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Abstract

:

The penultimate glaciation (marine isotope stage (MIS) 6) is considered regionally extreme compared to the last glacial maximum, in which the European ice sheets had a vast areal extent. In contrast to the last deglaciation (19–7 ka), the penultimate deglaciation (140–130 ka) hosts one of the most rapid oceanographic changes of the late Pleistocene. In this study, we reconstructed changes in the near-surface and thermocline in the central to northeast Atlantic by analyzing sediments from two Integrated Ocean Drilling Program Expedition 306 sites. Sites U1313 (41°00.6′ N, 32°57.4′ W) and U1314 (56°21.9′ N, 27°53.3′ W) were drilled on the eastern flank of the mid-Atlantic ridge and Gardar Drift of the eastern subpolar North Atlantic, respectively. We analyzed planktonic foraminiferal assemblages, ice-rafted debris (IRD), and oxygen isotopes in two planktonic foraminifers, Globigerina bulloides, and Globorotalia inflata, from MIS 6 to 5e (185–115 ka). Warmer and colder sea-surface conditions were marked by a change in the relative abundance of polar, subpolar, and transitional planktonic foraminifers. Oxygen isotopes in G. bulloides and G. inflata suggest that the thermocline deepened at the subtropical Site U1313 during MIS 6. The lack of Globorotalia inflata prevented us from profiling the mixed layer and thermocline at the subpolar Site U1314. In contrast to MIS 6, the mixed layer and thermocline were re-stratified during the last interglacial. The lack of major IRD events at both sites suggests the stability of the Laurentide ice sheet during MIS 6 compared to the subsequent glaciation. The presence of Heinrich event 11 indicates the discharge of freshwater that freshened the sea surface, resulting in mixing between the mixed layer and thermocline. Our results were placed into a broader context using published data that shed light on the sensitivity of freshwater discharge to the North Atlantic and the following changes with a transition from a penultimate glacial to an interglacial period in surface circulation.






Keywords:


MIS 6 and 5e; subpolar and subtropical gyre; foraminiferal assemblages; oxygen isotopes; ice-rafted debris












1. Introduction


Past studies suggest that the European ice sheets attained their largest extent during the penultimate glaciation (MIS 6) compared to the last glacial maximum of the last glacial cycle [1,2]. Consequently, the numerous ice-rafted debris (IRD) events identified on the European continental margin of the North Atlantic were attributed to the instability of the European ice sheets during MIS 6. Using sediments from the Ocean Drilling Program (ODP) Site 980 at Feni Drift, McManus et al. [3] documented minor IRD peaks, sea-surface cooling, and freshening, yet these IRD events are subdued compared to the IRD events (i.e., Heinrich events) of the last glacial cycle. Further, Mokkedem and McManus [4] also reported five IRD peaks from the eastern subpolar gyre at ODP Site 984 on the Bjorn Drift during MIS 6. The authors suggested that these IRD events were equivalent to the Dansgaard–Oeschger interstadial events of the last glacial cycle [5,6]. However, the lack of detrital carbonate grains suggests that those IRD events originated from the European ice sheets. Using a suite of paleo proxies, including the concurrent planktonic and benthic foraminiferal oxygen isotopes, Mokkedem and McManus [4] suggested diminished stratification between the surface and deep waters in the Iceland Basin. Kandiano and Bauch [7] have reported various sea-surface characteristics from core M23414 within the transitional water of the North Atlantic. However, the millennial-scale events recorded at Site 984 and their impact on the sea-surface characteristics are incompletely understood due to the coarse temporal resolution. In the subtropical region of the central North Atlantic at Deep Sea Drilling Project (DSDP) Site 607, the southern edge of the so-called IRD belt, Ruddiman et al. [8] reported foraminiferal assemblage data without IRD and oxygen isotopes in planktonic foraminifers. Chapman et al. [9] reported foraminiferal assemblage and IRD data from core SU90-03, ~122 km south of Site 607, for the past 150 ka. Using sediments from Integrated Ocean Drilling Program (IODP) Site U1313, which was the reoccupation of DSDP Site 607, Naafs et al. [10] reported changes in the sea-surface temperature using alkenones but did not report IRD. Further, Smith et al. [11] also reported coarse resolution sea-surface characteristics (i.e., IRD/g and counting of five dominant planktonic foraminifers) from Site U1313 during MIS 6, but due to the lack of complete profiling of the upper water column (i.e., mixed layer and thermocline), the impact of freshwater on the sea surface is poorly known.



