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Stratigraphic Occurrences of Sub-Polar Planktic Foraminifera in Pleistocene Sediments on the Lomonosov Ridge, Arctic Ocean
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Turborotalita quinqueloba is a species of planktic foraminifera commonly found in the sub-polar North Atlantic along the pathway of Atlantic waters in the Nordic seas and sometimes even in the Arctic Ocean, although its occurrence there remains poorly understood. Existing data show that T. quinqueloba is scarce in Holocene sediments from the central Arctic but abundance levels increase in sediments from the last interglacial period [Marine isotope stage (MIS) 5, 71–120 ka] in cores off the northern coast of Greenland and the southern Mendeleev Ridge. Turborotalita also occurs in earlier Pleistocene interglacials in these regions, with a unique and widespread occurrence of the less known Turborotalita egelida morphotype, proposed as a biostratigraphic marker for MIS 11 (474–374 ka). Here we present results from six new sediment cores, extending from the central to western Lomonosov Ridge, that show a consistent Pleistocene stratigraphy over 575 km. Preliminary semi-quantitative assessments of planktic foraminifer abundance and assemblage composition in two of these records (LOMROG12-7PC and AO16-5PC) reveal two distinct stratigraphic horizons containing Turborotalita in MIS 5. Earlier occurrences in Pleistocene interglacials are recognized, but contain significantly fewer specimens and do not appear to be stratigraphically coeval in the studied sequences. In all instances, the Turborotalita specimens resemble the typical T. quinqueloba morphotype but are smaller (63–125 μm), smooth-walled and lack the final thickened calcite layer common to adults of the species. These results extend the geographical range for T. quinqueloba in MIS 5 sediments of the Arctic Ocean and provide compelling evidence for recurrent invasions during Pleistocene interglacials.
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INTRODUCTION

The diversity of planktic foraminifera in polar oceans is lower than in mid- and low latitude settings, with assemblages generally dominated by Neogloboquadrina pachyderma, followed by Globigerenita uvula, with occasional contributions of Turborotalita quinqueloba and Globigerina bulloides (Eynaud, 2011; Husum and Hald, 2012; Schiebel et al., 2017). In the Arctic Ocean and its marginal seas (Figure 1), N. pachyderm dominates planktic assemblages in both plankton tows and surface sediment samples (Carstens and Wefer, 1992; Stein, 2008; Figure 2). T. quinqueloba has been recovered in plankton tows from the Nansen Basin (Volkmann, 2000b) and Laptev Sea (Carstens and Wefer, 1992) but is scarcely recognized in Holocene sediments from the inner Arctic Ocean (Nørgaard-Pedersen et al., 2007; Stein, 2008; Adler et al., 2009; Eynaud et al., 2009). It is commonly described as a sub-polar species, abundant in the North Atlantic, in areas of the Nordic Seas influenced by inflowing Atlantic waters (Kucera et al., 2005a; Pados and Spielhagen, 2014), and in proximity to the marginal ice zone (Risebrobakken and Berben, 2018; Figure 2).
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FIGURE 1. Map of the Arctic Ocean illustrating sites where Turborotalita species have been described in Arctic Pleistocene sediments (yellow circles) and the new records presented in this manuscript (red circles). Yellow squares are box cores where abundances of Turborotalita quinqueloba were described in surface sediments by Nørgaard-Pedersen et al. (2007). References for published records are: P1-92- cores (Cronin et al., 2014), T3- cores (Herman, 1974). HYL0503-08 (Adler et al., 2009), HYL0503-06 (Cronin et al., 2013), ACEX (Eynaud et al., 2009), 96/12-PC (Jakobsson et al., 2001), LOMROG07-4PC (Hanslik, 2011), and GreenIce (Nørgaard-Pedersen et al., 2007). SEM images of representative species of T. quinqueloba from MIS 5 and MIS 11 were acquired from two sites in the Norwegian-Greenland Seas (M23455, M23063) (white circles) and are shown in Figure 7. AR, Alpha Ridge; LR, Lomonosov Ridge; MR, Mendeleev Ridge; MJR, morris jesup rise; NWR, Northwind Ridge.
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FIGURE 2. Distribution of Neogloboquadrina pachyderma and T. quinqueloba in high northern latitude surface sediments. Gridded distributions produced with Ocean Data View (http://odv.awi.de) (Schlitzer, 2018) using the database from Kucera et al. (2005a) and published in Kucera et al. (2005b).



Increased abundances of T. quinqueloba are found in some inner Arctic sediment records during older Pleistocene interglacials (Herman, 1974; Poore et al., 1993, 1994; Jakobsson et al., 2001; Backman et al., 2004; Adler et al., 2009; Hanslik, 2011). In sediment cores recovered close to the Greenland margin (GreenICE core 11, LOMROG07-4PC), T. quinqueloba is particularly prolific in MIS 5.1 (∼82 ka), and 5.5 (∼123 ka) (Nørgaard-Pedersen et al., 2007; Hanslik, 2011; Figure 1). It appears earlier than MIS 5 in records from the westernmost Lomonosov Ridge off Greenland (LOMROG07-4PC) (Hanslik et al., 2013; Löwemark et al., 2016) and in many records from the western Arctic Ocean (Herman, 1974; Poore et al., 1993), but the timing of these events remains ambiguous.

