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Abstract 10 
 11 
The Eirik Drift, off southern Greenland, is one of a series of contourite deposits in the 12 

northern North Atlantic that  record changes in the strength and location of western 13 

boundary currents in the region. To date however, the sedimentary facies, and 14 

particularly the variation in facies across this drift, have received relatively little 15 

investigation. Here, we present an analysis of the sedimentary facies observed 16 

within a transect of cores from the crest to toe of the Eirik Drift. The Holocene 17 

sequence consists of muddy contourites with high sedimentation rates at the drift 18 

toe, and a condensed sequence of sandy contourites on the upper drift flanks, 19 

consistent with winnowing under strong bottom currents on the upper drift and 20 

deposition under a low velocity, sediment-laden current at the drift toe. We 21 

interpret this to be a combined result of episodic, high-energy benthic storm events 22 

associated with the East Greenland Current (EGC) on the upper drift and more 23 

continuous, lower velocity Deep Western Boundary Current (DWBC) on the drift 24 

flanks. The deglacial interval is represented by muddy contourites across the drift, 25 

with evidence for decreasing current activity (both EGC and DWBC) and more 26 

widespread ice-rafted deposition from the Bolling-Allerod into the Younger Dryas. 27 

Palaeocurrent data from this interval show two separate current directions at the 28 

crest of the drift, suggesting temporary, local detachment of the DWBC or EGC, 29 

linked to temporal variation in current strength. The late glacial interval consists of 30 

glaciomarine hemipelagites and muddy contourites, with evidence for a higher 31 

degree of current influence at shallower depths, consistent with a moderate EGC and 32 
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weak DWBC. This is the first time that the EGC is recognised as having a significant 33 

role in sedimentation on the Eirik Drift. 34 

 35 

1 Introduction 36 
 37 

The Atlantic Meridional Overturning (AMOC) is one of the most important 38 

components of the Earth’s coupled ocean-climate system, transporting heat to high 39 

latitudes, controlling the exchange of carbon dioxide and oxygen between the 40 

oceans and atmosphere, and controlling the distribution of nutrients in the oceans 41 

(Rahmstorff, 2003, 2006). Ocean circulation, including the AMOC, is driven by a 42 

number of processes, including surface wind shear, convection, tidal mixing and the 43 

production of dense, saline water masses at high latitudes (Broecker, 1991; Dickson 44 

and Brown, 1994; Wunsch, 2002). Changes in the strength and location of Earth’s 45 

currents is closely coupled to climate, with important positive and negative feedback 46 

mechanisms, to teleconnections between hemispheres, and to the location, width 47 

and sill depth of oceanic gateways (Rahmstorff, 2002). 48 

 49 

Contourite drifts form directly under the influence of bottom currents, and their 50 

morphology and sediment facies can be used to reconstruct current dynamics 51 

(location and strength) through time (Faugères et al, 1999; Faugères and Stow, 52 

2008). They therefore represent important repositories for the record of ocean 53 

circulation and climate change (Knutz, 2008). These drifts are typically associated 54 

with bottom currents controlled by deep thermohaline circulation, particularly 55 

western boundary currents, and build up thick accumulations of fine-grained (mud-56 

rich) sediments (Stow and Faugères, 2008).  57 

 58 

However, there is an increasing recognition that the relatively low velocities 59 

associated with such currents may not always be sufficiently strong to erode, entrain 60 

and transport coarse-grained sediment (Gardner et al., 2017). In some situations, 61 

benthic storms, the seabed expression of surface eddies and vortices, are associated 62 

with more pervasive erosive features, or areas with significant winnowing of fine 63 
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sediment and accumulation of coarse-grained sand sheets. These are particularly 64 

common at strong ocean fronts such as the Gulf Stream and Subantarctic Front 65 

(Gardner et al., 2017; Nicholson and Stow, 2019; Nicholson et al., 2020). Cascading 66 

water masses from restricted ocean gateways and constricted flow through 67 

contourite channels can also achieve significantly higher velocities than in 68 

unconstrained western boundary currents, and are also associated with coarse-69 

grained contourites and erosional features (Stow et al., 2013; Brackenridge et al., 70 

2018).  71 

 72 

The Eirik Drift lies off the southern margin of Greenland and is one of a series of 73 

large-scale contourite drifts that occur around the margins of the North Atlantic 74 

basin along the path of the Deep Western Boundary Current (DWBC) and its 75 

contributory water masses (Wold 1994; McCave and Tucholke 1986) (Figure 1). The 76 

DWBC forms the western lower limb of the overturning circulation in the North 77 

Atlantic, transporting cold, dense water masses to southern latitudes, balancing the 78 

northern transfer of warm, fresh water masses by the Gulf Stream. These drifts have 79 

therefore become the focus of growing attention, due to their importance as records 80 

of DWBC variability and of wider palaeoceanographic change (e.g. Hillaire-Marcel et 81 

al. 1994; Stoner et al. 1995; Bianchi and McCave 1999; Fagel et al. 1999; Hall et al. 82 

2004; Stanford et al. 2006). The drift also forms beneath the East Greenland Current 83 

(EGC), a strong south-flowing surface current associated with the Polar Front, 84 

although its influence on the drift has not previously been documented. 85 

Sedimentation in the Eirik Drift started in the Early Miocene (Müller-Michaelis et al., 86 

2013), and the drift therefore forms an important stratigraphic repository 87 

documenting the long-term evolution of these current systems. 88 

 89 

Here, we present new information on the late glacial to Holocene sedimentary facies 90 

from the crest to the toe of the Eirik Drift. We use this to understand the relative 91 

role of different water masses in controlling the facies distribution in the drift and 92 

test the hypothesis that there were significant changes in the dynamics of the DWBC 93 

and EGC between the last glacial interval and the present day.  94 
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2 Background  95 

2.1 Oceanographic setting 96 
 97 

In the North Atlantic, AMOC is dominated by the Gulf Stream, which transports 98 

warm waters towards northern Europe, and the return circulation of deep and 99 

intermediate water masses, which converge to form the Deep Western Boundary 100 

Current offshore Eastern Greenland (Figure 1). These are accompanied by surface 101 

currents associated with oceanographic fronts, including the EGC and Irminger 102 

Current (IC), which also meet and interact offshore Greenland and flow south (Figure 103 

1). When these water masses reach the southernmost tip of Greenland, they flow to 104 

the northwest, forming the West Greenland Current (WGC). The Eirik Drift forms 105 

southwards from this transition between the EGC and WGC (Figure 2).  106 

 107 

Hydrographic surveys in the vicinity of the Eirik Drift show that the DWBC ranges in 108 

depth from around 1800-3500 m (Figure 3a) with a high-velocity core between 2500-109 

3300 m (Hunter et al. 2007a; Bacon and Saunders, 2010; Stanford et al, 2011). The 110 

DWBC in this area is composed of four main water masses. The dominant 111 

constituents are Denmark Strait Overflow Water (DSOW) and Iceland Scotland 112 

Overflow Water (ISOW) (e.g. Dickson and Brown 1994). These water masses cross 113 

shallow sills in the Greenland-Iceland-Scotland (GIS) ridge to the west and east of 114 

Iceland respectively and then descend rapidly, following the margins of the Irminger 115 

and Iceland basins as they flow south (Figure 1). The DSOW has a lower temperature 116 

and salinity and higher density than ISOW, and therefore sits lower on the slope 117 

(Figures 1b, 3b). The two overflow waters entrain a significant amount of overlying 118 

Labrador Sea Water (LSW) (e.g. Dickson and Brown 1994; Alvarez et al. 2004) and 119 

lesser amounts of Lower Deep Water (LDW) (McCartney 1992) along their respective 120 

routes.  121 

 122 

The DSOW travels directly to the Eirik Drift along the east Greenland margin (Figure 123 

1). The ISOW, however, follows the western boundary of the Iceland Basin before 124 

passing through the Charlie Gibbs Fracture Zone then crossing the Irminger Basin via 125 
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a number of different, depth-dependent paths en route to its main merging point 126 

with DSOW in the DWBC off the south east Greenland margin (Hunter et al. 2007a). 127 

At the Eirik Drift, DSOW has a relatively high sediment load compared to ISOW 128 

(Figure 3c). This may be partly related to the difference in path length following the 129 

main points of erosion in the vicinity of GIS ridge (Hunter et al. 2007a), as well as the 130 

fact that DSOW has a higher velocity, preventing entrained sediment from settling to 131 

the seabed.  132 

 133 

The East Greenland Current (EGC) is a surface current associated with the Polar 134 

