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Early Holocene Establishment of the Barents Sea Arctic Front
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A main feature of the Barents Sea oceanography is the Arctic front. The Arctic front marks the transition between the dominating water masses of the Barents Sea: Atlantic Water in the south and Arctic Water in the north. Presently, the Barents Sea Arctic front is directed by the topography of the Bear Island Trough and to some degree the location of the sea ice boundary. During the last glacial maximum, the Svalbard-Barents Sea and Scandinavian Ice Sheets covered the Barents Sea. Hence, no water entered the Barents Sea, neither from the south nor from the north. Following the deglaciation of the Barents Sea, the present-day ocean circulation developed. The evolution of how the present location of the Barents Sea Arctic front established during the early Holocene is documented by foraminiferal relative assemblage data from six core sites along the western Barents Sea margin and opening. The relative abundance of Arctic front indicator Turborotalita quinqueloba, in combination with the cold, polar Neogloboquadrina pachyderma and warm, Atlantic Neogloboquadrina incompta, are used to infer the location of the Barents Sea Arctic front relative to the individual core sites. Until ca. 11 ka BP, the Barents Sea Arctic front followed the western margin of the Barents Sea. All sites along the Barents Sea margin where still dominated by Arctic Water between ca. 11 and 10.2 ka BP, however, the Barents Sea Arctic front turned eastwards into the southwestern Barents Sea. From ca. 10.2 to 8.8 ka BP, the Barents Sea Arctic front moved eastward and was located right above most sites as it followed the Barents Sea margin. The northwestern Barents Sea Arctic front was close to the present location from ca. 8.8 to 7.4 ka BP, however, it was still confined to the southwestern Barents Sea. From ca. 7.4 ka BP, the Barents Sea Arctic front has been located close to the present position, along the margin southwards from Svalbard, turning eastwards along and beyond the northern Bear Island Trough margin.
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INTRODUCTION

The Barents Sea and the Fram Strait are the major pathways for Atlantic Water entering the Arctic Ocean (Figure 1A) (e.g., Carmack et al., 2006; Rudels et al., 2015). Furthermore, the Barents Sea is an area of extensive water mass transformation and ocean-atmosphere heat exchange (Smedsrud et al., 2013). In particular, the Norwegian Atlantic Current (NwAC) transports Atlantic Water northwards until it splits into two branches with one of them entering the Barents Sea (Figure 1A; Blindheim and Østerhus, 2005). More specifically, the North Cape Current (NCaC) turns into the Barents Sea through the Bear Island Trough (BIT) whereas the West Spitsbergen Current (WSC) flows northwards along the western Barents Sea margin and enters the Arctic Ocean through the Fram Strait (Figure 1A). Consequently, the southern Barents Sea is bathed by warm, saline Atlantic Water (Figure 1B; Loeng, 1991). Contrary, in the north, Polar Water flows, within the upper part of the water column, southwards from the Arctic Ocean via the Franz Victoria Trough (FVT) into the Barents Sea and forms Arctic Water when it meets and mixes with Atlantic Water (Hopkins, 1991; Figure 1A). Thereby, the northern Barents Sea becomes dominated with Arctic Water with lower temperatures and salinities compared to the Atlantic Water in the southern part of the Barents Sea (Figure 1B). Atlantic Water is only found at greater depths, below the Arctic Water, in the northern Barents Sea.
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FIGURE 1. (A) Main features of present-day surface to subsurface oceanography of the Nordic Seas and the Barents Sea. NwAC, Norwegian Atlantic Current; NCaC, North Cape Current; WSC, West Spitsbergen Current; EGC, East Greenland Current; PF, Polar front; NSAF, Nordic Seas Arctic front; BSAF, Barents Sea Arctic front; BIT, Bear Island Trough; FVT, Franz Victoria Trough. (B) Close-up map of the Barents Sea and the main present-day oceanographic features. Atlantic Water is found south of the BSAF, Arctic Water is found north of the BSAF. In the Northern Barents Sea, Atlantic Water is found at the subsurface, underneath the Arctic Water. BIT/BSO, Bear Island Trough/Barents Sea Opening; BI, Bear Island. Maps are created using GeoMapApp, http://geomapapp.org.



The Arctic Water in the northern and the Atlantic Water in the southern Barents Sea are separated by the Barents Sea Arctic front (BSAF), also referred to as the Polar front, a dominant oceanographic feature of the near-surface waters of the Barents Sea (Loeng, 1991; Pfirman et al., 1994; Parsons et al., 1996). The BSAF follows the western Svalbard and Barents Sea margins southwards from Svalbard and turns eastward into the interior Barents Sea south of Bear Island (Figures 1A,B). In the western Barents Sea, the BSAF is topographically constrained and well defined, following the northern margin of the BIT (Loeng, 1991; Parsons et al., 1996; Harris et al., 1998). Farther east, where the topographic features are less well pronounced, the BSAF is consequently less well defined and more dependent on the strength of the Atlantic Water inflow through the NCaC (Loeng, 1991; Parsons et al., 1996; Loeng and Drinkwater, 2007). The BSAF is a perennial feature, closely related to the overall sea ice conditions and, in particular, it often follows the winter sea ice margin (Vinje, 1977).

The Barents Sea experiences strong seasonal sea ice variability (Kvingedal, 2005). September is characterized by a minimum sea ice concentration, while the sea ice extent reaches its yearly maximum position in April (Sorteberg and Kvingedal, 2006). Sea ice melting during summer creates a warm, fresh summer mixed layer. Underneath the summer mixed layer a moderate temperature gradient is seen between the Atlantic and Arctic Water masses, respectively in the southern and northern parts of the Barents Sea (Parsons et al., 1996). Local ice formation takes place when the summer melt layer refreezes during the following winter (Harris et al., 1998). In addition, wind dependent sea ice transport from the Arctic Ocean may take place (Kwok et al., 2005; Sorteberg and Kvingedal, 2006; Kwok, 2009).

