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Key Points:11

• Ungrounding of Pine Island Glacier Ice Shelf from submarine ridge in 1940s left12

imprint of recent (de)glaciation on seafloor13

• Sub-shelf bathymetric and sub-bottom profiling shows transition in bed properties14

across submarine ridge15

• AUVs offer capability to image submerged deglaciated settings at resolution re-16

quired for improved process understanding17
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Abstract18

Pine Island Glacier Ice-Shelf (PIGIS) has been thinning rapidly over recent decades, re-19

sulting in a progressive drawdown of the inland ice and an upstream migration of the20

grounding line. The resultant ice loss from Pine Island Glacier (PIG) and its neighbor-21

ing ice streams presently contributes an estimated ∼10% to global sea-level rise, moti-22

vating efforts to constrain better the rate of future ice retreat. One route towards gaining23

a better understanding of the processes required to underpin physically-based projections24

is provided by examining assemblages of landforms and sediment exposed over recent25

decades by the ongoing ungrounding of PIG. Here we present high-resolution bathymetry26

and sub-bottom-profiler data acquired by autonomous underwater vehicle (AUV) surveys27

beneath PIGIS in 2009 and 2014 respectively. We identify landforms and sediments asso-28

ciated with grounded-ice flow, proglacial and subglacial sediment transport, overprinting29

of lightly-grounded ice-shelf keels and stepwise grounding-line retreat. The location of30

a submarine ridge (Jenkins Ridge) coincides with a transition from exposed crystalline31

bedrock to abundant sediment cover potentially linked to a thick sedimentary basin extend-32

ing upstream of the modern grounding line. The capability of acquiring high-resolution33

data from AUV platforms enable observations of landforms and understanding of pro-34

cesses on a scale that is not possible in standard offshore geophysical surveys.35

1 Introduction36

The ice shelves that surround Antarctica’s coast buttress ice flow from the conti-37

nent’s interior to the ocean [Dupont and Alley, 2005; Fürst et al., 2016]. Over the last 2538

years, however, many of the ice shelves along West Antarctica’s Amundsen Sea margin39

have thinned extensively [Pritchard et al., 2012; Rignot et al., 2013; Paolo et al., 2015],40

leading to progressive acceleration and surface lowering of ice inland [Rignot et al., 2002;41

Scott et al., 2009; Wingham et al., 2009; McMillan et al., 2014; Mouginot et al., 2014; Kon-42

rad et al., 2017], and an inland migration of the grounding line [Park et al., 2013; Rignot43

et al., 2014]. While the ice-shelf thinning has been attributed to sub-shelf melting [Ja-44

cobs et al., 1996; Pritchard et al., 2012; Rignot et al., 2013], direct observations of the45

processes of sub-ice shelf melting and grounding-line retreat are few, because sub-shelf46

cavities are one of the Earth’s least accessible environments [Dowdeswell et al., 2008].47

Only recently have autonomous underwater vehicles (AUVs) offered an opportu-48

nity to access sub-ice regions in Antarctica. Most sub-shelf AUV campaigns conducted to49
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date have prioritized the measurement and characterization of sub-ice-shelf ocean-water50

properties and ice-shelf bases [Nicholls et al., 2006; Jenkins et al., 2010; Jacobs et al.,51

2011; Dutrieux et al., 2014a,b]. By contrast, comparatively little attention has been given52

to sounding or imaging seafloor bedforms and sediment properties beneath thinning ice53

shelves. Such settings, especially where ice has recently been grounded, provide opportu-54

nities to investigate âĂİgeomorphologically pristine,âĂİ recently-deglaciated terrains, and55

to relate these terrains to the processes that created them [e.g. Domack et al., 2005; Gra-56

ham et al., 2013; Smith et al., 2017].57

In this paper, we present high-resolution bathymetry and sub-bottom-profiler data58

obtained by the Autosub3 AUV [McPhail et al., 2009] beneath Pine Island Glacier Ice-59

Shelf (hereafter PIGIS), West Antarctica, during January 2009 and February-March 2014.60

Using these data we explore the nature of seafloor bedforms and sediment properties,61

and assess processes associated with retreat from a former pinning point during the mid-62

20th century. Our results reveal a suite of bedforms created by proglacial sedimentation,63

grounded ice flow and lightly-grounded ice flow, all reflecting the progressive ungrounding64

and retreat of Pine Island Glacier from beneath and just in front of the present ice shelf.65

We demonstrate the necessity to use meter-scale resolution imagery of recently-deglaciated66

terrains to understand processes of past decadal to centennial retreat.67

2 Study area and geological context68

PIGIS (Figure 1) impounds Pine Island Glacier (PIG), which together with Thwaites69

Glacier drain ∼20% of the West Antarctic Ice Sheet (WAIS) into Pine Island Bay, the70

largest embayment of the Amundsen Sea. Since 1973 PIG’s flux through PIGIS to the71

ocean has increased from 78 Gt yr-1 to ca. 133 Gt yr-1 [Mouginot et al., 2014], an in-72

crease in ice transfer to the ocean of >40%. Between 1973 and 2010, the velocity of PIGIS73

increased by 1.7 km/yr or 75% and now flows at >4 km/yr [Mouginot et al., 2014]. Con-74

temporaneously, the ice has thinned progressively inland, with thinning now measurable75

at the ice divides [Wingham et al., 2009; Scott et al., 2009; McMillan et al., 2014; Konrad76

et al., 2017], and the grounding line has retreated 31 km between 1992 and 2011 [Rignot77

et al., 2014]. Collectively, this is the most rapidly retreating region of ice on the planet,78

and is contributing an estimated ∼5-10% of the currently observed global sea-level rise79

