[image: image1]Glacial-interglacial sedimentation control on gas seepage exemplified by Vestnesa Ridge off NW Svalbard margin

		ORIGINAL RESEARCH
published: 08 April 2024
doi: 10.3389/feart.2024.1356341


[image: image2]
Glacial-interglacial sedimentation control on gas seepage exemplified by Vestnesa Ridge off NW Svalbard margin
Tine L. Rasmussen1* and Tove Nielsen2
1Department of Geosciences, UiT the Arctic University of Norway, Tromsø, Norway
2Geological Survey of Denmark and Greenland (GEUS), Copenhagen, Denmark
Edited by:
Jacek Raddatz, Helmholtz Association of German Research Centres (HZ), Germany
Reviewed by:
André Bahr, Heidelberg University, Germany
Wolfram Geissler, Alfred Wegener Institute Helmholtz Centre for Polar and Marine Research (AWI), Germany
* Correspondence: Tine L. Rasmussen, tine.rasmussen@uit.no
Received: 15 December 2023
Accepted: 21 March 2024
Published: 08 April 2024
Citation: Rasmussen TL and Nielsen T (2024) Glacial-interglacial sedimentation control on gas seepage exemplified by Vestnesa Ridge off NW Svalbard margin. Front. Earth Sci. 12:1356341. doi: 10.3389/feart.2024.1356341

Vestnesa Ridge is built-up of thick contourites mainly deposited during the last ∼5 million years. Methane leaks from deep gas reservoirs creating pockmarks on its crest, and which have been the focus of numerous studies. Sedimentation patterns in relation to the pronounced changes in oceanography and climate of the last glacial-interglacial cycles and its possible impact of seepage of gas have rarely been studied. Here, we present a detailed history of contourite development covering the last ∼130,000 years with most details for the last 60,000 years. The study is based on 43 marine sediment cores and 1,430 km of shallow seismic lines covering the ridge including methane seep sites, with the purpose of reconstructing changes in depositional patterns in relation to paleoceanographical changes on glacial, interglacial, and millennial time scale in relation to activity of seepage of gas. The results show that thick Holocene deposits occurred below ∼1,250 m water depth in the western part of the ridge. Both in pockmarks at western and eastern Vestnesa Ridge, seepage decreased at ∼10–9 ka in the early Holocene. The fine Holocene mud likely reduced seepage to a slow diffusion of gas and microbial oxidation probably prevented escape from the seafloor. Results also showed that seepage of gas was highly variable during the glacial, and low to moderate during the cold Heinrich stadial H1 (19–15 ka) and Younger Dryas stadial (13–12 ka). Seepage reached a maximum during the deglaciation in the Bølling and Allerød interstadials 15–13 ka and early Holocene 12–10 ka. The deglaciation was a period of rapid climatic, oceanographic, and environmental changes. Seepage of gas varied closely with these events indicating that slower tectonic/isostatic movements probably played a minor role in these millennial scale rapid fluctuations in gas emission.
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1 INTRODUCTION
Vestnesa Ridge is located in the Arctic off the northwestern Svalbard margin in eastern Fram Strait just north of the Molloy Transform Fault (Figure 1A). The 100-km long ridge is a southeast-northwest stretching elongated contourite drift at 79°N, 05–07°E, its crest spanning a water depth of ∼1,200 m towards east and >1,300 m towards west. Intensive seepage of methane occurs from a series of pockmarks on the crest of the ridge (Vogt et al., 1994; Hustoft et al., 2009; Plaza-Faverola et al., 2015). The gas migrates upwards from a deep thermogenic reservoir through faulted chimneys penetrating the gas hydrate stability zone (GHSZ). The GHSZ is several hundred of meters thick on the ridge extending from ∼160 m below the seafloor and well into the water column (Bünz et al., 2012; Plaza-Faverola et al., 2017). Patchy deposits of gas hydrates have been found close to the sediment surface (Sztybor and Rasmussen, 2017a; Laier et al., 2017; Hong et al., 2021).
[image: Figure 1]FIGURE 1 | Overview maps and detail maps of study area. (A): Map of Vestnesa Ridge with eastern active (B) and western inactive (C) pockmark areas marked. Core location of published records discussed in the text are also indicated. Insert show the Nordic Seas and location of Svalbard and Vestnesa Ridge with red arrow indicating the West Spitsbergen Current. (B): Detail of eastern active pockmark area showing location of core sites outside of ‘Lunde’ and ‘Lomvi’ pockmarks (the latter two marked by white frame). (C): Detail of western Vestnesa pockmark area showing location of core sites. (D): Detail of ‘Lunde’ pockmark showing core sites. (E) Detail of ‘Lomvi’ pockmark showing core sites (core names abbreviated). See Supplementary Table S1 for details and references to previously published records and Supplementary Figure S1.
The thermohaline ocean circulation in the Nordic Seas intensified about 5 million years ago and deposits from the Pliocene onwards are up to ∼5 km thick on the ridge (Knies et al., 2014). Increased glaciation regimes during the Quaternary led to increased sedimentation rates from 2.7 Ma (Gebhardt et al., 2014) and seepage of methane intensified from that time (Knies et al., 2018). Modeling studies indicated that the strength of seepage is influenced by offshore isostatic adjustments during glacial periods (Daszinnies et al., 2021). Also, tectonic movements of the Molloy Transform Fault and Knipovich spreading zone have been interpreted to cause fracturing and increase in seepage (Plaza-Faverola et al., 2015; 2023).
Pockmarks are seen along the entire ridge crest (e.g., Hustoft et al., 2009). Presently, seepage of methane gas is only active on the eastern part of the ridge at ∼1,200 m water depth where acoustic flares are rising from the seafloor up to 800 m into the water column (Hustoft et al., 2009) (Figure 1B). On the central and western part of the ridge down to >∼1,300 m water depth the pockmarks are inactive and without detectable acoustic flares (Bünz et al., 2012) (Figure 1C). In recent years, most studies from the ridge have focused on release of methane, its history, causes of variability and patterns of release (e.g., Plaza-Faverola et al., 2015; 2023; Sztybor and Rasmussen, 2017a; b; Himmler et al., 2018; Schneider et al., 2018) as well as its present seep related environments and associated faunas (e.g., Åström et al., 2018; Yasuhara et al., 2018; Sen et al., 2020; Melaniuk et al., 2022a; b). Little attention has been given to the depositional patterns on the ridge and its variability and potential impact on seepage of methane. Thus, there is a need to better understand the implication of changes in depocenters of the contourite on the degree of seepage of methane in relation to the large glacial-interglacial and millennial climatic and oceanographic changes through time (e.g., Bailey et al., 2021; Hornbach, 2022).
The contourite on Vestnesa Ridge is deposited by the strong currents of the northward flowing West Spitsbergen Current (WSC) before entering the Arctic Ocean via the eastern Fram Strait (Figures 1A,B, 2A). The WSC is a continuation of the Norwegian Atlantic Current (NAC) comprising warm, saline Atlantic Water (AW) flowing between ∼50 and 600 m water depth (Figures 2A–D). The NAC originates from the North Atlantic Drift (derived from the Gulf Stream system) flowing northeastward across the North Atlantic and into the Nordic Seas. Below the AW cold Intermediate and Deep Waters generated by convection in the Nordic Seas flow northward into the Arctic Ocean (e.g., Aagaard et al., 1987; Hopkins, 1991; Schlichtholz and Houssais, 1999a; b; Fer et al., 2023) (Figures 2A–D). The intermediate water also overflows the Greenland-Scotland Ridge in the southern Nordic Seas and continues into the North Atlantic contributing to the North Atlantic Deep Water (NADW) and forms an important part of the Atlantic Meridional Ocean Circulation (AMOC) (Broecker et al., 1991) (Figure 2A).
[image: Figure 2]FIGURE 2 | Map of major ocean currents, CTD stations, and paleo-CTD of present and past water mass characteristics. (A) Overview map of Nordic Seas with major surface (red arrows) and bottom water (blue arrows) currents indicated. (B) Detail of same parameters as in (A) for the western Svalbard margin and Vestnesa Ridge (black frame). CTD-sites for western (black dot) and eastern (red dot) pockmark areas are marked. Abbreviations: NAC; North Atlantic Current, WSC; West Spitsbergen Current, RAW; Return Atlantic Current, YB; Yermak Branch, SB; Svalbard Branch. Maps modified from Jessen and Rasmussen (2019). (C) CTD-station HH16-541CTD from western pockmark area showing temperature (°C), conductivity salinity, (psu), density (g/m3) and sound velocity (m/s). (D) Same parameters as in (C) for CTD-station HH16-548CTD from eastern pockmark area. See insert for legend. (E) Paleo-CTD showing temperature in the water column for Heinrich stadial H1. Modified from Rasmussen et al. (2007) and based on Mg/Ca bottom water temperature reconstructions for core HH15-1252PC from north of Vestnesa ridge El bani Altuna et al. (2021a).
