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TRACCIA N° 1 
 


 


Prendendo ad esempio il manoscritto fornito qui di seguito per la traccia n° 1 


(Sediment Waves on the Western Flank of Chukchi Rise: Indications of the 


Arctic Circumpolar Boundary Current), impostate una revisione come se voi 


foste un revisore (peer reviewer) indicando nel vostro elaborato: 


1) Una brevissima sintesi del soggetto del manoscritto; 


2)  Gli aspetti tipicamente da considerare in una revisione scientifica 


(motivando la vostra scelta), e come voi valutate il manoscritto per 


questi vari aspetti; 


3) I punti di forza e di debolezza del manoscritto, motivandone le regioni.  
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Abstract 22 


We know little about the pathway and activity of the Arctic Circumpolar Boundary Current 23 


(ACBC), an important part of the Arctic Ocean Circulation, in the western Arctic Ocean. 24 


Multibeam echosounder data and sub-bottom profiling data collected from the western flank of 25 


Chukchi Rise during China’s 10th Arctic Expedition revealed a large-scale sediment-wave field, 26 


which provides evidence of the modern and ancient activity of the ACBC in the region. This 27 


sediment-wave field is developed between 1,200 m and 1,800 m depth in the lower part of the 28 


continental slope, and appears as undulations of a sedimentary stratum tens of meters thick. The 29 


wave field spans 15 km downslope and may be associated with the core of the ACBC. It was 30 


probably formed in the Middle Pleistocene and has been flowing in the area and interacting with 31 


the seafloor terrain since then, although its influence sphere may have changed slightly. 32 


 33 


Keywords: Sediment wave; geomorphology; seismostratigraphy; Arctic Circumpolar Boundary 34 


Current; Chukchi Rise 35 


 36 


1 Introduction 37 


Sediment waves are large-scale seafloor features formed by turbidity currents or 38 


contourite currents flowing over the sea bottom. Usually, they appear as bedforms with 39 


wavelengths in the range of tens of meters or even kilometers and their wave height is several 40 


meters (Wynn et al., 2001; Wynn and Stow, 2002; Rebesco et al., 2014). In addition, as it takes 41 


hundreds of thousands of years to form a sediment wave, it reflects the long-term variability of 42 


the environmental conditions (Flood and Shor, 1988) and is usually present in a stratum of a 43 


certain thickness below the sea floor (e.g. Gong et al., 2012). We can effectively identify 44 


sediment waves using modern techniques such as the swath sonar, the side-scan sonar, sediment 45 


echosounding, and seismic reflection. The cause of their formation and the flow characteristics 46 


of the seafloor currents that formed them can be estimated based on the developmental 47 


characteristics of the sediment waves and the regional geological setting (Wynn and Stow, 2002; 48 


Stow et al., 2009; Symons et al., 2016). These data provide important information about the 49 


modern seafloor, as well as the paleoceanographic conditions and processes (Rebesco et al., 50 


2014). 51 


Closely related to the global ocean current system, sediment waves are scattered across 52 


various sea areas (Wynn and Stow, 2002; Rebesco et al., 2014; Symons et al., 2016). Due to 53 


differences in observation, most of them are found in the low or middle latitudes, and those in 54 


the high latitudes are mainly located around the Antarctic (e.g. Maldonado et al., 2003; 2006; 55 


Koenitz et al., 2008) as well as the Nordic Sea, Faroe islands, and offshore Greenland in the 56 


northern hemisphere (Laberg et al., 2016; Masson et al., 2002, 2010; García et al., 2016). No 57 


sediment waves have ever been reported on the Arctic seafloor. The Arctic sea ice has been 58 


melting rapidly over the past thirty to forty years (Stroeve et al., 2007; Stein et al., 2017), due to 59 


global warming combined with the warm water from the North Atlantic Drift (Polyakov et al., 60 
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2004;  Marshall et al., 2007; Mauldin et al., 2010). The North Atlantic Drift flows along the 61 


continental slopes of the Eurasian Basin and the Amerasian Basin to form the Arctic 62 


Circumpolar Boundary Current (ACBC), which is a typical contourite current (Rudels et al., 63 


1994, 1999; Woodgate et al., 2001; Mauldin et al., 2010). At present, our knowledge about the 64 


ACBC’s pathway and flow structure is still limited (Aksenov et al., 2011). In particular, there is 65 


no direct evidence of its pathway east of the Lomonosov Ridge. Based on hydrological and tracer 66 


data, Woodgate et al. (2007) proposed that it flows through the Mendeleev Ridge and the 67 


Chukchi Borderland (Figure 1), and is strongly topographically steered. 68 


The multibeam echosounder and sub-bottom profiling data collected from the western 69 


flank of Chukchi Rise during China’s 10th Arctic Expedition in August and September, 2019, 70 


has revealed a large-scale sediment-wave field on the seafloor. By analyzing the horizontal and 71 


vertical developmental characteristics of this sediment-wave field, we believe that  it reflects the 72 


interaction between the ACBC and the seafloor, and can serve as direct evidence of the ACBC’s 73 


presence in this area. The ACBC’s flow characteristics reflected by this sediment-wave field 74 


provide important information related to the impact of climate change in the Arctic, the 75 


biochemical processes along its pathway, and high-precision simulation of the hydrological 76 


environment. 77 


 78 


2 Regional setting 79 


2.1 Oceanographic setting 80 


The multibeam Our knowledge of the Arctic Ocean Circulation mainly comes from the 81 


results of hydrographic surveys, which contain little directly measured flow velocity data 82 


(Aksenov et al., 2011). The ACBC is a generic term for the current system flowing 83 


cyclonically along the boundary of the Arctic Basin (Rudels et al., 1994, 1999). The two 84 


branches, the Fram Strait Branch (FSB) and the Barents Sea Branch (BSB), of the North 85 


Atlantic Drift, which brings warm water into the Arctic Ocean, merge into the ACBC 86 


west of the St. Anna Trough (Rudels et al., 2000). It then continues to flow eastward and 87 


splits into two branches again, one of which flows northward along Lomonosov Ridge, 88 


while the other continues to flow eastward over Lomonosov Ridge (Woodgate et al., 89 


2001). 90 


The ACBC’s pathway east of Lomonosov Ridge is yet to be identified, but the 91 


hydrographical and tracer data show that Atlantic water, which forms ACBC’s bottom 92 


water, reaches at least Mendeleev Ridge and Chukchi Borderland (Woodgate et al., 93 


2007), and after flowing over Mendeleev Ridge, turns southward around Chukchi Basin 94 


and Chukchi Rise, and may turn eastward at Chukchi Plateau to enter Canada Basin 95 


(Figure 1a). Although we still cannot exclude the pathway running from east of 96 


Mendeleev Ridge further eastward along Chukchi Borderland to enter Canada Basin, 97 


there are significant indications supporting this (e.g., CFC-11, Q-S structure and oxygen) 98 
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(Woodgate et al., 2007), including some numerical simulation results (Aksenov et al., 99 


2011). 100 


The ACBC runs roughly along continental slopes, and its pathway is controlled by the 101 


underwater topography. The center of the current is located between 1000 m and 2000 m 102 


water depth, and its lateral width is about 50 km (Woodgate et al., 2001，2007). It 103 


features an equivalent barotropic structure, meaning that the flow at all depth levels is 104 


parallel to the bathymetric contours, and velocity decreases with depth (Mauldin et al., 105 


2010). Based on the tracer data, velocity is around 2 cm/s (Woodgate et al., 2007) or 2.5 106 


± 0.5 cm/s (Mauldin et al., 2010). 107 


2.2 Geomorphologic and geological setting 108 


Chukchi Rise is part of Chukchi Borderland, which is a large submarine plateau 109 


extending northward from Chukchi shelf into Amerasian Basin and consists of four 110 


terrain elements, namely, Chukchi Rise, Chukchi Plateau, Northwind Ridge, and 111 


Northwind Basin. The water depth therein changes drastically. The minimum water depth 112 


in Chukchi Rise and Chukchi Plateau is less than 300 m, and along Northwind Ridge it is 113 


about 800 m. The maximum water depth in Northwind Basin between the above two is 114 


nearly 3000 m (Jakobsson et al., 2012). Chukchi Rise borders Chukchi shelf in the south; 115 


Northwind Basin (or Northwind Abyssal Plain) and Chukchi Basin (or Chukchi Abyssal 116 


Plain) in the east and west, respectively; and Chukchi Plateau in the north, along the 117 


narrow saddle-shaped Chukchi Gap (named after Woodgate et al., 2007), to roughly form 118 


a triangle with a protruding portion in the middle that extends northwestward into 119 


Chukchi Basin, and leads to W-shaped bathymetric contours between Chukchi Rise and 120 


Chukchi Basin. This paper shall focus on this protruding portion (Figure 1b). 121 


As in the case of Amerasian Basin, debate remains on-going about the structural 122 


evolution of Chukchi Borderland, which is an important part of Amerasian Basin (Herron 123 


et al.，1974；Dutro，1981；Lawver & Scotese，1990；Miller et al.，2006；Grantz et al., 2011). 124 


The multichannel seismic profile through Chukchi Rise reveals a sedimentary stratum 125 


hundreds of meters thick (Figure 1), which can be dated back before 130 Ma, and 126 


indicates that the area was a relatively continuous sedimentary environment since the 127 


Tertiary and has been impacted by tectonic activities (Hegewald and Jokat, 2013a, 128 


2013b). From the Oligocene until after the Miocene, it developed multiple prograding 129 


sequences probably due to the opening of Fram Strait. We speculate that glacial 130 


deposition has been playing a major role in the area since the Middle Pleistocene or even 131 


before, and mainly features a large number of glacial lineations caused by ice-grounding 132 


widely developed on the shelf break and glaciogenic wedges or layers formed in the 133 


lower part of the continental slope (Niessen et al., 2013；Dove et al., 2014; Jakobsson et 134 


al., 2014; Schreck et al., 2018). 135 







Marine Geology 


 


  136 


（a）                       （b） 137 
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Figure 1. Bathymetric chart of the Chukchi Borderland and its neighboring areas (a) and 138 


zoom-in of the yellow box area (b). Pink dotted lines are speculated pathways of the 139 


ACBC (according to Woodgate et al., 2007 and Aksenov et al., 2011). White solid lines 140 


are actual pathways. Brown solid lines are multichannel seismic lines (according to 141 


Hegewald and Jokat, 2013a, 2013b). Blue solid lines are the sub-bottom profiles shown 142 


in Figure 2. The red shaded area is where the sediment waves were found. The black 143 


shaded area is where another suspected sediment-wave field is located based on the 144 


USAMBC multibeam echosounder data. 145 


3 Data and Methods 146 


During China’s 10th Arctic Expedition, the research vessel Xiangyanghong 01 performed 147 


underway measurements southwest of Chukchi Rise and its neighboring Chukchi Basin to collect 148 


high-precession measurement data covering an area greater than 1,200 km using a hull-mounted 149 


multibeam echosounder system and a sub-bottom profiler system. This survey revealed the 150 


seafloor terrains and shallow stratum structure along the underway trace. In addition, a large-151 


scale sediment-wave field was discovered at the protruding portion in the middle part of Chukchi 152 


Rise (Figure 1). 153 


3.1 Multibeam echosounder data 154 


The bathymetric survey was performed using the hull-mounted Wärtsilä ELAC 155 


Seabean3012 Full ocean depth multibeam system, which can collect bathymetric data 156 


from 50 m to 11000 m depths in the 12 kHz band. The water depth range in the area is 157 


80~2500 m. In the area shallower than 1000 m, the coverage width was about 3~3.5 158 


times the water depth, whereas, in the area deeper than 1000 m, the coverage width was 159 


about 3.5~4 times the water depth. During the underway survey, SVP was used to 160 


measure the vertical distribution of the sound velocities in the sea water. The Caris 161 


software was used to correct the measurements following the standard workflow, and the 162 


CUBE (Combined Uncertainty and Bathymetry Estimator) tool was used to create a 163 


CUBE surface to gain multibeam grid data at a grid space of about 20 m. 164 


In addition, multibeam processed data for the Chukchi Borderland from USAMBC 165 


(United States Arctic Multibeam Compilation, V1.0) were collected at a grid space of 40 166 


m for comparative analysis (Flinders et al., 2014). 167 


3.2 Sub-bottom profiling data 168 


Sub-bottom profiling was conducted using the hull-mounted Kongsberg TOPAS PS18 169 


parametric sub-bottom profiler, which has a very high spatial resolution within the full 170 


ocean depth range (in water depths from less than 20 m to full ocean depth). Its 171 


transmitting band is a chirp signal at 2~6 kHz, and its collector gathers data at a sampling 172 


rate of 36 kHz and a recording length of 800 ms. The system automatically tracks the 173 


seafloor and adjusts the collecting delay based on the water depths from the multibeam 174 
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echosounder system. Its output data in SEGY format can be processed by TRITON 175 


through filtering, auto-gain, reflection interface tracking, digitalization etc. The measured 176 


penetration depths on the sub-bottom profile are in the range of 10~80 m and depend on 177 


the seafloor undulations and sediment types. The penetration depths at the top of Chukchi 178 


Rise and in the neighboring Chukchi shelf are less than 20 m. The penetration depths in 179 


the lower part of the continental slope, where the sediment-wave field is located, are 180 


greater than 60 m (Figure 2). 181 


 182 


Figure 2. The sub-bottom profile (see Figure 1 for its location) along the west continental 183 


slope of Chukchi Rise. The location of the sub-bottom profile in Figures 5–7 and its 184 


typical features are shown herein. 185 


 186 


4 Results 187 


4.1 Characteristics of the sediment-wave field 188 


4.1.1 Horizontal characteristics of the sediment waves 189 


The sediment-wave field, which consists of many sediment waves, is located between 190 


1,200 m and 1,800 m depth and in the lower part of the continental slope, where the 191 


middle part of Chukchi Rise protrudes toward Chukchi Basin (Figure 1b and Figure 3a). 192 


The above continental slope is gentle with a gradient of about 1.8~1.9°. The sediment-193 


wave field appears as many gullies and ridges arranged alternatively in the bathymetric 194 


chart. The wave crests appear as lines or arcs, which generally intersect contours at small 195 


angles, and some parts of them appear as closed sags (Figure 3a). Three water-depth 196 


profiles were cut along the track line and about 1 km from both of its edges to measure 197 


the wavelengths and the wave heights. The measurements show that the sediment waves 198 


are large ones with their wavelengths in the range of 700 m~3400 m and their wave 199 


heights in the range of 12 m~70 m (Figure 4a and Figure 4b). The wavelength and the 200 


wave height of a sediment wave may change in the direction of the slope length. The 201 


limited multibeam scan width makes it impossible to measure the extension lengths of the 202 


sediment waves. In the direction perpendicular to the slope, the wavelengths and the 203 
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wave heights of the sediment waves in the middle of the wave field are the greatest, 204 


whereas those of the sediment waves on both sides of the wave field decrease gradually 205 


(Figure 4a and Figure 4b). 206 


   207 


（a）                                                    （b） 208 


Figure 3. Sediment waves in the multibeam bathymetry of Area A (a) and Area B (b), 209 


and the locations of the water-depth profiles used to measure the wavelengths and the 210 


wave heights 211 


 212 


（a）                                                    （b） 213 
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Figure 4. (a) Water-depth changes (solid lines) in the profiles of Area A; dotted lines are 214 


water depths obtained by polynomial fitting, which indicate the trend of the water-depth 215 


changes along the continental slope. (b) Water-depth changes in the profiles of Area B. 216 


(c) Undulations of the sediment waves in the profiles of Area A, which are the differences 217 


between water depths and their fitting values. (d) Undulations of the sediment waves in 218 


Area B. 219 


 220 


4.1.2 Vertical changes of the sediment waves 221 


In the sub-bottom profile, the sediment waves appear on the reflector as continuous 222 


wave-shaped bends thicker than 50 m (Figure 5). The reflectors, where the sediment 223 


waves are developed, are well-stratified, with moderate interface strength and weak 224 


internal reflection strength, and they appear transparent. The major reflection interfaces 225 


between adjacent sediment waves can be tracked continuously. The reflection interfaces 226 


R1 and R2 can be tracked up and down the slope from the wave field to the upper and 227 


lower part of the continental slope, respectively (Figure 2 and Figures 5-7). The form of 228 


each sediment wave is asymmetrical, with the gradient of the upslope half being greater 229 


than that of the downslope half. The crest line on each reflection interface of a sediment 230 


wave inclines slightly upslope, indicating its upslope migration characteristic. The 231 


sedimentary strata of the two halves differ slightly in thickness, with the upslope half 232 


being slightly thicker than the downslope half (Figure 5). 233 


 234 
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Figure 5. The sediment-wave field revealed by the sub-bottom profile (see Figure 2 for 235 


its location) 236 


 237 


4.2 Seismic stratigraphic features on both sides of the sediment-wave field 238 


In contrast to the obvious seafloor undulations of the sediment-wave field, the submarine 239 


topography on the middle and the bottom of the continental slope in the upper and lower 240 


parts of the wave field is gentle, with a gradient less than that in the wave field (Figure 241 


3a). However, the stratigraphic structure below the seafloor revealed by the sub-bottom 242 


profiling data is quite different. 243 


In the middle-upper part of the continental slope and between 800 m and 1200 m water 244 


depth, the submarine topography is slightly irregular. In the sub-bottom profile (Figure 245 


6), a thin layer corresponding to a  well-stratified parallel reflector (U1) is closest to the 246 


seafloor reflection surface, which becomes thicker down the slope. It has strong reflection 247 


amplitude and good continuity, is almost parallel to the seafloor, and can be tracked down 248 


the continental slope to the top parallel reflector of the sediment-wave field. At the 249 


bottom of the profile, there is a discontinuous parallel reflector (U3) with moderate 250 


amplitude strength, which obliquely intersects the top parallel reflector, and cannot be 251 


continuously tracked to the bottom parallel reflector in the sediment-wave field. Between 252 


