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Abstract 15 

Large icebergs leave evidence of their drift via ploughing of the seabed, thereby providing a geological 16 

record of episodes of calving from thick ice sheets. We interpret large-scale curvilinear depressions on 17 

the western Svalbard margin as ploughmarks produced by the keels of icebergs that grounded on the 18 

seafloor as they drifted through this area. Iceberg ploughmarks were identified at modern water depths 19 

between 300 m and 1000 m and in two distinct stratigraphic units. Combining data from sediment cores 20 

with seismic stratigraphy from sub-bottom profiler data suggests that the ploughmarks developed in 21 

two phases: (1) during Marine Isotope Stage (MIS) 6; and (2) during MIS 2, indicating the presence of 22 

large drifting icebergs on the western Svalbard margin during both the Late Saalian and Late 23 

Weichselian glaciations. Sediment-core data along the western Svalbard margin indicate a sharp 24 
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increase in mass-transported sediments dated at 23.7 ± 0.2 ka, consistent with the MIS 2 age of the 25 

younger iceberg-ploughed surface. The ploughmarks are oriented in two main directions: SW-NE and 26 

S-N. S-N oriented ploughmarks, which shallow to the north, indicate iceberg drift from the south with a 27 

SW–NE component marking the zone of splitting of the West Spitsbergen Current (WSC) into the 28 

Yermak Slope Current (YSC) and North Spitsbergen Current (NSC). Large MIS 6 and MIS 2 icebergs 29 

most likely had an Arctic Ocean source. We suggest that these icebergs probably left the Arctic Ocean 30 

southward through Fram Strait and circulated within the Norwegian-Greenland Sea before being 31 

transported northwards along the Svalbard margin by the WSC. An additional likely source of icebergs 32 

to the western Svalbard margin during MIS 2 was the ice-sheet terminating in the western Barents Sea, 33 

from which icebergs drifted northward. 34 

 35 
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 38 

1. Introduction 39 

The Fram Strait (Fig. 1) is the only deep water gateway of the Arctic Ocean and, hence, it plays an 40 

important role in global ocean circulation and heat exchange (Schauer et al., 2004). The West 41 

Spitsbergen Current (WSC) flows along the western Spitsbergen margin on the eastern edge of the 42 

Fram Strait, transporting relatively warm, saline waters to the Arctic Ocean, whereas the East 43 

Greenland Current (EGC) discharges cold water of relatively low salinity out of the Arctic Ocean along 44 

the Greenland margin at the western edge of the Fram Strait. The western Svalbard margin therefore 45 

occupies a key position in understanding the exchange of water and ice between the Arctic Ocean and 46 

the North Atlantic during the Quaternary. Geological evidence for iceberg activity provides key insights 47 

into the temporal variability of glacier-ice export from the Arctic Ocean to the Norwegian-Greenland 48 

Sea. Previous studies have suggested that icebergs were present in Fram Strait for much of the Neogene, 49 

but their occurrence shows strong temporal variability (e.g. Andersen et al. 1996; Hevrøy et al., 1996, 50 

Wolf-Welling et al., 1996), which has been recognized as an important factor influencing global 51 

oceanic thermohaline circulation (Aagaard and Carmack, 1989; Bischof and Darby, 1997; Broecker, 52 

2010). Isotopic evidence from Ocean Drilling Program (ODP) Site 910 (Fig. 2a) on the southern 53 

Yermak Plateau suggests a strong imprint of Arctic freshwater pulses on the Earth’s climate system 54 
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throughout the last 0.8 Ma (Knies et al., 2007). Sediment-core data from Fram Strait reveal that large 55 

quantities of icebergs drifted through the straits into the Greenland Sea several times during the late 56 

Pleistocene (Darby et al., 2002), with geophysical evidence from the Hovgaard Ridge revealing very 57 

deep (>1200 m) iceberg ploughing (Fig. 1; Arndt et al., 2014; Arndt and Forwick, 2016). It has been 58 

suggested, therefore, that large amounts of ice (including giant icebergs) were released from ice shelves 59 

in the Arctic Ocean and exported southward through Fram Strait during some glacial maxima (Arndt et 60 

al., 2014; Arndt and Forwick, 2016). 61 

In this paper, we present new multibeam bathymetry and sub-bottom profiles from the western 62 

Svalbard margin. Our study supports the hypothesis that icebergs sourced in the Arctic Ocean drifted 63 

southward through the Fram Strait, then drifted into the Norwegian-Greenland Sea and ploughed the 64 

seafloor of the adjacent continental margin driven by ocean currents. In addition, icebergs calved from 65 

an ice sheet in the western Barents Sea probably drifted northward to plough the Svalbard margin. We 66 

discuss the implications of the observed iceberg grounding for the glacial history and past dynamics of 67 

the ice sheet and for the reconstructions of ocean currents.  68 

 69 

2. Background: palaeoglaciological, geological and oceanographic setting 70 

It is often suggested that Quaternary Arctic ice sheets terminated at the continental shelf edges in 71 

the Arctic (Ehlers and Gibbard, 2007; Svendsen et al., 2004). However, studies over the last few 72 

decades have demonstrated that glacier ice may have extended northwards into the deep-sea basins of 73 

the Arctic Ocean and/or built up from extensive sea-ice cover during some previous glacial periods 74 

(Mercer, 1970; Polyak et al., 2001), particularly during the Saalian, when continental ice sheets were 75 

larger than during the more recent Weichselian (Jakobsson et al., 2010, 2016; Niessen et al., 2013). 76 

Evidence of ice grounding, which has generally been attributed to ice shelves or giant icebergs, has 77 

been identified on the seafloor of the Arctic Ocean down to 1280 m present water depth (Vogt et al., 78 

1994; Polyak et al., 2001; Dowdeswell et al., 2010a; Gebhardt et al., 2011; Jakobsson et al., 2008; 79 