In stark contrast to the present-day situation, the Barents Sea was covered by the Svalbard-Barents Sea Ice Sheet merging with the Scandinavian Ice Sheet during the last glacial maximum and until ca. 16 ka BP (Hughes et al., 2016). At that time the present shallow epicontinental sea, with a mean water depth of ca. 230 m, did not exist. Hence, the Barents Sea experienced an extensive transformation from the time of total ice sheet coverage until its present oceanographic state characterized by the southern Atlantic and northern Arctic domains, separated by the BSAF. As the ice sheets retreated the ocean took over. During the deglaciation periods of cold open surface waters, winter sea ice and weak subsurface inflow of Atlantic Water as well as severe cold conditions with an extensive sea ice cover took place in the southwestern Barents Sea (Aagaard-Sørensen et al., 2010; Chistyakova et al., 2010). During the early phase of the Holocene, ca. 11 to 7.5 ka BP, winter sea ice was replaced by a warm and fresh summer mixed layer, on top of warm bottom water (Risebrobakken et al., 2010). Seasonal sea ice and surface freshening is also documented just north of Bear Island, at the western Barents Sea margin, until ca. 10.4 ka BP, followed by a declining seasonal sea ice cover and enhanced influence of Atlantic Water until ca. 7.3 ka BP (Berben et al., 2014). Atlantic Water was, as in the southwestern Barents Sea, continuously present as bottom water (Groot et al., 2014). The northern Barents Sea was influenced by meltwater and reduced salinities until ca. 11 ka BP (Klitgaard-Kristensen et al., 2013). Enhanced influence of Atlantic Water has been argued to cause the recorded minimum in Holocene seasonal sea ice extent, between ca. 9.5 and 5.9 ka BP (Berben et al., 2017). No study has so far integrated directly comparable information from spatially spread marine sediment cores to investigate the establishment of the BSAF, the main oceanographic feature of today's Barents Sea.

Different planktic foraminiferal species have different preferences for their living habitat. These differences can be utilized to assess the location of past oceanographic characteristics. Here, we will document the establishment of the BSAF, as an expression of the approximate interface between Atlantic and Arctic Water, through the early Holocene, following the deglaciation of the Svalbard-Barents Sea and Scandinavian Ice Sheets. We will do so by (1) synthesizing planktic foraminiferal assemblage data from six marine sediment cores from the western Barents Sea margin and opening (Figures 2A,B) and (2) using the relative relation between the dominant species found in these sediment cores, Turborotalita quinqueloba, Neogloboquadrina pachyderma and Neogloboquadrina incompta, to map the location of the BSAF relative to the individual core sites and infer the location between the sites. These three species have a preference for frontal conditions, Arctic/Polar Water and Atlantic Water, respectively (Bé and Tolderlund, 1971; Johannessen et al., 1994; Pflaumann et al., 2003; Husum and Hald, 2012). Furthermore, we will discuss potential linkages between upstream changes in advection of Atlantic Water and the identified timing of the four-step development of the BSAF establishment.
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FIGURE 2. (A) Map showing the location of the investigated cores (black) and cores from other studies mentioned in the discussion (red). (1) T-79-51/2 (Hald et al., 1996). (2) PSh-5159N (Risebrobakken et al., 2010). (3) T-88-2 (Hald and Aspeli, 1997; Hald et al., 2007). (4) M23258 (Sarnthein et al., 2003). (5) JM09-KA11-GC (Berben et al., 2014). (6) MD99-2304 (Ebbesen et al., 2007). (7) JM05-085-GC (Aagaard-Sørensen et al., 2010). (8) SV-04 (Rigual-Hernández et al., 2017). (9) JM03-373PC2 (Rasmussen et al., 2007). (10) MSM5/5-712-2 (Müller et al., 2012; Werner et al., 2013; Aagaard-Sørensen et al., 2014). (11) NP05-71GC (Rasmussen et al., 2014). (12) JM10-330GC (Consolaro et al., 2018). (13) MSM5/5-723-2 (Müller et al., 2012; Werner et al., 2016). (14) NP05-11-70GC (Belt et al., 2015; Berben et al., 2017). (15) NP05-71GC (Klitgaard-Kristensen et al., 2013). (16) ASV880 (Duplessy et al., 2001). (B) Location of the investigated cores. The color of the star marking the location is defined by the dominant planktic foraminiferal species (dark blue: N. pachyderma; light blue: T. quinqueloba; red: N. incompta; black: G. uvula; light gray: other species) of each individual site during the different time intervals (B1: 12–11 ka BP. B2:11–10.2 ka BP. B3: 10.2–8.8 ka BP. B4: 8.8–7.4 ka BP. B5: 7.4–0 ka BP). The light blue stippled line indicates the location of the BSAF during the different time intervals represented by (B1−5). (C) Relative abundance of planktic foraminifera at the investigated sites over the last 12 ka BP. The color coding for the species is the same as in (B). The stippled white lines indicate the transition phases between the time intervals of (B1−5). The white dots at the bottom of each panel indicate the tie-points for the age models that are within the 0–12 ka BP interval. Full information about all tie-points available is given in Table 2. Maps are created using GeoMapApp, http://geomapapp.org.



MATERIALS AND METHODS

Relative abundance of planktic foraminifera from six sediment cores from the western Barents Sea margin and opening are synthesized (Figure 2). All records are previously published (Hald et al., 1996, 2007; Hald and Aspeli, 1997; Sarnthein et al., 2003; Ebbesen et al., 2007; Risebrobakken et al., 2010; Berben et al., 2014). The records have, however, never before been integrated and used to inform on the establishment of the BSAF after the last deglaciation. Core names, locations, water depths and references to original publications are given in Table 1. PSh-5159N, T-88-2, MD99-2304 and JM09-KA11-GC are counted at the size fraction ≥100 μm, while T-79-51/2 and M23258 were counted at ≥125 μm and ≥150 μm, respectively. Further details about the methods can be found in the original publications (Hald et al., 1996, 2007; Hald and Aspeli, 1997; Sarnthein et al., 2003; Ebbesen et al., 2007; Risebrobakken et al., 2010; Berben et al., 2014).


Table 1. Names of cores sites, geographic locations, water depths, and references to the first publication of the synthesized data.
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Table 2. Radiocarbon dates, ash horizons and calibrated ages used to create the age models.
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In this study, the age models are based on previously published age models for the cores (Hald et al., 2007; Risebrobakken et al., 2011; Berben et al., 2014). To ensure a consistent chronological frame work all 14C AMS dates have, however, been recalibrated using the Marine13 radiocarbon calibration curve (Reimer et al., 2013) and a ΔR = 71 ± 21 (Mangerud et al., 2006) in Calib 7.1 (Stuiver and Reimer, 1993; Table 2). The main difference to previously published chronologies is caused by the fact that those used a variety of ΔR values and different versions of the radiocarbon calibration curve. Where Vedde ash was identified the age from Rasmussen et al. (2006) is used. The age models are calculated based on a linear interpolation between the tie-points defined by the median probability of the calibrated radiocarbon dates and when present, the Vedde ash layer. In T-88-2 one of eleven, and in M23258 one of fifteen, 14C AMS dates are not used due to inverted ages. In core JM09-KA11-GC five of thirteen 14C AMS dates are discarded due to inversions. Four of these discarded ages, two from the same core-depth, were measured on mollusc fragments and are considered less reliable than nearby dated foraminifera. For cores PSh-5159N, MD99-2304 and T-79-51/2 all existing 14C AMS dates are used.

