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Abstract
	This master thesis is based on recently obtained deep sea cores obtained during the NICO cruise in spring of 2018 in the Northern Atlantic Ocean. Two cores were prepared and analysed using general lightness and XRF data. Comparing this data to IODP-U1308, which had a previous age model constructed by Hodell et al. (2008) allowed us to construct our own age model for the NICO cores. Based on this age model, two main topics were investigated: the occurrence and characteristics of Heinrich events in the Northern Atlantic and temperature reconstruction using the clumped isotope proxy. Using XRF, it was found that Heinrich events 3 and 6 differed substantially from the other four Heinrich events, no apparent increase in Ca/Sr and a smaller reduction in Br counts, which is used as an indicator for organic content. Furthermore, the onset of MIS-4 marked the point where ice rafting events at this location changed from precession forcing to timescales in line with Dansgaard-Oeschger cycling. Reduction in precession power and intensifying glacial conditions are the main cause for this change. Besides this, clumped isotopic measurements were conducted on planktonic and benthic foraminifera from the modern and LGM core samples. The modern sample had a diverse assemblage whereas the glacial sample was dominated by N. pachyderma (s). Different temperature reconstruction for each species mainly created plausible results, with species with a low number of aliquots being less reliable. Deviations in temperatures signals within each period were caused by differences in growing seasons and position of the water column.  

General Introduction
	The North Atlantic Ocean plays a critical role in controlling the climate system, not only for its surrounding landmasses, but on a global scale. The hydrodynamics of this basin can vary greatly between glacial and interglacial times. Orbital influences such as precession, obliquity and eccentricity, as well as regional or global phenomena such as ice-sheet growth, ocean currents and temperature changes all influence this delicate climate-ocean system. Understanding past changes in this basin are not just vital for understanding past climate, but also for creating a better understanding for future climate change This thesis is therefore based on two deep sea ocean cores drilled in the North Atlantic during leg 8 of the NICO cruise during the Spring of 2018 (L864PE435). Three main objectives have been identified for these cores. Firstly, the cores need to be prepared and an age model should be established for each core. This age model will be created by correlating these two cores to IODP-U1308, a previously drilled core at approximately the same location, which already had an age model supplied by Hodell et al. (2008). This correlation will be based on the measured lightness, as well as Ca/Sr and Si/Sr ratios. With an age model assigned, the elemental composition of these cores will be studied in greater detail to shed light on the occurrence of so called “Heinrich Events”, events of major ice rafting in the northern Atlantic, resulting in enhanced ice rafted detritus (IRD) deposition and lower sea surface temperature (SST). The different Heinrich events will be investigated using several elemental measurements. Lastly, samples representing modern and peak glacial conditions have been obtained with the purpose of gathering the foraminifera present within the sediment. These foraminifera will be divided in their corresponding taxa and analysed using the clumped isotope proxy, a proxy based purely on formation temperature of the carbonate tests of foraminifera (Eiler et al. 2007). This thesis will therefore be divided in three main chapters, each assigned to its own objective. Furthermore, an Appendix follows at the end containing general core information for both NICO cores to aid future research. 


Background information
[image: ]Figure 1: North Atlantic with position of IODP-U1308 and our cores (red circle) positioned within the IRD belt, the blue arrows indicate the general direction of the icebergs during Heinrich Events.

The North Atlantic is of vital importance to the thermohaline circulation (THC), which is responsible for controlling large portions of global climate. Together with the Southern Ocean, these two are the main areas of deep water formation. Hydrodynamics in this basin are tied closely to climate cycles. Ice ages roughly cycle every double-obliquity to triple-obliquity cycle, however there are multiple cycles within this overarching insolation cycle. One of which are the Heinrich events, first documented by Heinrich in 1987. These events consist of a major calving event, marking a substantial increase of icebergs crossing the North Atlantic. This coupled with a generally lower sea surface temperature led to these icebergs reaching surprisingly low latitudes, where they melt in the warmer subpolar waters and any material carried will be deposited as IRD. As the name infers, these grains must be deposited due to the melting of icebergs at the surface above. These locations are too distant from any terrestrial source for them to be deposited otherwise, with the exception of aeolian input. The main source of icebergs over multiple events has been traced back to the Laurentide ice sheet in North America (Bond et al. 1992), with the discharge occurring in the Hudson Strait. Based on the fact that within the IRD layers, a sharp increase in detrital carbonate was observed, mainly originating from Canada.  The main theory to explain these events is a binge-purge model in which the ice sheet progressively builds up and reaches a critical threshold where the subsoil grows unstable and the ice sheet slides into the ocean very rapidly, where the calving occurs (Bond et al., 1992). 
These events were found to occur every 6 to 10 ky, which would mean these phenomena are not necessarily tied to the astronomically paced insolation cycles known as the Milankovich cycles. (Milankovich, 1941). Over the last glacial period, a total of 6 Heinrich events have been identified (Bond et al. 1992), however there has been a total of 13 ice-rafting events with a 2 to 3 ky period (Bond et al.1995). This spacing seems to fit climatic cycles known as Dansgaard-Oeschger cycles. Cycles of oscillations between warmer and colder climates within the glacial period. These Heinrich events are commonly referred to as H1 through H6. As aforementioned, these layers were the probable result of calving events at the Laurentide ice sheet However, detrital carbonate at H3 and H6 is remarkably absent from cores collected within the IRD belt, resulting in the conclusions that H3 and H6 might not have been connected to calving of the Laurentide ice sheet.  H3 and H6 could have been calving events of ice sheets such as the Greenland-, Fennoscandian- or Barents Sea ice sheets. Alternatively, Gwiazda (1996) argued that increased sea surface temperatures during H3 and H6 led to Laurentide ice berg melting in the western reaches of the Atlantic, therefor never reaching the IRD belt. IODP-U1308 (fig x), documented by Hodell et al. (2008) indeed had substantial increases in the Ca/Sr ratio during H1, H2. H4 and H5. However, H3 and H6 were only observed in the Si/Sr record, a general proxy for terrestrial input. Bond et al. (1995) found that all but one peak of lithic grains in the marine record indeed correlated to Dansgaard-Oeschger cycles, samples taken at Summit, Greenland (Dansgaard et al., 1993), indicating a link between ice-sheet calving and changes in air temperature over the Northern Hemisphere.
	These meltwaters pulses have shown great significance in the hydrodynamics of the North Atlantic Ocean, and in turn to the formation of North Atlantic Deep Water. (NADW). The influx of substantial amounts of freshwater reduced surface water salinity, and therefore density at higher latitudes (>40⁰N) (Vidall et al., 1996). The formation of NADW is strongly dependent on the density of the involved water masses (Stocker et al., 1992; Fichefet et al., 1994), hence, this flux of fresh, low density meltwater could disrupt the conveyer-belt system and interrupt, or even nullify NADW formation (Maier-Reimer et al., 1989). Due to the vital role NADW formation plays in the thermohaline circulation, an impediment in the North Atlantic has effect on a global scale. A similar event to the Heinrich events is the Younger-Dryas. A cooling event approximately 14.5 ky ago. Following the termination of the last ice age, substantial amounts of fresh meltwater entered the North-Atlantic. Proxy records from Greenland and Antarctica indicate that the Northern Hemisphere saw a cooling event, whereas the Southern Hemisphere was relatively warmer. This effect is known as the bipolar seesaw (Broecker et al., 1998). Within the Atlantic Ocean, the gulf stream transports heat from the Southern- to Northern Hemisphere, due to the impediment of NADW formation, the gulf stream was also inhibited. Therefor more heat remained on the Southern Hemisphere relative to the Northern Hemisphere, creating the opposing temperature shifts.

	Within literature, the definition of a “Heinrich Event” is not yet uniformly defined. Heinrich (1987) defined them as points in the sediment which showed an increase in detrital carbonate and a decreased foraminifera count. However, Bond et al. (1995) argued for the link between Dansgaard-Oeschger (D-O) cycles and Heinrich events, and stated that Heinrich events were the culmination of the most intense D-O cycle within the Bond cycle. Neither of these fully do justice to the climate record in the North Atlantic for the 200 ky as not each “Heinrich Event” was marked by an increase in detrital carbonate, nor did every ice calving event occur during the most intense part of D-O cycles. More about this in the XRF portion of this thesis.


The location of both IODP-U1308 and our cores fall within an area in the North Atlantic known as the IRD belt (Fig. 1). A wedge shaped area between 40⁰N and 55⁰N in the North Atlantic where the main deposition of IRD created by Heinrich events occurred. These Heinrich events leave distinct tracers within the sediments and can therefore be used as a correlative tool. By combining the lightness and XRF data, the age model will be as precise as possible, as it’s not just vital for this study alone, but as well for future research. Besides IODP-U1308, another core is available at this location. DSDP-609, a core drilled for the Deep Sea Drilling Program back in 1983, being the precursor of IODP-U1308. This core can be used should IODP-U1308 proof insufficient for either correlation or comparison of the data gathered. In order to correlate the cores, they had to be prepared first.


Materials
The cores were gathered during leg 8 of the NICO expedition, travelling from Nassau, the Bahama’s to Galway, Ireland. Both piston- and multi-cores were obtained at both stations. The location of both station 13 and 14 was explicitly chosen to be in the near vicinity of the drilling location of IODP-U1308 at the mid-Atlantic ridge and within the IRD belt, with the station roughly distanced by a mile from U1308 and 200 metres from each other. Their full names are L864PE435, Station 13, Cast 7 and L864PE435, Station 14, cast 2. Further referred to as NICO-13 and NICO-14 in this thesis. Each core encompassed a total of 13 metres, which was previously determined to represent approximately 200 ky. The full core was stored in 1-metre-long tubes, for a total of 13 tubes per core, with additional multicore samples for the areas prone to disturbance caused by the piston core, such as the core top. These cores were eventually stored at the Texel facility of the “Nederlands Instituut voor Onderzoek naar de Zee” (NIOZ) in a cooled environment until they could be opened at a later date.  

Table 1: Location of the IODP-U1308 core and the NICO cores
	Station
	Lat. (deg. min. milli.)
	Long. (deg. min. milli)

	IODP-U1308
	49° 52’ 41.160” N
	24° 14’ 17.160” W

	Station 13
	49° 52’ 40.451” N
	24° 14’ 20.170” W

	Station 14
	49° 52’ 40.289” N
	24° 14’ 19.835” W








			Core preparation, lightness and XRF measurements

	The cores were cut using a core-splitter developed at the NIOZ facility on Texel. The cores were placed top-side up and cut open, the lids had to be hand-cut with a hook knife. A fish line was subsequently pulled through the cut in order to slice the sediment contained within. The two halves were marked either ‘archive’ or ‘working’. The working half would be photographed and analysed using XRF whereas the archive would be sealed and stored immediately. The high-detailed photographs, XRF and colorimetric measurements were all executed using a core scanner developed by Avaatech. These colorimetric measurements were taken at increments of 0.07 millimetres, measuring the intensity of the three prime colours (red, blue and green), as well as the general lightness of the core. The lightness was measured using two diaphragms (8 and 9.5), however the cores were to light for 8 as the lightness would exceed 100% at certain sections, therefor the 9.5 will be the one mainly used for this research.  During the cutting, notes were taken about the major disturbances such as drop stones and bioturbation, these disturbances are very local and therefore don’t hold any information useful for correlating the cores to the target core (IODP-U1308). These spikes were removed from the data set. The resulting graphs for every section can be found within the appendix. These individual sections, filtered of disturbances, were compiled into a full, 13-meter section encompassing the entire core, with the transitions between sections smoothed out. It was decided to focus mainly on the lightness data in contrast to the individual colours as these follow the same trend and 
the true colour of the core is not our objective. 
	As mentioned, XRF measurements were conducted using the same Avaatech XRF core scanner. The core half measured was covered in 4 µm thick SPEXCert Prep Ultralenel foil to avoid both sample and lens contamination. Measurements were taken at 1 cm increments with a slit size of 1 x 1.5 cm with a sampling time of 30 seconds. Two measurements were taken for each increment, at 10 and 30 kV. Elemental ratios were created using Sr due to its higher mass, as Tjallingii et al., (2007) debated that lighter elements can be affected by a small water film at the surface due to their limited response depth. El
[image: C:\Users\4088107\Downloads\Kern.jpg]	The elements measured span the majority of the periodic table spanning from magnesium to zirconium. Even though the bulk of these measurements have no direct value for this project, there was no reason not to measure them due to the nature of XRF measurements. Data from IODP-U1308 was published along with Hodell et al. (2008) their publication on PANGAEA.  These data sets included lightness, Ca/Sr and Si/Sr, as well as benthic δ18O and δ13C, all measured with 2 centimetre intervals. Due to our lightness measurements having considerably higher resolution (0.07 mm), a selection was made to scale it to a similar 1 cm resolution to reduce noise, as well as using the full resolution resulted in reduced computer performance due to the sheer size of the data set. In the Age Model section, resolution will be presented at different levels in order to see at what point correlatable points were sacrificed while filtering this data set. The graphs presented in the Appendix had another 5-point moving average applied. 