Detailed studies about the last deglaciation and Termination 1 (T1, 14.50 ka; [12]) surrounding the North Atlantic provides the nature and extent of abrupt climate changes (e.g., the Younger Dryas, Bolling–Allerod, etc.) and reorganization of circulation [5,13,14,15,16]. However, such detailed studies about the penultimate deglaciation, including Termination 2 (T2; 129.04 ± 0.07 ky; [12]) compared to T1, are scarce, although a few studies and reviews shed some light on variability in the sea-surface characteristics [9,17,18,19,20,21,22,23] and deep ocean reorganization [21,24,25]. Notably, the transition from the penultimate glacial to interglacial between 140 and 130 ka is considered one of the most rapid oceanographic changes of the Quaternary period [23,26,27]. Due to the rise in solar insolation, ice sheets surrounding the North Atlantic disintegrated, resulting in an ~80 m rise in sea level in which the H11 iceberg rafting event nested within the penultimate deglaciation [28,29,30,31]. As a result, cold and dry conditions, reminiscent of the climate during the last glaciation surrounding the North Atlantic, prevailed [20,21,32]. It is suggested that the H11 freshwater input perturbed the mixed layer and thermocline, which might have forced many planktonic foraminifers to deeper waters [28,32]. These changes must have affected the subpolar, North Atlantic transitional, and subtropical waters. However, the extent to which the degree of changes occurred between the subpolar and subtropical latitudes is poorly understood due to the lack of data.



In the present study, we reconstruct the sea-surface, near-surface, and thermocline conditions during the penultimate glaciation (MIS 6) to deglaciation (MIS 6-5e) and the warmest part of the last interglacial (i.e., MIS 5e). We have employed foraminiferal assemblage and IRD counts with oxygen isotopes in two mixed layer and thermocline planktonic foraminifers, Globigerina bulloides and Globorotalia inflata, from sediment samples of two IODP sites U1313 [11] and U1314 in the North Atlantic. Our data suggest that the subtropical Site U1313 recorded incursion of the subpolar and transitional waters while the subpolar Site U1314 witnessed polar and Arctic waters during MIS 6. Our data further suggest that the mixed-and-thermocline thickened in the subpolar site compared to the subtropical site for the same period. In contrast to MIS 6, a well-developed stratification at both sites was found during MIS 5e.




2. Geological and Oceanographic Setting


The principal sediments used in this study were collected by drilling on the Gardar Drift [33]. The modern observational data suggest that the westward-flowing Iceland-Scotland Overflow Water passes south of Iceland into the North Atlantic, significantly modifying Gardar Drift sediment sources [34,35]. The North Atlantic Current (NAC), the northeastern extension of the Gulf Stream, traverses northeastward between the subpolar and subtropical gyres carrying a mixture of cold and fresh and warm and saline waters. The NAC splits into three sub-branches at around 50–52° N (Figure 1) after crossing the mid-Atlantic ridge [36]. The main NAC continues to flow into the northeast North Atlantic, passing the Iceland-Scotland Ridge into the Nordic seas [37]. A western-flowing branch of the NAC, the Irminger Current (IC), partly circulates Iceland and enters the Iceland Sea through the Denmark Strait, joins the East Greenland Current (EGC) at Cape Farwell and becomes part of the West Greenland Current (WGC). This current configuration of the surface currents in the NE Atlantic, including the Iceland Basin, is greatly influenced by the southward movement of the Polar and Arctic fronts during historical and past geologic periods [4,38,39,40].



The physical oceanographic observational data suggest that the mean winter (January-March) and summer (July–September) sea-surface temperatures (SSTs) vary from 7.63 to 7.44 °C and 10.89 to 11.2 °C (Figure 2) [38], whereas the salinities range from 35.13–35.12 and 34.98–34.94 psu (practical salinity unit), respectively, surrounding IODP Site U1314. The well-established thermal structure is maintained at 6.5 °C at 400 m subsurface water depth. However, the isothermal layer between 7.5 and 6.5 °C (Figure 2a) crops out on the SW Iceland coast during winter. The 7.5 °C isothermal layer appears to shoal at 225 m (Figure 2c) at Site U1314 during summer. The high salinity layer off the coast of Iceland (Figure 2b) exhibits a wedge-shaped structure with a salinity of 35.20 psu extending as far offshore [39] as Site U1314. This high salinity layer deepens to 1000 m during the summer (Figure 2d).




3. Materials and Methods


During the 2005 IODP Expedition 306, Site U1314 was drilled on the southern Gardar Drift to retrieve sediments to study high-resolution changes in the sea-surface characteristics and North Atlantic Deep-Water formation during the Pleistocene [33,41]. Smith et al. [11] detailed Site U1313 (Figure 1).



The principal research materials used in the study were the sediment physical properties, bulk sediment geochemistry, and sediment samples collected by the IODP Expedition 306 at sites U1313 (41°00.6′ N, 32°57.4′ W; 3425 m water depth) and U1314 (56°21.9′ N, 27°53.3′ W; 2820 m water depth) in the North Atlantic (Figure 1). As part of the shipboard physical properties’ measurement protocol, natural gamma rays (NGR) and sediment color (L*, a*, and b*) were obtained at 2 cm intervals and were used in this study [33]. Using an Avaatech X-ray fluorescence (XRF) scanner at the Bremen Core Repository, University of Bremen (Germany), Gruetzner and Higgins [35] obtained bulk sediment geochemistry, namely Al, Si, K, Ca, Ti, and Fe concentrations from the Site U1314, which we used to ascertain key sediment intervals for identifying sediment facies and lithologic boundaries in this study (see below).