During the last glacial period the northern hemisphere experienced profound millennial scale changes (termed Dansgaard-Oeschger (DO) events) of warm interstadials and cold stadials (Dansgaard et al., 1993). Particularly cold and long lasting stadials correlated with release of icebergs from continents and are termed Heinrich stadials (Bond et al., 1993). Abrupt atmospheric warmings of up to 8°C–16°C occurred over Greenland (e.g., Kindler et al., 2014). A total of 25 warming events took place during the Weichselian glaciation within the period ∼115–12 ka. Studies of paleoceanographic changes over the western and northwestern Svalbard margin and in the Nordic Seas have indicated profound changes in convection strength and water mass properties on DO time scales (e.g., Rasmussen and Thomsen, 2004; Rasmussen et al., 2007). During cold stadials convection slowed or stopped because of presence of the melting icebergs at the surface causing stratification of the upper water column (Figure 2E). The Atlantic Water continued its flow below the low-saline surface meltwater as an intermediate water mass and bottom water warmed up >5.5°C during the latest Heinrich Stadial H1 (19–15 ka) (Ezat et al., 2014; El bani Altuna et al., 2021a) (Figure 2E). During interstadials the Atlantic Water flowed again at the surface and strong convection resumed, briefly cooling the bottom water masses similar to today (Figures 2C,D).
The δ13C values in benthic and planktic foraminiferal shells reflect ventilation in the deep sea but also the presence of seepage of methane. Methane has very low δ13C values (<-60‰ for biogenic and ∼-40 to −50‰ for thermogenic gas (Whiticar, 1999)). Thus, low δ13C in foraminifera are taken as a sign of influence of methane (e.g., Wefer et al., 1994; Kenneth et al., 2003; Cook et al., 2011). However, it has been a matter of debate whether benthic foraminifera incorporate the low δ13C from methane, either through precipitation of their shells from porewater and/or metabolic processes (Smith et al., 2001; Torres et al., 2003; Mackensen et al., 2006; Martin et al., 2010; Wollenburg et al., 2015; Melaniuk et al., 2022a). Values as low as −6‰ in live benthic foraminifera have been reported from the Håkon Mosby Mud Volcano (Mackensen et al., 2006) and lately −5 to <-6‰ in live foraminifera from active seeps from eastern Vestnesa Ridge (Melaniuk et al., 2022a). In areas of low to moderate seepage as for example, in Siboglinid worm fields, the benthic foraminifera appear to be able to live and incorporate methane-derived 12C, while in areas of strong seepage with bacterial mats and low oxygen only dead specimens were found (Melaniuk et al., 2022a; b). After death of a foraminifera the shell can be covered by methane-derived authigenic carbonate from anaerobic oxidation of methane (AOM) (e.g., Boetius et al., 2000; Schneider et al., 2018 and references therein), which can lead to even lower measured values of <-20‰ to −10‰ (e.g., Martin et al., 2010). The precipitation of the authigenic carbonate occurs in the sulfate-methane transition zone (SMTZ) i.e., the transition zone of anaerobic oxidation of methane by archaea and sulfate-reducing bacteria, which depending on strength of seepage can be found at various depths in the sediments (e.g., Boetius et al., 2000). Under conditions of strong seepage, the precipitation occurs close to the sediment surface or at the surface and at high rates (e.g., Borowski et al., 1996; Melaniuk et al., 2022a). Under weak seepage, the formation of authigenic carbonates is slow and occurs deep in the sediment and can take thousands of years (e.g., Snyder et al., 2007).
Here we study the contourite sedimentation patterns and impact on seepage of methane on glacial, interglacial, and millennial DO time scales based on a suite of 43 sediment cores and a grid of shallow seismic lines (Figures 1, 3A). The cores are taken both at the crest and northern flank of Vestnesa Ridge, spanning a water depth of ∼1,200–1767 m covering both active pockmarks and sites without seepage of methane (Figure 1). The core study is primarily based on the distribution patterns in magnetic susceptibility, lithology, benthic and planktic δ18O and δ13C values, organic and inorganic carbon, and detailed AMS-14C datings. The shallow seismic lines are passing over or close to the core sites and covering crest and flanks of the ridge (Figure 3). The aim of the study is to correlate core records with a known stratigraphy to the seismic data to obtain a more comprehensive overview of the age of sediments on the ridge for a better understanding of the depositional patterns through time in relation to past climatic and oceanographic fluctuations and the effects on the strength of seepage of methane. The results are also compared and correlated with earlier published marine core records from the western and northern Svalbard margin.
[image: Figure 3]FIGURE 3 | Database for shallow seismic interpretation. (A): Database of shallow seismic Chirp lines together with position of sediment cores used to tie marine isotope stage (MIS) boundaries to the seismic data. Bathymetry illustrating the outline of Vestnesa Ridge from IBCAO (Jakobsson et al., 2020). (B): Core-to-seismic tie of marine isotope stage (MIS) boundaries exemplified by core KH19-09GPC using the lithological log with marked MIS boundaries together with magnetic susceptibility (10−5 SI) and Impedance data from GEOTEK logging (Supplementary Figure S6, column C, D). An average sound velocity of 1,500 m/s is used for converting core data to time domain - see section 2.2 for additional information. See Figure 3A for location of core and Chirp line.
2 MATERIAL AND METHODS
The study is built on a large database consisting of published and new data from sediment cores and 1,430 km of shallow seismic profiles, all acquired during six successive cruises to Vestnesa Ridge with R/V Helmer Hanssen (HH) in 2010 (then named R/V Jan Mayen (JM)), in 2012, 2015, 2016, 2017 and 2018 (Figure 1; Supplementary Table S1; see references to cruise reports in Supplementary Material). In addition, core KH19-09GPC is included and tied to the main study area on Vestnesa Ridge by shallow seismic line GAGE-19-3-KH-018 (Knies and Vadakkepuliyambatta, 2023).
2.1 Sediment cores
A total of 8 piston and 35 gravity cores are included in the study (Supplementary Table S1). Both active pockmarks from eastern Vestnesa Ridge and inactive/weakly active pockmarks from western Vestnesa Ridge, sites away from gas seepage fields but near the top of the ridge plus sites from the northern flank of the ridge were targeted (Figure 1). From eastern Vestnesa Ridge the most active and very heterogenous pockmark informally known as ‘Lomvi’ (Eng.: ‘Guillemot’) and the more ‘quiet’ and more homogenous pockmark ‘Lunde’ (Eng.: ‘Puffin’) with irregular seepage of gas (Bünz et al., 2012) were sampled along active pockmarks slightly further to the west (Figures 1B,D,E). The majority of cores were taken from ‘Lomvi’ in two distinct areas with four cores taken from a southern elevated part with hard carbonate pavement in some parts and with fine-grained deposits in other parts (Figure 1E). From the elevated area, core HH12-928PC sampled hard pavement and contained numerous chemosymbiotic bivalves encrusted by authigenic carbonates and little sediment (Sztybor and Rasmussen, 2017a; Thomsen et al., 2019). Several cores were taken in an area to the northeast comprising the deepest depression within the ‘pockmark (Figure 1E). Core HH12-929GC contained gas hydrates in the lower part (Sztybor and Rasmussen, 2017a) while two other cores taken from the same deep depression contained no gas hydrates (cores HH16-551GC and HH15-1241GC; 16 m and 38 m from site HH12-929GC) (Figure 1E). Nearby piston cores HH15-1253PC and HH15-1254PC, distanced 0.11 m and 29 m from site HH12-929GC, respectively had hit large chunks of gas hydrate probably preventing deeper penetration (Figure 1E; Supplementary Figure S1I,J). Core HH17-843GC from the same depression also hit gas hydrates (Figure 1E). Four cores from ‘Lunde’ pockmark were all taken near the edge of the pockmark in a relatively smooth area with no apparent disturbances (Figure 1D). Cores taken in active pockmarks further to the west contained large chunks of gas hydrates (Figure 1B; see references to cruise reports in Supplementary Material). The latter cores were logged onboard for magnetic susceptibility, but not opened (Supplementary Table S1; Supplementary Figure S1A–C,D–G). Three cores were taken away from the active pockmarks (JM10-333GC, HH15-1242GC and HH16-547GC) (Figure 1B; Supplementary Table S1). Cores from the inactive western Vestnesa pockmark field were taken in two different pockmarks (Figure 1C; Supplementary Table S1). In the northern sites three cores were taken from inside the pockmark (JM10-330GC, HH12-940PC, and HH16-550GC) and three taken outside, with two cores taken in the southern elongated pockmark (JM10-331GC and HH17-839GC) and one core HH17-840GC from outside of the pockmark.
The 14.81 m long giant piston (‘Calypso’) core KH19-09GPC was taken with RV Kronprins Haakon (KH) north of Vestnesa Ridge in 2019 (Supplementary Table S1). Several of the core records from Vestnesa Ridge have been previously published and is included, all with detailed stratigraphy from stable isotope-, grain size- (including counts of ice rafted debris (IRD)), foraminiferal faunal records and AMS-14C datings (Supplementary Table S1). Published records from the western Svalbard margin are also included for comparison (Figure 1A; Supplementary Table S1).