In all six cores the planktic foraminiferal fauna has been dominated by N. pachyderma, N. incompta and T. quinqueloba. Neogloboquadrina pachyderma is a cold-water species that dominates the fauna in Arctic and Polar Water masses (Bé and Tolderlund, 1971; Johannessen et al., 1994; Pflaumann et al., 2003; Husum and Hald, 2012) where it is found to constitute 96-99% of the assemblage, independent of the counted size fraction (≥100 μm or ≥150 μm) (Husum and Hald, 2012). Neogloboquadrina pachyderma is, however, also the dominant species in chilled Atlantic derived water, as presently found in the Fram Strait (Pflaumann et al., 2003; Husum and Hald, 2012). Neogloboquadrina incompta is a warm water species that dominates the fauna associated with Atlantic Water in the Nordic Seas (Bé and Tolderlund, 1971; Johannessen et al., 1994). Relative abundances of up to 45% (≥100 μm) of N. incompta have, however, also been observed in warm Coastal Water off northern Norway (Husum and Hald, 2012). Turborotalita quinqueloba is a subpolar species that dominates the fauna in Arctic areas influenced by Atlantic Water and is most frequently found in the vicinity of the Arctic front in the Nordic Seas and in the Barents Sea (Johannessen et al., 1994; Pflaumann et al., 2003; Husum and Hald, 2012). Husum and Hald (2012) found more than 50% of T. quinqueloba (≥100 μm) close to the Arctic front in the northwestern Barents Sea, while Johannessen et al. (1994) documented up to 70% of T. quinqueloba (≥125 μm) by the Nordic Seas Arctic front. Minor contributions of other species found in the investigated cores are all associated with warm Atlantic Water (Globigerina bulloides; Globigerinita glutinata; Globigerinoides ruber; Globigerina falconensis), with the exception of Globigerinita uvula which reaches its highest relative abundances in Coastal Water (Husum and Hald, 2012).

The distinct different water mass preferences of the three main planktic foraminifera species are used in a simple first order approach to identify the location of the BSAF following the last deglaciation. The relative distribution of the three species in a given core at a given time reflects on the water mass bathing the site. If a core was dominated by N. incompta, it was bathed by Atlantic Water. If the foraminiferal fauna was dominated by N. pachyderma, it was bathed by Arctic Water. However, if a site was dominated by T. quinqueloba, it was located close to the Arctic front. Depending on whether the second dominant species was N. incompta or N. pachyderma, the site was closer to the Atlantic or Arctic side of the front, respectively. This first order interpretation is somewhat complicated by the fact that N. pachyderma presently also dominates the planktic foraminiferal fauna in the Atlantic derived WSC, rather than N. incompta, due to the strong heat loss taking place before reaching these latitudes. Being aware of this complication, in combination with having full assemblage information in all cores throughout the Holocene, it is still possible to identify which water mass bathed the sites at which time. We acknowledge that if it had been possible to present foraminiferal deposition flux rates, absolute abundance data or δ13C data from all cores, in addition to the relative abundance data, the base for our interpretations of the BSAF locations would have been stronger. Unfortunately, such information is not available.

Turborotalita quinqueloba is, however, a small species that is underrepresented with up to 20% when counts are done at ≥150 μm or ≥125 μm relative to counts done at ≥100 μm (Husum and Hald, 2012). It is therefore likely that the relative abundance of T. quinqueloba is somewhat underestimated in M23258 and T-79-51/2 at the times when T. quinqueloba shows an elevated relative abundance. The implications of this fact will be taken into account throughout the discussion.

RESULTS AND DISCUSSION

The relative abundances of planktic foraminifera from all six cores are presented in Figure 2C and Table 3. Based on Figure 2C, four steps have been identified when the dominant species changed in one or several of the cores. The assemblage composition between the steps will be presented and discussed, and a conclusion on the location of the BSAF will be made for each time interval (Figures 2B1−5,C and Table 3). Following the presentation of results, and discussion of these, for the individual time intervals, the four-step development of the BSAF will be discussed in relation to upstream oceanographic changes that took place through the early Holocene.


Table 3. The relative abundances of planktic foraminiferal species present in the six investigated marine sediment cores are given as mean values for each time interval.
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Ca. 12 to 11 ka BP: The BSAF Was Located Along the Western Barents Sea Margin

Between ca. 12 and 11 ka BP, no data exists from PSh-5159N and MD99-2304. At all other sites the planktic foraminiferal assemblages were dominated by N. pachyderma, except in T-79-51/2 (Figure 2C and Table 3). In T-79-51/2, the first half of this time interval was also dominated by N. pachyderma, however, from ca. 11.5 ka BP the Atlantic Water species occupied ca. 50% of the assemblage (Figure 2C). Since T-79-51/2 was counted at ≥125 μm rather than ≥100 μm the relative abundance of T. quinqueloba might be underestimated. Turborotalita quinqueloba would, however, not be the dominant species even if the relative abundance is underestimated by up to 20% (Husum and Hald, 2012). Cores T-88-2 and M23258, located at greater depths along the western Barents Sea margin recorded more than 80% of N. pachyderma (Figure 2C and Tables 1, 3). Even if the relative abundance of T. quinqueloba is underestimated in M23258, N. pachyderma would be the dominant species. In JM09-KA11-GC, located just north of Bear Island, T. quinqueloba and N. incompta were both present in significant amounts, with T. quinqueloba as the second dominant species (Figure 2C and Table 3). Despite a higher content of T. quinqueloba and N. incompta in JM09-KA11-GC the overall fauna is representative of Arctic Water (Johannessen et al., 1994; Husum and Hald, 2012).

Several sites from the Fram Strait and west Spitsbergen shelf were barren in planktic foraminifera at this time, argued to result from a dominance of Polar Water, with a strong meltwater influence indicated by a high content of ice rafted debris (Rasmussen et al., 2014; Werner et al., 2016; Consolaro et al., 2018; Figure 2A: 11, 12, and 13). Information about relevant oceanographic conditions of the northern Barents Sea is scarce for this time interval. To our knowledge, no planktic foraminiferal assemblage record exists, however, Lubinski et al. (2001) argued for inflow of cold subsurface water. Sea ice reconstructions from the northern Barents Sea do not reach as far back as 12 ka BP (Belt et al., 2015; Berben et al., 2017; Figure 2A: 14), hence, no inference can be made regarding the relation between the sea ice margin and the location of the BSAF.

Based on the combined evidence from planktic foraminiferal assemblage data from the region, we argue that the Barents Sea was to a large extent bathed by cold Arctic Water masses between ca. 12 and 11 ka BP (Figure 2B1). The very southernmost shelf site did see traces of Atlantic Water, even though the overall assemblage was representative of colder water conditions than today. With Arctic Water conditions at most sites, the BSAF was located west of the westernmost sites, at the western Barents Sea margin. However, the Atlantic Water masses bathing T-79-51/2 suggests that the BSAF turned eastwards at the northeastern margin of the Lofoten Basin, just north of T-79-51/2 (Figure 2B1).