A less well-known morphotype of Turborotalita, Turborotalita egelida (Cifelli and Smith), has also been identified in pre- MIS 5 sediments from the Northwind Ridge, Mendeleev Ridge, and the Lomonosov Ridge off Greenland (Cronin et al., 2013, 2014; Polyak et al., 2013; Figure 1). Its apparently unique stratigraphic occurrence has been proposed as a marker for MIS 11 (474–374 ka) (Cronin et al., 2013, 2014; Polyak et al., 2013). This not only suggests rather anomalous paleoceanographic conditions in the western and central Arctic Ocean during MIS 11, but potentially provides an important biostratigraphic event for correlation and dating of Arctic sediments (Polyak et al., 2013; Cronin et al., 2014). This is particularly important, as many of the more common Quaternary marine dating and correlation methods have unique problems in the Arctic (Backman et al., 2004; Alexanderson et al., 2014). These include the sporadic occurrence and limited diversity in many microfossil assemblages, the inability to generate a continuous and interpretable oxygen isotope stratigraphy from these assemblages, and the complex sequence of high frequency geomagnetic polarity reversals seen in many Arctic records (Clark, 1970; Spielhagen et al., 2004; O’Regan et al., 2008a; Xuan and Channell, 2010; Xuan et al., 2012) that are difficult to reconcile with the global geomagnetic polarity time scale or excursion records in the Quaternary (O’Regan et al., 2008a).

Despite difficulties in dating Arctic sediments, it is widely recognized that downcore lithologic variability can be correlated across large spatial distances (Clark et al., 1980; Sellén et al., 2010). For example, lithologic correlations between widely spaced cores exist for the Northwind Ridge (Phillips and Grantz, 2001), East Siberian and Chukchi margins (Schreck et al., 2018), Mendeleev and Alpha Ridges (Sellén et al., 2010), and eastern Lomonosov Ridge off Siberia (Stein et al., 2010). On the central Lomonosov Ridge, multiple records have been correlated to the longer Quaternary sequence recovered during ACEX (O’Regan et al., 2008a; Löwemark et al., 2012, 2014; Figure 3). Despite well-developed regional stratigraphies establishing the chronology of these sequences and the ability to correlate between regions, has proven very difficult.
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FIGURE 3. Bathymetric map of the central and western Lomonosov Ridge showing locations of sediment cores discussed in the text. Black circles are cores for which a coherent downhole lithostratigraphy is shown in Figure 5, or in the case of AO96-12PC has been illustrated in previous work (O’Regan et al., 2008a,b) and is shown in Figure 10. White circles are locations of other cores discussed in the text. Core AO16-12PC was collected at the location on the Lomonosov Ridge drilled in 2004 during ACEX. At the resolution of this map they are both represented by the same black circle.



On the central Lomonosov Ridge (Figure 3) there is a generally accepted late Quaternary (MIS 7 – present, 243–0 ka) chronology (Jakobsson et al., 2001; Spielhagen et al., 2004; O’Regan, 2011). It is anchored in the first appearance of the calcareous nannofossil Emiliana huxleyi in AO96-12PC (Jakobsson et al., 2000, 2001; Figures 1, 3). E. huxleyi evolved in sub-polar seas during MIS 8 (243–300 ka) (Thierstein et al., 1977), and its first occurrence in the Arctic is used to identify the last interglacial period (LIG) (MIS 5, 71–130 ka) (Backman et al., 2009). The acceptance of this age model, and the proposed first occurrence of E. huxleyi in the Arctic during MIS 5, is underpinned by subsequent constraints from optically stimulated luminescence dating of quartz grains from a nearby record (AO96-24SEL) (Figure 3; Jakobsson et al., 2003). The Quaternary age model for the ACEX record extended this chronological framework by combining long-term (Neogene) estimates of sedimentation rates derived from the decay of beryllium isotopes (10Be/9Be) (Frank et al., 2008) with cyclostratigraphic analyses of lithologic changes in the upper 20 m of the borehole (Backman et al., 2008; O’Regan et al., 2008a). The ambiguity of the paleomagnetic record, lack of an isotope stratigraphy, or biostratigraphic markers pre-dating MIS 5 leave notable uncertainty in this proposed Pleistocene chronology. The very limited occurrences of calcareous microfossils below MIS 5 in the ACEX record (and many surrounding sediment cores) have severely hampered our ability to correlate this stratigraphic sequence to more microfossil-rich sequences recovered from the western Arctic Ocean and in areas north of Greenland (Marzen et al., 2016).

This study is based on preliminary investigations into the downcore abundances of calcareous plantkic and benthic foraminifera undertaken on a series of sediment cores from the portion of the Lomonosov Ridge located north of Greenland (Figure 3). It is motivated by the observation that sediments recovered closer to the Greenland margin appear to have better preserved and more persistent downcore occurrences of calcareous foraminifera compared to those recovered in the region of ACEX (Cronin et al., 2008; Hanslik, 2011; Marzen et al., 2016). Critically, an initial screening of one of these records (LOMROG12-7PC) unexpectedly revealed Turborotalita specimens in Pleistocene sediments pre-dating the LIG. This warrants a closer look into the stratigraphic occurrences, abundances, and the taxonomic relationship of these specimens to morphotypes of T. quinqueloba and T. egelida.

Here we present lithostratigraphic results from six new sediment cores from the Lomonosov Ridge that show a consistent downhole stratigraphy that can be traced over 575 km from the ACEX borehole toward the northern Greenland margin (Figure 1). Semi-quantitative foraminifer abundance data is presented from two of these records (LOMROG12-7PC, AO16-5PC). Two distinct occurrences of the planktic foraminifer genus Turborotalita are found in these cores. Based on the chronology for the Quaternary section of ACEX, the occurrences are in MIS 5.1 and 5.5. An older occurrence of Turborotalita is also identified in both of these cores but it does not appear to be stratigraphically coeval. The morphology of specimens from all horizons resemble T. quinqueloba from the Nordic seas and not the T. egelida proposed as a biostratigraphic event marker for MIS 11.