[Rignot et al., 2008; Turner et al., 2017].80
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PIG’s current retreat is thought to have been triggered by ungrounding from a trans-81

verse submarine ridge, Jenkins Ridge (Fig.1), that spans the width of PIGIS ∼30 km from82

the current grounding line [Jenkins et al., 2010; Smith et al., 2017]. Dating of sediments83

retrieved from the crest and seaward slope of Jenkins Ridge, via hot-water drilling through84

the ice shelf, suggests that ungrounding was initiated in the 1940s, and became complete85

by the 1970s [Smith et al., 2017]. Satellite imagery also indicates that contact between the86

ice shelf and the highest point of Jenkins Ridge persisted in the early 1970s but became87

ungrounded in subsequent years [Jenkins et al., 2010]. This ungrounding and retreat is as-88

sociated with enhanced melting by incursion of warm Circumpolar Deep Water onto the89

continental shelf [Jacobs et al., 2011; Pritchard et al., 2012; Hillenbrand et al., 2017]. In-90

termittent grounding of ice-shelf keels on localized bathymetric highs in the central region91

of PIGIS has also been detected within the last decade [Joughin et al., 2016].92

Regional geology is intrinsic to the properties of the seafloor beneath PIGIS. Up-93

stream of the grounding line, relatively low crustal thickness in the PIG catchment ob-94

served in aero-gravity data facilitates ice streaming through the presence of thick sedi-95

mentary basins and elevated heat flux [Jordan et al., 2009; Muto et al., 2013, 2016]. The96

legacy of continental rifting associated with the formation of the West Antarctic Rift Sys-97

tem [Bingham et al., 2012] is a highly varied subglacial environment beneath PIG that98

exerts topographic controls on ice streaming [Jordan et al., 2009]. Seward of PIGIS this99

regional topography contrasts between smooth sedimentary strata on the outer continen-100

tal shelf and rough crystalline bedrock on the inner continental shelf in Pine Island Bay101

[Jakobsson et al., 2011; Nitsche et al., 2013]. Landforms on the outer continental shelf are102

dominated by mega-scale-glacial lineations (MSGL) associated with ice streaming over de-103

forming sediments and grounding zone wedges (GZW) deposited during pauses in retreat104

of the Pine Island-Thwaites paleo-ice stream [Anderson et al., 2002; Lowe and Anderson,105

2002; Graham et al., 2010; Jakobsson et al., 2011]. The inner-continental shelf exhibits106

a more rugged seafloor charaterized by exposed crystalline bedrock streamlined by ice107

stream flow with deep (up to 1650 m) basins connected by meltwater channel networks108

[Lowe and Anderson, 2002; Nitsche et al., 2013].109

Because of the difficulty of accessing the sub-ice-shelf cavity, comparatively little is110

known about the detailed properties of the seafloor beneath PIGIS. Aero-geophysical sur-111

veys constrained by AUV and radar-soundings have provided broad insights into the sub-112

ice-shelf bathymetry and sediment distribution [Studinger et al., 2010; Muto et al., 2013,113

–4–



Confidential manuscript submitted to JGR-Earth Surface

2016]. These studies show that the Jenkins Ridge spans the entire ∼45 km width of PIGIS114

and rises ∼350-400 m above the seafloor. Landward of Jenkins Ridge lies a sedimentary115

basin up to ∼800 m thick immediately upstream of the current grounding line, whereas116

sediments are absent or thin seaward of Jenkins Ridge [Nitsche et al., 2013; Muto et al.,117

2016].118

AUV-mounted geophysical apparatus offers the ability to investigate the seafloor at119

sub-meter to meter-scale resolution [Nicholls et al., 2006; Wynn et al., 2014; García et al.,120

2016]. Due to the challenging environment beneath Antarctic ice shelves and the opera-121

tional and logistical limits of AUV operations, the spatial coverage of these data is lim-122

ited. However, available data from missions beneath PIGIS thus far have provided insights123

into ocean properties in unprecedented detail [Jenkins et al., 2010; Jacobs et al., 2011;124

Dutrieux et al., 2014a]. Sections of these data have received some geomorphological anal-125

ysis [Jenkins et al., 2010; Graham et al., 2013], however a detailed study of seafloor geo-126

morphology has not yet been conducted using the entirety of these datasets.127

3 Data and Methods128

3.1 Multibeam-swath bathymetry129

High-resolution, sub-ice-shelf seafloor bathymetry covering a total distance of ∼110130

km (∼3,850 km2) of the seafloor was obtained from two AUV missions (M433 and M434)131

beneath PIGIS in January 2009 during Cruise NBP09-01 of the research icebreaker R/V132

Nathaniel B. Palmer (tracks marked in Figs.1a). Navigation is achieved by dead-reckoning133

through an Inertial Navigation System (INS), integrated and mechanically coupled with a134

downward looking Acoustic Doppler Current Profiler (ADCP). Navigational errors are typ-135

ically between 0.2% and 0.1% of distance travelled [McPhail, 2009; McPhail et al., 2009].136

A Kongsberg EM-2000 multibeam echosounder was operated from the AUV at a nomi-137

nal height of ∼100 m above the seafloor which provides typical vertical root-mean square138

errors of <10 cm [Dowdeswell et al., 2008]. Data were processed using MB-System, and139

a digital elevation model (DEM) was gridded with 2 m cell sizes using a weighted near-140

neighbor algorithm [Graham et al., 2013; Dutrieux et al., 2014b].141
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Figure 1. Map and locations of Autosub3 sub-ice shelf missions beneath Pine Island Glacier Ice-Shelf

(PIGIS). a Sub-ice shelf bathymetry derived from gravity inversion (see supplementary material in Dutrieux

et al. [2014a] for methodology) showing the location of Jenkins Ridge (JR) and Autosub3 mission tracks.