Front, which separates cold water masses on the East Greenland Shelf from warmer 135 

and more saline water masses to the east. As it passes over the Denmark Strait, the 136 

current bifurcates, resulting in the formation of mesoscale eddies and vortices, with 137 

eddy trains extending hundreds of kilometres to the south (Almansi et al., 2020). 138 

This enhanced Eddy Kinetic Energy (EKE) results in velocities (often exceeding 1 m/s; 139 

Brearley et al., 2012) that are significantly higher than those in the DSOW (~10 cm/s; 140 

Lauderdale et al., 2008). Turbulence associated with these eddies also results in the 141 

entrainment of dense water masses from the East Greenland shelf, resulting in the 142 

formation of the East Greenland Spill Jet (EGSJ) (Pickart et al., 2005). These water 143 

masses cascade down the continental slope at velocities sometimes exceeding 160 144 

cm/s (Brearley et al., 2012) until they find their equilibrium profile at around 1000 m. 145 

Recent surveys show that water masses associated with the EGSJ are equivalent (~5 146 

Sv) to all other components of the DWBC (Brearley et al., 2012). The sedimentary 147 

response to this has not been documented. 148 

 149 

The dynamic properties of the currents offshore Greenland have changed 150 

significantly over different timescales, from decadal-centennial (Bacon, 1997, 1998) 151 

to millennial and longer term (Holliday et al., 2007, 2009). Stable isotope data 152 

indicates that the DWBC was strong during the last interglacial, similar to the 153 

Holocene (Hillaire-Marcel et al., 1993). By contrast, during glacial stages, ocean 154 

circulation was inhibited by much more homogeneous water masses than in the 155 

Holocene (Hillaire-Marcel et al., 1993). The presence of short-lived cold periods in 156 

the North Atlantic during deglaciation – Heinrich events – are inferred to have been 157 



 6 

caused by massive freshwater input from melting glaciers, which limited or shut off 158 

the AMOC in the North Atlantic (Stanford et al., 2011). This freshwater forcing of the 159 

coupled ocean-climate system is an important component of models of future 160 

anthropogenic warming and deglaciation (e.g. Fichifet et al., 2003; Lenaerts et al., 161 

2015). The Eirik Drift provides an important archive of these past events, including 162 

both the DWBC and EGC. 163 

 164 

2.2 Drift morphology and architecture  165 
The Eirik Drift is an elongate, mounded deposit, or ridge, that extends for at least 166 

350 km to the southwest from the steep southern Greenland slope (Figure 2). The 167 

main crest of the drift descends from a water depth of around 1600 m adjacent to 168 

the Greenland margin to around 3500 m at the drift toe, toward the centre of the 169 

Labrador Sea, and shows a maximum cross-sectional elevation of around 1200 m. 170 

Three secondary ridges trend to the northwest away from the main ridge at 171 

approximately 90 degrees. The northern margin of the drift is delineated by a major 172 

canyon, which we refer to as the Farewell Canyon, with a lobe at its foot associated 173 

with turbidity current activity (Hunter et al. 2007b). 174 

  175 

The Eirik Drift was first identified in the 1960s (Johnson and Schneider 1969) and has 176 

been the subject of numerous investigations, including several contributions 177 

resulting from the Ocean Drilling Program Leg 105 (Srivastava et al. 1989). The 178 

majority of these investigations have focussed either on detailed sedimentary or 179 

isotopic characteristics at particular locations (e.g. Chough and Hesse 1985; Aksu et 180 

al. 1989; Cremer 1989; Hiscott et al. 1989), seismic characteristics (Hinz et al. 1979; 181 

Arthur et al. 1989; Srivastava et al. 1989; Hunter et al. 2007a) or paleoceanographic 182 

proxy records (e.g. Kaminski et al. 1989; Hillaire-Marcel et al. 1994; Stoner et al. 183 

1995; Fagel et al. 2002). Differences in sedimentation rate, isotopic composition and 184 

ice-rafted debris content across the lower flanks of the drift have been discussed in 185 

relation to glacial/interglacial timescales (Hillaire-Marcel et al. 1994), in particular.  186 

 187 
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Seismic reflection data, including high-frequency shallow seismic (Hunter et al. 188 

2007a, b) and deep-penetration multichannel seismic data (Müller-Michaelis et al., 189 

2013, Müller-Michaelis and Uenzelmann-Neben, 2014) have highlighted the gross 190 

morphology and internal architecture of the drift. These reveal a markedly non-191 

depositional, winnowed to erosive crestal region and SE flank, with a semi-prolonged 192 

to prolonged high-amplitude seabed echocharacter, and a more depositional, 193 

aggradational toe region and NW flank with a sharp, moderate to high-amplitude 194 

seabed echo and multiple, parallel, continuous sub-bottom echoes. The toe region of 195 

the northern flank has a low to moderate amplitude seabed echo with several sub-196 

bottom echoes, with a still expanded depositional succession (Figure 2; Hunter et al., 197 

2007a).  As yet, however, no detailed discussion of the variation in sedimentary 198 

facies across the whole depth range of the drift has been undertaken. This is 199 

provided in section 4 below.  200 

 201 

There is still considerable uncertainty concerning the timing of opening of the major 202 

North Atlantic oceanic gateways, and hence the onset of significant water exchange 203 

and export across the Fram Strait and Greenland-Iceland-Scotland Ridge (Straume et 204 

al., 2020). Whereas there is greater consensus for the Fram Strait being partly open 205 

around 20-17 Ma and fully open from 13.7-11.2 Ma (Myrhe et al., 1995; Jakobsson et 206 

al., 2007), there is less agreement further south. For example, estimates range from 207 

40-50 Ma (Thiede and Eldholm, 1983; Hohbein, 2012) to 10 Ma (Denk et al., 2011) 208 

for the Faeroes-Shetland Channel, and from 35 Ma (Wold, 1995) to 6 Ma (Denk et 209 

al., 2011) for the Denmark Strait. Several authors present evidence for around 18-15 210 

Ma for the Denmark Strait (Thiede and Eldholm, 1983; Ramsay et al., 1998; Poore et 211 

al., 2006). We might therefor expect the onset of at least a proto-DWBC from the 212 

mid-Miocene. 213 

 214 

However, it is equally uncertain exactly when construction of the Eirik Drift began. It 215 

is possible that significant build-up only began  in the Early Pliocene following the 216 

inception of significant northern-sourced bottom current activity in the Late 217 

Miocene (Arthur et al. 1989). The drift grew progressively during a Pliocene phase of 218 

active growth and southward progradation (Hunter et al. 2007b). Drift growth 219 



 8 

continued, but more slowly and in a more aggradational manner, during the 220 

Pleistocene with relatively less current influence (Arthur et al. 1989). This varied 221 

between glacial and interglacial stages. Strong bottom current flow was re-222 

established at the onset of the Holocene (Hillaire-Marcel et al. 1994). 223 

 224 

3 Database and Methods 225 
The main resource for this study is a sequence of cores forming a depth-transect 226 

from the crest to the toe of the Eirik Drift, along its northern flank (Figure 2). The 227 

cores comprise two gravity cores and six piston cores collected between 2004 and 228 

2006 (Table 1). The main facies present within each core have been identified based 229 

on visual logs and compositional data (smear slides), with subsequent 230 

characterisation using grain size data. 231 

 232 

Ages and Sedimentation Rates 233 

For cores from the toe of the drift (D298-P2 and P3), the age of the sequences 234 

observed has been determined based on a series of radiocarbon dates carried out on 235 

single species picks of Neogloboquadrina pachyderma (sinistral) and by correlation 236 

of the magnetic susceptibility records with a published, dated record from the area 237 

(Stoner et al. 1995). An age model for core 451G on the upper drift flank has been 238 

determined by Stanford et al. (2006) and correlation with the other cores from the 239 

upper drift (450G and CD28 to 32) has allowed the ages of the sequences at these 240 

locations to be determined.  241 

 242 

Distinct facies characterise the glacial, deglacial and Holocene sequences. 243 

Approximate sedimentation rates have been determined for the Holocene and 244 

deglacial sequence in each core based on the thickness of the sequence, excluding 245 

any turbidites. The full thickness of the glacial sequence is not penetrated in any of 246 

the cores. However, radiocarbon dating of this sequence in core 450G (Stanford, 247 