	

Figure 2: Station 14, section 1, freshly opened. The colours are slightly different from later measurements due to just recently being opened, having limited time to oxidize. Left half is the working half and right half the archive.

Age Model
Introduction
	The age model might be one of the most essential parts of this thesis, not only because it’s the standard upon which the XRF and clumped isotope measurements are based, but for future research as well. Therefore, having an age model as accurate as possible is a necessity. As previously mentioned in the core preparation section of the General Introduction. The age model will be based both on lightness and XRF measurements. These two should co-vary nearly identical as its usually a change in the elemental composition in the sediments that is to blame for the change in lightness. In the rare occasion where these two data sets should not agree with one another, XRF will be deemed the prevailing data set as the lightness is more easily altered by diagenetic processes such as bioturbation and oxidation.

Methods

	The age model was constructed by correlating points in NICO-13 and NICO-14 to IODP-U1308. Variations in lightness should be rather similar between these three due to their close proximity to each other. Points recognizable in all three cores were linked (Fig. 3). IODP-U1308 had an age model assigned back in 2008 by Hodell et al., which was based on 14C dating for the first 34.6 ky and the remaining part based on 18O, correlating it to the LR04 stack from Lisiecki and Raymo (2005). Ages for the tie points could therefore be applied to the NICO cores. Between these points the ages were interpolated on a centimetre scale. Besides lightness data, XRF data was also available for correlation purposes. Ca/Sr can be used as a proxy for Heinrich events originating from the Laurentide ice sheet in Canada, and Si/Sr indicates layers poor in biogenic carbonates accompanied by higher levels of detrital silicate material (Hodell et al., 2008). Since these elemental ratios were recorded all throughout the northern Atlantic basin, and especially within the IRD belt, these points are well defined within the sediments. When the age model is complete for the NICO cores, sedimentation rates can be estimated and compared to the sedimentation rates of IODP-U1308. Firstly, NICO-13 and 14 will be correlated, creating a common depth for both. This results in only one of the NICO cores needing to be correlated to IODP-U1308. The age model from Hodell et al. (2008) for IODP-U1308 can be found on the next page in Table. 2. These are the tie points which had an age assigned, any points in between these points were interpolated. The upper part of IODP-U1308 had considerably more tie points assigned than the deeper parts, possibly due to the 14C method allows for an easier age indication than the other methods. Depths where the age is older than the measurements directly below (0.68, 0.82 and 1.63) most probably had either bioturbation or disturbance mixing the sediments. Ages younger than 13.0 ka were extrapolated based on the sedimentation rate at the last tie point available. The tie points in the latter half the last 200 ky are significantly more apart than the younger part of the core. This results in a reduced accuracy as the assumption of constant sedimentation rate in points further apart holds an increasing risk of error. 



Table 2: The age-depth points used by Hodell et al. (2008) to construct the age model for IODP-U1308. 14C radiocarbon dates are from Bond et al. (1993), SFCP04 are from Shackleton et al. (2004) and LR04 from Lisiecki and Raymo (2005).
	IODP-U1308 Depth (mcd)
	Age (ka)
	Calibration

	0.68
	13.8
	14C

	0.69
	13.0
	14C

	0.74
	13.0
	14C

	0.80
	14.4
	14C

	0.82
	15.6
	14C

	0.87
	15.4
	14C

	0.92
	17.4
	14C

	0.95
	19.1
	14C

	0.99
	19.5
	14C

	1.08
	20.1
	14C

	1.18
	22.5
	14C

	1.23
	23.7
	14C

	1.25
	25.3
	14C

	1.29
	25.6
	14C

	1.34
	26.9
	14C

	1.59
	30.4
	14C

	1.63
	31.7
	14C

	1.69
	31.4
	14C

	1.76
	34.6
	14C

	1.90
	35.3
	SFCP04

	2.01
	36.1
	SFCP04

	2.80
	40.1
	SFCP04

	3.10
	42.7
	SFCP04

	3.50
	48.0
	SFCP04

	4.14
	56.0
	SFCP04

	4.50
	62.0
	LR04

	5.24
	72.0
	LR04

	5.90
	86.0
	LR04

	6.22
	93.0
	LR04

	7.06
	104
	LR04

	8.75
	127
	LR04

	9.17
	136
	LR04

	11.54
	191
	LR04

	12.42
	201
	LR04

	13.65
	220
	LR04





Results and Discussion
Both piston cores proved to be of sufficient quality to allow for correlation based both on lightness and XRF measurements. Pictures of each segment with lightness and XRF data can be found in the Appendix. As previously mentioned, the first action would be to correlation NICO-13 and NICO-14. The lightness measurements had a resolution of one measurement every 0.07 millimetres and the XRF had a measurement every centimetre. The first course of action is to determine in which resolution the lightness will be considered. A to high resolution results in an increase in background noise possibly reducing the impact of the actual lightness fluctuations in the core. A resolution to low results will filter away smaller events recorded in the lightness record. 
[image: ]
Figure 3: NICO-13, NICO-14 and IODP-U1308 their lightness, the NICO cores with full (left) and 1 cm resolution (right). All three graphs represent the majority of MIS-5. Core tops chosen at 75 ka, and bottoms at 110 ka.


Fig.3 shows the majority of MIS-5. Due to less correlatable points based on XRF, lightness was the main correlative tool in this part of the core. Therefore, its ideal for considering the resolution used for the lightness data. The main factors to distinguish an ideal resolution is a good balance between filtering out noise, but preserving a resolution high enough to not filter out smaller (<1cm) recognisable points, such as the green and purple bands found in both NICO-13 and 14 for this interval. Secondly, comparing NICO-13 to NICO-14 can be done at a significantly higher resolution than comparing them both to IODP-U1308, as this core had lightness measurements taken every 2 centimetres. Therefore, taking specific markers within the NICO cores to compare to IODP-U1308 that are too to small scale will generally not result in an accurate correlation. Therefore, it was decided to resort to a resolution of roughly 1 centimetre. This resolution maintains accurate depiction of significant deviations in lightness useful as tie points while also filtering away enough noise. Furthermore, even though this resolution is still twice the resolution used for IODP-U1308, accurate tie points could still be found between these cores. 

It can be observed in Fig. 3 that the centimetre scale resolution for NICO-13 and NICO-14 is still able to properly depict the correlatable features. Distinguishable points do not appear to be lost when going from the full to the 1 centimetre resolution. Small scale (< 1cm) features, such as ~610 cm in NICO-13, are being reduced in amplitude due to having fewer points used that capture this feature. Furthermore, due to IODP-U1308 having a resolution of 2 centimetres, a very high resolution would not have aided to find tie points between the NICO and IODP cores. Initially, the main trends in this section that were used as tie points are the darker patches representing MIS-5B and MIS-5D at the top and bottom of each core. The purple band preceding MIS-5B is present in NICO-13 and IODP-U1308, NICO-14 shows a slight purple discolouration in that area but a well-defined band is absent. Processes responsible for the formation of these features are expected to have similarly affected all three cores due to their close proximity. Therefore, this band most probably was also present in NICO-14, but faded due to diagenetic alteration of the sediment. This seems to also happens deeper into MIS-5C, at roughly 680 cm in NICO-13, a quick succession of similar purple bands can be observed. Both NICO-14 and IODP-U1308 captured a slight dip in lightness at this point but neither is as pronounced as NICO-13. Further still, IODP-U1308 seems to generally lack the green and purple discolourations found in the NICO cores. More on these bands in the XRF section. Whether this is due to very local changes, diagenesis or sheer differences caused by the processing of each core remains unknown. 

[image: ]Figure 4: Correlation for the 75 - 110 ky section of NICO-13 and NICO-14, NICO-13 is the target core. Due to the high resolution of both, accurate tie points can be located on centimeter scale

	


[image: ]Figure 5: Tie points based on XRF for Station 13 (left) and Station 14 (right). The top boxes are Ca/Sr whereas the bottom boxes are Si/Sr. Si/Sr had two tie points in the top 400 cm (Heinrich 3 and 6) not displayed within this graph

Ca/Sr was only used in the upper 400 centimetres of both cores, as Heinrich events were only accompanied by a Ca/Sr excursion in the peak of the last glacial period. Si/Sr recorded general ice rafting events, regardless of origin and showed a considerably higher degree of fluctuation in this period and therefore Ca/Sr was deemed dominant in pinpointing Heinrich events 1,2,4 and 5. Si/Sr was useful however to identify Heinrich events 3 and 6. Fig. 6 show the tie points within the upper five metres of the core based on purely Si/Sr. The tie points for Heinrich events 1,2,4 and 5 match the tie points found by comparing Ca/Sr, however, Heinrich 3 and 6 are now also available as a tie point.  
	In total, 36 tie points were found between NICO-13 and NICO-14 that were accurate enough to use. All of these can be found on the next page, overall, there next to no mismatches where lightness and XRF based on either Ca/Sr or Si/Sr disagreed with each other. However, due to Heinrich events being the main correlative tool in the upper 500 cm of the core, any sediment deposited after Heinrich 1 can only be estimated by either assuming the top of the core represent modern time or extrapolating the sedimentation rate found leading up to Heinrich 1. It was chosen to opt for the first option as sedimentation rates were expected to fluctuate during the glacial termination following Heinrich 1. 

[image: ]
Figure 6: Si/Sr tie points specifically for the upper 5 meters of the core with the interpreted peaks representing all six heinrich events.






Table 3: Tie points between NICO-13 and NICO-14, and the tool on which this tie point is based.
	NICO-13 depth (cm)
	NICO-14 depth (cm)
	Based on

	80
	41
	XRF Ca/Sr

	113
	63
	XRF Ca/Sr

	157
	97
	XRF Si/Sr

	254
	192
	XRF Ca/Sr

	339
	271
	XRF Ca/Sr

	377
	306
	Lightness

	466
	395
	XRF Si/Sr

	577
	510
	Lightness

	585
	517
	Lightness

	593
	521
	Lightness

	601
	528
	Lightness / XRF Si/Sr

	620
	543
	Lightness

	627
	548
	Lightness

	637
	555
	Lightness

	645
	560
	Lightness

	652
	569
	Lightness

	677
	593
	Lightness

	682
	596
	Lightness

	685
	600
	Lightness

	702
	607
	Lightness

	710
	645
	Lightness

	728
	627
	Lightness

	730
	630
	Lightness

	737
	636
	Lightness

	739
	638
	Lightness

	747
	643
	Lightness

	754
	648
	Lightness

	763
	656
	Lightness / XRF Si/Sr

	770
	666
	Lightness

	921
	826
	XRF Si/Sr

	953
	861
	XRF Si/Sr

	1040
	950
	XRF Si/Sr

	1075
	995
	Lightness

	1184
	1109
	XRF Si/Sr

	1201
	1136
	Lightness

	1240
	1168
	Lightness




With the NICO cores correlated, the correlation to IODP-U1308 follows. It was chosen to use NICO-13 for this purpose as NICO-13 is more similar in the depth domain to IODP-U1308 than NICO-14 is. The tools used for this correlation are identical to the previous correlation between the NICO cores. As previously mentioned, the lightness of IODP-U1308 is measured on a 2 centimeter scale, whereas NICO lightness, as well as all the XRF measurements, are done on a 1 centimeter scale. By linking the core in the depth domain, the predetermined ages (Hodell et al., 2008) of IODP-U1308 can be adapted for the NICO cores. This method therefore does rely heavily on the accuracy of the age model for IODP-U1308. In the data acquired for IODP-U1308, there are some minor deviations in the determined ages of certain layers in contrast to the tie points reported in their publication. Most predominantly, the section dated based on radiocarbon dating seems to have been averaged out over the entire period, maintaining a steady sedimentation rate of 5.38 cm/ky in the period from 0 – 34.5 ka. Most probably, this is done to avoid some of the odd layers in which the age appeared to be older than the layer immediately below, see Table. 2. Therefore Hodell et al. might have opted to use an averaged sedimentation rate, as these tie points would effectively be given a negative sedimentation rate when used. For the sake of correlation, we therefore also used the averaged out data set. The offset between both the published age for the tie points and used ages in the data sets for Hodell et al. (2008) can be found in the Table. 4. In the tie points older than these points, the offset is near negligible. Independent radiocarbon dating specifically for the NICO cores might be able to solve this problem but unfortunately that is outside the bounds of this thesis.


