fig. 3i, j). Because the top of control core 333GC dates 13,800 yr it was not possible to 

calculate the ‘excess’ sulfur (Fig. 3i) for the interval covering the youngest δ13C excursion (Fig. 

3a) and highest TS peak that occurred ~13,200 yr. The high ‘excess’ sulfide coincide with a 

high flux of framboidal pyrite particles in the 0.1-1 mm size-fraction in the seep cores (Fig. 3h, 

4ab). In the control core pyrite in a form of euhedral and anhedral particles occurred exclusively 

in the intervals of high TOC and TS content ~24,000 and 15,000 – 13,500 yr (Fig. 3h, 4c). 

Those intervals in the seep core JM10-335GC contain also mostly euhedral pyrite crystals (Fig. 

4de).  

 

5. Discussion 

 The deposition of organic carbon (TOC) and sulfur (TS), mainly representing pyrite, 

in the deep sea is dependent on sedimentation rates and supply of terrigenous mineral material 

(Berner, 1982; Berner and Raiswell, 1983; Lin et al., 2000). High sedimentation rates (Fig. 

3e) on the western Svalbard margin are associated with downslope mass transport and 

deposition of terrigenous sediment and IRD (Rasmussen et al., 2007; Jessen et al., 2010). The 

increased sedimentation rates enable preservation of buried TOC, which has escaped 

complete degradation at the seafloor (Knies and Stein, 1998; Müller and Stein, 2014). Sulfate 

reduction coupled to organic matter decomposition occurred in both cores in the interval of 

mass transport deposits and the Bølling-Allerød interstadials marked by temporal increases in 

TOC and TS in the control core (Fig. 2, 3cd). The hydrogen sulfide produced during 

degradation of organic matter have been recognized previously to dissolve magnetite and 

cause formation of pyrite (Canfield and Berner, 1987). As pyrite is a paramagnetic mineral 
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with magnetic susceptibility values close to zero, this process is the major reason for the loss 

of magnetostratigraphic records in marine sediments (Canfield and Berner, 1987; Passier et 

al., 1998). The presence of paramagnetic pyrite (and high TS and TOC content) thus explains 

the lower MS values in the intervals of high sedimentation rates (Fig. 3). The low MS in these 

intervals is therefore not only connected with low MS of locally derived material as suggested 

by Jessen et al. (2010), but could be affected by organoclastic sulfate reduction of the 

accumulated TOC. The MS signal is very low in the entire seep core probably due to pyrite 

formation resulting from both processes, the organic matter degradation and AOM.  The 

connection between high upward methane flux and lowering of MS have been described in 

detail by Novosel et al. (2005). The hydrogen sulphide produced in the process of AOM 

dissolves highly magnetic iron oxides such as magnetite and generates the nearly non-

magnetic pyrite (Novosel et al., 2005; Riedinger et al., 2005; Dewangan et al., 2013). 

Except of the intervals of high sedimentation rates, the organic matter content is very low in 

sediments from Vestnesa Ridge (TOC of ~0.5 %; Fig. 3c) and unlikely to sustain a significant 

organoclastic SR. The study of Pohlman et al. (2013) shows that in sediments with low 

organic carbon content nearly all pore water sulfate is available for AOM. Pyrite formation 

can be limited by iron availability (Kao et al., 2004 and references therein), nevertheless the 

Svalbard margin has a generous supply of this element from multiple glaciated fjords 

(Rasmussen et al., 2014; Wehrmann et al., 2014). Accumulation of high amounts of pyrite 

framboids in core JM10-335GC is therefore taken as evidence of enhanced AOM in the 

shallow sediments (Lin et al., 2016). Textural properties of sedimentary pyrite have been 

recognized as a result of precipitation mechanisms (Wilkin and Arthur, 2001 and references 

therein). The framboidal texture in the AOM dominated intervals of the seep core most likely 

result from rapid nucleation in a highly supersaturated environment (Butler and Rickard, 

2000), while occurrence of pyrite predominantly in form of euhedral and anhedral grains in 
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the intervals of low AOM activity and in the control core is associated with limited nucleation 

and low supersaturation (Passier et al., 1997; Rickard, 2012). 

 TS/TOC ratios are prone to diagenesis (Leventhal, 1995). Here we demonstrate that 

the high TS content and following high TS/TOC ratios are a result of past AOM derived 

pyrite in the sediment. The post-depositional diagenetic processes caused accumulation of 

pyrite sulfur and enabled estimation of intensity of the paleo-AOM. The calculated methane 

flux is in the range of up to ~0.8 mmol m-2 d-1 (Fig. 3i), which corresponds to low and medium 

advective flows (Treude et al., 2003; Sommer et al., 2006). This corresponds to consumption 

of ~5 kg of methane per 1000 yr from just a single m2 spot inside a pockmark of 500 m in 

diameter. The value is representative of site JM10-335GC with medium to low influence of 

methane (Sztybor and Rasmussen, 2016). Other sites (e.g. HH12-929GC) probably would 

record higher values. The pockmark environment is very heterogeneous and estimation of 

total flux from the pockmark is difficult. Nevertheless, our findings emphasize the importance 

of the capacity of the microbial filter to convert high quantities of methane into alkalinity and 

authigenic minerals, before it reaches the water column or the atmosphere.  

