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a b s t r a c t
Expanding multibeam bathymetric data coverage over the last two decades has revealed extensive networks of
submarine channels incised into bedrock on the Antarctic inner continental shelf. The large dimensions and prevalence of the channels implies the presence of an active subglacial hydrological system beneath the past Antarctic
Ice Sheet which we can use to learn more about inaccessible subglacial processes. Here, we map and analyse over
2700 bedrock channels situated across >100,000 km2 of continental shelf in the western Antarctic Peninsula and
Amundsen Sea to produce the ﬁrst inventory of submarine channels on the Antarctic inner continental shelf.
Morphometric analysis reveals highly similar distributions of channel widths, depths, cross-sectional areas and
geometric properties, with subtle differences between channels in the western Antarctic Peninsula compared
to those in the Amundsen Sea. At 75–3400 m wide, 3–280 m deep, 160–290,000 m2 in cross-sectional area,
and typically 8 times as wide as they are deep, the channels have similar morphologies to tunnel valleys and
meltwater channel systems observed from other formerly glaciated landscapes despite differences in substrate
geology and glaciological regime. We propose that the Antarctic bedrock channels formed over multiple glacial
cycles through the episodic drainage of at least 59 former subglacial lakes identiﬁed on the inner continental
shelf.
© 2020 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction
The distribution and ﬂux of subglacial water is a fundamental modulator of ice-sheet dynamics (Bell, 2008). The presence of an efﬁcient
channelised drainage system can increase basal shear stresses, drive
up effective pressures, and reduce ice-ﬂow velocities (Schoof, 2010;
Hewitt, 2013). Conversely, elevated pore water pressures, resulting
from the inefﬁcient evacuation of subglacial meltwater from the bed
of an ice sheet, may reduce effective basal pressures, facilitating fastice ﬂow (Anandakrishnan et al., 1998; Tulaczyk et al., 2000; Peters
et al., 2006). Understanding the manner in which subglacial water
ﬂows beneath ice sheets, and its implications for ice-sheet velocities
and ice dynamics, is thus critical to the accurate prediction of future
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ice-sheet behaviour, and for the interpretation of geomorphological evidence of former ice-ﬂow patterns preserved in the palaeo-record.
The subglacial water present beneath an ice sheet can be derived from
several sources: surface meltwater that drains to the bed (e.g. Das et al.,
2008; Bartholomew et al., 2012), basal melting of ice through geothermal
or frictional strain heating (e.g. Pattyn, 2010; Dowdeswell et al., 2016),
and water inﬂux from underlying aquifers (e.g. Boulton et al., 1995;
Piotrowski, 1997; Christoffersen et al., 2014). With the exception of the
Antarctic Peninsula and the ice shelves that fringe the continent (Trusel
et al., 2013; Bell et al., 2017, 2018; Kingslake et al., 2017), the polar desert
climate characterising the majority of the contemporary Antarctic Ice
Sheet largely prevents the production of surface meltwater. Consequently, the water present within the Antarctic subglacial hydrological
system is sourced mainly from processes that occur at the ice-sheet bed
(Rose et al., 2014). However, whilst the absence of surface melting limits
the quantity of meltwater available, the Antarctic subglacial hydrological
system remains a major inﬂuence on ice-sheet dynamics and mass-loss
rates (Nitsche et al., 2013; Dowdeswell et al., 2016).
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Low hydraulic-potential gradients at the base of the Antarctic Ice
Sheet facilitate extensive water ponding, producing subglacial lakes in
regions of hydraulic potential minima (Robin et al., 1970; Oswald and
Robin, 1973; Siegert et al., 1996, 2005, 2016; Wright and Siegert,
2011; Willis et al., 2016). A number of Antarctic subglacial lakes have
been observed to drain over several months, issuing pulses of accumulated subglacial meltwater that are routed several hundred kilometres
through the Antarctic subglacial hydrological system (e.g. Wingham
et al., 2006; Fricker et al., 2007; Flament et al., 2014). Subglacial lakes
are commonly documented upstream of ice-stream onset zones, suggesting that this could be a mechanism that initiates the high ﬂow velocities associated with streaming ice (Siegert and Bamber, 2000).
Changes in the routing of Antarctic subglacial meltwater have also
been associated with dynamic ice-ﬂow behaviour including the acceleration, deceleration, and on-off switching of the Siple Coast ice streams in
the Ross Embayment (Alley et al., 1994; Jacobel et al., 2000;
Anandakrishnan et al., 2001; Joughin et al., 2002). Furthermore, at
Byrd Glacier, ice velocity has been observed to increase during a subglacial lake drainage event (Stearns et al., 2008).
In addition to inﬂuencing ice-sheet movement, the expulsion of subglacial water from the Antarctic Ice Sheet has broad implications for
global climate and, through feedbacks, could lead to enhanced icesheet and ice-shelf melting (Bronselaer et al., 2018). Recent work has
established a link between the routing and expulsion of meltwater
from beneath the contemporary ice sheet and increased rates of iceshelf melting (e.g. Wei et al., 2020). Meltwater expelled from channels
beneath the Antarctic Ice Sheet initiates convective cells which carry
warm ocean water to the underside of ice shelves, resulting in enhanced
melt rates (Jenkins, 2011; Le Brocq et al., 2013; Wei et al., 2020). Material released by these sediment-laden meltwater plumes has been deposited as a ﬁne-grained sediment drape offshore of the margin of the
West Antarctic Ice Sheet as it retreated over the last 7–8 kyr, indicating
that ice-sheet retreat has coincided with abundant meltwater activity in
the past (Kirshner et al., 2012; Witus et al., 2014).
Geophysical evidence suggests the presence of active drainage networks beneath the contemporary Antarctic Ice Sheet which have important implications for ice-sheet dynamics and mass loss (e.g. Wingham
et al., 2006; Fricker et al., 2007; Schroeder et al., 2013; Wei et al.,
2020). However, the vast extent and thickness of the Antarctic Ice
Sheet limits our ability to obtain high-resolution observations of contemporary subglacial drainage processes. This issue is exacerbated by
the fact that many subglacial processes operate over timescales that
are longer than currently covered by the length of contemporary glaciological observations, such as the multi-decadal to centennial recurrence intervals estimated for subglacial lake drainage (Willis et al.,
2016). Consequently, the exact nature of the Antarctic subglacial hydrological system is still not fully resolved (Lowe and Anderson, 2003;
Ashmore and Bingham, 2014).
Examining the marine record of subglacial landforms produced by
former glaciations and preserved on the seaﬂoor offers an alternative
means of investigating ice-sheet beds (e.g. Dowdeswell et al., 2016).
This approach has the advantage of capturing the imprints of glacial
processes that occur over both short and long timescales, whilst the
lack of ice cover permits high-resolution mapping to be conducted
without obstruction or loss of detail. The inner continental shelves of
many formerly glaciated high-latitude continental margins have been
extensively scoured by glacial erosion, producing deep cross-shelf
troughs that funnelled ice ﬂow towards the continental-shelf break during full glacial conditions (Anderson et al., 2002; Evans et al., 2009;
Larter et al., 2009; Jakobsson et al., 2012; Livingstone et al., 2012;
Dowdeswell et al., 2014; Batchelor and Dowdeswell, 2014). Subglacial
bedforms develop under speciﬁc conditions at the ice-bed interface, so
the presence and distribution of submarine glacial landforms within
cross-shelf troughs can be used to reconstruct the velocity structure,
basal processes and retreat chronology of past ice sheets (Stokes and
Clark, 2002; Dowdeswell et al., 2016).

Lowe and Anderson (2002, 2003) were among the ﬁrst to identify
channel features on the Antarctic continental shelf. Technological advances in the resolution and processing of multibeam echosounder
data (Jakobsson et al., 2016), combined with the increasing spatial coverage of multibeam surveys, have revealed that channels are abundant
on the largely bedrock-dominated inner continental shelves of the
western Antarctic Peninsula (e.g. Ó Cofaigh et al., 2002, 2005; Domack
et al., 2006; Anderson and Oakes-Fretwell, 2008; Larter et al., 2019)
and West Antarctica (e.g. Lowe and Anderson, 2003; Larter et al.,
2009; Nitsche et al., 2013; Kirkham et al., 2019). The bedrock channels
are typically kilometres in width, several hundred metres deep and possess undulating thalwegs that indicate erosion by pressurised subglacial
meltwater (Lowe and Anderson, 2002). The widespread distribution
and extensive dimensions of the bedrock channels implies that substantial quantities of subglacial water were present during their formation.
However, numerical calculations show that an abundance of meltwater
is inconsistent with the low basal melt rates produced by geothermal
and strain heating beneath the majority of the Antarctic Ice Sheet (e.g.
Perol et al., 2015; Martos et al., 2017; Bougamont et al., 2019), raising
the question of how such large channels could have been eroded into
bedrock to the scales observed on the Antarctic continental shelf
(Nitsche et al., 2013; Rose et al., 2014). The processes responsible for
the Antarctic channel systems thus remain unresolved.
Although channels have been observed extensively across several
regions of the Antarctic inner-continental shelf, a rigorous quantitative
analysis of channel morphometry is lacking. Consequently, the extent
to which different channelised regions of the Antarctic continental
shelf share comparable physical properties, and thus a potentially similar formative mechanism, remains unconstrained. Improving our understanding of these landforms and how they formed will ultimately
inform our knowledge of Antarctic subglacial hydrology, and advance
our ability to accurately represent these processes in numerical icesheet models. This work aims to utilise the now extensive multibeam
bathymetric datasets on the Antarctic continental shelf to: (i) analyse
the morphometry of the bedrock channels present in this region; and
to (ii) investigate links to subglacial hydrological processes, which are
inaccessible beneath the present-day ice sheet bed and may not have
been captured by contemporary glaciological observations. We produce
the ﬁrst comprehensive quantitative inventory of Antarctic submarine
channelised landforms, documenting >2700 bedrock channels situated
on over 100,000 km2 of the Antarctic inner continental shelf. The morphology of the channels is examined quantitatively and the characteristics of four different channelised regions in the western Antarctic
Peninsula and the Amundsen Sea are compared.