Most cores were logged with a GEOTEK 7.9 Multi Sensor Core Logger at UiT the Arctic University of Norway before opening i.e., split in two-halves by cutting along the liners. Magnetic susceptibility (MS) was measured with a mounted loop sensor for 10 s in 1-cm steps along with wet bulk density, impedance, and P-wave velocity. Subsequently the cores were X-rayed on a GEOTEK Standard X-ray CT System. Not all cores were split, in particular cores that hit chunks of gas hydrates and were considered too disturbed, and some cores taken in 2017 and 2018 that were sampled for porewater onboard. Some split cores sampled for porewater were instead logged with GEOTEK for point-sensor magnetic susceptibility and color spectrophotometry. Also, split cores taken in 2016 and later were color imaged with a Jai L-107CC 3 CCD RGB line scan camera installed on an Avaatech XRF core scanner. All split cores were visually described, and color determined with a Munsell chart. Most cores were sampled by cutting the sediment into 1-cm thick slices. These were wet weighed, freeze dried and weighed again for water content. Samples were chosen from various intervals (from every 1 cm, 2.5 cm, or 5 cm intervals) according to lithology. Samples were sieved over sieves with mesh-sizes 0.063, 0.1 and 0.5 mm.
Selected cores taken in 2016, 2017 and 2018 were drilled for porewater sampling with holes of 2.5 cm diameter at either 10 or 20 cm intervals. After porewater extraction (10 mL) the cores were sampled with 20-mL syringes through the drilled holes for measurements of various parameters; here %TOC (total organic carbon) and %CaCO3, grain size distributions and stable isotopes (δ18O and δ13C).
Total carbon (TC) and total organic carbon (TOC) were measured in freeze dried samples in 10 or 20 cm intervals. Powdered bulk samples of 2–3 g each were measured using a Leco CS-200 induction furnace instrument. The weight percentages of TC and TOC were calculated and the %CaCO3 was calculated using the equation of Espitalié et al. (1977).
The δ18O and δ13C values were measured in 10–20 specimens of the planktic foraminiferal species Neogloboquadrina pachyderma and/or benthic foraminiferal species Cibicidoides wuellerstorfi (two to five specimens), and/or Melonis barleeanus, (5–10 specimens) and/or Cassidulina neoteretis (20–30 specimens). The samples were analyzed on a ThermoScientific Gasbench II, MAT253 IRMS at the Department of Geosciences, UiT the Arctic University of Norway, Tromsø, Norway with a precision of the instrument of <0.1‰ on both δ18O and δ13C. The results are reported on the VPDB (Vienna Pee Dee Belemnite) scale relative to NBS-18, NBS-19 and LSVEC.
New Accelerator Mass Spectrometry (AMS) 14C datings for this study were performed at the 14Chrono Centre, Queen’s University, Belfast, Northern Ireland, United Kingdom (Table 1). Samples of the planktic foraminiferal species N. pachyderma and bivalves were dated (Table 1). To be comparable to the previously published dates, the new 14C dates for this study were calibrated using the Calib 7.04, Marine13 program (Reimer et al., 2013) with a reservoir age correction of −405 years and 1-σ error.
TABLE 1 | AMS-14C dates and calibrated ages for cores from Vestnesa Ridge.
[image: Table 1]2.2 Shallow seismic data
A hull-mounted EdgeTech 3300-HM chirp sonar (‘Chirp‘) with a frequency range of 2–16 kHz was used to collect high-resolution seismic profiles. Pulse mode and shot rate were varied, depending on the water depth and weather conditions. The maximum penetration of the Chirp data in the study area is ∼60–70 ms two-way-time (TWT). A total of 1,430 km lines was used in the study. The Chirp data were stored in segy format and loaded onto a Petrel@ interpretation workstation in time domain (Figure 3A).
The seismic interpretation and stratigraphic breakdown of the contourite depositional system was based on identification of seismic horizons tying to marine isotope stage (MIS) boundaries defined in the sediment cores (Figures 3B,C). Only cores taken outside of pockmarks were included. The longest core KH19-09PGC was tied to the contourite system using seismic line CAGE-19-3-KH-018 (Knies and Vadakkepuliyambatta, 2023) (Figures 3A,B). To tie the metric core records to the time records of the Chirp data, the core records were converted to time using an average seismic velocity of 1,500 m/s, which was found suitable based on the sediment content and GEOTEK measurements (Magnetic susceptibility, wet bulk density, P-wave velocity and impedance; Supplementary Figure S6). The same average seismic velocity for the upper sediment column at Vestnesa Ridge was observed by other studies (e.g., Plaza-Faverola et al., 2023). CTD measurements have shown that sound velocity in the water column is on average 1,465 m/s in our study area (Figures 2A,C,D).
Isochore maps of the individual MIS units were created by subtracting their corresponding upper and lower bounding reflectors in time domain and subsequently converted to metric scale using an average seismic velocity of 1,500 m/s. This velocity may be a little too high in areas with some free gas content or a little too low for areas with a patchy content of gas hydrate. However, dealing with the shallow sediment column, these minor variations will not significantly change the greater perspective of erosional and depositional areas which the main purpose of the mapping. The maps were produced using the Convergent interpolation algorithm with input data as boundary and grid increment set to 1,200.
3 RESULTS
3.1 Sediment cores
3.1.1 Correlation to the general stratigraphy of the Svalbard margin
The stratigraphy of cores is based primarily on patterns of variability in magnetic susceptibility (MS) values in combination with lithology, sediment color, grain size, δ18O, %TOC, %CaCO3 and AMS 14C dates and by correlation to the magnetic susceptibility stack of Jessen et al. (2010) that are based on 11 cores from the western Svalbard margin. The pattern of variation in MS values is linked to characteristic sediment marker horizons: a dark grey-brown, coarse, unsorted layer of low magnetic susceptibility dating ∼24 ka (marked by a brown bar in Figures 4–6; Supplementary Figure S2–S5), a dark bluish-grey laminated clay deposit also of low magnetic susceptibility dating ∼15 ka (grey bar). A diatom layer deposited in the lower Holocene dates ∼10 ka (Jessen et al., 2010) (yellow bar).
[image: Figure 4]FIGURE 4 | Magnetic susceptibility (10−5 SI) and lithological logs with marine isotope stage (MIS) boundaries marked. (A) Stack records of magnetic susceptibility for the western Svalbard margin from Jessen et al. (2010). (B–G). Cores from the eastern active pockmark area. (H–L): Cores from the western inactive pockmark area. See insert for legend. AMS-14C dates are indicated; see also Table 1 for new dates for this study. Abbreviations: IRD; ice rafted debris. Asterisks mark cores taken from within pockmarks. See also Supplementary Table S1 for details and references to previously published records.
[image: Figure 5]FIGURE 5 | Stable isotope records (‰) (δ13C and δ18O) for cores from the eastern active (A–D) and western inactive (E–G) pockmark areas along lithological logs. Purplish bars mark event of low δ13C mainly focusing on MIS 2 and MIS 1. Vertical colored lines mark average minimum glacial δ13C values of the measured benthic and planktic foraminiferal species. See insert for legend. AMS-14C dates are indicated. Marine isotope stage (MIS) boundaries are marked, and specific stratigraphic horizons indicated (LGM; last glacial maximum, Heinrich stadials; H1–H5, Bølling and Allerød interstadials, YD; Younger Dryas, and Holocene. Abbreviations: IRD; ice rafted debris, C. wuell.; Cibicidoides wuellerstorfi, Cibs.; Cibicides lobatulus. Asterisks mark cores taken from within pockmarks. See also Supplementary Table S1 for details and references to previously published records.
[image: Figure 6]FIGURE 6 | Percent total organic carbon (%TOC), percent calcium carbonate (%CaCO3), and δ13C (‰) for cores from the eastern active (A–G) and western inactive (H, I) pockmark areas along lithological logs. See insert for legend. Holocene, Bølling and Allerød interstadials, and LGM (last glacial maximum) are marked where present. Asterisks mark cores taken from within pockmarks. Abbreviations: IRD; ice rafted debris. See also Supplementary Table S1 for details and references to previously published records.
The MS stratigraphy and age model of Jessen et al. (2010) cover the last 30 ka (Figure 4A). The stratigraphy has since been extended into MIS 4 (Rasmussen et al., 2014; Jessen and Rasmussen, 2015; El bani Altuna et al., 2021a) and through MIS 5 into MIS 6 (Michel et al., 1999; Risebrobakken et al., 2005). Most cores from western Vestnesa Ridge only reach into late MIS 3 (Figures 4I–L) while cores from off the crest and eastern Vestnesa Ridge reach into early or mid-MIS 3 or MIS 4 (Figures 4B–F; Supplementary Figure S2D). Only one record, the giant piston core KH19-09GPC reach into MIS 6 (Supplementary Figure S2E).