Samples from 10.00 to 15.18 and 5.65 to 9.15 m composite depth (mcd) from the IODP sites U1313 and U1314, respectively, were obtained at 10 cm intervals from the Bremen Core Repository. These samples were dried at 64 °C in an oven for 48 h and washed using a 63 μm brass sieve. The coarse fractions (i.e., 63 μm fractions) were sieved again at >150 μm fractions to count various planktonic foraminifers and ice-rafted debris (IRD). Approximately 300–600 foraminifers were counted to estimate the relative abundance of each species using a micro-splitter. By back-calculating the number of splits, the relative distribution of various species, including Neogloboquadrina pachyderma, Neogloboquadrina incompta, Globigerina bulloides, Globorotalia inflata, Turborotaliata quinqueloba, etc. (see Rashid et al. [42], for details) were estimated. The dominant petrology of the IRD was also identified, in which a few detrital grains were tested using 10% hydrochloric acid under a binocular microscope. The identification of the detrital grains is especially important to trace Heinrich ice-rafting layers based on the presence of detrital carbonate grains [43,44].



Stable oxygen isotope ratios were determined on G. bulloides and G. inflata in a 150–250 μm size fraction for sites U1313 and U1314 in the Stable Isotope Biogeochemistry Laboratory at Ohio State University. The sampling frequency varies (G. inflata is absent in MIS 6 at Site U1314), but 62 and 28 samples were analyzed throughout the sites U1313 and U1314 intervals, respectively. Approximately twenty specimens of G. bulloides and G. inflata were picked to the required weight for mass spectrometer analysis and for future use in replicating isotopic results. It was ascertained that the combined weight of foraminifera in each sample was between 60 and 100 micrograms. Each sample was analyzed for δ18O relative to NBS 18, 19, and 20 standards using an automated carbonate Kiel extraction device coupled to a Finnigan Delta IV Plus stable isotope ratio mass spectrometer at Ohio State University. Samples were acidified under vacuum with 100% ortho-phosphoric acid, the resulting CO2 cryogenically purified, and delivered to the mass spectrometer. Approximately 10% of all samples were measured in duplicate. The standard deviation of repeated measurements of an internal standard was ±0.06‰ for δ18O [42].



Gruetzner and Higgins [35] developed an age model by matching the wet-sediment color reflectance and magnetic susceptibility for Site U1314 to that of the ODP Site 983, which was drilled ~520 km northeast of Site U1314 and in ~1200 m shallower water [45]. Gruetzner and Higgins [35] transferred the age model of ODP Site 983 to Site U1314 to construct the age model for the last 1.1 Ma. We have fine-tuned the age model of Gruetzner and Higgins [35] between 10.15 and 15.18 mcd by obtaining oxygen isotopes in G. bulloides. The interval between 10 and 14.98 mcd covers sediment records from 114 to 199.40 ka, resulting in sedimentation rates from 11.4 to 13.31 cm/ka (Figure 3). The age model of Site U1313 for the last glacial cycle was reported by Smith et al. [11] and is therefore not detailed here. However, in brief, twenty tuning points were obtained by graphically matching the δ18O of G. bulloides curve of Site U1313 to that of the benthic stack of Lisiecki and Raymo [46]. High and low δ18O values were correlated to those of the high and low values of the global benthic stack (see Figure F1 of Smith et al. [11]). The sedimentation rates at Site U1313 vary from 4.66 to 5.17 cm/ka for the studied interval, slightly lower than those of Site U1314 but comparable to the published records of nearby cores [8,9].




4. Results


	
Site U1314






The δ18O curve of G. bulloides shows a typical deglacial sequence with enriched values in glacial MIS 6, and depleted values in MIS 5e at IODP site U1314 (Figure 4). The abrupt change in δ18O values between the isotope stages is identified as T2. The depleted δ18O values of G. inflata reflect warmer interglacial MIS 5e [27]. No G. inflata were found within the MIS 6, thus preventing us from reconstructing an isotopic curve for G. inflata in this interval. In MIS 5e, G. bulloides shows more depleted δ18O values compared to G. inflata (Figure 4).



The percent N. pachyderma (Figure 4e) displays a general glacial-interglacial trend by inversely following the G. bulloides δ18O curve (Figure 4j). The overall percentage of N. pachyderma is sustained at high levels during MIS 6 and gradually decreases throughout the penultimate deglaciation. The abundance of N. pachyderma greatly diminishes in the interglacial and almost disappears during MIS 5e. G. bulloides (Figure 4g) exhibits a more variable abundance trend but is present throughout both stages. It maintained a robust abundance peak during the early phase of MIS 5e, reaching over 15%. G. bulloides abundance increases during the deglaciation gradually and is generally inversely correlated with N. pachyderma. G. inflata (Figure 4i) remains nearly absent throughout MIS 6. It reached a maximum abundance of 15% at the end of H11 and remained in higher abundance in early MIS 5. It averages around 5% abundance in the latter phase of MIS 5. N. incompta (Figure 4f) also displays a general glacial-interglacial trend. The abundances of N. incompta increased rapidly during the T2, with the highest concentrations of 30% occurring in late MIS 5. N. incompta is nearly absent in MIS 6 when N. pachyderma is at its highest abundance. Thus, these two species are generally inversely correlated with each other. There is a corresponding abundance decrease in G. bulloides and N. incompta at 127.27 ka (Figure 4); however, N. pachyderma remains nearly absent, showing no change.