U1 and U3, there is a transparent reflector (U2) whose thickness changes drastically and 253 


fills the void of U3. Similar reflectors run down the slope to about 1,000 mm and then 254 


gradually transit to parallel reflectors that can be correlated with the reflectors in the 255 


sediment-wave field  (Figure 6).  256 


At the bottom of the continental slope, below the sediment-wave field, the submarine 257 


topography is extremely flat and the water depth increases slowly away from the 258 


continental slope with a very small gradient. U1, which is about 15-m thick, at the top of 259 


the field can still be tracked here and its thickness remains almost unchanged. However, 260 


there is a small transparent lenticular layer (D1) within it, at the bottom of the parallel 261 


reflector. The parallel reflector below the sediment-wave field starts to break away from 262 


the top parallel reflector at about 1900 m, and its burial depth increases gradually. Several 263 


local sediment waves are developed, but on smaller scales. Between the two parallel 264 


reflectors, a thick (more than 50 m) transparent wedge-shaped reflector (D2) is developed 265 


with no obvious reflection interface in it (Figure 7). 266 
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 267 


Figure 6. Sub-bottom profile of the middle-upper part of the continental slope (see 268 


Figure 2 for its location) 269 


 270 
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Figure 7. The sediment-wave field revealed by the sub-bottom profile(see Figure 2 for its 271 


location) 272 


 273 


5 Discussion 274 


5.1 Relationship between the observed sediment waves and the Arctic Circumpolar 275 


Boundary Current  276 


Sediment waves can be formed by along-slope contourite currents or downslope turbidity 277 


currents. As these sediments waves are similar in morphology, it is difficult to find out 278 


which type of current formed them. Wynn and Stow (2002) introduced five criteria to 279 


distinguish them: wave regularity, crest alignment, sequence thickness, regional setting, 280 


and sediment type. The sediment waves discovered in the region comply with four of 281 


these criteria indicating waves formed by contourite currents except the “sediment type” 282 


criterion, which cannot be assessed for lack of data. 283 


In terms of wave regularity, these sediment waves have irregular and different 284 


waveforms, and the changes in their waveforms do not follow any obvious rules, whereas 285 


sediment waves formed by turbidity currents would usually shrink in dimension in the 286 


downslope direction. In terms of crest alignment, the crests of the sediment waves in the 287 


region intersect the contours, while those of sediment waves formed by turbidity currents 288 


are usually parallel to the contours. Besides, the sequence thickness influenced by 289 


sediment waves that are formed by turbidity currents usually decreases away from the 290 


continental slope in the downslope direction by up to 40~60% (Wynn and Stow, 2002). 291 


On the other hand, the sequence thickness influenced by the sediment waves in this 292 


region almost does not change in the downslope direction. The most important criterion is 293 


“regional setting”. The sediment waves are found within a water-depth range that agrees 294 


with the ACBC flowing along the continental slope, as estimated based on hydrologic 295 


data (Woodgate et al., 2007). On the other hand, the unconfined slope, where the 296 


sediment waves are located, differs greatly from the confined environments (e.g., 297 


downslope channel levees), where sediments waves formed by turbidity currents are 298 


usually located. The above analysis shows that the sediment waves in this region are 299 


contourite sediments formed through the interaction between the ACBC and the seafloor. 300 


Coincidentally, another possible sediment-wave field was discovered by the multibeam 301 


bathymetric data from USAMBC (Flinders et al., 2014) in Area B, southwest of the 302 


Chukchi Plateau (Figure 1, Figure 3b and Figure 4b). Its horizontal morphology, scale, 303 


and water-depth range are very comparable with the sediment waves in the Area A field. 304 


This sediment-wave field may be related to the ACBC, but we need more evidence to 305 


prove this, especially sub-bottom profiling data for its sedimentary stratum. It is worth 306 


noting that both areas are located at places where the continental slope protrudes toward 307 


the basin (Figure 1). Neither the multibeam bathymetric data (Flinders et al., 2014) nor 308 
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the sub-bottom profiling data (Dove et al., 2014) revealed any similar sediment-wave 309 


field at any non-protruding portion of the Chukchi Rise or the Chukchi Plateau, which 310 


seems to indicate that interactions between the ACBC and the seafloor vary in different 311 


areas. 312 


5.2 Modern characteristics of the ACBC revealed by the features of the sediment waves 313 


The seafloor undulations and the asymmetric halves of sediment waves on the top 314 


stratum indicate that the sediment waves in this region are still active. Therefore, they are 315 


still influenced by the modern ACBC. Hence, the modern characteristics of the ACBC 316 


can be revealed by the features of the sediment waves. 317 


Symons et al. (2016) introduced eight parameters for the quantitative description of 318 


sediment waves. By analyzing 82 modern sediment waves, they found that two 319 


parameters, wavelength and wave height, reflect well the formation environment of the 320 


sediment waves. Hence, we analyzed the wavelengths and wave heights of the sediment 321 


waves in Areas A and B based on the multibeam bathymetric data. In addition to the 322 


above-mentioned three water-depth profiles in Area A, we also extracted two water-depth 323 


profiles from the two multibeam swathes in Area B (Figure 3b). To obtain the actual 324 


wave heights by eliminating the impact of the gradient, we used the polynomial fitting 325 


method to estimate the average water depth along the continental slope and subtract it 326 


from the actual water depths (Figure 4b). 327 


The logarithmic plot of the wavelength versus the wave height (Figure 8) shows that, 328 


without exception, all the sediment waves in both areas are large-scale sediment waves 329 


with mixed relief or large-scale scours with enclosed depressions. They correspond to 330 


fine-grained sediments and are formed by weak and linearly stratified bottom currents 331 


(Symons et al., 2016), which coincide with the ACBC’s equivalent barotropic structure 332 


revealed by the hydrological data (Woodgate et al., 2007；Mauldin et al., 2010). 333 


 334 
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 335 


Figure 8. Logarithmic plot of wavelength versus wave height of all the sediment waves 336 


in Area A and Area B. The three areas indicating the sediment wave types are obtained 337 


from Symons et al. (2016) 338 


 339 


hydrological data The sediment-wave field spans about 15 km downslope, and the width 340 


of the ACBC, based on the hydrological data, is 50 km (Woodgate et al., 2007), which 341 


probably means that the sediment-wave field is located at the center of the ACBC, as the 342 


currents on both sides of it are incapable of forming large-scale sediment waves. 343 


The We built a bedform-velocity matrix in order to estimate the bottom current velocity 344 


based on the bedform type. The bottom current velocity associated with large-scale mud 345 


waves is about 0.1~0.2 m/s (Stow et al., 2009; Rebesco et al., 2014), and the velocity of 346 


the ACBC in Chukchi Basin, estimated based on the tracer data, is about 2 cm/s or 2.5 ± 347 


0.5c m/s (Woodgate et al., 2007; Mauldin et al., 2010). There is an order of magnitude 348 


difference between the bottom current velocity indicated by the sediment waves and that 349 


estimated based on the hydrological data. This is probably because 2~2.5 cm/s is the 350 


average velocity at which the ACBC flows along the continental slope in Chukchi Basin. 351 


This is not enough to form sediment waves on the seafloor, while the resistance at the 352 


protruding portion of the continental slope increases the velocity to a level that makes it 353 


possible to form sediment waves. The changes in velocity along the pathway can also 354 


explain the conclusion that interactions between the ACBC and the seafloor vary in 355 


different areas. The above inference needs to be verified by more data, especially in-situ 356 


velocity observation data. We can understand the interactions between the bottom current 357 


and the seafloor more precisely through in-situ observation and comparison of ACBC’s 358 


velocities at different points along the continental slope. 359 
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5.3 Ancient activity of the ACBC revealed by the internal geometry of the sediment 360 


waves 361 


Large-scale mud sediment waves are usually formed through the interaction between the 362 


bottom current and the seafloor (Flood and Shor, 1988). There are wave-shaped bends 363 


that appear continuous, from top to bottom, on the stratum at the penetration depth level 364 


in the sub-bottom profiles of the area, which indicates that the ACBC has a long-term 365 


impact on the sedimentary environment of the continental slope. The internal reflection 366 


interfaces in the sediment waves, which are nearly parallel to one another, indicate that 367 


the velocity of the ACBC has so far remained stable. 368 


The stratum influenced by the sediment waves revealed by sub-bottom profiles is more 369 


than 50 m thick (Figure 5). The sedimentation rate since MIS5, as revealed by the 370 


existing three cores (PS72/340-5, 03M03, ARA03B-30A) in Chukchi Basin, is several 371 


cm/kyr (Stein et al., 2009; Wang et al., 2013; Schreck et al., 2018). As the sedimentation 372 


rate gradually decreases away from the source, if the sedimentation rate is 10 cm/kyr, the 373 


sediment waves formed by the ACBC can be dated back at least to the Middle 374 


Pleistocene or earlier, which is consistent with the Eastern Siberian Continental Margin 375 


west of Chukchi Basin (Niessen et al., 2013). 376 


At the bottom of the continental slope and about 5 km below the sediment-wave field, 377 


two smaller sediment waves can be identified in the sub-bottom profile, with wavelengths 378 


less than 1 km and wave heights of several meters (Figure 7). Buried under the 379 


transparent wedge-shaped reflector (D2), they only influence the strata below them, 380 


which probably indicate that the ACBC influenced a larger area before D2 was formed. 381 


Similar structures, e.g., well-stratified parallel reflectors intercalated between transparent 382 


lenticular layers or wedges, were also discovered in the neighboring areas. Well-stratified 383 


parallel reflectors are explained as hemipelagic mud deposited during the interglacial 384 


period. Transparent layers or wedges are explained as glaciogenic diamicton, which are 385 


products of glaciation events (Niessen et al., 2013；Dove et al., 2014). U1 is about 15-m 386 


thick, and if the above-mentioned sedimentation rate is used for calculation, it 387 


encompasses at least 130 ka, indicating that it has been formed probably since MIS5. It 388 


can be therefore inferred that D2 was formed during MIS6, namely during the 389 


penultimate glaciation. In other words, at least before MIS6, the ACBC influenced a 390 


larger area to the west of Chukchi Rise than it does now. This also indicates that the 391 


extent of ACBC’s influence along its pathway has been changing during historical 392 


periods and may be related to the alteration of glacial and interglacial periods. 393 


Naturally, for lack of geological and geophysical data, Quaternary time frames for the 394 


Eastern Siberian Continental Margin and the Chukchi Borderland are yet to be 395 


established. The ages and associated paleoenvironments and paleocurrents inferred based 396 


on fragmented information from some areas need to be verified by more data. 397 


5 Conclusions 398 
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Multibeam bathymetric data and sub-bottom profiling data have revealed a large-scale 399 


sediment-wave field on the western flank of Chukchi Rise. By analyzing the geological, 400 


geophysical, and hydrological data, as well as the characteristics of the sediment-wave field, we 401 


found that this sediment-wave field formed in the activity area of the Arctic Circumpolar 402 


Boundary Current within this region. Moreover, its horizontal and vertical characteristics 403 


indicate that the sediment waves were formed by contourite currents. We therefore believe that 404 


this sediment-wave field is the result of the interaction between the ACBC and the seafloor on 405 


the continental slope, and also reflects the features of the bottom current in the period when it 406 


was formed. This sediment-wave field is still active and impacted by the bottom current in an 407 


equivalent barotropic structure. The bottom current velocity estimated based on its scale is higher 408 


than that estimated based on the hydrological data, probably because of the resistance at the 409 


protruding portion of the continental slope. The stratum where the sediment waves are developed 410 


is thicker than 50 m, and we infer that it was formed during Middle Pleistocene or earlier. In 411 


other words, the ACBC has being flowing in this region since the Middle Pleistocene, and its 412 


influence sphere may have changed during the penultimate glaciation. For lack of data, the scale 413 


and active ages of the sediment-wave field need further verification. 414 
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TRACCIA N° 2 
 


 


Prendendo ad esempio il manoscritto fornito qui di seguito per la traccia n° 2 


(Distribution and character of glacial sediments on the outer Chukchi Shelf 


and Chukchi Borderland Current), impostate una revisione come se voi foste 


un revisore (peer reviewer) indicando nel vostro elaborato: 


1) Una brevissima sintesi del soggetto del manoscritto; 


2)  Gli aspetti tipicamente da considerare in una revisione scientifica 


(motivando la vostra scelta), e come voi valutate il manoscritto per 


questi vari aspetti; 


3) I punti di forza e di debolezza del manoscritto motivandone le regioni.  
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Distribution and character of glacial 1 


sediments on the outer Chukchi Shelf and 2 


Chukchi Borderland  3 
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Highlights: 13 


• Evidence for multiple glaciations including a shallow ice shelf during LGM 14 


• Glacial base unconformity over large parts of the outer shelf 15 


• Erosion by ice sheets/shelves on the outer Chukchi Shelf to water depths of 750 m 16 


• One huge grounding zone wedge of 48 x 75 km on the Chukchi Rise 17 
 18 


Abstract 19 


The Chukchi Shelf and Borderland are characterized by shallow water in the periphery of the 20 
Arctic Ocean, north of the Bering Strait. Seafloor investigations revealed the widespread 21 
presence of glacial bedforms, implying the former existence of grounded ice in this region. 22 
We interpret the history of erosion and deposition around and beneath ice sheets/shelves 23 
using a regional grid of high-resolution 2D seismic reflection data, acquired in 2011 from R/V 24 
Marcus G. Langseth across the outer ~75 km of the Chukchi Shelf and the adjacent Chukchi 25 
Borderland. A high amplitude glacial base reflection extends over large parts of the shelf, 26 
separating glacial from preglacial strata. The uppermost sediments reveal a strong glacial 27 
influence on the shallow Chukchi Shelf and Borderland. We observe eleven seismic 28 
characters, that we used to infer distinct depositional environments related to glacial 29 
advances and retreats across the region. Sediments overlying the glacial base reflection in 30 
the south are well stratified. These may have been impacted by fewer advance-retreat cycles 31 
than those near the northeastern and western shelf breaks, where the glacial base reflection 32 
pinches out at the seafloor next to reworked and eroded areas. Within a bathymetric trough 33 
east of the Chukchi Rise, the glacial base reflection underlies a grounding zone wedge and 34 
recessional moraines, indicating a stepwise glacial retreat towards the Chukchi Shelf. The 35 
seafloor is marked by mega-scale glacial lineations, with a variety of flow sets, indicating 36 
several ice shelf grounding events. A huge grounding zone wedge of 48 km x 75 km on the 37 
Chukchi Rise was built up over several glacial cycles. More grounding zone wedges on the 38 
western sides of bathymetric highs on the Northwind Ridge and in the vicinity of the Chukchi 39 
Rise indicate an ice advance from east. Numerous channels, some up to several kilometers 40 
wide, suggest an abundant supply of meltwater flowing under ice over the course of 41 
multiple glacial periods.  42 







 2 


Keywords 43 


Arctic Ocean, Chukchi Borderland, seismic reflection, continental shelf, glacial sediments 44 


1 Introduction 45 


Ice sheets and their attached ice shelves play an important role in Earth’s climate system 46 
(IPCC 2018). The extent and geometry of ancient ice sheets and shelves and their evolution 47 
provide important constraints for numerical climate and glacio-isostatic models of the past, 48 
present and the future (Stokes et al. 2005; Stokes & Tarasov 2010; Brigham-Grette 2013). 49 
Determining the distribution of ice sheets in parts of the Arctic region is made difficult by sea 50 
ice cover, which hinders systematic geophysical investigations. This is especially true is for 51 
Chukchi and Beaufort seas, a region of rapid ongoing changes in sea ice distribution over a 52 
broad (~900 km), shallow continental shelf. These shelf areas are of particular interest for 53 
regional glaciation studies because they appear not to have been covered by an ice sheet at 54 
least during the late Pleistocene but likely hosted ice masses some time before (Brigham-55 
Grette 2001, 2013).  56 
 57 
Previous multibeam seafloor mapping has revealed the widespread impact of 58 
icebergs/sheets reaching to water depths of 1200 m along the Arctic Ocean´s continental 59 
margins and across submarine ridges (e.g., Kristoffersen et al. 2004; Gebhardt et al. 2011; 60 
Niessen et al. 2013; Dove et al. 2014; Jakobsson 2016). Together with sub-bottom profiler 61 
data, they reveal preserved glacial landforms on the seafloor, including mega-scale glacial 62 
lineations (MSGL), drumlins, ice-marginal grounding zone wedges (GZW), and moraines, all 63 
of which are diagnostic features of paleo-ice stream processes (Stokes & Clark 1999; Ottesen 64 
et al. 2005; Ottesen & Dowdeswell 2006). Multibeam and sub-bottom profile data, however, 65 
have no or limited depth penetration and image only the surface and the very shallow sub-66 
surface of these regions (Dowdeswell et al. 2007; Batchelor et al. 2013b; Dove et al. 2014), 67 
which, for the most part, date from the last glacial maximum (LGM). Multichannel seismic 68 
reflection data can reveal the structure and extent of deeper horizons, and can be used to 69 
constrain the geometry and chronology of even older ice sheets/shelves (Dowdeswell et al. 70 
2007). 71 
 72 
This paper describes and interprets the geomorphic structures and seismic character of the 73 
sediments left behind by ice sheets and ice shelves on the Chukchi Shelf and the adjacent 74 
Chukchi Borderland in water shallower than 750 m. For this, we use reprocessed 2D seismic 75 
reflection data combined with sub-bottom profiler (SBP) data to resolve the shallow 76 
structures.  77 