Deposits of MIS 6 (>130 ka) are predominantly of dark grey color, while MIS 5, MIS 4 and MIS 3 130–75 ka (75–60 ka, and 60–29 ka, respectively) are composed of layers of light greyish sediment and darker grey layers with a varying content of IRD and highly variable MS and δ18O values reflecting the DO millennial scale events (Michel et al., 1999; Rasmussen et al., 2014; Jessen and Rasmussen, 2015; 2019; Caricchi et al., 2019) (Figures 5A,C,E). The sediments of MIS 2 (28–12 ka) has layers of both light grey, and dark grey color. The last glacial maximum (LGM) is defined as the period of maximum oxygen isotope values dating 24–19 ka (Lisiecki and Raymo, 2005) (Figure 5; Supplementary Figure S4). The start of the LGM is marked by the coarse dark grey-brown layer.
The Heinrich stadial H1 of the early deglaciation on the western and northwestern Svalbard margin is generally marked by a thin light-grey horizon dating ∼19–15 ka and is characterized by very low sedimentation rates and a characteristic spike of low δ18O values (e.g., Birgel and Hass, 2004; Jessen et al., 2010; Jessen and Rasmussen, 2019) (Figure 5; Supplementary Figure S4). The Bølling interstadial of the deglaciation (∼15–14 ka) is marked by the dark-grey, bluish laminated layer of low MS seen in all records (Figures 4–6; Supplementary Figure S2–S5). The sediments of the following Allerød interstadial 14–13 ka contain a high concentration of IRD, while the Younger Dryas stadial (13–12 (11.7) ka) appears as a light grey layer with low δ18O (Figure 5A, C–G).
The Holocene interglacial is characterized by light brownish sediments. The cores show a typical Holocene MS signal of slowly increasing values to a peak dating ∼8.2 ka followed by gradually decreasing values (Jessen et al., 2010) (Figure 4A, H–K). The δ18O values are low characteristic for interglacial conditions (Figures 5A–C, E–G; Supplementary Figure S5C,F,G). The diatomite of whitish or yellowish color deposited at ∼10 ka in the early Holocene is present in most records from western Vestnesa Ridge areas, but has only been observed in a few cores from the eastern part as Holocene deposits are either thin or lacking here (Sztybor and Rasmussen, 2017a; b; Thomsen et al., 2019; El bani Altuna et al., 2021a) (Figures 4, 7; Supplementary Figure S2, S3).
[image: Figure 7]FIGURE 7 | Correlation between the stack lithological record (A) with selected core records from western (B–E) to eastern Vestnesa Ridge (F–J) and to cores north of eastern Vestnesa Ridge (K, L). The stack record from the western Svalbard margin in (A) is modified from Jessen et al. (2010). See insert for legend. The sediments dating from the last glacial maximum (LGM) thickens, while Holocene sediments thins and disappears towards the east. In general (with the exception of (B)), the Bølling and Allerød (abbreviated Bø, Al) thickens towards east. Other abbreviations: H1; Heinrich stadial 1, YD; Younger Dryas stadial, IRD; ice rafted debris. Water depths are marked below each core record.
3.1.2 Magnetic susceptibility patterns in pockmark records
Several cores from within pockmarks on Vestnesa Ridge has low, and sometimes nearly constant MS values (Figure 4; Supplementary Figure S1, S3). This is due to disturbance by strong seepage of methane or presence of gas hydrates (e.g., Novosel et al., 2005). However, in most cases the records display an undisturbed lithology (e.g., Myrvang, 2015; Sztybor and Rasmussen, 2017a; Åsheim, 2017; Matteis, 2018; Hansen et al., 2020) (Figure 4; Supplementary Figure S2, S3). Other cores from pockmarks can show the typical pattern and values of MS as found elsewhere on the western and northern Svalbard margin (e.g., Elverhøi et al., 1995; Knies et al., 1999; Birgel and Hass, 2004; Jessen et al., 2010; Chauhan et al., 2016a) (Figure 4E; Supplementary Figure S3B). Note that some records with low MS values but plotted on an expanded x-axis scale in fact do display the typical MS pattern (Figures 4I,J; Supplementary Figure S3A,C,F–H).
3.1.3 Distribution of %TOC and %CaCO3 and correlation to known stratigraphy
Cores from Vestnesa Ridge and outside of pockmark areas and published cores JM10-335GC, JM10-333GC (Sztybor, 2016), HH16-549GC (Åsheim, 2017), and cores from 2016 with a known stratigraphy from oxygen isotopes and/or AMS-14C dates, all show a clear correlation between %TOC and %CaCO3 data with lithology (Figures 6A–C, F–H; Supplementary Figure S5C). The coarse unsorted dark layer and the laminated horizon show high %TOC and low %CaCO3, while the LGM have low %TOC and high %CaCO3. Some cores show some deviating peaks in % CaCO3 (Figures 6D,E; Supplementary Figure S5D,F).
The same pattern in distribution of %TOC and %CaCO3 is seen in cores from the inactive western pockmark sites (Figures 6G,H; Supplementary Figure S5G, H). Here, the Holocene sediments show high %TOC >1%, and high %CaCO3 >10%. Four cores sampled for pore water, %TOC and %CaCO3 and presumably containing gas hydrates were not logged for magnetic susceptibility or opened for description. Based on the %TOC and %CaCO3 records the stratigraphic marker horizons and Holocene deposits could be identified for three of the cores (Supplementary Figure S5A, B, F).
3.1.4 Variations in benthic δ13C values
The δ13C records show generally high δ13C values in cores taken outside of pockmarks and highly variable values in records from inside of pockmarks. In environments unaffected by methane seepage δ13C values in the species measured in this study range −2 to 0‰ for the infaunal benthic foraminiferal species M. barleeanus and C. neoteretis on glacial and interglacial time scale (McCorkle et al., 1990; El bani Altuna et al., 2021a) and 0 to >+1‰ for the epifaunal species C. wuellerstorfi (e.g., McCorkle et al., 1990; 1997). In cores taken from pockmarks many have intervals of values <-10‰ (Figures 5A–C,E,G; Supplementary Figure S4C–E), a sign that the measured foraminiferal specimens have had coatings with authigenic carbonate, although not visible in the binocular microscope. Other cores have slightly lower δ13C than the typical range of the species (Figures 5D,F; Supplementary Figure S4A,B,E). The low δ13C intervals correlate with the glacial period and the deglaciation with peak low values in the Bølling and Allerød interstadials and lower Holocene until ∼10–9 ka (Figures 5A,B, D–G; Supplementary Figure S4A–C,E).
3.2 Depositional patterns and sedimentation rates
3.2.1 Eastern Vestnesa Ridge, ∼1,200 m water depth, ∼60–14 (10) ka
Cores taken on the crest outside of pockmarks on eastern Vestnesa Ridge contain no Holocene sediments but show a coarse sandy, gravelly lag deposit at the top dating ∼14 ka right below the sediment surface (Sztybor and Rasmussen, 2017a) (Supplementary Figure S2C,D,F–I). The cores taken from inside of pockmarks at the very active pockmark field of seepage of methane at ∼1,200 m water depth (Figures 1B,D,E) cover MIS 4–2, ∼60–14 ka (except for some cores that may contain sediments of lower Holocene age dating <10 ka near the core top) (Figures 4B–G, Figure 5A–C). Sediments dating from the LGM (not including the coarse dark deposit dating ∼24 ka) are around 1–2 m thick, giving an average sedimentation rate for the period 24–19 ka of 23 cm/ka (range 19–34 cm/ka) (Table 2). Sediments from the deglaciation including the laminated horizon are thick with an average sedimentation rate of 91 cm/ka (range 38–140 cm/ka) (ignoring H1 of very low sedimentation rates of average ∼3 cm/ka (range 1.6–4.4 cm/ka)) (Table 2). Thus, in most cores from ∼1,200 m water depth, the laminated layer occurs close to the seafloor at about 20–100 cm down core depending on presence of sediments dating from the Early Holocene (Figures 4B,C,F). The longest record core HH15-1255PC reaches back to ∼60 ka and has an average depositional rate for MIS 3 of ∼10 cm/ka with variable MS values indicating millennial scale oscillations (Matteis, 2018) (Supplementary Figure S3F).
TABLE 2 | Average sedimentation rates for Vestnesa Ridge core records in cm/ka*.
[image: Table 2]3.2.2 Southern flank of Vestnesa Ridge
The southern ridge flank is relatively steep and affected by faulting and slumping, but not affected by seepage of gas and represented by cores 067GC and MSM5/5-712 (Figure 1A; Supplementary Table S1). These cores show the same characteristic MS signal for the time interval 30–14 ka (Howe et al., 2008; Zamelczyk et al., 2014). The shallow core 067 is very similar to the records from the eastern pockmark area with no Holocene and dating approximately 14 ka at the top. The record has similarly high sedimentation rates of 113 cm/ka for the deglaciation and 20 cm/ka for the LGM interval (Table 2). Core MSM5/5-712 (Müller et al., 2012; Zamelczyk et al., 2014; Falardeau et al., 2018; 2019) has 3.5 m of Holocene sediments (average Holocene sedimentation rates ∼30 cm/ka), deglaciation ∼87 cm/ka and 22 cm/ka for the LGM (Table 2).