Black line shows the ice-shelf front position in 2009. Boxes show areas covered by figures referred to later

in text. Grounding line locations are from the MEaSUREs dataset [Rignot et al., 2011]. b, Cross-section of

ice and seafloor geometry extracted from profile y-y’ (dashed black line) showing geomorphic zones 1-4 (ice

draft and bathymetry from Dutrieux et al. [2014a]; see their supplementary material for methodology). Data

for each zone are shown in Figs 2-4.

142

143

144

145

146

147

148

149

3.2 Sub-bottom profiling150

Sediment properties were investigated using an Edgetech 2200M sub-bottom profiler151

mounted on Autosub3. Data were obtained from AUV deployments during the iSTAR re-152

search cruise JR294/295 from the RRS James Clark Ross in February and March 2014.153

The system emits a chirp signal at 2-16 kHz providing shallow penetration images of the154

seafloor with a resolution of 6-10 cm. Two missions (M447 and M448) covered ∼150 km155

of the seafloor from ∼20 km seaward of the 2009 ice front across the seaward slope, crest156

and backslope of Jenkins Ridge and into the ice-shelf cavity (Fig. 1a). A bandpass Butter-157

worth filter with lower and upper cut-offs of 1000 and 3500 kHz respectively was applied158

to the data to remove high-frequency noise. A vertical correction was applied to account159

for the AUV’s flying height. Water depths and sediment thickness were calculated by con-160

verting the two-way travel time to meters using acoustic velocities of 1459 m s-1 for water161

and 1500 m s-1 for soft unconsolidated sediment respectively. We provide an error margin162

of ±3% for estimates of sediment thickness as recommended by LysÃě et al. [2010].163

Bathymetric data were not recorded concurrently with the sub-bottom profiler in164

2014 due to problems encountered with the EM-2000 multibeam echosounder, and there-165

fore we are unable directly to compare contemporaneous bathymetric and sub-bottom-166

profiler data. However, survey tracks M447 and M448 closely follow parallel to, and in-167

tersect, multibeam survey tracks M433 and M434 (Fig.1a).168

3.3 Mapping and metrics169

Geomorphological features were mapped from bathymetric DEMs in ArcGIS v.10.1.170

Multiple-illumination azimuths and vertical exaggerations were applied to aid visualization171
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following the methods of Smith and Clark [2005]. To further aid mapping, subtle geo-172

morphological features were accentuated using a surface-detrending algorithm that fitted173

a polynomial to the original DEM using a 30 m kernel window to produce a smoothed174

surface, which was then subtracted from the original DEM [Hurst et al., 2012]. Three-175

dimensional surfaces were produced and visualized in Schlumberger Petrel™seismic inter-176

pretation software.177

Linear bedforms were mapped by drawing lines across their crests while azimuths178

(0-360Âř from grid North) were extracted using GIS tools. Spacing and amplitude of lin-179

ear bedforms were calculated by averaging multiple measurements extracted from cross-180

sectional topographic profiles transverse to bedform crestlines following the method of181

Spagnolo et al. [2014].182

4 Results and Analysis183

In this section we describe the seafloor bedforms and sediment properties imaged184

below PIGIS, respectively, in 2009 and 2014 using the techniques described above. Figure185

2 provides an overview of bathymetric data showing relief-shaded DEMs alongside inter-186

pretations of landforms. We structure the findings by location relative to Jenkins Ridge,187

as demarcated on Figure 1b: progressively approaching the grounding line the zones can188

broadly be described as (1) the outer sub-ice-shelf seafloor, (2) the PIG-distal flank of189

Jenkins Ridge, (3) Jenkins Ridge crest, and (4) the PIGIS submarine cavity (Fig.1b). In190

the following sections we present seafloor bathymetry (Fig. 3) and sub-bottom profiler191

data (Fig. 4) in turn for each zone with the exception of Zone 4 where only sub-bottom192

profiler data were acquired.193

Figure 2. Sub-ice-shelf multibeam-bathymetry data and geomorphological interpretation. a, Map of

regional bathymetry and location of multibeam surveys M433 and M434. Red triangles show the locations

of sediment cores described in [Smith et al., 2017]. Black line shows the ice-shelf front position in 2009. b-f,

Multi-directional relief-shaded multibeam topography plotted alongside corresponding geomorphological

interpretations. Data width have been exaggerated by a factor of two for clarity. Black lines superimposed

over debris flows delimit individual debris flow lobes. Black boxes show the location of three-dimensional

surface imagery shown in Figure 3.

194

195

196

197

198

199

200
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4.1 Zone 1:Outer sub-ice-shelf seafloor201

4.1.1 Seafloor bathymetry202

The regional bathymetry of Zone 1 exhibits rugged topography, likely dominated203

by outcrops of crystalline bedrock that rise in excess of 40 m above intervening smooth,204

flat-bottomed basins (Figs. 2b, c). The surfaces of outcrops in profile M433 host parallel205

lineations 2-10 m in amplitude and up to 1.5 km in length orientated along the trough206

axis (Fig.3b). The morphology of these features is consistent with streamlined-bedrock207

landforms described in offshore-bathymetry datasets in Pine Island Bay and on the inner208

continental-shelf region of the western Amundsen Sea Embayment [Lowe and Anderson,209

2002; Graham et al., 2009; Nitsche et al., 2013].210

Further south, and traversing an extensive basin, data from profile M434 exhibit lin-211

eations and outcrops truncated abruptly by steep-sided channels >200 m wide with curvi-212

linear cross-sectional profiles (Figs. 2c; 3c,d). A series of irregular depressions up to 3213

m deep and 150 m wide punctuates the crest of a lineation in this region (Fig. 3f). 6214

km downstream from the location of these surface depressions is a chain of flat-topped215

mounds up to 10 m in height, 300 to 1000 m in width, and up to 2 km in length (Fig.216

3d). The mounds’ long axes generally trend parallel to inferred paleo-ice stream flow.217