2008) has allowed the late glacial sedimentation rate to be estimated for this 248 

location.  249 

 250 
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Core Latitude 

(N) 

Longitude 

(W) 

Water 

Depth 

(m) 

Core type Cruise 

TTR13AT-450G 57 59.99 45 49.00 2326 Gravity TTR131 

TTR13AT-451G 58 30.89 44 54.33 1927 Gravity TTR131 

RAPID-CD28-9P 58 39.03 44 12.75 1625 Piston CD1592 

RAPID-CD29-10P 58 48.00 44 51.92 2145 Piston CD1592 

RAPID-CD30-11P 58 35.93 45 45.00 2440 Piston CD1592 

RAPID-CD32-12P 58 15.00 46 59.86 3072 Piston CD1592 

D298-P2 57 35.94 48 28.84 3518 Piston D2983 

D298-P3 58 13.01 48 21.77 3492 Piston D2982 

Table 1. Cores used in this study. Cores TTR13AT-450G and TTR13-AT-451G are referred to as 450G 251 
and 451G throughout the text. Similarly, cores RAPID-CD28-9P to RAPID-CD32-12P are referred to as 252 

CD28 to CD32 respectively. 1 (Kenyon et al. 2004); 2 (McCave 2004); 3 (Bacon 2006). 253 

 254 

Grain Size Characteristics 255 

Bulk sediment grain size analyses have been carried out on 112 samples, chosen to 256 

characterise the major facies present in each core. The analyses were carried out 257 

using a Malvern Mastersizer 2000 at the National Oceanography Centre, 258 

Southampton, which allows measurement of the 0.02-2000µm fraction. Mean and 259 

modal grain sizes are reported along with the degree of sorting and the proportion 260 

of sand coarser than 150µm, to give an estimate of the proportion of ice-rafted 261 

material present. The degree of sorting for all samples analysed in this study is poor 262 

to very poor on standard sorting scales (Compton 1962), reflecting a low degree of 263 

textural maturity common in deep water sediments. Facies interpreted as 264 

contourites, turbidites or hemipelagites (as discussed in Section 3) would show little 265 

distinction on the basis of sorting, in spite of pronounced differences in grain size 266 

distribution (see Figure 4). For the purposes of this study therefore, a bespoke 267 

sorting classification is used to allow further differentiation between facies (Table 2).  268 

 269 

Degree of Classification 
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sorting (phi) 

1 - 1.6 Well sorted 

1.6 - 2 Moderately sorted 

2 – 2.3 Poorly sorted 

2.3+  Very poorly sorted 

Table 2. Sorting classification used in this study 270 

 271 

Palaeomagnetic Characteristics 272 

Magnetic susceptibility and the anisotropy of magnetic susceptibility (AMS) have 273 

been measured on a continuous strip of 2 cm3 samples from each core. AMS can be 274 

represented as a three-dimensional ellipsoid, with the long axis indicating the 275 

direction of greatest induced magnetisation. The degree of magnetic anisotropy (P`) 276 

largely represents the degree of grain alignment, with higher values of P` indicating a 277 

higher degree of magnetic anisotropy and therefore generally a higher degree of 278 

grain alignment. Variations in P` can therefore be interpreted in terms of changes in 279 

relative current strength (Joseph et al. 1998; Joseph et al 2002).  280 

 281 

The orientation of the principal axis of magnetic anisotropy in sediments and 282 

undeformed sedimentary rocks generally indicates the direction of grain alignment 283 

(Rees 1965) and can therefore be interpreted as representing the mean flow 284 

direction. To compensate for the lack of a geographic reference direction, each core 285 

has been reoriented using the magnetic declination. The mean declination of 286 

remnant magnetism can be used as an estimate of geographic north in normal 287 

polarity, Holocene sediments (Flood, 1985). The data from each core has therefore 288 

been rotated to north using the average declination of remnant magnetism, 289 

measured on a representative selection of the samples, allowing the palaeocurrent 290 

direction to be estimated. The combined palaeocurrent data for the glacial to 291 

Holocene sequence in each core has then been plotted as a rose diagram. Where 292 

present, data from turbidites has been plotted separately to that from the 293 

contourite material.  294 

 295 

Composition 296 
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The composition of two cores has been analysed using an Itrax high-resolution XRF 297 

scanner at BOSCORF, Southampton. The Ca/Fe, Rb/Sr and Fe/K ratios are discussed. 298 

The Ca/Fe and Rb/Sr ratios reflect variations in the proportion of carbonate (biogenic 299 

and/or detrital) versus clastic material (Lackschewitz et al. 1994) and the Ti/K ratio is 300 

used to assess the relative proportions of basaltic/Mid Ocean Ridge (MOR) versus 301 

continental/cratonic-derived material present (Ballini et al 2006). The Fe/K ratio can 302 

be used to identify redox-related diagenetic events (Croudace et al. 2006). Smear 303 

slides have been made for each facies to allow further analysis of compositional 304 

variation. In addition, the carbonate content has been measured for one core using a 305 

Carlo-Erba elemental analyser.  306 

4 Results 307 

4.1. Sediment Facies 308 
Seven sediment facies, designated A-G, have been identified within the late glacial to 309 

Holocene sequence of the Eirik Drift. The characteristics of these facies are described 310 

in detail in the following sections and the processes responsible for their 311 

development are discussed. 312 

Facies A – Homogeneous bioturbated muds 313 
Facies A consists of grey-brown silty clay that is thoroughly bioturbated with no clear 314 

primary sedimentary structure (Figure 5). Greenish cm-scale bands are present 315 

throughout the unit, but the origin of these is unclear. The bands are characterised 316 

by an irregular pellet-like texture formed from mm-scale agglomerations of fine 317 

material. Bioturbation features comprise a combination of cm-scale Planolites and 318 

mm-scale Chondrites burrows. Some Planolites burrows are washed out and the 319 

inner surface lined with pellets.  320 

 321 

The bulk sediment grain size ranges from 0.5-600µm with a mean between 28 and 322 

63µm. The samples with high mean grain sizes (50µm and above) occur in the lower 323 

part of the unit and show distinct grain size bimodality, with modes at around 20 and 324 

100-120µm. Facies A can therefore be separated into two sub-facies, A1 and A2, 325 

with the upper sub-facies (A1) characterised by smaller average grain sizes, a 326 
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unimodal grain size distribution and a moderate degree of sorting (1.7-2), and the 327 

lower sub-facies (A2) characterised by greater average grain sizes, distinct bimodality 328 

and poor sorting (2.07-2.15) (Table 3 and Figure 5). Within the upper sub-facies (A1), 329 

the modal grain size is either around 6-7 or 20-35µm. No visible boundary or 330 

difference between these two sub-facies can be observed by visual logging of the 331 

cores.  332 

 333 

The Ca/Fe ratio is low (<0.1) in sub-facies A2 and increases through sub-facies A1 to 334 

values of 0.2-0.3 in the upper 120 cm indicating an increasing calcareous biogenic 335 

versus clastic component (Figure 6). A distinct peak, in which the ratio attains a value 336 

of 0.5-0.6, occurs in the upper few centimetres of the unit, corresponding to a light 337 

brown oxidised layer associated with the core tops. By contrast, the Rb/Sr ratio is 338 

moderate (0.15-0.3) in sub-facies A2 and decreases upward through sub-facies A1 to 339 

values of <0.1, suggesting increasing proportion of basaltic versus 340 

continental/cratonic-derived material. Peaks in the Fe/K ratio correlate with the 341 

more prominent greenish bands, possibly suggesting a redox-diagenetic origin.  342 

 343 

Smear slides show this facies to be composed of mixed biogenic and clastic material 344 

with a high proportion of coccoliths (Figure 5). Comparison with the grain size data 345 

suggests that the coccoliths account for the fine mode (~6µm) observed within sub-346 

facies A1, while the clastic fraction accounts for the somewhat coarser mode (25-347 

30µm). Variability in the modal grain size in sub-facies A1 between these values is 348 

therefore interpreted to reflect variation in the proportion of clastic material versus 349 

coccoliths. Within sub-facies A2, a high proportion of both diatoms and large, platy 350 

rhyolitic volcanic glass shards were observed in the smear slides, with these 351 

constituents accounting for the sand-sized mode (100-120µm).  352 

 353 

 354 

 355 

 356 

 357 
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 358 

 359 

 360 

 361 

 362 

 363 

 364 

Facies Mean 
(µm) 

Mode 
1 

(µm) 

Mode 
2 

(µm) 

Sorting % 
>150µm 

Primary 
structures 

Bioturbation 

A1 28-37 6-35 - 1.7-2 3-5 Green 
bands? 