2. Regional setting
The study area extends from the western Antarctic Peninsula to the
western Amundsen Sea Embayment, spanning latitudes of ~64°S to
~75°S (Fig. 1). Glaciers along this margin, particularly those in the
Amundsen Sea Embayment, are currently accelerating and retreating
rapidly due to oceanic intrusions of warm Circumpolar Deep Water towards their grounding lines (e.g. Jacobs et al., 1996; Jenkins et al., 1997,
2010; Hillenbrand et al., 2017; Rignot et al., 2019). The continental shelf
in this region is relatively broad and extends over 400 km from the contemporary ice margin; this served as a platform for ice sheets to expand
and retreat across during previous full-glacial periods (e.g. Larter and
Barker, 1989; Larter and Cunningham, 1993; Bart and Anderson, 1995;
Domack et al., 2006; Lowe and Anderson, 2003; Graham et al., 2009;
Larter et al., 2014). Present-day water depths locally exceed 1600 m
on the inner continental shelf, which is generally composed of crystalline bedrock exposed at the seaﬂoor (e.g. Gohl et al., 2013). In contrast,
the outer shelf is made up of prograding sedimentary strata overlain by
recent sediments and is characterised by shallower water depths in the
range of ~400–600 m (Larter and Barker, 1989; Nitsche et al., 2007).
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Fig. 1. Study locations. (a) Map of Antarctica displaying the region examined in this study. (b) Regional bathymetry of the western Antarctic Peninsula and the Amundsen, Bellingshausen
and Weddell seas displaying the locations of the four areas surveyed by detailed multibeam bathymetry: (i) Anvers-Hugo Trough, (ii) Marguerite Bay, (iii) Pine Island Bay, and (iv) offshore
of the Dotson-Getz ice shelves. The Antarctic continent is displayed as a shaded Landsat Image Mosaic of Antarctica (U.S. Geological Survey, 2007). Regional bathymetry is derived from the
International Bathymetric Chart of the Southern Ocean (IBCSO) (Arndt et al., 2013). WAIS refers to the West Antarctic Ice Sheet; EAIS refers to the East Antarctic Ice Sheet.

The present continental shelf has been sculpted by numerous glaciations, resulting in a gross morphology that consists of a series of
shallower banks separated by broad, deep U-shaped troughs that were
eroded by fast-ﬂowing ice streams (e.g. Rebesco et al., 1998; Nitsche
et al., 2007; Graham et al., 2010). Evidence for multiple glacial advances
is recorded in the thick sedimentary sequences on the outer continental
shelf which contain unconformity surfaces scoured by glacial erosion —
these have been retrieved through ocean drilling projects and dated
using diatom and radiolarian biostratigraphy to constrain the timing
of former glacial occupation of the shelf (e.g. Bart and Anderson, 1995;
Larter and Barker, 1989; Larter and Cunningham, 1993; Bart, 2001;
Barker and Camerlenghi, 2002; Bart et al., 2005). These data reveal
that grounded ice sheets ﬁrst ﬂowed onto the western Antarctic Peninsula continental shelf during the middle or late Miocene (between ~14
and 8 Ma). Repeated advances of grounded ice across the continental
shelf from the late Miocene to early Pliocene mark the inception of a
fully glaciated margin in this area between 8 and 5 Ma (Bart, 2003;
Chow and Bart, 2003; Bart et al., 2005; Hernández-Molina et al.,
2017). Similarly, erosional unconformities in the Amundsen Sea have
been tentatively correlated with drill sites in the Ross Sea, leading to
the inference that grounded ice ﬁrst advanced onto the middle shelf of
the Amundsen Sea Embayment during the middle Miocene (Gohl
et al., 2013; Lindeque et al., 2016). The presence of numerous unconformities in the younger part of the geological record has been interpreted

as evidence of more frequent advances and retreats of grounded ice
beginning in the late Miocene and continuing into the Pliocene and
Pleistocene in this area (Gohl et al., 2013). The most recent period of
grounded ice advance and retreat across the continental shelf is documented through the presence of glacial landforms at the base of the
cross-shelf troughs including drumlins, mega-scale glacial lineations
and grounding-zone wedges. These landforms demonstrate that a
grounded ice sheet expanded across the middle and outer continental
shelf during the Last Glacial Maximum (23–19 cal ka BP) before
retreating relatively synchronously across the different ice sheet sectors
from the Antarctic Peninsula to the Amundsen Sea, including a phase of
rapid retreat close to the modern ice margins which ﬁnished prior to
10,000 years ago (e.g. Ó Cofaigh et al., 2002, 2005, 2014; Lowe and
Anderson, 2003; Graham et al., 2009; Larter et al., 2009, 2014;
Jakobsson et al., 2012; Klages et al., 2015).
3. Data and methods
3.1. Multibeam bathymetric data
Seaﬂoor morphology data were derived from shipborne multibeambathymetric surveys of four regions of the Antarctic continental shelf:
the Anvers-Hugo Trough and Marguerite Bay in the western Antarctic
Peninsula, and Pine Island Bay and a region offshore of the Dotson-Getz
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Table 1
Details of the cruise datasets used in this investigation, separated into study regions.
Year

Cruise/ID

Ship

Multibeam system

Principal investigator

Anvers-Hugo Trough
1991

EW9101

Maurice Ewing

Hydrosweep DS

Hayes, D.

1999

NBP9902

Nathaniel B. Palmer

SeaBeam 2112

Anderson, J.

1999

NBP9903

Nathaniel B. Palmer

SeaBeam 2112

Domack, E.

1999

NBP9905

Nathaniel B. Palmer

SeaBeam 2112

Wiens, D.

2000

NBP0001

Nathaniel B. Palmer

SeaBeam 2112

Jacobs, S.

2001

NBP0104

Nathaniel B. Palmer

SeaBeam 2112

Wiebe, P.

2001

NBP0107

Nathaniel B. Palmer

SeaBeam 2112

Domack, E.

2001

JR67-JR69

James Clark Ross

EM120

Bacon, S.

2002

NBP0201

Nathaniel B. Palmer

SeaBeam 2112

Anderson, J.

2002

NBP0202

Nathaniel B. Palmer

SeaBeam 2112

Wiebe, P.

2002

JR71

James Clark Ross

EM120

Pudsey, C. & Dowdeswell, J.

2002

JR81

James Clark Ross

EM120

Bacon, S.

2003

JR84

James Clark Ross

EM120

Jenkins, A. & Dowdeswell, J.

2005

–

HMS Endurance

EM710S

–

2005

NBP0502

Nathaniel B. Palmer

EM120

Anderson, J.

2005

JR112

James Clark Ross

EM120

Brandon, M.

2006

–

HMS Endurance

EM710S

–

2006

NBP0602

Nathaniel B. Palmer

EM120

Stock, J. & Cande, S.

2006

NBP0703

Nathaniel B. Palmer

EM120

Anderson, J. & Hallet, B.

2006

JR157-166

James Clark Ross

EM120

Dowdeswell, J.

2006

JR158

James Clark Ross

EM120

Luijtung, H.

2006

JR165

James Clark Ross

EM120

Shoosmith, D.

2007

JR179

James Clark Ross

EM120

Larter, R.

2007

JR185

James Clark Ross

EM120

Fielding, S.

2007

JR193-196

James Clark Ross

EM120

Quartly, G.

2008

–

HMS Endurance

EM710S

–

2008

JR188

James Clark Ross

EM120

Waluda, C.

2009

–

HMS Scott

SASS IV

–

2009

JR228

James Clark Ross

EM120

Watkins, J. L.

2010

JR240

James Clark Ross

EM120

Maksym, E.

2011

–

HMS Protector

EM710

–

2011

JR254D-264-265

James Clark Ross

EM120

Yelland, M. J. & Morales Maqueda, M. A.

2012

JR279-286

James Clark Ross

EM120

Morales Maqueda, M. A.

2014

JR284

James Clark Ross

EM122

Larter, R.

2015

–

HMS Protector

EM710

–

2016

–

HMS Protector

EM710

–

EW9101

Maurice Ewing

Hydrosweep DS

Hayes, D.

Marguerite Bay
1991
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Table 1 (continued)
Year

Cruise/ID

Ship

Multibeam system

Principal investigator

1999

NBP9902

Nathaniel B. Palmer

SeaBeam 2112

Anderson, J.

1999

NBP9903

Nathaniel B. Palmer

SeaBeam 2112

Domack, E.

2000

NBP0001

Nathaniel B. Palmer

SeaBeam 2112

Jacobs, S.

2001

NBP0103

Nathaniel B. Palmer

SeaBeam 2112

Wiebe, P.

2001

NBP0104

Nathaniel B. Palmer

SeaBeam 2112

Wiebe, P.

2001

JR59

James Clark Ross

EM120

Pudsey, C.

2001

JR67-69

James Clark Ross

EM120

Collins, J.

2002

NBP0201

Nathaniel B. Palmer

SeaBeam 2112

Anderson, J.

2002

NBP0202

Nathaniel B. Palmer

SeaBeam 2112

Wiebe, P.

2002

JR71

James Clark Ross

EM120

Pudsey, C. & Dowdeswell, J.

2003

JR84

James Clark Ross

EM120

Jenkins, A. & Dowdeswell, J.

2004

JR104

James Clark Ross

EM120

Larter, R.

2005

JR112

James Clark Ross

EM120

Brandon, M.

2004

JR115

James Clark Ross

EM120

Sparrow, M. D. & Hawker, E. J.

2007

JR157-166

James Clark Ross

EM120

Dowdeswell, J.