2 Study area and previous work 78 


The Chukchi Shelf is an up to ~900 km wide continental shelf in the Arctic Ocean, located 79 
north of Chukotka in Siberia and Alaska (Figure 1). From the Bering Strait, the seafloor 80 
continuously deepens from less than 50 m to 450 – 750 m at the northern Chukchi shelf 81 
break. This shallow margin is prolonged northwards by the Chukchi Borderland, which 82 
comprises the Northwind Ridge, Chukchi Rise, and Chukchi Plateau (Figure 1). These 83 
plateaus rise as much as 3400 m above the deep abyssal plains of the Canada Basin, reaching 84 
a minimum water depth of approximately 300 m (Hall et al. 1990). The Chukchi Borderland is 85 
considered to consist of high standing continental blocks (Hall et al. 1990; Brumley et al. 86 
2015).  87 
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  88 
Figure 1 Study area: Bathymetric map IBCAO v3.0 (Jakobsson et al. 2012) showing the locations of seismic reflection profiles. 89 
Locations for Figs. 2-8 shown in red. Blue thick line indicates 130 m isobath which is likely the shoreline during the LGM sea-90 
level lowstands (Clark et al. 2009). Massive iceberg scouring occurs between the -150 m and -350 m contour lines (Dove et 91 
al. 2014). The main shelf break depth along the Chukchi Borderland is represented by the -550 m contour line. Yellow dots: 92 
sediment cores from Polyak et al. (2007). Green dots: sediment cores from a Korean expedition (Park et al. 2017). 93 
Abbreviations: AGT – Amundsen Gulf Trough, AP – Arlis Plateau, BBT – Broad Bathymetric Trough, CB – Canada Basin, CBL – 94 
Chukchi Borderland, CR – Chukchi Rise, MR – Mendeleev Ridge, MT – Mackenzie Trough, WBT – Western Bathymetric 95 
Trough, WI – Wrangel Island  96 


Numerous studies have focused on the past extents of ice sheets and ice shelves over the 97 
Chukchi Shelf (e.g., Hunkins et al. 1962; Polyak et al. 2007; Jakobsson et al. 2008; Dove et al. 98 
2014). The first indications of ice grounding in the Chukchi region were reported by Hunkins 99 
et al. (1962). Precision depth recorder data revealed very rough seafloor at depths of less 100 
than 350 m on the Chukchi Plateau. They interpreted the seafloor to be incised by icebergs 101 
(Hunkins et al. 1962). Swath bathymetric data show a widespread impact of not only 102 
icebergs on the Chukchi Shelf but also features pointing to the presence of ice 103 
sheets/shelves (Polyak et al. 2001; Jakobsson et al. 2008). Additional evidence for ice sheet 104 
grounding events are observed on the Arlis Plateau (Figure 1) as well as on the East Siberian 105 
Continental Margin to the west (Niessen et al. 2013; Jakobsson et al. 2016) and on the 106 
Beaufort-Alaska margin to the east (Engels et al. 2008). The grooves, interpreted as MSGL, in 107 
the Chukchi region reveal by their spatial coherence that only ice sheets could have caused 108 
them (Polyak et al. 2001; Dove et al. 2014). 109 
 110 
MSGL are considered to be the products of fast flowing grounded ice streams (Clark 1993) or 111 
of giant icebergs (Kristoffersen et al. 2004). MSGL evidence suggests an ice shelf emanated 112 
from the northern margin of the Laurentide Ice Sheet grounding on the Chukchi Borderland 113 
(Polyak et al. 2001; Jakobsson et al. 2008) and that the southern Chukchi Shelf likely hosted 114 
a regional ice sheet at some time in the past (Polyak et al. 2001). Subsequently acquired 115 
geophysical data support the interpretation of such a large ice sheet on the East Siberian 116 
Continental Margin (Niessen et al. 2013). Whether it was connected with the Chukchi Shelf 117 
ice sheet during middle Pleistocene or earlier is poorly known (Niessen et al. 2013). 118 
Furthermore, additional multibeam and echosounder data show more widespread 119 
indications for grounded ice on the northern Chukchi Shelf, including a western bathymetric 120 
trough at ~172°W (Kim et al. 2021) and a broad bathymetric trough at ~165°W (Dove et al. 121 
2014) with strong evidence for previous ice stream activity (Figure 1). In deeper water, 122 
Hegewald & Jokat (2013b) identified prograding glacial wedges at the western shelf edges of 123 
the Chukchi Rise. However, Jakobsson et al. (2016) suggested that parts of the widespread 124 
glacial erosion occurred beneath an ice rise covering the Chukchi Borderland. They 125 
suggested this ice rise was part of a 1 km thick ice shelf that entirely covered the deep 126 
central Arctic basins at some time between 130 ka and 191 ka. 127 
 128 
For the late Pleistocene there is an ongoing debate about the existence of ice sheets/shelves 129 
in the Chukchi Region. By interpreting shallow geomorphological features, Grosswald & 130 
Hughes (2002) suggested that ice sheets existed in eastern Siberia, Chukchi, Beringia and the 131 
Okhotsk Sea some 20 ka during the LGM. However, no age constraints exist to support their 132 
hypothesis, which furthermore is not supported by the majority of numerical models of the 133 
distribution of Arctic ice sheets (Brigham-Grette & Gualtieri 2004). Similarly, onshore 134 
geological mapping on Wrangel Island and the coasts of the Chukchi Sea does not support 135 
the existence of large late Pleistocene or LGM-aged ice sheets (Brigham-Grette 2001; 136 
Gualtieri et al. 2005). In contrast, those authors propose that ice sheets did not form 137 
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between Chukotka and Alaska (Brigham-Grette & Gualtieri 2004). Consistent with this, the 138 
shorelines of Chukotka, Alaska, and Wrangel Island appear not to have experienced glacio-139 
isostatic rebound over the last 65 kyr (Brigham-Grette 2001; Gualtieri et al. 2003; Brigham-140 
Grette & Gualtieri 2004). Instead of an ice sheet, it was suggested that mountainous parts of 141 
Beringia only experienced alpine glaciation during the LGM (Brigham-Grette & Gualtieri 142 
2004; Hill et al. 2007; Elias & Brigham-Grette 2013). In contrast, bathymetric and shallow 143 
sediment core data from the Chukchi Plateau, the Northwind Ridge and the Alaskan-144 
Beaufort-margin, support the existence of that small ice caps on the Chukchi Plateau, 145 
somehow connected with an extended ice shelf along the Alaska-Beaufort-margin hosted by 146 
the Laurentide ice sheet during the LGM (Polyak et al. 2007; Engels et al. 2008; Jakobsson et 147 
al. 2008; Park et al. 2017). In summary, the current, sparse geoscientific knowledge is not 148 
sufficient to construct detailed models on the extent of regional or even more local ice 149 
sheets.  150 


3 Data and Methods 151 


A regional grid of in total 5,300 km of 2D multi-channel seismic (MCS) profiles were acquired 152 
by R/V Marcus G. Langseth (Figure 1) across the Chukchi Shelf and Chukchi Borderland in 153 
2011 (Coakley 2011a, b) to investigate the sedimentary structure. Additionally, sub-bottom 154 
profiler and swath bathymetric data were recorded throughout the entire cruise.  155 
 156 
As seismic source, a tuned airgun array of ten Bolt guns with a total volume of 1,830 cubic 157 
inches (~30 l) was used. Its frequency spectrum ranges between 5 Hz and 125 Hz. A 5850 m-158 
long SentinelTM streamer with 468 hydrophones and 12.5 m hydrophone spacing was used 159 
to image the subsurface. Source and streamer were towed at 6 m and 9 m depth, 160 
respectively. The shot spacing on most profiles was distance-controlled to 37.5 m. Returning 161 
signals were recorded for 10 s at a sampling rate of 2 ms. Satellite differential GPS losses in 162 
parts of the survey grid made a distance defined shot interval impossible to achieve on some 163 
profiles. On these profiles, the seismic energy was released time-controlled every 12.8 s, 164 
which resulted in a shot spacing of approximately 37.5 m.  165 
 166 
The MCS data were first processed with 25 m bins by ION Geophysical and interpreted for 167 
the tectonic evolution of the Chukchi Borderland by Ilhan & Coakley (2018). We reprocessed 168 
the seismic profiles to resolve small-scale structures in the shallow parts of the sedimentary 169 
column. For the reprocessing, MCS data were common depth point (CDP) sorted into 6.25 m 170 
bins resulting in a maximum fold of 78. Seismic data processing included attenuation of 171 
random, linear and coherent noise, in particular the seafloor multiple. For noise reduction, 172 
we applied bandpass filtering, velocity analysis, noise attenuation (high amplitude noise 173 
bursts, etc.), F-K dip multiple filtering (one coherence filter to weaken the multiple and a F-K 174 
filter on overcorrected CDP gathers), spherical spreading corrections, stacking and, finally, 175 
time migration and a mean filter. A distance of over 200 m between source and first channel 176 
combined with a binning of only 6.25 m results in negative interference between the direct 177 
wave and the seafloor reflection over shallow areas (<100 m water depth). Consequently, 178 
the seafloor reflection is weak or completely suppressed in the stack, and so we rely on sub-179 
bottom profiler data for our interpretation of shallow structures in these areas. To estimate 180 
the shallow sediment thicknesses in meters, we applied a mean velocity of 1.7 km/s for the 181 
glacial sediments, based on a model by Hegewald (2012). Water depths were calculated with 182 
a mean velocity of 1.5 km/s. Using these velocities, and a peak frequency of 30 Hz for the 183 
sediments, the vertical resolution of our seismic data is about 12.5 m at the seafloor and 14 184 
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at the base of the shallow sediments we focus on. The seismic data are displayed in Two-185 
Way-Traveltime (TWT) below the sea surface. The available sediment cores in the research 186 
area are too short to provide age constraints for the upper pre-glacial sedimentary units. 187 
 188 
The sub-bottom profiler (SBP) data were acquired using a Knudsen Chirp 3260 echosounder 189 
with a source frequency range of 2 to 6 kHz. The SBP data penetrated the sediments 190 
between 10 to 100 m.  191 
 192 
The multibeam bathymetric data were recorded during the cruise using a 12 kHz Kongsberg 193 
EM122. After editing and gridding the multibeam data with MB-System (Caress & Chayes 194 
2008) and GMT (Wessel & Smith 1998), the data were visualized using QGIS. 195 


4 Results 196 


As a first step for the subsequent interpretation, we identified and classified sedimentary 197 
structures caused by ice sheets or ice streams, and mapped their areal extents within the 198 
seismic network. For this, we analyzed seismic and SBP data from the outer Chukchi Shelf, 199 
the Chukchi Rise and the Northwind Ridge in water depths of less than 750 m (Figure 1). 200 
Eleven seismic characters relevant for this study are described in Table 1. Examples are 201 
shown in figures 2 - 8. The distribution maps of these characters are shown in Figures 9 and 202 
10. The abbreviations for the characters are chosen after their main reflection pattern and 203 
their origin, respectively, similar to Batchelor et al. (2013a) and Batchelor et al. (2013b). 204 
Based on the acoustic reflection pattern, stratified characters are denoted with S, S1, and S2. 205 
Chaotic characters are separated into the three categories C, C1, and C2. Predominately 206 
(semi-)transparent seismic characters are titled D, D1, and D2. Morphological structures 207 
such as a grounding zone wedge and truncated layers topped by laminated sediments are 208 
labelled G and T, respectively. Acoustically well-layered strata below the defined characters 209 
are collectively termed ‘pre-glacial’. A prominent high amplitude reflection is considered to 210 
separate pre-glacial strata from glacial influenced sediments. Here, we name it the glacial 211 
base reflection (GB, see more details in the next sections). An age for the top of the pre-212 
glacial sediments is not available because available sediment cores do not penetrate pre-213 
glacial strata. 214 
 215 
Table 1: Classification of the different seismic characters identified from 2D seismic profiling of the Chukchi Shelf and 216 
Chukchi Rise as used in this study. Red line represents the glacial base reflection (GB). Stippled red line indicates change 217 
between pre-glacial and glacial sediments, where the glacial base reflection is absent. The characters abbreviations are 218 
chosen after the main reflection pattern of the characters and their origin (see text for more details).  219 


We first describe the extent of the glacial base reflection (GB), from south to northeast, and 220 
then westwards across the Chukchi Shelf (Figure 1). Afterwards, we describe the distribution 221 
of sediment pattern as defined in Table 1. The description is split into two areas. The first is 222 
located south of ~75°N on the Chukchi Shelf and Northwind Ridge down to water depths of 223 
750 m, the second one north of 75°N on the Chukchi Rise and surrounding shelf breaks.  224 
 225 


4.1 Chukchi Shelf and slope  226 


A prominent reflection is present in seismic and SBP data, and appears in both as a mostly 227 
smooth, continuous, high amplitude reflection at 250 ms to 1000 ms TWT (Figures 2a, 3, 4, 228 
5). This reflection marks the transition from deeper, stratified ‘pre-glacial strata’, marked by 229 
medium-to-high amplitude reflections, to shallower and apparently more irregular strata 230 
and is here named glacial base reflection (GB). It extends in the study area from the 231 
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southern shelf around 73°N at 250 - 400 ms TWT towards the Northwind Ridge and Chukchi 232 
Rise (Figure 9a), and is also traceable along one seismic profile within the broad bathymetric 233 
trough east of the Chukchi Rise to 1000 ms TWT (Figure 9a). On all other profiles the glacial 234 
base reflection (GB) pinches out at the seafloor in water depths of 300 – 350 m (400 – 450 235 
ms TWT; for example, at the “truncation point” labelled in Figure 2a). In general, the glacial 236 
base reflection (GB) is covered by sediments comprising of stratified character S, chaotic 237 
character C and transparent character D with varying thickness of up to ~210 m (250 ms 238 
TWT) (Figure 9b, c, d). Their distribution is described in detail in the next paragraphs. 239 
 240 
In the southern, inner shelf study area, shallower than the truncation depth, the glacial base 241 
reflection (GB) is overlain by stratified sediments (Character S) (Figure 9b). Large V-shaped 242 
incisions are observed at the base of sediments with character S. These incisions are up to 6 243 
km wide and cut up to ~210 m (250 ms TWT) deep into the pre-glacial sediments. They are 244 
filled with stratified sediments of character S1 (Figure 3).  245 
 246 


 247 
Figure 2 Two seismic reflection profiles showing the truncated pre-glacial strata (Character T). Dashed vertical line indicates 248 
the intersection point of the two profiles. A) distribution of stratified sediments (Character S) and chaotic sediments 249 
(Character C) over the glacial base reflection (GB) are presented with the truncation point of GB close to the seafloor 250 
reflection. B) cross-profile shows a wedge consisting of sediments of character D2 between two areas with truncated pre-251 
glacial strata (T). The stippled line indicates the base of the wedge. Location is shown in Figure 1.  252 


Towards the outer shelf, the acoustically stratified character S changes to a chaotic character 253 
C. This transition appears over a short distance on a seismic dip profile towards the 254 
Northwind Ridge (Figure 2a). Furthermore, the layer comprising of characters S and C thins 255 
towards the northeast and disappears where the glacial base reflection (GB) is cut close to or 256 
at the seafloor (Figure 2a, 9c). Further downslope, pre-glacial deposits are truncated and 257 
covered by a thin, laminated drape (Figure 2a, b; character T). Several areas of truncated 258 
pre-glacial sediments, indicated by character T (Figure 9f), as well as truncated stratified 259 
glacial sediments (Figure 2a), are observed in the study region in present day water depths 260 
of 150 - 750 m.  261 
 262 
To the west, the transition between stratified glacial sediments S and chaotic sediments C 263 
takes place after a 20 km wide series of vertically-stacked incisions (Figure 4). The deepest 264 
buried channels cut into the high amplitude glacial base reflection (GB), resulting in thicker 265 
sediments of up to ~42 m (50 ms TWT) compared to surrounding areas. Many smaller 266 
incisions are found in the study area, cutting into packages of sediments with characters S 267 
and C (Figure 2a). These channels are up to 1 km wide and ~50 m (60 ms TWT) deep (Figures 268 
2a, 3, 4). 269 
 270 
Figure 3 Seismic reflection data of the Chukchi Shelf showing a large channel incised into pre-glacial strata and infilled with 271 
stratified sediments of character S1. Location is shown in Figure 1. GB (red line): glacial base reflection. Dashed red line: 272 
boundary between channel fill and pre-glacial sediments. 273 


Acoustically transparent sediments (D) (Table 1) occur as a drape over the glacial base 274 
reflection (GB) in a larger area between Chukchi Rise and Northwind Ridge at depths of 280 275 
– 750 m (375 ms TWT and 1000 ms TWT) (Figure 9d). The sediments reach a maximum 276 
thickness of ~25 m (30 ms TWT) in a 20 km-wide wedge-like accumulation (Figure 5a). 277 
Several ridges with widths of 100 – 500 m are located on top of this wedge (Figures 5a, b, c). 278 
SBP data reveal the ridges to have maximum heights of 21 m (~25 ms TWT). Multibeam data 279 
(Figure 5b) show an assemblage of ridges with slightly steeper southwestern flanks, 280 
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orientated parallel to each other, at the seafloor. More ridges are observed in water depths 281 
between 400 m and 510 m (540 ms TWT and 680 ms TWT). The ridge crests trend 107° (ESE). 282 
In water depth of 335 m (550 ms TWT), character D and the top of the pre-glacial sediments 283 
are grooved by two sets of linear scours aligned approximately east-west (Figure 5a, b, d). 284 
Sediments of character D are buried by a layer of laminated reflections of ~8 m (10 ms TWT) 285 
thickness (Figure 5c, d). 286 


 287 
Figure 4 Seismic reflection data showing vertically-stacked channels separating horizontal layers of chaotic and stratified 288 
sediments (Characters C and S). Location is shown in Figure 1. GB (red line): glacial base reflection. 289 