IRD/g (Figure 4d) at Site U1314 exhibits very high concentrations throughout MIS 6, and high IRD peaks correspond to high abundance of N. pachyderma. The IRD peak increases sharply halfway through glacial T2, then decreases abruptly before leveling off in MIS 5e, where only trace IRD exists. The IRD maximum is tentatively correlated to Heinrich event 11 (H11) but needs verification.



	
Site U1313






Planktonic foraminiferal assemblages and IRD abundance, in addition to the δ18O of G. bulloides of Site U1313, are detailed by Smith et al. [10] and are also plotted in Figure 5. However, the δ18O in G. inflata is reported here for the first time. In any case, the δ18O G. inflata curve follows δ18O G. bulloides values during MIS 6 and T2 with a minor offset (Figure 5) in which the former always exhibits lighter values compared to the latter. However, the δ18O G. inflata shows slightly enriched values compared to the δ18O G. bulloides between 127 and 115 ka (Figure 5).




5. Discussion


5.1. Subpolar to Subtropical Water Mass Movement during MIS 6


Paleo-proxy records from IODP sites U1313 and U1314 allow us to reconstruct the evolution of subpolar to subtropical gyre sea-surface conditions from the penultimate glaciation to deglaciation. Moreover, the published data from the ODP/IODP sites U1304 [25], U1308 [48], 983 [49], 984 [4], and piston cores M23414 [7] and MD95-2040 [50] afford us to place data from this study into a broader perspective. In any case, the δ18O in G. bulloides shows progressive enrichment in MIS 6 (i.e., between 195 and 140 ka) and smooth deglacial transition from MIS 6 to 5 (Figure 4) at Site U1314. These climate records are consistent with reports from the nearby core M23414 [7] and Site U1308 [48] and the sites 983 [49] and 984 [4] and Site U1304 [25] of the northeastern subpolar gyre in the south of Iceland.



The subpolar climate at Site U1314: Occasional minor IRD peaks (Figure 4) imply iceberg rafting by the Icelandic and Irish-British ice sheets, consistent with the earlier findings from the same site [47] and other eastern subpolar records [49,51]. However, the high IRD peak (132–129 ka) correlates to the Laurentide ice sheet (LIS) sourced [3,52] H11 of the North Atlantic, implying that it might have originated from the LIS; however, petrological data are needed to confirm its provenance. Surprisingly, Hodell et al. [25] reported a near 0% CaCO3 which the authors identified as H11 without providing IRD data at Site U1304, raising questions about the veracity of the identification of H11. Mokeddem and McManus [4] reported a high-resolution IRD record from ODP Site 984 compared to the earlier coarse-resolution data from the nearby ODP Site 980 on the Feni Drift [3]. The authors identified low-magnitude IRD peaks that lacked the detrital carbonate supporting the hypothesis of lack of massive ice-rafting with IRD on the greater NE Atlantic during MIS 6 [4,49]. Farther south on the subtropical Portuguese margin, deAbreau et al. [50] identified a few considerably low-concentration IRD peaks from core MD95-2040, nearly identical to the IRD peaks identified at ODP sites 980 and 984. Those minor IRD peaks comprise angular quartz grains and volcanic particles compared to the detrital carbonate grains in H-events of the North Atlantic [48,52,53]. These IRD records suggest that iceberg discharge was far less pronounced during MIS 6 compared to MIS 3 [5,15,48]. Further, the lack of detrital carbonate grains in the IRD/g peaks suggests a far more stable LIS during MIS 6 [42,54,55]. The presence of quartz grains and volcanic particles implies the contribution of icebergs by the Icelandic and Irish-British ice sheets at this time as well [56,57]. In any case, the discharge of icebergs had a significant impact on the surface hydrography on the greater Iberian margin. For example, Margari et al. [58] reported lighter δ18O, which the authors attributed to freshwater originating from icebergs without IRD [50]. However, whether the freshwaters were derived from the western European discharge [51] or by iceberg melting is unknown due to the lack of IRD/g data from the same margin. No significant lighter δ18O values at Site U1314 suggest a regional heterogeneity on the surface hydrography by the freshwater. It is plausible that the prevailing colder sea surface temperature canceled the impact of freshwater, but that proposition is unlikely due to the lack of significant IRD peaks in MIS 6 (Figure 4). It may also suggest that the freshwaters were carried by the southward-flowing Portugal Current, impacting only the surface hydrography of the Portuguese margin during MIS 6 [58].