2007

JR158

James Clark Ross

EM120

Luijtung, H.

2007

JR165

James Clark Ross

EM120

Shoosmith, D.

2007

JR185

James Clark Ross

EM120

Fielding, S.

2007

NBP0702

Nathaniel B. Palmer

EM120

Nitsche, F.

2008

JR179

James Clark Ross

EM120

Larter, R.

2008

JR194-197

James Clark Ross

EM120

Quartly, G.

2009

JR188

James Clark Ross

EM120

Waluda, C.

2010

JR193-196

James Clark Ross

EM120

Quartly, G.

Nathaniel B. Palmer

SeaBeam 2112

Anderson, J.

Pine Island Bay & Dotson-Getz ice shelves
NBP9902
1999
2000

NBP0001

Nathaniel B. Palmer

SeaBeam 2112

Jacobs, S.

2006

JR141

James Clark Ross

EM120

Larter, R.

2006

ANT-XXIII/4

Polarstern

Hydrosweep DS2

Gohl, K.

2007

NBP0702

Nathaniel B. Palmer

EM120

Nitsche, F.

2008

JR179

James Clark Ross

EM120

Larter, R.

2009

NBP0901

Nathaniel B. Palmer

EM120

Jacobs, S.

2010

ANT-XXVI/3

Polarstern

Hydrosweep DS2

Gohl, K.

2014

JR294

James Clark Ross

EM122

Heywood, K.

ice shelves in the Amundsen Sea Embayment (Fig. 1). These cruise data
are summarised in Table 1. The data were collected over the last two decades using a variety of multibeam systems including Kongsberg EM120/
EM122 multibeam echo sounders with a transmission frequency of
11.25–12.75 kHz and a swath angle of up to 150° (for data collected by

the RRS James Clark Ross and, post-2002, the RVIB Nathaniel B. Palmer);
Krupp-Atlas Hydrosweep DS multibeam echo sounders with a transmission frequency of ~15 kHz and a swath angle of up to 120° (for data collected by the RV Maurice Ewing and RV Polarstern); and Seabeam 2112
multibeam sonar systems with a transmission frequency of 12 kHz and
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of Pattyn and Van Huele (1998). The GPL program applies a general
form of the power-law equation to derive a best-ﬁt approximation
of a shape parameter, b, which summarises the geometric shape of
the channel:

a swath angle of up to 120° (for data collected by the RVIB Nathaniel B.
Palmer until 2002) (Nitsche et al., 2007 and references therein). The vertical resolution of multibeam echo sounder data is typically a few metres, whilst horizontal resolution varies according to the grid size
speciﬁed when processing the bathymetric data (Wellner et al.,
2006; Jakobsson et al., 2016); this is usually between 5 and 50 m.
The bathymetric data were processed and gridded into a digital elevation model (DEM) using open access MB-System software (Caress
and Chayes, 2004; Caress et al., 2020). A conservative degree of interpolation, applied up to four cell widths away from a data-ﬁlled cell, was
used to ﬁll small missing gaps in the grids when proximal to existing
multibeam bathymetry data. Obtaining detailed, yet accurate, channel
cross-sectional proﬁles requires a trade-off between a high-resolution
grid size and over-reliance on interpolation, which may introduce errors
into the sampled cross-sectional geometries. Initial sensitivity experiments with horizontal grid spacing between 10 and 100 m revealed
that the grid resolution had a signiﬁcant effect on the channel morphology, as grid resolutions coarser than 30 m altered the maximum depth
and curvature of the channel. In order to preserve geomorphic detail
within the sampled channel cross sections, the multibeam bathymetry
data were gridded at the highest resolution that could be achieved without requiring interpolation to ﬁll >10% of the study area's grid cells. Application of this technique permitted data from the Anvers-Hugo
Trough, Marguerite Bay and Pine Island Bay to be gridded at a 20-m resolution, whilst the area offshore of the Dotson-Getz ice shelves was
gridded at a 30-m resolution.

where a and b are constants, x0 and y0 are the coordinates of the origin
of the cross proﬁle and x and y are the horizontal and vertical components of the channel cross section, respectively. A general leastsquares method is used to derive the best-ﬁt values of a and b. The value
of the shape parameter, b, generally varies from 1 to 2 according to
cross-sectional shape. A b-value of 1 indicates a perfectly ‘V-shaped’
channel cross-section, whilst a value of 2 denotes a perfect ‘U’-shape
(Pattyn and Van Huele, 1998). Values between 1 and 2 indicate a combination of V- and U-shaped channel geometries. Shape parameter
values exceeding 2 are associated with more box-shaped channel
cross-sectional proﬁles, whilst geometries characterised by a b-value
<1 indicate a convex-upward channel form (Gales et al., 2013). The
sinuosity of the longitudinal proﬁle of each individual channel was also
calculated by dividing the overall length of each channel by the straightline distance between its two vertices. A sinuosity index of 1 denotes a
perfectly straight channel, whilst values >1.05 are associated with sinuous channel forms (Mangold et al., 2010). The compass angle of a
straight line intersecting both end nodes of a proﬁle deﬁnes the channel
orientation.

3.2. Channel delineation and channel metric derivation

3.3. Comparison of channel metrics

The channel-mapping inventory was completed in ArcGIS 10.4 using
hill-shaded DEMs. Mapping accuracy was veriﬁed by draping the
digitised channel outlines over a three-dimensional representation of
the DEM (Mayer et al., 2000). In this manner, the routing pathway of
each individual channel was established. Channels were deﬁned to terminate when they were intersected by a larger, deeper routing pathway
or once they entered a basin. Once the channel inventory was complete,
cross sections were extracted perpendicular to the long axis of each individual channel using a ~1 km sampling interval to ensure that even
relatively short channels were sampled multiple times. Approximately
10,000 channel cross sections were extracted across the four study
sites on the west Antarctic continental shelf. Each cross-sectional proﬁle
was visualised and manually veriﬁed to prevent the inclusion of erroneous channel mappings in the inventory.
The width, depth, cross-sectional area, symmetry, and shape of each
channel cross section were quantiﬁed using a semi-automated algorithm
(Noormets et al., 2009; Kirkham et al., 2019). Width is deﬁned as the distance between the highest point of each of the channel sides. The greatest
vertical distance between the base of the channel and a line intersecting
the two channel edges deﬁnes the channel depth, D. The horizontal distances from the deepest point of the channel to each of the channel
sides, W1 and W2, are calculated using an idealised triangular representation of the channel. The normalised ratio of W1 to W2 is used to assess the
symmetry of the channel, A, which can range between 0 and 2, with A = 1
indicating a symmetrical cross-section, A > 1 signifying a left-skewed
channel (channel with a longer left-hand side) and A < 1 indicating a
right-skewed channel cross-section. Trapezoidal numerical integration
was used to approximate the internal area of the channel, bounded by
the line intersecting the channel edges. The ratio of channel depth to
channel width, or form ratio (Graf, 1970), was used to enable comparison
between the vertical and horizontal proportions of each cross section:

Moment-ratio plots (Craig, 1936; Johnson and Kotz, 1970) were
used to determine with a statistical basis the distributional form taken
by the channel metrics for each study site. Moment-ratio plots summarise an empirical distribution as a single point derived from a pair of
standardised moments (Vargo et al., 2010). The plot visualises speciﬁc
distributions as points or curves, whilst generalised distributional families such as Paretos, lognormals and exponentials are represented as
discrete areas (Cirillo, 2013). Moment-ratio plots also contain a ‘grey
zone’ composed of a range of power-law tails and lognormal distributions. The zone within which a point falls relates to the underlying distributional form of the empirical data (Vargo et al., 2010). For the
method employed here, standardised moments refer to the coefﬁcient
of variation, CV, and skewness, γ3, deﬁned as:

form ratio ¼

D
ðW1 þ W2Þ

ð1Þ

In addition to the form ratio, the cross-sectional shape of each
channel was assessed using the General Power Law (GPL) program

y–y0 ¼ aj x–x0 jb

CV ¼

σX
μX
"