3.2.3 Western Vestnesa Ridge pockmark area, ∼1,300 m water depth
We note that both the coarse dark, grey-brown layer and the laminated layer are thinner than in the records from eastern Vestnesa Ridge (Figures 4, 7; Supplementary Figure S3). The deposits dating from the LGM are also much thinner. The average sedimentation rates for the LGM are thus 10 cm/ka (range 2–22 cm/ka) at 1,300 m water depth compared to 23 cm/ka at ∼1,200 m water depth (Table 2). The sedimentation rates for the deglaciation (ignoring H1; see Table 2) are also lower than at eastern Vestnesa Ridge and is of 39 cm/ka (range 22–86 cm/ka) compared to almost 1 m/ka on the inner part at 1,200 m water depth.
In contrast to the records from the eastern part, western records show presence of >2.5 to >3 m thick Holocene deposits (Figures 4H–L, 7; Supplementary Figure S3G–J). The well-dated record of core JM10-330GC (Consolaro et al., 2015) confirms that the entire Holocene probably is preserved in all records except core HH12-940PC. The diatomite is prominent and located ∼2 m to >3 m below the seafloor. The Holocene sediments at western Vestnesa Ridge are generally deposited at high average sedimentation rates of 26 cm/ka (range 19–32 cm/ka) (Table 2).
The longest record HH12-940PC dates ∼50 ka at the bottom (calculated by extrapolation from the two lowermost dates in the core; Figure 4H). Thus, the average sedimentation rate for the mid-late MIS 3 at 28–50 ka is calculated to ∼13 cm/ka (Table 2).
3.2.4 Northern flank of Vestnesa Ridge, 0–>150 ka
Cores HH15-1250GC, HH15-1251GC and HH15-1252PC are all taken on the northern flank of Vestnesa Ridge off the active pockmarks at the eastern part of the ridge (Figure 1A; Supplementary Figure S2C,D,H; Supplementary Table S1). They are taken at similar water depths (1,265 m, 1,273 m, and 1,273 m, respectively). All three cores possess the typical lithological features and patterns of MS and shows a lag deposit at the core top dating ∼14 ka and thus no Holocene deposits as for records on the eastern crest of the ridge. The average sedimentation rate for the LGM in the three records is 30 cm/ka (Table 2). In core HH15-1252PC which reach into MIS 4 (El bani Altuna et al., 2021a) (Figure 7L; Supplementary Figure S2D), the average sedimentation rate for MIS 3 is 19 cm/ka, the highest so far compared to sedimentation rates on the crest of the ridge.
Core HH15-1274GC taken on the northern flank of western Vestnesa Ridge at 1,514 m water depth is very comparable to the cores from the western crest of Vestnesa with ∼3 m of sediments of Holocene age (Figure 7E; Supplementary Figure S2B). For this site the average sedimentation rate is 24 cm/ka for the Holocene, 41 cm/ka for the deglaciation and 11 cm/ka for the LGM (Table 2). Core MSM5/5-723 from 1,350 m water depth shows >4 m of Holocene sediments with an average sedimentation rate exceeding 40 cm/ka (Werner et al., 2015) (Figure 1A).
Giant piston core KH19-09GPC of high resolution from 1767 m water depth north of Vestnesa Ridge and north of site HH15-1274GC shows an MS pattern with the characteristic intervals of low values marking the laminated and coarse grey-brown horizons and indicating that ∼1 m of Holocene sediments is present at this location (Supplementary Figure S2E). From comparison and correlation with the MS records of cores MD99-2303 and MD99-2304 from the western Svalbard margin (Michel et al., 1999) and age models by Risebrobakken et al. (2005), it becomes evident that core KH19-09GPC probably reach well into MIS 6 and possibly MIS 7 at the bottom dating >150 ka. In core KH19-09GPC, MIS 3 has an average sedimentation rate of 12 cm/ka; low rates deeper in the core are probably due to some level of compaction (Table 2).
3.3 Shallow seismic mapping
A gross breakdown of Vestnesa Ridge into three large seismic units (YP-1, YP-2 and YP-3 from below) was first described by Eiken and Hinz (1993). Subsequently, the youngest YP-3 unit has been dated to span the last ∼2.7 Ma (e.g., Mattingsdal et al., 2014). The shallow penetrating Chirp data cover the uppermost and youngest sub-units of the YP-3 unit.
The reflection patterns of the Chirp lines show strong parallel to sub-parallel reflections occurring as stacked, close-lying reflectors separated by sections with no or only faint internal reflectors as illustrated in Supplementary Figure S3B. This reflection pattern is seen throughout most of the study area apart from the lower southern ridge flank where it become dense and tapes out to below the Chirp data resolution, and where also faults and slides displace or destroy the reflections. Passing over pockmarks, the overall reflection patterns is also disturbed and often bended downwards. At some places the bended reflectors can be traced underneath the pockmark, at other places the reflection patterns are strongly disturbed or completely wiped out. The latter phenomenon is most pronounced in the eastern pockmark area. The stratigraphic breakdown of the Chirp data into MIS units are illustrated by the ties to core KH19-09GPC in Figure 3B and creation of isochore maps (Figures 8B–F). The isochore map of MIS 1 (Figure 8B) shows a marked depocenter up to 4 m thick on the northwestern Vestnesa Ridge at 1,300–1,600 m present water depth and displays an overall absence of the MIS 1 unit on the eastern crest and flanks, as well as a thinning of the unit to below seismic resolution approximately halfway down the southwestern ridge flank where also faulting and sliding prevent further downslope interpretation.
[image: Figure 8]FIGURE 8 | Seismic isochore maps of marine isotope stage (MIS) units 1 to 5. (A): Database of shallow seismic Chip lines (black lines) and location of sediment cores (various colored dots) used for creation of the various marine isotope stage (MIS) isochore maps. (B–F): Isochore maps (in meters) illustrating the thickness of MIS units 1 to 5 (see section 2.2 for details on construction of the maps). Note the color ranges are scaled to sediment thickness for each map.
The MIS 2 unit was mapped throughout the study area (Figure 8C). The isochore map of this unit demonstrates a somewhat chaotic distribution of the up to 3–4 m thick sediment column with no clear depocenter, yet with some thinning of the unit at the lower southwestern ridge flank. Also, some thinning is seen in places along the ridge crest which, however, could be connected to presence of pockmark fields.
More than 6 m of sediments has been deposited during MIS 3 as illustrated in Figure 8D. This unit is also mapped throughout the study area and shows a clear depocenter within the same area, yet a little further east compared to the MIS 1 depocenter. But in contrast to MIS 1, deposition during MIS 3 also took place along the ridge crest and northeastern ridge flank, while the sediment thickness thins to ∼2 m at the lower southwestern ridge flank. This deposition pattern is taken as evidence of the action of a current flowing northward following the depth contours of Vestnesa Ridge, and with a current core lying close to the then ridge crest.
The MIS 4 isochore map (Figure 8E) reveals that sediments deposited during this period are relatively thin and amounts to little more than 2 m. The depositional pattern across the ridge appears chaotic and resembles that of MIS 2 (Figure 8C), though with lesser deposition on the ridge flanks.
MIS 5 is the oldest period mapped and the thickest unit with more than 7 m of sediments as revealed by the MIS 5 isochore map (Figure 8F). The depositional pattern of this unit resembles remarkedly that of MIS 3, suggesting an overall similar sedimentation environment for the two periods.
4 DISCUSSION
4.1 Spatial-temporal distribution of depocenters at Vestnesa Ridge: combining cores and seismic mapping
While the shallow seismic mapping provides an overview of the gross depositional environment on Vestnesa Ridge on isotope stage levels of MIS 5−1 using cores from outside of pockmarks (Figures 8A–E), the core records from both inside and outside of pockmarks offer more details on millennial-scale changes in sedimentation patterns, bottom current speed, and sediment source. Most cores taken in pockmarks have a solid stratigraphy from both AMS-14C dates, lithology, and magnetic susceptibility, stable isotope records, organic and inorganic carbon records that allow for identifying events on suborbital scale (Figures 4–6; Supplementary Figure S2–S5). Most core records from Vestnesa Ridge from both inside and outside of pockmarks contain MIS 3 to MIS 1 (including the LGM, deglaciation, and Holocene), which represent the clearest contrasting changes in sedimentation patterns (Figures 4–7; Table 2).