4.1.2 Sub-bottom profiler218

The topography of the seafloor in Zone 1 imaged from the sub-bottom profiler fur-219

ther demonstrates the typical ruggedness of the former ice bed in this region as suggested220

by the bathymetric surveys (Fig. 4b). Regions of elevated seafloor are characterized by a221

high-amplitude, continuous acoustic reflector, between which some acoustically-stratified222

topographic depressions are interspersed (Fig. 4c). The stratification within each depres-223

sion is characterized by a series of laterally continuous, parallel reflectors conforming to224

the underlying seafloor topography. The full sequence of stratified reflectors has a maxi-225

mum thickness of 7.5 ± 0.2 m (Fig. 4c inset).226
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4.2 Zone 2:PIG-distal flank of Jenkins Ridge227

4.2.1 Seafloor bathymetry228

The transition between Zone 1 and Zone 2 is marked by an abrupt change from229

rugged to relatively smooth seafloor topography (Fig. 2d,e) reflecting an apparent shift230

to a sediment-dominated regime. Bedforms in Zone 2 broadly display amplitudes an order231

of magnitude lower than in Zone 1 and, on the whole, show little to no streamlining. To-232

wards the base of Jenkins Ridge flank, on M433, a network of channels and ridges with a233

dendritic pattern cuts across the slope (Fig. 2d; zoom in Fig. 3e); individually they vary234

in size but typically have depths and amplitudes <2 m, and they cover a distance of at235

least 2800 m (∼980 km2) of the lower slope of Jenkins Ridge. Further upslope, irregular,236

undulating surfaces superimposed by lobate ridges (convex downslope) are more common237

(Fig. 2d; zoom in Fig. 3f).238

Further south on the lower Jenkins Ridge flank (profile M434; Fig. 2h) is imaged239

a series of spherical mounds protruding 1-3 m from the seafloor and with a maximum240

diameter of ∼20 m (profile left of panel 3h). Each mound is fringed by crescent-shaped241

ridges 1-1.5 m in amplitude. A pair of subtle, parallel, linear scours also occurs in close242

proximity to these boulders (Fig. 3h). They have a mean spacing of 49 m, amplitudes of243

<1 m, and lengths up to 650 m, and occur at depths of 950-970 m. The scours trend east-244

west as opposed to the more typical southeast-northwest direction of streamlined-bedform245

features observed seaward in Zone 1 (rose diagram right of panel h).246

Near to the top of Jenkins Ridge’s seaward flank, where the headroom between the247

former ice-shelf base and sea floor narrows, a set of seafloor lineations is also observed,248

exhibiting orientations in line with modern ice flow vectors (Fig. 2d; zoom in Fig. 3g).249

The lineations have spacings of 19-36 m (mean 26 m), amplitudes of <1 m, and lengths250

up to 600 m. They are located 2.5 km west of sediment cores that date ungrounding of251

the ice shelf from Jenkins Ridge to 1970 ±4 years (Fig. 2a) [Smith et al., 2017].252

4.2.2 Sub-bottom profiler253

The transition between Zone 1 and 2 is marked by a change in the character of the254

seafloor acoustics from a rugged interface with some sub-surface structure to an acoustically-255

transparent unit with a diffuse seabed reflector (Fig. 4d). The seabed within this zone is256
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predominantly smooth with some small-scale lobes or mounds up to ∼3 m in amplitude257

(Fig.4e).258

4.3 Zone 3: Jenkins Ridge crest259

4.3.1 Seafloor bathymetry260

Only profile M434 provides data from Zone 3: the AUV imaged data along an ∼8261

km long strip broadly along-paleo-ice-flow, and a ∼13 km long strip along the southern262

half of Jenkins Ridge crest trending broadly orthogonal to current ice-shelf flow (Fig. 2f).263

Along the entire Jenkins Ridge crest the predominant geomorphological feature comprises264

streamlined lineations oriented parallel to inferred paleo-ice-flow (Figs. 3i, j). A change in265

the metrics of these lineations is clearly evident ∼6 km along the profile (north to south),266

coinciding with a sharp rise in seafloor elevation from a mean of -730 m to -708 m (Fig.267

5a). In the northern section, closer to the central flow-axis of PIGIS, the lineations have a268

mean spacing of 287 m and mean amplitude of 7.3 m; in the southern section they have a269

mean spacing of 46 m and a mean amplitude of 1.4 m (Fig. 5b,c). Furthermore, along the270

southern section of Jenkins Ridge crest, not all the lineations are parallel to one another,271

and occasionally they appear to cross-cut or converge (Magnified panel in Fig. 3j).272

The surface characterized by lineations that we have just described is overprinted273

by finer-scale features. These include sub-meter-amplitude curvilinear sediment ridges274

that are convex in the direction of paleo-ice flow and have spacing of 26-90 m (mean 43275

m) (left-hand zooms in Fig. 3i). The curvilinear ridges initiate at the bases of lineation-276

troughs and terminate at the apexes of their crests. Curvilinear ridges of this scale and277

character have not, to our knowledge, been observed elsewhere in glacial settings. Ero-278

sional scours with troughs up to 7 m deep also occur at the crests of some lineations and279

terminate in small-scale asymmetric berms (right-hand zooms in Fig. 3i).280

4.3.2 Sub-bottom profiler281

A 20 km section of profiler data from mission M448 trending southwest to north-282

east crossed the crest of Jenkins Ridge (Fig. 4f). The ridge surface is characterized by an283

undulating high-amplitude seafloor reflector (Fig. 4f). Smaller scale ridges with a mean284

amplitude of 4 m are superimposed on this surface and have a similar cross-sectional pro-285

file to the seabed of survey M434 in Zone 3 (Fig. 5a).286
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Figure 3. Three-dimensional surfaces of multibeam seafloor bathymetry.a, inset map showing the

locations of panels b-j. Multibeam surface imagery of seafloor topography and extracted topographic profiles

in Zone 1 (b-d), Zone 2 (e-h) and Zone 3 (i and j). Location of panel h is shown in the inset map and Figure

2e. Rose diagram next to panel h shows the azimuth of lineations sampled from Zones 1-3 compared to linear

scours in panel h.