The high N. pachyderma concentration between 190 and 132.5 ka (Figure 4) suggests an incursion by the Arctic and polar waters, implying that the Arctic and Polar fronts were south of Site U1314. While the occasional presence of G. bulloides indicates a short seasonal transitional water intrusion by the NAC during late spring or early summer (Figure 4). Further, the MIS 6 period could be divided into two periods (190–160 and 160 and 135 ka) based on % N. pachyderma at Site U1314. The concentration of T. quinqueloba, a subpolar water mass indicator at Site 984 [4] and northeastern subpolar gyre [59], seems to loosely covary with the % N. pachyderma, although the relative concentration of the former is insignificant. In any case, the trace of G. inflata, N. incompta, and T. quinqueloba [60,61,62] further support the presence of a prevailing cold climate regardless of the season during MIS 6. Using mostly N. pachyderma and other foraminiferal concentrations at ODP Site 984, Mokeddem and McManus [4] reported three interstadial events centered at 163, 152, and 146 ka within MIS 6 in which only the interstadial event centered at 152 ka exhibits a minor T. quinqueloba rise. The authors reasoned these interstadial events were due to the invasion by the subpolar water (Arctic front) at the expense of the Polar waters [59]. Therefore, the differences in IRD peaks and foraminiferal assemblages between sites 984 and U1314 most likely reflect regional heterogeneity in which the former site (i.e., 984) was under the complete influence of the Polar front [49]. In contrast, the relatively southern Site U1314, located within the NATW/Z, was seasonally influenced by the NAC, notwithstanding the dominance of the Arctic and polar waters.



In contrast to the subpolar sites 984 and U1314, sea-surface conditions around the region of core M23414 (Figure S1), located in the NATW/Z at present (Figure 1), were different, indicated by the foraminiferal assemblage, IRD/g, and planktonic foraminiferal oxygen isotopes [63]. For example, the N. pachyderma concentration between Site U1314 and M23414 is anticorrelated as such high and low N. pachyderma from 185 to 162 ka and 160 to 135 ka at Site U1314 with the low and high N. pachyderma at M23414. Further, high T. quinqueloba and N. pachyderma from 185 to 162 ka correlate to low N. pachyderma at M23414. Such an anticorrelation among the foraminiferal species is non-existent at Site U1314, most likely due to the predominance of polar and subpolar waters, reflecting the Polar and Arctic frontal movements. In contrast to Site U1314, the variable changes in the planktonic foraminiferal assemblages suggest a dynamic turnover of the polar and subpolar water masses in the NATW/Z around the region of core M23414. The near absence of G. inflata, a temperate water mass indicator (~8–18 °C) associated with the NAC in the NE Atlantic [64,65], at sites U1304 [25] and U1314 and core M23414, further corroborates the dominance by the polar and subpolar water masses at these sites during MIS 6. Billups et al. [66] suggested compression of the subtropical gyre due to the southward advancement of the Polar and Arctic fronts during glacial times; however, the extent to which such a physical mechanism operated at Site U1313 cannot be assessed due simply to the lack of Globorotalia truncatulinoides (sinistral) data for MIS 6 period.



The subtropical gyre boundary record at Site U1313: The δ18O curves of G. bulloides and G. inflata exhibit enriched values throughout MIS 6 compared to MIS 5 (Figure 5) at the subtropical Site U1313. A relatively lighter δ18O in G. bulloides and G. inflata centered at 175 ka most likely suggests a brief warm water incursion by the NAC. A clear lack of IRD peaks and the associated presence of icebergs, which would have freshened the sea surface, supports this proposition. This hypothesis is further supported by alkenone-based SSTs and tetra-bond %C37:4 (Figure 5) from the same site [10]. One of the important observations is the nearly identical (or even slightly lighter δ18O in G. inflata) δ18O values between the mixed-layer species G. bulloides and thermocline dwelling G. inflata during the MIS 6 compared to MIS 5 (Figure 5). G. bulloides is primarily associated with subpolar to temperate regions [67,68] and reflects sea-surface and productivity conditions during late spring to summer in the subpolar region [69]. Schiebel et al. [70] suggested that the preferential depth habitat of G. bulloides varies from living in or above the thermocline (i.e., restricted to 60 m or shallower) in the NE Atlantic. In contrast to G. bulloides, past studies suggest that G. inflata is most abundant in temperate waters but also ranges to subpolar and subtropical water masses and is associated with the NAC [8,9,71]. G. inflata is deep-dwelling species associated with the base of the thermocline [64], which would be at 100 m or slightly deeper around Site U1313 [38,72]. Therefore, the near identical δ18O values in G. bulloides and G. inflata suggest seasonal mixed layer and thermocline records at Site U1313 during MIS 6. It could be argued that the seasonal transitional water masses (a mixer of subpolar and relatively warmer NAC due to enhanced wind stress) might produce identical δ18O values [15]. The extent to which factors (i.e., temperature and low δ18O freshwater) dominated in producing identical δ18O values cannot be separated at present as the independent temperature (e.g., Mg/Ca ratios) data at Site U1313 are unavailable.