 290 
Figure 5 Ridges, scours and GZW and distribution of transparent sediments (D). A) Seismic reflection data showing 291 
accumulation of sediments with character D above glacial base (GB). B) Multibeam bathymetric data showing the seafloor 292 
positions of the ridges and scours. C) SBP data showing parallel ridges topping sediments with character D. D) SBP data 293 
showing parallel scours in layer of sediment layers with character D. Location is shown in Figure 1.  294 


 295 


4.2 Chukchi Rise 296 


On the western side of the Chukchi Rise (Figure 1, approx. 170°W), where a strong glacial 297 
base reflection (GB) is absent, a layer with lobate-shaped acoustically stratified character D1 298 
(Table 1) overlies truncated, stratified reflections in a basinward prograding wedge-like form 299 
(Figure 6). This package has a maximum thickness of ~100 m (120 ms TWT) (Figure 9e). 300 
Below this layer, a cluster of incised channels is observed at the shelf break west of the 301 
Chukchi Rise (Figure 7). Here, several incisions are visible below the deposited wedges at the 302 
shelf break. Spaced 1-3 km apart from each other, they reach widths of up to 1 km and 303 
depths of ~65 m (75 ms TWT).  304 
 305 
Sediments with a transparent acoustic character (D2, Table 1) appear in a large patch on the 306 
western side of the Chukchi Rise (Figure 8). This patch has an asymmetric shape with a 307 
steeper flank at the shelf break and a shallower distal flank. Its thickness reaches up to ~50 308 
m (~60 ms TWT). On the crossline, this accumulation extends for 39 km NE and SW (Figure 309 
10). Further to the east, a second accumulation (Figure 2b) of character D2 is observed at 310 
the transition between the Northwind Ridge and Northwind Basin. This accumulation 311 
displays a shallow southeastern side and a steeper northwestern flank closer to the basin, is 312 
around 15 km wide, and up to ~70 m (80 ms TWT) high. To the southeast and northwest, 313 
seismic data show areas with truncated underlying reflections covered by a drape (T) (Figure 314 
2b). Four smaller patches with a maximum height of ~25 m (30 ms TWT) occur north and 315 
east of Chukchi Rise and on the Northwind Ridge (Figure 10).  316 
 317 
Figure 6 Seismic reflection data from the Chukchi Rise. Top: Seismic profile of a line crossing the Chukchi Rise. Bottom: 318 
Interpreted seismic profile showing distribution of the sediments with characters C1, D1 and G on top of partly eroded pre-319 
glacial strata. Dashed red line indicates the boundary between glacial and pre-glacial sediments. Dashed black line 320 
represents maximum water depth ~350 m for random orientated iceberg scours (Dove et al. 2014). Location is shown in 321 
Figure 1.  322 


 323 
On the Chukchi Rise, an up to ~145 m (170 ms TWT) thick semi-transparent sedimentary 324 
layer with dipping internal reflections (Character G) overlies stratified, partly truncated pre-325 
glacial sediments (Figures 6, 8). The area covered by this layer is 48 km wide and 75 km long 326 
(Figure 10). Reflections within the wedge appear to dip eastward and westward. The wedge 327 
has a shorter, steeper western flank and a more gently dipping, longer eastern flank. Both 328 
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flanks are marked by truncated horizontal stratified reflections covered with transparent 329 
sediments of character T (Figures 6, 8). Other areas, where character T occurs, are shown in 330 
Figure 9f.  331 
 332 
Figure 7 Seismic reflection data showing several channels cutting into pre-glacial strata. Channels are filled with sediments 333 
of character D1. Dashed red line indicates the boundary between glacial and pre-glacial sediments. Location is shown in 334 
Figure 1. 335 


 336 
East and west of the Chukchi Rise, seismic data show three incisions, two with a width of 8 337 
km and depth of ~85 m (100 ms TWT), one with a width of ~5 km and a depth of ~42 m (50 338 
ms TWT). All are filled with sediments showing a chaotic character C1. The U-and V-shaped 339 
channels are incised into the underlying pre-glacial strata (Figure 6).  340 
 341 
Partly stratified to chaotic sediments (Character S2) are present north of Chukchi Rise in 342 
large incisions (Figure 8). The overall width of this area is ~45 km. The incisions cut up to 343 
~380 m (400 ms TWT) into the underlying strata. In cross section, they are variably V- and U-344 
shaped. While the character in the deepest incision has a more stratified pattern, in all other 345 
channels S2 is less stratified and partly chaotic (Figure 8). The seafloor above the channels 346 
shows superimposed, low relief ridges (Figure 8). 347 
 348 
Figure 8 Seismic reflection data from northwestern Chukchi Rise (Figure 1). Top: Seismic profile, Bottom: interpreted profile, 349 
showing the distributions of the seismic characters C2, D2, G and S2 on pre-glacial strata. Dashed red line indicates the 350 
boundary between glacial and pre-glacial sediments. Dashed black line indicates the maximum depth of random orientated 351 
iceberg scours at ~350 m water depth (Dove et al. 2014).  352 


Acoustically chaotic sediments (Character C2) occur on top of elevated pre-glacial strata on a 353 
bathymetric high, northeast of the incisions filled with sediments of character S2 (Figure 8). 354 
The maximum thickness of this layer is ~100 m (~120 ms TWT). It is lenticular, with a NE-SW 355 
extent of ~20 km and a NW-SE extent of ~15 km. Below it, the top pre-glacial strata show an 356 
irregular surface. 357 


 358 
Figure 9 Maps of the distribution and thickness of a) the glacial base GB, b) Character S, c) Character C, d) Character D, e) 359 
Character D1, and f) Character T. Light gray lines represent seismic profiles. Black line represents the 130 m contour line 360 
which is considered as shoreline during the last glacial maximum (Clark et al. 2009). Abbreviations: CR – Chukchi Rise, NB – 361 
Northwind Basin, NR – Northwind Ridge.  362 


 363 


5 Interpretation and Discussion 364 


The few previous publications in our research area focused on seafloor structures formed by 365 
glacial processes. The up to 10 m deep gravity/piston cores provide only vague information 366 
on the underlying glacial or non-glacial sediments. Fortunately, the seismic data allow a clear 367 
distinction between the latter two units. Thus, this study shows the distribution of glacially 368 
influenced sediments and landforms down to depths of 750 m. The main obstacle to provide 369 
a proper interpretation of this deeper sedimentary units is the lack of core information. 370 
Unlike at other glaciated margins that absence of drill core material allows only a tentative 371 
interpretation of the imaged strata. To overcome this obstacle, we base our interpretation 372 
on comparisons to similar features imaged in other glaciated regions (e.g., Sættem et al. 373 
1992; Kehew et al. 2012; Dowdeswell et al. 2016).  374 
 375 
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5.1 Glacial landforms and bedforms 376 


5.1.1 Glacial base reflection (GB) 377 
We infer the glacial base reflection (Figure 2a, 3, 4, 5; GB) to mark the base of glacial erosion, 378 
by analogy to similar reflections over other glaciated continental shelves (Bart & Anderson 379 
1996; Rüther et al. 2011; Batchelor et al. 2013b). The higher amplitude of the reflection 380 
compared to over- and underlying reflections indicates a change of the physical properties. 381 
Such a higher impedance contrast is attributable to rapidly-deposited, less lithified glacial 382 
sediments locally overlying eroded lithified pre-glacial sedimentary rocks and/or sediments 383 
compacted by glacial loading (Sættem et al. 1992; Bellwald et al. 2019). Its occurrence across 384 
the outer shelf (Figure 9a) and the strong impedance contrast to pre-glacial sediments 385 
suggests that the glacial base unconformity was formed at the base of an erosive ice sheet. A 386 
similar unconformity is described in the Barents Sea, where it divides glacially over-387 
compacted pre-glacial sediments from unlithified glacial sediments (Sættem et al. 1992; 388 
Solheim et al. 1996; Bellwald et al. 2019). 389 
 390 
The glacial base overlies basins filled with glacially redeposited sediments on the outer shelf 391 
(Hegewald & Jokat 2013b; Ilhan & Coakley 2018) which indicates a glacial advance preceded 392 
its formation. The truncation of the glacial base along the outer shelf, together with some of 393 
the underlying pre-glacial and overlying stratified sediments, indicates erosion by at least 394 
one later glacial event. From these considerations, we favor the interpretation that the 395 
glacial base unconformity and sediments overlying it (Figures 2a, 3, 4) are products of 396 
several cycles of glacial advance and retreat (e.g., Sættem et al. 1992; King 1993; Batchelor 397 
et al. 2013b).  398 
 399 


5.1.2 Stratified Sediments  400 
By analogy to the Barents Sea (Sættem et al. 1992; Solheim et al. 1996), the up to 210 m 401 
thick stratified sediments (Character S) overlying the glacial base reflection are interpreted 402 
to be a mixture of subglacial till, glaciomarine and interglacial sediments (Figures 2a, 3, 4). 403 
This interpretation is supported by analysis of shallow sediment cores on the Chukchi Shelf, 404 
which contain interglacial and glacial sediments (Polyak et al. 2007). The preserved 405 
stratification indicates that these areas were not strongly affected by subsequent glacial 406 
advances (Polyak et al. 2008).  407 
 408 


5.1.3 Chaotic Sediments  409 
The occurrence of chaotic (Character C) sediments over the glacial base reflection (Figures 2, 410 
4, 9c) is likely caused by former grounded ice. This is supported by the presence of reworked 411 
sediments in sediment cores from the ramp between the outer Chukchi Shelf and the 412 
Northwind Ridge (Figure 1; Polyak et al. 2007). Over this ramp to the Northwind Ridge 413 
(Figure 2a), the abrupt transition between characters S and C and their truncation at the 414 
seafloor indicates extensive reworking of stratified sediments and subsequent erosion of 415 
both units by grounded ice (Figure 4, 09c) (Dowdeswell et al. 2004; Ó Cofaigh et al. 2005).  416 
 417 


5.1.4 Truncation of pre-glacial Sediments  418 
The occurrence of transparent character T on top of pre-glacial strata (Figure 9f) is the result 419 
of the erosion and deposition of sediments by grounded ice, followed by a period of 420 
hemipelagic sedimentation. In our survey area, this hemipelagic drape is found below a 421 
water depth of ~350 m with varying thicknesses and postdates the most recent glacial 422 
grounding event(s) (Dove et al. 2014). Parts of the eroded older sediments are disturbed and 423 
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filled ice keel incisions (Jakobsson et al. 2008). In general, the erosion by grounded ice is 424 
present in water depths between 150 m (Figure 2a) and 750 m on the outer Chukchi Shelf 425 
and Borderland (Figure 9f).  426 
 427 


5.1.5 (Semi-)transparent Sediments  428 
A layer of acoustically transparent sediments (Character D) beneath seafloor depths of 429 
between 280 m and 750 m (Figure 9d) east of the Chukchi Rise is interpreted to consist of 430 
subglacial till on the basis of its thickness on top of the glacial base reflection (~25 m) and its 431 
lack of internal reflections. Till has been described as acoustically semi-transparent to 432 
transparent (Ó Cofaigh et al. 2005). Similar till layers occur in other formerly glaciated high-433 
latitude regions (e.g., Ó Cofaigh et al. 2005; Batchelor et al. 2013a; Dowdeswell et al. 2016). 434 
The till layer east of the Chukchi Rise is covered by a hemipelagic drape of up to 8 m 435 
thickness (10 ms TWT) (Figure 5c, d). Further, a wedge of transparent glacial till (Character 436 
D) (Figure 5a) within a bathymetric trough east of the Chukchi Rise (Figure 10; Dove et al. 437 
2014), is interpreted as a GZW (Batchelor & Dowdeswell 2015).  438 
 439 
The set of ridges in the broad bathymetric trough (Figure 5a, b, d), each a few hundred 440 
meters wide and up to ~21 m (25 ms TWT) high, are interpreted as recessional moraines. 441 
These moraines are interpreted as the products of minor ice re-advances during a period of 442 
overall ice retreat (Ottesen & Dowdeswell 2006). The steeper upslope flank representing the 443 
ice proximal side suggests a southward retreat, towards the Chukchi Shelf (Winkelmann et 444 
al. 2010). This is supported by the orientations of nearby MSGL (Dove et al. 2014). Similar 445 
recessional moraines are found in bathymetric data in several areas in the Chukchi Region 446 
(Polyak et al. 2001; Jakobsson et al. 2008; Dove et al. 2014) and on other former glaciated 447 
margins (e.g. Ottesen & Dowdeswell 2009; Winkelmann et al. 2010; Burton et al. 2016).  448 
 449 
Furthermore, the sets of east-west directed parallel grooves in the broad bathymetric trough 450 
cut into sediments of character D at the seabed (Figure 5a, b, d) are comparable to many 451 
MSGL in the Chukchi region (Polyak et al. 2001; Jakobsson et al. 2008; Dove et al. 2014). 452 
MSGL are formed by deformation of soft sediments at the base of fast flowing ice 453 
sheets/streams (Spagnolo et al. 2014). Usually, these streamlined landforms appear as linear 454 
to curvilinear sediment ridges, each several tens of kilometers long and a few meters high, 455 
which align with the direction of past ice flow (Clark 1993; Spagnolo et al. 2014). Due to the 456 
limited data coverage, it is not possible to estimate the lengths of the grooves (Figure 5b), 457 
leaving open the possibility of a formation by the deep keels of large icebergs, as has been 458 
suggested for the Lomonosov Ridge between ~85°N and ~86°N (Kristoffersen et al. 2004; 459 
Dowdeswell et al. 2007). On balance, however, we prefer an MSGL interpretation for the 460 
character D grooves, because of the strong erosion in many areas (Figure 9f), the abundance 461 
of MSGL in the Chukchi region (Polyak et al. 2001; Jakobsson et al. 2008; Dove et al. 2014; 462 
Kim et al. 2021), along the Beaufort Margin (Engels et al. 2008), and over the Arlis Plateau 463 
(Niessen et al. 2013) that suggest the widespread presence of grounded ice.  464 
 465 


5.1.6 Meltwater channels and tunnel valleys  466 
In the southwest of the research region, numerous channel-like incisions with widths of up 467 
to 1 km and depths of up to ~50 m (60 ms TWT) can be observed in areas covered by 468 
stratified sediments of character S below the sea level lowstands (Figures 2a, 3, 4). These 469 
incisions are interpretable as products of a subglacial drainage system. The large number of 470 
channels at the western transition to areas with sediments with a chaotic character C (Figure 471 
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4) suggests the activity of a major drainage system with high meltwater discharge. The 472 
vertically-stacked configuration (Figure 4) indicates that this system was intermittently 473 
active during several glacial cycles (Walder & Fowler 1994; Kehew et al. 2012). 474 
 475 
Larger channels filled with various seismic characters (Character S1, S2, C1) (Figure 3, 6, 8) 476 
can be interpreted in various ways. We note first that these channels are comparable in size 477 
and geometry to channels found incised by as much as 50 m into Cretaceous strata on the 478 
southern inner Chukchi Shelf in modern water depths of up to 60 m (Hill et al. 2007; Hill & 479 
Driscoll 2008). These channels have been interpreted as products of fluvial erosion during 480 
sea level lowstands with periods of higher meltwater drainage during the late LGM (Hill et al. 481 
2007; Hill & Driscoll 2008). However, the channels on the outer shelf are located to water 482 
depths of up to 360 m (Figure 10) which is below the level of regional lowstands during 483 
glacial times (Clark et al. 2009; Miller et al. 2020). The deep incision of these channels into 484 
pre-glacial sediments (Figure 3) is more consistent with the action of a subglacial drainage 485 
system, like those reported for other glaciated regions (e.g., Kehew et al. 2012; Stewart et al. 486 
2013; Graham et al. 2016). Therefore, we interpret these channels as subglacial tunnel 487 
valleys which can be either V- or U-shaped (Kehew et al. 2012; Huuse & Kristensen 2016). 488 
This interpretation is supported by the presence of overlying glacial landforms like MSGL 489 
(Figure 6) and as ice marginal crevasse squeeze/recessional moraines interpreted from 490 
superimposed, low relief ridges (Figure 8)(Dove et al. 2014). Tunnel-valley forming 491 
mechanisms in subglacial settings include both catastrophic outbursts from subglacial 492 
meltwater lakes and steady-state subglacial meltwater drainage related to localized 493 
liquefaction (Huuse & Kristensen 2016).  494 
 495 
The stratified infill of tunnel valleys on the Chukchi Shelf (Character S1, Figure 3, 10) and on 496 
the northern part of the Chukchi Rise (Character S2, Figures 8, 10) is the result of periods of 497 
reduced meltwater supply and/or glaciomarine sedimentation (Stewart et al. 2013). The 498 
partly chaotic valley fill of Character S2 is related to post-fill reworking by dynamic grounded 499 
ice (Kehew et al. 2012). Tunnel valleys with infills of acoustically chaotic sediments (C1) are 500 
found east and west of the Chukchi Rise (Figure 6). Elsewhere, the chaotic character is 501 
consistently interpreted as signature of unconsolidated diamicton (Kehew et al. 2012; Huuse 502 
& Kristensen 2016). The direction of meltwater flow cannot be determined from our widely 503 
spaced seismic profiles. 504 
 505 


5.1.7 Gullies  506 
The channels at the western shelf break filled with character D1 sediments (Figure 7, 10) can 507 
be interpreted as buried gullies, which developed at the paleo-shelf break. The widths and 508 
depths of these gullies (up 1 km and 65 m) are comparable to gullies at other high latitude 509 
shelf breaks occupied by paleo-ice streams (Batchelor et al. (2014) and references therein). 510 
Their burial by glacial sediments indicates development together with the first ice sheet 511 
advance to the shelf break by the release of sediment-laden meltwater (Polyak et al. 2001; Ó 512 
Cofaigh et al. 2003; Engels et al. 2008). Other gullies related to different glacial cycles are 513 
found along the western Chukchi Rise by Kim et al. (2021). 514 
 515 
The accumulation of lobate bodies of acoustically stratified sediments filling the gullies 516 
(Character D1) along the western shelf edge of the Chukchi Rise (Figure 8) is interpreted as a 517 
GZW, consistent with the imaging of hummocky terrain in multibeam data and transparent 518 
glacial till in SBP data (Dove et al. 2014; Kim et al. 2021). Dipping internal reflections in the 519 
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SBP data suggest multiple advances and retreats of a possible ice stream in the western 520 
bathymetric trough (Kim et al. 2021). The associated erosion of older glacial till sheets is 521 
comparable to the development of till tongues, as described by King (1993).  522 
 523 