MIS 1: The gross distribution of Holocene interglacial (MIS 1) sediments, as seen in the seismic isochore map (Figure 8B), indicates that the bottom currents during MIS 1 flowed northwards following the seabed contours around the tip of Vestnesa Ridge, and that the strongest currents were focused around 1,200 m present water depth similar to today (e.g., Fer et al., 2023), causing non-deposition or erosion over the eastern crest and upper flanks of Vestnesa Ridge. The core records show the same pattern of sedimentation (Figures 2, 4 –7, Figure 8B; Table 2). The maximum sedimentation rates are found north of the ridge tip, where core MSM5/5-723-2 at 1,350 m water depth with >4 m of Holocene deposits (Werner et al., 2015) and core HH15-1274GC are located (Figure 1A). On the lower southern flank, a maximum thickness recorded by sediment cores was found at 1,500 m water depth in core MSM5/5-712-2 (Müller et al., 2012), while erosion took place on the upper southern flank at 1,226 m water depth (Howe et al., 2008) (Figure 1A). In general, on the western Svalbard slope, Holocene deposits are found deeper than ∼1,300 m water depth (e.g., Ebbesen et al., 2007; Jessen et al., 2010; Lucchi et al., 2013; Rebesco et al., 2013). Our results are in accordance with modern ocean current patterns where strongest currents over the western Svalbard margin occur around ∼1,200 m water depth (e.g., Hopkins, 1991; Schlichtholz and Houssais, 1999a; Fer et al., 2023). Erosion or non-deposition usually occur at <1,200 m water depth (Howe et al., 2008; Jessen et al., 2010; Rebesco et al., 2013) (Figure 7). The 1,500 m depth contours along the western Svalbard margin form the main depocenters of contourites on the margin (e.g., Jessen et al., 2010; Müller et al., 2012; Rebesco et al., 2013; Caricchi et al., 2019). On Vestnesa Ridge, the depocenters appears to be slightly shallower located at 1,300–1,400 m over the western and northwestern part (Figures 7, 8B), indicating that the tip of the protruding ridge has caused the currents to slack.
MIS 2: The chaotic sediment distribution and lack of a marked depocenter seen in the seismic isochore map (Figure 8C) suggests a slowdown of the current strength during MIS 2 causing a change in the depositional environment to be less current dominated. In the seismic mapping however, MIS 2 comprises both the LGM and the deglaciation. The core records can refine MIS 2 by distinguishing the glacial maximum and the deglaciation. In the core records, we observe the highest sedimentation rates and thus thickest deposits for the LGM on the eastern part at ∼1,200 m water depth and often with >2 m of sediments excluding the dark coarse layer (Figures 4B–G, 7; Table 2; Supplementary Figure S3A–F). Deeper than ∼1,250 m at western Vestnesa Ridge deposits from the LGM thins to <1–∼1 m of thickness (Figures 4H–L, 7; Supplementary Figure S3G–J). The coarse layer is interpreted as part debris flow event and an event of intense deposition of local IRD from the Barents Sea and Svalbard margin consisting of grey, brown, and black shales of very low MS (e.g., Jessen et al., 2010; Jessen and Rasmussen, 2019). The event occurred when the Svalbard-Barents Sea Ice Sheet reached the shelf edge at ∼24 ka (e.g., Elverhøi et al., 1995; 1998; Jessen et al., 2010) (Figures 4–6; Supplementary Figure S2–S5).
During the deglaciation (late MIS 2) sedimentation rates were at a maximum over the entire Vestnesa Ridge (Table 2). The laminated layer dating from the Bølling interstadial is interpreted as a plumite deposited at very high sedimentation rates from sediment-laden meltwater plumes from the Barents Sea when the Barents Sea Ice Sheet melted back at the beginning of the warming of the Bølling interstadial (e.g., Birgel and Hass, 2004; Jessen et al., 2010; Junttila et al., 2010; Lucchi et al., 2013; 2015). The layer is found along the entire western Svalbard margin (e.g., Elverhøi et al., 1998; Jessen et al., 2010; Lucchi et al., 2013; Caricchi et al., 2019) being thickest off Storfjorden Trough and south of the Storfjorden Fan and thins with water depth on the slope and northward (Knies et al., 1999; Jessen et al., 2010; Lucchi et al., 2013; 2015; Chauhan et al., 2016a). In general, on Vestnesa Ridge the laminated layer and deglacial sediments thins from southeast to northwest with depth (Figures 4–7; Table 2; Supplementary Figure S2–S5). This points to that bottom currents must have been relatively weak and that distance to the source (Barents Sea) was the overruling factor (e.g., Elverhøi et al., 1998; Jessen et al., 2010; Jessen and Rasmussen, 2019).
Sortable silt records from 1880 m water depth on the western Svalbard slope show generally strong bottom currents during the Holocene and weaker (but variable) currents during the LGM and minimum strength during the Bølling interstadial (Jessen and Rasmussen, 2015). Also, currents were reduced and sedimentation rates low during Heinrich event H1 and the Younger Dryas, as we also record at Vestnesa Ridge (Table 2). Results from the western Svalbard margin and Nordic Seas show that the H1 event was deposited under very cold conditions with almost permanent sea ice cover (Müller and Stein, 2014; Hoff et al., 2016; El bani Altuna et al., 2024). The cold Younger Dryas event was also characterized by dense sea-ice cover and generally low sedimentation rates (Müller et al., 2009; Jessen et al., 2010; Müller and Stein, 2014; Jessen and Rasmussen, 2019).
The sedimentation pattern of the contourite on Vestnesa Ridge on a glacial-interglacial scale mimic patterns of sedimentation in other contourites from the western Svalbard margin indicating a large change in strength of the deeper water flow (Figures 7, 8C; Table 2). The contourites were building up during glacial times shallower than ∼1,200 m, and deeper than 1,300 m during interglacial times on Vestnesa Ridge and generally deeper than ∼1,500 m on the western slope of Svalbard (e.g., Eiken and Hinz, 1993; Jessen et al., 2010; Rebesco et al., 2013; Caricchi et al., 2019). This points to weaker currents during glacials allowing deposition higher on the slope, while strong currents led to deposition at depth during the Holocene (Figures 7, 8B). Similar changes on glacial-interglacial scale were found on the northern Faroe margin and the Faroe-Shetland Channel. Here, Holocene deposits were found deeper on the slope from ∼1,000 m and deeper while erosion and non-deposition took place shallower than ∼900 m water depth (Nielsen et al., 2007). The similarity in sedimentation patterns and bottom water flow at both the Faroe and Svalbard margin thus indicates pronounced changes in strength of deep convection in the Nordic Seas.
MIS 3: The overall depositional pattern observed in the MIS 3 isochore map (Figure 8D), and its resemblance with that of MIS 1 (Figure 8B), likely evidence a similar depositional environment of the two interglacial periods, i.e., the bottom current flowed northward following the depth contours of Vestnesa Ridge with a current core lying close to the depth of the then ridge crest.
Sediments covering most or all of MIS 3 are represented by four records from Vestnesa Ridge. During MIS 3 deposition over the ridge shows lowest average sedimentation rates at 1,200 m water depth in accordance with sediment thicknesses from the seismic compilation. On the western ridge from ∼1,250 m deposits were thicker and depositional rates higher (Figures 7, 8D; Table 2). Also, north of the eastern part of Vestnesa Ridge average rates for MIS 3 were high (El bani Altuna et al., 2021b) (Figure 7L; Table 2) in accordance with the seismic observations.
Sortable silt measurements on DO millennial scale for MIS 3 have indicated stronger currents during the warm interstadials than during the cold stadials from many locations in the Nordic Seas (Gabrielsen (2016) - East Greenland slope, 1,616 m water depth; Solheim (2018) - northern Faroe Islands margin, 1,179 m water depth; Chauhan et al. (2016b) - northern Svalbard margin, 501 m water depth; Jessen and Rasmussen (2015) - western Svalbard margin, 1880 m water depth. In general, investigated long records from the western Svalbard margin also show higher sedimentation rates for interstadial periods than for stadials (Rasmussen and Thomsen, 2013; Rasmussen et al., 2014; Jessen and Rasmussen, 2019; El bani Altuna et al., 2021a) (here exemplified by the very low rates during Heinrich stadial H1 and the high rates during the Bølling and Allerød interstadials) (Figures 4–7; Table 2; Supplementary Figure S2–S5). Rates on DO time scale thus mimics rates on a glacial-interglacial time scale, most likely of lower magnitude given the thinner deposits (Figure 8D) but indicating convection changes on millennial time scale.
MIS 4: Our seismic isochore mapping revealed that the depositional environment during MIS 4 has several similarities with that of MIS 2 by demonstrating a chaotic distribution pattern (Figures 8C,E). The smaller thickness of the MIS 2 layer may be due to the shorter timeframe for this period compared to MIS 4. As for the MIS 2 period, the MIS 4 depositional pattern likely indicate a slowdown of the current strength leading to less current-dominated sedimentation environment. MIS 4 includes the transition to MIS 3, where a similar sequence of sedimentary horizons occur over the northern and western Svalbard margin with a laminated horizon followed by deposition of IRD at high sedimentation rates (e.g., Vogt et al., 2001; Rasmussen et al., 2014; Jessen and Rasmussen, 2015; 2019; Chauhan et al., 2016a).