MATERIALS AND METHODS

New sediment cores used in this study were collected during two icebreaker expeditions to the Arctic involving the Swedish icebreaker IB Oden. These were the joint Danish-Swedish Lomonosov Ridge off Greenland expedition in 2012 (LOMROG12) and the Canadian-Swedish Arctic Ocean 2016 (AO16) expedition with icebreakers IB Oden and the Canadian Louis S. St-Laurent (Figure 3 and Table 1). During LOMROG12, piston cores (PC) were collected in transparent polycarbonate liners with an outer diameter (OD) of 88 mm and an inner diameter (ID) of 80 mm. During AO16, a larger diameter piston coring system was used, where cores were collected in white PVC liners with OD/ID of 110/100 mm. The piston corer was usually rigged to recover 9 m of sediment, although full penetration and/or 100% recovery was never achieved. A shorter 0.75–1.5 m long “trigger weight core” (TWC) was deployed along with each piston core. This shorter coring tool advances ahead of the piston core, and when it reaches the seabed, a mechanical trigger is released, allowing the piston core to free-fall 2–3 m before hitting the seabed. Due to the slower penetration of the TWC, they often recover a less disturbed seawater-sediment interface.

TABLE 1. Core locations, water depths, and length.
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Sediment cores from LOMROG12 (LOMROG12-3PC/TWC, -6PC/TWC, -7PC, -12PC) were split and described on board. They were stored in a refrigerated container before being transferred to the cold storage room at Stockholm University at the end of the expedition. Sediment physical properties (Bulk Density, Magnetic Susceptibility, and P-wave velocity) were measured 2–3 months post-cruise on the archived split sections of the piston cores with a Geotek multi-sensor core logger (MSCL). Cores from AO16 (AO16-5PC and -12PC) were measured on board with a MSCL prior to splitting.

Archived sections from all the cores were scanned using an Itrax XRF core scanner at the Department of Geological Sciences, Stockholm University. XRF scanning was performed using a Mo tube set at 55 kV and 50 mA with a step size of 2 mm and an exposure time of 25 s. Elemental data were normalized by Ti, a conservative element commonly found in weathering resistant minerals, which consistently produces analytically reliable counting statistics on the Itrax XRF core scanner. After manually cleaning and removing poor quality measurements, the data were re-sampled at a resolution of 2 mm and smoothed with a 5-point running average.

Sediment grain size (2 μm–2 mm) was measured on cores LOMROG12-6PC at 1 cm downcore resolution, and on LOMROG12-7PC and -12PC at a 2 cm downcore resolution using a Malvern Mastersizer 3000 laser diffraction particle size analyzer. Wet samples were immersed in a dispersing agent (<10% sodium hexametaphosphate solution) and placed in an ultrasonic bath to facilitate particle disaggregation before analyses. The Malvern instrument was run with 30 s measurement duration at 5–12% obscuration level. The grain size data was analyzed based on Mie scattering in 71 size classes from 0.055 μm (very fine clay) to 3500 μm (coarse sand). Particle size classes were taken from European Standard EN ISO 14688-1:2018 (2018). Clay is defined as the 0–2 μm fraction, fine silt 2–6.3 μm, medium silt 6.3–20 μm, and coarse silt 20–63 μm.

Radiocarbon dates were acquired from 15 samples containing 400–700 specimens of N. pachyderma from LOMROG12-6PC/TWC, -7PC, and -12PC/TWC. They were measured at the Lund University Radiocarbon Dating Laboratory, Sweden (LuS), or Beta Analytic (Beta) (Table 2). Radiocarbon dates were converted to calendar ages using the Marine13 calibration curve (Reimer et al., 2013) and the CALIB 7.1 online radiocarbon calibration program (Stuiver et al., 2018). A ΔR of 400 ± 200 years was applied to all samples although it is acknowledged that this may underestimate the true marine radiocarbon reservoir age at the different coring sites, especially in glacial and deglacial sediments (Hanslik et al., 2010). All calibrated results are rounded to 10 years and reported at the 95.4% (2-sigma) confidence limit. Visual comparison and correlation of XRF scanning results were used to establish a composite depth scale for LOMROG12-6PC/TWC and for LOMROG12-12PC/TWC. In the composite depth scales (reported in meters composite depth – mcd), 6.5 cm were added to measured core depths in LOMROG12-6PC, and 5 cm to measured core depths in LOMROG12-12PC. No composite depth scale was generated for LOMROG12-7PC, as the TWC on this deployment came up empty.

TABLE 2. Radiocarbon dating results from LOMROG12 cores.
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Samples for foraminifera analyses were taken from LOMROG12-7PC and AO16-5PC using 2 cm wide, 10 cm3 plastic scoops. Extracted samples were freeze-dried, weighed, wet sieved over a 63 μm sieve and dried in an oven at 50°C for 2–3 h. Downcore sampling was generally conducted at a resolution of 8–10 cm but varied depending on core lithology. In some instances, the sampling resolution was increased in intervals where Turborotalita was identified. Semi-quantitative estimates of calcareous planktic and benthic and agglutinated foraminifera were made on the >125 μm fraction using a scale where: Abundant ≥50% of sample, Common >100 specimens, Few = 50–100 specimens, Rare <50 specimens, and Barren = 0 specimens. Absolute numbers of foraminifera have not been counted, and so no quantitative information on foraminifera/g of dry sediment is available. During this initial work, a few specimens of Turborotalita specimens were identified which motivated us to look at the smaller size fractions (63–125 μm) to establish its stratigraphic distribution. When Turborotalita were found in the 63–125 μm fraction, notes were made on the assemblage composition and its relative abundance in the smaller size fraction.

Scanning electron microscope images of representative specimens identified as Turborotalita in LOMROG12-7PC were obtained using a Philips XL-30- ESEM-FEG environmental scanning electron microscope housed at Stockholm University. Specimens were gold coated and imaged under high vacuum (10 kV) using a working distance of 11.2 mm. This was done to document test sizes and morphology to aid taxonomic assignment. Images were compared to the Turborotalita type material from the Cushman Collection held at the United States National Museum (USNM)1 and Pleistocene core samples from the Norwegian Greenland Sea.