Planolites 
Chondrites 

A2 53-63 15-20 100-
120 

2.07-
2.15 

12-15 - Planolites 
Chondrites 

B 29-65 6-45 120 1.62-
2.18 

2-10 Pale bands Planolites 
Chondrites 
Phycosiphon 

C 62-
124 

78-
103 

8-10 1.91-
2.24 

11-22 Irregular 
colour 
banding 

Planolites 
Chondrites 

D 60-
113 

6-8 130-
180 

2.23-
2.58 

14-25 - Planolites 

E 132-
165 

118-
223 

~6 1.51-
2.03 

34-43 - Non visible 

F Base 16-80 13-30 ~270 1.09-
1.87 

1-3 Parallel 
lamination 

Non 

F 
Upper 

10-16 7-15 - 1.43-
1.89 

0 - Planolites 

G 79-89 6-17 ~178 2.43-
2.51 

14-15 - Planolites 

Table 3. Structural and textural characteristics of the main late glacial to Holocene 365 

sedimentary facies of the Eirik Drift  366 

 367 

Facies A is interpreted as a muddy contourite deposit with a moderate to high 368 

biogenic input. The degree of magnetic anisotropy within both sub-facies A1 and A2 369 

is generally low to moderate (P` = 1.01-1.03). This, combined with the fine modal 370 

grain size suggests low current velocities. The dominantly basaltic origin of the clastic 371 

fraction (inferred from the Rb/Sr Ratio) is consistent with the majority of the 372 

Holocene sediment deposited at the Eirik Drift having been eroded from the Nordic 373 
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Basaltic Province in the vicinity of the Denmark Strait, and then transported a 374 

distance of ~1500 km to the drift in the DSOW portion of the DWBC (Innocent et al. 375 

1997; Hunter et al. 2007a). 376 

  377 

Sub-facies A2 is considered as part of this muddy contourite facies and not a 378 

separate sandy mud facies as there is no visible difference between the two sub-379 

facies in the cores. The depositional process responsible for the formation of sub-380 

facies A1 and A2 is essentially the same (deposition from low-velocity contour 381 

currents) but with a difference in biogenic input and abundance of volcanic glass. As 382 

the hydrodynamic properties of the thin, platy rhyolitic glass shards will be 383 

equivalent to those of much smaller equant grains (McCave et al. 2006), the glass is 384 

thought to have been transported to the Eirik Drift by contour currents from closer 385 

to Iceland (the main source of volcanic glass in the region). This also represents a 386 

transport distance of around 1200-1500 km from source. 387 

 388 

The main difference between the two sub-facies is compositional, with A2 having a 389 

high component of diatoms and volcanic glass, lower biogenic carbonate and a 390 

somewhat higher basaltic influence. The type of transition between these two sub-391 

facies cannot be determined visually. Trends in the XRF data (Figure 6), particularly 392 

the Rb/Sr ratio, suggest that the transition may be gradual, but interpretation is 393 

hampered by the presence of an intervening facies across this interval. 394 

Facies B – Homogeneous bioturbated sandy muds with scattered Ice-rafted 395 
Debris (IRD) 396 
Facies B is composed of brown to grey-brown sandy muds with no primary 397 

sedimentary structure and scattered sand to cobble-sized ice-rafted debris (less than 398 

10%  >150 µm fraction). Pale coloured, fine-grained bands are intercalated with this 399 

unit in cores CD30 and CD32. Bioturbation in the form of Planolites and Chondrites 400 

burrows is present throughout this facies in all cores, while in cores D298-P2 and P3, 401 

intervals of Phycosiphon are present at 540-595 and 300-360 cm respectively.  402 

 403 
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The bulk grain size ranges between 0.4 and 1100 µm, although a few grains greater 404 

than 2 mm in diameter were removed by sieving prior to grain size analysis, including 405 

a mafic igneous cobble 9 cm in diameter from the base of core D298-P3. The mean 406 

grain size ranges between 29 and 65 µm and the dominant mode between 6 and 45 407 

µm (Table 3 and Figure 7). Secondary modes at around 120 µm are present in some 408 

deep-water cores (D298-P2, CD30). The degree of sorting is moderate to poor (1.62-409 

2.18) and the degree of grain alignment is generally low (P’ = 1.01-1.02). 410 

 411 

This facies is characterised by a low (<0.1) Ca/Fe ratio (Figure 6), which along with a 412 

low proportion of coccoliths and foraminifera observed in smear slides suggests a 413 

low biogenic input. The Rb/Sr ratio is moderate to high (0.2-0.5), indicating a 414 

relatively high continental/cratonic versus basaltic provenance (Figure 6).  415 

 416 

This facies is interpreted to represent hemipelagic to low energy contourite 417 

deposition in a glacio-marine setting. Generally low current velocities are indicated 418 

by both the low P` and low dominant modal grain size, while the presence of clastic 419 

material >150 µm is indicative of ice-rafted deposition. The relatively high influence 420 

of continental/cratonic material is consistent with the ice-rafted component having 421 

been transported to the area by the East Greenland Current (EGC). Ice carried by the 422 

modern EGC derives from the Arctic Ocean and East Greenland glaciers (e.g. 423 

Andrews et al. 1997) and provenance studies have shown that dropstones deposited 424 

by the EGC comprise around 46% continental material (largely felsic/intermediate 425 

plutonics and orthogneiss) (Linthout et al. 2000).  426 

Facies C – Homogeneous bioturbated sandy muds with abundant IRD  427 
Facies C is composed of brown sandy mud with limited primary sedimentary 428 

structure and abundant sand to pebble sized IRD (11-22% >150 µm fraction). 429 

Irregular, roughly parallel bands of darker, rust-brown colour are visible in most 430 

sections. The unit is thoroughly bioturbated with Planolites and Chondrites burrows 431 

present throughout. 432 

 433 
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The grain size ranges between 0.5-1100 µm with a mean of 62-124 µm and a mode 434 

of 78-103 µm (Table 3 and Figure 7). Secondary modes at 8-10 µm are present 435 

within some samples and the degree of sorting is generally poor throughout (1.91-436 

2.24). The Ca/Fe ratio is moderate (0.06-0.1) and the Rb/Sr ratio low (~0.15) 437 

indicating a moderate biogenic input and a significant basaltic sediment provenance 438 

(Figure 6). Smear slide analysis shows the coarse fraction to be dominantly 439 

composed of lithic material (Figure 7). The degree of grain alignment ranges from 440 

low to high (P’ = 1.01-1.05). 441 

 442 

Facies C is interpreted to reflect contourite deposition in a glacio-marine setting, 443 

with a somewhat higher proportion of IRD than Facies B. The higher grain size and 444 

generally higher P` and increased basaltic sediment component than Facies B 445 

indicate a more pronounced current influence on deposition.  446 

Facies D – Homogeneous bioturbated sandy mud with abundant IRD and 447 
strongly bimodal grain size distribution 448 
Facies D is characterised by strong grain size bimodality and a particularly high 449 

proportion of coarse IRD (100 µm+, Figure 7). This facies occurs as units 2-20 cm in 450 

thickness with no primary sedimentary structure and bioturbation that appears 451 

particularly pronounced at the upper and lower contacts. The mean grain size ranges 452 

from 60 to 113 µm and modes occur at 6-8 and 130-180 µm, with very poor sorting 453 

(2.23-2.58).  454 

 455 

The facies shows a low Ca/Fe ratio and high Rb/Sr, indicating a low biogenic input 456 

and strong continental/cratonic sediment provenance (Figure 6). Smear slides show 457 

the presence of lithic grains in excess of 100 µm in diameter and a very limited 458 

biogenic component (Figure 7). The degree of grain alignment is generally very low 459 

(P` ~1.005). 460 

 461 

Facies D is interpreted as a glaciomarine hemipelagite, with little to no current 462 

influence indicated by the very poor sorting and low P`.  463 
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Facies E – Homogeneous muddy sands 464 
Facies E occurs as thin (1-5 cm), poorly consolidated sandy layers that are thoroughly 465 

homogeneous with no primary sedimentary structure and no visible bioturbation. 466 