γ3 ¼ K

ð2Þ

ð3Þ
X–μ X
σX

3 #
ð4Þ

where μX and σX are the mean and standard deviation of the variable X,
respectively. K is the expectation operator.
In addition to the moment-ratio analysis, principal components
analysis (PCA) was employed to examine whether the four study
areas could be distinguished from one another based on their calculated
channel metrics. PCA is a multivariate statistical technique used to examine subtle trends in datasets containing multiple variables. PCA effectively reduces the dimensionality of datasets by transforming multiple
variables into linearly related combinations that explain the maximum
amount of variance present in the data (Jolliffe, 2002). PCA therefore
identiﬁes directions, termed principal components, along which data
variance is maximal (Pope and Rees, 2014). The ﬁrst principal component (PC1) is deﬁned as the linear combination of the variables that account for the greatest proportion of total variation in the data. The
second principal component (PC2) is the direction with the next highest
variance that is uncorrelated to the ﬁrst principal component (Ringnér,
2008), and so forth. As the channel metrics vary over different scales
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and are of different units, the parameters were ﬁrst normalised to convert them to dimensionless units before a correlation matrix was calculated. PCA was then conducted and, following Mandal et al. (2008),
eigenvalues under 1 were excluded from the analysis. Component
scores for all the components with eigenvalues >1 were plotted to demonstrate which variables explained the greatest degree of variance in
the data.
4. Results
4.1. Description of mapped channels
4.1.1. Anvers-Hugo Trough
The Anvers-Hugo Trough is a glacially eroded trough situated offshore
of Graham Land, western Antarctic Peninsula (Fig. 1). Multibeambathymetric coverage of this region contains a large, ~1400-m-deep, seaﬂoor depression termed the Palmer Deep Basin (Domack et al., 2006)
which is situated directly to the south of Anvers Island. Data coverage
then extends westwards from the Palmer Deep Basin across the Palmer
Deep Outlet Sill and into the Anvers-Hugo Trough, which trends northwards towards the continental shelf edge (Larter et al., 2019). Approximately 600 bedrock channels were mapped from the seaﬂoor DEM,
occupying an area of ~16,500 km2 (Figs. 2a, 3a). The majority of the observed channels are <5000 m long; this reﬂects the dendritic nature of
channel connections within the Anvers-Hugo Trough where smaller
channels are captured by larger ones, although the degree to which a
lack of spatial coverage limits the true length of the surveyed channels
is uncertain. The channels are predominantly sinuous, with most sinuosity indexes >1.05. Where present, straighter channels are typically
shorter than 5000 m in length. Longitudinal channel proﬁles display
meandering thalwegs with reverse-slope gradients along sections of the
channel long proﬁles (Fig. 4a).
Channel cross-sectional analysis reveals that the channels are
80–1700 m wide (mean = 330 m), 3–240 m deep (mean = 37 m), and
exhibit cross-sectional areas of 160–160,000 m2 (mean = 9400 m2)
(Table 2). The largest channels connect to the Palmer Deep Basin from
both the west over the Palmer Deep Outlet Sill and from the northeast,
south of Anvers Island. Channel form ratios range between 0.02 and
0.48 (mean = 0.14), with channels being on average seven times as
wide as they are deep. Channel b-values are characterised by an interquartile range of 1.1–1.6, with the average b-value of 1.3 denoting that
most channels possess V-shaped cross sections. The channel cross sections exhibit a broad range of symmetry values (from 0 to 2), indicating
that there is no preferential symmetrical orientation for each channel;
no spatial clustering of symmetry values is present.
4.1.2. Marguerite Bay
Channelised landforms within Marguerite Bay are situated on the
inner-shelf portion of Marguerite Trough. This trough housed the largest palaeo-ice stream that drained the Paciﬁc side of the Antarctic
Peninsula Ice Sheet (Livingstone et al., 2012; Hernández-Molina et al.,
2017) (Fig. 1). The >250-km-long trough runs obliquely across the continental shelf in an approximately north-south direction, bounded by
Adelaide Island to the northeast and Alexander Island to the southwest
(Figs. 2b, 3b). The trough is ~50 km across and reaches depths of over
1600 m on the inner shelf before grading into a wider (>70 km),
shallower feature on the outer shelf with only 50–70 m of relief in
water depths of 400–500 m.
The 1055 channels present within the ~35,000 km2 inner-shelf region are incised into bedrock and orientated predominantly northwards
along the long axis of the trough, and southwest in the region southeast
of Adelaide Island. No channels are observed on the outer continental
shelf beyond the transition between the inner-shelf bedrock substrate
and the outer shelf sedimentary strata (Fig. 2b; Anderson and OakesFretwell, 2008). The channels possess meandering thalwegs and contain sections with reverse-slope gradients (Fig. 4b). They are arranged
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in a relatively dendritic pattern, with smaller channels coalescing to
feed wider and deeper channels in the trough's central portion downstream. The majority of channels within Marguerite Trough are relatively straight and short (<5000 m long), although the longest
channels, which ﬂow parallel to the long axis of the basin, may exceed
50 km in length. Southeast of Adelaide Island, the channels exhibit a
more anastomosing pattern comprising of sinuous channels <5000
m long.
The channels range in width between 80 m and 2900 m (mean =
400 m), span depths of 3 m to 200 m (mean = 40 m) and exhibit
cross-sectional areas of 160 m2 to 276,000 m2 (mean = 12,500 m2).
Channel form ratios range between 0.01 and 0.55, with the mean form
ratio of 0.13 indicating that the channels are eight times as wide as
they are deep on average. The range of channel form ratios decreases
with increasing channel cross-sectional area, and tends towards a
value of ~0.1 as the channels enlarge, suggesting that the width of the
channel, rather than its depth, is the dominant control on its shape.
Channels generally exhibit asymmetrical cross-sectional geometries,
yet there are no spatial trends in channel symmetry across the trough.
The interquartile range of cross-sectional b-values falls between 1.0
and 1.5, with an average of 1.2 indicating predominantly V-shaped
cross-sectional geometries.
4.1.3. Pine Island Bay
Multibeam-bathymetric coverage of Pine Island Bay includes most of
the inner shelf portion of Pine Island Trough — a channelised ~19,000
km2 region of the inner continental shelf that extends >400 km northwards from the terminus of the Pine Island Ice Shelf towards the
continental-shelf break (Figs. 2c, 3c). Channels are present across
almost all of the inner continental shelf region covered by existing
bathymetric datasets. No channels exist beyond the transition from
the inner-shelf bedrock to the middle- and outer-shelf sedimentary
strata (Lowe and Anderson, 2002; Gohl et al., 2013). Over 1000 channels
are identiﬁed in Pine Island Bay. The interconnected channels are arranged in a complex anastomosing pattern with no predominant orientation, instead appearing to follow lines of geological weakness in the
inner-shelf bedrock. Channel longitudinal proﬁles exhibit meandering
thalwegs with intermittent reverse-slope gradients (Fig. 4c). The majority of channels are <5000 m long and have sinuosity indexes >1.05.
The channels are 80–3600 m wide (mean = 507 m), 3–330 m deep
(mean = 43 m), and exhibit cross-sectional areas of 590–290,000 m2
(mean = 17,000 m2). Channel form ratios range between 0.01 and
0.44, with the average channel being approximately ten times as wide
as it is deep. Form ratio generally decreases with increasing crosssectional area, denoting that width is the dominant control on channel
shape, and that larger channels are disproportionally wide relative to
their depth. The majority of channel cross sections are asymmetric, although no preferential direction of skewness is favoured. The b-values
of the channels exhibit lower and upper quartiles of 0.9 and 1.4, respectively, with an average b-value of 1.1 denoting that the channels are
predominantly V-shaped.
4.1.4. Dotson-Getz area
Multibeam-bathymetric data coverage in the region offshore of the
Dotson and Getz ice shelves extends ~100 km offshore of the contemporary ice margin, spanning an area of ~30,000 km2 (Fig. 1). The regional
bathymetry of the area consists of three glacial troughs situated offshore
of their respective modern ice shelves that converge northwards into
the main Dotson-Getz cross-shelf trough which continues towards the
continental-shelf break (Fig. 2d). Over 350 channels incise the innershelf bedrock, covering an area of 16,000 km2. Channels occur most
densely within the Getz B cross-shelf trough. No channels are present
on the outer shelf where there are thick sedimentary strata and soft sediments occur at the seaﬂoor (Gohl et al., 2013). The channels are predominantly orientated parallel to the long axis of the troughs and, in
the case of Getz B, tend towards an increasingly dendritic pattern with
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Fig. 2. Bedrock channels on Antarctic inner continental shelves. Detailed multibeam bathymetry of: (a) Anvers-Hugo Trough, (b) Marguerite Bay, (c) Pine Island Bay, and (d) offshore of the
Dotson-Getz ice shelves with channels displayed as black lines and basins shown as blue polygons. The boundary between inner-shelf bedrock and outer shelf sedimentary strata is
displayed as a dotted grey line. The abbreviations PDB and PDOS in (a) refer to the Palmer Deep Basin and Palmer Deep Outlet Sill, respectively. The locations of the channels displayed
in Fig. 3 and the basins displayed in Fig. 6 are shown. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)

distance away from the current ice-sheet margin. The majority of the
channels are <5000 m long and cluster along the edges of the troughs.
Longer channels are less common, but some do occur in the centre of
the troughs. Owing to the higher density of channels present offshore
of the Getz B Ice Shelf compared to the other troughs, the dominant
channel orientation over the whole Dotson-Getz shelf is northeast
which primarily reﬂects the orientation of the long axis of the Getz B
trough. The majority of channels are sinuous, and any straight channels
tend to be <5000 m in length. All channels possess meandering
thalwegs that have sections with reverse-slope gradients (Fig. 4d).
Channel cross sections range in width between 75 m and 2400 m (mean
= 570 m), vary in depth between 4 m and 280 m (mean = 50 m), and exhibit cross-sectional areas between 170 m2 and 207,000 m2 (mean = 22,000

m2). Channel form ratios range between 0.02 and 0.42, with the average
channel nine times as wide as it is deep. Form ratios tend towards a
value of 0.15 with increasing cross-sectional area, implying that channel
width is the dominant control on channel shape, with width increasing
non-linearly with depth. Channel cross sections are typically asymmetric, and no overall tendency towards right or left skewness is present. A
b-value interquartile range of 0.9–1.4 and an average b-value of 1.1 suggests that the channels are predominantly V-shaped.
4.2. Regional comparison of channel morphometry
The channels mapped across the four continental shelf areas are
characterised by remarkably similar morphometric properties. The
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Fig. 3. Bedrock channels incised into Antarctic inner continental shelves. Examples of channels present in: (a) Anvers-Hugo Trough, (b) Marguerite Bay, and (c) Pine Island Bay. Panel
(d) displays cross sections of some of the example channels, with their locations marked as a solid black line in their respective ﬁgure panels. Vertical exaggeration in (d) is ~2×.
White dashed lines in (a–c) indicate the locations of the longitudinal proﬁles displayed in Fig. 4.