 

6. Conclusions 

 Our results show a close correlation between higher TS flux, high TS/TOC ratios and 

very low δ13C values in benthic and planktic foraminifera indicating increase in past seep 

activity. The content of TOC vs age in the seep core shows the same pattern and values as in 

non-seep records. The higher content of TOC during events of increased sedimentation rates 

correlate with lower AOM rates in the seep core, showing lower capacity of the microbial 

filter in sediments with higher organic carbon content. The previously reported low MS 

values seen in seep cores (Sztybor and Rasmussen, 2016) are here confirmed to be associated 
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with AOM induced pyrite formation based on the correlation of low MS values with elevated 

TS concentrations and high pyrite particles counts in the samples.  

 Our results show that estimates of the long-term AOM rates over geologic timescales are of 

fundamental importance for paleoceanographic and paleoenvironmeantal reconstructions and 

should be incorporated into the models of the global carbon cycle.  
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Figure captions: 

Figure 1. (a) Bathymetric map (IBCAO; Jakobsson et al., 2000) of the West Svalbard margin. 

Red box marks the location of Vestnesa Ridge. (b) Detailed bathymetric map of the pockmark 

on the southern part of Vestnesa Ridge with location of the three studied gravity cores (JM10-

335GC and HH12-929GC inside the pockmark and JM10-333GC outside the pockmark). 

Map based on data from Bünz et al. (2012). 

 

Figure 2. Plot of weight percent total organic carbon versus weight percent total sulfur for 

two seep cores and a control core. Region enclosed by dashed line represents present-day 

normal marine sediments. Adapted from Berner and Raiswell (1983). 

 

Figure 3. (a) Planktic (Neogloboquadrina pachyderma, black) and benthic (Cassidulina 

neoteretis, red) δ13C values measured in core JM10-335GC. (b–g) Records for core JM10-
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333GC (black) and JM10-335GC (gray), (b) TS/TOC ratio, (c) % TOC, (d) mg S/g and %TS, 

(e) average sedimentation rates, (f) magnetic susceptibility, (g) flux of sulfur. (h) Excess 

sulfur flux (grey) and estimated AOM rates (green). (i)  Flux of pyrite grains and aggregates 

in core JM10-333GC (black) and JM10-335GC (green) and pyritized burrows in core JM10-

335GC (red), (j) estimated methane flux. 

 

Figure 4. Scanning electron microscope images with examples of pyrite textures: (a–b) 

framboidal pyrite from core JM10-335GC, (c–e) euhedral and anhedral pyrite from core 

JM10-333GC (c) and core JM10-335GC (d–e).  

 

Supplementary material: Lithology and age models of cores JM10-333GC and JM10-

335GC (Fig. S1, Table S1). 
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Figure 1. (a) Bathymetric map (IBCAO; Jakobsson et al., 2000) of the West Svalbard margin. 

Red box marks the location of Vestnesa Ridge. (b) Detailed bathymetric map of the pockmark 

on the southern part of Vestnesa Ridge with location of the three studied gravity cores (JM10-

335GC and HH12-929GC inside the pockmark and JM10-333GC outside the pockmark). 

Map based on data from Bünz et al. (2012). 
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Figure 2. Plot of weight percent total organic carbon versus weight percent total sulfur for 

two seep cores and a control core. Region enclosed by dashed line represents present-day 

normal marine sediments. Adapted from Berner and Raiswell (1983). 

 

 

 

 

 

 

Figure 3. (a) Planktic (Neogloboquadrina pachyderma, black) and benthic (Cassidulina 

neoteretis, red) δ13C values measured in core JM10-335GC. (b–g) Records for core JM10-

333GC (black) and JM10-335GC (gray), (b) TS/TOC ratio, (c) % TOC, (d) mg S/g and %TS, 

(e) average sedimentation rates, (f) magnetic susceptibility, (g) flux of sulfur. (h) Excess 

sulfur flux (grey) and estimated AOM rates (green). (i)  Flux of pyrite grains and aggregates 

in core JM10-333GC (black) and JM10-335GC (green) and pyritized burrows in core JM10-

335GC (red), (j) estimated methane flux. 
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Figure 4. Scanning electron microscope images with examples of pyrite textures: (a–b) framboidal pyrite from core JM10-335GC, (c–e) euhedral and 

anhedral pyrite from core JM10-333GC (c) and core JM10-335GC (d–e).  
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Lithology and age models of cores JM10-333GC and JM10-335GC 

The age models are based on AMS 14C dates, oxygen isotopes, lithology and 

correlation with the western Svalbard slope MS stack as presented in Fig. S1 and Table S1. 