The facies is composed of 65-90% sand with a grain size range of 0.7-1100 µm. The 467 

sediments are moderately to well sorted (1.51-2.03) with a mean grain size of 132-468 

165 µm and a well-defined mode of 118-233 µm. A minor clay-silt tail can be 469 

observed in the grain size distribution, with a secondary mode sometimes visible at 470 

~6 µm (Figure 8).  471 

 472 

XRF data are not available for this facies due to the poorly consolidated nature of the 473 

sediments. Smear slides show the sand-sized fraction to be composed of clastic 474 

material (largely quartz and feldspar) and dark-stained foraminifera. Abundant 475 

coccoliths are also observed, which account for the fine tail in grain size distribution 476 

(Figure 8). Values of P’ are generally high (P’ <1.06). 477 

 478 

Facies E is interpreted as sandy contourite deposits formed in a glaciomarine setting. 479 

The low proportion of fine material and high degree of grain alignment indicate 480 

strong bottom current activity.  481 

Facies F - Graded muds, with silt-laminated basal division 482 
Facies F occurs as intervals up to 60 cm thick with a black, laminated silt base grading 483 

up into homogeneous, bioturbated fine-grained brown silt. Bioturbation features 484 

comprise Planolites burrows that are often washed out (Figure 9). The upper 485 

boundary of these units generally grades in to the overlying facies. Within the basal 486 

division the grain size ranges from 0.6 to 300 µm with a mean of 16-80 µm and mode 487 

of 15-30 µm, with a high degree of sorting (1.09-1.87). The homogeneous upper 488 

portion shows a grain size ranging from 0.4 to 250 µm with a mean of 10-16 µm and 489 

a mode of 7-15 µm and a somewhat lower degree of sorting (1.43-1.89).  490 

 491 

Facies F is characterised by a low Ca/Fe ratio and smear slides typically show a very 492 

low biogenic content. An exception to this is the presence of a foraminiferal sand 493 

layer at the base of one Facies F interval that shows as a distinct secondary mode in 494 
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the grain size distribution at around 270 µm. Facies F is also characterised by a 495 

moderately high Rb/Sr ratio, indicating a continental/cratonic-influenced sediment 496 

provenance.  497 

 498 

This facies is interpreted to be the result of turbidity current deposition. These 499 

turbidite deposits only occur at the deep-water toe of the drift (cores D298-P2 and 500 

P3). A total of five turbidites are present in core D298-P2 compared to only two in 501 

P3. The turbidites are also thicker and generally more complete in core D298-P2. This 502 

difference is likely to be due to the more elevated position of core D298-P3, which 503 

was taken from the flank of a secondary ridge (Figure 2), presumably leading to 504 

partial bypass of this site by turbidity currents. The continental/cratonic provenance 505 

is consistent with the interpretation that the turbidites in this area derive from 506 

south-western Greenland via the Farewell Canyon, to the north of the Eirik Drift 507 

(Hunter et al. 2007b).  508 

Facies G - Carbonate-rich sandy muds 509 
Facies G comprises pale coloured layers up to 6 cm thick that are strongly 510 

bioturbated and show no primary sedimentary structure. The intervals are very 511 

poorly sorted (2.43-2.51) with a mean grain size of 80-88 µm and a mode of 6-17 µm 512 

(Figure 9). The grain size distribution is generally bimodal with a second mode at 513 

around 178 µm.  514 

 515 

The facies is characterised by a very high Ca/Fe ratio and smear slides show a very 516 

high proportion of fine detrital carbonate material (Figure 9). These layers also show 517 

a high degree of grain alignment (P’ - 1.02-107). The sand-sized fraction (around 518 

28%) is composed primarily of clastic material (largely quartz).  519 

 520 

These detrital carbonate layers have been described in the Labrador Basin by several 521 

previous authors (Andrews and Tedesco 1992; Hillaire-Marcel et al. 1994; Hesse and 522 

Khodabakhsh 1998) and have been interpreted as having been deposited by a 523 

combination of turbidity flow, debris flow and ice-rafting processes, with transport 524 

of detrital carbonate material into the Labrador Basin from the Laurentide margin at 525 
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times when ice streams extended to the shelf break (Andrews and Tedesco 1992; 526 

Stoner et al. 1996).  527 

4.2. Ages and sedimentation rates 528 
An approximate stratigraphic framework has been developed for the transect of 529 

cores based on 8 new radiocarbon dates from cores D298-P2, P3 and 450G, a further 530 

5 published radiocarbon dates, and correlation of magnetic susceptibility records for 531 

all cores. These data and correlation are shown in Figure 10. The main time intervals 532 

characterised by different facies are the Holocene, deglacial (Bolling-Allerod and 533 

Younger Dryas) and late glacial (Figure 11).  534 

 535 

The Holocene interval is composed of Facies A muddy contourites mixed with Facies 536 

F turbidites at the deep water drift toe (cores D298-P2 and P3). On the upper drift 537 

however, the Holocene is represented by the thin sandy lag of Facies D. This 538 

sequence therefore shows a striking difference in both character and sedimentation 539 

rate between the toe and flanks of the drift, as first identified by Hillaire-Marcel et 540 

al. (1994), who reported a sedimentation rate of 32cm/ka at the drift toe and around 541 

2.3cm/ka on the lower drift flanks (2800 m). The present study shows that the 542 

sedimentation rate decreases still further on the upper drift flanks and drift crest 543 

where rates decrease to around 0.25cm/ka (Table 4).  544 

 545 

It is clear, however, from the mounded morphology of the Eirik Drift that drift 546 

growth overall must have been characterised by higher rates of deposition in the 547 

crestal region and NW flank. The Holocene depositional pattern noted here is 548 

therefore in marked contrast to the more typical pattern at this site, and reflects the 549 

distribution of sediment load within the DWBC as discussed by Hunter et al. (2007a).  550 

 551 

 Approximate sediment rate 

SW                                                                                                             NE 

Core P2* P3* 013‡ CD32 011 ‡ 450G CD30 CD29 451G CD28 

Water 

Depth (m) 
3518 3492 3380 3072 2805 2326 2440 2145 1927 1625 
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Holocene 32 23 32 1.3 2.3 0.4 0.4 0.25 0.25 0.25 

Deglacial 22 20  24  X 18.6 10.6 26.6 21 

Glacial   10-

15 

 15 28     

Table 4. Variation in approximate sedimentation rates for the Holocene, deglacial and glacial 552 
sequences across the drift, calculated based on the thickness of the sequences. X = sequence absent. 553 
Areas of elevated sedimentation rate are highlighted in grey. 554 
* Thickness of turbidites removed prior to sedimentation rate estimation. 555 
‡ From Hillaire-Marcel et al. (1994) with sedimentation rates calculated based on radiocarbon dating. 556 
013 indicates core 90-013-013 and 011 indicates core 90-013-011 cored by the CSS Hudson. For core 557 
90-013-013 a higher sedimentation rate of 54cm/ka was calculated for the lower part of the 558 
Holocene, but this estimate has not been used here, as correlation with the magnetic susceptibility 559 
records of D298-P3 indicates the presence of turbidites within this sequence that were not taken into 560 
account by Hillaire-Marcel et al.  561 

 562 

The deglacial interval is characterised by Facies B and C.  In deep-water areas (D298-563 

P2 and P3), Facies B muddy contourites with scattered IRD represents the whole of 564 

the deglacial, while on the lower drift flanks (cores CD-29, 30 and 32) Facies B 565 

represents the lower part of the deglacial only (approximately corresponding to the 566 

Bolling-Allerod). Facies C muddy contourites with abundant IRD represent the upper 567 

deglacial (approximately Younger Dryas) at these sites and the whole of the deglacial 568 

sequence on the upper drift flanks (cores 451G and CD28).  569 

 570 

Due to lack of precise stratigraphic resolution within the deglacial sequence, we have 571 

determined sedimentation rates for the deglacial period as a whole. The deglacial 572 

sequence shows moderate to high sedimentation rates across the drift, reaching a 573 

maximum of ~26cm/ka in core 451G on the upper drift flank (Table 4).  574 

 575 

The late glacial sequence is represented by Facies B muddy contourites and 576 

hemipelagites with scattered IRD in all cores. These are interbedded with intervals of 577 

Facies F turbidites and Facies G detrital carbonate layers in deep water areas (cores 578 