widths, depths and cross-sectional areas of the channels exhibit similar
minimum, maximum, and mean values (Table 2). These parameters are
lognormally distributed as a result of larger numbers of comparatively
smaller channels versus smaller numbers of larger ones (Fig. 5). Channels in all four regions are 2–50+ times wider than they are deep,
with an average form ratio of ~0.13 indicating that most channels are
approximately seven to eight times as wide as they are deep. For all
four regions, lower channel form ratios are associated with greater
channel widths and cross-sectional areas. Although a weak positive correlation is present between increasing form ratio and increasing depth
(r = 0.37 to 0.48), channel width is the dominant control on channel
shape. Based on decreasing variances of form ratio with increasing
channel cross-sectional area, it appears that the cross-sectional geometries of channels in all regions tend towards a consistent proﬁle shape as
they enlarge. The variation of b-values with channel size supports this
interpretation, as channels tend towards a b-value of ~1.1 as the dimensions of the channels increase. The cross-sectional proﬁles of the

channels are typically asymmetric, although no direction of asymmetry
is favoured (Fig. 5). Whilst channel morphometries are highly similar
between the four continental shelf regions, the channels in the Amundsen Sea are slightly larger on average than those in the western Antarctic Peninsula. This difference stems from the channels in the Amundsen
Sea being comparatively wider and deeper on average (560–570 m and
50 m, respectively) than those observed in the western Antarctic Peninsula (330–400 m and 37–40 m, respectively).
4.3. Description of mapped basins
In addition to the channels, 59 bedrock basins are mapped in the
multibeam coverage of the seaﬂoor of the western Antarctic Peninsula
and Amundsen Sea regions (Fig. 6). The basins are ﬂat-bottomed depressions with relatively steep (20–40°) bounding slopes. They are distinct from the channels due to their larger dimensions and their wholly
different morphologies including non-parallel sides, lower length-
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Marguerite Bay (Fig. 2b). The majority of basins in Marguerite Bay are
clustered in a region ~40 km south of Adelaide Island, and range in planimetric areal extent between 6 km2 and 88 km2. Like the Anvers-Hugo
Trough, the bedrock basins in Marguerite Bay are connected by a series of
channels that feed into the basins and frequently incise into the base of the
depressions. In the Amundsen Sea, 19 ﬂat-bottomed depressions
with planimetric areas of 5–160 km2 were mapped in Pine Island Bay
(Fig. 2c), whilst a further four basins are present within the Getz B trough,
ranging in planimetric area between 11 km2 and 276 km2 (Fig. 2d).
4.4. Principal components analysis
Principal components analysis was employed to further examine
whether the four study areas could be distinguished from one another
on the basis of their channel metrics. PC1 and PC2 had eigenvalues
>1, and were assumed to best represent the variance in the data; they
were therefore retained for further analysis. PC1 represents 41% of the
total variance, whilst PC2 represents 24% of variance, with most of the
variability in PC1 relating to cross-sectional area (eigenvector =
0.616), and the dominant variability in PC2 being due to form ratio
(eigenvector = 0.763) (Table 3). The pattern displayed in Fig. 8 demonstrates tight clustering of the ﬁrst and second principal components for
all four study regions, implying that all sites exhibit similar morphological characteristics.
5. Interpretation and discussion
5.1. Interpretation of the channels

Fig. 4. Typical longitudinal channel proﬁles. Channels in all study regions possess thalwegs
with reverse-sloping gradients and similar along-proﬁle changes in relative elevation.
Proﬁles are taken from offshore (left side of ﬁgure) to inshore (right side of ﬁgure). The
locations of proﬁles (a), (b), and (c) are displayed in Fig. 3. Proﬁle (d) is from the Getz B
trough. Vertical exaggeration is 13×.

width ratios, irregular shapes and ﬂat bottoms (Figs. 3 and 5). The majority of the basins are <10,000 m long, <5000 m wide and <10 km2
in planimetric area. The basins are typically 2.1 times as long as they
are wide (r = 0.90, p < 0.01) (Fig. 7). All of the basins are connected
by channel networks and many contain subdued linear or drumlinshaped features that are overlain by a thin (<5 m thick) veneer of
post-glacial ﬁne-grained sediment (e.g. Nitsche et al., 2013).
Basins occur most frequently in the region of Anvers-Hugo Trough,
which exhibits 27 bedrock depressions ranging in planimetric area
from 0.13 km2 to the 150 km2 Palmer Deep Basin, which dominates
the bathymetry of this area (Fig. 2a). A further nine basins, morphologically similar to those in the Anvers-Hugo Trough, are observed in

The channels incised into bedrock on the inner continental shelves
of the Amundsen Sea and the western Antarctic Peninsula occur within
large glacially-eroded troughs that extend across the Antarctic continental shelf. Diagnostic subglacial bedforms, including mega-scale
glacial lineations (Clark, 1993), which have been observed to form
under modern ice streams (King et al., 2009), indicate that these
cross-shelf troughs were occupied by fast-ﬂowing ice during former glacial periods (Stokes and Clark, 2002; Ottesen et al., 2005, 2007; Larter
et al., 2009; Dowdeswell et al., 2010; Graham et al., 2010; Livingstone
et al., 2012). The presence of bifurcating and anastomosing channel systems containing abandoned loops, abrupt terminations and initiations,
combined with their undulating thalwegs, is characteristic of erosion
by pressurised subglacial meltwater ﬂowing under ice (Shreve, 1972;
Sugden et al., 1991; Lowe and Anderson, 2003; Lewis et al., 2006;
Greenwood et al., 2007; Nitsche et al., 2013; Domack et al., 2016;
Galofre et al., 2018). The similar geometries, scaling characteristics,
and spatial structures of the channels present within the inner, largely
bedrock-ﬂoored, regions of the different Antarctic cross-shelf troughs
imply that the features were produced by the same mechanism: incision by subglacial meltwater ﬂowing beneath the formerly expanded
outlets of the Antarctic Ice Sheet.
The interpretation that the channel systems present in the AnversHugo Trough, Marguerite Bay, Pine Island Bay, and just seaward of the
Dotson-Getz ice shelves are the product of pressurised subglacial meltwater is supported by high-resolution, remotely operated underwater

Table 2
Extracted channel parameters for the four study regions. The minimum, maximum and mean of the extracted parameter distributions are used as descriptors for each metric. For the bvalue parameter, L.Q. and U.Q. refer to the lower and upper quartiles of the distribution, respectively. The results of the symmetry parameter are not shown here due to consistently ranging
between 0 and 2, and often exhibiting a double-peaked distributional geometry, which would render the use of the mean as a statistical descriptor misleading.
Study region

Anvers-Hugo Trough
Marguerite Bay
Pine Island Bay
Dotson-Getz

Width (m)

Area (m2)

Depth (m)

Form ratio

b-value

Min.

Max.

Mean

Min.

Max.

Mean

Min.

Max.

Mean

Min.

Max.

Mean

L.Q.

U.Q.

Mean

80
80
80
75

1700
2900
3400
2400

330
400
560
570

3
2.6
3
4

240
200
216
280

37
40
50
50

160
160
590
170

160,000
276,000
290,000
207,000

9400
12,500
20,000
22,000

0.02
0.01
0.01
0.02

0.48
0.55
0.44
0.42

0.14
0.13
0.13
0.11

1.1
1.0
0.9
0.9

1.6
1.5
1.4
1.4

1.3
1.2
1.1
1.1
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Fig. 5. Size-frequency distributions of the six channel metric parameters for each study region. The dotted lines in the b-value plots correspond to where idealised V-shaped (b = 1) and Ushaped (b = 2) cross sections would fall on the histogram.

vehicle imagery from Marguerite Bay. This imagery reveals that the
channels have steep sidewalls and contain potholes eroded into bedrock (Hogan et al., 2016). Flow velocities >10 m s−1, together with a
suitable bedload to act as an erosive agent, are required for pothole
formation (Sugden et al., 1991), implying that the channels are the
product of fast-ﬂowing water. Furthermore, their typical form ratios
and b-values indicate that the channels exhibit broad and shallow Vshaped cross-sectional proﬁles, instead of the U-shaped morphologies
associated with direct glacial erosion (Harbor, 1992). A V-shaped morphology is indicative of subglacial meltwater erosion (Rose et al.,
2014), which incises down into the channel ﬂoor rather than widening
the sidewalls (van Dijke and Veldkamp, 1996).
The generally oblique channel orientation with reference to the
along-trough ice-ﬂow direction, as interpreted from the orientation
of subglacial bedforms in all study regions (Domack et al., 2006;
Ó Cofaigh et al., 2008; Larter et al., 2009), combined with their
overdeepened thalwegs, suggests that the channels were not formed directly by the action of grounded ice (Nitsche et al., 2013). Rather, the extensive areas over which the meltwater channels are observed indicate
that, when active, the subglacial hydrological system of the ice formerly
occupying these regions contained abundant subglacial meltwater that
was consistently focussed along the same routing pathways by the subglacial water pressure gradient imposed by the overall ice-surface slope
(Shreve, 1972, 1985; Dowdeswell et al., 2016). The tendency to observe
greater quantities of smaller, anastomosing channels along the ﬂanks of
the inner cross-shelf troughs in Marguerite Bay, Pine Island Bay and offshore of the Dotson-Getz ice shelves may reﬂect the generation of
greater quantities of meltwater through strain heating at the palaeoice stream shear margins (Graham et al., 2009; Perol et al., 2015;
Meyer et al., 2016; Bougamont et al., 2019). Basal hydraulic gradients
resulting from thicker ice in the centre of the troughs would drive the