Niessen et al., 2013; Arndt and Forwick, 2016; Jakobsson et al., 2016). Glacial landforms such as 80 

iceberg ploughmarks, produced by the grounding and ploughing action of deep-keeled icebergs (e.g. 81 

Woodworth-Lynas et al., 1985), therefore provide important evidence for past glacial activity in the 82 
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Arctic Ocean. Geological and geophysical studies have shown evidence for iceberg ploughmarks on the 83 

central Lomonosov Ridge at water depths of up to >1000 m (Fig. 1) (Polyak et al., 2001; Kristoffersen 84 

et al., 2004; Jakobsson et al., 2008; Jakobsson et al., 2016) and at similar water depths in the Chukchi 85 

Borderland (Jakobsson et al., 2008), on Morris Jesup Rise (Jakobsson et al., 2010) and on the East 86 

Siberian continental margin, where they extend as deep as ~1200 m below the present sea level 87 

(Niessen et al., 2013). These findings suggest that at least the western Arctic Ocean was covered by 88 

a >1000 m thick ice shelf complex during MIS 6 (Jakobsson et al., 2010). The only evidence for major 89 

glaciations extending beyond the Eurasian shelf edges is that for the former presence of grounded ice 90 

on the Yermak Plateau during MIS 6 (Fig. 1) (Vogt et al., 1994; Dowdeswell et al., 2010a; Gebhardt et 91 

al., 2011) and ice grounding on the central Lomonosov Ridge (Jakobsson et al., 2010), as the 92 

redeposition of eroded sediments indicates a Eurasian source for the eroding ice (Polyak et al., 2001; 93 

Jakobsson et al., 2008). The recently discovered ice-shelf groundings on bathymetric highs in the 94 

central Arctic Ocean have a spatially coherent pattern, with grounded ice on the Yermak Plateau, 95 

suggesting that an ice shelf extended over the entire central Arctic Ocean during MIS 6 (Jakobsson et 96 

al., 2016). The western Barents Sea, through the convergence of ice flow from the former 97 

Fennoscandian, Barents Sea and Svalbard ice sheets, also produced fast-flowing ice streams in the Bear 98 

Island and Storfjorden troughs (e.g. Ottesen et al., 2005; Andreassen et al., 2008). Ice-sheet grounding 99 

in the south-western Barents Sea has been inferred from seismic–reflection data and subglacially 100 

produced seafloor landforms imaged in geophysical data, with implications for delivery of ice and 101 

sediments from the Barents Sea during the Last Glacial Maximum (e.g. Dowdeswell and Siegert, 1999; 102 

Ottesen et al., 2005; Andreassen et al., 2008).   103 

Evidence from geophysical and sediment core data shows that various glacial processes shaped 104 

the Svalbard margin during the Quaternary (e.g. Vorren and Laberg, 1997; Butt et al., 2000; Geissler 105 

and Jokat, 2004; Ottesen et al., 2005; Dowdeswell et al., 2010a). During the Pleistocene ice ages, ice 106 

streams eroded cross-shelf troughs (Batchelor and Dowdeswell, 2014) and sediment transport and 107 

deposition resulted in prograding glacigenic sequences on the continental margin (Ottesen et al., 2005, 108 

2007). Glacigenic debris-flows (GDFs) originated during peak glaciations from sediment release along 109 

ice stream fronts at the shelf break (e.g. Andersen et al., 1996; Sarkar et al., 2011). The western 110 

Svalbard margin is characterized by Late Plio-Pleistocene fan complexes deposited in front of troughs 111 
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on the continental shelf (Fig. 2a). Their occurrence has been related to ice streams draining westward 112 

from ice sheets located over the Barents Sea-Svalbard region (Vorren et al., 1998; Ottesen et al., 2005, 113 

2007). Submarine landforms such as mega-scale glacial lineations, drumlins ,grounding-zone wedges 114 

and moraine ridges are identified on the western shelf of Svalbard. They were produced beneath and at 115 

the termini of ice sheets retreating onto Svalbard (Ottesen et al., 2007; Dowdeswell et al., 2010b; 116 

Dowdeswell et al., 2016). The present-day shelf break marks the maximal glacier expansion on the 117 

Svalbard margin (Solheim et al., 1996; Svendsen et al., 2004; Andreassen et al., 2004). Large-scale 118 

seafloor ploughmarks produced by deep-keeled icebergs dated at MIS 6 have been observed on the 119 

Yermak Plateau. They occur in variable orientations, with predominantly NE and NW trends. These 120 

iceberg ploughmarks are interpreted to be produced either by icebergs from a major grounded ice sheet 121 

on Svalbard, or by a floating ice-shelf remnant, or by mega-icebergs from the Arctic Basin 122 

(Dowdeswell et al., 2010a).  123 

Based on geophysical evidence and data from ODP drill cores (ODP sites 910, 911 and 986, Fig. 124 

2a), it has been suggested that glaciers reached the Svalbard shelf edge several times during the 125 

Plio-Pleistocene (Solheim et al., 1996; Shipboard Scientific Party, 1995; Geissler and Jokat, 2004). 126 

Mass-transport deposits in the form of glacigenic debris-flows are found on the large trough-mouth 127 

fans and, occasionally, in the inter-fans areas, draped with recent hemipelagic sediments (Laberg and 128 

Vorren, 1995; Hjelstuen et al., 1996; Andersen et al., 1996; Peersen, 2006; Jessen et al., 2010). The 129 

most recent expansion of the Svalbard-Barents Sea Ice Sheet to the shelf edge occurred at 130 

approximately 24 ka BP and resulted in instability of the upper slope and the deposition of mass 131 

transport deposits along much of the Svalbard margin (Elverhøi et al., 1995; Andersen et al., 1996; 132 

Jessen et al., 2010).  133 

The West Spitsbergen Current (WSC) flows northwards along the western margin of Spitsbergen, 134 

transporting relatively warm Atlantic Water into the Arctic Ocean (Fig. 2a). To the northwest of 135 