D298-P2 and P3). Facies D glacio-marine hemipelagites comprise the Heinrich Event 579 
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1 interval in all cores, with the exception of 450G, where the latest glacial and 580 

deglacial sequences are absent (Figure 10).  581 

 582 

Combining data from this study with those given by Hillaire-Marcel et al. (1994) from 583 

the drift toe and lower drift flanks (90-013-011), there is clearly a significant 584 

difference in sedimentation rate with depth and location on the drift (Table 4). 585 

Hillaire-Marcel et al. report a moderate sedimentation rate for the deep-water drift 586 

toe (core 90-013-013, 10-15cm/ka at 3380 m) and lower drift flanks (core 90-013-587 

011, ~15cm/ka at 2805 m), while radiocarbon dating from core 450G (this study) 588 

suggests sedimentation rates increase to around 28cm/ka on the upper drift flanks 589 

(2326 m). 590 

 591 

4.3. Flow patterns 592 
Palaeomagnetic palaeocurrent data for the combined late glacial to Holocene 593 

sequences in all cores generally indicate bottom current flow parallel to the local 594 

bathymetric contours, but with some notable variation (Figure 12). The method 595 

gives a flow orientation that is bidirectional – for example, the flow could be either 596 

to the east or west. We have therefore used a knowledge of the dominant flow 597 

direction of the modern DWBC, from hydrographic data, to interpret which direction 598 

is most likely. The observed dominance of contour-following palaeocurrents is 599 

significant as it strongly supports our interpretation of most facies as being 600 

contourites, showing greater or lesser influence of the bottom currents involved. A 601 

number of interesting local features can also be observed, as described below.  602 

 603 

Data from core CD28, at 1625 m water depth, indicate presumed flow northward 604 

over the drift crest. This is consistent with spot current measurement data recorded 605 

nearby (Rabinowitz and Eittreim 1974) but not with modern geostrophic current 606 

data, which indicate little to no current activity at this depth (Figure 3 and Hunter et 607 

al. 2007a). This anomaly may suggest that the DWBC is only intermittently active at 608 

this depth (Hunter et al, 2007a), although the paleocurrent data and the presence of 609 

winnowed surface sediments (Facies E) suggest that intense current activity is a 610 
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pervasive feature. We suggest that these paleocurrents on the crest of the drift 611 

reflect sediment transport under the influence of mesoscale eddies associated with 612 

the EGC. Such eddies result in benthic storms with significantly elevated velocities at 613 

the seabed, resulting in considerably more scatter in paleocurrent measurements 614 

than would be expected from semi-continuous deep boundary currents (Nishida et 615 

al., 2020). 616 

 617 

Another apparent anomaly occurs in core CD29 from the northern drift flank. The 618 

palaeomagnetic data indicate flow to the southeast (or northwest), when the 619 

dominant expected flow direction, following contours, would be to the northeast. 620 

This difference appears to be due to the proximity of CD29 to a local bathymetric 621 

feature that we interpret to be a tributary channel, leading into the Farewell Canyon 622 

to the north (Figure 12). This anomalous flow direction may also reflect reworking by 623 

deep-penetrating eddy activity associated with the EGC, as for R28. 624 

 625 

Most interestingly, in core 450G, two dominant current directions are observed at 626 

approximately 45 degrees to each other. This core was recovered from very close to 627 

the main ridge crest, suggesting that the variability in the palaeoflow direction was 628 

controlled by the behaviour of the boundary current at this curved nose of the drift. 629 

For a given radius of curvature in bathymetry, a boundary current may either 630 

continue around the bend, following the bathymetry, or temporarily detach from the 631 

boundary, depending on the velocity of the current. The variation in palaeocurrent 632 

direction in core 450G suggests that the current at this location sometimes follows 633 

the bathymetry, but at other times, detaches from the margin. This bimodality 634 

suggests variations in the velocity of the current. Downcore trends show that 635 

variation between the two dominant directions occurs on both centennial and 636 

millennial timescales (Figure 13), suggesting a link to wider glacial climate variability.  637 

 638 

Palaeocurrent directions have been plotted separately for the turbidites in cores 639 

D298-D298-P2 and P3 (in green on Figure 12). The turbidity flow direction appears to 640 

have been approximately north-south in core D298-P2, which is more or less parallel 641 

to the slope contours. The flow direction is more variable in D298-P3, with flow in 642 
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both NE-SW and NW-SE directions indicated, approximately parallel and 643 

perpendicular to the local slope direction, respectively. We would interpret the likely 644 

interaction of turbidity current and bottom current processes at both sites. 645 

 646 

5. Discussion: Temporal and spatial variability in facies – links to 647 
modern and palaeooceanographic conditions 648 
 649 

Facies and process  650 
 651 

The Eirik Drift is an elongate mounded contourite drift (sensu Faugères et al., 1999; 652 

Stow et al., 2002), which has been built upwards and outwards from the Cape 653 

Farewell continental margin of southern Greenland. The facies observed in this study 654 

in the transect of cores from drift crest to toe are dominated by contourites and 655 

hemipelagites, with some interbedded turbidites in the toe region. The contourites 656 

are mostly muddy, with intense bioturbation throughout, a marked lack of primary 657 

sedimentary structures (apart from colour banding of uncertain origin), moderate to 658 

poor sorting, and a mixed terrigenous-biogenic composition. Thin sandy contourites 659 

are locally present in the crestal region, and display a lack of clear bioturbation or 660 

primary structures, moderate to good sorting, and a similar mixed composition. 661 

Long-distance transport of up to about 1500 km from the Greenland-Iceland-662 

Scotland Ridge and Denmark Strait Gateway is inferred for some of the muddy 663 

contourite components on the basis of XRF data, but this information is not available 664 

for the sandy contourites.  665 

 666 

There is very little to distinguish the muddy contourites from hemipelagic facies. 667 

Marginally greater current influence during contourite deposition is evidenced by a 668 

slightly higher degree of magnetic anisotropy, an elevated modal grain size and 669 

better sorting. Clearly, a large amount of vertical (hemipelagic) settling as well as 670 

lateral advection contributes to muddy contourite deposition.  671 

 672 
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The standard vertical sequence of facies (C1 to C5) as defined in the contourite facies 673 

model (Gonthier et al, 1984; Stow et al., 2002) is poorly developed in the toe region 674 

and only present as a partial, base-only sequence (C1-C2-C3) in the upper 1-2 m of 675 

the crestal region. This is indicated by an upward coarsening change from Facies B to 676 

C to E, which is taken to represent an upward increase in bottom current velocity 677 

over the drift crest from Younger Dryas to the present day. Other subtle variations in 678 

grain size are noted through parts of the cores that can be related to compositional 679 

changes. These have been caused by variation in pelagic biogenic input, variation in 680 

the influx of glaciomarine IRD material, and episodic input from turbidity currents in 681 

the toe region, and are not, therefore, solely indicative of temporal changes in mean 682 

bottom current velocity. These data clearly demonstrate the need for a careful multi-683 

proxy approach in the paleoceanographic interpretation of contourite successions.  684 

  685 

An analysis of the spatial and temporal variability in characteristics of the Holocene, 686 

deglacial and glacial facies has allowed paleoceanographic conditions under which 687 

these facies were deposited to be examined in further detail.  688 

Holocene sequence  689 
Holocene sediments consist of winnowed sands across the majority of the drift and 690 

thick muddy contourites at the drift toe. This difference is consistent with the 691 

observations made from previous studies (Hunter et al. 2007a, b; Hillaire-Marcel et 692 

al. 1994) of sediment winnowing under strong currents across the majority of the 693 

drift, with active Holocene sedimentation limited to the drift toe, and relates to 694 

spatial variation in velocity and sediment load within the DWBC. 695 

 696 

The sandy lag sediments on the upper drift show a maximum proportion of sand (89-697 

90%) and maximum modal grain size (233-234µm) in two locations; around 2400 m 698 

(450G) and around 1900 m (451G), with a somewhat lower grain size and lower 699 

proportion of sand downslope and between these sites (Figure 14). This spatial 700 

variability can be interpreted with reference to the map of depositional regimes. 701 

Core 450G lies within the modern high-energy erosional zone associated with the 702 

main, moderate-velocity core of the DWBC, while core 451G is significantly 703 
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shallower,  above the present-day DWBC core (Figure 3). Measured velocities in this 704 

crestal area are less than 10 cm/s, lower than those required to erode and transport 705 

silt and sand (Gardner et al., 2017).  However, we suggest that this spot current 706 

measurement does not fully reflect the more typical current regime at this depth, 707 

which has been subject to relatively high current activity during the Holocene.  708 