5.1.8 Grounding Zone Wedges  524 
Grounding zone wedges (GZW) on the outer Chukchi Shelf are reported on the western flank 525 
of the Chukchi Rise (Dove et al. 2014; Kim et al. 2021). GZWs are the results of high 526 
sedimentation rates during long-lived still stands of the grounding lines of ice streams, which 527 
produce wedge shaped bodies of seismically chaotic to transparent appearance (Ottesen & 528 
Dowdeswell 2009; Dowdeswell & Fugelli 2012; Batchelor & Dowdeswell 2015). Truncations 529 
within the GZW are caused by modifications of the sediments during fluctuations of the 530 
grounding zone position (Dowdeswell & Fugelli 2012). In this section, we discuss eight 531 
hitherto unknown GZWs found in our seismic data (Numbers 1-8 in Figure 10). 532 
 533 
Six GZWs (Figure 10; # 1-6) with a transparent character D2 topping pre-glacial strata (Figure 534 
2b, 8) occur on the west-facing flanks of eroded bathymetric highs like the Northwind Ridge 535 
(Figure 10). Such GZWs are known to build up behind topographic highs acting as pinning 536 
point for the grounding zone of an ice stream (Batchelor & Dowdeswell 2015). Thus, we 537 
interpret GZWs #1-6 as remnants of the widespread grounding of westward moving ice from 538 
the Northwind Ridge to the Chukchi Rise.  539 
 540 
Likewise, we interpret the layer of chaotic sediments with character C2 as a GZW (Figure 541 
10;#7), due to its internal structure, its thickness of ~100 m (120 ms TWT) and its setting 542 
covering eroded pre-glacial strata on top of a bathymetric high northeast of the Chukchi Rise 543 
(Figure 8, 10). Similar GZWs are also found on the Greenland Shelf on topographic highs that 544 
acted as pinning points for ice streams (Dowdeswell & Fugelli 2012). The action of a paleo 545 
ice stream or ice shelf in this area is indicated by MSGL on the shallow slope towards the 546 
Northwind Basin (Dove et al. 2014), and crevasse squeeze/recessional moraines on its 547 
western side (Figure 8) (Dove et al. 2014).  548 
 549 
A further GZW (GZW #8) is interpreted from a body of semi-transparent sediments of 550 
character G with internal dipping reflections, situated on the Chukchi Rise (Figures 6, 8; # 8 551 
in Figure 10). The interpretation is based on the body’s asymmetry, with its steeper western 552 
and gentler eastern side, its dipping internal reflections, and the truncation of underlying 553 
reflections at its base (Dowdeswell & Fugelli 2012). The westward dip of the internal 554 
reflections indicates the eastward glacial retreat (Figure 6). The dimensions of the Chukchi 555 
Rise GZW (48 km x 75 km, ~145 m thick) (Figure 10) are larger than most known high latitude 556 
GZWs, which usually are less than 15 km wide and only 50-100 m thick (Dowdeswell & 557 
Fugelli 2012; Batchelor & Dowdeswell 2015). Any of the following scenarios could explain 558 
the formation of such an unusually large GZW:  559 


- The first scenario envisages the Chukchi Rise GZW #8 as an amalgamation of multiple 560 
GZWs from several glacial cycles/phases (Batchelor & Dowdeswell 2015), similar to 561 
the 280 km-wide composite GZW at the Bjørnøyrenna ice stream north of Norway 562 
(Rüther et al. 2011). Consistent with this, our seismic data show variably-dipping and 563 
eroded internal reflections, indicating more than one period of ice advance.  564 


- The second scenario is that GZW #8 might have built up during the unusually long-565 
lived still stand of a single ice stream-shelf system (Batchelor & Dowdeswell 2015), 566 
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perhaps promoted by the low-gradient topography of the Chukchi Rise acting as a 567 
stabilization point for the ice shelf (Batchelor & Dowdeswell 2015).  568 


- Thirdly, the Chukchi Rise GZW #8 could have evolved by sediment transport to the 569 
lateral margins of a fast-flowing ice stream in the adjacent trough (Figure 10). This 570 
lateral GZW may have formed at the boundary to an ice-free or slow-moving ice zone 571 
on the Chukchi Rise. This possibility is supported by comparison to known lateral 572 
GZWs, for example at the margin of the Amundsen Gulf trough (Batchelor et al. 573 
2013a; Batchelor & Dowdeswell 2015). 574 


 575 
 576 


5.2 Implications for glaciation of the Chukchi Shelf and Chukchi Borderland 577 


5.2.1 Grounded ice 578 
The identification of eleven seismic characters (Table 1) and observation of their relationship 579 
to seafloor features allows us to interpret a complex history of grounded ice during multiple 580 
glacial cycles affecting the Chukchi Shelf and Chukchi Borderland.  581 
 582 
The glacial base reflection, GB, identified over large portions of the study area (Figure 9a) 583 
suggests the existence of a grounded ice sheet at least on the outer Chukchi Shelf. This ice 584 
sheet seems to have been the source for fast northeastwards-flowing ice streams, as 585 
attested by GZWs, drumlins, recessional moraines and MSGL confined to a till layer overlying 586 
glacial base in the bathymetric trough east of the Chukchi Rise (Figure 9, 10)(Dove et al. 587 
2014). The GZWs and recessional moraines (Figure 5a, b, d) indicate retreat towards the 588 
inner shelf via this trough (Dove et al. 2014). Truncations of pre-glacial reflections like those 589 
observed at the eastern edge of the Chukchi Rise (Figure 6) are described from other 590 
formerly glaciated trough edges (e.g. Bellec et al. 2016). The source of the ice stream could 591 
conceivably be related to a proposed East Siberian Ice Sheet (Niessen et al. 2013), or 592 
alternatively to an ice sheet on the Chukchi Shelf (Dove et al. 2014 and this study). However, 593 
the southern, eastern and western extent of the ice stream and the ice sheet that fed it 594 
cannot be resolved with our data set.  595 


 596 
Figure 10 Interpreted glacial features discovered so far in our research area with evidence for downslope and along slope 597 
advances of grounded ice masses (Dove et al. 2014, this study). Suggested extension of a westward moving (white arrows) 598 
thin ice shelf (light, transparent blue) extended from the Laurentide ice sheet during the LGM. This estimation bases on 599 
dated sediment cores (see location in Figure 1) (Polyak et al. 2007; Park et al. 2017), shallow lift-off moraines (Dove et al. 600 
2014), the shallowest MSGL (Dove et al. 2014, Figure 5, light red), GZWs on western side of bathymetric highs (this study, 601 
medium green) and the areas of erosion (Figure 9f). Abbreviation: BT – Bathymetric Trough, WBT – Western Bathymetric 602 
Trough.  603 


 604 
Prograding wedges of glacial deposits with semicontinuous reflections are reported along 605 
the western margin of the Chukchi Rise (Hegewald & Jokat 2013a; Dove et al. 2014). The 606 
glacial base reflection is truncated towards the outer edges of the rise (Figure 9a), leaving it 607 
impossible to determine its relationship to any of the depositional till wedges at the shelf 608 
margin. Truncations of the crests of early-formed till wedges by later ice advances to the 609 
shelf break have been described at other formerly-glaciated continental margins (Bart & 610 
Anderson 1996; Batchelor & Dowdeswell 2014; Lasabuda et al. 2018). The extensive 611 
stratified overburden of up to 210 m in the south (Figure 9b) leads us to suspect that the 612 
glacial base unconformity was formed by ice sheet(s) during the Chukchi Shelf’s earliest 613 
glaciations. This glaciation dates from an early Quaternary glacial cycle (Brigham-Grette 614 
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2013), since no evidence has been reported for intense late Quaternary glaciation of 615 
Beringia (Brigham-Grette 2001; Gualtieri et al. 2005).  616 
 617 
A grounded ice shelf on the outer Chukchi Shelf is indicated by the large eroded areas 618 
including the truncation of the glacial base reflection (Figure 9c, f; GB). Glacial bedforms like 619 
west-striking MSGL and moraines (Polyak et al. 2001; Jakobsson et al. 2008; Dove et al. 620 
2014) together with grounding zone wedges on the western flanks of topographic highs 621 
(Figure 10; Character D2) indicate westwards flow. This grounded ice shelf may have existed 622 
during the LGM all along the Alaskan-Beaufort margin and across the Chukchi Borderland in 623 
present-day water depths of between 150 – 450 m (Figure 10). Evidence for erosion in water 624 
depths deeper than 150 m from in our eastern study area (Figure 9f) and along the Alaskan 625 
Beaufort margin fostered such an interpretation (Engels et al. 2008). 626 
 627 
Further, our suggestion of an ice shelf and grounded ice is encouraged by the recovery of 628 
LGM (~20 ka) dated sediments from the Chukchi region (Polyak et al. 2007; Park et al. 2017). 629 
In detail, Polyak et al. (2007) recovered diamicton from EW striking MSGL in water depths of 630 
~450 m on the Northwind Ridge and (Park et al. 2017) found glaciomarine sediments related 631 
to a nearby ice shelf in the bathymetric trough east of the Chukchi Rise. The preservation of 632 
MSGL in water depths of 580 m on the Northwind Ridge, which are dated to MIS 4/5 (71 – 633 
123 kyr) (Polyak et al. 2007), precludes the existence of a thicker ice shelf during the LGM. 634 
Furthermore, this is supported by preserved NE-SW trending MSGL in the broad bathymetric 635 
trough east of the Chukchi Rise (Figure 10 and Dove et al. 2014). The latter can be explained 636 
by a later ice shelf bridging the bathymetric trough to the ice grounding point (grounding 637 
point, Figure 6) on the Chukchi Rise, which lies ~80 m above the southeastern MSGL. The 638 
present regional database allows for only a tentative first estimate of the geometry of the 639 
LGM ice shelf.  640 
 641 


5.2.2  Pan-Arctic ice? 642 
MSGL are reported in 1 km deep water from multiple location in and around the Chukchi 643 
region (Polyak et al. 2007; Jakobsson et al. 2008; Niessen et al. 2013; Dove et al. 2014; 644 
Jakobsson et al. 2014). Based on their shelf to basinward orientation, one interpretation of 645 
these features attributes them to local ice sheet-shelf systems in the Chukchi region (Polyak 646 
et al. 2001; Dove et al. 2014; Kim et al. 2021). A rival explanation is that the lineations are 647 
record the presence of an up-to 1 km-thick ice shelf covering the entire Arctic Ocean 648 
including the Chukchi Borderland (Mercer 1970; Grosswald & Hughes 2002; Jakobsson et al. 649 
2016). While older speculations suggest such a thick ice shelf may have existed during the 650 
LGM (Grosswald & Hughes 2002), recent findings favor its existence at 140 ka (Jakobsson et 651 
al. 2016). Such an ice shelf may have leveled shallow bathymetric highs of the Chukchi 652 
Borderland (Polyak et al. 2001). Indeed, evidence for erosion is reported in a small area on 653 
the central Northwind Ridge to depths of 900 m, shallowing southwards to 550 – 750 m and 654 
northwards to 620 m (Jakobsson et al. 2008).  655 
 656 
Our data show no evidence for extensive erosion below 750 m on the Chukchi Shelf (Figure 657 
9) that is expected of a moving pan-Arctic ice shelf. In fact, no other large-scale features 658 
supporting strong erosion in water depths below 750 m are yet reported for most parts the 659 
Northwind Ridge and Chukchi Plateau (Jakobsson et al. 2008; Dove et al. 2014). The north-660 
south trend of known MSGL of an ice sheet on the Chukchi Shelf in depths shallower than 661 
750 m contradicts the action of a thick westward moving pan-Arctic ice shelf on the Chukchi 662 
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Margin (Dove et al. 2014). The formation of these MSGL must predate the Late Pleistocene, 663 
as the current geoscientific data indicate that the Chukchi Margin has been free of large ice 664 
sheets since that time (Brigham-Grette & Gualtieri 2004). Furthermore, we expect the 665 
advance of a proposed pan-Arctic ice shelf from its grounding lines (Jakobsson et al. 2016) 666 
on the Northwind Ridge, Chukchi Rise and Plateau, and Mendeleev Ridge, to have given rise 667 
to large-scale deposition. Large deposits are absent from the margins of these features, with 668 
the exception of Chukchi Rise, whose shelf propagated westwards by 8-12 km due to glacial 669 
sedimentation (Hegewald & Jokat 2013a; Dove et al. 2014). Comparable thick depositional 670 
sequences are absent along the margins of the Northwind Ridge (Ilhan & Coakley 2018). 671 
Beyond this, while our data set reveals glacio-morphological features supporting the 672 
existence of more localized ice sheets/shelves, they do not support for a 1 km-thick pan-673 
Arctic ice sheet/shelf system. 674 


6 Conclusions 675 


Regional seismic and SBP data collected by the R/V Marcus G. Langseth in 2011 allow a first 676 
view of the thickness and distribution of glacially modified sediments overlying eroded pre-677 
glacial strata along the outer Chukchi Shelf and Chukchi Borderland region. Although the 678 
data coverage is sparse, we found in the seismic data a variety of geomorphological features 679 
that are directly comparable to other glaciated continental shelves. Contrasting orientations 680 
of widespread MSGL and recessional moraines, as well as the widespread presence of GZWs, 681 
are consistent with multiple glacial cycles and ice sheet/shelf sources. However, in water 682 
depths shallower than 350 m, intense iceberg scouring has razed seafloor geomorphological 683 
features that might have been used for more precise reconstruction of ice sheet/shelf 684 
extents. Our main findings are: 685 
 686 


1. A glacial unconformity, which is present over large parts of the Chukchi Shelf and 687 
within a bathymetric trough east of the Chukchi Rise, together with north-south 688 
trending seafloor features, like MSGL and drumlins, provide evidence for a grounded 689 
ice sheet-shelf system. It was likely formed during several glaciations. Recessional 690 
moraines as well as grounding zone wedges within a bathymetric trough indicate a 691 
phase of still stand and minor re-advances during the southward retreat of an ice 692 
stream through this region.  693 


2. The erosion of the glacial base reflection, reworked glacial/interglacial sediments and 694 
westward directed glacial bedforms indicate a later erosional ice shelf advanced from 695 
the east. A possible source for this could be a floating ice shelf of the Laurentide ice 696 
sheet advancing westward along the Alaskan-Beaufort margin. The preservation of 697 
north/northwestward pointing seafloor features in greater water depths indicates 698 
that the ice shelf was thinner than previous ice advances.  699 


3. A huge, 48 km wide and 75 km long, grounding zone wedge with a thickness of up to 700 
~145 m on the Chukchi Rise may have formed over the course of several glacial 701 
cycles, during an unusually long stillstand of an ice stream/shelf of one glacial 702 
advance or as lateral moraine adjacent to a trough.  703 


4. Channels with a width of up to 12 km and depths of 300 m suggest the existence of 704 
large subglacial drainage systems which directed large amounts of meltwater. 705 


5. Several smaller subglacial channels of up to 1 km width and 50 m depth, as well as 706 
gullies at the western shelf break, suggest a high meltwater supply. The infill and 707 
overburden of glacial sediments in and over the gullies suggest they may have 708 
developed ahead of the first ice advance to the shelf break.  709 
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The seismic data provide first insights into the older glacial history of the Chukchi Shelf and 710 
Chukchi Borderland. Owing to few sediment core data, the complex erosion history, and 711 
sparse seismic data coverage, a reliable correlation of glacial morphological features to 712 
specific glacial cycles is not yet possible. Discussion about the extent and timing of ice 713 
sheets/shelves in the Chukchi region, including during the LGM, continues. 714 
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TRACCIA N° 3 
 


 


Prendendo ad esempio il manoscritto fornito qui di seguito per la traccia n° 3 


(Styles of slope instability on a Quaternary sub-arctic continental margin: The 


northwestern flank of the Storegga area), impostate una revisione come se 


voi foste un revisore (peer reviewer) indicando nel vostro elaborato: 


1) Una brevissima sintesi del soggetto del manoscritto; 


2)  Gli aspetti tipicamente da considerare in una revisione scientifica 


(motivando la vostra scelta), e come voi valutate il manoscritto per 


questi vari aspetti; 


3) I punti di forza e di debolezza del manoscritto motivandone le regioni.  