287

288

289

290

291

4.4 Zone 4:PIGIS submarine cavity292

4.4.1 Sub-bottom profiler293

The morphology and acoustic character of the reverse slope of Jenkins Ridge in the294

ice-shelf cavity are similar to those of the seaward slope in Zone 2, although there is no295

evidence for mass-movement deposits on this side of the ridge. At the easternmost limit296

of the survey, approximately 15 km seaward of the grounding line, a series of ridges with297

asymmetric cross-sectional profiles, ranging between ∼7 and 28 m in amplitude, is imaged298

(Fig. 4i). A series of shorter wavelength, lower amplitude, regularly spaced ridges caps299

the crest of the largest of these asymmetric ridges (Fig. 4i, j).300

Figure 4. Acoustic sub-bottom profiler data. a, Map of regional bathymetry and location of sub-bottom

profiler surveys beneath Pine Island Glacier Ice-Shelf. Black boxes denote sections of data shown in the main

figure. b, Rugged seafloor topography and acoustically stratified basins (black arrows) in Zone 1. c, close-up

of an acoustically stratified basin showing up to 7.5 m of stratified sediments. Sediment thickness was calcu-

lated using an acoustic velocity of 1500 m s-1 for sediments. d, acoustically transparent seafloor reflector of

the seaward flank of Jenkins Ridge. e, Close-up showing debris flow lobes (black arrows). f, profile across

Jenkins Ridge showing a strong surface reflector and undulating seafloor. g, Close-up showing mega-scale

glacial lineations (black arrows). h, acoustically transparent seafloor reflector on the inland slope of Jenkins

Ridge. i, Close-up view of asymmetric ridges. j, Close-up of corrugation ridges overprinting the crest of

asymmetric ridges.
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5 Discussion316

5.1 Interpretation of bedforms and sediment properties317

From the combined evidence presented above from beneath PIGIS we identify three318

distinct components of the sub-ice-shelf landsystem that we associate with 1) grounded ice319
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Figure 5. Landform metrics of Jenkins Ridge crest. a, Topographic profile of seafloor elevation across

the crest of Jenkins Ridge (Zone 3). Blue line shows detrended seafloor topography. Grey shaded area shows

the region defined as Z3 North based on a change in landform metrics. b,c, Box and whisker plots show-

ing the median, lower and upper quartile and standard deviation of lineation spacing and amplitude of 52

lineations sampled across the ridge crest. A summary of statistics is presented in Table 1 in text.
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315

flow, 2) lightly-grounded ice flow and 3) postglacial deposition. Synthesized maps of bed-320

form interpretations presented alongside the multibeam data in Figure 2 provide a useful321

reference for this discussion.322

5.1.1 Grounded-ice bedforms323

We interpret a suite of bedforms in Zones 1, 3 and 4 as resulting from subglacial324

erosion, sediment deposition and meltwater flow beneath grounded ice. Due to their curvi-325

linear cross-sectional profiles, steep-sided channels in Zone 1 (Fig. 3c,d) are interpreted as326

relict subglacial meltwater channels eroded into the substrate when more advanced ice was327

grounded here during one or more earlier glacial phases [c.f., Wellner et al., 2006; Nitsche328

et al., 2013]. The irregular surface depressions in Figure 3c bear resemblance to hill-hole329

pairs observed in bathymetric data in the Norwegian Channel where they are thought330

to represent the imprint of sediment slabs that froze onto the glacier sole and were re-331

moved/displaced [Ottesen et al., 2016]. However, if the surface depressions in Figure 3c332

are similarly interpreted as hill-hole pairs, their estimated volumes are an order of mag-333

nitude smaller than those observed in the Norwegian Channel. Flat-topped mounds (Fig.334

3d), which we interpret as glacitectonic rafts [Andreassen et al., 2004; Rüther et al., 2013;335

Rüther et al., 2016], are most likely related to a displacing process similar to that which336

caused the formation of the hill-hole pairs. Because freeze-on is predominantly associated337

with thin ice (<1 km) close to the glacier margin [Moran et al., 1980; Alley et al., 1997] it338

is likely that these features were formed when the grounding line was located nearby, and339

before it became pinned to the crest of Jenkins Ridge.340

Ubiquitous lineations on the crest of Jenkins Ridge (Zone 3; Figs. 2f and 3i, j [multi-341

beam imaging]; and 4f [sub-bottom-profiling]) are also the result of formerly-grounded ice342

flow. To the north, their amplitude and spacing are consistent with dimensions of mega-343

scale glacial lineations (MSGL) [Clark, 1993; Spagnolo et al., 2014] (Table 1). Although344
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Table 1. Summary statistics of lineations in Zone 3 compared to previously published metrics of mega-scale

glacial lineations and flutes

358

359

Z3 North

lineations

(this study)

n=16

Z3 South

lineations

(this study)

n=36

MSGL

[Spagnolo et al., 2014]

n=4043

Flutes

[Ely et al., 2016]

n=88

SPACING (m)

Minimum 129.8 13.6 - -

Maximum 569.7 159.8 - -

Mean 287.2 46.3 458 -

Median 265.0 32.8 330 -

Std. Deviation 121.7 34.8 - -

AMPLITUDE (m)