Table 4: Ages used by Hodell et al. (2008) in their paper as well as the ages used in their data set. 
 
	IODP-U1308 Depth (mcd)
	Age in paper (ky)
	Age in data set (ky)
	Offset (ky)

	0.68
	13.8
	12.6
	1.2

	0.69
	13
	12.8
	0.2

	0.74
	13
	13.8
	-0.8

	0.8
	14.4
	14.9
	-0.5

	0.82
	15.6
	15.3
	0.3

	0.87
	15.4
	16.2
	-0.8

	0.92
	17.4
	17.1
	0.3

	0.95
	19.1
	17.7
	1.4

	0.99
	19.5
	18.4
	1.1

	1.08
	20.1
	20.1
	0.0

	1.18
	22.5
	21.9
	0.6

	1.23
	23.7
	22.9
	0.8

	1.25
	25.3
	23.3
	2.1

	1.29
	25.6
	24.0
	1.6

	1.34
	26.9
	24.9
	2.0

	1.59
	30.4
	29.6
	0.8

	1.63
	31.7
	30.3
	1.4

	1.69
	31.4
	31.4
	0.0

	1.76
	34.6
	32.7
	1.9

	1.90
	35.3
	35.3
	0.0




[image: ]Figure 7: Tie points between NICO-13 and IODP-U1308. Left graph are the tie points based on lightness and the right graph are the tie points based on the Si/Sr measurements.



	Fig. 7 shows the tie points used to correlate NICO-13 to IODP-U1308. It was attempted to stick as closely to the tie points used by Hodell et al. in their age model to reduce possible error from interpolation as much as possible. However, these depth-age tie points were not always located on a recognisable point in either the lightness or XRF records. Furthermore, it was deemed more important to have as many tie points between the cores, regardless of the proximity of age-depth tie points in IODP-U1308. In total, 32 tie points were used in the correlation between the cores.
Table 5: Tie points between IODP-U1308 and Station 13 with their ages and tool used to construct the tie pointe. Core tops were assumed to represent modern times.
	IODP-U1308 Depth (cmcd)
	NICO-13 Depth (cmcd)
	Age (ka)
	Based on

	0
	0
	0
	Core Top

	96
	80
	17.86
	Lightness / XRF

	141
	106
	26.23
	XRF

	174
	157
	32.36
	XRF

	205
	182
	36.13
	Lightness / XRF

	258
	245
	38.94
	XRF

	279
	261
	40.05
	XRF

	346
	334
	47.55
	Lightness / XRF

	376
	378
	51.64
	Lightness

	436
	426
	60.04
	XRF

	466
	460
	64.16
	XRF

	482
	485
	66.32
	Lightness

	521
	527
	71.60
	Lightness / XRF

	589
	599
	85.93
	Lightness / XRF

	602
	612
	88.71
	Lightness

	662
	685
	98.24
	Lightness

	702
	730
	103.48
	Lightness

	733
	763
	107.67
	Lightness / XRF

	748
	774
	109.72
	Lightness

	794
	823
	115.98
	Lightness

	888
	921
	129.79
	Lightness / XRF

	940
	991
	141.38
	Lightness

	976
	1003
	149.69
	Lightness / XRF

	1006
	1039
	156.65
	Lightness

	1018
	1052
	159.44
	Lightness

	1046
	1075
	165.94
	Lightness

	1077
	1099
	173.13
	XRF

	1086
	1108
	175.22
	Lightness

	1175
	1184
	193.39
	Lightness / XRF

	1192
	1193
	195.32
	Lightness

	1212
	1211
	197.59
	Lightness

	1252
	1241
	202.54
	Lightness
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Figure 8: (A) Station 13 Ca/S, (B) Station 13 Si/Sr, (C) 18O derived from IODP-U1308 and (D) Lightness for L864PE435, Station 13. The blue bars represent the main ice rafting events used as tie points. 
[image: ]
Figure 9: (A) Station 14 Ca/Sr, (B) Station 14 Si/Sr, (C) 18O derived from IODP-U1308 and (D) Lightness for L864PE435, Station 14. The blue bars represent the main ice rafting events used as tie points. Notice the absence in the Si/Sr record for the even

[image: ]
	With ages assigned to NICO-13 by interpolating between the points, we can transfer these ages to NICO-14. The resulting records in the time domain can be seen in Fig. 8 and 9. As previously mentioned, ages younger than 17.86 ka have been estimated by assuming the core top represent an age of 0. Future research would therefore benefit from conducting separate radiocarbon dating for the younger part of the core. An additional improvement to the current age model would also be that the offset from the IODP-U1308 ages can be tested. Fig. 11 shows the sedimentation rates for both NICO cores and IODP-U1308 based on the age models for each core. Overall they show great similarities, with only a few minor exceptions. Sedimentation rates seem to have steadily increased over the last glacial period, peaking at ~ 40 ka. This peak is both shown in NICO-13 and IODP-U1308, but not in NICO-14. This might be explained by the tie points in this part of the core being too far apart, resulting in an overall higher sedimentation rate over a longer period of time instead of having a narrow but more extreme peak. Logically speaking, sedimentation rates should be near identical between the three cores due to their close proximity to each other. Therefore, deviations between the three are either caused by shortcomings in the age model or by local disturbance of the sediment either by natural causes or by the coring procedure. In the total record for the last 200 ky, 3 main peaks can be observed within the NICO cores, one at ~40 ka, one at ~105 ka and the last at ~195 ka. These all occur during ice rafting events (Fig 8 and 9). IODP-U1308 only recorded the peak at ~40 ka, but due to the distance between tie points, short but extreme sedimentation changes might have gotten lost due to the low resolution. Fig. 10 was created to show the significance in correlating the NICO cores with each other. The red line represents NICO-14 ages for the 75 – 110 ky interval based on correlation NICO-14 straight to IODP-U1308. Whereas the black line represents the current ages by taken a common depth between both NICO cores and then correlating that to IODP-U1308. This does assume that NICO-13’s age model is correct, which depends on the accuracy of IODP-U1308. The higher resolution of the NICO cores allows for a more accurate correlation between the two, which results in shorter intervals in which the ages have to be interpolated. By doing it this way, an offset of 1 – 2 ky in certain can be avoided.

	
	Figure 10: Ages for NICO-14 for the 75 - 110 ky interval according to the old age model (Red) and the new age model (black)



[image: ]Figure 11: Sedimentation rates for IODP-U1308 (black), Station 13 (orange) and Station 14 (green)



XRF measurements
Introduction
	Besides being essential for increasing the quality of the age model, the XRF measurements hold the potential to reveal essential details about the depositional conditions of the core. Elemental ratios such as Ca/Sr and Si/Sr have both been used to identify tie points between NICO-13, NICO-14 and IODP-U1308. As previously mentioned, Ca/Sr reflects layers which saw an increase in detrital carbonate, transported to the core location by massive ice berg discharges from the Hudson Strait, i.e. Heinrich events. Si/Sr increases in layers with an increased amount of detrital silicate minerals coupled with a decrease in biogenic carbonate. (Hodell et al. 2008). In this section, multiple aspects of the elemental content will be investigated, such as the relationship of lightness and elemental content, the periodicity of certain elemental fluxes, the dynamics of the Heinrich events and what sets them apart, the transition from MIS-5A to MIS-4 and estimating organic carbon within the core using bromine measurements. Measurements have been done for both NICO cores. However, NICO-13 will be the main focus of interpretation and latter isotopic measurements due to time constraints.

Methods
	The sampling and measurement procedures are supplied in the Core preparation, lightness and XRF measurements section within the General Introduction. With a few exceptions, elemental XRF counts are not considered reliable when just the raw counts are taken in consideration, as diagenetic alteration, as well as factors such as dilution due to differences in sedimentation rate can create deviances in the raw counts unrelated to their depositional conditions. Therefore, an element that behaves in a conservative manner within seawater is generally used to ratio the raw counts against, as these elements display little variation over time in the global ocean. Therefore, substantial variations in the concentration of conservative elements would imply differences in sedimentation settings. Usually, aluminium is used for this purpose, but Tjalingii et al. (2007) proposed that XRF measurements of lighter elements can be less reliable due to the occurrence of a small water film on the sediment interface that limits the response depth of these lighter elements. Therefore, strontium has been chosen for this purpose, its molecular weight being 38 compared to aluminium being 13. Ca/Sr also contains information about the origin of the carbonate. Other elementals such as iron, manganese and copper have ratios with titanium. Organic carbon measurements were not done within this thesis. Fortunately, Ziegler et al. (2008) stated that the raw bromine counts within the sediment show significant correlation to the organic carbon present. The raw counts for bromine did not require normalization with a conservative element as bromine appears to show little alteration by matrix effects (Ziegler, pers. comment). These bromine counts will therefore be used as an indirect way to investigate the organic carbon present, and how the Corg changed over the last 200 ky, with the Heinrich events being the main area of interest. 