Details about age model construction, lithology and stratigraphy were described by Sztybor 

and Rasmussen (2016). Both cores, the control core JM10-333GC and the pockmark core 

JM10-335GC contain lithostratigraphic markers typical for the western Svalbard margin: fine 

silty clay with laminations and a layer of coarse, unsorted sediments (Jessen et al., 2010). 

Additionally core JM10-335GC contains a layer of fine-grained diatom-rich mud. The fine 

clay with laminations was interpreted as deposited from deglacial turbid meltwater plumes 

during the Bølling-Allerød interstadial and the layer of coarse sediments as downslope mass 

transport deposits formed at the onset of the Last Glacial Maximum (Jessen et al., 2010 and 

references therein). The horizons were found in other cores from the western Svalbard margin 

(Jessen et al., 2010; Müller et al., 2009; Müller and Stein, 2014; Rasmussen et al., 2007), and 

are well dated and together with the magnetic susceptibility signal they can be used as 

chronostratigraphic markers based on tie-points published by Jessen et al. (2010) (Fig. S1). 

The age models were calculated assuming linear sedimentation rates between dates and tie-

points (Fig. S1, Table S1). All AMS-14C ages were calibrated based on Fairbanks et al. 

(2005) calibration program. 



According to the age models core JM10-333GC dates 43,000 years at the bottom and 

~13,800 years at the core top, while core JM10-335GC from the pockmark dates 35,000 years 

at the bottom and ~9700 years at the top (Fig. S1). 

 

 

Figure. S1. Correlation between the control core JM10-333GC and pockmark core JM10-335GC and 

the stacked magnetic susceptibility record for the western Svalbard slope (Jessen et al., 2010), 

lithological log and calibrated AMS14 dates. Three lithological stratigraphic markers are indicated with 

color shading. Ages in green are based on correlation between the cores, ages in red are considered too 

old (see Sztybor and Rasmussen, 2016). 

 

 

 

 



Table S1. AMS 14C dates and calibrated ages of cores JM10-333GC and JM10-335GC. 

Correlation tie points for Western Svalbard slope from Jessen et al. (2010) are shown in 

italics. 

 

 

 

 

 

 

 

 

 

 

Core Depth (cm) Dated material
Laboratory 

code

Age               

( 
14

C ± 1σ)

Calibrated age 

± 1σ

Jessen et al., 2010-TP4 18 N. pachyderma ─ 12,250 ± 150 14,070 ± 210

JM10-333GC 20 mixed benthic foraminifera Beta-4133010 12,920 ± 40 14,442 ± 119**

Jessen et al., 2010-TP5 50 bivalve ─ 12,840 ± 150 14,300 ± 260

Jessen et al., 2010-TP6 110 bivalve ─ 13,140 ± 150 14,780 ± 220

JM10-333GC 137 N. pachyderma UBA-23419 14,475 ± 61 16,385 ± 142

JM10-333GC 147 N. pachyderma UBA-23420 15,228 ± 61 17,677 ± 190

Jessen et al., 2010-TP7 258 N. pachyderma ─ 20,150 ± 130 23,550 ± 185

Jessen et al., 2010-TP8 281 N. pachyderma ─ 20,580 ± 130 24,080 ± 150

JM10-333GC 359 N. pachyderma Beta-412869 37,420 ± 340 42,118 ± 339

Jessen et al., 2010-TP2 10 planktonic foraminifera ─ 9240 ± 100 9840 ± 200

JM10-335GC 20 N. pachyderma UBA-18137 9302 ± 38 9981 ± 111

Jessen et al., 2010-TP3 35 planktonic foraminifera ─ 9390 ± 100 10,100 ± 150

JM10-335GC 56 N. pachyderma UBA-23417 10,829 ± 43 12,245 ± 107

JM10-335GC 57 mixed benthic foraminifera UBA-23418 10,820 ± 43 12,225 ± 106

JM10-335GC 75 N. pachyderma UBA-18138 11,830 ± 44 13,236 ± 69

Jessen et al., 2010-TP5 198 bivalve ─ 12,840 ± 150 14,300 ± 260

Jessen et al., 2010-TP6 240 bivalve ─ 13,140 ± 150 14,780 ± 220

JM10-335GC 278 N. pachyderma UBA-23197 15,486 ± 73 18,197 ± 189

JM10-335GC 278 bivalve UBA-18142 15,283 ± 56 17,789 ± 182

JM10-335GC 290 N. pachyderma UBA-18139 16,830 ± 71 19,505 ± 90

JM10-335GC 369 N. pachyderma UBA-18140 19,327 ± 77 22,462 ± 95

Jessen et al., 2010-TP7 380 N. pachyderma ─ 20,150 ± 130 23,550 ± 185

Jessen et al., 2010-TP8 405 N. pachyderma ─ 20,580 ± 130 24,080 ± 150

JM10-335GC 460 N. pachyderma UBA-18141 27,132 ± 150 31,977 ± 221

**Unknown reservoir age. Calibrated age may be too old.
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