Ca. 11 to 10.2 ka BP: The BSAF Covered the Southwestern Barents Sea, but All Sites Along the Western Barents Sea Margin Where Still Dominated by Arctic Water

The main difference between the ca. 12 to 11 ka BP and the ca. 11 to 10.2 ka BP time interval is that the southwestern Barents Sea site PSh-5159N recorded a total dominance of T. quinqueloba (Figure 2C and Table 3). In T-88-2, west of PSh-5159N, the relative abundance of N. pachyderma is reduced with 38%, but the site was still dominated by this polar species. Neogloboquadrina incompta still dominated the planktic foraminiferal assemblage in T-79-51/2. Further north, N. pachyderma was the dominant species, however, somewhat more T. quinqueloba was present compared to the previous time interval, and it increased in relative abundance after ca. 10.5 ka BP, both in M23258 and MD99-2304. As for the ca. 12 to 11 ka BP interval, taking into account the potential underestimation of the relative abundance of T. quinqueloba would not change the dominant species at T-79-51/2 or at M23258. Hence, T-79-51/2 was bathed by Atlantic Water, Psh-5159N was close to the BSAF and all the other sites were bathed by Arctic Water between ca. 11 and 10.2 ka BP (Figure 2B2).

The west Spitsbergen shelf was still barren in foraminifera, feeling the influence of icebergs and Polar surface Water, indicating rather cold conditions and a more extensive sea ice cover than at present until 9.6 ka BP (Rasmussen et al., 2014; Figure 2A: 11). Based on dinoflagellates, it was also argued that, just north of M23258, sea ice was present through parts of the year (Rigual-Hernández et al., 2017; Figure 2A: 8). A comparable increase in relative abundance of T. quinqueloba to the one seen in M23258 and in MD99-2304 from ca. 10.5 ka BP is also seen further north in the Fram Strait (Aagaard-Sørensen et al., 2014; Werner et al., 2016; Consolaro et al., 2018; Figure 2A: 10, 12, and 13). The area around Kveithola, close to JM09-KA11-GC, did no longer record the direct influence of ice sheet disintegration but was still under the influence of deglaciation processes (Lantzsch et al., 2017). At the PSh-5159N core site, it has been argued that a warm, fresh summer mixed layer was replaced by sea ice during winter (Risebrobakken et al., 2010; Figure 2A: 2). Furthermore, it has previously been argued that the southwestern Barents Sea was in close proximity to the Arctic front at this time, with relative abundances of T. quinqueloba reaching up to 80% (Aagaard-Sørensen et al., 2010; Risebrobakken et al., 2010; Figure 2A: 2 and 7). Information is scarce regarding the conditions in the northern Barents Sea, but it is argued that cold conditions prevailed at least until 8–7 ka BP (Lubinski et al., 2001). Again, existing sea ice reconstructions from the northern Barents Sea do not reach as far back in time (Belt et al., 2015; Berben et al., 2017; Figure 2A: 14). The relation between the sea ice extent and the BSAF is therefore unknown for this time interval.

Based on the information gained from our synthesis, supported by the existing literature as reviewed above, we infer that the BSAF during this time interval also followed the western Barents Sea margin, however, it turned further eastwards into the southern Barents Sea, reaching PSh-5159N (Figure 2B2).

Ca. 10.2 to 8.8 ka BP: The BSAF Was Located in the Vicinity of Most Sites

At ca. 10.2 ka BP, a significant and abrupt change which resulted in an overall dominance of the Arctic front indicator T. quinqueloba is observed in the planktic foraminiferal fauna at all sites except PSh-5159N and T-79-51/2 (Figure 2C). Turborotalita quinqueloba was already the dominant species in PSh-5159N whereas the Atlantic Water species N. incompta remained the most abundant in T-79-51/2 (Figure 2C). Even if the relative abundance of T. quinqueloba should be somewhat underestimated in T-79-51/2, the conclusion that T-79-51/2 was bathed by Atlantic Water (Figure 2B3) would not change. This overall dominance of T. quinqueloba lasted until ca. 8.8 ka BP. In particular, MD99-2304, M23258 and T-88-2 recorded mean relative abundances of T. quinqueloba of 56, 42, and 64%, respectively (Figure 2C; Table 3). Since the planktic foraminiferal abundance in M23258 is counted at ≥150 μm instead of ≥100 μm, the relative contribution of T. quinqueloba is likely underestimated at this site compared to MD99-2304 and T-88-2 (Husum and Hald, 2012). In that case, T. quinqueloba would be more dominant than already indicated. In JM09-KA11-GC and PSh-5159N the increased abundances of T. quinqueloba were, relative to the previous time interval, more gradual, respectively from 30 to 45% and from 65 to 84% (Figure 2C and Table 3).

In the Fram Strait and west of Svalbard similarly high abundances of T. quinqueloba have been recorded for this time interval (Werner et al., 2013, 2016; Aagaard-Sørensen et al., 2014; Rasmussen et al., 2014; Consolaro et al., 2018; Figure 2A: 10, 11, 12, and 13). In these studies, it has been argued that the increased T. quinqueloba abundances were associated with enhanced influence of Atlantic Water and increased sea surface temperatures. The Polar front, and the highly productive surface waters associated with the front, moved northwards (Consolaro et al., 2018; Figure 2A: 12), and the increased absolute abundance of planktic foraminifera seen west of Svalbard reflected a change from Polar to Atlantic Water at ca. 9.6 ka BP (Rasmussen et al., 2014; Figure 2A: 11). Werner et al. (2016) observed a limited sea ice extent in the northern Fram Strait between 11 and 8.5 ka BP (Figure 2A: 13). In the northern Barents Sea, the reduced spring sea ice concentrations recorded between ca. 9.5 and 8.5 ka BP were associated with a, relative to historical times, retreated ice margin (Berben et al., 2017; Figure 2A: 14). The lack of a correspondence between the reduced spring sea ice extent and a shift in the BSAF seems to imply that the sea ice extent is no driver behind the location of the BSAF in this part of the Barents Sea at this time. Although T. quinqueloba remained the dominant species in the southwestern Barents Sea, the occurrence of G. uvula has been attributed to an enhanced influence of Coastal Water (Aagaard-Sørensen et al., 2010; Figure 2A: 7).

We argue that the pronounced and sharp increase in T. quinqueloba seen within the three northernmost investigated cores on the western Barents Sea margin (Figure 2C), and in other sites west of Svalbard and in the Fram Strait (Werner et al., 2013, 2016; Aagaard-Sørensen et al., 2014; Rasmussen et al., 2014; Consolaro et al., 2018; Figure 2A: 10, 11, 12, and 13), reflects a rather fast eastwards migration of the BSAF (Figure 2B3). More specifically, the high mean abundances of T. quinqueloba imply that the core sites were actually at the true location of the BSAF (Johannessen et al., 1994; Husum and Hald, 2012). The subtler fauna changes seen in JM09-KA11-GC indicate that the BSAF was slowly moving toward the core site but had not reached it yet (Figure 2B3). The high relative abundance of T. quinqueloba in both T-88-2 and PSh-5159N implies a location close to the BSAF for both sites, and more specifically a front location just above (Figure 2B3).