generated meltwater towards the ice-stream margin (Noormets et al.,
2009; Dowdeswell et al., 2015), explaining the tendency for the meltwater channels to converge into fewer, straighter networks in the central portion of the troughs as they extend towards the continental
shelf break (Lowe and Anderson, 2002). At a local scale, pre-existing
structural weaknesses in bedrock geology would have acted as an additional control on the locations of meltwater channel erosion and ﬂow
routing (Lowe and Anderson, 2003).
5.2. Channel formation
Numerical modelling of subglacial water ﬂow beneath Pine Island
and Thwaites glaciers during the Last Glacial Maximum demonstrates
that the bedrock channels in Pine Island Bay would have been capable
of accommodating discharges of up to 8.8 × 106 m3 s−1 if ﬁlled to the
bankfull level (Kirkham et al., 2019). Although this represents a maximum carrying capacity for the channels, it is several orders of magnitude larger than what would be generated by present day basal
meltwater production rates beneath Pine Island and Thwaites glaciers
(typically <5 m3 s−1; Bougamont et al., 2019), or those predicted
under their expanded Last Glacial Maximum conﬁguration (typically
<20 m3 s−1; Kirkham et al., 2019). Accordingly, the steady state ﬂow
of water produced by basal melting alone would not have been capable
of mobilising the bedload needed to erode such large channels (Alley
et al., 1997; Lowe and Anderson, 2003; Cook et al., 2013; Nitsche et al.,
2013). The mechanism responsible for channel formation was therefore
likely episodic.
Although many mechanisms could be responsible for the formation
of the channels, including propagation of surface meltwater to the
bed of the ice sheet (Carlson et al., 2008; Jansen et al., 2014; Rose
et al., 2014), similar to that observed on the margins of the
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Fig. 6. Examples and cross-sectional proﬁles of bedrock basins in: (a) Anvers-Hugo Trough (the Palmer Deep Basin), (b) Marguerite Bay, (c) Pine Island Bay and (d) offshore of the Getz B Ice Shelf. The vertical exaggeration of cross-sectional proﬁles is
4× in (a), 10× in (b), 20× in (c) and 10× in (d).
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Fig. 7. Dimensions of bedrock basins. (a) Lengths and widths of the bedrock basins present
within four offshore study sites compared to 10 Antarctic subglacial lakes with known
dimensions (from Wright and Siegert, 2012). Inset ﬁgure (b) displays an enlarged
version of (a), showing the 59 mapped offshore basins and 5 known subglacial lakes.

Table 3
Eigenvectors for the ﬁrst and second principal components after variable normalisation.
Eigenvector

PC1

PC2

Width
Depth
Area
Form ratio
Symmetry
b-value

0.561
0.538
0.616
−0.008
−0.001
−0.126

−0.303
0.400
0.019
0.763
0.032
0.405

Fig. 8. Principal components analysis of channel width, depth, area, form ratio, sinuosity
and b-value for the four study regions. Tight clustering between principal component 1
(PC1) and principal component 2 (PC2) is observed. Most variability in PC1 relates to
cross-sectional area and the dominant variability in PC2 is due to form ratio.
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contemporary Greenland Ice Sheet (Zwally et al., 2002; Das et al., 2008;
Bartholomew et al., 2012; Cowton et al., 2012), or outburst ﬂoods triggered by subglacial volcanic eruptions (Nye, 1976; Björnsson, 2002;
Roberts, 2005), the most likely mechanism is the drainage of subglacial
lakes trapped in bedrock basins (Alley et al., 2006; Lewis et al., 2006;
Jordan et al., 2010; Kirkham et al., 2019). Numerical calculations relating
to this mechanism demonstrate that the cascading release of water
trapped in a large upstream basin could initiate a ﬂood with a peak discharge of up to ~5 × 105 m3 s−1, approximately the carrying capacity of
the channels if they were partially ice ﬁlled at the time of the ﬂood
(Evatt et al., 2006; Kirkham et al., 2019). Lower-magnitude discharges
from the drainage of individual lakes would also have had a signiﬁcant
erosive effect when repeated periodically over the duration of several
glacial cycles (Beaud et al., 2018).
Inference of a subglacial lake drainage origin for the channels is also
supported by an association between channel size and proximity to predicted subglacial lakes. For example, in Pine Island Bay, the largest bedrock channels are situated near to former lake basins, whilst smaller
channels are located more distally (Kirkham et al., 2019). The bedrock
channels incised into the continental shelf are also morphologically similar to channel systems that have been attributed to subglacial lake
drainage elsewhere in Antarctica (Lewis et al., 2006). Furthermore,
some channels possess trapezoidal cross-sectional shapes characterised
by b-values of~1.3–1.6 (Fig. 5). This cross-sectional shape has been associated with high-magnitude discharges of water released during outburst ﬂooding in other settings (e.g. Bretz, 1923; Gupta et al., 2007;
Larsen and Lamb, 2016).
Subglacial lake formation is favoured beneath ice streams because of
enhanced meltwater production at the onset zones of streaming ice
ﬂow combined with very low hydraulic gradients (Bindschadler and
Choi, 2007; Carter et al., 2007). This is demonstrated by the spatial distribution of subglacial lakes observed beneath the contemporary Antarctic Ice Sheet, where subglacial lakes tend to cluster in areas:
i) proximal to ice divides where the ice surface slope and ﬂow velocities
are small; ii) at ice-stream onsets where frictional strain heating is
prominent; and iii) in prominent subglacial troughs where ice is relatively thick (Siegert and Bamber, 2000; Siegert et al., 2005, 2016; Le
Brocq et al., 2009). The largest subglacial lakes, such as the 14,000 km2
Lake Vostok, appear to be tectonically controlled (Kapitsa et al., 1996;
Dowdeswell and Siegert, 1999, 2003), whilst smaller lakes occur in
glacially-scoured basins (Bell, 2008), similar in form to those exposed
on the modern seaﬂoor of the inner continental shelves of the Amundsen Sea and western Antarctic Peninsula. A third category of lakes consists of those which have been observed to periodically drain. Whilst
there are some exceptions (Lake Whillans and three lakes in the Adventure Subglacial Trench), these lakes do not have the characteristic radar
reﬂectance properties of bodies of deep water (>10 m) occupying distinct basins beneath the ice sheet (Wright and Siegert, 2012; Siegert
et al., 2014), but can instead be identiﬁed through the localised rising
and falling of the ice-sheet surface measured by satellite altimetry
(e.g. Wingham et al., 2006; Fricker et al., 2007; Smith et al., 2009a).
This class of lake is typically observed in regions of relatively high ice
surface slope, which is unfavourable for long-term water ponding
(Wright and Siegert, 2012). Consequently, these lakes likely represent
shallow, ephemeral features of the subglacial hydrological system
which store water for only a short time before transferring it elsewhere
(Wright and Siegert, 2012; Siegert et al., 2014).
The 59 elongate, steep-sided overdeepened basins observed in the
Anvers-Hugo Trough, Marguerite Bay, Pine Island Bay, and offshore of
the Dotson-Getz ice shelves make them prime candidates for areas
where subglacial water would be likely to pond, producing subglacial
lakes beneath the formerly more extensive Antarctic Ice Sheet. Many
of the offshore basins have similar dimensions to subglacial lakes occupying bedrock depressions elsewhere in Antarctica (e.g. Wright and
Siegert, 2012; Fig. 7). The elongate dimensions of the basins, aligned
with the direction of former ice ﬂow, are consistent with a glacially-
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scoured origin, similar to other areas beneath the contemporary Antarctic Ice Sheet (Alley et al., 2006; Livingstone et al., 2012). For example,
the offshore basins are ~2.1 times as long as they are wide, whereas glacial overdeepenings beneath the contemporary ice sheet are typically
3.3 times as long as they are wide (Patton et al., 2016).
Several studies have suggested that the basins offshore of the presentday ice-sheet margin contained subglacial lakes in the past. Analysis of
sediments recovered from a basin in Pine Island Bay led Kuhn et al.
(2017) to suggest that the sediments were deposited in a low energy
freshwater environment; conditions that are consistent with the presence
of a former subglacial lake. Furthermore, based on analysis of sediment
grain size distribution, radiocarbon dating and 210Pb dating, Witus et al.
(2014) interpreted the uppermost sediment layer in Pine Island Bay as a
meltwater plume deposit and suggested that this unit reﬂects episodes
of meltwater discharge from subglacial basins during the late stages of
ice-sheet retreat in this area. Within the Anvers-Hugo Trough, Domack
et al. (2006) interpreted the network of anastomosing channels to the
east of the Palmer Deep Outlet Sill to be the erosional remnant of a relict
lake delta linked to the development and drainage of a subglacial lake situated in the Palmer Deep Basin, as ﬁrst proposed by Rebesco et al. (1998).
Seismic-reﬂection data indicate that the Palmer Deep Basin is inﬁlled by a
total of approximately 270 m of unconsolidated sediments, the deepest
layers of which may potentially predate the Last Glacial Maximum
(Rebesco et al., 1998). The great depth and relatively narrow (~2:1
length-width ratio) geometry of the basin would prevent ﬁlling by ice
as the grounded margin advanced to cover the bedrock depression. Subglacial sediment deposition could then occur within the ice-free subglacial cavity by the rainout of ﬁne-grained sediments from basal melting
and lateral gravity ﬂows triggered by the inﬂow of meltwater through
the bedrock channels, a process which is suggested to occur for lakes beneath the contemporary ice sheet (Oswald and Robin, 1973; Shoemaker,
1991; Rebesco et al., 1998; Bentley et al., 2011; Smith et al., 2018). It is important to note, however, that whilst many of the offshore basins share
similar areal dimensions to active subglacial lakes observed beneath the
contemporary ice sheet, the volume of water stored in these basins
would be far larger than the amount stored in contemporary actively
draining subglacial lakes due to their much greater water depths (several
tens to hundreds of metres). For example, Subglacial Lake Whillans has
similar dimensions to many of the larger lakes identiﬁed offshore (Fig.
7), yet has a maximum depth of <8 m (Horgan et al., 2012). The ﬁlling
and draining of the offshore lakes would have therefore occurred over
longer timescales than implied by contemporary observations, and released larger quantities of water.
Along the margins and beneath the present-day ice sheet, geomorphological mapping and radio-echo sounding investigations have also
revealed the presence of major channel features formed by subglacial
meltwater. Channels that have similar dimensions to those in the western Antarctic Peninsula and Amundsen Sea (~2.6 km wide and ~160 m
deep) are present along the region dividing the Möller and Foundation
ice streams (Rose et al., 2014). Additional features, attributed to the action of pressurised subglacial meltwater because of their overdeepened
longitudinal proﬁles, have been observed along the East Antarctic Ice
Sheet's Soya Coast (Sawagaki and Hirakawa, 1997), within the Wilkes
Subglacial Basin (Jordan et al., 2010) and at three locations in the
McMurdo Dry Valleys (Sugden et al., 1991, 1999; Denton and Sugden,
2005; Lewis et al., 2006). Jordan et al. (2010) estimated the peak
bankfull discharges for the channel system present in the Wilkes Subglacial Basin to be ~4.92 × 106 m3 s−1 and suggested that the huge volume of water required to sustain such an outburst ﬂood could have been
sourced from an 850 km3 subglacial lake occupying the conﬁned central
basin of this area. Similarly, in the McMurdo Dry Valleys, Lewis et al.
(2006) calculated that a discharge of 1.6–2.2 × 106 m3 s−1 was associated with channel formation based on the dimensions of imbricated
clasts within the channels.
Despite having statistically indistinguishable morphological characteristics (Figs. 5, 8), there appears to be a regional difference between