Svalbard (c. 80N), the WSC splits into three branches: the North Spitsbergen Current (NSC) is present 136 

where the upper 500 m of surface waters are deflected east by the Coriolis Force to flow to the north of 137 

Svalbard; the Yermak Slope Current (YSC) occurs when the remaining deeper waters of the WSC 138 

continue to flow north and then east around the northwestern corner of the Yermak Plateau; and the 139 

Return Atlantic Current (RAC) is located when the western branch of the WSC turns counterclockwise, 140 

eventually returning southward along the eastern edge of the East Greenland Current (Figs. 1-2) 141 
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(Manley et al., 1992; Schlichtolz and Houssais, 1999). The WSC is strongly steered by bathymetry, 142 

with current velocities along the western Svalbard margin measured at 9 – 16 cm/s between 500 and 143 

1500 m depth, whereas the YSC is slower at 1 – 3 cm/s (Schlichtolz and Houssais, 1999; Fahrbach et 144 

al., 2001). Alongslope contour currents are prevalent at high latitudes, due to the influence of the 145 

Coriolis Force on steep slopes (Nöst and Isachsen, 2003).  146 

 147 

3. Data and methods 148 

In this study, we use swath-bathymetric data and TOPAS sub-bottom profiler data acquired during 149 

an International Polar Year project in 2008. The bathymetric survey was performed using a Kongsberg 150 

Simrad EM1002 swath-bathymetric system that operated at a frequency of 12 kHz. The survey covered 151 

an area of approximately 2500 km
2
 spanning water depths of 200 m to 1800 m (Fig. 2b). Bathymetric 152 

data were processed using the CARAIBES software through cleaning the navigation data and rejecting 153 

incoherent values (Sarkar et al., 2011).  154 

The TOPAS sub-bottom profiler survey track covered ~6000 line-km and spanned a region ~200 155 

km in length and ~10 km in width (Fig. 2b). The TOPAS used a parametric acoustic source which 156 

produces a 0.5 – 5.0 kHz, 1 ms chirp signal with energy concentrated at 3 – 4 kHz. The bandwidth and 157 

an assumed 1500 m/s sound-velocity through water provides a theoretical vertical resolution of 0.167 158 

m, whereas the theoretical horizontal resolution is dependent upon the depth of the illuminated reflector 159 

(Quinn et al., 1998; Schwamborn et al., 2002) and varies between 0.5 m and 3.3 m for our survey. The 160 

data were converted to SEG-Y format and processed through the application of a bandpass filter, for 161 

removal of frequencies not in the source, chirp correlation, signature deconvolution, instantaneous 162 

amplitude, to increase the signal-to-noise ratio. Coherency filtering was also used in order to enhance 163 

similar signals in neighbouring traces. The interpretation workflow involved a systematic examination 164 

to identify the key seismic horizons with a pick uncertainty of c. 1 ms, and the definition of 165 

seismo-stratigraphic units bounded by these horizons. The data were gridded and imaged in IHS 166 

Kingdom 8.7 with a grid-cell size of 50 m. We produced isopach maps of these units to understand the 167 

spatio-temporal variation of sedimentation, using a flex gridding function.  168 

New and previously published age-depth models and lithological logs from sediment cores, and 169 

published seismic stratigraphy from the west Svalbard margin were used to assign ages to the seismic 170 

reflectors. Additional age control and sedimentological information were provided by several sediment 171 
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cores from our study area. In particular, we use three cores taken by the RRS James Clark Ross during 172 

IPY cruise JR211 in 2008 (JR211-11PC, JR211-13GC and JR211-15GC) and previously published data 173 

from sediment cores JM05-030, JM05-031, JM05-032 (Jessen et al., 2010) and MSM5/5-712-2 174 

(Zamelczyk et al., 2014). Magnetic susceptibility data were generated from JR211-13GC using the 175 

MSCL-XYZ logger at the British Ocean Sediment Core Research Facility (BOSCORF). This allowed 176 

correlation to the magnetic susceptibility stack published by Jessen et al. (2010), with additional 177 

constraint provided by lithological comparison, permitting many age tie-points on the Svalbard margin 178 

identified by Jessen et al. (2010) to be applied to the chronology of JR211-13GC (suppl. Fig. 1). 179 

Elemental ratios of bulk sediment generated by x-ray fluorescence core scanning using the ITRAX
TM

 180 

core scanner at BOSCORF were used to provide correlation of JR211-11PC and JR211-15GC to 181 

JR211-13GC (suppl. Fig. 2). New radiocarbon ages of mixed planktonic foraminifera were generated 182 

from the JR211 cores by the National Ocean Sciences Accelerator Mass Spectrometry facility 183 

(NOSAMS) to provide additional age constraint. All radiocarbon ages (including those previously 184 

published) were calibrated using the Calib 7.1 software (Stuiver and Reimer, 1986, 185 

http://calib.qub.ac.uk/calib/) in conjunction with the Marine13 calibration curve (Reimer et al. 2013). A 186 

reservoir age of 491 ± 35 years was assumed for the calibration of all radiocarbon ages (Mangerud and 187 

Gulliksen, 1975; Mangerud, 1972). 188 

 189 

4. Morphology of iceberg ploughmarks 190 

4.1 Description 191 

Two groups of curvilinear seafloor depressions are mapped in the study area (Fig. 2b): a more 192 

northerly group on the northwestern Svalbard margin (Group I; Fig. 3), and a southerly group, on the 193 

western Svalbard margin, south of Kongsfjorden Trough (Group II; Fig. 4). GroupⅠdepressions are 194 

located in a wide, relatively flat area (average slope approaching 1°) with water depths < 1000 m at the 195 

resolution of our swath imagery (Fig. 3a). Seventeen elongate curvilinear features which form Group I 196 

are identified in the bathymetric data at water depths between 500 and 980 m (Figs. 3 and 5a), with 197 

lengths of 3.3 km to 15 km, widths of 408 m to 1700 m and depths of 5.9 m to 37 m (Fig. 5c-e). The 198 

curvilinear features occur in two main orientations. Five of them (P1, P2, P13, P14 and P15) are 199 

oriented in a north-south direction (S-N/N-S) with grid bearing of ~170 to 180 (Figs. 3, 5b). The 200 

orientation of the other depressions on the northwestern Svalbard margin is predominantly SW-NE, 201 
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with grid bearing ranging from 200 to 260. The depth of these depressions decreases from southwest 202 

to northeast (Fig. 3d). Some of the large depressions are parallel to each other (e.g. P1,P2 and P13; P5, 203 