RESULTS

Lithologic Correlation and Stratigraphy

Grain size provides a simple stratigraphic correlation tool for sediments from the central Arctic Ocean (Spielhagen et al., 2004; O’Regan et al., 2010). High-resolution measurements of sediment bulk density (O’Regan et al., 2008b; Sellén et al., 2010; Löwemark et al., 2014) and manganese content (Jakobsson et al., 2000; Löwemark et al., 2014) have also been extensively used to correlate sediment cores from the Lomonosov Ridge. Manganese, although susceptible to post-depositional remobilization, tends to be enriched in interglacial and interstadial sediments (Jakobsson et al., 2000; Löwemark et al., 2014), while grain size is suggested as the primary source of downcore variation in sediment bulk density (O’Regan et al., 2008a, 2014).

In the three grain-size records presented here (LOMROG12-6PC, -7PC, and -12PC), there is a high degree of correlation between bulk density and the coarse silt and sand content (cross-correlation coefficients for the mean removed and resampled data series between 0.823 and 0.898) and inverse correlation to the clay and fine silt content (-0.866 to -0.912) (Figure 4 and Table 3). Adding the fine silt fraction to the clay and the coarse silt fraction to the sand increases the cross-correlation coefficients in all three cores (Table 3). The same downcore variability seen in the bulk density and grain size data is also captured by the Zr/Ti ratio, commonly used as a proxy for grain size in marine and lacustrine sediments (Rothwell and Croudace, 2015; Chawchai et al., 2016).
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FIGURE 4. Downhole core records of bulk density, Zr/Ti, and grain size for three records from the Lomonosov Ridge. Grain size data is presented as the % volume of different size fractions. A high degree of correlation exists between all these parameters – supporting the use of bulk density or Zr/Ti as proxies for bulk grain size. The 2-sigma ranges of the oldest finite radiocarbon dates for each core are shown (yellow star). A complete list of radiocarbon dates for each core is given in Table 2. Core depths are reported in either meters beneath the seafloor (mbsf) or meters composite depth (mcd).



TABLE 3. Correlation coefficients between bulk density and grain size parameters.
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Despite large variations in sedimentation rate, downcore variations in bulk density and Zr/Ti can be correlated across a large stretch of the Lomonosov Ridge (Figure 5). Two relatively thick coarse-grained units (diamicts) are present in all of these cores (DA, DB in Figure 5). These diamicts are usually found in the upper few meters from the seafloor. Regionally, they contain intervals of light to dark gray sediments and variably colored coarse- and fine-grained laminae. Based on the current chronology from ACEX (O’Regan et al., 2008a; O’Regan, 2011), AO96-12PC (Jakobsson et al., 2001), and PS-2185-6 (Spielhagen et al., 2004; Figure 3), the lowermost diamict was deposited during MIS 6 (191–130 ka), and the uppermost one during MIS 3/4 (between ∼50 and ∼71 ka). Across the Lomonosov Ridge, radiocarbon dating has shown that deposition of the most recent diamict certainly ended prior to 40–50 ka (Nørgaard-Pedersen et al., 1998). This is consistent with the radiocarbon results presented for LOMROG12-6PC, -7PC, and -12PC/TWC (Figure 4 and Table 2).
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FIGURE 5. Stratigraphic correlation of multiple records across ∼575 km of the Lomonosov Ridge (see Figure 3 for core locations). Correlations are shown using the bulk density and Zr/Ti proxies for grain size. They are further supported by downcore changes in sediment color (images) as well as K/Ti and Mn/Ti profiles (Supplementary Information). The bold red correlative line indicates the position of a distinct fine-grained (95–100% clay) peach colored layer (labeled PL). Greek symbols (α, β, γ) highlight a correlative sequence of grain size and color variations that are recognized above the fine-grained peach colored layer (PL). The two diamicts found near the top of all the cores are labeled DB and DA.



Below the lowermost diamict (DB), there is a characteristic sequence of 3 rather rounded, coarser-grained, tan colored units (α, β, γ) (Figure 5). These features are present, but less well expressed, in the more compressed (lower-sedimentation rate) records of LOMROG12-3PC and AO16-05PC. The base of this sequence coincides with a very fine-grained unit of peach colored clay that can be seen visually or recognized by its low bulk density (red line labeled PL in Figure 5). Below this level, correlations between the cores become more tenuous, as many records exhibit far less pronounced variations in grain size or the respective proxies (bulk density and Zr/Ti). The general correlation between these cores based on the grain size proxies of bulk density and Zr/Ti are further supported by K/Ti and Mn/Ti (Supplementary Figures S1, S2).

Planktic Foraminifera

LOMROG12-7PC: Observations on the >63 μm fractions in LOMROG12-7PC revealed that planktic foraminifera are common to abundant down to 1.78 m subsurface, below which they become rare to common or absent (Figure 6). Benthic foraminifera are also relatively common in the upper 1.78 m and rare to absent below. Assemblages of planktic foraminifera are dominated by N. pachyderma, with are variety of morphotypes found, including large five-chambered, and small non-encrusted morphotypes described previously in the ACEX record by Eynaud et al. (2009).
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FIGURE 6. Relative foraminifer abundance (>125 μm) and occurrences of Turborotalita (63–125 μm) in (A) LOMROG12-7PC and (B) AO16-5PC. Pf, planktic foraminifera; Bcf, benthic calcareous foraminifera; Baf, benthic agglutinated foraminifera. Numbers on the relative abundance scales correspond to: 5, abundant; 4, common; 3, few; 2, rare; 1, barren. The close association of bulk density and the coarse silt + sand content is shown for LOMROG12-7PC. Correlative stratigraphic features between these two cores are taken from Figure 5. Occurrence zone of N. pachyderma and Turborotalita spp. are shown alongside each core.