the physical dimensions of the channels in the Amundsen Sea sector,
which are larger than those in the western Antarctic Peninsula on average (Table 2). One explanation for this discrepancy is the different
catchment sizes of the glaciers that extended onto the continental
shelf during previous glaciations. Presently, the area of ice ﬂowing into
Pine Island Bay (~400,000 km2) and the Dotson-Getz troughs
(~110,000 km2) is over an order of magnitude larger than the Marguerite Bay catchment (~25,000 km2) and two orders of magnitude greater
than that of the Anvers-Hugo Trough (~6000 km2) (Cook et al., 2012;
Bliss et al., 2013; Fretwell et al., 2013). Although these catchments
were likely reconﬁgured in the past due to isostatic loading of the continental shelf by the advance of palaeo-ice-stream margins, the signiﬁcantly larger catchments of the Amundsen Sea glaciers would have
increased the volume of meltwater available for channel generation
compared to those in the western Antarctic Peninsula.
An alternative, or possibly complementary, explanation for the
larger channels in the Amundsen Sea is the inﬂuence of subglacial volcanism. The West Antarctic Ice Sheet lies over a continental rift that was
active until the middle Miocene (Granot and Dyment, 2018) and is
characterised by an elevated geothermal heat ﬂux (Blankenship et al.,
1993; Shapiro and Ritzwoller, 2004; Corr and Vaughan, 2008; Clow
et al., 2012; LaMasurier, 2013; Fisher et al., 2015; de Vries et al., 2017;
Loose et al., 2018). The hinterland of the Amundsen Sea region contains
numerous volcanoes, one of which erupted as recently as ~2200 years
ago (Corr and Vaughan, 2008). Furthermore, Dziadek et al. (2017,
2019) and Schroeder et al. (2014) have found indications of geothermal
heat ﬂow possibly related to young volcanic activities in this area. Analogues from Iceland demonstrate that subglacial volcanic eruptions can
lead to the production of jökulhlaup outburst ﬂoods with discharges up
to ~5×104 m3 s−1 that are capable of being sustained over multiple days
(Nye, 1976; Roberts, 2005). Whilst some parts of the Antarctic Peninsula also contain volcanoes and are characterised by relatively high geothermal heat ﬂuxes (Eagles et al., 2009; Bingham et al., 2012; Martos
et al., 2017), the particularly high concentration of large volcanoes in
the hinterland of the Amundsen Sea region potentially explains the subtle tendency for the channels in the Amundsen Sea region to exhibit
larger characteristic widths, depths, and cross-sectional areas compared
to those in the western Antarctic Peninsula.
The bedrock substrate comprising the seaﬂoor of the western
Amundsen Sea Embayment is considered to be mainly granitic in composition (Smith et al., 2009b; Kipf et al., 2012; Nitsche et al., 2013),
whilst the inner western Peninsula continental shelf is composed of
rugged crystalline, sedimentary and volcanic rocks (Larter et al., 1997;
Anderson and Oakes-Fretwell, 2008; Livingstone et al., 2013). Both regions would therefore be highly resistant to meltwater erosion (Smith
et al., 2009b). Sub-bottom proﬁler investigations of seaﬂoor composition within the study regions (e.g. Ó Cofaigh et al., 2005; Rackebrandt,
2006) demonstrate that unconsolidated, mainly ﬁne-grained, sediment
cover on the inner shelf is generally thin where present (<5 m), although isolated pockets of unconsolidated sediment 10–40 m thick
have been observed in some channels and basins (Smith et al., 2009b;
Nitsche et al., 2013; Kuhn et al., 2017). Other channels are devoid of unconsolidated sediment (Nitsche et al., 2013). Where present, sediment
samples obtained from the channels in Marguerite Bay are similar to
cores recovered by Smith et al. (2009b) in the Dotson-Getz trough system in the western Amundsen Sea Embayment (Hogan et al., 2016).
These cores did not capture any sediments deposited by high energy
meltwater processes, but acquired a sequence of glacial diamictons deposited below or close to grounded ice, overlain by unconsolidated
glaciomarine muds that have been interpreted as reﬂecting the seasonally open-marine conditions of the present interglacial (Smith et al.,
2009b). Graded sand and gravel deposits attributed to short-lived outbursts of subglacial water were recovered in a single core (site PC46)
in Pine Island Bay by Lowe and Anderson (2003), although it is possible
that this sequence could also reﬂect a turbidite deposit (Smith et al.,
2009b). Poor sediment recovery rates and scratched core barrels
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experienced elsewhere in Pine Island Bay led Lowe and Anderson
(2003) to suggest that loose gravels may be present more widely in
this area.
The presence of glacial diamictons within the base of some channels,
combined with their large dimensions, suggests that these features
were overridden by wet-based ice prior to the last deglacial period
and are therefore likely to be signiﬁcantly older than the last glaciation
(Lowe and Anderson, 2003; Smith et al., 2009b). These long formation
timescales are supported by numerical simulations of bedrock erosion
by subglacial water ﬂow (Beaud et al., 2018), which demonstrate that
even discharges capable of transporting coarse bedload (60–500 mm
particle diameter) repeated frequently over 7500 years lead to the erosion of channels that are ~20 m deep and ~100 m wide. This is substantially smaller than the mean sizes of channels on the Antarctic inner
continental shelf (330–570 m wide and 37–50 m deep; Table 2). The
channels were therefore probably formed progressively by numerous
advances and retreats of grounded ice sheets over multiple glacial cycles
(Lowe and Anderson, 2003; Smith et al., 2009b; Nitsche et al., 2013;
Kirkham et al., 2019). The history of erosional overdeepening of the
inner shelf areas bordering West Antarctica, however, makes it unlikely
that the channels observed today are relict features formed millions of
years ago at a time when ice sheets on West Antarctica were more temperate. Rapid accumulation of terrigenous sediments on the continental
rise along the West Antarctic margin during the late Miocene and early
Pliocene suggests that this was when overdeepening of the continental
shelf occurred as a result of glacial erosion (Barker and Camerlenghi,
2002; Scheuer et al., 2006; Bart and Iwai, 2012), particularly in crossshelf troughs where modern water depths locally exceed 1600 m.
Accordingly, the sea bed within the inner shelf parts of these troughs
was probably steadily overdeepened by erosion throughout the late
Miocene and Pliocene, and therefore the channels cut into these surfaces must have formed more recently.
The fact that some channels contain abundant sediments whilst
others do not is an indication that not all of the channels were active
contemporaneously and therefore possess different histories of ﬂow
(Nitsche et al., 2013). One potential explanation for this is that, when
overlain by grounded ice, some channels may remain blocked by ice
until sufﬁcient subglacial water pressure accumulates to facilitate ﬂow
into other areas of the bed (Nitsche et al., 2016). The differential
blocking of some channels by varying conﬁgurations of grounded ice
over multiple glacial cycles would result in the channels being exposed
to different histories of subglacial water ﬂow over time, which may contribute to the spread in channel metrics (Figure 5). The meltwater
routing pathways may therefore have been spatially inconsistent between different glacial periods.
The substantial dimensions of the channels reﬂect the cumulative erosion of pre-existing channels inherited from previous glaciations, facilitated by the great preservation potential of bedrock to direct glacial
erosion (Graham et al., 2009). The inclination for channels to tend towards a characteristic b-value and form ratio as they enlarge suggests
that the oldest channels develop an equilibrium geometry as they are repeatedly occupied by subglacial meltwater, inﬁlled with sediment, and
overridden by ice over multiple glacial cycles. The oldest, and therefore intuitively the largest, channels will be exposed to the re-sculpting of the
top of the channels by the action of glacial ice (Jørgensen and
Sandersen, 2006; Jordan et al., 2010; Kirkham et al., 2019). When combined with the incision by subglacial meltwater ﬂow at the base of the
channels, this ice overriding would result in the production of a characteristic cross-sectional geometry comprising an enlarged U-shaped upper
channel portion and a V-shaped lower portion, generating the characteristically low form ratios and b-values of ~1.1 (Larter et al., 2019).
The shape of the channels is likely to be inﬂuenced by the degree
of sediment inﬁll; this may explain some of the variation in channel
b-values (Fig. 5) (Smith et al., 2009b; Nitsche et al., 2013). The upper
sedimentary facies in Pine Island Bay consists of a well-sorted siltrich mud drape which increases in thickness towards the modern
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grounding line (Kirshner et al., 2012). Witus et al. (2014) suggested
that the total volume of this drape, 120 km3, was deposited over the
last ~7–8 thousand years by the episodic purging of large amounts of
sediment-laden water from subglacial basins as the West Antarctic
Ice Sheet retreated, with the most recent period of deposition beginning <100 years ago. Similar sediment facies have been sampled in
Marguerite Bay and in the western Ross Sea, deposited concurrently
with periods of rapid ice-sheet retreat in these sectors (Kennedy and
Anderson, 1989; Simkins et al., 2017; Prothro et al., 2018). The sediments which make up the drape were likely expelled from the grounding zone and broadcast widely by meltwater plumes, similar to modern
processes that have been observed to accelerate ice-shelf melting at the
fringes of the contemporary ice sheet (e.g. Bronselaer et al., 2018; Wei
et al., 2020). Although the bedrock channels in the Amundsen Sea and
western Antarctic Peninsula signiﬁcantly predate the formation of this
drape, the extensive volume of these plumite sediments suggests that
the subglacial hydrological system upstream of the bedrock channels has
continued to expel large amounts of sediment laden meltwater beneath
the ice sheet in relatively recent times — potentially continuing to excavate
signatures of meltwater into the bed of the contemporary ice sheet.