 


 


 







1 
 


Styles of slope instability on a Quaternary sub-arctic continental 1 


margin: The northwestern flank of the Storegga area 2 


 3 


Song Jing1, Tiago Alves1, Kamal’deen O. Omosanya2 4 


 5 


1 3D Seismic Laboratory, School of Earth and Environmental Sciences, Cardiff University, Main 6 
Building, Park Place, Cardiff, CF10 3AT, United Kingdom 7 


2 OasisGeoconKonsult, 7052 Trondheim. Norway 8 


Corresponding author: Song Jing (jings@cardiff.ac.uk) 9 


 10 


 11 


Highlights: 12 


Two oldest slope instability events in Storegga area are observed. 13 


Shallow excess pore pressure preconditions the long-term slope instability. 14 


Density reversal is a significant trigger of local evacuation structure. 15 


Sea floor cracks indicate a current unstable upper slope on mid-Norwegian margin. 16 


 17 


Abstract 18 


Multiple regional submarine landslides have been observed around the Northeast Atlantic margin, 19 
However, the initiation processes and features of this slope instability since the onset of the northern 20 


hemisphere glaciations is still unclear. This study uses high-quality seismic and borehole data to 21 
investigate an area of the mid-Norwegian margin recording long-term instability. Our results include 22 
Pre-Holocene landslides that are observed along the northwestern flank of Storegga Slide, a giant 23 


submarine landslide formed at ~ 8200 B.P, suggesting that slope instability started in this area during 24 
the early Pleistocene. Locally, seismic and borehole data prove the presence of:  i) three early 25 
Pleistocene slope failures, two of which occurred before a first regional-scale submarine slide , ii) a 26 


unit comprising mass-wasting deposits of high density, which reveals local compression and sediment 27 
creep, iii) an unstable upper slope revealing seafloor cracks. Importantly, fluid pipes increase in 28 


abundance to more than 100 below some of the oldest landslides in the study area, with the majority 29 
of pipes terminating below glide planes. The results of this study show that the lithologic (density) 30 
changes of sediment and periodic fluid migration are some of the primary factors promoting long-31 


term instability in the Storegga area. This has led to multiple slope failures that vary in their style 32 


from local evacuation structures to chaotic mass-transport deposits. This work proves that older mass-33 
wasting deposits still reveal the precondition and initiation factors that caused long-term instability 34 
on the Norwegian margin. Through the detailed interpretation of local slope failures, regional 35 
landslides and further instability can be expected in the future on the northwestern flank of the 36 


Storegga area. 37 


 38 


Keywords: Norwegian Margin; Storegga area; Pleistocene landslides; Fluid flow; Density reversal. 39 
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2 
 


1. Introduction 41 


Submarine landslides, comprising one of the most important offshore geohazards, can trigger 42 
recurrent phases of seafloor deformation, sediment remobilisation and, in extreme cases, catastrophic 43 
tsunamis (Harbitz et al., 2006; Locat and Lee, 2002). Along the Northeast Atlantic sub-arctic 44 


continental margin, multiple submarine landslides have been recorded since Quaternary in the form 45 
of mass-transport deposits (MTDs) on seismic profiles, by deformation features on the sea floor, and 46 
tsunami episodes on shore (Elger, 2016; Pope et al., 2018). Offshore Norway, the Storegga Slide has 47 
evacuated around 3000 km3 of strata since ~ 8200 b.p., affecting an area of the continental slope with 48 
approximately 95,000 km2 (Haflidason et al., 2005) (Fig. 1). Within the Storegga area per se, multiple 49 


pre-Holocene slides have been recognised and sampled, from Slide W occurring before 1.7 Ma b.p., 50 


to the Tampen slide at 0.15 Ma b.p. Such a time span suggests more than 1 Ma of instability on the 51 
Mid-Norwegian slope (Solheim et al., 2005).  52 


At least three pre-Storegga mass-wasting intervals are recorded along the northwestern flank of the 53 
Storegga area, Slide W being the oldest and comprising remarkable evacuation structures, followed 54 


by Slides S and R in the form of discrete intervals with slide blocks (Riis et al., 2005; Solheim et al., 55 
2005) (Figs. 2, 4 and 5). Although an early Quaternary slope failure has been recognised around the 56 


headwall scarp of the Storegga Slide (Lawrence and Cartwright, 2009), the initial phases of 57 
development of the northwestern part of this same slide are still not fully understood. For instance, 58 


recurrent slides and slumps have been identified along the northern scarp of the Storegga area and 59 


identified as post-Storegga instability (Haflidason et al., 2004). Recent work on the adjacent South 60 
Modgunn Arch (SMA) has led to the identification of multiple triggers of submarine slope instability, 61 
and pose the question of how long instability has been occurring in this particular region (Song et al., 62 


2020).   63 


This work investigates the sequence of slope instability events around the northern Storegga area 64 
based on 3D seismic data, focusing on its poorly studied northwestern flank near the SMA (Fig. 1b). 65 


Seismic attribute maps such as seismic amplitude, structural and variance slices reveal distinct 66 
features that were associated with palaeo-instability of the continental slope. In addition, well-log 67 
data from this same northwestern flank is analysed to investigate the role of lithology on the initiation 68 


of slope instability (Fig. 3). By focusing on the chronology of Quaternary submarine slides around 69 
the Storegga area, and resulting structures affecting the modern seafloor, we address the following 70 


research questions: 71 


 a) What features related to initial slope instability before the occurrence of the first regional-72 
scale landslide in the Storegga area? 73 


 b) How could lithological changes, particularly those leading to density reversal, control the 74 
development of slope instability and corresponding deformation styles?  75 


 c) What potential slope deformation structures are recurrent and affect the modern seafloor? 76 


In addition to a new interpretation on the development of evacuation structures, this study has also 77 
revealed two early slope-failure events and one potential zone posed for modern instability. 78 


Accordingly, both density reversal and fluid accumulation are presented as key factors of long-term 79 
instability in the study area.  80 


2. Data and approach 81 


This research uses high resolution 3D seismic and well data from the northwestern flank of the 82 
Storegga area, on the mid-Norwegian margin (Fig. 1). The seismic data comprise acquired records of 83 


the reflection of seismic waves from the boundary where acoustic-impedance changes (Veeken, 2006). 84 


In this study, positive seismic reflectors suggest higher impedance values below, e.g. the sea floor 85 


with higher density and acoustic speed than water, whereas negative seismic reflectors indicate a 86 
decrease in acoustic impedance. The studied dataset covers several side- and headwall scarps of 87 
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Quaternary submarine slides, including Slides W, S, R and the Storegga Slide proper (Bryn et al., 88 
2003; Solheim et al., 2005) (Fig. 2). In addition to well 6403/6-1 in the study area, several exploration 89 
wells have also been drilled in around the studied region of the mid-Norwegian margin, providing 90 
detail lithostratigraphic and wireline information on sub-surface stratigraphic units (Dalland, 1988; 91 


Hjelstuen et al., 2005) (Fig. 3). In this study, the seismic data were interpreted on Schlumberger’s 92 


Petrel®, and relevant seismic attribute maps were compiled using this same software. Local structures 93 
were investigated by compiling variance and seismic amplitude maps, together with the interpretation 94 
on vertical seismic sections (Figs. 4-16). In contrast to seismic amplitude, which reflects changes in 95 
acoustic impedance, variance maps reveal the contrast between adjacent seismic reflections, such 96 


when a fault or unconformity are found  (Brown, 2011).  97 


The density of strata normally increases during diagenesis together with a with decrease in porosity 98 
(Terzaghi, 1925). However, on the mid-Norwegian margin, a density reversal is recognised in the 99 
form of high density glacial/marine deposits overlying low density marine oozes(Riis et al., 2005; 100 
Vogt, 1997). In order to analyse density reversals in sub-surface strata, the submerged density (𝜌) is 101 


used in this study and defined as the difference between saturated rock density (𝜌𝑠𝑎𝑡 ) and water 102 


density (𝜌𝑤) considering the Biot’s ratio (𝛼):   103 


𝜌 =  𝜌𝑠𝑎𝑡 − 𝛼𝜌𝑤                                                  (Equation 1)                                                                    104 


Due to the fact that the contact between a fluid and a solid influences the effective stress, a stress 105 


coefficient - the Biot’s ratio - is used to estimate the reduction in effective stress that results from the 106 
presence of pore fluid in the sediment. Thus, as defined in Equation 1, submerged density represents 107 
the net load that is carried by the rock skeleton, which is later the subject of strata consolidation and 108 
deformation. On the mid-Norwegian margin, the value of Biot’s ratio has been tested by Lothe et al. 109 


(2004) and used in this study. 110 


The Mohr-Coulomb failure criterion, which considers material failure to be a function of normal 111 
stress, shear strength and material cohesion of a volume of sediment, is considered in this study to 112 
influence slope instability. The shear strength of a volume of sediment, calculated via the failure 113 
envelope represented by Equation 2, is not only limited by the physical properties of this same 114 


sediment, but is also controlled by the variable stress conditions imposed by loading, pore pressure 115 


and the Biot’s ratio (see Equation 3) (Biot, 1955). 116 


𝑇 = 𝜎𝑛 tan 𝜑 + 𝑐                                       (Equation 2) 117 


𝜎𝑛 = 𝜌𝑔ℎ − 𝛼𝑃𝑒                                                                                                       (Equation 3)                            118 


Here, 𝑇 is the shear strength, 𝜎𝑛 represents the effective normal stress,  𝜑 is the angle of internal 119 


friction, 𝑐 is the internal cohesion of rock and 𝑃𝑒 is excess pore pressure. The parameter ℎ represents 120 


the thickness of strata above the glide zone of a landslide. The effective normal stress (𝜎𝑛) and shear 121 


strength (𝑇) will decrease when pore pressure increases. 122 


 123 


3. Geological setting  124 


3.1 Tectonic evolution of the northwestern flank of the Storegga area  125 


Located along the Jan Mayen Fracture Corridor, the study area has experienced multiple tectonic 126 
events since the syn-rift and continental breakup phases forming the NE Atlantic. Multiple structures 127 
were generated within what is a faulted, unstable post-rift sequence (Anell et al., 2009; Maystrenko 128 


et al., 2018). Close to the Paleocene-Eocene boundary, widespread magmatic intrusions affected 129 


Cretaceous-Paleocene strata before the final stage of continental breakup in the NE Atlantic, forming 130 
large hydrothermal vent complexes in the study area (Kjoberg et al., 2017). Remarkable eye-shaped 131 
vents are observed in the study area as local, positive-relief features forming, at the same time, groups 132 
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of radial faults due to differential compaction (Omosanya et al., 2018; Roelofse et al., 2021). From 133 
the Middle Miocene to late Pliocene, episodic tectonic uplift of the South Modgunn Arch (SMA) has 134 
not only created a regional anticline, but also contributed to the generation of a first family of 135 
polygonal faults in ooze intervals, which were then overlaid by (and linked to) a second family of 136 


Quaternary polygonal faults (Song et al., 2020). Even though the majority of these polygonal faults 137 


is limited to pre-Quaternary marine oozes, some still propagated into the glacial-marine Naust 138 
Formation, the principal unit revealing long-term slope instability on the mid-Norwegian margin 139 
(Berndt et al., 2003; Forsberg and Locat, 2005). 140 


 141 


3.2 Lithostratigraphy of post-rift strata 142 


Following the tectonic and magmatic events associated with continental breakup in the NE Atlantic 143 
region, the depositional environment of the post-rift sequence records important changes. The Brygge 144 
Formation, the first unit deposited above a continental breakup sequence sensu Soares et al. (2012) 145 


(Tare Formation), was deposited from the Early Eocene to the Early Miocene (Eidvin et al., 2007). 146 


Significant volumes of biogenic oozes were accumulated together with intervals of sandstone, siltsone, 147 


limestone and marl (Dalland, 1988; Riis et al., 2005). On seismic data, the Brygge Formation can be 148 
divided into, at least, two seismic packages: the upper Brygge Formation with a relatively low 149 
submerged density of 0.5 g/cm3, and the lower Brygge Formation recording a relatively higher 150 


submerged density of 0.9 g/cm3 (Fig. 3). Due to the multiple tectonic events affecting the study area, 151 


the two intervals were highly deformed by radial faults formed above hydrothermal vents, and by two 152 
groups of polygonal faults, before the generation of a regional unconformity marking the uplift of the 153 
SMA (Song et al., 2020).  154 


Together with the episodic uplift of the SMA, and the establishment of semi-permanent ocean 155 
currents, the fine-grained Kai Formation was deposited from the Middle Miocene to the Pliocene, in 156 
deep waters, above the Top Brygge unconformity (Chand et al., 2011; Eidvin et al., 2007). Similar to 157 


sediment below, the Kai Formation is dominated by calcareous and siliceous oozes with a submerged 158 
density of 0.55 g/cm3 (Ireland et al., 2011; Neagu et al., 2010) (Fig. 3). Some minor, localised 159 


unconformities in this formation mark the episodic uplift of the SMA (Song et al., 2020). Furthermore, 160 
a regional scale Opal A/CT transition was also formed in association with the formation of polygonal 161 
faults, following the collapse of porosity and shear strength during diagenesis processes (Neagu et al., 162 


2010). 163 


The Naust Formation overlies the Kai Formation and was deposited after the onset of Quaternary 164 
glaciations in the Northern Hemisphere during the Early Pleistocene. On the Norwegian margin, the 165 


Naust Formation is characterised by alternating glacial and marine deposits (Chand et al., 2011; 166 
Forsberg and Locat, 2005). Its average submerged density reaches 0.9 g/cm3 in study area, a value 167 


higher than that recorded in both the Kai and upper Brygge formations (Dalland, 1988; Song et al., 168 
2020) (Fig. 3). In its clay-rich intervals, the Naust formation can be divided into five (5) well-dated 169 


packages marking the progradation of sediment wedges during ice-sheet advance (Newton and Huuse, 170 
2017; Rise et al., 2005). Multiple slope failure events followed the progradation of the latter sediment 171 


packages, varying in age from Slide W formed in the early Quaternary to the Storegga slide at 8200 172 


B.P. As a result of these landslide events, the Naust Formation is divided into units W, U, S, R and 173 
O in this study (Berg et al., 2005) (Fig. 5c).  174 


 175 


3.3. Sequence of Quaternary instability  176 


In contrast to its main headwall, the northern flank of the Storegga Slide area witnessed multiple 177 


Quaternary slope failures that are older than this latter slide, including two instability events 178 
generating slide blocks and multiple evacuation structures (Lawrence and Cartwright, 2010; Riis et 179 
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al., 2005; Solheim et al., 2005; Song et al., 2020). During Slide W, which is the oldest regional slide 180 
around Storegga, a series of evacuation structures were formed as a result of fluid migration and 181 
density reversal (Riis et al., 2005). Above these evacuation structures, an interval of marine ooze 182 
mounds are commonly observed close to the palaeo-seafloor in the form of topography highs above 183 


mass-transport deposits (Lawrence and Cartwright, 2010). Occurring at the base of the Naust 184 


Formation, previous research dated the initiation of slide blocks to Slide S (Fig. 4), correlating it with 185 
a series of glacial advances on the continental shelf (Bryn et al., 2003; Sejrup et al., 2000). Detailed 186 
seismic interpretation further suggests a link between the remobilisation of strata in Terrace 2 (Naust 187 
Formation) and the formation slide blocks in the Terrace 1, within the so-called Slide R (Bull et al., 188 


2009) (see slide blocks in Fig. 7b).  189 


Since the larger Storegga Slide, evidence for long-term instability has been recorded in the study area 190 
in the form of local slumping, multiple debris channels, locally deformed strata, and near-seafloor 191 
faults (Haflidason et al., 2005, 2004). A series of en echelon cracks and faults is observed on the sea 192 
floor north of the Storegga Slide headwall, striking nearly parallel to the shelf edge, at around 500 m 193 


water depth (Mienert et al., 2010) (Fig. 1b). Similar to features discovered along the U.S. Atlantic 194 


margin, these crown cracks relate to the release of shallow fluid due to post-glacial ocean warming 195 
and subsequent dissociation of gas hydrates (Hill et al., 2004). As a result of rapid sediment transport 196 


and deposition during inter-glacial periods, subsurface pipes and pockmarks were triggered by excess 197 
pore pressures in sediment before the formation of these same seafloor cracks and faults (Hustoft et 198 


al., 2009). In the study area, the combination of seafloor cracks, faults and pockmarks is frequently 199 
observed within glacial-marine intervals, further emphasising the instability induced by shallow 200 
excess pore pressures during the Quaternary (Figs. 4-13). 201 


 202 


3.4 Fluid migration and accumulation 203 


On the mid-Norwegian margin, the release of excess pore pressures has been widely observed in the 204 


form of regional pockmarks and associated bottom-simulating reflectors (BSRs) formed below a gas 205 
hydrate stability zone (GHSZ) (Berndt et al., 2004; Bünz et al., 2003). Both the warm-water inflows 206 


and glaciation-related eustatic sea level controlled the depth and extent of this GHSZ (Mienert et al., 207 
2005). Based on benthic foraminifera, a rapid increase of bottom-water temperature has occurred 208 
since the end of Younger Dryas (Berstad et al., 2003). Due to their sensitivity to temperature increases, 209 


dissociated gas hydrates built up excess pore pressures around the headwall of the Storegga Slide 210 
(Sultan et al., 2004; Xu and Germanovich, 2006).  211 


Similarly to other slope failures on high-latitude continental margins, interbedded glacial and marine 212 


deposits such as those in the Naust Formation contribute to a weakening of slope strata and the 213 
accumulation of excess pore pressures in glacial intervals, remobilising the more sensitive marine 214 


clays in a second stage (Leynaud et al., 2007). Together with rapid sediment deposition and loading, 215 
gas hydrate dissociation, tectonic tilting, and the dewatering of oozes in the Brygge and Kai 216 


formations have all contributed to the migration of fluid to the shallower Naust Formation via 217 
polygonal faults, further increasing excess pore pressure during the time of deposition of the Storegga 218 


Slide (Gay and Berndt, 2007; Hustoft et al., 2007). In the study area, fluid migration was recorded as: 219 


a) a hydrothermal vent complexes as a result of focused fluid flow associated to magmatic sill 220 
intrusion during the breakup of NE Atlantic (Roelofse et al., 2021); b) pockmarks on the paleo-221 
seafloor and pipes at beneath as the conduit of fluid that migrated through polygonal faults (Song et 222 
al., 2020).  223 


 224 


4. Evidence of Quaternary slope instability 225 


4.1 Pre-Slide W instability and sediment creep 226 
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The Naust W unit (Berg et al., 2005), corresponding to the ‘Naust N’ or ‘Naust 2’ in other publications 227 
such as Rise et al., 2010 and Rydningen et al., 2016, was deposited from ~2.6 to 1.7 Ma b.p. above 228 
the ooze-rich Kai Formation. The upper boundary of the Naust W unit coincides with the top of Slide 229 
W, a high-amplitude positive reflection in the studied data set (Solheim et al., 2005) (Figs. 6 and 7). 230 