There are three intervals in LOMROG12-7PC where Turborotalita is recorded: section 2, 7–9 cm to 17–19 cm (0.88–0.98 mcd); section 2, 81–83 cm to 91–93 cm (1.62–1.72 mcd); and section 3, 122–124 cm to 134–136 cm (3.54–3.66 mcd). In all cases the specimens referred to as Turborotalita are almost exclusively in the 63–125 μm fraction. Occasionally, 1–2 individuals are found in the >125 μm fraction. In the 63–125 μm fraction, Turborotalita represent a minor component (up to 20–40%) of assemblages, otherwise dominated by N. pachyderma, with a lower overall foraminifera abundance (rare to common) in the deeper stratigraphic levels compared to the two shallower occurrences (common to abundant).

AO16-5PC: Common to abundant planktic foraminifera occur in the >63 μm size fraction down to a depth of 3.40 m in AO16-5PC. This level is stratigraphically lower than the common to abundant zones in LOMROG12-7PC (Figure 6). Increased abundances of benthic calcareous foraminifera co-occur with the planktics through this interval. Expectedly, foraminifera become rare or absent from the two diamict units. Planktic assemblages are again dominated by morphotypes of N. pachyderma.

Similar to LOMROG12-7PC, there are three intervals in AO16-5PC where Turborotalita species are identified: section 1, 94–104 cm (0.94–1.04 m); section 1, 142 cm to section 2, 2 (1.42–1.54 m); and section 3, 130–136 cm (2.82–2.88 m). Again, specimens of Turborotalita are almost exclusively in the 63–125 μm fraction with only a few examples found in >125 μm fraction. Relative abundances of Turborotalita species are highest in the interval 1.42–1.54 m, where they are well preserved and account for 30–50% of the foraminifera in the 63–125 μm fraction. Relative abundances are less in the overlying interval (0.94–1.04 m) where they account for approximately 5–30% of individuals in the 63–125 μm fraction and vary between samples. The lowermost interval (2.82–2.88 m) contains less abundant foraminifera. The planktic assemblage is dominated by morphotypes of N. pachyderma found in the >125 μm fraction. Substantial amounts of pyrite were noted in these samples and extremely rare occurrences (<10 individuals) of Turborotalita were found in the 63–125 μm fraction.

Morphological Observations

The Turborotalita species found in LOMROG12-7PC and AO16-5PC show morphological characteristics indicative of the species T. quinqueloba (Natland). SEM micrographs of representative morphologies from several samples from LOMROG12-PC07 are presented (Figures 7, 8, all specimens to scale). Taxonomically important features include enrolled coiling and an ampulate final chamber that extends into the umbilicus. Close-up images of the wall textures reveal spine bases confirming the presence of spines and thus affinity to family Globigerinidae (Figure 7, image 8; Figure 8, image 10). An important observation is that the central Arctic forms are typically small (mostly <125 μm), have smooth wall surfaces between spine bases and appear translucent under the light microscope. This contrasts with T. quinqueloba from low latitude and subpolar regions, which include many individuals larger than 125 μm that exhibit a covering of gametogenic calcite (referred to as a “smooth calcite crust” by Olsson and Hemleben (2006) creating a thickened and heavily textured appearance (Figure 7, images 13–15). AO16-5PC counterparts fall into similar size categories and have similarly good preservation to those from LOMROG12-7PC (not shown).
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FIGURE 7. SEM images of Turborotalita from Arctic and Sub-Arctic cores. Images 1–12; Well-preserved examples of T. quinqueloba from Sample LOMROG12 PC 0.7–2 cm and 7–9 cm (0.88 mbsf), probable MIS 5.1. Note these specimens lack an outer gametogenic crust typical of this species (compare to images 13 and 14) but often have the diagnostic ampulate final chamber. Images 1–2, 3–4, 6–8, and 9–10 are different views of the same specimen. The close-up test wall view (8) reveals a broken spine and spine bases diagnostic of the spinose wall texture of T. quinqueloba. Images 13 and 14 are T. quinqueloba from Core M23455, 309.25 cm subsurface, MIS 5, eastern Fram Strait (Van Nieuwenhove et al., 2011). Image 15 is T. quinqueloba from Core M23063, 733 cm subsurface, MIS 11, eastern Norwegian Greenland Sea (Bauch, 1997; Kandiano et al., 2012). Samples from M23063 and M23455 were provided by Antastasia Zhuravleva, GEOMAR Helmholtz Centre for Ocean Research, Kiel, Germany
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FIGURE 8. SEM images of Turborotalita from the Lomonosov Ridge off Greenland in the Arctic Ocean. Images 1–13; Examples of T. quinqueloba from Sample LOMROG12-PC07, section 3, 114–116 cm (3.46 mbsf), probable MIS 9. Note these specimens lack the outer crust typical for this species but often have the diagnostic ampulate final chamber. Images 1–2, 3–4, 7–8, and 10–12 are different views of the same specimen. The close-up test wall view (10) reveals spine bases separated by smooth areas of test surface. Image 13 appears to be an aberrant form of T. quinqueloba. Images 14–16 are from LOMROG12-PC07, section 3, 114–116 cm (3.46 mbsf) proposed as MIS 9 age. Surfaces of the older specimens show traces of etching that can be likely attributed to partial dissolution.



The Turborotalita from LOMROG12-7PC and AO16-5PC are substantially smaller than the Arctic specimens referred to as T. egelida, which also have a more rounded final chamber and a more open umbilicus (Cronin et al., 2014; Figures 9c,d). Notable variability exists between individual test morphologies in LOMROG12-7PC, and we do find examples having more rounded final chambers (Figure 7, image 6). These specimens are closer to the examples of T. egelida reported on the Northwind Ridge (Cronin et al., 2014), which show affinities with Cifelli and Smith (1970) holotype described from the North Atlantic (originally Globigerina egelida; Figure 9). However, small specimens having a rounded final chamber are also part of the MIS 5 populations of T. quinqueloba described in a Fram Strait core (Figure 7, image 14), implying both these morphologies occurred in the Norwegian Greenland Sea populations.
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FIGURE 9. (a) SEM and (b) light microscope images of the holotype of T. quinqueloba (Natland), USNM 3154044. (c) Type illustration of the holotype of Globigerina egelida Ciffelli and Smith (specimen lost from the USNM collection, Brian Huber, pers comm.). (d) SEM image of a paratype of G. egelida Ciffelli and Smith (USNM 179188). (e) A specimen identified as Turborotalita egelida from an interval interpreted as MIS 11 in core LOMROG07-4PC, 289–288 cm off Northern Greenland (Hanslik, 2011; Cronin et al., 2014). (f) Close up of image of (e) showing remnant spines indicative of the spinose family Globigerinidae.