Mulitza et al. [73] proposed a “water column stratification” index in which similar δ18O (Δδ18O: 0; δ18OGb–δ18OGinf.) of G. bulloides and G. inflata suggest a well-mixed water column, i.e., a homogenized mixed layer and thermocline. If the “water column stratification” index is applied to the δ18O values in MIS 6 at Site U1313, it suggests that a mixed water column without a thermocline prevailed [74]. Mokkedem and McManus [4] have suggested stratification of the upper water column using N. pachyderma and N. incompta from ODP Site 984 during MIS 6 as well. It is postulated that the lack of water column stratification has weakened the heat transport by the NAC during MIS 6. The abundance decreases in G. inflata and alkenone-based SST data [10] appear to support this hypothesis.



Four IRD/g (Figure 5) peaks composed of quartz, igneous, and metamorphic rock fragments were identified but lacked detrital carbonate grains at Site U1313 [11], suggesting European and east Greenland ice sheet sources [53]. These IRD peaks do not accompany any concomitant lighter δ18O (Figure 5), implying their limited impact on sea-surface freshening. However, these IRD peaks tentatively match the four depleted δ18O values in G. bulloides on the Portuguese margin [58]. The abundance of N. pachyderma does not rise above 2.5%, consistent with the identical N. pachyderma concentration during the last glacial maximum [9], suggesting a prevailing temperate climate during MIS 6. G. inflata exists in low abundance at Site U1313 throughout MIS 6 owing to plausibly warmer southern latitudes as opposed to its complete absence at Site U1314 at the same time. Two millennial-scale transitional water mass events were reflected by two N. incompta peaks centered at 185.68 and 149.38 ka (Figure 5). Brief subpolar water traversed Site U1313 during the latter part of MIS 6. One of the interesting anticorrelations was determined between N. pachyderma and G. bulloides/G. inflata at sites U1314 and U1313, where the percent of N. pachyderma is high at Site U1314, the percent of G. bulloides/G. inflata is low at Site U1313 during the earlier part of MIS 6 (185–160 ka). This correlation reverses during the latter part of MIS 6 (160–140 ka) and likely reflects the presence of the Polar front at Site U1314 while the transitional water masses (NAC) incurred at Site U1313.



In summary, Site U1314 contains a higher IRD/g compared to Site U1313, although these sites are located north and south of the IRD-belt [23], respectively, reflecting the importance of the geographic location in assessing the ice sheets’ instability. Site U1313 displays a higher diversity of planktonic foraminifers with lower abundances, whereas Site U1314 reflects low diversity and a dominated assemblage during MIS 6. The much higher abundance of N. pachyderma at Site U1314 reflects the prevalence of polar and subpolar water masses. The very low abundance of the other species indicates a stressful environment suggesting that sea-surface conditions were too cold for other species. The subtropical location of Site U1313 is normally unsuitable for N. pachyderma [75,76], but the glacial conditions created a suitable environment for the subpolar and transitional water species [32,77].




5.2. Subpolar-Subtropical Surface Water Masses Transformation during T2 and MIS 5e


The δ18O curves at T2 reflect a rapid transition at the subpolar Site U1314 but a more gradual transition at the subtropical Site U1313, suggesting a differential response to water masses by the sea-surface conditions. The lack of adequate specimens of G. inflata prevented us from obtaining an equivalent number of isotopic measurements compared to G. bulloides at Site U1314 during T2 (Figure 4), but both species were present at Site U1304 [25]. Moreover, the δ18O G. inflata and G. bulloides curves follow each other at Site U1313 during T2 (Figure 5), like at Site U1304 [25], reflecting a regional homogeneity in sea-surface temperature and surface water masses during T2. In contrast to distinct δ18O values of G. inflata and G. bulloides at Site U1313 during MIS 6 (Figure 5), the δ18O curves in both species exhibit depletion and identical values (Figure 4 and Figure 5) immediately after the T2 during MIS 5e. The near identical G. bulloides and G. inflata δ18O values during T2 at Site U1313 suggest a well-mixed water column when the water column stratification index of Mulitza et al. [73] is applied. The negative Δδ18O values suggest the re-establishment of water column stratification during MIS 5e (Figure 5), indicating the presence of a seasonal (spring-summer) thermocline at both sites. One of the implications of the stratified water column is strengthening the NAC, thus, bringing warmer transitional waters from low latitudes near identical conditions prevailing today [37]. The sudden increase in the abundance of G. inflata provides further support to this proposition.