Results and Discussion
Lightness and XRF
[image: ]	 Lightness was one the first properties investigated in this study and has proven invaluable as a tool for constructing a preliminary age model. Looking at every section in the appendix, it becomes apparent that the general trend is a darker colour in glacial periods and lighter in interglacial periods. Figure 3 displays the strong connection between core lightness and the ratio between Ca/Fe. Besides a detrital origin, carbonate is also produced by a wide variety of phytoplankton in the photic zone. Iron is a trace element in the ocean and its sources are rather limited. Nearly all iron delivered to the ocean is due to terrigenous input, this is subsequently delivered to the ocean by aeolian, fluvial or glacial transport, such as IRD. Therefore, the ratio between calcium and iron is indicative of net primary production, i.e. the calcium produced by phytoplankton that escapes remineralisation and is deposited on the seafloor, and terrigenous input. In the period between 75 to 130 ky (marine isotope stage 5), lightness was at a general high, often being near full intensity during the interstadials MIS-5a and MIS-5c, as well as the Eemain interglacial, MIS-5e. This lightness matches up near perfectly with the Ca/Fe ratio, indicating that the lightness is mainly controlled by the input of the lighter carbonates. Interglacials and interstadials are warmer periods relative to the glacial periods in between, and would therefore allow for a higher amount of primary production in the photic zone. Findings by Radi & de Vernal (2008) state that winter primary production rates are rather similar between glacial and modern times, however, summer primary production rates were lower during glacial periods compared to the present, most possibly due to a more sluggish ocean circulation. Heinrich events 1,2,4 and 5 show a further increase in Ca/Fe. Even though the substantial increase in IRD would have resulted in an increased input of iron, the detrital carbonate originating from the Canadian shield resulted in the calcium content of the sediment increasing substantially more.  To distinguish between biogenic and detrital carbonate, Ca/Sr proves to be a good tool as biogenic carbonate generally have higher concentrations of strontium due to the fact that the Sr partition coefficient for biogenic carbonates is much higher than for inorganic calcites and dolomites (Hodell et al. 2008). Heinrich events 3 and 6, as well as the interstadials during MIS-5, being MIS-5b and MIS-5d saw a substantial reduction in both lightness and Ca/Fe. These events were characterized by a substantial increase in IRD, but not by an increase in calcium influx (Fig 8, 9 and 12). As mentioned before, the source of IRD in Heinrich event 3 and 6 either originated from Scandinavian, Fennoscandian or Greenland source areas, or a relatively higher ocean temperature in the North Atlantic resulted in ice berg melting and deposition of their material in the western North Atlantic as there are sites such as the Labrador Sea which captured a Ca/Sr signal for Heinrich events 3 and 6 (Gwiazda et al. 1996). MIS-5b and MIS-5d are both interstadials during the onset of the last glaciation and both show an increase in Si/Sr coinciding with the start of the interstadial, which would be general ice rafting events in a gradually warming climate. Figure 12: Lightness (left axis) versus Ca/Fe on a logarithmic scale for station 13 (right)

	In the Age Model section, MIS-5 was used for the high resolution correlation between the NICO cores due to its light colour and colour variability possibly containing many tie points. Within this section of the cores, green and purple bands occurred that were continuous between the cores, all be it barely.   When investigating these bands with XRF, most elements do not show any correspondence to these bands. The few that might hold some information as to what these bands exactly are, are shown in Fig. 13. At first glance, the only element that correlates to the purple bands is copper. The exact reasoning behind this discolouration is unknown. A possibility is that it could be formed trace amounts of copper containing minerals, such as azurite. Another option is that these layers were oxidation fronts within the sediments. Lastly, it could be due to oxidation from the moment the cores were sliced at Texel. Considering Fig. 3, these layers are present in some degree in all three cores, all be it significantly more pronounced in NICO-13. With these cores located in such close proximity from each other, differences in either sediment dynamics or the level of oxidation is highly unlikely. When comparing the copper counts, both raw and normalized with Ti to NICO-14, both stations have near identical trends. However, NICO-14 has a big peak around ~508 cm, which is the purple band visible in Fig. 3. Neither the copper content nor lightness recorded this peak in NICO-13, IODP-U1308 has a slight dip in lightness here but the low resolution prohibits the possibility to conclude whether this peak is continuous between the cores or unique to NICO-14. Therefore, the conclusion that these bands are the result of diagenetic alteration, either at the seafloor or oxidation after drilling, seems to be the most logical explanation as no other theory can account for the spatial difference between the three cores. The green band at ~620 cm appears to coincide with a peak in iron, both when normalized and when using raw counts. This might be an oxidation front, as Fe (II) is known to create a green hue. Immediately following this layer, there are peaks for Sulphur, manganese and even bromine. Which would be logical should this indeed have been an oxidation front. Oxidation fronts within the sediment can also be rather local as processes such as bioturbation could expose anoxic parts of the sediment to oxic bottom waters.
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[image: ]Figure 13: Raw Counts (Red) and counts normalised with Ti (Black) for A) Copper, B) Sulphur, C) Manganese, D) Iron and E) Bromine in NICO-13 for the 75 – 110 ky interval. Left axis are the normalized values, Right axis are the raw counts




Periodicity[image: ][image: ]	Figure 3: (Top) Power spectra for Si/Sr for Station 13. The black curve is for 0 - 75 ky and red for 75 - 200 ky. (Bottom) Filtered 8 ky signal for the Br concentration in station 13

One trend apparent in several of our datasets is a shift in periodicity during the last 200 ky. Before the end of MIS-5, precession had a strong influence on the elemental fluxes at this site. However, after this point, the fluxes were governed predominantly by the Heinrich events, and therefore, the Dansgaard-Oeschger cycles. (Dansgaard et al., 1969, 1984, 1994; Oeschger et al. 1994).  As shown in the picture below, a power spectrum for Si/Sr specifically for the 75 – 200 ky period gives a strong signal at the 21 ky band, which corresponds to the period of precession (Milankovitsch, 1941) and a smaller signal at the half-precession band. When a power spectrum is created just for the last 75 ky, this precession signal has vanished and instead shifted power into the lower frequency bands, defined as millennial scale variability. The peak at approximately 8 ky coincides with the proposed periodicity for the Heinrich events. Bromine contents, indicative for organic matter content (Ziegler et al. 2008) follow a near identical trend where the power shifted from a ~21 ky to a ~8 ky periodicity. Figure 15 (bottom) displays the filtered 6-9 ky signal overlaying the bromine counts. The amplitude of the black line indicates the power that that periodicity had at the time. The sudden increase of amplitude at the transition from MIS-5a to MIS-4 is unmistakable. Heinrich et al. (1987) argued that Heinrich events would occur twice per precessional cycle, during both a) summer and b) winter insolation minima. During summer insolation minima, ice rafting would have been enhanced due to the increased continental ice sheet growth, as ice sheet growth is not so much dependent on winter insolation but the ability of ice sheets surviving the warmer summer periods. Furthermore, a high summer insolation / low winter insolation would result in an increased supply of meltwater to the North Atlantic, which would promote the formation of sea ice in the winter, which would end up discharging in the North Atlantic as the temperatures rise again, as well as increased melting of land ice during the summer (Heinrich et al. 1987). Whereas the timing might be controlled by the precession cycle, the length and intensity of these events would be controlled by the other two Milankovich cycles: obliquity and eccentricity. Obliquity has been seen as the main control on the ice age cycles and would therefor play an integral role as Heinrich events seem to be absent during interglacials. Eccentricity is the modulating factor for precession and holds very little power in controlling insolation by itself (Milankovitsch, 1941). The modulating power, and therefore its effect on precession, mainly controls the intensity of the Heinrich events. The power of the 6-9 ky band seems to reach its lowest values in between 115 and 130 ky, which corresponds with MIS-5e, also known as the Eemian interglacial. Going back further in time, the signal gains strength, yet never as prevalent as during the most recent glacial period. Figure 14: Top) Power spectra for Si/Sr for two time intervals; 0 - 75 ky (black) and 75-200 (red), Bottom) Bromine counts (red) and the filtered 6- 9 ky curve (red), notice the generally higher power during glacial periods and the severe rise in power at the start of MIS-4

MIS-5 to MIS-4 transition and the Heinrich Events
	Marine isotope stage 5, which ends roughly 80 ky before present, has been subdivided in 5 substages, marked A through E. Initially, the entire period was broadly identified as an interglacial period (Emiliani, 1955). However, terrestrial records (Schackleton, 1969; Schackleton et al., 2003) and δ18O of the Greenland ice cores and benthic foraminifera gave rise to the belief that the initial glaciation leading into the last glacial already began in MIS-5D. The overall period is characterized by a profound stadial-interstadial alternation, with stages 5B and 5D being the colder periods. McManus et al. (1994) did a study on two cores in the northern Atlantic; V29-191 and DSDP-609. DSDP-609 is approximately at the exact location of both IDOP-U1308 and the NICO cores and is therefore a good analogue for our own findings. The presence of N. pachyderma (s) in the sediments was used as a proxy for SST, even though just the presence does not reveal absolute temperature, N. Pachyderma (s) has proven to be a polar planktonic foraminifer, generally living in waters colder than 10℃, and making up to 95% of the planktonic assemblage at summer temperatures <5℃ (Bond et al., 1993).
[image: ]The transition around ~75 ky in DSDP-609 is marked by a sharp increase in IRD, lithics and occurrence of N. pachyderma. Furthermore, the cold stadials 5B and 5D are less severe in comparison to MIS-4 in all of three aforementioned proxies. Each occurrence of an increased amount of IRD is accompanied by an increase in N. pachyderma, however, not every increase of N. pachyderma is similarly accompanied by an increase in IRD. Colder seas play an imperative role in the increase of IRD fluxes, but just colder seas alone are insufficient to achieve this increased flux. The fluxes of IRD instead show great similarity to benthic δ18O records in both periodicity and amplitude (Imbrie et al., 1984), and therefor may be linked to early stages on ice growth on land masses surrounding the North Atlantic (McManus et al., 1994). A possible explanation for this shift might lie with the Polar front. The polar front is the boundary where the cold, northern, polar waters meet the warmer, southern subpolar waters. The location of DSDP-609, IODP-U1308, and therefore the two NICO cores, were roughly in the area over which this boundary migrated during MIS-5 (McManus et al. 1994). This shifting of the polar boundary might play a substantial role in pinpointing why MIS-4 differs to much from MIS-5. A glacial period progressively builds up over time until reaching its peak glacial state at the end of the glacial period, which is MIS-2 for the last glacial period. This means that glacial conditions and variables at the start of the glaciation are remarkably less severe and will increase as the glacial period continues. For the locality of our cores, this might mean that once MIS-4 started, the polar boundary was sufficiently southbound to no longer migrate over the core locality. Besides this, considering Fig. 15, the external forcing from precession decreased going into MIS-4, this is due to a decrease in the 100 ky eccentricity cycle. Overlying this cycle is a 400 ky eccentricity cycle which also reached its minimum during the last glacial period, this would explain why the influence of precession was substantially smaller during the last glacial period as compared to the glacial period preceding the Eemian interglacial. Another major distinction between MIS-4 and MIS-5 is the occurrence of Dansgaard-Oeschger events, rapid climate warming events occurring within the glacial periods with their periods being a multiple of ~1470 years. These warming events were preceded by a subtler, yet longer cooling event and therefore these form a rather recognizable saw-tooth pattern in proxy records. Heinrich events were found to only occur in the cold periods preceding the sudden warming events and therefore could lead to the conclusion that Dansgaard-Oeschger (D-O) cycles might be the cause of these events, or at least have a control on their timing (Bond et al. 1995). The period of these D-O cycles varied over the glacial period and became shorter as the glacial period reached its peak conditions. Each D-O stadial would also be more intense than the previous one, possibly due to the strengthening of the polar cell leading up to the major warming event (Bond et al, 1993). These events were either absent, or had a negligible effect during MIS-5, possibly due to the fact that the glacial conditions were not yet advanced enough to allow for these complex climate instabilities. Therefore, considering the theory from Bond et al. (1993) to be true, this would mean that MIS-5B and MIS-5D were no true Heinrich events as they could not have concluded a D-O event as these were absent during this time and seemed to be forced by insolation changes on a precessional time scale. Considering Fig. 15, These ice-rafting events indeed coincided with precession minima which means an insolation maximum on the northern hemisphere. These insolation maxima also align with H3, H6 and the major Si/Sr peaks predating H11. The other documented Heinrich events; H1, H2, H4, H5 and H11 seem to be aligned with precession maxima, which translates into cooler summers and milder winters. Which does agree with the original finding of Heinrich back in 1987, where he stated that these events would occur twice per precession cycle, at 90⁰ and 270⁰, precession maxima and minima respectively. The link between colder ocean temperatures and the occurrence of Heinrich events has been established for decades now, however, the cooling of ocean surface temperatures in the northern Atlantic seem to precede Heinrich events by 500 – 1000 years (Bond et al., 1999). Therefor it is safe to assume these colder ocean temperatures are not entirely caused by the Heinrich events and might be subject to an external forcing mechanism. Bond et al. (1999) investigated the link between Heinrich events, D-O cycles and a 1-2 ky cycle, which may have its roots in dynamics outside internal glaciological dynamics. It was stated in their findings that H1, H2, H4 and H5 indeed all lined up with the cooling phases of the 1-2 ky cycle. Even though internal forces might be dominant in causing a collapse in the Laurentide ice sheet, outside forcing might have proven essential for these events to result in events as major as the Heinrich events. With a 1-2 ky cycle being the average periodicity of D-O cycles over the last 80 ky, Heinrich events would indeed only occur during the most intense of these events before a warming event which initiates the subsequent intensifying D-O cycles. Both the periods of D-O cycles and Heinrich events seem to become shorter as the glacial period ensues. This could simply be explained with the deteriorating climate as the glacial conditions intensify. During the early stages of the last glacial period: MIS-5 and MIS-4, conditions were still significantly warmer than the ensuing stages MIS-3 and MIS-2. The Laurentide ice sheet needs to reach a threshold where its mass reaches a point at which the ice sheet can reach instable conditions and cumulate in a calving event, with the cooling phases of the 1-2 ky cycle not affecting the ice sheet before this threshold is reached. As the glacial period reached its peak, this threshold can be reached at an increased rate (Bond and Lotti, 1995). This combination of decreasing influence from external forcings such as precession and an increasing internal system based on ice sheet and ocean temperature interactions would probably have led to why the periods undergone such a substantial shift going from MIS-5 to MIS-4. The interaction between precession and the millennial scale variation remain unconstrained. Sidall et al. (2010) argued that millennial scale variability was constrained to two distinct periods within the glacial cycle, during an intermediate state of 40 – 80m sea level reduction and glacial terminations. Furthermore, it has been stated that this millennial scale variation bundles together in groups lasting ~21 ky, which coincides with the period of precession.  Precession appears to be in-phase during these phases of intermediate ice growth, and progressively get out of phase during a deglaciation until it reaches anti-phase in times where ice volume is at a minimum. After which it transitions to be in-phase again as the ice volume increases. During the transition phases, the precession is leading the millennial scale signal. When the ice sheets grow large enough (over 80 meters of sea level drop), these bundles of millennial scale variability seem to be nullified. The presence of sufficiently large ice sheets might act as a stabilizing factor to create a relatively stable climate. Too little ice also seems to be unfavourable for these events, Sidall et al. (2010) argued this in a reverse fashion. The lack of these short scale cycles might be essential in the early formation of ice sheets as these cycles might prohibit the progressive formation of ice sheets due to rapid alternation between cold and warmer phases, which might not give the ice sheet enough time to sufficiently increase in size before the warmer phase starts. This seems evident in our own data where these short scale oscillations seem to be completely absent during MIS-5 but start occurring, at least in the Si/Sr ice rafting record, from MIS-4 onward. As precession is the driver in insolation changes on each hemisphere, its role in influencing the 1-2 ky cycles is without question. The changing phase relationship however is most probably due to the influence that the topography and albedo of ice sheets have on this changing insolation (Sidall et al., 2010), which is supported by speleothem records found in China by Wang et al. (2008).Figure 15: Si/Sr plotted along with the precession curve (La90). A minimum in precession represents an insolation maximum on the northern Hemisphere, note how MIS-5B and 5D, as well as H3 and H6 all seems to coincide with this maximum insolation.