5.3. Water transport beyond the bedrock channels
With the exception of several inﬁlled channels that have been observed buried beneath soft sediments in the Anvers-Hugo Trough
(Larter et al., 2019) and the sedimentary channels present in the Ross
Sea (Simkins et al., 2017), meltwater channels are generally absent
from the softer sediments present on the middle and outer continental
shelves around Antarctica (Fig. 2). This discrepancy suggests that the
transport of subglacial meltwater may have halted, or operated via a different mechanism, beyond the transition to the softer middle and outer
shelf sediments. Glacimarine sediment deposition from subglacial meltwater streams (emitted from an ice margin) produces well-sorted sedimentary sequences that are sorted into ﬁner fractions with distance
from the outlet point (Powell, 1990; Mugford and Dowdeswell, 2011;
Dowdeswell et al., 2015). The absence of depositional sedimentary
fans at the bedrock-sedimentary transition imaged in the multibeam
bathymetry data analysed here implies that the ﬂow of meltwater
transported through the inner-shelf channel network did not simply
terminate abruptly at this transition.
It is notable that, to the best of our knowledge, no tunnel valleys
exist seaward of the bedrock channels where sedimentary strata occur
in the Amundsen Sea and western Antarctic Peninsula. Tunnel valleys
are large sedimentary channels incised by pressurised subglacial meltwater (e.g. Huuse and Lykke-Andersen, 2000; Cutler et al., 2002;
Jørgensen and Sandersen, 2006; Boulton et al., 2007; Kehew et al.,
2012; van der Vegt et al., 2012). They are common in sedimentary sequences in northwest Europe (e.g. Ehlers et al., 1984; Praeg, 2003;
Jørgensen and Sandersen, 2006; Kristensen et al., 2007, 2008;
Sandersen et al., 2009; Hepp et al., 2012; Stewart et al., 2013),
Australia (Eyles and de Broekert, 2001), North America (Atkinson
et al., 2013; MacRae and Christians, 2013; Pugin et al., 2014), northwest
Africa (Ghienne and Deynoux, 1998; Denis et al., 2007; Ravier et al.,
2015) and in the Baltic and Barents seas (Greenwood et al., 2016;
Bjarnadóttir et al., 2017). Tunnel valleys possess many of the same
characteristics as the bedrock channels analysed on Antarctic inner continental shelves, including similar dimensions (Fig. 9), undulating longitudinal proﬁles and steep-sided cross sections that are typically 10–20
times wider than they are deep (Huuse and Lykke-Andersen, 2000;
Kristensen et al., 2007; Stewart et al., 2013). In some locations such as
the North Sea, it is possible to separate the tunnel valleys into cross cutting generations that can be tentatively correlated to individual glacial
cycles; this implies that it is possible for subglacial meltwater to erode
channels several kilometres wide and hundreds of metres deep within
one glacial period (Stewart and Lonergan, 2011; Stewart et al., 2013),
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Fig. 9. Comparison of the range of channel widths and depths observed around Antarctica with other formerly glaciated regions. Bars display the minimum to maximum range of channel
widths and depths reported in the literature. Where reported, mean channel widths and depths are shown as coloured dots. (For interpretation of the references to colour in this ﬁgure
legend, the reader is referred to the web version of this article.)

albeit in much softer substrates than present on the Antarctic inner
continental shelf.
Sediment inﬁll analysis (Lowe and Anderson, 2003; Smith et al.,
2009b; Hogan et al., 2016), combined with numerical simulations of
subglacial water ﬂow through bedrock channels (e.g. Beaud et al.,
2018; Kirkham et al., 2019) suggests that such high rates of erosion
did not occur for the channels on the Antarctic continental shelf. This
discrepancy may be explained by the incision of the tunnel valleys
into relatively soft sediments compared to often overconsolidated glacial till or bedrock (Passchier et al., 2010), as well as greater water availability from surface melt which likely drained to the ice sheet bed in
many of the lower latitude settings where tunnel valleys are present
(e.g. Carlson et al., 2008; Jansen et al., 2014). The most similar Antarctic
features to the buried tunnel valleys found in other regions were reported by Montelli et al. (2019) on the Sabrina Coast shelf of East
Antarctica. There, buried channels up to 1150 m wide are present on
erosional surfaces dated to the Late Eocene to Late Miocene, indicating
the presence of temperate, meltwater rich glaciations in the Aurora
Basin catchment (Montelli et al., 2019). The formation of these tunnel
valleys likely predates the bedrock channels in the Amundsen Sea and
western Antarctic Peninsula as numerical models suggest that the
West Antarctic Ice Sheet was not sufﬁciently developed at this time to
allow large scale grounded ice to extend onto the inner continental
shelves of these regions (DeConto and Pollard, 2003). Overall, the size,
shape, and form of the bedrock channels present on the Antarctic

inner continental shelf are similar to channels eroded into the substrate
of other formerly glaciated regions. The formative process responsible
for these features may therefore be genetically related, although further
work is required to constrain the timescales and the portion of a glacial
cycle in in which channel incision is most prevalent.
With the absence of further channelised drainage systems seaward
of the bedrock channels, several other possible explanations exist to explain how water may have moved beyond the bedrock-sediment transition. Meltwater could have been evacuated via a canalised drainage
system similar to those observed and predicted under contemporary
ice streams (Walder and Fowler, 1994; Ng, 2000; Murray et al., 2008;
Schroeder et al., 2013) or via Darcian ﬂow through the unconsolidated
sediments themselves, notably since subglacial tills exhibit a higher permeability than the acoustic basement of the inner shelf (Graham et al.,
2009). The relatively delicate morphological signatures associated
with these distributed drainage systems would be unlikely to survive
reworking by the action of overriding ice as soon as any canalised drainage system became inactive. This could have occurred during full glacial
conditions for features on the outermost shelf, or during ice retreat
where till deformation at the bed probably would have obliterated
any evidence of channelised ﬂow (Nitsche et al., 2013). It is also possible
that more channels exist buried beneath soft sediments that were not
reworked by the next advance of grounded ice, similar to those described by Larter et al. (2019). The scale of these features may be
below the resolution of conventional seismic data, and thus a dense
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grid of high-resolution seismic data seaward of the bedrock channels
would be required to explore this hypothesis.
6. Conclusions
Geomorphological records of past channel systems and possible subglacial lakes revealed on deglaciated continental shelves provide insights into inaccessible modern subglacial hydrological processes
which may not be captured by contemporary glaciological observations.
Utilising multibeam bathymetric data collected over the past two decades and covering an area of over 100,000 km2, this study represents
the most complete existing inventory of submarine channel features
present on the West Antarctic continental shelf. Quantitative morphometric analysis of the bedrock channel features has permitted, for the
ﬁrst time, the geomorphological characteristics of over 2700 individual
channels to be derived and compared between four different continental shelf regions. Channels range between 75 and 3400 m in width, are
3–280 m deep, and typically exhibit V-shaped channel cross sections
that are eight times as wide as they are deep, with cross-sectional
areas of 160–290,000 m2.
The bifurcating and anastomosing structure of the bedrock channel systems, combined with their undulating thalwegs, imply that
they were eroded by pressurised subglacial meltwater ﬂowing
under the formerly expanded outlets of the Antarctic Ice Sheet. The
channels have similar dimensions and shapes to tunnel valleys incised into soft sediments in other formerly glaciated regions. However, whilst many tunnel valleys have been suggested to form in
one glacial cycle, the tendency for the Antarctic channels to converge
towards an equilibrium geometry as they enlarge, combined with
their incision into bedrock, suggests that they are composite features
produced by incision into bedrock over multiple glacial cycles. The
channel assemblages present in the western Antarctic Peninsula
are smaller on average compared to those observed in the Amundsen
Sea. This difference is probably related to regional order-ofmagnitude differences in glacier catchment area, and the production
of additional meltwater through volcanic activity and an elevated
geothermal heat ﬂux in the Amundsen Sea region.
The abundance and great spatial extent over which the submarine channels are observed suggests that, when active, the palaeohydrological system of the Antarctic Ice Sheet has been characterised
at one or more times in the past by an abundance of subglacial meltwater. Such an interpretation is inconsistent with the subglacial hydrological system believed to be present under the contemporary
Antarctic Ice Sheet if channelised meltwater ﬂow is assumed to be
continuous. Instead, the water responsible for generating the channels
mapped in this study was most likely sourced from the episodic drainage
of former subglacial lakes. Each of the regions examined here contains
basin-like depressions that are distinguishable from the meltwater channels through their signiﬁcantly greater areal dimensions, steep bounding
sides, and the incidence of subdued geomorphic features on the ﬂat basin
ﬂoors. Geomorphological, seismic and sedimentological evidence suggests that these depressions were formerly subglacial lakes occupying
glacially-scoured basins. Episodic discharges from these subglacial lakes
would have provided sufﬁcient water and sediment to incise the channels
observed on the Antarctic inner continental shelf when repeated over
multiple glacial cycles.
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