Minimum 3.4 0.2 - 0.02

Maximum 15.2 5.0 - 0.3

Mean 7.3 1.4 4 0.01

Median 6.7 1.0 3 -

Std. Deviation 3.0 1.2 - 0.07

we are unable to determine the lengths of these individual bedforms from our dataset, a345

section of bathymetry data along-flow described by Graham et al. [2013] captured two346

lineations with lengths of at least 1800 m. This implies elongation lengths of at least 9:1347

and probably greater, a characteristic of elongated streamlined bedforms described beneath348

paleo- and modern ice streams [King et al., 2009; Spagnolo et al., 2014]. Ridges parallel349

to paleo-ice flow imaged in sub-bottom-profiler data over the crest of Jenkins Ridge (Fig.350

4g) have comparable amplitudes to ridges observed in the bathymetric data. Although it351

is not possible to determine their three-dimensional morphology, it is likely they are a352

continuation of MSGL identified in the northern section of Zone 3 (Fig 3i).To the south,353

linear bedforms on Jenkins Ridge have a much shorter wavelength and reduced ampli-354

tude intermediate between MSGL and flutes (Table 1., Fig. 5). We consider this change355

in metrics to be related to a change in till strength or thickness towards the margin of the356

ice-stream trough.357
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Four asymmetric ridges oriented across former flow in Zone 4 with amplitudes of360

5-20m (Fig. 4h,i) are morphologically similar to small retreat moraines and back-stepping361

grounding-zone wedges (GZWs) observed on the seafloor in the Ross Sea [Halberstadt362

et al., 2016; Simkins et al., 2016]. Their location close to the modern grounding line sug-363

gests that these features were formed in the last 40-70 years through sediment deposi-364

tion during a series of pauses in grounding-line retreat. Multibeam coverage is needed365

to verify these observations but, if our interpretation is correct, this indicates the rate of366

grounding-line retreat has not been constant since ungrounding from Jenkins Ridge. Sub-367

bottom reflectors dipping at angles greater than the seabed surface slope are also evident368

on the landward slope of the largest asymmetric ridge, suggesting a sediment history is369

preserved in the cavity close to the grounding line (Fig. 4i).370

5.1.2 Lightly-grounded-ice bedforms371

On Jenkins Ridge crest, we interpret the ridges and scours that overprint MSGL372

(zooms in Fig. 3i) as forming by sediment squeezing of lightly-grounded ice-shelf keels,373

modulated by tidal motion as suggested by Graham et al. [2013]. Some corrugation ridges374

with amplitudes between 0.5-2 m have been imaged ∼360 km northwest of the ground-375

ing line in Pine Island Trough [Jakobsson et al., 2011] and in the Ross Sea [Shipp et al.,376

1999; Anderson et al., 2014; Halberstadt et al., 2016]; the potential corrugation ridges on377

Jenkins Ridge have amplitudes <1 m with spacing and amplitude varying along the ridge378

crest (zooms in Fig. 3j). This may be related to variable ice-keel morphology as identified379

by multibeam observations of basal terraces beneath PIGIS [Dutrieux et al., 2014b]. How-380

ever, substantial sub-ice shelf melting since ungrounding from Jenkins Ridge will have381

altered the basal morphology of the ice shelf compared with the formerly grounded ice382

keels. This prohibits any direct comparison between corrugation and sub-ice shelf mor-383

phology.384

The scours (right-hand zooms in 3i) are comparable to iceberg ploughmarks ob-385

served in water depths in excess of 700 m on the continental shelf and interpreted to have386

been caused by incision of iceberg keels where they contact the sea floor [Dowdeswell and387

Bamber, 2007; Gales et al., 2016]. For iceberg keels to be the mechanism of formation388

here would require the crest of Jenkins Ridge to have been subject to grounding of free389

floating icebergs at some point since ungrounding of PIGIS in the 1970s. However, re-390

mote sensing imagery shows PIGIS has remained intact throughout this period. We there-391
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fore favor forward ploughing of ice-shelf keels as the most likely mechanism for their for-392

mation. The alignment of scours parallel to the direction of present ice shelf flow also393

supports this. Terminal berms associated with these scours (zoom in Fig. 3i) are likely to394

have been created when ice-shelf keels that were last in contact with the crest of Jenkins395

Ridge became ungrounded.396

5.1.3 Postglacial processes397

Postglacial deposition is evident in the most distal regions from the current ground-398

ing line. In Zone 1, contrasting stratified reflectors in sub-bottom-profiler data are inter-399

preted as alternations between coarse-grained ice-rafted/ice-shelf basal debris and fine-400

grained hemipelagic sediments from meltwater plumes [c.f. Damuth, 1978; Batchelor401

et al., 2011; Rebesco et al., 2011; Hogan et al., 2012].402

Bedforms on the seaward flank of Jenkins Ridge in Zone 2 are dominated by post-403

glacial slope processes. Dendritic channels and ridges are morphologically characteristic404

of sediment-gravity flows commonly observed in trough-mouth fan (TMF) and continental-405

shelf-break settings [Dowdeswell et al., 1998; Vorren and Werner, 1998; Dowdeswell et al.,406

2004; Amblas et al., 2006] and on the distal flanks of submarine terminal moraine ridges407

in fjord settings [Ottesen and Dowdeswell, 2006; Dowdeswell et al., 2016]. We interpret408

the lobate, curvilinear ridges on the seaward flank of Jenkins Ridge (zoom in Fig. 3f) as409

submarine debris flows, also observed on continental-margin slopes and ice-distal flanks410

of submarine moraine ridges, based on the presence of clear depositional sediment fronts411

and cross-cutting lobes on the flank. Where debris flows are observed, slope angles are412

very shallow (<2◦), yet they have a run-out distance of over a kilometer. In shallow-slope413

settings, the ability of debris flows to achieve long run-out distances is considered possi-414

ble through high-sediment-volume, low-viscosity behavior and excess sediment pore-water415

pressure [Laberg and Vorren, 1996; Vorren and Werner, 1998]. Sediment samples obtained416

from TMF settings typically contain a range of glacigenic sediments, consisting of muddy417

diamict, sands and gravels often with low shear strength and high water content. These418

properties reflect sediment delivery by subglacial deformation, ice-rafting and meltwa-419

ter deposition in sediment laden plumes [Kuvaas and Kristoffersen, 1991; Hambrey et al.,420