P7, P11 and P16; P14 and P15), whereas others with the same general orientation are not parallel, with 204 

grid-bearings differences of up to 60 (Figs. 3 and 5). The depressions of similar orientations are 205 

parallel to sub-parallel for distances of many kilometres. In the sub-bottom profiles, the shallow 206 

stratigraphy is characterized by single irregular V-shaped (P2, P3, P5, P10, P11, P16) and W-shaped 207 

(P1, P6, P7, P8) depressions covered by ~2-18 m of well-stratified sediments (assuming an interval 208 

velocity of 1500 m/s) (Figs. 6-7). These features are mostly around 20 m deep relative to the 209 

surrounding seafloor but can be up to 27 m deep. The sedimentary cover becomes slightly thinner 210 

closer towards the upper slope (Fig. 7). 211 

Thirty-one curvilinear depressions of Group II are identified on the western Svalbard margin, in 212 

water depths between 395 and 860 m (Figs. 4, 5a). The slope here is steeper, with slope angles of ~ 213 

1.2-2.0. The depressions have lengths of 1.3 km to 5.6 km, widths of 105 m to 470 m and depths of 214 

1.5 m to 11 m (Fig. 5c-e). The orientation of the depressions is predominantly S-N but varies by up to 215 

40 (Figs. 4, 5b). The shallow stratigraphy of the western Svalbard margin is characterised by parallel 216 

undulating reflectors (Fig. 8). Most of the ploughmarks in deeper water are longer, wider and deeper 217 

than those in shallower water. Overall, the iceberg ploughmarks in Group I are larger than those in 218 

Group Ⅱ. In addition, the seafloor is generally much smoother on the northwestern Svalbard margin 219 

than on the western margin, with considerably more distinct depressions. 220 

4.2 Interpretation 221 

The curvilinear depressions on the western Svalbard margin are of similar morphology to various 222 

linear to curvilinear submarine landforms described on both Arctic and Antarctic continental shelves 223 

that are interpreted to have been formed as a result of ploughing of the seafloor by iceberg keels (e.g. 224 

Barnes and Lien, 1988; Dowdeswell et al., 1993; Dowdeswell et al., 2010a). We identified such 225 

ploughmarks using the approach of Pudsey et al. (1994) and Graham et al. (2009). Specifically, we 226 

selected straight to sinuous furrows. Ploughmark identification was limited by the resolution of our 227 

dataset, and we did not classify features as ploughmarks unless we had a high degree of confidence in 228 

the identification, so some fainter ploughmarks may be missed.  229 

The occurrence of erosive ploughmarks on the northwestern and western Svalbard margin 230 

suggests that megabergs or ice-shelf remnants have drifted across the seafloor. The sets of parallel 231 
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ploughmarks have probably been produced by multiple keels of a single megaberg or by the keels of 232 

several icebergs that were trapped together in huge multi-year sea ice floes (Kristoffersen et al., 2004; 233 

Graham et al., 2009). Other ploughmarks that are not parallel to one another were probably formed by 234 

keels of several individual giant icebergs rather than by a single multikeeled iceberg (Figs. 3 and 4).  235 

The two orientations of large ploughmarks in Group I indicate that the icebergs may have come 236 

from two different directions (Fig. 5b). Cross-cutting relationships can be seen amongst the 237 

ploughmarks, with, for example, P3 covered by the ridges of P1, indicating that P3 developed earlier 238 

than P1 (Fig. 3c). The ploughmarks decrease in water depth from southwest to northeast, indicating that 239 

icebergs ploughed the palaeo-seafloor while travelling in a northeasterly direction (Fig. 3d). The water 240 

depth of iceberg ploughmarks oriented in a S-N direction in the two groups shows less variation. 241 

Therefore we cannot determine whether these icebergs travelled from south to north or north to south 242 

from bathymetric data alone.   243 

 244 

5. Acoustic stratigraphy of the northwestern and western Svalbard margin  245 

5.1 Description 246 

We identified three seismic reflectors – L1 (youngest) to L3 (oldest) that could be traced across 247 

our survey area, defining three acoustic units from the shallow stratigraphy (Figs. 6-8; Table 1). 248 

Reflector L1 (red) marks a shallow erosional surface (Figs. 6-8). The horizons below L1 only truncate 249 

against L1 on the western Svalbard margin and not on the northwestern margin (Fig. 8). L2 (blue) 250 

marks the top of the underlying transparent package (Unit 2; Figs. 6-7). L3 (purple) marks a deep 251 

erosional surface, which forms the base of the northwestern group of iceberg ploughmarks (Fig. 6-7).  252 

Isopach maps for Subunit 1A, Subunit 1B and Unit 2 reveal the changes in sediment thickness 253 

above L3 on the western Svalbard margin (Fig. 9). The isopachs exhibit similar variations in sediment 254 

thickness between the upper and lower slope, with the thickest sediment packages generally found at 255 

greater water depths. Isopach maps show a depocentre at the mouth of Kongsfjorden cross-shelf trough 256 

and a much deeper elliptical depocentre close to the Molloy Ridge (Fig. 9). Between these two 257 

depocentres, Units 1 and 2 are thin. On the northwestern corner of the Svalbard margin, the isopach 258 

maps display apparent linear or patchy structures with higher sediment thickness at the locations of the 259 

ploughmarks on the slope (Fig. 9). 260 

5.2 Interpretation  261 
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The truncations of L1 and L3 reflectors show that the ploughmarks are produced by erosion (Figs. 262 