	
Problems with the definition of “Heinrich Event”
An issue that needs resolving in the future is that the term “Heinrich Event” does not yet have a clear definition. Heinrich first described them in a sedimentological manner as layers with an increased amount of detrital carbonate and a reduction in foraminiferal count. Others, such as Bond and McManus considered it more in a climatological manner as culmination events of the most intense D-O period within the Bond cycle. The problem that this creates is that multiple ice rafting events occurred in the last 200 ky, visible in the Si/Sr dataset, which do not comply with one or even both of these criteria. Heinrich events 3 and 6, even though officially dubbed “Heinrich Event” did not lead an increased levels of detrital carbonate, at least not in the eastern North Atlantic. Meanwhile, ice rafting events that occur in interglacials or the very start of glacial periods, such as MIS-5B and MIS-5D, are not caused by intensifying D-O cycles as these are bound to glacial conditions. Heinrich event 11 (Fig. 8,9 and 16) is also considered a Heinrich event, however, no Ca/Sr increase accompanied this event and its occurrence was most probably due to external forcing by precession as nearly every ice rafting event leading up to MIS-4. A clear definition not only helps defining these events in the North Atlantic, but could be used anywhere on the globe should similar ice rafting events have occurred outside of the North Atlantic. 

Bromine and organic carbon
 	Utilizing the raw bromine counts, the organic matter within the sediments can be estimated (Ziegler et al. 2008). When plotted against Si/Sr, it is apparent that whenever an ice rafting event occurs, the bromine content, and therefore organic matter content, reduces (Fig. 16). Especially Heinrich events 1,2,4 and 5 saw a substantial reduction in bromine. Generally, massive iceberg discharges, regardless of their source, led to a sea surface temperature (SST) and salinity reduction (Bond et al.1992), as well as a drastic decrease or even total shutdown of northern Atlantic deepwater convection (Vidall et al. 1997). Generally, across the northern Atlantic, a reduction in both Corg and microfossils accompanies the Heinrich events (Nave et al, 2007). As previously mentioned, an increase in terrigenous carbonate positively affects the Ca/Sr ratio due to the Sr partition coefficient for biogenic carbonate being substantially higher than for inorganic carbonates. This would explain why H3 and H6 actually show as decrease in the Ca/Sr. The presumed lack of terrigenous carbonate would not compensate for a reduction in export productivity in the photic zone. A decrease in organic matter in the sediment could have three main causes. 1) a decrease in primary export production, 2) increased fluxes of IRD would dilute, causing an apparent decrease even if production was unchanging, 3) increased dissolution at the seafloor. Nave et al. (2007) conducted a study in which these mechanics were tested based on diatom contents in the northern Atlantic. Francois and Bacon (1994) had already proven using 230Th that a massive increase in detrital flux accompanied the Heinrich events in the subpolar North Atlantic. Taking this in account, Nave et al. (2007) deduced that total sedimentary rates would have increase by up to a factor of 10 in the Western Atlantic (core MD95-2027). Normalizing this with the 230Th method would still result in a reduced diatom flux up to a factor 100. Therefore, dilution seems to be inadequate for explaining the reduction in Corg and microfossils present. Dissolution has also been proposed to negatively affect the export production. Even though Nave et al. (2007) mainly consider diatoms, their thinking could be extrapolated for this study. The first caveat would already be that with an increased detrital flux, organic and carbonate tests would be buried at an accelerated rate, which would shelter them from oxic bottom waters faster and therefor increase preservation rates. Furthermore, multiple studies proposed that during Heinrich events, the increased freshwater input in the northern Atlantic leads to a severe reduction of NADW formation, which would allow Antarctic Deep Water (AADW) to penetrate further north and possibly cover the coring site. NADW and AADW are chemically distinctive from each other. Firstly, AADW is considerably older and therefore has a lower oxygen concentration due to the fact that the majority of the initially present oxygen has already been consumed for the reduction of organic matter during the transport northward. This reduction of organic matter also leads to a second difference, NADW is roughly 1‰ heavier in δ13C as compared to AADW (Keigwin et al. 1994), as organic matter is generally higher in 12C, leaving the surrounding waters enriched in 13C until this organic matter decays. NADW therefore has a bigger corrosive effect on deep-sea carbonates as opposed to AABW. Should AABW indeed have been overlying the sediments at times of the Heinrich events, then both organic matter and carbonate tests would have actually had an increased rate of preservation. Therefore, a decrease in export production seems to be the most fitting explanation for these minima. This reduction could have had multiple causes. Reductions in sea surface temperature and salinity, as well as a more stratified water column negatively influencing the mixing depth are all factors known to reduce production in the top of the water column. Heinrich 3 and 6 show a severely smaller reduction in bromine counts (Figure 6). As aforementioned, these two Heinrich events occurred during precession minima, which results in an insolation maximum on the northern Hemisphere. Gwiazda et al. (1996) argued that higher sea surface temperatures resulted in icebergs from the Hudson Strait melting in the western portion of the North Atlantic. This could have two additive results in our findings in the bromine record. Firstly, a reduced influence of melting icebergs at this location results in a less severe drop in temperature, salinity and reduced stratification compared to the more severe Heinrich events. Secondly, higher general sea surface temperatures might have allowed for a bigger margin before export production would be negatively influenced by the previously mentioned consequences of melting ice in the ocean. 
[image: ]
Figure 16: Si/Sr for station 13 (red) versus raw bromine counts (black), the blue bars represent ice rafting events, Heinrich event or otherwise


Clumped Isotopes
Introduction
	Temperature reconstructions constitute one of the most important fields in paleoclimatology and palaeoceanography. Past water temperatures are not only important to its local surroundings, but for the global thermohaline circulation as well. However, proxy based temperature reconstructions have proven increasingly difficult with the age of the sample. The most commonly used proxy used is the ratio of 18O/16O (δ18O) captured in the shells of carbonate producing micro-organisms, such as dinoflagellates and foraminifera. However, there are two factors controlling δ18O. The first being the local temperature during the carbonate formation due to the fact that their affinity for incorporating 18O depends on temperature (Urey, 1947). The second is the background isotopic ratio of the seawater (18Owater), which is mainly controlled by the global ice volume, and therefore sea-level, this is due to the kinetic fractionation H2O undergoes during ice-sheet formation. ‘Light’ 16O evaporates out of the ocean quicker than the heavier 18O, as well the heavier isotopes raining out first. This results in the ice sheets being exceedingly light (-35 to -40 ‰), assuming the modern ocean water δ18O is 0 ‰ (VSMOW). Therefore, more ice on the globe means that the oceans would be relatively enriched in 18O. It has been estimated that during glacial periods, two-thirds of the total change in δ18O is due to 18Owater with the remaining one-third being 18Otemp (Schackleton, 1967). Hence, the use of δ18O has proven significantly more difficult for time periods following the formation of the Antarctic ice-sheet at the Eocene-Oligocene boundary and the subsequent formation of the northern hemisphere ice-sheets (Emiliani et al., 1966; Dansgaard and Tauber, 1969). Corals have been used to get an independent assumption of global sea level, however this method cannot be used on samples older than the last glacial maximum due to the preservation of said corals. (Waelbroeck et al., 2001; Adkins et al., 2013). 

	A recent development in the world of proxy-based climate reconstructions is the introduction of a proxy using clumped isotopes (Eiler et al. 2007). This proxy focuses on the clumping between specifically 13C and 18O by measuring CO2 with a molecular mass of 47, hence the method is commonly abbreviated Δ47. This proxy depends solely on the temperature under which the micro-organism formed his test, and therefore is ideal for reconstructions in times where ice-sheets were present. The downside of this proxy is that it requires a lot of measurements as individual samples generally show a high variance in their clumped isotopic composition. 

	For this section of the study, the clumped isotopic composition of both planktonic and benthic foraminifera will be investigated for NICO-13. These samples will be prepared and their foraminiferal content will be separated into separate taxa. IODP-U1308 (Hodell et al. 2008) and DSDP site 609 (Bond et al., 1992, 1993, 1999; McManus et al., 1998; Bond and Lotti, 1995) both contained little to no benthic foraminifera at the ages relevant to this research, and therefore any benthic foraminifer will be grouped, disregarding taxa or size. Each group will be individually analysed using the clumped isotope proxy with the purpose of finding whether different taxa will have different temperature signals recorded within their carbonate test.


Methods
Clumped isotopes mechanics
Clumped isotopic analysis is a relatively young proxy for temperature reconstruction. It can be applied in a wide arrange of environments, either organic or inorganic. As previously mentioned, in contrast to conventional proxies, this proxy is not dependent on the background isotopic ratio of the seawater but solely relies on the temperature under which the analysed carbonate has crystallised. This is based on the principle that during the carbonate formation process, 18O and 13C tend to bind together more as temperature decreases, due to the thermodynamic stability of the bond (Eiler et al., 2007). This is defined as Δ47, which represents the increased amount of clumping between the heavier isotopes as compared to when all present isotopes should be stochastically distributed between all isotopologues (molecules that are different from each other just based on their isotopic makeup, see Table 6). The equilibrium constant of the following reaction (Schaube et al., 2006) is the key to the entire method:

 		      (Reaction 1)

Due to the unique vibrational energy of each isotopologue, each is slightly more thermodynamically stable at different temperatures. The isotopologues on the right side of the equation are more stable at lower temperatures, whereas the two on the left are more stable at higher temperatures. When these isotopologues are measured, and the equilibrium constant is known, the temperature can be estimated regardless of any influencing outside factors such as seawater composition or biological fractionation. Due to the thermodynamic nature of this method, it can be applied to a wide range of samples. Calibrations have been produced for both inorganic calcites (Ghosh et al., 2006), as well as organic carbonates, such as corals (Ghosh et al., 2006), fish otoliths (Ghosh et al., 2007), molluscs and brachiopods (Came et al., 2007), teeth (Eagle et al., 2010) and lake carbonates (Huntington et al., 2010). 