Heinrich event 11 (Figure 4 and Figure 5), which punctuated the penultimate deglaciation, was identified by a prominent IRD peak at Site U1314, but it is subdued (i.e., lower magnitude) at Site U1313. Further, a differential response in the surface water masses between the sites reflects the state (i.e., thinner versus thicker) of the mixed layer and thermocline, as well as the seasonality. For example, a prominent N. pachyderma peak is concomitant with H11 at Site U1313, but no distinct change at Site U1314, consistent with the earlier report from the nearby core NEAP-18K [78]. It is noteworthy that warmer sea-surface conditions are normally unsuitable for N. pachyderma to thrive at Site U1313 [79,80]. The meltwater released by icebergs during H11 most likely cooled the sea surface at Site U1313 but inadequately cold to attain a concentration of N. pachyderma (i.e., 10%) as high as during H-events [22,42,50], consistent with the near-identical concentration reported in earlier studies [8,9]. The low N. pachyderma percent suggests the brief presence of seasonal subpolar water masses at Site U1313, consistent with the slight cooling in alkenone-based SSTs [10]. Further east across the mid-latitude North Atlantic at site MD95-2040, deAbreu et al. [50] reported subpolar species increase and subtropical species decrease, suggesting an incursion by the cold Portuguese Current on the Iberian margin. The sea-surface cooling is also recorded by the alkenone data on the same margin, but not all cooling events were associated with the freshwater arrival (i.e., % C37:4) [81]. This difference between the cooler SSTs and % C37:4 may explain some of the dichotomies among paleo-proxies at Site U1313 (Figure 5). In contrast to Site U1313, sea-surface conditions at Site U1314 were cooler, and N. pachyderma flourished during the glacial period reaching a peak abundance of nearly 80% during MIS 6. Site U1314 is relatively cooler due to its location in the subpolar gyre [33,45]; thus, the freshwater incursion most likely did not cool the sea surface enough to usher an equitable polar environment suitable for dominance by N. pachyderma [82,83], resulting in an insignificant increase during H11.



G. bulloides demonstrates a different response to each IODP site. Site U1313 exhibits a prominent abundance peak during H11, consistent with the concentration in core SU90-03 [9], reflecting sea-surface cooling by the freshwater conditioning seasonal subpolar environment in the subtropics [74], whereas the absence of a G. bulloides peak at Site U1314 suggests Arctic water incursion. A similar increase in G. bulloides was also reported from the nearby core T90-9P [28]. However, the abundance of G. bulloides decreases during the interglacial (MIS 5e) at Site U1313, and a contemporaneous increase in shell fragments [21] due to changes in the bottom water chemistry, which usually increases shell fragmentation may account for this. During early MIS 6 and H11, the poor abundance of G. inflata demonstrates that it diminishes with colder conditions at Site U1313. The higher G. bulloides abundances at Site U1314 suggest its preference for warmer and better productivity conditions [22,64] during the interglacial (MIS 5e). During the warmest part of MIS 5e, the abundances of N. pachyderma decrease to a trace amount, whereas N. incompta increases, suggesting seasonal penetration by the warm NAC at Site U1314, consistent with the data in core MD03-2664 [22]. The abundance of N. incompta is inversely correlated with N. pachyderma (Figure 4 and Figure 5). During peak intervals, the absolute percentage of N. incompta reaches only about half that of N. pachyderma. Further, N. incompta follows the δ18O in G. bulloides, whereas N. pachyderma shows an inverse correlation suggesting the presence of the seasonal transitional (NAC) environment. At the end of T2, peak G. inflata abundance suggests that the warm NAC penetrated to high latitudes (Figure 4). Our data suggest a complex but rapid interplay of colder versus warmer waters at Site U1314.



The negative Δδ18O values (Figure 4 and Figure 5) at both sites suggest the re-establishment of the mixed layer and thermocline during MIS 5e. The arrival of warmer subpolar and transitional waters at Site U1314 is evidenced by the absence of N. pachyderma and by the increase in G. inflata [84]. In contrast to Site U1314, the immediate rise in N. incompta suggests the arrival of warm transitional water masses borne by the NAC at the ODP Site 984 [4]. Moreover, the anticorrelation between N. incompta and T. quinqueloba from 131 to 115 ka (Figure 4) suggests a gradual retreat of the NAC at the expense of the subpolar water, due most likely to the southward migration of the Arctic front [59]. Kandiano et al. [63] have reported a near-identical increase in N. incompta and G. inflata, but an absence of a rise in G. bulloides from core M23414 affirmed the intensification of the transitional water masses. The increase in N. incompta was compensated by the decrease in G. bulloides from the onset of T2 to throughout MIS 5e (Figure 4). The increase in G. bulloides, G. inflata, and N. incompta in MIS 5e suggests a return of warmer surface conditions, as these species are usually associated with the NAC at Site U1314. In MIS 5e, a higher diversity of species with lower abundances was found at Site U1314. At the warmest point of MIS 5e at Site U1313, G. inflata decreased, and G. bulloides reached a maximum suggesting a strong subpolar to transitional water inflow. In contrast, G. inflata dominates the assemblage (Figure 5) during MIS 5e owing to much warmer surface conditions suggesting a stronger influence by the NAC.



In summary, a decrease in N. pachyderma was compensated by the dominance of G. inflata immediately after the H11, suggesting a rapid turnover of the sea-surface conditions at subpolar Site U1314. At Site U1313, the return of N. pachyderma immediately after H11 indicates a prevailing cooler sea-surface condition. G. bulloides exhibits a prominent peak during H11 at Site U1313 but poor abundances at Site U1314.