6–8). We therefore infer that L1 and L3 represent palaeo-seafloors that were ploughed by icebergs and 263 

then draped by the overlying stratified sediment. The large variations in sediment thickness between 264 

the upper slope and lower slope suggest that the lower slope marks a transition between depositional 265 

environments (Fig. 9). Thicker areas of Units 1 and 2 are observed at the mouth of Kongsfjorden 266 

cross-shelf trough and on the lower slope of the northwest and west Svalbard margin. It has been 267 

suggested that the mouth of Kongsfjorden Trough is the location of extensive progradation and fan 268 

development (Sarkar et al., 2011). The deeper elliptical depocentre was likely formed by the NSC 269 

where the upper 500 m of surface waters were deflected east and flowed to the north of Svalbard and 270 

generated contourite deposits possibly related to a drop in current velocity. The linear or patchy 271 

structures with higher sediment thickness on the northwestern corner of the Svalbard margin suggest 272 

that greater sediment infilling may have taken place in some of the iceberg ploughmarks on the slope 273 

where the NSC flowed at shallower depths.  274 

 275 

6. Age of the iceberg ploughmarks on the northwestern and western Svalbard 276 

margin 277 

To provide chronological control on the acoustic stratigraphy outlined above, we use data from 278 

three new (JR211-11PC, JR211-13GC, JR211-15GC) and four existing (JM05-030, JM05-031, 279 

JM05-032 and MSM5/5-712-2) short piston and gravity cores collected from 78 to 80N along the 280 

western Svalbard margin (Fig. 2b; Jessen et al., 2010; Zamelczyk et al., 2014). Six of these cores fall 281 

within the Group I or II regions, with two occurring particularly close to the iceberg ploughmarks 282 

identified here (JM05-031, JM05-032). Age models suggest that all seven cores reach MIS 2 (Fig. 10; 283 

Jessen et al., 2010; Zamelczyk et al., 2014), with the three new cores (JR211-11PC, JR211-13GC, 284 

JR211-15GC) extending back into MIS 3 (Fig. 10). One feature preserved in all seven cores is a 285 

prominent interval characterised by coarse, poorly sorted sediments, commonly dark in colour, with 286 

low magnetic susceptibility. These sediments have been interpreted as mass transport deposits related 287 

to the expansion of the Svalbard-Barents Ice Sheet to the edge of the western Svalbard shelf, and have 288 

been dated at 23,150 ± 200 – 23,670 ± 190 years BP (Jessen et al., 2010). They are identified in the 289 

new sediment cores at depths of 147.5 – 171.5 cm (JR211-11PC), 220 – 234.5 cm (JR211-13GC), and 290 

40 – 75.5 cm (JR211-15GC). Little sediment is recovered above the mass transport deposits in cores 291 
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JR211-15GC and JR211-11PC. This could potentially be a result of the top of the sediment not being 292 

captured by the coring process; however, similar radiocarbon-derived core-top ages recorded in nearby 293 

sites JM05-032, JM05-031 (Jessen et al., 2010) and JR211-16GC (unpublished data) suggest that the 294 

absence of younger sediment is more likely to be the result of erosion or an interval of non/minimal 295 

deposition. In particular, very condensed to no sedimentation observed at the up-slope sides of iceberg 296 

ploughmarks might be current induced. 297 

An acoustic velocity of 1500 m/s was used to convert the depth values to vertical intervals in 298 

two-way travel time, and enable correlation with the seismic profiles (and vice versa). In this way, 299 

reflector L1 can be approximately dated at about 24 kyr. The estimated depth of this reflector is in good 300 

agreement with the depth of the mass transport deposits in nearby sediment cores, and the reflector 301 

marks the base of a thin transparent zone consistent with such deposits. This observation suggests that 302 

iceberg-produced features in Group Ⅱ on the western Svalbard margin most likely occurred at or 303 

around MIS 2, when the ice reached the shelf edge at maximum glacial state. A lack of core ages within 304 

our survey area prevents direct dating of deeper reflectors. A regional reflector, A3, which matches 305 

closely the slope reflector R3 (~126 m depth below seafloor at ODP Site 986) in seismic line NP 306 

90-303 (see location in Fig. 2b), is dated at ~780 kyr (Elverhøi et al., 1995; Forsberg et al., 1999; Butt 307 

et al., 2000; Sarkar et al., 2011). We used the two dated horizons (A3, L1) to estimate the age of L3 by 308 

assuming a constant sedimentation rate between L1 and L3. This approach is clearly an approximation 309 

because the rate is likely to vary greatly between glacial and interglacial periods, but the rate will be 310 

dominated by the glacial periods. Evidence from shallow cores suggests that within the last glacial 311 

period, sedimentation rates vary between sites but are roughly constant at each site (Fig. 10). Analysis 312 

of a slope-parallel seismic profile (JR211-21) identified reflector A3 at ~46 ms beneath the seafloor, 313 

around core sites JM05-031 and JM05-032 (Fig. 7c). Here L1 occurs at 8 ms beneath the seafloor and 314 

L3 at 16 ms. The P-wave velocities determined by Chabert et al. (2011) are c. 1542 m/s for the interval 315 

between L1 and L3, and c. 1684 m/s for the interval between L3 and A3. Thus L1 is at 6 m depth, L3 is 316 

at 12 m, A3 is at 37 m and, hence, the age of L3 can be estimated as c. 147 ka. This age indicates that 317 

the northwestern group of ploughmarks was formed during MIS 6 (c. 185-135 ka), coincident with a 318 

major ice grounding event during MIS 6 in the Arctic Ocean (Jakobsson et al., 2010). The thick 319 

transparent unit above L3 may also represent mass transport deposits, but we have no core data to 320 

support this interpretation. 321 
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 322 