[image: https://ars.els-cdn.com/content/image/1-s2.0-S0016703710003959-gr3.jpg]
Figure 17: Published Δ47 data from their corresponding authors. Adapted from Tripati et al (2010). The line through all calibrations matches the linear regression from Ghosh et al. (2006)
In order to measure the isotopologues, carbonate (CO3) is first converted into CO2 by phosphoric acid digestion. The fractionation factor going from CO3 to CO2 is approximately 0.062 ‰ (Bernasconi et al. 2018) The resulting CO2 is present in atomic masses ranging from 44 to 49 based on the different isotopic combination between the oxygen and carbon atoms. The total CO2 is then measured using mass spectrometry to determine the different weight fractions. Masses of 48 and 49 are generally discarded as their natural occurrence is insignificant (Table 6). CO2 with mass 44 is the lightest isotopologue, not containing any heavier isotopes of either C or O. Mass 45 is used mainly to get to contribution of 13C (13C16O2), even though this mass can also be obtained with the inclusion of 17O, the 13C isotopologue is still roughly 15 times as common. Mass 46 is used for 18O (12C18O16O), with this isotopologue being 476 times more common and 28,169 times more common than 13C17O16O and 13C17O2 respectively. With the total counts of 13C and 18O known, the abundance of CO2 with mass 47 is predicted at a formation temperature where thermodynamic stability is deemed insignificant, generally around 1,000 °C. Two separate values are now obtained for mass 47, a measured and predicted one. The measured value should always be higher as CO3 formed in the sea always will be influenced by differences in thermodynamic stability due to lower temperatures. This difference is defined as Δ47, and the lower the temperature at formation was, the higher this value will be. Calibrations from Kele et al., (2014) and Peral et al., (2018) agree with the travertine based calibration data produced at Utrecht University and therefore are utilised to obtain temperatures from the Δ47 data.	Comment by Ziegler, M. (Martin): Figure 2: nothing more recent?

Table 6: Table showing CO2 isotopologues and their abundances, adapted from Eiler et al. (2007). δ 18O and δ 13C ratios are assumed to equal VSMOW and PDB standards respectively
	CO2 mass
	Isotopologue
	Relative abundance

	44
	12C16O2
	98.40%

	45
	13C16O2
12C17O16O
	1.11%
748 ppm

	46
	12C18O16O
13C17O16O
12C17O2
	0.40%
8.4 ppm
0.142 ppm

	47
	13C18O16O
12C18O17O
13C17O2
	44.4 ppm
1.50 ppm
1.60 ppb

	48
	12C18O2
13C18O17O
	3.96 ppm
16.8 ppb

	49
	13C18O2
	44.5 ppb




Sampling procedure
	Due to the time required to acquire accurate temperature measurements, it was decided to measure two separate samples. A sample representing modern conditions, taken at the very top of the core. And a sample representing peak glacial conditions, taken at 93 - 94 cm core depth, representing 20.74 ky. More samples were taken, and a portion of them prepared for further studies. Samples have been acquired from 5 distinct times within the core: modern (0-5 ky), last glacial maximum (15 – 25 ky), MIS-4 (65 – 75 ky), MIS-5E  MIS-5D (105 – 115 ky) and the Eemian interglacial (115 – 130 ky).  Samples were taken at a higher resolution of 1 centimetre at the peak of the event and at a lower 2 centimetre resolution leading up to and after said peaks. Samples were taken from the working half of the cut core, taking approximately half of the layer in the working half while avoiding the sediments closest to the tube wall to fend off any contamination. The voids were filled up by filling material, cut on size to avoid the remaining sediments from flowing into the hole and disturbing the record. These samples were transported from the NIOZ facility on Texel to Utrecht University for further analysis. The samples were first stored in a freezer at -32 °C after which they were freeze-dried for another 48 hours. Once freeze-dried the samples were washed and divided into 4 separate size fractions using sieves; <38 µm (fine fraction), 38 – 63 µm, 63 – 150 µm and >150 µm. The fine fraction was taken by capturing the first waters washing through all three sieves, up to 2 litres has to be captured for each sample to gather enough material. This was stored in big jars and put in an oven at 40℃ to evaporate the water. Once the fine fraction settled at the bottom of the jar, excess water could be removed to speed up the process. The other three fractions were simpler as they would remain in the sieve in which they were too big to pass through. These were put in small dishes with the water used to wash them out of the sieve and put in the oven. These would dry substantially faster than the fine fraction due to the lower amount of water needed to evaporate and would generally be done within a day. The remaining foraminiferal material for each size fraction was then collected within 20 µl vials and stored, awaiting the picking process. 
 
The different taxa which we will analyse are based on the finding at IODP-U1308 (Hodell et al., 2008). The most abundant taxa, both during modern and LGM times are: Globigerina bulloides, Globorotalia inflata, Globorotalia truncatulinoides, Orbulina universa, Neogloboquadrina pachyderma (d), Neogloboquadrina pachyderma (s). Following recommendations by Darling et al., (2006), the warmer water, dextral coiling variant of Neogloboquadrina pachyderma has been renamed to Neogloboquadrina incompta and shall be addressed as such in this research, the sinistral variant will still be addressed by Neogloboquadrina pachyderma. For the planktonic foraminifera, only the size fraction of 212 – 355 µm was used. Roughly 300 individuals were picked and divided in their corresponding taxa and general abundances were found this way. These abundances are used to created weighted averages for their corresponding clumped isotopic values. The benthic foraminifera were picked from any size fraction and taxa, as their abundance was too low for proper measurements, as each aliquot must consist of 70 – 95 µg of material, and we still wanted enough for accurate measurements. Planktonic foraminifera which were low in abundance had additional individuals picked, not changing the general abundance. Orbulina universa is a generally larger species and therefore the extra individuals have been picked mainly in the >355 µm. Should any major deviation be found between Orbulina universa and the other planktonic foraminifera, the size dependence of foraminifera (Peral et al.,2018) should be considered. All material was cleaned to remove any mud, coccolithophores and other substances that would alter the measurements. This was done by gently crushing the foraminifera to expose their inner chambers, as this is where more mud remains, and putting them in an ultrasonic bath for around 20 seconds. This separates the light mud and coccolithophores from the heavier foraminifera shells. The lighter fraction would remain suspended in the water, which was subsequently removed with the use of a pipette. The residual shell fragments were put in an oven at 40℃ to evaporate any remaining water from this process. 
[image: ]Once the remaining liquids had evaporated, samples were prepared for measurement. Each run contained 48 total aliquots with 2 lines. Each line had 1 empty vial to collect acid, 2 aliquots for ETH-1, 2 for ETH-2 and 8 for ETH-3. Besides this, one aliquot was used for IAEA-C2, a prefabricated carbonate used to test long-term reproducibility. After these steps, 10 aliquots remained per line, thus 20 aliquots for samples per run. ETH-1 and 2 both represent high formation temperatures whereas ETH-3 has an isotopic formation signature of around 25℃, which is considerably more indicative for foraminiferal carbonates, hence why is it measured substantially more than ETH-1 and 2. As previously mentioned, IAEA-C2 was included to add a standard for long-term reproducibility, besides this IAEA-C2 has a relative high Δ47, which is ideal to compare to colder water species, such as Neogloboquadrina pachyderma (s). Each vial was filled with 70 to 95 µg carbonate powder. Each foraminiferal sample was adjacent to an ETH-3 standard for optimal accuracy. The measurements were done using a Kiel-IV carbonate device at Utrecht University. The carbonates are dissolved in 104% anhydrous phosphoric acid at 70℃ for a duration of 360 seconds. This produces the gaseous CO2 fit for mass-spectrometry. The CO2 gas first needed to be purified before being measured, for this the method used by Schmid & and Bernasconi (2010) is used. The released CO2 and water from the acid fractionation are frozen in a cold finger over Porapak™ at -196℃ with liquid nitrogen. The unit is heated to -90℃ to release the frozen CO2 which is then frozen in a second cold finger. This results in the water and potential contaminants with a freezing point higher than -90℃ trapped within the first cold finger. The resulting CO2 should therefore be free of contaminants and is transferred into the mass spectrometer. The purified CO2 was subsequently ionised and launched into the mass spec with an electromagnet in the bend to direct the ionised particles into the collector cups at the end of the track. By varying the voltage to the electromagnet, the intensity of deflection of the ions can be controlled. A background correction has to be applied to get a reliable value for all isotopologues of CO2 as the dominance of the m/z 44 affects the measured values. Values of m/z 49 and sometimes m/z 48 are low enough that without this correction, even their highest values would be negative. However, every isotopologue has to be corrected for this. In order to reduce this deviation, the intensity of m/z 44 is measured at different voltages. The higher the m/z 44 peak, the bigger the correction has to be. These two are linearly correlated with each other and therefor the correction can be calculated based on the m/z 44 for every isotopologue.


Figure 18: Relation between m/z 44 peak and correction for m/z 47 in the 9.545 - 9.550 kV range

Results
Table 7: general abundances of the main groups of planktonic foraminifera in both samples, unidentifiable fragments and individuals of other species were grouped in “other” 
	Species
	Modern abundance (%)
	LGM abundance (%)

	G. bulloides
	20.33
	6.30

	G. inflata
	14.67
	0.00

	G. truncatulinoides
	2.00
	0.00

	N. incompta
	31.00
	0.37

	N. pachyderma
	3.67
	88.52

	O. universa
	6.00
	0.00

	Other
	22.33
	4.81



One preliminary observation that can already be made is that the assemblage is considerably more varied in our core-top sample, i.e. warmer conditions, whereas during colder conditions, the assemblage is dominated by the sinistral coiling N. pachyderma. As previously mentioned, specimens were picked specifically from the 212 - 355 µm size fraction to minimize any size-related fractionations. However, species such as G. truncatulinoides, O. universa for the modern sample and G. inflata for the LGM sample, have been picked in the >355 µm size fraction as well as these were relatively rare in the intended size fraction. Furthermore, benthic foraminifera were picked in any size fraction due to their rarity. A relation found when comparing the modern to the glacial sample is that G. inflata appeared to be generally larger during colder conditions as they were mostly absent in the 212 – 355 µm size fraction of the LGM sample, yet relatively common in said size fraction in the modern sample. Benthic foraminifera also appeared to be generally larger compared to the planktonic species. The amount of individuals picked for isotopic analysis was based on this general abundance, as it is most worthwhile to measure the foraminifera abundant in a sample compared to the rarer ones. Unfortunately, due to an error during measurements, modern N. incompta were not measured as profoundly as we would have liked to. The benthic assemblage was relatively similar between both samples and consisted mainly of: Pyrgo sp., Cibicidoides wuellerstorfi, Melonis sp. and a few individuals of Uvigerina auberiana, of which most were found in the >355 µm size fraction. Photographs of these species can be found in Fig. 19 and 20. Fragments of, presumably, O. universa were abundant in the modern sample, however, fragments were discarded as they do not offer the same taxonomic certainty that intact individuals do. Therefore, the abundance of O. universa might have been higher than currently presented. Specimens that were put into “other” were no longer used for any measurement as values deduced from this group are not reliable as it consists of mixed signals from multiple species.   


[image: ]
Figure 19: A and E: Globogerina bulloides, B: Globorotalia inflata, C: Orbulina universa, D: Globorotalia truncatulinoides and F: Neogloboquadrina pachyderma (s). These are most of the planktonic foraminifera present in both the modern and LGM sample.