Ca. 8.8 to 7.4 ka BP: The BSAF Migrated Eastwards Influenced by a Strong Topographic Steering

At ca. 8.8 ka BP, the foraminiferal assemblage in MD99-2304 and M23258 changed abruptly from a T. quinqueloba to a N. pachyderma dominance (Figure 2C and Table 3). Within these records, the mean values of the cold Polar Water species N. pachyderma reached 68 and 84% between ca. 8.8 and 7.4 ka BP, respectively (Figure 2C and Table 3). Even if the potential T. quinqueloba underestimation in M23258 is taken into account, the site would be totally dominated by N. pachyderma. A smaller, but still significant, decrease in the relative abundance of T. quinqueloba was recorded for T-88-2, from 64% to 37%, associated with a small increase in N. incompta and other Atlantic species and a significant increase in N. pachyderma (Figure 2C and Table 3). Contrary, in JM09-KA11-GC and PSh-5159N, the relative abundance of T. quinqueloba continued to increase (Figure 2C). In T-88-2, JM09-KA11-GC and PSh-5159N the Arctic front indicator T. quinqueloba was still the dominant planktic foraminiferal species throughout this time interval (Figure 2C and Table 3).

A similar increased abundance of N. pachyderma was observed at ca. 8.8 ka BP in a record from the western Svalbard slope, located between the MD99-2304 and M23258 core locations (Rasmussen et al., 2007; Figure 2A: 9). However, farther north on the west Spitsbergen continental margin, the Arctic front indicator T. quinqueloba remained dominant until ca. 7 ka BP (Werner et al., 2016; Consolaro et al., 2018; Figure 2A: 12 and 13). The latter core sites are from locations closer to the continental margin and at more shallow water depths compared to the more southern located cores from the western Svalbard slope, respectively MD99-2304 and M23258 (Figure 2A). A PIP25 index record from the west Spitsbergen continental margin documented a reduced sea ice cover between ca. 8.5 and 7 ka BP (Müller et al., 2012; Figure 2A: 13). Reduced spring sea ice conditions were also recorded in the northern Barents Sea (Berben et al., 2017; Figure 2A: 14), even though the northward heat advection reached a minimum during this interval (Risebrobakken et al., 2011; Eldevik et al., 2014). Both northern latitude spring and summer insolation was, however, high (Laskar et al., 2004) and may have influenced the spring sea ice retreat. In the southwestern Barents Sea, the relative contribution of T. quinqueloba has been used as an argument for a continued influence of Arctic front conditions (Aagaard-Sørensen et al., 2010; Risebrobakken et al., 2010; Figure 2A: 2 and 7).

Based on the data presented in Figure 2C, combined with the existing literature, we argue that the BSAF migrated further eastwards into the Barents Sea from ca. 8.8 ka BP (Figure 2B4). More specifically, the BSAF has moved over the two northernmost core sites at the western Barents Sea margin, reaching a position close to where it is located at present (Figure 2B4). This could be seen as contradicted by the remaining high relative abundance of T. quinqueloba at the site located at the continental margin slightly further north, from where it is argued that the front was still located in the vicinity of the site (Consolaro et al., 2018; Figure 2A: 12). However, as the site discussed by Consolaro et al. (2018) is from a shallower location, this record rather confirms the strong topographic steering of the BSAF location. The increased dominance of T. quinqueloba in JM09-KA11-GC and the continuously high relative abundance of the same species in PSh-5159N strongly argues for the BSAF to be at, or at least very close to, these core locations ca. 8.8 to 7.4 ka BP (Figure 2B4). The BSAF was, however, moving away from T-88-2, compared to the previous time interval, as shown by the decreased relative abundance of T. quinqueloba (Figures 2B4,C). The increase in N. pachyderma contemporary with the decrease in T. quinqueloba is interpreted as an indication that T-88-2 transfers toward present conditions, with a rather high content of N. pachyderma due to the strong heat loss from the Atlantic Water before reaching the site. Overall, the observed changes in the planktic foraminiferal fauna reflects a continuous eastwards migration of the BSAF (Figure 2B4). In the northwestern areas, the BSAF location was directed by the topography of the area, more specifically the western Barents Sea and BIT margins.

Ca. 7.4 to 0 ka BP: The BSAF Was Close to Its Present Location

Between ca. 7.4 ka BP and present day, N. pachyderma continued to dominate the foraminiferal assemblages in MD99-2304 and M23258 with mean relative abundances of 93 and 89%, respectively (Figure 2C and Table 3). Neogloboquadrina pachyderma was also the most abundant species in T-88-2, occupying 58% of the planktic foraminiferal fauna. A gradual increase in relative abundance of N. incompta took place in the more southern located core T-79-51/2. In JM09-KA11-GC the relative abundance of T. quinqueloba stayed high, at 62%. Although T. quinqueloba remained the dominant species in PSh-5159N, with a stable value around 42%, the relative abundance of the front indicator was significantly smaller than in JM09-KA11-GC as well as compared with the previous time (Figure 2C and Table 3) interval. More specifically for PSh-5159N, increased abundances of N. incompta and other species (19%), indicative of warmer Atlantic Water (Bé and Tolderlund, 1971; Johannessen et al., 1994), and G. uvula (3%) associated with Coastal Water (Husum and Hald, 2012) have been recorded (Figure 2C and Table 3). Underestimated relative abundance of T. quinqueloba would not change the dominant species, neither in M23258 nor in T-79-51/2. Common for all sites is that the planktic foraminiferal assemblages in general represent an equivalent of the late Holocene assemblage compositions at the sites (Figure 2C).

The dominance of N. pachyderma between ca. 7.4 ka BP and present day is also seen at other sites on the western Svalbard margin, as well as further northeast into the Fram Strait, indicating generally cold conditions throughout the last ca. 7 ka BP (Werner et al., 2013, 2016; Rasmussen et al., 2014; Consolaro et al., 2018; Figure 2A: 10, 11, 12 and 13). Increased IP25 concentrations after ca. 7 ka BP point to an expanded sea ice extent in the Fram Strait (Müller et al., 2012; Figure 2A: 13), corresponding to overall decreasing summer mixed layer temperatures in the Nordic Seas realm (Risebrobakken et al., 2011). Furthermore, for this time interval the overall cold conditions documented by planktic foraminifera at the western Svalbard and Barents Sea margin correspond to colder bottom water, or increased influence of Arctic Water indicators, as documented by benthic foraminifera from northern Svalbard and the northern Barents Sea (Duplessy et al., 2001; Slubowska et al., 2005; Klitgaard-Kristensen et al., 2013; Figure 2A: 15, 16, and 17). As compared to the previous time interval, the increased relative abundance of planktic Atlantic Water indicators seen in the southwestern Barents Sea sites, T-79-51/2, T-88-2 and PSh-5159N, as well as the decreased relative abundance of N. pachyderma seen at JM09-KA11-GC, correspond to a reduced sea ice extent in the western Barents Sea (Berben et al., 2014; Figure 2A: 5). The warming in the southwestern Barents Sea, combined with the cooling along the Svalbard margin and with the Arctic bottom Water in the northern Barents Sea, implies that a larger fraction of the NwAC entered the Barents Sea through the NCaC from ca 7.4 ka BP.