7. Source regions for icebergs on the western Svalbard margin  323 

Our age estimates for reflectors L1 and L3 lead us to propose that the observed iceberg 324 

ploughmarks on the northwestern (Group I) and western Svalbard (Group II) margin were formed 325 

during MIS 6 and MIS 2, respectively. The MIS 6 age matches that inferred for deep-keeled icebergs 326 

elsewhere in the Arctic (Figs. 1, 11; Jakobsson, 1999; Jakobsson et al., 2016; Polyak et al., 2001; 327 

Jakobsson et al., 2010; Dowdeswell et al., 2010a; Arndt et al., 2014). There is little evidence to suggest 328 

ice-grounding on the Lomonosov Ridge, Morris Jessup Rise or Yermak Plateau during MIS 2. However, 329 

evidence for ice-rafting of debris during MIS 2 from the Laurentide, Innuitian and Barents–Kara Ice 330 

Sheets has been found in Arctic Ocean cores (Darby and Zimmerman, 2008; Mangerud et al., 1998; 331 

Svendsen et al., 2004). Within the Pleistocene, the transport of ice from the Arctic Ocean into the 332 

Norwegian-Greenland Sea via Fram Strait has been documented by several previous studies, based on 333 

geophysical data and on abundant ice-rafted debris (IRD) and coal fragments in long sediment cores 334 

(Darby et al., 2002; Darby and Zimmerman, 2008; Wollenburg, 2012; Arndt er al., 2014). It is possible, 335 

therefore, that icebergs from the Arctic Ocean may have reached the northwestern and western 336 

Svalbard margin. 337 

Theoretical analyses indicate that the deepest ploughmarks can be deeper than the thickness of the 338 

ice margins calving the icebergs, because unusual overturning events can increase iceberg draft by up 339 

to 50% (Lewis and Bennett, 1984; Barnes and Lien,1988). Our multibeam data reveal ploughmarks 340 

reaching ~395 – 980 m at present water depth. Assuming a 120 m lower sea level under full-glacial 341 

conditions (Rohling et al., 2009), and neglecting isostatic loading effects, the iceberg drafts are 342 

estimated to range from 275 m to 860 m. Therefore, the minimum thickness of ice sheets that calved 343 

icebergs into relatively deep water was ~180 m for calving the shallowest iceberg and ~570 m for the 344 

deepest iceberg.  345 

Based on the locations of high Arctic cross-shelf troughs provided by Batchelor and Dowdeswell 346 

(2014), likely sources for deep-keeled icebergs around the Arctic Ocean are ice streams that occupied 347 

deep troughs in Southern Greenland, Baffin Bay, the Queen Elizabeth Islands, the Canadian Arctic 348 

Archipelago, the Beaufort Sea Shelf and the northern Barents-Kara during full-glacial periods (Fig. 12). 349 

Several large glacial troughs extending across the Queen Elizabeth Islands, Canadian Arctic 350 

Archipelago and the Beaufort Sea Shelf, e.g. M’Clintock Inlet, have been carved by primary ice 351 
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streams discharging directly into the Arctic Ocean from the Laurentide and Innuitian ice sheets (Fig. 12; 352 

England et al., 2009; Jakobsson et al. 2014). The fast-flowing ice streams in the Franz Victoria and St. 353 

Anna troughs that flowed into the Arctic Ocean from the northern part of the Barents Sea also provide 354 

likely sources for giant icebergs (Fig. 12; Vogt et al., 1994; Kleiber et al., 2000; Svendsen et al., 2004; 355 

Dowdeswell et al., 2010a). Similar giant iceberg ploughmarks at depths of up to 1200 m have been 356 

observed along the East Siberian continental margin (Niessen et al., 2013). However, in order to be 357 

transported to the Fram Strait, such large icebergs from the East Siberian continental margin need to 358 

cross the Lomonosov Ridge, which has only a few deep gateways.  359 

There are also potential iceberg source regions south of the Arctic Ocean. Evidence for relatively 360 

thick grounded ice is present in the Bear Island Trough, which may have been the source of icebergs 361 

with a keel depth of up to about 500 m (Andreassen et al., 2008; Batchelor and Dowdeswell, 2014). 362 

Southern Greenland and Baffin Bay can be excluded as source areas, since very large icebergs from 363 

these sources cannot reach the west Svalbard margin due to shallow bathymetric obstacles in the North 364 

Atlantic (<700 m at Denmark Strait). Svalbard itself can also be excluded as a source area due to 365 

relatively shallow water depths (< 400 m) in the cross-shelf troughs which prevents the formation of 366 

icebergs with suffiently deep keels. Therefore, we suggest that the Arctic Ocean is the most likely 367 

source for the giant MIS 2 and MIS 6 icebergs which reached the western Spitsbergen margin, with 368 

smaller icebergs in Group II also sourced from the Western Barents Sea (Fig. 12). 369 

Icebergs are mainly steered by ocean currents, and to a lesser extent by wind and waves (Death et 370 

al., 2006). There are two possible routes for the arrival of icebergs on the northwestern and western 371 

Svalbard margin (Fig. 12b). The first route involves icebergs travelling from the Arctic Ocean through 372 

Fram Strait and circulating within the Norwegian-Greenland Sea, before becoming grounded on the 373 

northwestern Svalbard margin (Fig. 12b). This route is consistent with geophysical evidence of ice 374 

grounding on the Hovgaard Ridge, dated as MIS 6 with N-S oriented ploughmarks indicating the 375 

southward passage of icebergs through the Fram Strait (Arndt et al., 2014; Arndt and Forwick, 2016; 376 

Fig. 11). The other route, for smaller icebergs (<500 m), involves northward travel from the Bear Island 377 

Trough in the West Spitsbergen Current (Fig. 12b). The fine-fraction material from sediment cores on 378 

the NW continental margin of Svalbard and the Yermak Plateau supports the idea of northward 379 

transport of this material along the western Svalbard continental slope from the advanced Barents Sea 380 