Recurrent slope instability deformed Slide W, which was also eroded by debris channels during the 231 


failure of the Storegga Slide (Fig. 15a). Upslope, we further recognise two local slope failure events 232 
that suggest slope instability to have been triggered before Slide W, so far recognised in the literature 233 
as the first failure event in the study area (Figs. 10 and 11). To illustrate the character of slope 234 
instability preceding Naust W, we mapped four seismic Horizons within this latter unit, between the 235 


top of Slide W and the top of the Kai Formation (Horizons B, C, D and E in Figs. 10-12).  236 


On the variance map of Horizon E, the first negative seismic reflection above the Kai Formation, 237 
pockmarks are observed as high-variance features with a sub-circular geometry (Fig. 12). Their 238 
average diameter reaches 60 m, with local depressions or rises up to ~20 ms (about 17 m) in height 239 
(see Fig. 12c). Some of the observed pockmarks are isolated, while others are close to normal faults 240 


linking to polygonal faults in the Kai Formation (Figs. 12b-f). Moreover, seismic interpretation 241 


reveals more than 130 fluid pipes, which are observed as narrow areas of subdued amplitude and 242 
sharp up-bending or down-bending reflectors, at the level of Horizon E, the highest value in the entire 243 


Naust Formation (Fig. 13). 244 


Consequently, a negative Horizon (D) was interpreted and mapped 50 ms above Horizon E (Fig. 11). 245 


Pockmarks are still observed in Horizon D but much less frequently and with no apparent changes in 246 
their size (Figs. 11d and 13). In the south, a mass-wasting deposit (Slide X) pre-dating Slide W is 247 
revealed in the form of detached blocks with high amplitude and associated chasms (blocks 1-3 in 248 


Figs. 7c and 11c). Formed between Horizons B and E, the thickness of this blocky landslide reaches 249 
40 ms (about 28 m), and is 6 km wide (Figs. 7b, 7c and 11a). In contrast to Slides S and R, where 250 
blocks show a constant width, the blocks within this Slide X have widths varying from 50 to 500 251 


metres. The strike of some of the blocks detached from the headwall is also variable, in places 252 
perpendicular to the strike of headwall, or showing local rotation by ~45o (blocks 1-3 in Fig. 11c). 253 


On the headwall of the Slide X, and behind several slide-related faults, three high-amplitude areas 254 


are observed as local positive features (Figs. 7d and 11b). These elliptical structures show major axes 255 
that are 1-3 km long, and minor axes that are 1 km-long (Fig. 11b). Beneath these positive-relief 256 


features, a normal fault is interpreted as a structure growing out of polygonal faults in the Kai 257 


Formation (Figs. 7b and 7d). Local amplitude highs are interpreted to represent gas pockets, or ‘flags’, 258 
mainly where polarity inversion is also observed along continuous seismic reflections (Fig. 7d). 259 


Between Horizon D and the top of Naust W, a positive reflector Horizon (B) was also mapped (Fig. 260 
10a). Groups of en-echelon and partly connected cracks are observed on seismic amplitude maps (see 261 


the green and red zones in Fig. 10b). These cracks are ~4 km long and 40 m wide, sizes that are 262 
similar to the seafloor cracks on the shelf edge of the mid-Norwegian and U.S. Atlantic margin (Hill 263 
et al., 2004; Mienert et al., 2010). The cracks have no apparent offset but are associated with pipe 264 
structure on seismic data (Fig. 6e). Downslope from these cracks, two local ridges show positive 265 
relief and a width of approximately 40 m; they follow the same strike of cracks upslope (Figs. 6c and 266 


10c). Apart from the amplitude anomalies and the pipe structure on the upper part of the slope (and 267 
local relief on the lower slope), no further slide-related features are observed between Horizon D and 268 
the top of Naust W. 269 


 270 


4.2. Sediment evacuation structures 271 


Close to the centre of the Storegga area, multiple debris channels associated with slope instability are 272 
revealed as local erosion features (Haflidason et al., 2005) (Fig. 14a). In parallel, several evacuation 273 
structures are observed below the debris channels in form of local craters with chaotic seismic 274 
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reflections (Riis et al., 2005) (Figs. 4a and 16). Similar to Evacuation Structure 1 on the lower slope 275 
(Song et al., 2020), Evacuation Structure 2 consists of a central crater and a relatively high step formed 276 
in its downslope section (Figs. 14b and 16c). A group of NE-SW-trending blocks is revealed on a 277 
variance map 50 ms above their bottom glide plane (Fig. 15d). Seismic profiles further image a group 278 


of thrust faults between discrete slide blocks, indicating local compression on the northern flank of 279 


Evacuation Structure 2 (Figs. 15a-b). Though the top of this zone of compression was eroded by 280 
channels during the main period of instability associated with the Storegga Slide, suggested by the 281 
overlying erosional surface (Figs. 14 and 15a), a gentle bottom glide plane is observed as negative 282 
seismic reflection within the Kai Formation – in all effects, a 1o glide plane formed between Horizons 283 


3 and 4 (Fig. 15a). Close to its northern boundary, where the thrust faults are clearer, a headwall scarp 284 
is identified as the last thrust fault separating compressed blocks from undeformed strata (Fig. 15b). 285 


Upslope from Evacuation Structure 2 (Fig. 14b), a depression herein called ‘central crater’ is bounded 286 
by a 100 ms (about 70 m) high scarp to the west and 200 ms high (about 140 m) scarps to the north, 287 
east and south. These scarps separate the central crater from the less faulted upper Brygge Formation 288 


(Figs. 16a and 16c). A higher terrace in Evacuation Structure 2 is observed beyond the west flank of 289 


the central crater, and comprises remnant blocks inside (Figs. 14b and 16c). Based on the internal 290 
seismic character of strata filling Evacuation Structure 2, there are at least two distinct mass-transport 291 


deposits inside this latter: a) MTC 2 fills the bulk of the Evacuation Structure, while MTC 3 occurs 292 
as a transparent package within MTC 2 (Fig. 16). Away from the central crater, there is no clear 293 


boundary between the upper and lower parts of MTC 2 (see the region without MTC 3 in Figs. 16a 294 
and 16c). Between the upper and lower MTC 2, MTC 3 is identified as a unit with near-transparent 295 
reflections with an irregular lower boundary (Figs. 16b and 16d). This same boundary overlies semi-296 
coherent blocks in the lower MTC 2 (Figs. 16a-b). The 200 m thick MTC 3 comprises multiple zones 297 


based on its varying thickness (Fig. 16). Upslope on the east side of central crater, MTC 3 overlies 298 
its glide plane but a deformed unit occurs in between (Figs. 16c-d). This deformed unit is assumed to 299 


be a liquefied part interval in the upper Brygge Formation, while the distribution of MTC 3 is limited 300 
to the interior of the central crater (see the lateral boundary of MTC 3 in Figs. 15c, 16a and 16c). 301 


Downslope from the central crater, a terrace is observed in Evacuation Structure 2 (Fig. 14b); the top 302 


of MTC 2 in this terrace has a blocky geometry (Figs. 15c and 16c). Although no apparent dip is 303 
observed along the bottom glide plane of MTD 2 on this terrace (Fig. 16c), a group of westward 304 


curved lineations is nevertheless noticed in Fig. 15c. There is also a positive seismic reflector beneath 305 
the bottom glide place that represents a unit of ‘floating mounds’ on the surface of Slide W (Fig. 16c), 306 


corresponding to the mounds above craters in Slide W (Riis et al., 2005). The strikes of these >1000 307 
m wide and >100 m thick mounds vary from NE-SW to the north to NW-SE to the south, presenting 308 
curved lineations in between (Figs. 15c and 16c). 309 


 310 


4.3 Slope instability features on the modern sea floor 311 


On Terrace 1, where Slide R correlates with one single slope instability event, the variance maps of 312 
seafloor and seismic reflector below reveal fault families over fluid-related pockmarks (Figs. 8 and 313 


9). At the level of Horizon A, a positive reflector ~ 40 ms below than the seafloor, several pockmarks 314 


are observed as high-variance features with circular shapes (Fig. 9). Similarly to the pockmarks below 315 
the Slide X and Y, their average width is about 60 m and their height is about 20 ms (Fig. 6d). Along 316 
with the iceberg ploughmarks observed on the mid-Norwegian margin shelf (Montelli et al., 2018), 317 
at least three plougmarks are observed in study area on this Horizon (A) with west-east orientation 318 
(Fig. 9a), representing a deglaciation event that occurred at the same time. No other fractures are 319 


observed in this interval, but pockmarks occur along the Horizon A (Fig. 9), suggesting fluid escape 320 
features at this level are isolated and ceased their activity before the deposition of strata just below 321 
the modern seafloor (Fig. 13). 322 
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On the modern seafloor, en-echelon cracks are observed on the variance map as northwest-striking 323 
fractures, about 800m long and 80 m wide (Fig. 8b). Considering the logarithmic value of variance 324 
plotted here (see values in the colour bar in Fig. 8a), sea floor cracks with small variance contrast are 325 
not apparent on the interpreted seismic volume due to the resolution limits of our data.  326 


 327 


5. Distribution of recurrent pipes and multiple slides 328 


Along with the recognition of multiple slope failures, including regional slides and local instability 329 
on the terraces 1 and 2 (Figs. 6, 7, 8, 10 and 11), recurrent pipes have been identified in Figs. 9 and 330 
12. The spatial and temporal distribution of these pipes and slope failures across terraces 1 and 2 is 331 


shown by the bar plots in Figure. 13, where the relative range of pipes are marked by horizontal and 332 
vertical bold black lines separately. Following the methodology presented in Alves (2012) and  333 
Roelofse et al. (2020), and considering the resolution of seismic data in the Naust Formation, each 334 
seismic reflector represents a vertical distance of about 8 m.  335 


A group of pipes is observed below the seafloor cracks (Figs. 6d, 8 and 9). The number of pipes 336 


through this Horizon A is about 15, then disappearing on the modern sea floor (Fig. 13). Their 337 


distribution is limited on the east side of Terrace 1 and 2, accompanying the seafloor cracks.  Due to 338 
the progradation of sediment from the upper slope in the east, the number of reflectors between the 339 


relatively steep modern sea floor and the gentler Horizon A decreases from about 4 in the east upper 340 
slope to 1 in the west (Fig. 6a). Thus, an average number of reflectors is given as 2 between Horizon 341 


1 and A in Fig. 13. 342 


Two units with slide blocks were identified in Terrace 1 and 2, comprising Slides S and R (Solheim 343 
et al., 2005). A series of readjusted blocks were formed with Slide S before being reactivated by Slide 344 
R; the distribution of these two units of slide blocks is presented in Fig. 13 as green, blue and 345 
overlapping areas. Below the east part of Slide R, where the Slide S blocks were readjusted, five (5) 346 
pipes are observed along its glide plane (see the pipes along the Horizon 2 beneath Slide R in Fig. 347 


13). About 15 pipes were found right below the glide plane of Slide S, focusing on its eastern part 348 
below the readjusted blocks (see the Horizon 2* beneath Slide S in Fig. 13). Within the strata below 349 


Slide S, the abundance of pipes increases markedly to about 100, near Horizon B. The majority of 350 
these pipes terminate in seismic reflections below the glide plane of Slide S, rather than penetrating 351 
this latter. 352 


A similar decrease in the number of pipes is also observed in the case of Slides X and Y. Along 353 
Horizon D, the glide plane of the creeping Slide Y (Figs. 6c and 6e), Slide X and pockmarks are 354 


revealed on amplitude and variance maps (Fig. 11). The number of pipes affecting Horizon D is about 355 
30, mainly focusing fluid to the east where Slides X and Y are located (Fig. 13). Below this horizon, 356 


the abundance of pipes sharply increases to about 130 along Horizon E, where pockmarks are also 357 


visible (Figs. 12 and 13). In addition to its focused distribution to the east, the number of fluid pipes 358 
decreases about 70 along the bottom of Slide X, representing a similar reduction in the number of 359 
pipes to what is recorded at the glide planes of Slides S and R. 360 


 361 


6. Discussion  362 


6.1 Evidence for slope instability older than Slide W (~1.7 Ma b.p.) 363 


Pipes and pockmarks have been widely observed on the shelf edge of the Norwegian margin, such as 364 


in the Nyegga, Troll, Morvin and Haltenpipe field (Hovland et al., 2010; Hustoft et al., 2009; Karstens 365 
et al., 2018). In the study area, we found multiple intervals with pipes and pockmarks within the 366 


glacially controlled Naust Formation (Fig. 13). Inside the Naust W unit, the oldest interval in the 367 


Naust Formation above polygonally faulted oozes, fluid flow is revealed in the form of abundant 368 
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pockmarks at the level of Horizon E, and include both isolated pockmarks and other pockmarks close 369 
to faults (Fig. 12). Associated fluid pipes are mainly observed around 40 ms (about 28 m) above the 370 
Kai Formation, suggesting that a marked fluid escape event was triggered after the initial deposition 371 
of the Naust W unit (Fig. 13). Supported by the rapid disappearance of pockmarks in overlying MTCs, 372 


these putatively short-term fluid-flow pipes ceased to exist after slope failure was initiated above 373 


them (Fig. 13).  374 


One possible source of excess pore pressure capable of generating hydraulic fractures and associated 375 
fluid pipes, is fluid accumulated beneath impermeable layers (Cartwright and Santamarina, 2015). 376 
Charges in the gas hydrate stability zone (GHSZ) can lead to the dissociation of gas hydrate and 377 


subsequent fluid migration to the seafloor (Crémière et al., 2016). However, these changes in the 378 


GHSZ are unlikely to be the reason for the generation of fluid pipes below Slide W, as the BSR is 379 
located well within the Naust Formation and around 300 m below the modern seafloor (Bünz et al., 380 
2003), much deeper than the pipe identified in this study at few reflections below the Slide X and Y 381 
(Fig. 13). Considering that pipes and pockmarks were also observed around top of the Kai Formation, 382 


dehydration processes acting on ooze intervals and corresponding fluid migration should have 383 


occurred before Quaternary (Song et al., 2020). In addition, as the Opal A/CT transition zone imaged 384 
in the study area does not follow the modern seafloor and was locally uplifted around the SMA (Fig. 385 


4), this diagenetic front was likely formed during Miocene-Pliocene tectonic compression and became 386 
inactive since that time, leaving behind a fossilized Opal A/CT transition zone (Davies and Cartwright, 387 


2002; Neagu et al., 2010). Even though biogenic methane from oozes could still migrate through 388 
polygonal faults and pipes (Chand et al., 2011), fluid originated from this Opal A/CT transition zone 389 
is not plausible as the main source of short-term fluid escape recorded in this study (Figs. 9 and 12).  390 


Rapid deposition and compaction during inter-glacial periods enhanced the lithological and 391 
permeability anisotropies recorded in the study area, and thus the subsurface accumulation of fluid 392 
(Leynaud et al., 2007). On the upper part of the Storegga area, groups of palaeo-pipes have been 393 


identified as resulting from overpressure accumulated during maximum glaciation periods within 394 
thick debris deposits (Plaza-Faverola et al., 2011). During the last (Weichselian) inter-glacial stage, 395 
extremely high sediment loading – resulting from fast sediment progradation onto the mid-Norwegian 396 


margin - increased pore fluid pressure in the Nyegga area, leading to extensive fluid venting before 397 
the onset of the Storegga Slide (Hustoft et al., 2009). Moreover, the coexistence of ploughmarks and 398 


pockmarks along Horizon A suggests enhanced fluid flow during inter-glacial periods (Fig. 9). In the 399 
Gulf of Mexico, pore pressure data have shown that hydrostatic stresses near the seafloor (<200 mbsf) 400 


can rise 70% within quickly deposited impermeable layers (Flemings et al., 2008). Considering this 401 
values of stress are high enough to generate hydraulic fractures (Newton and Huuse, 2017; Rozhko 402 
et al., 2007), the fluid overflow beneath the Slide X and Y is interpreted as resulting from the rapid 403 


compaction of sediment within glacial-marine strata and corresponding build-up of excess pore 404 


pressure in near-seafloor strata.  405 


The excess pore pressure beneath an impermeable layer can also weaken its strength, decrease the 406 


effective stress of sediment within it, and further contribute to slope instability (Leynaud et al., 2004, 407 
2009). Above pipes and pockmarks in Horizons D and E (Figs. 11 and 12), two small-scale slides X 408 


and Y are identified in the seismic amplitude maps in Figs. 10 and 11. The oldest instability event is 409 
Slide X and contains abundant slide blocks (Fig. 11c). Compared to other areas, where the average 410 
of the slope is ~ 0.5o, the continuous glide plane beneath MTD X reaches a value close to 1.0o, 411 
comprising the steepest area of the slope in its upper part (Fig. 7b). Moreover, the onlap of this interval 412 
on strata below suggests there was no lateral support on the toe area before the onset of this same 413 


mass-transport deposits (Fig. 7b). For a submarine landslide to occur above a gentle glide plane that 414 


is <1.0o, reduced support at the tow is through to be the key conditions to its onset, promoting 415 
increases in shear stress along the glide plane (Micallef et al., 2007). Similar to other Quaternary 416 
slides around the headwall of the Storegga Slide, the decreased effective vertical stress resulting from 417 
excess pore pressures built in particular intervals further enhanced slope instability by reducing the 418 
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shear strength of sediment  (see Equations 2 and 3). Consequently, the slope instability 419 
preconditioning Slide X was likely accelerated by the build-up of excess pore pressures, 420 
oversteepening of the continental slope, and the loss of lateral (and toe) support (see the slide blocks 421 
in Figs. 17c-d), conditions that were similar to those recorded by younger landslides such as the Naust 422 