1992; Laberg and Vorren, 1996; Dowdeswell et al., 2004]. Ice streaming over erodible,421

soft sedimentary beds has been suggested to be a prerequisite for the formation of TMFs422
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[Ó Cofaigh et al., 2003]. High volumes of sediments suggested by debris flow deposits in423

Zone 2 therefore indicate the presence of a soft bed upstream of Jenkins Ridge.424

The spherical mounds imaged in Zone 2 (Fig. 3k) are tentatively interpreted as425

subglacially-sourced boulders. Their dimensions (1-3 m in height and up to ∼20 m in426

width) are large but within the upper limit of scales observed and considered theoreti-427

cally possible to be transported subglacially [Weertman, 1958]. Crescent-shaped ridges428

bordering the boulders may have formed either by post-glacial accumulation of sediment429

during downslope sediment flow or âĂĲbulldozingâĂİ by the impact of the boulders strik-430

ing the sea-bed following release from the base of the ice shelf. Adjacent linear scours431

(Fig. 3k) may have formed during debris avalanching down the ridge flank or could also432

be grounded-ice bedforms partially buried by proglacial sediments.433

5.1.4 Bedforms of unknown genesis434

The curvilinear ridges superimposed onto MSGLs in Zone 3, (left-hand zoom in435

Fig. 3i) extend transversally for about half the wavelength of the MSGLs, i.e. 300 m,436

from the trough of a MSGL to its crest. These ridges may be remnants of small-scale re-437

cessional moraines or alternatively, they may have formed by the lateral flow of a viscous438

basal ice layer between MSGL troughs and crests during grounded-ice-flow [Schoof and439

Clarke, 2008], or by postglacial current reworking of fine-grained surficial sediments.440

Interpreting the genesis of the corrugation ridges overprinting the potential GZWs in441

Zone 4 (Fig. 4i) is also challenging. Formation by ephemeral grounding of sub-ice-shelf442

keels requires corrugation ridges to form on the lee slope of the potential GZW without443

scouring away its crest. It seems unlikely this would be possible through forward advec-444

tion of ice keels. Squeezing of sediment ridges during grounding-line retreat could explain445

their location, but the surfaces of these corrugations have a weak acoustic signal in com-446

parison to acoustic observations of recessional moraines in other studies [e.g. Halberstadt447

et al., 2016]. Another possible mode of formation is through squeezing of sediment by448

basal crevasses. Regularly-spaced basal crevasses have been observed beneath the Larsen449

C [Luckman et al., 2012] and Ross Ice shelves [Jezek and Bentley, 1983; Anandakrishnan450

et al., 2007], however they typically have spacings at least an order of magnitude greater451

than the spacing of corrugations in Zone 3 (Fig. 4i). Acquisition of multibeam data in this452

region would enable a better assessment of their morphology and mode of formation.453
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5.2 Synthesis and implications454

5.2.1 Key observations of the sub-ice shelf environment455

The data interpreted above provide an unprecedented view of an ice stream bed that456

has been deglaciated within the past century. Based on our survey of the terrain, a number457

of important observations can be made that contribute to our wider understanding of these458

environments and to PIG specifically:459

1. Sediment delivery from basal transport has played a key role in shaping each of460

the zones from the ice-shelf front to the modern grounding line. Our results sug-461

gest meltwater plumes and rainout have been important to the accumulation of462

ice-distal sediments in small basins seaward of the ice shelf. Indeed, observations463

through Zones 2-4 demonstrate that till deposition and secondary reworking of till464

(via mass movement to produce debris flows) are the dominant sediment producing465

and landform-generating processes in this recently deglaciated cavity.466

2. Beneath PIGIS, changes in bed properties, specifically contrasting scales of lin-467

eations, occur abruptly over limited geographic areas of the bed (Fig. 5). This find-468

ing supports the relatively small number of ice-stream bed studies that have pre-469

sented similar evidence for highly variable basal conditions beneath Antarctic ice470

streams [e.g. Smith and Murray, 2009; Smith et al., 2013]. However, rather than471

showing zones of stiff till with no bedforms contrasting with zones of soft till with472

lineations [King et al., 2009], we are able to show variability in bedforms within a473

region where sediment cores indicate the presence of deformable sediment [Smith474

et al., 2017].475

3. Grounding by sub-ice-shelf keels is a process that appears to produce significant476

features near the grounding zone (e.g. erosional scours). This process may be re-477

sponsible for the appearance of converging lineations observed in regions of ele-478

vated seafloor (e.g., Fig. 3j). These variations suggest a more mobile grounding479

situation in some parts of the ridge, such as might be expected in an ice-plain envi-480

ronment [Corr et al., 2001].481

4. Former-ice-flow-oriented lineations on a scale intermediate between MSGL and482

flutes can form at the grounding zones of major ice streams, and cross-cutting gen-483

erations at the margins preserve a record of localized flow variability.484
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5. The presence of glacitectonic rafts and emplaced boulders indicate that till defor-485

mation may not be the only sediment transport process in operation under West486

Antarctic ice streams, and that plucking and rafting of large bedrock/sediment blocks487

contributes to erosion beneath PIG.488

6. The landform mapping presented in this study shows a transition from bedrock out-489

crops in Zone 1 to sediment bedforms and deposits in Zone 2 broadly coincident490

with the crystalline to sedimentary bed transition inferred from aerogravity sur-491

veys [Muto et al., 2013, 2016]. These surveys inferred a thick sedimentary basin492

extending upstream of the grounding line that would provide an abundant source493

for sediments deposited as mass flows, MSGL and GZWs in Zones 2-4. These ob-494

servations indicate that Jenkins Ridge marks a transition between hard, resistant495

crystalline bedrock to more erodible, soft sedimentary bed upstream of the present-496

day grounding line. Such transitions have been observed further seaward on the497

continental shelf and associated with contrasts in the distribution of sediment and498

character of geomorphic features [Lowe and Anderson, 2002; Wellner et al., 2001,499