MIS 5: Only few core records from the western Svalbard margin covering MIS 5 exists (e.g., Risebrobakken et al., 2005). The depositional pattern seen in the MIS 5 isochore map. resembles that of the MIS 1 and MIS 3 maps (Figures 8B,D,F), indicating a similar depositional environment for these three interglacial periods, i.e., the action of a bottom current flowing northward following the depth contours around the ridge, and with a current core lying close to the then ridge crest. The KH19-09GPC record covering MIS 5 show a lower average depositional rate compared to that of MIS 1 and MIS 3, which could be due to compaction (Figure 8F; Table 2).
4.2 Depositional patterns and seepage of gas
4.2.1 Organic and inorganic carbon records from active and inactive pockmark areas
The distribution of %TOC and %CaCO3 appears very consistent between seep- and non-seep records and between the western and eastern pockmark fields regardless of time resolution (Figure 6; Supplementary Figure S5). Similar distribution patterns of %TOC and %CaCO3 have also been recorded elsewhere from the Svalbard margin (e.g., Vogt et al., 2001). This indicates that these two parameters together form a good correlation tool for both seep- and non-seep sites. However, at the eastern active pockmark field at Vestnesa Ridge some calcium carbonate records show very high values and peaks in CaCO3 that do not correlate with the general pattern (Figures 6D,E; Supplementary Figure S5A,F). This we attribute to precipitation of authigenic carbonate in these apparently most active core sites. For example, the carbonate peak in core HH12-929GC correlates with a layer of high concentrations of calcareous nodules of authigenic carbonate (Thomsen et al., 2019) (Figure 6D).
The high %TOC for the dark coarse layer (part debris flow, part IRD layer) and for the laminated layer (deposited by meltwater plumes) is probably mainly a cause of deposition of terrestrial carbon transported out to sea (e.g., Vogt et al., 2001) (Figure 6; Supplementary Figure S5). The Holocene sediments younger than ∼10 ka differs from the earlier periods by being characterized by both high %TOC and %CaCO3 and deposition of fine muds. The high organic content during the Holocene is mainly of marine origin (e.g., Vogt et al., 2001).
4.2.2 Benthic and planktic δ13C records, chemosymbiotic bivalves and seepage of methane
Events of low δ13C are found in MIS 3, and MIS 2, including parts of the LGM (Figure 5; Supplementary Figure S4; note MIS 3 events are not highlighted). In pockmark cores, the debris flow/IRD event dating ∼24 ka generally show low values (Figures 5A,C–E; note no data points for this event in Figures 5B,G–I). The best resolved δ13C variations occurs during the deglaciation; therefore, we focus the discussion on these millennial scale events.
Records from both the presently apparently inactive pockmarks at western Vestnesa and the eastern active pockmarks tend to show recurrent patterns and timings in low δ13C values, while records unaffected by seepage show comparatively high δ13C throughout and within the typical range of the measured species (Figure 5; Supplementary Figure S4). The records affected by seepage thus show low values in the laminated horizon dating ∼15 ka correlating with the Bølling interstadial, in the Allerød interstadial and early Holocene indicating strong seepage of gas (note that H1 and Younger Dryas intervals generally have comparatively higher δ13C values of −3 to −2‰ just below the typical range of the measured species and indicating low to moderate seepage during these events). In addition, records from the SW Svalbard shelf at 76 °N also show this pattern with the same timing as on Vestnesa Ridge indicating that a large geographical area was affected by seepage at the same time (El bani Altuna et al., 2021b and references therein). Three records with the typical configuration of high MS values all show low δ13C in the laminated horizon, one core being from outside of pockmarks, the other two from inside the ‘Lomvi’ pockmark (Figure 5D; Supplementary Figure S4A,B). This indicates a particularly strong seepage event at that time. Holocene deposits younger than ∼9–10 ka BP in all studied cores affected by seepage have typical δ13C values for the measured benthic foraminiferal species indicating a reduction in gas seepage (Figures 5A–C,E–G).
Even if these low δ13C events (often <-10‰) are due to coating of the foraminiferal shells with authigenic carbonate, it would be difficult to reconcile that these recurrent patterns in low δ13C with similar timing and over a large geographical area, in particular in MIS 2 to lower MIS 1, is a random distribution (Figure 5; Supplementary Figure S4). The four lithological units of low δ13C are sedimentologically very different (the unsorted dark layer deposited from debris flow evens, the laminated horizon from turbid meltwater plumes, the Allerød period from intense ice rafting, and the early Holocene, with decreasing ice rafting). Therefore, similarity in timing indicates that the events must have a forcing in the pace of the DO millennial scale events. Bottom water temperature increased by up to 6 °C during Heinrich stadial H1 as shown by nearby core record HH15-1252PC from the northern flank of Vestnesa Ridge. The BWT reached a maximum of 5.5 °C before the start of the Bølling interstadial (El bani Altuna et al., 2021a) (Figure 1A; Figure 2E). The temperature rise is probably the likely cause of dissociation of gas hydrates (e.g., Buffet and Archer, 2004; Ketzer et al., 2020) as also shown by modeling of the thickness of the GHSZ at the shelf of southwestern Svalbard (El bani Altuna et al., 2021b). The presence of chemosymbiotic bivalves in H1 in many pockmark records from both the western and eastern part of Vestnesa Ridge points to low to moderate seepage during most of the event (Figures 4A–C,H; Supplementary Figure S3A). Seep-associated- or chemosymbiotic macrofaunas tend to avoid areas of very strong seepage that causes toxic levels of H2S (e.g., Sahling et al., 2002; Levin et al., 2003). We note that seepage in older Heinrich stadials also was low to moderate where many also are marked by layers of chemosymbiotic bivalves (Figures 5B,H).
There is an apparent time lag from the peak warm bottom water conditions during H1 until gas seepage intensified during the Bølling and Allerød interstadials. Thus, downward diffusion of heat took time to reach substantial layers of gas hydrates. Several modeling studies have shown that in the deep sea, the time from bottom water warming to increased emission of gas can take a thousand to several thousands of years (e.g., Phrampus and Hornbach, 2012; Karstens et al., 2018). Other studies have invoked active faulting from tectonism due to the proximity of Vestnesa Ridge to active spreading zones, the Molloy Transform Fault, and/or offshore glacial isostatic rebound (e.g., Plaza-Faverola et al., 2015; Dazcinnies et al., 2021; Vachon et al., 2022). However, these slower processes alone cannot explain the rapid millennial DO-scale fluctuations in gas emissions that aligns with climatic and oceanographic changes. Another possible forcing factor is the high sediment loading during the deglaciation (Bølling and Allerød interstadials and lower Holocene) (Figure 7; Table 2). High sedimentation rates at the Vøring Plateau caused an increase in temperature in the sediments eventually destabilizing gas hydrates with a time delay of 1,000 years (e.g., Karstens et al., 2018). However, the high sedimentation rates we record at Vestnesa Ridge is an order of magnitude lower than at the Vøring Plateau (∼1 m/ka versus >10 m/ka) (Table 2) but could have added to the effect from the bottom water warming. Hydrostatic pressure would have counteracted the effect of temperature rise due to the rapidly increasing sea level during the deglaciation (e.g., Fairbanks, 1989). Then again, the effects of sea level changes are small in deep water and much smaller than the effect of a 3 °C temperature increase that would thin the GHSZ by 85% (e.g., Buffett and Archer, 2004).
Core HH12-930GC differs by having only slightly decreased δ13C values in the Bølling-Allerød interstadials and early Holocene compared to nearby core HH16-549GC just 11 m away. In older sediments of mid-late MIS 3 and early MIS 2, HH12-930GC shows a pattern in δ13C similar to the other cores (Myrvang, 2015; Chu et al., 2023) (Figures 5C,E). The reason for this deviation for the deglaciation interval is unknown but taken as a signal of heterogeneity in the ‘Lunde’ pockmark.