S, R and O. 423 


Other evidence for slope instability in the Naust W unit is recorded in the form of Slide Y (Horizon 424 
B) where cracks with less than 40 m displacement and compressional ridges show similar strikes 425 
(Figs. 6c, 6e and 10c). As cracks and chasms are located on the upper continental slope, while the 426 
compressional ridges are relatively lower on the slope, this Slide Y likely resulted from local sediment 427 


creep (Li et al., 2016). Contrasting with giant zones of sediment creep, in which progressive 428 


extensional and compressional structures are recorded in seismic data as a succession of deformed 429 
and faulted strata (Li et al., 2016; Saint-Ange et al., 2014), the inconspicuous offsets observed along 430 
faults and the limited height of compressional ridges observed within in the Naust W suggests short-431 
term creep movements in the study area (Figs. 6c, 6e and 10c). In summary, the deformation styles 432 


of strata on the upper slope, together with their slope-parallel strikes, reveals that gravitational 433 


processes were a driving force for slope instability, but other processes must have triggered near-434 
seafloor and short-term instability on a gentle slope with ~0.5o in gradient, such as accumulated fluid 435 


through pipes and pockmarks below (see the pipes below the glide planes of Slide R, S, Y and X in 436 
Fig. 13).  437 


 438 


6.2 Seismic-scale features indicating slope instability on the modern sea floor 439 


In the study area, scarp S3 limits groups of debris channels and glide planes (Fig. 2a). Even though 440 
near-seafloor slumps and faults between scarps S3 and S2 have been dated as occurring after the 441 
Storegga Slide above readjusted blocks of Slide R, Terrace 1 formed between scarp S2 and S1 is 442 
thought to comprise a stable part of the upper slope without any deformation features on the modern 443 


sea floor (Haflidason et al., 2005). The variance map in Fig. 8b shows a group of sea floor cracks on 444 
Terrace 1 without further faulting and with a fluid pipe below (Figs. 6b and 6d). Downslope, scarp 445 


S2 relates to reduced lateral support by local undercutting. In contrast to the seafloor cracks observed 446 
on shelf edge (Nyegga area), where local extension occurred as a consequence of Storegga Slide 447 
(Reiche et al., 2011), scarp S2 was originally formed during Slide S and later reactivated by Slide R, 448 


suggesting reduced lateral support is not the only reason for its formation. 449 


Since a buried pockmark field is observed below Terrace 1, a short-term fluid escape event may have 450 
occurred before seafloor was deformed, or fractured (Figs. 8, 9 and 13). Indicated by the iceberg 451 


ploughmarks on the same horizon, a deglaciation event was accompanying this short-term excess 452 
pore pressure (Fig. 9a). Compared with 0.5 o glide plane beneath the Slide Y, the gradient of the 453 


modern seafloor approaches 1.3o, a similar value to the glide plane of Slide X (Figs. 6b and 7b). Such 454 
a slope gradient could further promote slope instability by inducing local changes in shear stress. 455 


Importantly, such a slope configuration has been observed offshore northern Norway, where sea floor 456 


cracks are located on the upper slope of slide scars, sharing a same glide plane (Laberg et al., 2013). 457 
The absence of fluid-flow features (pipes or pockmarks), close to these seafloor cracks indicates that 458 


the build-up of excess pore pressure below was not yet increased so that the sediment is liquefied of 459 
locally fractured. However, if excess pore pressure continues to increase, the modern sea floor can be 460 
the locus of future slope failure (decreased shear strength by excess pore pressure in Equations 2 and 461 
3), such as those associated with the area of sediment creep (Slide Y) and slide blocks (Slide X) 462 
observed in Figs. 10 and 11.  463 


 464 


6.3 Density reversal as a control on the development of evacuation structures 465 
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Multiple evacuation structures are observed along the bottom of Slide-W as local topography lows 466 
(Lawrence and Cartwright, 2010) (Fig. 14b). In parallel, units of coherent mounds are frequently 467 
observed above the infilling MTCs on the lower (downslope) areas of craters (Riis et al., 2005). These 468 
mounds comprise deformed ooze deposits floating on MTCs due to their lower density, representing 469 


processes occurring during the last phases of slope instability (Riis et al., 2005). Previous research 470 


has suggested the development of evacuation structures either initiated local instability after its 471 
eruption by periodic fluid flow, or was liquefied by accumulated fluid and covered by impermeable 472 
Naust Formation, contributing to a final eruption under a sliding load during Slide W (Lawrence and 473 
Cartwright, 2010). However, the existence of longitudinal remnant blocks inside crater in the study 474 


area (Fig. 14b), revealing the direction of slope movement, has questioned their development between 475 
the main slide event and the eruption of oozes. Contrasting with the destabilization of MTCs by the 476 


eruption of gas-saturated and low-density underlying strata, the observation of a coherent unit within 477 
MTCs and related surrounding deformation suggests a different interaction between slide and 478 
evacuation structure (Fig. 16). 479 


Together with their E-W strikes, the overlapping of shortened and thrusted blocks suggests extrusion 480 


of sediment from the south and confinement to the north (Lawrence and Cartwright, 2009) (see the 481 
variance map in Fig. 15d and thrust faults in Fig. 15b). On the modern sea floor, local compression 482 


is also observed in the form of sub-parallel ridges along the southern flank of the Storegga Slide 483 
resulting from lateral compression during major slope instability episodes (Haflidason et al., 2004) 484 


(Fig. 1b). In this study, a local depression zone indicates the source of compression and shortening 485 
on the slope (see the relief of top of Slide W, the depression zone in Fig. 15c). The local creep of 486 
mounds also indicates a compression imposed from the east (see zone of sediment creep in Fig. 15c). 487 
However, in contrast to the southern flank of Storegga Slide where the compression zone was 488 


accompanied by run-outs of more than 400 km, the creep-related mounds on top of Slide W suggest 489 
only a limited distance of transport of a few kilometres (see the curved lineations in Fig. 15c). The 490 


coexistence of ridges and deformed blocks on the lower parts of the slope suggest they were formed 491 
simultaneously as the last phase of Slide W (Figs. 15 and 16). 492 


Considering that the geometry of MTC 3 follows that of a depression below, its formation should be 493 


closely related to the observed evacuation structures (Figs. 15c, 16a and 16c). The top and bottom of 494 
MTC 3 are respectively positive and negative reflections when interpreted in seismic data; this 495 


character indicates MTC 3 has a higher acoustic impedance than the surrounding strata (Figs. 16b 496 
and 16d). Moreover, the formation of MTC 3 correlates with Slide W, a slope failure that removed 497 


strata from Naust W. Based on the documented density reversal of shallow sediment (Fig. 3), and the 498 
distribution of MTC 3 (Fig. 16), we propose that Evacuation Structure 2 in Fig. 14b should have 499 
firstly been covered by MTC 3, and this high-density interval (Naust W related MTC 3) sank into 500 


low-density oozes (MTC 2), which were then mixed and deformed by the overlying MTC 3 (Figs. 501 


17a-b). On the upper slope, local compression has led to the formation of thrust faults between blocks 502 
that strike perpendicularly to the source of deformation (Figs. 15b and 17b). On the lower slope, this 503 
high-density unit could not only deform the lower strata to deform blocks and deform MTCs (the 504 
lower and upper MTC-2 in Figs. 16b and 16d), but also evacuate them downslope as a mixture of 505 


mass-wasted strata and creeping mounds (Figs. 16c and 17b).  506 


Compared with the Kai Formation between Horizons 3 and 4, the upper Brygge Formation below has 507 
the lowest density of all post-rift strata (Fig. 3). Above the infilling MTCs as a mixture of ooze and 508 
glaciogenic derived sediments, the mounds were identified as a highly deformed but coherent unit 509 
detached from upper Brygge Formation (Riis et al., 2005). Considering that the MTC 2 contains 510 


chaotic and blocky strata, we suggest that the lower MTC 2 is also a unit of deformed oozes (part of 511 


the upper Brygge Formation), which have stopped withdrawing (or evacuating) due to the weight of 512 
MTC 3 (Fig. 16b, 16d and 17b). In contrast, the deformed upper Brygge Formation just downslope 513 
from MTC 3 contains remnant blocks that are parallel to the direction of compression described above 514 
(Fig. 14b).  515 
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 516 


7. Conclusions 517 


As one of the most unstable offshore features on Earth, the Holocene Storegga area records multiple 518 
slope failure events since the deposition of glacial-marine Naust Formation in last 2.6 Ma. However, 519 


the initiation and current situation of this instability have not been presented in detail for the 520 
Northwestern flank of the Storegga area. In this study, the interpretation of high-resolution seismic 521 
from this latter area recognised two slope failure events occurring before the first regional-scale slide 522 
on the mid-Norwegian margin. Seafloor cracks also indicate a current unstable upper slope, where 523 
further failure could occur with additional instability. Our main conclusions are as follows: 524 


a) Two types of slope failure, shallow sliding blocks (Slide X) and creep (Slide Y), comprise the 525 
oldest instability events in the study area. Fluid accumulation within glacial-marine deposits should 526 
be a primary factor of this early instability phenomenon. Slope oversteepening and lack of lateral 527 
support (i.e. undercutting) could further precondition these slope failures, forming slide blocks on the 528 


steeper slopes and promoting sediment creep on the gentler upper slope. 529 


b) Density reversal is a significant trigger of instability around the study area, especially above 530 


liquefied low-density marine oozes. The corresponding subsidence of high-density intervals into 531 
oozes can not only deform sediments below, but also compress surrounding strata into thrust faulted 532 


blocks and deformed coherent intervals, which float on adjacent MTCs forming ooze mounds. 533 


c) A group of seafloor cracks and faults above regional pockmarks suggest an early stage of slope 534 


failure on the upper continental slope. Similar with the slides X and Y, these seafloor cracks should 535 


be preconditioned by fluid accumulated below and by the reduced lateral support of the slope during 536 
the distinct landslide events that compose the larger Storegga area.  537 


d)  Compared to regional slope failure events such as the Storegga Slide and Slide W on the mid-538 
Norwegian margin, local instability is rare in the study area at present. However, older mass-wasting 539 
deposits still reveal the precondition and initiation factors causing long-term instability around the 540 


South Modgunn Arch. Through the detailed interpretation of local slope failures, regional slides and 541 


further instability can be expected on the northwestern flank of the Storegga area in the future. 542 
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Captions: 765 


Figure 1: a) Map of the mid-Norwegian margin in north Atlantic. b) Location of study area on the 766 
northwest flank of Storegga area, mid-Norwegian margin, including the distribution of pockmarks 767 
fields, BSRs (Bunz et al., 2003), compression zone (Haflidason et al., 2004), Slide W (Solheim et al., 768 


2005) and seafloor cracks (Mienert et al., 2010; Sönke et al., 2011). Maps are modified from GEBCO 769 
(2020). 770 


Figure 2: a) Relief map of the modern sea floor. Multiple slides are suggested by the presence of 771 
intersecting overlapping scarps. b) Variance map 50 ms above the bottom glide plane, showing main 772 
features of multiple submarine slides. c) Relationship of multiple Quaternary slides in the study area, 773 


including the evacuation structures, Slide W, S, R and the Storegga Slide (Solheim et al., 2005). 774 


Figure 3: General correlation panel between seismic data and main seismic-stratigraphic units in the 775 
South Modgunn Arch. Interpreted key seismic horizons include Horizon 3 - Top Kai Formation, 776 
Horizon 4 - Top Brygge Formation; Horizon 5 - Top Tara Formation. Seismic units, local stratigraphy 777 


and undrained density are modified from Song et al. (2020). Submerged density values in its 778 


corresponding column are further calculated from Equation 1. 779 


Figure 4: Seismic profiles of the study area highlighting the distribution of multiple slides above the 780 
South Modgunn Arch. Location of seismic profile shown in Figure 2. Horizon 1: sea floor; Horizon 781 


2: bottom glide plane of multiple slides; Horizon 3: top of the Kai Formation; Horizon 4: top of 782 
Brygge Formation; Horizon 5: top of Tare Formation. The Opal A/CT transition does not follow the 783 


geometry of any refection, but is locally uplifted around the South Modgunn Arch. 784 


Figure 5: Detailed correlation between seismic profiles and known landslide deposits on the SMA. 785 
a) Uninterpreted and b) Interpreted north-south seismic profile across the study area. Location of 786 
seismic profile shown in Figure 2. c) Sequence of slope instability within the Naust Formation. The 787 
order and time of main subunits and instability events are based on Solheim et al. (2005). The detail 788 
of upslope and downslope MTCs is shown in Figs. 7, 15 and 16. 789 


Figure 6: a) Uninterpreted and b) Interpreted west-east seismic profile crossing Terrace 1. Location 790 


of seismic profile shown in Figure 2. c) One of ridges observed on the lower slope (see Fig. 10c). d) 791 
Palaeo-pockmarks are observed beneath the modern sea floor. e) One of the en-echelon palaeo-sea 792 
floor cracks shown in Figure. 10b. f) Free gas accumulated beneath a BSR, leading to a lateral polarity 793 


reversal in amplitude. The average dip angle of Terrace 1 has been increased from 0.5 degree on the 794 


Top of Kai Formation (Horizon 3) to 1.3 degree on the modern sea floor (Horizon 1). 795 


Figure 7. a) Uninterpreted and b) Interpreted north-south seismic profile crossing Terraces 1 and 2. 796 


Location of seismic profile shown in Figure 5. c) Slide blocks of Slide X are detached on a steeper 797 
slope reaching 1.0 degrees. d) A reversal in seismic polarity is observed laterally close to tip of a 798 
polygonal fault, shown as gas chamber in Figure 11b. 799 


Figure 8: a) Variance map of the modern sea floor (Horizon1), and b) detail on the same variance 800 
map of sea floor cracks. These en-echelon cracks are only observed on the variance maps with a 801 


logarithmic scale, and are not observed on seismic profiles (Fig. 6d). 802 


Figure 9: a) Variance map of a positive reflector (Horizon A) computed ~ 40 ms below the modern 803 
seafloor. b-e) Pockmarks on Horizon A are about 60 m wide. Ploughmarks are observed on the same 804 


horizon. 805 


Figure 10: a) Amplitude maps of Horizon B, a positive seismic reflector immediately below the top 806 


Naust W. b) En-echelon and connected palaeo-seafloor cracks are shown as local low-amplitude 807 
features. c) on the lower slope, several ridges are observed as topographic highs at the level of Horizon 808 


C. 809 
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Figure 11: a) Variance map overlain by the amplitude map of Horizon D, a negative reflector beneath 810 
Horizon B. b) Gas ‘flags’, and c) slide blocks shown as local high-amplitude features d) Few 811 
pockmarks are observed at the level of Horizon D. 812 


Figure 12: a) Variance map of Horizon E, a negative seismic reflector above Top Kai (Horizon 3). 813 


b-f) Regional pockmarks are observed close to faults and also relatively isolated. 814 


Figure 13: Distribution of pipes within terraces 1 and 2. Vertical black lines represent the range of 815 
pipes, relative to key reflections, including the sea floor (Horizon 1), a reflector at beneath (Horizon 816 
A), the bottom glide plane beneath regional slides (Horizon 2 and 2*), reflectors recording early 817 
instability (Horizons B, D and E) and the Top Kai (Horizon 3). The abundance of pipes has declined 818 


before both regional slides (Slide R and S) and local instability (Slide X, Y and sea floor cracks). 819 


Figure 14: a) Storegga Slide showing evidence of multiple debris channels and flows on the modern 820 
sea floor (Horizon 1). b) Two-way structural map of bottom glide plane (Horizon 2). The evacuation 821 
structures in b) are marked as local depressions, inside which a central crater is revealed in the area 822 


of lowest relief. Remnant blocks are highlighted by the dashed lines. 823 


Figure 15: a-b) Seismic profiles across the slope (on its northern side) and above evacuation structure 824 


2. Here, a compressed upper slope with mound and thrust faults is observed.  c) Variance map of a 825 
time slice 50 ms above the glide plane (Horizon 2), covered by the relief of top Slide-W. The 826 


westward creep mounds on top Slide-W contain curved lineations. d) The compressional upper slope 827 
contains Northeast-Southwest blocks to the north of the depression zone, where both the top and the 828 


glide plane of Slide W show local topographic lows (see depression zone in Fig.15c and central crater 829 
in Fig. 14b). 830 


Figure 16: Seismic profiles cross the evacuation structure 2. a-b) Two MTCs are observed within 831 
this evacuation structure. The upper MTC 2 has chaotic reflector, whereas the lower MTC 2 contains 832 
deformed blocks. The MTC 3 in middle cover the deformed blocks in MTC 2. c) A unit of mounds 833 
are observed on top of MTC 2. d) A deformed unit is covered right beneath the MTC 3. The 834 


distribution of MTC 3 is limited within the centre crater in a) and c). 835 


Figure 17: a-b) Diagram showing how density reversal generates a local evacuation structure. After 836 
a unit of high density MTCs deposited above the low density oozes in a), strata below is crushed to 837 
deformed blocks or generate remnant blocks during the subsidence of this high density unit. On the 838 


confined upper slope, evacuated oozes compress strata to form thrust faulted blocks. On the lower 839 


slope, deformed and evacuated low density oozes float on MTCs as mounds on palaeo-seafloor. c-d) 840 
Diagram showing the sequence of instability after a fluid escape event. Above a regional pockmark 841 


field, which records a short-term shallow fluid escape in c), the overlying interval can still accumulate 842 
fluid below (yellow interval). Built-up of excess pore pressure increases the instability, leading to the 843 


generation of slide blocks on the slopes where lateral support is not sufficient, and causing shallow 844 


creep on gentle slope with subsurface cracks and ridges. The propagation of the basal glide plane can 845 
further fracture the seafloor, creating the seafloor cracks. These shallow seafloor cracks can involve 846 
into fluid conduits in due time. 847 
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