Based on the results summarized in Figure 2C, combined with the knowledge from previous studies, we argue that the BSAF was located close to its present position over the last ca. 7.4 ka BP (Figure 2B5). The overall dominance of N. pachyderma along the western Svalbard and Barents Sea margin, indicative of a stronger influence of cold Arctic Water masses (Bé and Tolderlund, 1971; Johannessen et al., 1994; Pflaumann et al., 2003; Husum and Hald, 2012), is here interpreted as evidence for the sites being located further away from the BSAF, under conditions comparable to present-day (Figure 2B5). The increased relative abundances of N. incompta and other Atlantic species in T-79-51/2, T-88-2, and PSh-5159N indicate an increased influence of Atlantic Water into the southwestern Barents Sea (Bé and Tolderlund, 1971; Johannessen et al., 1994), and hence an eastward movement of the BSAF relative to the previous time interval (Figures 2B4−5). This interpretation is in line with previous findings from individual studies from the area (Risebrobakken et al., 2010; Berben et al., 2014; Figure 2A: 2 and 5). The Arctic front indicator T. quinqueloba still dominated the fauna at PSh-5159N, however, the strongly reduced relative abundance relative to the preceding time interval supports that the BSAF moved away from the site (Figures 2B4−5). The relative abundance of T. quinqueloba was significantly lower in PSh-5159N than in JM09-KA11-GC, a site that was located underneath the BSAF (Figures 2B5,C), as it is also today. The overall similarity between the planktic foraminiferal fauna of today, or the late Holocene, and the general fauna composition in all sites over the last ca. 7.4 ka BP supports the interpretation of a BSAF close to its present-day location (Figure 2B5), with a strong topographic steering in the west, and the eastern position more defined by variable inflow of Atlantic Water by the NCaC. Some variability did occur in the relative abundance data also over the last 7.4 ka BP, especially in T-88-2 and in PSh-5159N (Figure 2C). We argue that this variability is of a different character than seen before. The changes in T-88-2 are primarily driven by more or less N. pachyderma balanced by less or more N. incompta, hence, indicating variability driven by a stronger or weaker heat loss in the NwAC before reaching T-88-2. The continuous occurrence of G. uvula in PSh-5159N documents significantly different conditions at this site after 7.4 ka BP, suggesting that the fauna variability was related to changes at the interface between Coastal and Atlantic Water rather than Atlantic and Arctic Water (Husum and Hald, 2012). Hence, all results combined point to a northeastward shift of the BSAF at ca. 7.4 ka BP into the Barents Sea toward the present-day location (Figure 2B5).

The Establishment of the BSAF in Context of Upstream Changes in Advection of Atlantic Water

Presently, the BSAF is well constrained by the topography of the western Barents Sea, following the northern margin of the BIT (Loeng, 1991; Parsons et al., 1996; Harris et al., 1998). In the eastern Barents Sea, the BSAF location is less stationary and dependent on the strength of the Atlantic Water inflow (Loeng, 1991; Parsons et al., 1996; Loeng and Drinkwater, 2007). The above discussion sets the development of the BSAF from the deglaciation through the early Holocene. Following the deglaciation, not only the Barents Sea oceanography, but also the upstream oceanography of the eastern Nordic Seas experienced significant changes (e.g., Risebrobakken et al., 2011; Eldevik et al., 2014). Since the present BSAF is in part tightly linked to upstream changes in the NwAC, the relation between upstream changes in the NwAC taking place as the BSAF established should be evaluated.

The northward heat advection in the NwAC reached a post glacial maximum ca. 10 ka BP due to a major reorganization of the Atlantic circulation through the deglaciation (Risebrobakken et al., 2011; Eldevik et al., 2014). A maximum heat advection at ca. 10 ka BP is supported by the Norwegian Sea planktic foraminiferal assemblage data shown by Zhuravleva et al. (2017). Strong heat loss did, however, take place before the NwAC reached the Barents Sea margin, and the Atlantic Water submerged further south than at present until ca. 9 ka BP (Risebrobakken et al., 2011). This southern submerging of the northward flowing Atlantic Water is reflected by enhanced abundance of Atlantic Water indicating benthic foraminifera in JM09-KA11-GC and PSh-5159N (Risebrobakken et al., 2010; Groot et al., 2014), when the planktic foraminiferal fauna shows that Arctic Water, or the BSAF, was located over the same sites at the same time (Figures 2B1−3). The eastern Nordic Seas and the Barents Sea experienced significant melt water influence until ca. 9 ka BP, in association with the final deglaciation (Risebrobakken et al., 2010, 2011; Rasmussen et al., 2014), supporting the Arctic Water and BSAF conditions inferred from the synthesized relative abundance data.

The eastward movement of the BSAF, toward its present location at the northwestern Barents Sea and western Spitsbergen margins (Figure 2B4), corresponds to the northward movement of the zone of submergence and the diminishing influence of melt water (Risebrobakken et al., 2011). The inflow of Atlantic Water to the Barents Sea was, however, smaller than at present until ca. 7.4 ka BP, also in line with the diminishing northward heat advection that followed the ca. 10 ka BP advection maximum and the gradual return to normal salinities (Risebrobakken et al., 2011; Eldevik et al., 2014).

From around ca. 7.4 ka BP, the BSAF has likely been located within the range of its present location in the eastern Barents Sea (Figure 2B5), with the absolute location influenced by variable strength of the Atlantic Water inflow (Loeng, 1991; Parsons et al., 1996; Loeng and Drinkwater, 2007). Our results show that the investigated sites along the western Barents Sea margin and at the Barents Sea opening were bathed by Arctic Water following the deglaciation. A gradual transition took place when the BSAF moved eastward toward, and eventually over, the sites, before the present day oceanographic conditions settled (Figures 2B1−5). This transformation of the Barents Sea, from an Arctic Water dominated basin to the present-day situation, with the southern Barents Sea being bathed by Atlantic Water, is consistent with the overall oceanographic changes that took place in the eastern Nordic Seas throughout the early Holocene.