6. Conclusions


We have reconstructed changes in the mixed layer and thermocline and their mixing from MIS 6 to MIS 5e at IODP sites U1313 and U1314, which are currently located in the subtropical and subpolar gyre of the North Atlantic. Our findings are briefly listed below.



	(i).

	
During MIS 6, four low amplitude IRD peaks were identified where the IRD peaks at Site U1314 were higher than that of Site U1313. N. pachyderma is dominant at Site U1314, reflecting the prevailing presence of polar and subpolar water masses. The diversity of planktonic foraminifers at the STG Site U1313 is higher than that of subpolar Site U1314 in addition to subpolar and transitional species alongside significant changes in N. pachyderma. These changes in the foraminiferal assemblages reflect the evolution of the North Atlantic transitional water and subpolar water masses.




	(ii).

	
During MIS 6, the δ18O of G. bulloides and G. inflata is nearly identical at Site U1313, most likely caused by the seasonal incursion of transitional water masses resulting in seasonal blooms of each species dwelling in their respective depth habitats. However, this proposition requires examination by isolating temperature from the δ18O in both species.




	(iii).

	
Planktonic foraminifera δ18O values at sites U1313 and U1314 during T2 reflect regional heterogeneity of transition from penultimate deglacial to interglacial time. It appears that the transition speed at Site U1314 was fast compared to Site U1313. Further, the identical δ18O values of G. bulloides and G. inflata at Site U1313 reflect a well-mixed water column during T2.




	(iv).

	
Negative △δ18O (δ18OGb–δ18OGinf.) values between sites U1313 and U1314 reflect the re-establishment of the water column (i.e., mixed layer and thermocline) during MIS 5e. The N. incompta increase at Site U1314, and the increase in G. inflata at Site U1313 reflects the influence of warm NAC during MIS 5e.
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Figure 1. The location of cores discussed in the study is plotted. The approximate position of the North Atlantic Current (NAC), the northeastward extension of the Gulf Stream (GS), is shown by the thick red solid lines and arrows. Climatological data used to construct sea-surface temperature map were obtained from Locarnini et al. [38]. The Labrador Current (LC), West and East Greenland Currents (WGC and EGC), Irminger Current (IC), Flemish Cap (FC), and Azores Current (AC) paths are shown. The grey vertical arrow represents the approximate seasonal extent of the North Atlantic Transitional Water or Zone (NATW/Z). The black discontinuous line (A–B) exhibits the hydrographic transact illustrated in Figure 2. Note 2664 = MD03-2664; 18K = NEAP-18K; 03 = SU90-03; 9P = T90-9P; 414 = M23414; and 2040 = MD95-2040. 
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Figure 2. Modern winter and summer sea-surface temperature and salinity profiles stretch from the central North Atlantic to the western Icelandic continental margin (see Figure 1 for the location of the hydrographic transect). Seasonal deepening and shallowing of the thermocline are illustrated by (a,c), whereas the expansion and contraction of the low salinity layer in the Iceland Basin are shown by (b,d). Climatological data used to construct the hydrography were obtained from Locarnini et al. [38]. The map has been constructed by using Ocean Data View software [40]. 
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Figure 3. (a) (From bottom to top) estimated CaCO3 (%) and color reflectance (L*) [35,47], natural gamma rays (NGR; reversed scale), and oxygen isotopes (δ18O) in Globigerina bulloides (black) and Globorotalia inflata (green) are plotted from the Site U1314 following the age model of Grützner and Higgins [35]. (b) Global benthic δ18O stack [46] was used to update the age model of Site U1314 by obtaining tie points with the δ18O in Globigerina bulloides between 10 and 15.20 mcd shown in (c). The vertical orange discontinuous line in (a) represents Termination 2 (T2). 
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Figure 4. (a) Estimated CaCO3 (%), (b) natural gamma radiation (NGR; reverse scale); (c) foraminifers/g of dry sediments, (d) ice-rafted debris (IRD)/g of dry sediments, (e–i) % N. pachyderma, N. incompta, G. bulloides, T. quinqueloba, G. inflata, and (j) “other species” are plotted from the Site U1314. (k) δ18O in G. bulloides (black) and G. inflata (green). The vertical yellow and grey bars highlight Heinrich event 11 and MIS 6, respectively. Note horizontal discontinuous bar in (d) represents the mean IRD/g concentration between 192.41 and 126.22 ka, whereas the orange vertical line represents T2. 
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Figure 5. Various attributes of Site U1313. (a) ice-rafted debris (IRD)/g, (b–e) % N. pachyderma, N. incompta, G. bulloides, and G. inflata, according to Smith et al. [11]. (f,g) %C37:4 and alkenone-based SST (°C) [10]. (h) δ18O in G. bulloides (black) and G. inflata (green) are plotted following the age model of Smith et al. [11]. H11 is highlighted by the vertical yellow bar, whereas the grey vertical bar indicates MIS 6. H11 coincides with a peak in G. bulloides and a low abundance of G. inflata. The discontinuous orange line depicts Termination 2 (T2). 
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