DISCUSSION

Morphology and Taxonomy

The morphologies of Turborotalita specimens from all horizons fall within the recognized variability of living and fossil assemblages of T. quinqueloba from sub-polar seas. The main difference between these populations and the previously identified T. egelida zone in Arctic sediments (Cronin et al., 2014) appears to be in the low number of individuals, their small size and the tendency to possess an ampulate final chamber, which T. egelida lacks (Figure 9). Furthermore, where identified, T. egelida has been abundant in the larger (>150 um) size fractions and dominated the planktic foraminifera assemblages (Cronin et al., 2014).

The taxonomic and biological relationship between the reported T. egelida (evolute, large, and open umbilicus) and T. quinqueloba morphotypes remains unclear. Molecular studies have distinguished two cool water Turborotalita genotypes in the North Atlantic and Nordic Seas, including one species with bipolar distribution (Type IIa) and a distinct North Atlantic genotype (Type IIb) (Darling and Wade, 2008). It is unknown whether these genetic differences relate to observable morphological traits. It is possible that they are distinct, implying more than one species of Turborotalita that could have invaded the Arctic Ocean during warm periods of the Pleistocene. Resolving these taxonomic differences is particularly important for establishing the biostratigraphic significance of these events and for unraveling the environmental conditions that they represent.

At present T. quinqueloba shows maximum abundance in the Nordic seas along oceanic fronts, in particular the Arctic Front that separates Atlantic and Arctic Water masses (Johannessen et al., 1994; Pados and Spielhagen, 2014; Risebrobakken and Berben, 2018; Figure 2). The recorded incursions of Turborotalita in sediment cores from north of Greenland and on the Lomonosov Ridge were likely sourced from this stock. It is unlikely that their occurrence in the inner Arctic can be explained by advection of subpolar foraminifera from the Nordic Seas, and they likely represent a resident population as suggested by Kandiano and Bauch (2002) and Nørgaard-Pedersen et al. (2007). Their dominance in sediment cores from north of Greenland is certainly difficult to reconcile with the counter-clockwise circulation pathway for Atlantic water in the Arctic (Nørgaard-Pedersen et al., 2007). Other arguments against large-scale expatriation is that immature specimens would sink with their cytoplasm and the associated bacterial oxidation would result in dissolution of the thin test in the water column or at the seafloor (Michal Kucera, pers. comm.). Moreover, advection should transport a combination of growth stages while we observe T. quinqueloba of similarly small test sizes. It is more likely that these pulses indicate times of anomalously warm paleoceanographic conditions, perhaps with more open water and higher primary production sufficient to support endemic T. quinqueloba populations as first argued by Nørgaard-Pedersen et al. (2007). However, the small size and absence of a typical gametogenic thickening suggests a different life history and even reproductive strategy. One possibility is that these were asexually reproducing forms. Asexual reproduction, common in benthic foraminifera, has been observed only once in planktic foraminifera in the species Neogloboquadrina incompta (Kimoto and Tsuchiya, 2006; Schiebel and Hemleben, 2017). It’s entirely unknown whether T. quinqueloba does this but perhaps asexual generation is an important strategy employed to survive the extremes and narrow limited growth periods of the central Arctic Ocean. The idea of resident central Arctic populations is also more consistent with observations of recurrent zones containing T. quinqueloba in numerous sediment cores from the western Arctic (Northwind and Mendeleev Ridges) (Herman, 1974; Poore et al., 1993; Adler et al., 2009) that are further removed from Atlantic water gateways into the Arctic.

Stratigraphic Occurrence

A novel aspect of this study is that the occurrences of Turborotalita are found within sediment cores that exhibit the same lithostratigraphy as at the ACEX site. This allows us to evaluate the coeval nature of their occurrences and provisionally date them through correlation to the cyclostratigraphic age model derived for ACEX (O’Regan et al., 2008a). Based on this correlation, coeval appearances of Turborotalita species are found in LOMROG12-7PC and AO16-5PC during MIS 5 (very likely during substages 5.1 and 5.5), while earlier Pleistocene occurrences do not appear to be constrained to the same stratigraphic interval (AO16-5PC – MIS 11; LOMROG12-7PC – MIS9/10) (Figure 10).
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FIGURE 10. (A) Summary stratigraphy from the upper 10 m of the ACEX borehole showing the composite core image and Planktic foraminiferal (Pf) abundance (individuals per dry gram of sediment) (Eynaud et al., 2009). (B) Bulk density data from ACEX (black), AO96-12PC (green), LOMROG12-7PC (blue), and AO16-5PC (red) are shown. They have been migrated onto the ACEX depth scale based on the stratigraphic correlation illustrated in Figure 5. The ACEX depth scale is the revised meters composite depth (rmcd) published for ACEX (O’Regan et al., 2008b). The location of the Turborotalita zones in LOMROG12-7PC and AO16-5PC are highlighted. (C) Age model for the upper 10 m of the ACEX borehole (O’Regan et al., 2008b) highlighting the interpreted depth intervals spanning MIS 5 and MIS 11. Global benthic oxygen isotope record and MIS boundaries are from Lisiecki and Raymo (2005). Atmospheric CO2 concentrations are from a compilation of Antarctic ice core records (Lüthi et al., 2008). Two occurrences of Turborotalita in the LOMROG12-7PC and AO16-5PC appear to be stratigraphically coeval during MIS5, while the earlier occurrence in AO16-5PC appears older (MIS 11) compared to LOMROG12-7PC (MIS 9).