CONCLUSION

The Barents Sea went through significant changes following the deglaciation of the last ice age, from when the area was covered by a grounded ice sheet, until the present oceanographic state of this shallow epicontinental sea. The upper water column of the Barents Sea was fully occupied by Arctic Water masses until ca. 11 ka BP, with an exception at T-79-51/2 in the southwestern corner, where Atlantic Water was present. T-79-51/2 was constantly under Atlantic Water influence over the last ca. 11.8 ka BP. Between ca. 12 and 11 ka BP, the BSAF was located west of the western Barents Sea margin. From ca. 11 to 10.2 ka, the BSAF moved slightly further east along the margin, but was still located west of the sites. However, the BSAF turned further eastwards into the southwestern Barents Sea, with PSh-5159N feeling the influence of frontal conditions. Between ca. 10.2 and 8.8 ka BP all sites, with exception of T-79-51/2, were located underneath the BSAF. From ca. 8.8 ka BP, the BSAF settled close to its present position east of the northern Barents Sea and western Spitsbergen margin, and was located over JM09-KA11-GC at the northern margin of the BIT. In the southwestern Barents Sea, the BSAF moved eastwards from the previous location, slightly further away from T-88-2 but still being present over PSh-5159N. From ca. 7.4 ka BP, conditions of a similar character to the present are shown at all sites, and a modern BSAF location is inferred. The establishment of the BSAF as discussed above is in agreement with the main oceanographic changes seen in the eastern Nordic Seas throughout the early Holocene.
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The latter are representative for each step in the development from deglaciation to the present Barents Sea Arctic front location as illustrated in Figures 2B4_s.
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Identification Core Sample  Dated material 14C date AR Calibrated age ~ Rel.  Calendar age BP Tie Reference for
depth (cm) range 1o Prob. 1950 (med. point individual dates
prob) used
Tra-1063 JMO9-KAT1-GC 45 Molusc dextral part of 95+30  71+21  456-508 1 483 483 Riither et al., 2012
Bathyarca glacialis
Tra-1064 JMO9-KAT1-GC 45 Mollusc dextral part of 90035  71£21 434498 1 465 Notused  Rilther et al., 2012
Bathyarca glacialis
Tra-1065 JM09-KA11-GC 16 Molusc sinistral part of 1880£35  71£21  1208-1386 1 1,350 1,350 Rither etal, 2012
Bathyarca glacialis
Beta-324049  JMO9-KA11-GC 275 Islandiella norcrossi/helenae 4820 £30 7121  4,904-5047 1 4,989 4989 Berbenetal, 2014
Tra-1066 JMO9-KAT1-GC 33 Mollusc dextral part of 1990£35 71421  1,409-1,517 1 1,465 Notused  Riither etal.,, 2012
Astarte ellptica
Beta-315192  JM09-KA11-GC 40 Islandiella norcrossi/helenae 5870 £30  71£21  6,190-6,263 1 6225 6225  Berbenetal, 2014
Beta-315193  JM09-KA11-GC 445 Islandiella norcrossifhelenae 6890 £40  71£21  7,301-7,396 1 7,343 7343 Berben etal, 2014
Tra-1067 JMO9-KA11-GC 55 Mollusc dextral part of 7630445 7121  7,950-8,069 1 8017 8017 Ritheretal, 2012
Astarte sulcate
Beta-315194  JM09-KA11-GC 805 Islandiella norcrossifhelenae  9140:£40 7121 9,688-9,868 1 9776 9776  Berbenetal, 2014
Tra-1068 JMO9-KAT1-GC 825 Mollusc paired shell of 814050  71+21 8451-8583 1 8524 Notused  Rilther et al,, 2012
Astarte ellptica
Tra-1069 JMO9-KAT1-GC 825 Mollusc sinistral part of 831550  71+21 8,665-8668 0011 8,775 Notused Rilther etal., 2012
Nucluana minuta 8,670-8,883 0.989
Beta-315195  JMO9-KA11-GC 111 Elphidium excavatum 10900 £50 71421 1,2212- 1 12,327 Notused  Berben etal., 2014
1,2472
Tra-1070 JMO9-KAT1-GC 1345 Molusc paired shell of 10705455 7121 11,833- 1 11,965 11,965 Rither etal., 2012
Yoldiella intermedia 12,075
Tua-4421 MD99-2304 25 Planktic foraminifera 1020430 7121 507-566 0865 548 548 Hald et al., 2004
579-593 0.135
Tua-3911 MD99-2304 285 Planktic foraminifera 8205£55 7121  8628-8847 1 8745 8745  Ebbesenetal, 2007
Tua-3913  MD99-2304 565 Planktic foraminifera 845065 71x£21  8858-9075 1 8964 8964  Ebbesen etal, 2007
AABEB09  MD99-2304 80 Shell fragment 8965£85 7121  9461-9656 1 9,564 9564  Ebbesen etal, 2007
KIA9346 MD99-2304 130 Shell fragment 9670+55 7121 10,397~ 1 10475 10475  Ebbesen etal., 2007
10562
KIA9526 MD99-2304 156.5 Shell fragment 10080 £50 7121 10,836~ 1 10935 10935  Ebbesen etal., 2007
11,044
AAGEEI0  MD99-2304 186 Shell fragment 12170 £180 7121 13,374~ 1 13,568 13,568 Ebbesen et al,, 2007
13,747
KIA9863 MD99-2304 215 Benthic foraminifera 12660 £70 71421 13,972~ 1 14,077 14077 Ebbesen etal., 2007
14,169
KIA7648 M23258 2 N. pachyderma 1165:£35  71£21  622-689 1 656 656 Sarnthein et al., 2003
KIA7649 M28258 51 N. pachyderma 2655480  7T1x21  2071-2.212 1 2,145 2,145  Samthein et al., 2003
KIA7650 M23258 67 N. pachyderma 3500435 71£21  3,245-3365 1 3,300 3300  Sarnthein etal., 2003
KIA7651 M23258 9 N. pachyderma 4825440  7T1£21  4,889-5067 1 5,002 5002  Samthein et al., 2003
KIAT1534  M23258 118 N. incompta 6140£70  71£21  6404-6581 1 6494 6494  Samthein etal. 2003
KIA7653 M23268 154 N. pachyderma 7660+45 7121 7,986-8,100 1 8,048 8048  Samnthein etal., 2003