Ice Sheet (Vogt et al., 2001). Therefore, a large amount of ice was likely exported to high latitudes by 381 
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the WSC. We propose that Bear Island ice stream-derived icebergs were delivered to the western 382 

Svalbard margin and ploughed the palaeo-seafloor during MIS 2.  383 

Evidence from the northwestern Svalbard margin shows the modification of iceberg transport 384 

directions by branches of the WSC (Fig. 12b). Twelve iceberg ploughmarks of GroupⅠoriented in 385 

NW-SE direction correspond to the flow direction of the NSC. Another five ploughmarks in a S-N 386 

direction are consistent with the flow direction of the YSC. Further south, the iceberg ploughmarks in 387 

GroupⅡ are oriented south to north, corresponding to the flow direction of WSC (which is the 388 

dominant current along the western Spitsbergen margin). The ploughmarks therefore show strong 389 

evidence of the three different ocean currents - WSC, NSC and YSC - on the Svalbard margin. This 390 

suggests that these three currents persisted with significant vigour during peak glacial conditions. 391 

 392 

8. Conclusions 393 

From an analysis of swath-bathymetric, sub-bottom profiler and shallow sediment core data, we 394 

conclude the following. 395 

1. Within the Pleistocene sediments of the Svalbard margin, two groups of linear to curvilinear 396 

depressions are present in water depths of 300 m to 1000 m, interpreted as ploughmarks produced 397 

by the keels of icebergs during previous periods of ice-rafting on high-latitude continental shelves. 398 

Seventeen ploughmarks of GroupⅠare located on the northwest Svalbard margin in water as deep 399 

as 980 m and oriented in NE-SW and N-S directions (Fig. 3). The 31 ploughmarks in GroupⅡ on 400 

the western Svalbard margin are observed down to ~ 860 m present water depth, and are oriented 401 

in a N-S direction (Fig. 4). Most ploughmarks in GroupⅠare much larger than those in Group Ⅱ. 402 

The iceberg ploughmarks of the western Svalbard margin are very similar in size, but quite 403 

different in pattern to swath images of iceberg ploughmarks from the Yermak Plateau (Fig. 11). We 404 

infer that they were not produced by icebergs from the Yermak Plateau.  405 

2. Dating of sediment cores combined with published stratigraphic observations suggests that the 406 

iceberg ploughmarks on the western Svalbard margin were formed in two stages: those in Group 407 

Ⅰdeveloped at or around MIS 6, corresponding to a major ice growth and grounding event in the 408 

Arctic Ocean. The iceberg ploughmarks in Group Ⅱoccurred at or around MIS 2 and were related 409 

to late Weichselian glaciation. Furthermore, the age model inferred in the cores located in water 410 

depths between 500 and 1500 m along the western Svalbard margin implies that a discrete interval 411 
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of mass-transport deposits with iceberg erosional structures is related to ice-grounding events that 412 

occurred at c. 24 ka. The two groups of iceberg ploughmarks indicate the presence of drifting 413 

mega-icebergs on the northwest and western Svalbard margin in MIS 6 and MIS 2, respectively. 414 

Our study suggests that the iceberg sources were probably MIS 6 and MIS 2 ice streams within 415 

Saalian and Weichselian ice sheets (Fig. 12). The predominantly S-N trend of ploughmarks indicates 416 

that icebergs drifted along the west Svalbard margin from south to north steered by the WSC. On the 417 

northwestern part of the margin, the SW-NE orientation of some of the ploughmarks indicates the zone 418 

of splitting of the WSC into the YSC and NSC, suggesting that icebergs of distant origin may have 419 

been transported by ocean currents in similar directions. We suggest that the largest icebergs were 420 

originally released into the Arctic Ocean before travelling southward through the Fram Strait, 421 

circulating within the Norwegian-Greenland Sea and then drifting northwards along the Svalbard 422 

margin in the WSC during MIS 6 and MIS 2. Another potential origin for the relatively smaller MIS 2 423 

ploughmarks is proposed that icebergs were released from the western Barents Sea and transported 424 

directly northward.  425 
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Figure Captions 652 

 653 

Fig. 1. Bathymetry of the Arctic Ocean (Jakobsson et al., 2012) showing deep iceberg scoured areas 654 

and the circulation of surface (gray arrows) and subsurface waters (black arrows). Documented 655 

evidence of seafloor erosion by icebergs in previous studies are indicated by white boxes. The boxes 656 

mark the locations of Figures 2 and 11. HR, Hovgaard Ridge; FS, Fram Strait; LR, Lomonosov Ridge; 657 

MJR, Morris Jesup Rise; MR, Mendeleev Ridge; NB, Nansen Basin; SAT, St Anna Trough; YP, 658 

Yermak Plateau; MCI, M’ Clintock Inlet; EGC, East Greenland Current; WSC, West Spitsbergen 659 

Current; NSC, North Spitsbergen Current; YSC, Yermak Slope Current.  660 
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 666 
Fig. 2. (a) Overview map of the western Svalbard margin (Jakobsson et al., 2012) showing major 667 

cross-shelf troughs and trough-mouth fans. The location of this study area is marked by a white 668 

rectangle. (b) Bathymetric Map (Sarkar et al., 2011) showing the survey lines from Cruise JR211. The 669 

grey lines indicate the locations of TOPAS sub-bottom profiles. The white lines mark the locations of 670 

seismic lines used. NP 90-303 is a published seismic profile along the western Svalbard margin 671 

modified from Elverhøi et al. (1995). The locations of figures, sediment cores and ODP sites are 672 

labelled in this figure. HS, Hinlopen Strait; KR, Krossfjorden; KO, Kongsfjorden; ST, Storfjorden 673 

Trough; SF, Storfjorden Fan; BT, Bellsund Trough; BF, Bellsund Fan; IT, Isfjorden Trough; IF, 674 

Isfjorden Fan; KOT, Kongsfjorden Trough; KOF, Kongsfjorden Fan.  675 
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 682 

Fig. 3. (a) Bathymetric map of 17 iceberg ploughmarks on northwestern Svalbard margin (Group I). 683 