The occurrences in MIS 5, very likely representing MIS 5.1 and 5.5, are consistent with occurrences of T. quinqueloba in AO96/12-1PC (Jakobsson et al., 2001; Backman et al., 2004), Green-Ice-11 (Nørgaard-Pedersen et al., 2007), LOMROG12-PC04 (Hanslik, 2011) and HLY0503-06 (Adler et al., 2009; Figure 1). Their generally small size matches observations made by Nørgaard-Pedersen et al. (2007) who found pulses of similarly small T. quinqueloba (63–125 μm) in GreenIce-11. Hanslik (2011) also found numerous intervals containing small T. quinqueloba in LOMROG07-4PC recovered closer to the Greenland margin on the Lomonosov Ridge than cores investigated in this study (Figures 1, 3). In the initial age model for LOMROG07-4PC, these occurrences were in MIS 5, 7, and 9 (Hanslik, 2011; Löwemark et al., 2016). However, Hanslik (2011) recognized morphological differences between specimens in the lowermost interval, which were later interpreted as T. egelida and re-assigned to MIS 11 by Cronin et al. (2014).

The lower occurrence in LOMROG12-7PC is tentatively dated to MIS 9/10, while in AO16-5PC a few specimens are found in stratigraphically deeper sediments, assigned to MIS 11 (Figure 10). The MIS 9/10 occurrence in LOMROG12-7PC are stratigraphically coeval with elevated abundances of planktic foraminifera in the ACEX record, in which very few calcareous foraminifera were found in sediments older than MIS 1-3 (Cronin et al., 2008; Eynaud et al., 2009; Figure 10). Given the uncertainty in the cyclostratigraphic age model developed for ACEX, and relatively low inferred sedimentation rates in these new records, the older occurrences either align with (AO16-5PC) or are close to (LOMROG12-7PC) the assigned MIS 11 age for the T. egelida zone in western Arctic Ocean sediments (Cronin et al., 2014). However, dating of the T. egelida zone is also based on counting lithostratigraphic cycles interpreted to reflect successive glacial and interglacial cycles (Polyak et al., 2013). A problem with these cyclostratigraphic approaches lies in confidently resolving interglacial/glacial from interstadial/stadial deposits. Misinterpretations can easily introduce errors into the age models that exceed a single glacial cycle. Back to MIS 14, the cyclostratigraphic age model for ACEX is consistent with an earlier attempt to correlate Mn cycles in core 96/12-1PC on the Lomonosov Ridge to the Pleistocene MISs (Jakobsson et al., 2000; O’Regan et al., 2008a; Löwemark et al., 2014). However, no independent age control yet exists to verify these age models.

Recently, Hillaire-Marcel et al. (2017) published estimates of sedimentation rates at a nearby core on the Lomonosov Ridge (PS87/30, Figure 3) from extinction ages for 230Th and 231Pa. They use these results to argue for much lower late Quaternary sedimentation rates (4.3 mm /kyr) than reported for similar aged sediments from ACEX (2–3 cm/ka) (O’Regan et al., 2008a). However, further stratigraphic information is required to effectively evaluate these findings. Large regional variations in sedimentation rate can be expected and are seen in the lithostratigraphic correlations across this portion of the Lomonosov Ridge (Figure 5). For example, the depth to the base of the lower diamict (DB) is ∼4.6 m at ACEX and only ∼1.2 m at LOMROG12-3PC. If the age assignment is correct (190 ka), this results in sedimentation rates between 2.42 cm/kyr (ACEX) and 0.63 cm/kyr (LOMROG12-3PC). While more progress on dating is needed to resolve boundaries of Pleistocene glacial/interglacial cycles in most Arctic sediment cores, the fact that N. pachyderma routinely exists prior to the earliest Turborotalita occurrences in both these cores certainly suggests the sediments are younger than late to middle Pleistocene in age. For example, genetic studies indicate that the modern N. pachyderma genotype found in northern polar regions evolved <1.5–1.8 Ma (Darling et al., 2007). Furthermore, it has long been argued that N. pachyderma adapted to coldwater conditions in the Norwegian-Greenland Seas between 1.0 and 1.1 Ma (Huber et al., 2000b).

Based on the size and morphological characteristics, specimens from MIS 5 and older occurrences all appear more similar to T. quinqueloba from the Nordic Seas than to T. egelida described from western Arctic and northern Greenland cores. No discernable difference seems to exist between the more abundant occurrences in MIS 5 and the earlier Pleistocene specimens from LOMROG12-7PC or AO16-5PC. As such, despite our initial excitement at finding Turborotalita spp. in two cores that share a coherent lithostratigraphy with the ACEX borehole, we do not think they represent the unique T. egelida zone that is a proposed biostratigraphic event marker in other parts of the Arctic (Cronin et al., 2014).

Paleoceanographic Implications

Nørgaard-Pedersen et al. (2007) argued that the large numbers of T. quinqueloba in GreenIce-11 suggests less severe perennial sea-ice conditions north of the Canada-Greenland margin during MIS 5. The coeval MIS 5 occurrences of T. quinqueloba in LOMROG12-7PC and AO16-5PC extend the geographical range over which this sub-polar planktic foraminifera is identified in the Arctic Ocean, indicating a much wider region of anomalous oceanographic conditions. A remarkable observation concerning these MIS 5 assemblages is that they tend to far exceed the abundance of T. quinqueloba found in Holocene core top sediments. In GreenIce-11, T. quinqueloba accounted for 20–35% of the >63 μm foraminifera assemblage in MIS 5.1 and 40–50% in MIS 5.5, but only 1% of the Holocene assemblage. This observation was supported by equally low numbers found in Holocene sediments from a series of box cores from the central Lomonosov Ridge and Eurasian Basin (Figure 1; Nørgaard-Pedersen et al., 2007). Our relative abundances are in line with these observations, and we note that no T. quinqueloba were found in the Holocene age core top sediments of LOMROG12-7PC or AO16-5PC.