KIAT654 M23258 177 N. pachyderma 838045 71x21 8793-8966 1 8,868 8868  Sarnthein etal. 2003
KIAB553 M23268 192 N. pachyderma 8760440 7121  9,308-9423 1 9,364 9364  Sarnthein etal.,, 2003
KIA11535  M28258 207 N. incompta 8955£55 71x21  9,469-9502 1 9,536 9536 Samnthein etal.,, 2003
KIA9193 M23258 241 N. pachyderma 933070  7T1x21 9958-9,982 0.091 10,085 10,065  Sarnthein et al, 2003
9,993-10,233 0909
KIA8554 M23258 249 N. pachyderma 9285450  71£21 9,868-10,090 1 9,955 Notused  Sarnthein et al., 2003
KIA9354 M23268 250 N. pachyderma 9435%55 7121 10,142~ 1 10,208 10203 Samnthein et al., 2003
10,255
KIA7657 M23258 315 N. pachyderma 1098070 7121 12,333 1 12,438 12438 Samthein et al, 2003
12,674
12,138
12,616
KIA7658 M23258 356 N. pachyderma 1201055 7121 13,323~ 1 13,389 13389 Sarnthein et al, 2003
13,450
KIA7659 M23268 394 N. pachyderma 12390460  71:£21 13,702~ 1 13,790 13790 Samthein etal., 2003
13,881
Poz-16130  PSh-5159N 75 Mollusc fragments, benthic ~ 102.46.0.32 7121 Bomb carbon  Ivanova et al., 2003
foraminifera pMC
Poz-20399  PSh-5159R 14.47 Lenticulina sp. 63530  71£21  145-167 0201 197 197 Ivanova et al., 2003
173-258 0.799
Poz-19995  PSh-5159N 215 Bulk foraminifera 1670£30  7T1£21  1,120-1224 1 1,167 1,167 Ivanovaetal, 2003
Poz-19997  PSh-5159N 405 Bulk foraminifera 2845480 7121  2,430-2604 1 25513 2513 Risebrobakken et al, 2010
Poz-20568  PSh-5159N 455 Bulk foraminifera 496040 7121  5132-5286 1 5,204 5204 Risebrobakken et al., 2010
Poz-16131  PSh-5159N 505 Mollusc fragments 610535 7121  6392-6,499 1 6,450 6450  Risebrobakken et al., 2010
Poz-19998  PSh-5159N 60.5 Bulk foraminifera 7040£40 7121 7,423-7,506 1 7471 7471 Risebrobakken et al., 2010
Poz-12701  PSh-5159N 69.5 Brachiopod 750040  7T1x21  7,843-7,938 1 7,891 7891 Risebrobakken et al., 2010
Poz-19999  PSh-5159N 865 Bulk foraminifera 8550 £50  71£21  9,006-9,165 1 9,09 9099  Risebrobakken et al, 2010
Poz-15132  PSh-5150N 995 Mollusc fragments, benthic 9700 £50 71 21 10,435- 1 10515 10515 Risebrobakken et al, 2010
foraminifera, ostracode 10,586
Poz-19991  PSh-5159R 1225 Mollusc 1001050 7121 10,804~ 1 10,908 10908 Risebrobakken et al, 2010
11,013 Chistyakova et al., 2010
Poz-15133  PSh-5159N 1335 Molusc fragments 10200450  71:£21 11,150- 1 11,209 11,209 Risebrobakken et al, 2010
11,259
Poz-12629  PSh-5159N 1485 Astarte crenata 1036050 7121 11,193 1 11,284 11,284 Risebrobakken et al., 2010
11,349
Poz-16594  PSh-5150R 241 Bulk benthic foraminifera 1215070 7121 13,428- 1 13,528 13528 Risebrobakken et al, 2010
13,618 Chistyakova et al., 2010
Poz-19992  PSh-5159R 333 Bulk benthic foraminifera 1855070  71£21 15,531~ 1 15,669 15669 Risebrobakken et al., 2010
15,826 Chistyakova et al., 2010
Gif T88-2 12 Plankic foraminifera 248090 7121 1,915-2,155 1 2,049 2049 Hald and Aspeli, 1997
Tua-3914  T882 265 Plankic foraminifera 4155£60  7T1£21  4020-4022 0.007 4,127 4127 Hald and Aspel, 1997
4,006-4,228 0993
Tua-3915  T-882 535 Planktic foraminifera 6285475  71x21  6555-6,751 1 6,658 6,658 Hald and Aspeli, 1997
ait T88-2 72 Planktic foraminifera 6880+100 7121 72307421 1 7,328 7328 Hald and Aspel, 1997
Gif T88-2 136 Plankic foraminifera 9300 £110 7121 9945-10,263 1 10,134 10,134 Hald and Aspeli, 1997
Tua-116 T88-2 16855 Planktic foraminifera 9905 £400 7121 10,204~ 1 10,794 10204 Hald and Aspeli, 1997
11,255
Tua-465 T88-2 196 Planktic foraminifera 9470£105  71+21 10,136~ 1 10,250 10,399 Hald and Aspeli, 1997
10,399
Gif 7-88-2 210 Planktic foraminifera 8520£120 71421  89,13-9,259 1 9,069 Notused  Hald and Aspel, 1997
Tua-464 T88-2 261 Plankic foraminifera 10510+ 115 7121 11,328- 1 11,682 11582 Hald and Aspeli, 1997
11,781
Vedde Ash  T-83-2 2785 Tephra 12,171 12,171 Rasmussen et al., 2006
Tua 466 T88-2 308 Planktic foraminifera 1147575 7T1£21 12,757~ 1 12,869 12,869 Hald and Aspeli, 1997
12,959
TUa-1119 T79-51/2 2 Yoldiella sp. 90565  T1£21  763-834 0503 826 826 Hald et al., 1996
842-909 0.497
TUa-948 T-79-51/2 60 Yoldiella sp. 419565 7121 4,628-4,762 0751 4717 4717 Hadetal, 1996
4,707-4,839 0.249
TUa-949 T79-51/2 134 Yoldiella sp. 857065 7121 9,485-9,563 0.894 9,542 9542 Haldetal, 1996
9,672-9,584 0075
9,465-9,593 0.032
TUa-950 T-79-51/2 148 Yoldiella sp. 9336100 71421 10,407~ 1 10,540 10407 Hald etal, 1996
10,693
TUa-1705  T-7951/2 178 Yoldiella sp. 9430 £65  71+21 10,574~ 1 10,668 10741 Haldetal, 1996
10,741
TUa-951 T79-51/2 226 Yoldiella sp. 999590 7121 11,274~ 0976 11,508 11,608 Hald et al, 1996
11,621 0.024
11,679
11,689
TUa-952 T79-51/2 252 Yoldiella lenticula 10405+95 7121 12,107- 0953 12,276 12276 Haldetal, 1996
12,423 0,047
12,496~
12516
TUa-1121 T-79:51/2 288 Yoldiela sp. 1056090 7121 12418~ 1 12,513 12513 Haldetal, 1996
12,645
NSRL-2057  T-79-51/2 318 Nuculana sp. 1062070 7121 12,547~ 1 12,599 12599  Haldetal, 1996
12,678

For all cores the core top age was set to the year of coring. The age of the Vedde ash is taken from Rasmussen et al. (2006). Y4 C AMS dates not used for the age calculations are shown in italic.
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