The red solid lines highlight the TOPAS sub-bottom profiles interpreted in this study. The black and 684 

blue dots in P3 and P17 correspond to the black and blue dots in Fig. 3d. The red arrows show the 685 

measuring direction from SW to NE. (b) Profile showing the geometry of five iceberg scours with a 686 

NE-SW orientation. (c) The SW-NE profile illustrating the relationship of P1 and P3. (d) Graph 687 

illustrating detailed variation of iceberg ploughmark depth for P3 and P17. Distance is measured along 688 

the ploughmark axis and increases to NE. 689 
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 690 

Fig. 4. (a) Detailed morphology of the iceberg ploughmarks identified on western Svalbard margin 691 

from bathymetric data (Group II). (b) Profile A-B illustrating the geometry of seven furrows (see 692 

location in Fig. 4a). (c) Detailed geometry of a single individual iceberg ploughmark (see location in 693 

Fig. 4b). The dip of two flanks are marked.  694 
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 696 

Fig. 5. (a) Bar chart showing the number of iceberg ploughmark in each depth range of the two groups. 697 

(b) Rose diagrams showing the orientations of iceberg ploughmarks for each group. Graphs c-e 698 

depicting the variations of length, width, depth for the identified iceberg ploughmarks against 699 

maximum water depth on the modern seafloor.  700 
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 705 

Fig. 6. (a) TOPAS sub-bottom profile on northwestern Svalbard margin (for location see red lines in 706 

Fig. 3a) showing five iceberg ploughmarks with SW-NE orientation, three seismic reflectors and three 707 

acoustic units (separated by green, blue and purple lines). Three core sites near the line are marked. The 708 

radiocarbon dating results of the sediment cores JM05-031 and JR211-15GC have been plotted at L1 709 

and the bottom of these two cores. (b) Zoomed section revealing the base of iceberg ploughmarks and 710 

truncated relationship with underlying reflectors. See locations in Fig. 6a. (c) Subbottom profiler data 711 

showing another four iceberg ploughmarks of the same age. (d) Enlarged section showing detailed 712 

geometry of P3 (see location in Fig. 6c). IP, iceberg ploughmark.  713 
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 715 

Fig. 7. (a) TOPAS sub-bottom profile (see locations in Fig. 3a) on northwestern Svalbard margin 716 

revealing two iceberg ploughmarks in a N-S direction, three seismic reflectors and three acoustic units. 717 

(b) Enlarged map of P1 showing the base of IP and truncated the base of Unit 2. (c) The slope-parallel 718 

seismic profile JR211-21 showing the published reflector A3 (white; ~0.78 Ma).  719 
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 723 
Fig. 8. (a) Sub-bottom profile (see location in Fig. 4a) on the western Svalbard margin showing ten 724 

small iceberg ploughmarks. The projection of core JR211-11PC is marked onto the profile. (b-f) 725 

Enlarged sections illustrating the shallow acoustic stratigraphy in the area. See location in Fig. 8a. 726 
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Fig. 9. Isopach maps show the variation in sediment thickness (seconds TWT) in stratigraphic units 1A, 728 

1B and 2. The black dotted lines with numbers are contours representing depth below seafloor. The 729 

three maps demonstrate similar depositional pattern with increased sediments accumulation on the 730 

lower slope compared to sediments starvation on the upper slope.  731 

 732 

 733 

Fig. 10. Age-depth plot of the sediment cores JR211-13GC, JR211-11PC, JR211-15GC, JM05-31GC 734 

and MSM05/5-712-2. Age models for cores JM05-31GC and MSM5/5-712-2 are from Jessen et al. 735 

(2010) and Zamelczyk et al. (2014), respectively. New radiocarbon ages (with 1 sigma error) are 736 

shown in red, magnetic susceptibility tiepoints to the radiocarbon dated stack of Jessen et al. (2010) are 737 

shown in blue (error bars indicate 1 sigma error of the calibrated radiocarbon age) and XRF-derived 738 

tiepoints from 11PC and 15GC to 13GC are shown in green. A discarded radiocarbon age of 28640 cal 739 

yr BP at 363cm depth in 15GC is not plotted here. The vertical grey bar indicates the position of the 740 

mass transport deposits. 741 

 742 

 743 



33 
 

 744 
Fig. 11. (a) Map of the distribution of iceberg ploughmarks on the Yermak Plateau, Fram Strait, 745 

northwestern Svalbard margin and western Svalbard margin. (b-f) Enlarged map of the black squares in 746 

Fig. 11a. Data in subfigures (e) and (f) are from this study. 747 
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 749 

Fig. 12. (a) Inferred ice flow direction indicating the sources of iceberg ploughmarks. Blue arrows 750 

indicate fast-flowing ice streams in the troughs and white arrows show paths of transported icebergs 751 

from the Arctic Ocean. (b) Enlarged map of the red rectangle in Fig. 12a. The black boxes show the 752 

location of observed iceberg ploughmarks on the western Svalbard margin. SAT, St Anna Trough; FV: 753 

Franz Victoria; MCI: M’Clintock Inlet; MCS: M’Clure Strait; MS: Massey Sound. 754 
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Table 1 765 

Characteristics of three acoustic units on the western Svalbard margin 766 

Acoustic  

unit 

Reflection characteristics Thickness 

TWT(ms) Top Bottom Internal 

Unit 1 

 

Subunit 1A 

Subunit 1B 

Seafloor: Smooth, 

continuous wavy 

Seafloor 

L1: erosional, frequently 

truncating to base 

L2 

 

L1 

L2 

Stratified, continuous 

reflectors, or transparent 

 

~ 2– 40 

Unit 2 

 

L2: Smooth, continuous 

wavy  

L3 

 

Transparent  

  

~1– 12 

 

Unit 3 L3: erosional, frequently 

truncating to base 

Not 

defined 

Discontinuous,  

well-stratified reflections  

Not 

defined 
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