The earlier Pleistocene appearances, currently dated between MIS 9 and 11 in LOMROG12-7PC and AO16-5PC, would also suggest more reduced sea-ice conditions, or similar anomalous paleoceanographic conditions in the Arctic, during earlier Pleistocene interglacials. Interglacials associated with MIS 5, 9, and 11 are all recognized as periods of pronounced warming in the Pleistocene (Figure 10; Past Interglacials Working Group of Pages, 2016). Further insights into the paleoceanographic conditions during Pleistocene interglacials require additional work to document absolute abundances and assemblage compositions in these new records. These studies would benefit from the incorporation of additional cores from this region of the Lomonosov Ridge where better preservation of calcareous foraminifera are recorded, compared to the central region where ACEX was drilled.

The need for additional records comes from the sporadic occurrence of calcareous foraminifera both within and between sediment cores. For example, first order differences in relative foraminifera abundances are seen in stratigraphically coeval sections of LOMROG12-7PC and AO16-5PC, particularly between the DB and the peach colored clay layer (PL) (Figure 6). This could reflect differences in productivity or could arise from variable rates of seafloor/post-depositional dissolution. Carbonate dissolution is often discussed in Arctic paleoceanography (Cronin et al., 2008) but has not yet been investigated in a level of detail comparable to regions like the Norwegian-Greenland Sea (Huber et al., 2000a). Many records from the central Arctic do appear to be severely affected by carbonate dissolution. This includes the ACEX record where over 1000 planktic foraminifera were found in each dry gram of sediment in MIS 1-3, but <1–2 individuals/g in selected intervals of older sediments (Eynaud et al., 2009; Figure 10).

Dissolution may be particularly problematic for the small thin-shelled specimens of T. quinqueloba. Volkmann (2000a) has suggested that low abundances of T. quinqueloba in surface sediments from the eastern Arctic, compared to their abundance in multi-net tows, may reflect this susceptibility to dissolution in the water column. Post-burial dissolution may also be a significant factor in their downcore occurrence where local changes in carbon export and burial at the seafloor may influence selective dissolution in some intervals. This may explain the apparent stratigraphic offset in the deeper occurrence of T. quinqueloba between LOMROG12-7PC and AO16-5PC. A broader and more detailed (quantitative) study of foraminifera abundances and assemblage composition from sediment cores on the Lomonosov Ridge off Greenland could help establish whether T. quinqueloba routinely entered the central Arctic during Pleistocene interglacials, or whether they were confined to specific MISs. The coherent lithostratigraphy found across this region of the Lomonosov Ridge (Figure 5) can facilitate these inter-site comparisons.

CONCLUSION

Three stratigraphic occurrences of the sub-polar planktic foraminifera genus Turborotalita are documented in two sediment cores from the Lomonosov Ridge. Turborotalita are not found in core top and Holocene samples from these cores. Based on the Pleistocene age model for ACEX, Turborotalita occurs in both cores during MIS 5.1 and 5.5, consistent with observations made on sediment cores located closer to the Greenland margin. An earlier Pleistocene occurrence does not appear to be stratigraphically coeval, occurring in MIS 9/10 in LOMROG12-7PC and MIS 11 in AO16-5PC.

Morphological observations on individual tests indicate a close affinity with T. quinqueloba from the Nordic Seas. The specimens differ from descriptions of T. egelida in the western Arctic, which is proposed as a marker for MIS 11 (Polyak et al., 2013; Cronin et al., 2014).

The occurrences of T. quinqueloba in LOMROG12-7PC and AO16-5PC further document the incursion of sub-polar planktic foraminifera into the central Arctic during some Pleistocene interglacials. We emphasize the importance of conducting T. quinqueloba analyses in both the >125 μm and <125 μm sediment fractions due to the often small size of this species in the central Arctic. Given its apparently narrow range of environmental and oceanic tolerances, this species has enormous potential for reconstructing regional Arctic Ocean climate during interglacials, including sea ice extent and northward penetration of warm water masses.

Future work is needed to (1) determine the taxonomic relationships between T. quinqueloba and T. egelida, (2) acquire additional age control to anchor the earlier appearances of Turborotalita, and (3) establish whether the intermittent occurrence in Pleistocene interglacials reflects anomalous oceanographic conditions or is a consequence of post-depositional dissolution.
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FIGURE S1 | Stratigraphic correlation of multiple records across ∼575 km of the Lomonosov Ridge. Here the K/Ti ratio from XRF-scanning data is illustrated using the correlations presented in Figure 5 of the manuscript. The bold red correlative line indicates the position of a distinct fine-grained (95–100% clay) peach colored layer (labeled PL). Greek symbols (α, β, γ) highlight a correlative sequence of grain size and color variations that are recognised above the fine-grained peach colored layer (PL). The two diamicts found near the top of all the cores are labeled DB and DA.

FIGURE S2 | Stratigraphic correlation of multiple records across ∼575 km of the Lomonosov Ridge. Here the Mn/Ti ratio from XRF-scanning data is illustrated using the correlations presented in Figure 5 of the manuscript. The bold red correlative line indicates the position of a distinct fine-grained (95–100% clay) peach colored layer (labeled PL). Greek symbols (α, β, γ) highlight a correlative sequence of grain size and color variations that are recognised above the fine-grained peach colored layer (PL). The two diamicts found near the top of all the cores are labeled DB and DA.

FOOTNOTES

1	https://collections.nmnh.si.edu/search/paleo/
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