	[image: ]
Figure 20: A: Pyrgo sp., B and G: Cibicidoides wuellerstorfi, C, E and F: Melonis sp.., D: Uvigerina auberiana, there was not a clear difference in the benthic assemblage between the modern and LGM sample.

[image: ]
Figure 21: δ18O vs δ13C for the measured species. A) modern planktonic B) modern benthic C) glacial planktonic and D) glacial benthic. Note the different axis values
	As can be observed, the scatter among species vary a lot. Modern G. inflata (A - yellow) and glacial N. pachyderma (C – red) have been measured most profoundly and seem to average out rather well with small error margins. Benthic foraminifera show a substantial scatter however. The modern benthic measurements do not seem to be that distant from the glacial benthics. Benthic foraminifera have a much higher potential species effect as compared to their planktonic counterparts. δ 18O values should increase going from the modern to the glacial samples, which can be observed in specifically the planktonic foraminifera. With the exception of the glacial G. inflata, which only had one measurement and therefore is not indicative, planktonic foraminifera are divided into two main groups based on their oxygen isotopes. Modern planktonic foraminifera vary in δ 18O values between 1.187 to 1.884 ‰, whereas glacial planktonic foraminifera vary between 3.901 to 4.729 ‰. δ13C also seem to follow the same trend where modern values vary between -0.685 to 1.986 ‰ and LGM values vary between -1.121 to 0.134 ‰. 

Using the isotopic ratios of both δ13C and δ 18O, each measurement was given a statistical value for the predicted amount of m/z 47 that should be present if the 13C and 18O isotopes were stochastically distributed through the sample. The difference between the predicted and measured value for m/z 47 is expressed as Δ47, and is related to temperature in a linear relationship using the travertine calibration by Kele et al. (2015):
             		                   (Equation 1)
Rewriting this formula to transfer the Δ47 to temperature gives us:
  							      (Equation 2)

Eq.2 calculates the temperature in Kelvin, therefore the correction of 273 is added to transfer to Celsius. Values for Δ47 vary considerably, even within the same species, therefore an average should be made to get an average for every species. Unfortunately, not even species was measured as extensively as we would have wanted due to picking difficulties, human error or mechanical error. All measured values for Δ47 can be found in the graph below.
Table: 8: amount of samples per group, Δ47, resulting temperatures, averaged out over all samples within that group. Standard errors are supplied for each measurement
	Species
	#
	Modern Δ47
	Modern T (℃)
	#
	LGM Δ47
	LGM T (℃)

	G. bulloides
	6
	0.727 ± 0.015
	10.2 ± 3.855
	5
	0.756 ± 0.016
	3.0 ± 3.699

	G. inflata
	15
	0.713 ± 0.007
	13.6 ± 1.867
	1
	0.727 
	-

	G. truncatulinoides
	1
	0.687
	-
	-
	-
	-

	O. universa
	2
	0.735 ± 0.047
	-
	-
	-
	-

	N. pachyderma
	1
	0.734
	-
	27
	0.773 ± 0.005
	1.7 ± 1.633

	N. incompta
	2
	0.692 ± 0.007
	-
	-
	-
	-

	Bentisch
	2
	0.806 ± 0.031
	-
	8
	0.749 ± 0.008
	0.8 ± 3.922



	The temperatures are calculated using Eq. 1 from the average Δ47 instead of averaging out each individual temperature measurement. This is due to the fact that the relationship between Δ47 and temperature is not linear and would create minor deviances in average temperature. Groups with fewer measurements tend to deviate from documented temperatures by a considerable amount as singular measurements are rather unreliable. To illustrate this, glacial N. pachyderma had Δ47 values ranging from 0.855 to 0.724, resulting in an apparent temperature range of -17.5 to 10.8 ℃. Modern O. universa only had 2 aliquots, having Δ47 values of 0.688 (20.5℃) and 0.782 (-2.8℃), even though their average seems to be within range of documented surface water temperatures, this might have been just a fortunate coincidence. Hence, temperatures for species with an insufficient number of measurements are discarded. Standard errors are provided with both the clumped measurements, as well as the calculated temperatures. These display the need for a high number of aliquots perfectly as the groups with more aliquots got a progressively lower standard error. Glacial N. pachyderma had a surprising amount of exceedingly low temperatures. Even though the group is represented by 27 aliquots, having 4 aliquots registering temperatures between       -10 to -20 ℃ might lead to an overestimation of how cold glacial surface waters in the Northern Atlantic were at the time of year when N. pachyderma grew. 


Table 9: The different planktonic species gathered during this study and their primary living conditions. Each species is extensively covered in the book of Schiebel & Hemleden (2017) 
	Species
	Living depth (m)
	Season
	Reference

	G. bulloides
	0 – 50 (above thermocline)
	Winter / Spring
	Deuser et al. (1981)
Schiebel & Hemleben (2017)

	O. universa
	0 – 200 (wide range)
	Summer
	Deuser et al. (1981)
Eggins et al (2004)
Schiebel & Hemleben (2017)

	G. inflata
	0 – 200 (opportunistic)
	Winter / Spring
	Deuser et al. (1981)
Schiebel & Hemleben (2017)

	N. pachyderma
	50 – 200 (subsurface)
	Winter
	Kuroyanagi et al. (2004)
Schiebel & Hemleben (2017)

	N. incompta
	0 – 100
	Summer
	Kuroyanagi et al. (2004)
Schiebel & Hemleben (2017)

	G. truncatulinoides
	0 – 200 (very deep)
	Winter / Spring 
	Deuser et al. (1981)
Schiebel & Hemleben (2005)
Schiebel & Hemleben (2017)



	Certain species of foraminifera can be grouped together as their living conditions are similar enough to have recorded temperature during the same season, as well as the same water depth. Not every species is necessarily linked to a specific water depth. G. inflata has been found to display opportunistic behavior in mesotrophic conditions and can adjust to a wider range of water depth based on food availability (Schiebel & Hemleben 2017). G. truncatulinoides is another extreme case. Live specimens have been sampled from water samples exceeding depths of 2000 meters (Schiebel & Hemleben 2005). This species predominantly breeds during winter, where they move upwards in the water column to the surface waters provide more food for their offspring. After which the offspring move deeper and disperse over the deep ocean. Based on these findings, we can group species together to increase the number of aliquots per group. Species such as G. bulloides, G. inflata and G. truncatulinoides are all species predominantly active during winter in the upper part of the water column. Therefore, we can group these three to form a group with 22 aliquots total. O. universa is a rather universal species, but increases in population in the tropical zones on the globe. They have been found at high latitudes when transported by warm, polar-bound ocean currents such as the Gulf Stream. Based on their preferences, O. universa and N. incompta share a lot of similarities. However, grouping these together would create a group of only four aliquots, which makes the grouping of these two not worthwhile as they still have profound differences in global distribution. Grouping G. bulloides, G. inflata and G. truncatulinoides together results in a group with Δ47 values ranging from 0.676 (24 ℃) to 0.791 (-4.8 ℃). Averaging these out creates a temperature estimate for late winter / early spring sea surface temperature of 13.3 ± 1.633 ℃. Which appears to agree with known literature rather well, more on that in the following section.  

Discussion and comparison to known literature
[image: ]	Overall, the δ13C and δ18O values for the foraminiferal measurements show little deviation from what is to be expected when comparing glacial to non-glacial conditions. Δ18O should be heavier during glacial times due to lower water temperatures and heavier ambient seawater δ18O centration as the lighter oxygen isotopes are incorporated in the ice. With the exception of the glacial G. inflata, all planktonic foraminifera conform to this trend. However, glacial G. inflata only had one aliquot and therefor the accuracy for these measurements are deemed relatively inaccurate. δ13C is mainly a function of production in the photic zone and organic reduction in the benthic zone of the water column. G. bulloides is a species that tolerates a wide range of ocean temperature, salinity and water density. This wide range allows it to be common (20.33%) during modern time but also coexist along with N. pachyderma (s) during glacial times. The seasons in which they thrive are winter to early spring (Deusser et al. 1981). Hence, both the isotopic signal and temperature signal they record should be on the colder end of both the modern and glacial samples. The δ18O values measured (Fig. 21) appear not to vary significantly from other major foraminiferal groups measured for the same period. However, the size of the ice sheets does not vary significantly on a seasonal time scale and therefore this signal would be relatively similar between winter and summer living species as two-thirds of the δ18O signal is roughly estimated to be the ambient seawater signal, and only one-third being actual temperature fractionation (Schackleton et al. 1967), which might be the source of the small difference. Carbon isotopes (δ13C) predominately represent biotic processes such as productivity as a function of metabolic rates and nutrient concentrations; ventilation of oceanic water masses (Metcalfe, 2013). During interglacial times these processes might display a wider range of values due to increased climatological and oceanographically variations on a yearly basis, as well as an increased temperature gradient in the water column, as compared to glacial times. The recorded range of δ13C in the modern planktonic foraminifera indeed is larger (-0.685 to 1.986) as compared to the glacial foraminifera (-1.124 to 0.134). Looking at the endmembers in the modern sample, G. bulloides represents the lightest endmember whereas O. universa represents the heaviest. As previously mentioned, G. bulloides thrives mainly during winter/early spring, which is the North Atlantic is characterised by lower primary production rates as compared to late spring to summer (Fig. 22). This lower rate of primary production would leave the water slightly lighter as more 12C remains in the water compared. O. universa makes up the heaviest carbon signal in the modern planktonic samples. Figure 22: Productivity rates based on the Moderate resolution imaging spectroradiometer (MODIS), Adapted from Radi & de Vernal (2008)

However, this seems to be at odds with [image: ][image: ]findings by Aze et al. (2011) argued that this species was not quite a mixed layer species, but instead should be placed in ecogroup 4 (open ocean sub-thermocline) due to very light δ13C and heavy δ8O values. The measured modern O. universa are quite the opposite of a species with light carbon compared to the other specimens. However, similar to the glacial G. inflata, not all too many aliquots were dedicated to this particular species as its abundance was low (6%). Remnants of mud, coccolithophore fragments or other contaminants might negatively affected these measurements, with only two aliquots, this might be more an analytical error instead of accurately representing the crystalisation conditions of their test. This species appears to be widely distributed worldwide, with general abundances between 3 and 4% and seem to mainly respond to sea surface salinity, with their maximum abundances globally occurring in areas where the summer sea surface salinity exceeds 35.5 psu. The North Atlantic is a basin where the general salinity is relatively high both due the inflow of highly saline (>37 psu) Mediterranean water, and a salinity increase caused by a higher evaporation rate compared to the precipitation rate, leaving the basin saline compared to the Pacific Ocean. Glacial planktonic foraminifera both display a smaller range and lower general values as compared to their modern counterparts. However, the glacial assemblage only consists of two species (discounting the G. inflata) whereas the modern had five. During glacial times, both the annual variability and the seasonal thermocline are reduced. Glacial G. bulloides shows a slightly lighter signal in both δ13C and δ18O compared to N. pachyderma (s), most probably due to differences in living depth. Primary production during the LGM decreased both during summer and winter seasons (Radi & de Vernal, 2008). This is represented both in the δ13C, which is directly influenced by this reduction in productivity and δ18O, which is controlled by processes that control production as such as: ice volume, sea water temperature and salinity. Fig. 23 shows the difference in production rates between modern and LGM times for both summer and winter. The reduction during summer is much stronger. Therefore, species living mainly in summer should see a bigger isotopic shift as compared to winter living species, which is what can be observed when looking at G. bulloides and N. pachyderma their isotopic differences between modern and LGM samples.
 Figure 23: Differences in summer (Top) and winter (Bottom) primary productivity between modern and the LGM, adapted from Radi & de Vernal (2008)

	


Benthic foraminifera show a far greater scatter as compared to the planktonic foraminifera. If this is due to analytical parameters or whether they actually recorded substantial different signals is unknown. Glacial benthic foraminifera also seem to have rather indistinguishable isotopic values compared to modern specimens, however, due to the large amount of scatter, the validity is debatable. Averaged out, modern benthic foraminifera (δ13C = 1.155, δ18O = 3.553) still have a similar relationship with their glacial counterparts (δ13C = 0.761, δ18O = 4.276) compared to the planktonic foraminifera. However, the differences in δ18O are not as pronounced as are to be expected. Furthermore, δ13C seems to have the opposite relationship as expected. Adding to this, δ13C in the deep ocean is mainly controlled by reduction of organic matter in the benthic zone, which is a function of both the supply of organic matter from higher in the water column, and the oxygenation and ventilation of the deep waters. Even though the modern sample will most probably have a considerably higher flux of organics created by primary productivity (Fig. 23), the δ13C actually reveals that the modern deep North Atlantic Ocean is heavier compared to the glacial deep ocean. An explanation for this might lie in which body of deep water of actually overlying the core location at the time of crystallisation.  NADW is relatively enriched in δ13C, by roughly 1 ‰, compared to AABW. This difference is because of the fact that AADW is considerably older than NADW. Due to the longer time in which organics could decay in the deep ocean, AADW is substantially richer in nutrients, and lower in both δ13C and oxygen concentration. Multiple authors have pleaded for a northward penetration of AABW in the North Atlantic during glacial times due to the weakening of the AMOC (Atlantic Meridional Overturning Circulation). Should the AABW indeed penetrated northward far enough during the LGM, then the intrinsic difference in δ13C between water masses would explain why the modern sample is isotopically heavier, even though organic reduction at this location should be higher. This might be the reason the difference is only ~0.4 ‰ compared to the proposed ~1‰ that differentiates the water masses. Further differences could be explained by the position of the foraminifera within the sediment; benthic versus epicbenthic. Species living within the sediment are less affected by the bottom water composition and mainly derive their isotopic content based on pore water and sediment dynamics.