 709 

We therefore propose that the shallow crest of the Eirik Drift is subject to significant, 710 

short-lived, high-energy events (benthic storms) associated with the EGC. The EGC 711 

flows directly across the crest of the drift in this location, including one branch 712 

flowing west along the continental slope of Greenland, and a retroflected branch 713 

that flows south and then east across Eirik Drift (Holliday et al., 2007). The EGC is 714 

associated with significant mesoscale eddy formation further to the north, where the 715 

current branches as it exits the Denmark Strait (Håvik et al., 2019). These eddies are 716 

associated with significantly higher velocities extending deep into the water column, 717 

and are transported hundreds of kilometres southward by the EGC. Such eddies may 718 

also form in association with the separation and retroflection of the current above 719 

Eirik Drift. Erosion and sediment transport by benthic storms associated with the 720 

EGC, rather than the DWBC, may also explain the unusual, N-S trending 721 

palaeocurrent measurements at the crest of the drift, with bimodal paleocurrents in 722 

450G perhaps representing the influence of both the EGC and DWBC. 723 

 724 

Another, related, mechanism that could explain these elevated velocities at the crest 725 

of the drift relate to the East Greenland Spill Jet (EGSJ, Fig 1). The strength and depth 726 

of the EGSJ is directly related to the position of the EGC in relation to the slope, and 727 

associated eddies which entrain cold, dense water from the East Greenland Shelf 728 

(Pickart et al., 2005; Brearley et al., 2012). Recent observations show that cascading 729 

water masses settle at water depths varying between 800 m to >1000 m, and the 730 

variability may be significantly higher across longer (Holocene) timescales. These 731 

water masses move at significantly higher velocities than the DSOW component of 732 

the DWBC, and may episodically erode and transport sediment across the shallower 733 

portions of the drift. 734 

 735 
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Within the deep-water muddy contourite facies, a significant biotic change is 736 

observed between sub-facies A2 and A1, suggesting a change in surface 737 

oceanographic conditions at this time (~10 ka). A high proportion of large (>100µm) 738 

centric, discoid diatoms (Thalassiosira sp.) is present in the early Holocene (sub-739 

facies A2), which are superseded by an assemblage of smaller discoid and spine-740 

shaped forms (Thalassiothrix longissima and Rhizosolenia sp.) in the later Holocene 741 

(sub-facies A1). This later assemblage corresponds to the subarctic assemblage 742 

mapped in the area by Andersen et al. (2004). The assemblage in sub-facies A2 743 

correlates approximately in time with an early Holocene (11-9.5 ka) diatom event 744 

recorded in the Reykjanes Ridge area (Andersen et al. 2004), which those authors 745 

interpret as reflecting exceptionally strong convergence of surface waters in the 746 

North West Atlantic related to the presence of the Sub-Arctic Front somewhat 747 

further west than its modern position. It is possible that the unusual early Holocene 748 

diatom assemblage at the toe of the Eirik Drift, toward centre of Labrador Sea, 749 

relates to a stronger influence of arctic surface waters in this area during the Early 750 

Holocene.  751 

Deglacial sequence 752 
The deglacial interval shows considerable spatial and temporal variability in facies 753 

across the drift (Figure 15). An increase in the proportion of IRD (>150µm fraction) 754 

occurs with both decreasing water depth and with time. The lower part of this 755 

interval, approximately corresponding to the Bolling-Allerod, shows an increasing 756 

proportion of IRD to the east, toward the Greenland margin, while the upper part of 757 

the deglacial interval, approximately corresponding to the Younger Dryas, is 758 

characterised by a high proportion of IRD across the drift. This pattern suggests a 759 

supply of IRD from a surface current analogous to the modern EGC during the 760 

Bolling-Allerod, with significant ice rafting becoming more widespread into the 761 

Younger Dryas. 762 

 763 

The evidence for the strength of the bottom currents during this interval is variable. 764 

On the upper drift (cores 451G and CD28), a winnowed grain size profile, moderately 765 

high modal grain size and moderate to high P’ suggest significant current activity. A 766 
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higher proportion of fine material on the drift toe to drift flanks (D298-P2, CD29 to 767 

32) suggests somewhat weaker current activity, although P’ is still moderately high in 768 

places. P’ decreases into the Younger Dryas interval in some, but not all cores, 769 

although the grain size generally increases due to an increase in the proportion of 770 

IRD. These observations suggest that the surface currents were active during this 771 

deglacial interval, but that deep thermohaline circulation was inhibited by the influx 772 

of fresh water from deglaciation. 773 

 774 

Within the Heinrich Event 1 interval, P` is generally very low (~1.005) across the 775 

whole of the drift (Figure 14) suggesting little to no current influence on deposition. 776 

This interval is therefore interpreted to reflect direct ice-rafted deposition with little 777 

to no current influence, consistent with a shutdown in deep circulation (Rahmstorf 778 

2002; Stanford et al., 2011), and possibly also the surface EGC, at this time. 779 

 780 

Glacial sequence  781 
Within the late glacial sequence both the mean and modal grain size and P` are 782 

generally low, suggesting weak current activity. However, the modal grain size and P` 783 

increase with progressively shallower water depths from the toe to the crest of the 784 

drift, suggesting an increase in current strength at shallower depths. The maximum 785 

modal grain size and maximum degree of grain alignment occur in core CD28 on the 786 

drift crest, where the water depth is around 1600 m. This is consistent with the 787 

depth of Glacial North Atlantic Intermediate Water (GNAIW) (e.g. Lynch-Stieglitz et 788 

al. 2007), and therefore provides further support for the hypothesis of a significant, 789 

but relatively shallow southward flowing limb of the THC in the North Atlantic during 790 

the glacial (e.g. Rahmstorf 2002 and references therein). Alternatively, this may 791 

represent sediment transported by benthic storms associated with the EGC, as 792 

proposed above. Furthermore, palaeocurrent data from core 450G suggest 793 

centennial and millennial scale variability in current strength that may relate to 794 

wider palaeoceanographic and palaeoclimatic change during this time.  795 

 796 
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Further assessment of the degree of bottom current influence across the drift can be 797 

made based on the spatial variation in sediment composition and sedimentation 798 

rate. Firstly, values of Rb/Sr are lower on the upper drift (0.15-0.3) compared to the 799 

drift toe (~0.3-0.4), suggesting a stronger basaltic/MOR influence at shallower levels 800 

(Figure 6). In addition, the sedimentation rate is significantly higher on the upper 801 

drift compared to the drift toe (Table 4) and the proportion of IRD is higher in deeper 802 

water sites (Figure 14).  803 

 804 

The higher proportion of IRD in deeper water areas (largely below ~2500 m) on the 805 

western Eirik Drift could be interpreted as reflecting a higher degree of ice-rafted 806 

deposition in this area (and would be consistent with the more continental/cratonic 807 

sediment provenance seen in this area). The GLAMAP 2000 reconstruction of sea 808 

surface temperature during the last glacial maximum (LGM) shows the whole of the 809 

Eirik Drift area to be ice free during the glacial summer, with an assumed cold 810 

surface current, analogous to the modern East Greenland Current (EGC), flowing 811 

parallel to the Greenland margin (Sarnthein et al. 2003). The modern EGC overlies 812 

the upper flanks of the Eirik Drift (largely above depths of around 2500 m), within 813 

around 200 km of the Greenland margin (Holliday et al. 2007) and provides a 814 

significant source of IRD within this area (Hunter et al. 2007a, b). The higher 815 

proportion of IRD in sediments further to the west of this during the glacial interval, 816 

largely below 2500 m and more than 200 km from the coast, may suggest this 817 

current was displaced further from the coast during this interval. This seems unlikely 818 

however, as there is no evidence for a significant width of permanent sea ice around 819 

the southern margin of Greenland (i.e. 200 km width) that could have displaced the 820 

current (Sarnthein et al. 2003).  821 

 822 

A more likely explanation for this compositional variability would be the addition of a 823 

source of laterally advected sediment to the upper drift flanks, leading to a relative 824 

dilution of the IRD content. This would be consistent both the higher sedimentation 825 

rate observed at shallower levels and with the more basaltic Rb/Sr signature at the 826 

crest of the drift, assuming that the GNAIW and/or the EGC transported basaltic-827 
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derived sediment southward in a similar manner to the modern DSOW and ISOW 828 