2006; Graham et al., 2009].500

5.2.2 Observations of fine-scale bedforms: preservation or data resolution?501

High-resolution imaging of the seafloor beneath PIGIS reveals a complex pattern502

of landforms indicative of a highly dynamic environment. We have identified seldom ob-503

served fine-scale submarine landforms, namely curvilinear sediment ridges, intermediate-504

scale lineations and small-scale hill-hole pairs. With the exception of lineations, these505

landforms are interpreted as reworked subglacial bedforms, sculpted into their present506

form by overriding of the ice margin and sub-ice-shelf keels during retreat of the grounding-507

line. We consider the ability to detect these features is a factor of 1) the youth of the508

sub-ice-shelf landscape and 2) the high resolution of the data compared to offshore swath509

bathymetric surveying.510

Smith et al. [2017] calculated sedimentation rates on the crest of Jenkins Ridge (Zone511

3) of 0.82-0.95 mm a-1. These rates are too low to have buried the fine-scale features such512

as curvilinear sediment ridges and sub-metre amplitude lineations since ungrounding from513

the ridge crest in 1940. Further seaward on the continental shelf, features of this scale514

may not be as well preserved having been exposed to marine sedimentation for up to sev-515

eral millennia. However, deep-tow side-scan sonar surveys of the continental shelf have516
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revealed fine-scale landforms such as flutes and corrugations (“washboard pattern”) located517

near the continental shelf break [Lien and Rokoengen, 1989; Ship et al., 1999; Shipp et al.,518

2002].519

The identification of fine-scale features may therefore be primarily a factor of the520

ability to image the seafloor at sub-metre to metre-scale resolution. We demonstrate this521

in Figure 6 by conducting a crossover comparison between AUV and ship-based multi-522

beam surveys in Pine Island Bay [Nitsche et al., 2013], just seaward of PIGIS. This analy-523

sis reveals intermediate-scale lineations overprinting MSGL, and demonstrates the preser-524

vation of fine-scale bedforms ∼85 km in front of the modern grounding-line (Fig. 6).525

Our data indicate there is likely a wealth of detailed information of glacial processes not526

captured by standard offshore marine geophysical surveys. Recent work by García et al.527

[2016] using a remotely-operated underwater vehicle also illustrate the level of detail ob-528

tained using these methods. Further targeted AUV/ROV surveys beneath ice shelves and529

on the continental shelf would provide useful information on bedform preservation and530

may elucidate processes related to some of the more enigmatic landforms observed be-531

neath PIGIS.532

Figure 6. Comparison of offshore swath bathymetry and Autosub3 multibeam bathymetry. a, 35 m

resolution swath sonar bathymetry of Pine Island Bay acquired offshore seaward of PIGIS [Data from Nitsche

et al., 2013] overlain by Autosub3 bathymetry from Mission M433 at 2 m resolution (red polygon). b, Magni-

fied image showing the difference in detail between datasets. Large black arrows mark the locations of MSGL

visible on both the offshore swath sonar and Autosub3 multibeam bathymetry, small-black arrows denote

intermediate-scale lineations only visible on the Autosub3 bathymetry data. Location of data extent is shown

in Figure 1a.

533

534

535

536

537

538

539

6 Conclusions540

We have used high-resolution bathymetry and sub-bottom-profiler data obtained by541

AUV surveys to explore the nature of seafloor bedforms and sediment properties beneath542

a recently ungrounded Antarctic ice shelf. These data reveal fine-scale landforms in a dy-543

namic environment modified by subglacial erosion, meltwater flow, and sediment deposi-544

tion, providing an unprecedented view of a recently deglaciated ice-stream bed.545
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The landscape and sediments we have imaged beneath Pine Island Glacier Ice Shelf546

record features of direct subglacial erosion and deposition, and postglacial modification547

by overriding and scouring of ice-shelf keels and gravity-driven slope processes. Seaward548

of Jenkins Ridge the landscape of streamlined bedrock outcrops is characteristic of di-549

rect subglacial erosion with little postglacial modification. In this landscape, ice-rafted550

boulders, hill-hole pairs and glacitectonic rafts indicate that freeze-on and plucking of551

basal material is a significant component of erosion and sediment transport. Upstream552

over Jenkins Ridge and into the sub-ice-shelf cavity, the landscape is draped by sediments553

which evince both direct glacial deposition and deformation, and post-glacial modification.554

This sediment distribution supports Jenkins Ridge having been a stable grounding-line lo-555

cation for a significant period prior to its 20th-century ungrounding.556

We have demonstrated the value of imaging recently deglaciated terrain at meter-557

scale resolution. The insights we have provided through the analysis of fine-scale land-558

forms would not have been achievable without the capability to observe features in re-559

cently deglaciated and at meter-scale resolution using an AUV platform. Such landforms560

are likely to be rapidly modified by postglacial sedimentation or are not readily observable561

in coarser resolution swath bathymetry datasets.562

We recommend further AUV missions to sub-ice shelf cavities to enable a better un-563

derstanding of recent controls on ice stream retreat and sub-ice shelf processes. Surveys of564

selected offshore regions previously covered by offshore swath bathymetry surveys would565

also provide a clearer picture of past ice stream stability and retreat.566
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