G. bulloides has decreased in abundance during nearly all IRD events and were found to be nearly absent during MIS-2 and MIS-6, which are represent the peak glacial periods of their respective glaciation. Furthermore, they show great millennial variability, mainly pronounced during MIS-3 (Kandiano et al. 2003). In our samples, G. bulloides was arguably the only planktonic species present during glacial times, along with N. pachyderma (s), although at a drastically reduced abundance as compared to the modern sample. N. pachyderma (s) is uniformly considered to be a polar species, mainly living in waters that do not exceed a temperature of 10℃, and make up to 95% of the planktonic foraminiferal assemble in waters in which the summer temperature does not exceed 5℃ (Bond et al., 1995). In our glacial sample, N. pachyderma had an abundance of 88.52%, which might still be a slight underestimation due to ~8% of the assemblage had been classified as “other”. It is safe to say that the glacial sample was dominated by N. pachyderma (s), which in itself would already mean that the summer SST should not have been much higher than ~5℃, which does agree with the data produced by Kandiano et al. (2003) (Fig. 24)	Comment by Molemaker, J. (Joris): I feel like this imagine is rather useful as it gives a good constraint on what temperatures can be expected. If I add our own data in here it will most probably get really messy and unclear










[image: ]Figure 24: SST's in the North Atlantic (M23414-6) for both summer (top) and winter (bottom) based on planktonic foraminiferal diversities (TFT and MAT), adapted from Kandiano et al. (2003). Numbers above indicate Heinrich events and the arrows mark events similar ice rafting events in MIS-6


The study conducted that produced the figure above used core M23414-6 (53.537⁰N, 20.290⁰W; water depth 2201 m), which is in near proximity of the cores drilled for this study. Therefore, the SST estimations produced by Kandiano et al. (2003) should prove a good comparison. For the modern specimens, most seems to agree really well with their results. G. bulloides and G. inflata individually recorded temperatures of 10.2 ± 3.855 ℃ and 13.6 ± 1.867 ℃ respectively. And when put in a group together with G. truncatulinoides, these three average out at 13.3 ± 1.633℃. This seems to be at the high end of possibilities for winter SST. Either to many aliquots recorded excessively high temperatures, skewing the average to a higher value, or the signal recorded within this group is not strictly winter SST as G. bulloides as an individual group seems to approach known values significantly better (Kandiano et al., 2003; Locarnini et al., 2014; De Schepper et al., 2014). Unfortunately, modern benthic measurements only consisted of two aliquots, recording a temperature of -8.0 ± 6.433 ℃. This is most definitely an error within the measurements, but with only two aliquots, this had a high probability of happening. O. universa, N. pachyderma and N. incompta each had a low amount of aliquots and due to their preferred living conditions, unable to being grouped with other planktonic foraminifera.
Glacial samples overall recorded lower temperatures, which is to be expected. By far the biggest group, N. Pachyderma (s) (27 aliquots) has an average temperature of -0.4 ± 1.633 ℃, which seems a bit low. Especially considering the glacial benthic foraminifera captured a temperature of 0.8 ± 3.922 ℃. Hydrodynamics dictate that heavier water bodies would eventually always underlie lighter water bodies, and since density is governed by mainly temperature and salinity, the bottom water had to be significantly more saline than the waters in which N. pachyderma (s) lived. Even though there are salinity differences descending in the water column, a difference this substantial is very unlikely. N. Pachyderma (s) had 4 aliquots which recorded extremely cold temperatures (< -10℃). Should these be left out, the temperature would increase to 1.9℃, which seems considerably more reasonable. G. bulloides captured a temperature of 3.0 ± 3.699 ℃, which seems probable considering the modern G. bulloides also recorded a higher temperature compared to the modern N. pachyderma (s). Glacial G. inflata only had a singular aliquot due to its rarity within the intended size fraction. As previously mentioned, specimens of G. inflata appear to have decreased in size going from glacial to modern conditions. With G. bulloides not changing nearly in the same degree, it would be illogical to assume that the grouping done in modern times would be done in the same degree for glacial times.
[image: ]Naturally, a wide arrange of conventional proxies exist capable of reconstructing glacial temperatures for either different points in the water column. Proxies such as TEX86 and UK37 are tied to specific points in the water column due to them being based on membrane dynamics from specific single celled organisms. Furthermore, proxies such as Mg/Ca incorporation and standard δ 18O incorporation can be utilized to compare our own findings to. Problems with proxies such as these is that untangling winter and summer signals might be troublesome in some of them, and therefore the temperature estimates might be average temperatures on a yearly basis. De Vernal et al. (2006) conducted a multi-proxy study within the North Atlantic to reconstruct LGM temperatures as accurate as possible within the limitations of each proxy. These proxies included planktonic foraminifera assemblages, cysts from dinoflagellates, alkenones within membrane lipids and Mg/Ca ratios captured within foraminifera, which were G. ruber and G. bulloides in this.    study.  The graph below shows the finding for all their stations within the North Atlantic, the red box is the approximate latitude in which our cores are located. Furthermore, the NICO cores fall within the “East of 30°W group.
Fgure 25: Graph adapted from de Vernal et al. (2006), red box represents the latitude of the NICO cores and the black bar is the temperature range from our clumped isotope analysis


[bookmark: _GoBack][image: ]As can be seen in the graph above, SST estimates vary rather considerably between proxies. Throughout all latitudes, a general trend of Mg/Ca and alkenones recording higher temperatures is apparent. De Vernal et al. argued that especially Mg/Ca calibrations become increasingly inaccurate going into lower temperatures. Furthermore, during glacial periods, alkenone production was most probably centered around the warmer summer months (de Vernal et al. 2006). Therefore, the alkenone signal has a high probability of having captured predominantly the summer temperatures. In the same study, core MD95-2010 from the Norwegian sea had its winter and summer signal split to provide an estimate of either temperature signals. Even though this core is located substantially further north (66°N), the trends found within this core should also apply to the NICO cores. As can be seen in Fig. 26, winter temperatures were rather stable, varying between 0 – 3 ℃, summer temperatures however proved to be more variable at this exact location.  Should alkenones indeed have predominantly captured a summer signal, then this signal would indeed be higher than either the averaged or winter signal, which explains why this proxy has been found to recoded temperatures between 10 - 15 ℃ at the NICO core latitude.   Disregarding latitude wide differences, they found that both the planktonic foraminiferal assemblage and dinocysts recording vastly lower temperatures of roughly 0 - 5℃ on an annual basis, whereas alkenones recorded ~6-10℃ in specifically the eastern North Atlantic. Considering our clumped isotope signal consists mainly of more winter-based species, it makes sense that the temperature signal we got might be more in line with the overall winter signal. Deep sea temperatures are slightly trickier to reconstruct due to proxies such TEX86 and UK37 not being applicable to bottom waters. Adkins et al. (2002) conducted a study based on δ 18O and pore fluid measurements of the chloride concentration to reconstruct LGM North Atlantic deep water temperatures and salinities. They concluded that whereas the modern deep North Atlantic is approximately 3.25 ℃ and 34.7 psu, the glacial North Atlantic was ~ -1.1℃ and 36.1 psu based on the aforementioned proxies. As with the other temperature estimates. These fall well within the standard error proposed by our own clumped isotopes measurements.  
 Figure 26: de Vernal et al. (2006) winter (blue) and summer (red) temperature estimates for MD95-2010. Black bar represents the exact age of the NICO core LGM sample.

General conclusion
· Due to the lower resolution of IODP-U1308, accurate age estimations of the NICO cores, especially further from the tie points, are hindered. With IODP-U1308 also interpolating the ages between 0 – 35.3 ka, it might be worthwhile conduction independent radiocarbon dating in the future to smooth out the age model for both NICO cores.
· Correlation between the NICO cores could however be done at high resolution, therefore, an age model only has to be applied to either of the two, and then transferred to the other.
· The purple and green bands found within the cores, predominantly during MIS-5 show some correlation between the cores, yet the intensity varies greatly. They appear to be inconsistent between the three cores to be considered a proper correlation tool and are most probably caused by diagenetic alteration.
· The transition from MIS-5A to MIS-4 was a big turnover for multiple mechanisms within the North Atlantic. Periodicity of both Si/Sr and bromine content transitioned from a precession controlled period of 21 ky to a ~8 ky period. Glacial parameters, such as occurrence of N. pachyderma, % of lithics and IRD also increased from this point onward. The intensification of the polar conditions passing a threshold is most possibly the cause of this.
· Bromine, indicative of organic matter content within the sediment was found to anti-correlate with Si/Sr. Every increase in Si/Sr was accompanied by a decrease in bromine. Colder SST and a more stratified water column, common results of ice rafting events, have a negative effect on primary production.
· The term “Heinrich Event” is not yet properly defined within literature. Between the two main definitions, one is based on a recognisable layer within the sediments drilled, and the other treats it more in a climatological manner. Yet both of these do not seem to be fully applicable for the many ice rafting events during the last 200 ky.
· The clumped isotope temperature reconstructions were mainly preformed on planktonic foraminifera due to the exceedingly low amount of benthic foraminifera present.
· Samples with few aliquots due to their rarity or significantly less reliable than samples with many aliquots. Grouping together groups if similar living conditions works with a few species, but not all.
· Most temperature reconstructions seem to agree with known literature as well, with differences between foraminifera in the same time explainable by either growing season or position within the water column. 
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Appendix 1: (Top) Working halves of Station 13 (Bottom) Working halves of Station 14 with a clear offset between the two. The green-purple band at the bottom of St.13 section 1 corresponds with the top of St.14 section 1


Lightness data
Station 13
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Station 14
[image: ]Appendix 2: Lightness with the 8.5 diaphragm together with the colorimetric ratios A* and B* for both station 13 and 14, compared to the lightness observed by Hodell et al. in IODP-U1308. Note that our core lightness, A* and B* have all been averaged using a 5-point moving average to reduce the noise
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Appendix 2: Systematic view of Station 13 with Core photo, Lightness measured with the 9.5 diaphragm, bromine as an indicator for organic carbon content and the ratios of Ca/Sr (black, top axis) and Si/Sr (red, bottom axis)
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Appendix 3: Systematic view of Station 14 with Core photo, Lightness measured with the 8.5 diaphragm, bromine as an indicator for organic carbon content and the ratios of Ca/Sr (black, top axis) and Si/Sr (red, bottom axis)
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