(Kissel et al. 1999).  829 

 830 

Conclusions 831 
This study shows significant lateral and vertical facies variations within the Eirik Drift, 832 

that highlight important changes in the current systems under which the drift 833 

formed. Holocene sediments are formed under the influence of both the DWBC and 834 

EGC, resulting in a mud-rich toe region with high sediment accumulation rates, and a 835 

coarse-grained, winnowed crest and upper flank regions that likely represent benthic 836 

storms associated with the EGC, or a fast-flowing episodic core of  the EGSJ. 837 

Deglacial sediments are mainly mud-rich contourites across the drift, showing that 838 

deep thermohaline circulation in the DWBC was inhibited, but that the EGC 839 

remained active. During the Heinrich event, even the EGC appears to have reduced 840 

in intensity and activity. Glacial sediments show that currents were generally weak, 841 

with sedimentation dominated by ice-rafted debris, glaciomarine hemipelagites and 842 

muddy contourites, but with greater current influence at shallower depths, 843 

consistent with a moderate EGC and weak DWBC. As far as we know, this is the first 844 

time that the EGC is inferred to have had a significant role in sedimentation on the 845 

Eirik Drift. 846 

  847 

 848 
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Figure captions 1193 
 1194 
Figure 1. (A) Location map of the Eirik Drift (Fig. 2 inset) with respect to the main 1195 
surface (dashed lines) and deep (solid lines) currents in the North Atlantic. GS - Gulf 1196 
Stream, NAC - North Atlantic Current, IC - Irminger Current, EGC - East Greenland 1197 
Current, WGC - West Greenland Current, ISOW - Iceland Straight Overflow Water, 1198 
DSOW - Denmark Strait Overflow Water, DWBC - Deep Western Boundary Current, 1199 
EGSJ – East Greenland Spill Jet. Pale yellow polygons show location of North Atlantic 1200 
drifts from Faugères et al (1999), including: 1 - Eirik, 2 - Gloria, 3 - Snorri, 4 - Bjorn, 5 - 1201 
Gardar, 6 - Hatton, and 7 - Feni. (B) Oceanographic cross section of the North 1202 
Atlantic from the East Greenland shelf to the Iceland Ridge, showing main water 1203 
masses and location of main surface currents. Salinity data is from Ocean Data View 1204 
(Schlitzer, 2020) and the location of the transect shown in Figure 1A. (C) 1205 
Oceanographic cross section of the East Greenland shelf, showing absolute 1206 
geostrophic velocities (colours) and potential density (kg m-3) as white dashed lines. 1207 
The elevated geostrophic velocities affecting the upper slope from ~400 to 1700 m 1208 
are a combined result of the EGC and EGSJ. Modified from Pickart et al. (2005).  1209 
  1210 
Figure 2. (A) Detailed bathymetric map of the Eirik Drift and region (modified from 1211 
Hunter et al 2007a). Dashed lines show the positions of the main and secondary 1212 
ridge crests. The positions of the cores used in this study are also shown, and the 1213 
location of seismic reflection profiles shown in (B) below. 1214 
(B) Single channel seismic reflection profiles (from Hunter et al 2007a) showing 1215 
morphology and architecture of part of the Eirik Drift. Note reduced thickness of 1216 
sediment succession on SE flank and crestal region of drift. Red circles show the 1217 
progressive migration of the drift crest with time. Core locations for CD29 and 451 as 1218 
shown.   1219 
 1220 
Figure 3. Modern hydrographic data from the vicinity of the Eirik Drift (modified 1221 
from Hunter et al. 2007a) showing: A – geostrophic velocity; B – salinity and C – 1222 
beam attenuance, which can be interpreted as a proxy for sediment load. Section 1223 
line runs approximately along the main drift crest (Figure 2). 1224 
 1225 
Figure 4. Grain size distribution plots for two samples showing distinctly different 1226 
grain size distributions, but a similar sorting value (poor to very poor) using the 1227 
standard scale. We have therefore modified the sorting values and terminology used 1228 
in this study (See Table 2).    1229 
 1230 
Figure 5. Facies A - homogeneous bioturbated muds. Core photograph, x-radiograph 1231 
(2 cm wide track), smear slides and grain-size distribution plots from core D298-P3.  1232 
 1233 
Figure 6 XRF sediment composition data shown as element ratios for cores 451G and 1234 
D298-P3. Facies as indicated against core logs on left. Vertical scale in metres 1235 
 1236 
Figure 7. Facies B - homogeneous bioturbated sandy muds with scattered IRD, Facies 1237 
C - homogeneous bioturbated sandy muds with abundant IRD, and Facies D - 1238 
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homogeneous bioturbated sandy muds with abundant IRD and bimodal grain size. 1239 
Core photograph, x-radiograph (2 cm wide track), smear slides and grain-size 1240 
distribution plots from core 451G. 1241 
 1242 
Figure 8. Facies E - homogeneous muddy sands. Core photograph, x-radiograph (2 1243 
cm wide track), smear slides and grain-size distribution plots from core 451G 1244 
 1245 
Figure 9. Facies F - graded, silt-laminated muds, and Facies G - carbonate-rich sandy 1246 
muds. Core photograph, x-radiograph (2 cm wide track), smear slides and grain-size 1247 
distribution plots from cores D298-P2 and P3.  1248 
 1249 
Figure 10. Age determination and core correlation based on C14 dating and 1250 
magnetic susceptibility records. The arrows show radiocarbon ages acquired as part 1251 
of this study. The triangles show published radiocarbon ages. The radiocarbon dates 1252 
acquired for this study were determined at the NERC Radiocarbon Laboratory, East 1253 
Kilbride. Publication code of samples used: SUERC-11848, 13640, 13645, 13646, 1254 
13648, 13650, 13652 and 13653. Ages calibrated using Calib Version 5.01 with a 1255 
400y marine reservoir correction of zero delta R. 1256 
 1257 
Figure 11. Graphic sedimentary logs showing the variation in facies with time across 1258 
the drift. Facies codes indicated adjacent to the logs. The inset bathymetric map 1259 
shows the core locations and the distribution of Holocene sedimentary regimes 1260 
determined by echocharacter mapping (modified from Hunter et al., 2007a). Yellow - 1261 
areas of intensive sediment winnowing and erosion; red - areas of moderate 1262 
sediment winnowing over areas of former contourite deposition; orange - areas of 1263 
moderate contourite deposition under strong current influence; and green - areas of 1264 
thick Holocene accumulation.  1265 
 1266 
Figure 12. Rose diagrams indicating the paleocurrent directions at each of the core 1267 
sites, based on paleomagnetic measurements - i.e. the anisotropy of magnetic 1268 
susceptibility (AMS) and reorientation of cores using magnetic declination. for cores 1269 
P2 and P3 , the directions shown in green represent samples from turbidites. The red 1270 
arrows show modern current directions as determined from spot current 1271 
measurements (Rabinowitz and Eittreim, 1974). The blue line marks the position of a 1272 
possible tributary channel leading to the Farewell Canyon, as identified in this study. 1273 
 1274 
Figure 13. Downcore variations in paleocurrent direction in core 450G. The age 1275 
frame is based on radiocarbon dating and correlation of the magnetic susceptibility 1276 
record with GISP2 oxygen isotope records.  1277 
 1278 
Figure 14. Spatial and temporal variation in grain size through the Holocene interval, 1279 
and relationship to the sedimentological zones and current pathways identified from 1280 
echocharacter mapping (modified from Hunter et al., 2007a). Yellow - areas of 1281 
intensive sediment winnowing and erosion; red - areas of moderate sediment 1282 
winnowing over areas of former contourite deposition; orange - areas of moderate 1283 
contourite deposition under strong current influence; and green - areas of thick 1284 
Holocene accumulation.  1285 
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 1286 
Figure 15. Spatial and temporal variation in grain size through the deglacial interval. 1287 
Grain size distribution plots with a grey background are Facies C sandy muds with 1288 
abundant IRD, and those with no shading are Facies B sandy muds with scattered 1289 
IRD.  1290 
 1291 
Figure 16. Spatial and temporal variation in grain size through the late glacial and 1292 
Heinrich Event 1 intervals, with smear slide photographs from the glacial interval of 1293 
cores R30 and 28. 1294 
 1295 
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