Since the δ13C patterns and timing of low values are similar between western and eastern records there is clear evidence of periodical intensification of seepage in the western part of the ridge and that the area was as active as the eastern part during MIS 3, 2 and lower MIS 1 until ∼10–9 ka and with high δ13C from that time onwards (Figures 4, 5; Supplementary Figure S3, S4). The time of decrease in gas emission correlates approximately with the time when ice rafting ceased or decreased over the Svalbard margin and the Svalbard-Barents Sea Ice Sheet had retreated into fjord heads or further inland (e.g., Ślubowska et al., 2005; Ślubowska-Woldengen et al., 2007; Forwick and Vorren, 2009). The rapidly settled fine-grained Holocene mud deposited from the contour currents and with its high content of TOC and CaCO3 (Figures 5H,I; Supplementary Figure S5F,G) probably reduced seepage to a slow diffusion of gas through the sediments. We suggest that this slow diffusion formed a basis for efficient oxidation by the microbial consortia (and that little if any gas would escape because of the ‘microbial filter’ or ‘methanotrophic sink’; e.g., James et al., 2016). The SMTZ at western Vestnesa Ridge is found >2 m in the pockmark of core site HH16-550GC and >10 m outside of the pockmark at site HH16-543GC (Laier et al., 2017) (Figure 1C; Figure 4K,L). Results from studies combining seismic data and pore pressure data from Vestnesa Ridge have indicated that the western part at present mostly experience gas seepage as slow and diffusive, while in the eastern part numerous faults and fractures from sediment deformation also allow gas to escape in the gas phase, i.e., termed advective seepage (Plaza-Faverola et al., 2015; 2023; Cooke et al., 2023). At Vestnesa Ridge the thick Holocene deposits in the western part effectively filled the pockmarks and slowed the seepage of methane. According to our results the change from advective to diffusive seepage probably occurred at ∼10 ka. Nevertheless, active tectonism and onshore and offshore isostatic rebound continued after ∼10 ka and until today (e.g., Forman et al., 2004; Vachon et al., 2022; Domel et al., 2023). Fine-grained drift sediments can often seal fractured or coarse, porous glacial sediments in contourites exampled by studies of the very seismically active Hikurangi Margin, New Zealand (Bailey et al., 2021).
In the eastern part of Vestnesa Ridge, Holocene sediments are generally absent but occurs locally within some pockmarks (Figures 5A–D; Supplementary Figure S4C). Here, even a thin cover of fine Holocene sediments apparently caused reduced seepage at ∼10–9 ka as seen in high δ13C values as in for example, core JM10-335GC. Nearby core HH12-928PC, has no Holocene sediments and low δ13C throughout and contain large amounts of authigenic carbonates indicate strong seepage (Figures 6A,E; Supplementary Figure S4D). The two cores were taken about 40 m apart in the elevated area at the rim of ‘Lomvi’ pockmark (Figure 1E). Likely the upward migrating gas found other escape routes (e.g., Treude et al., 2020), which may have focused seepage to sites with no Holocene sediments younger than ∼10 ka, or strong seepage could have prevented settling at some of these sites. In the deep depression in ‘Lomvi’ pockmark core HH12-929GC and nearby core HH15-1293PC contained gas hydrates from ∼125 cm below the seafloor. Both shows the low and constant MS patterns. Core HH16-551GC taken 16 m away shows the typical MS signal for the western Svalbard margin, and contained no gas hydrate (Figure 1E; Figure 4E,F; Supplementary Figure S1I), The SMTZ was located >4 m in core 551GC (Laier, 2017). We have no porewater data for core HH12-929GC, but likely the SMTZ here was much shallower. A hiatus occurs from the top of the layer of authigenic nodules at 110 cm downcore covering the time interval 20–8 ka in the early Holocene probably indicating strong seepage in combination with bottom current activity and that nodules formed at the sediment surface (Thomsen et al., 2019) (Figure 6D). In core HH16-549GC from ‘Lunde’ pockmark (Figure 1D), the SMTZ was located ∼1.5 m below the seafloor (Laier, 2017; Åsheim, 2017). In the central part of the pockmark in bacterial mats the SMTZ was at the seafloor (Melaniuk et al., 2022a). Thus, the sedimentary and seep environments and the depth of the SMTZ are very variable within both the ‘Lomvi’ and ‘Lunde’ pockmarks and within short distances. At western Vestnesa Ridge in the southern pockmark, core JM10-331GC show low magnetic susceptibility while core HH17-839GC shows typical MS values indicating some heterogeneity here (Figure 1C; Supplementary Figure S3H,I) and likely in other pockmarks as well.
4.2.3 Shallow seismic evidence of free gas and gas seepage
The pockmarks and gas seepage on Vestnesa Ridge have primarily been investigated by 2D reflection seismic data (e.g., Hustoft et al., 2009; Bünz et al., 2012). Using high-resolution Chirp data as in the present study provides means for more detailed observations of gas seepages and free gas in the shallow subsurface.
Several of gas-related acoustic phenomena have been observed on Chirp lines passing along the crest of Vestnesa Ridge, i.e., partly or completely wipeout of the signal (known as acoustic blanking), chaotic reflection patterns and lack of penetration, downwards bending seismic reflectors caused by reduced seismic velocity, and high-amplitude reflections (known as bright spots) caused by high gas and/or hydrate content.
Chirp lines crossing active pockmarks in the eastern active pockmark area mostly shows a completely chaotic seismic signal with no reflections from neither the mapped MIS 5–2 units or any older depositional units (Figure 9A). This seismic pattern confirms that sediment deformation caused by active seepage of gas occurs on the eastern Vestnesa Ridge. Further, regular occurrences of acoustic blanking signify that free gas also exists outside the pockmarks in this area, as also evidenced by sediment cores (Figure 6G; Supplementary Figure S4A, S5C).
[image: Figure 9]FIGURE 9 | Shallow seismic illustration of gas content and seepage. (A): Shallow seismic Chirp line crossing an active pockmark in the eastern Vestnesa Ridge pockmark area illustrating the complete disturbance of the underlying seismic reflections within the MIS 5–2 units, as well as deeper lying reflectors (some marked with dotted yellow lines) caused by gas seepages. Note the many acoustic blanking areas to the right of the pockmark evidencing presence of free gas in the sediment column. Also note the lack of the MIS 1 unit. (B): Shallow seismic Chirp line along the crest of the western Vestnesa Ridge. Several acoustic phenomena, e.g., acoustic blanking (i.e.,∼ trace 750-620 and 421), bright spots (i.e.,∼ trace 554) and disturbed reflections, evidencing the presence of free gas and gas hydrates in the sediment column despite the lack of acoustic flare observations in the western ridge area. Note the presence of MIS 1 sediments in this area.
Chirp lines from the western Vestnesa Ridge also display existence of pockmarks and several acoustic phenomena evidencing presence of free gas and gas hydrates in the sediment column despite the lack of acoustic flare observations in this part of the ridge area (Figure 9B). This is taken as evidence that gas seepages in the western ridge area have either slowed down or are prevented in reaching to the seafloor.
A notable difference between the eastern and western pockmark areas are the presence of the MIS 1 unit in the latter area, while this unit is missing in the eastern area (Figures 9A,B). This could hint that presence or lack of MIS 1 sediments may play a role in gas seepage activity at Vestnesa Ridge. This is also supported by core data from both eastern and western pockmarks (Figures 1C–E; Figures 5A–C, E–G; Supplementary Figure S3H,I). In addition, Chirp data crossing some of the pockmarks in the western area show that a disturbed and chaotic pattern characterize the MIS 5–3 units and deeper layers, while the overlaying MIS 1 and partly MIS 2 units appear relatively undisturbed. This suggest that similar to that of the present eastern pockmark area, some heterogeneity in the seepage patterns existed in the western pockmark area, as also evidenced by the core study.
5 CONCLUSION
Based on our study of 43 sediment core records and 1,430 km of shallow seismic lines we can conclude the following:
• The depositional patterns of the Vestnesa Ridge drift changed on a glacial-interglacial time scale. During interglacial times (Holocene; marine isotope stage (MIS) 1, MIS 3 and MIS 5) a strong current flow resulted in build-up of thick, focused depocenters on the northwestern Vestnesa Ridge while decreased deposition or erosion occurred in other parts of the ridge. During glacial times (MIS 2 and MIS 4) a weakened current lead to thinner, more chaotic deposition covering the greater central part of the ridge
• During the last glacial maximum (LGM) 24–19 ka, the depocenter shifted upslope to 1,200 m water depth and shallower due to the weaker current activity
• The sedimentation patterns on millennial scale mimics those of the glacial-interglacial time scale, though likely of lower magnitude, but indicating current changes on millennial time scale with stronger currents during warm interstadials and weaker currents during cold stadials
• The depositional patterns, the magnetic susceptibility records, and ages of typical sediment marker horizons from Vestnesa Ridge entirely match records from elsewhere over the western Svalbard margin for the last 30 ka
• Gas seepage from the western inactive pockmark area was as strong as in the eastern active pockmark area during MIS 3, MIS 2 into early MIS 1. Seepage in both areas was particularly strong during the deglaciation (Bølling-Allerød interstadials 15–13 ka and lower Holocene ∼12–∼10 ka)
• The increase in seepage of gas during the deglaciation was likely primarily driven by temperature rise in the bottom water destabilizing deep reservoirs of gas hydrates. Tectonism/glacial isostatic rebound, and sediment loading probably played a secondary role in these rapid fluctuations in gas seepage
• At Vestnesa Ridge the thick Holocene deposits in the western part effectively filled pockmarks and probably slowed seepage of gas, while in the eastern active part Holocene deposits only occur locally within some pockmarks. Seepage through Holocene muds with high %TOC and %CaCO3 became reduced to a slow diffusion. Efficient oxidation by microbial communities probably prevented gas escape from the seafloor
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