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INTRODUCTION
The Intergovernmental Panel on Climate 

Change (IPCC, 2007) has highlighted future 
changes in the dynamics of large ice sheets as 
the largest uncertainty in sea level–rise projec-
tions. Understanding processes that control ice 
discharge is therefore of societal and economic 
importance. Ice discharge from the Antarctic 
and Greenland ice sheets occurs mainly through 
fast-fl owing ice streams (Bamber et al., 2007). 
Geophysical and drilling investigations of mech-
anisms at ice-stream beds that enable streaming 
fl ow have been conducted over more than two 
decades (e.g., Alley et al., 1986; Engelhardt and 
Kamb, 1998; Smith et al., 2007), but have been 
limited by inaccessibility of fi eld sites and the 
diffi culty of investigating an interface buried 
beneath hundreds of meters of ice.

Although investigating modern ice sheet beds 
is diffi cult, pristine subglacial bedforms from a 
formerly more extensive ice sheet are preserved 
in many deep troughs on the Antarctic continen-
tal shelf, and large areas of the former ice base 
can be imaged using modern swath sonar tools 
(Pudsey et al., 1994; Canals et al., 2000; Wellner 
et al., 2001, 2006; Ó Cofaigh et al., 2002).

Wellner et al. (2001) described a typical 
progression of bedform types along paleo–ice 
fl ow paths, from grooves, roches moutonnées, 
and subglacial meltwater channels on the inner 
shelf, through a zone of drumlins associated 
with a transition from crystalline to sedimen-
tary substrates, to mega-scale glacial lineations 
on the outer shelf. Furthermore, Wellner et al. 
(2001, 2006) interpreted this progression of 
bedform types as being associated with accel-

erating ice fl ow rates, with the zone of drumlins 
marking the onset of streaming fl ow. Ó Cofaigh 
et al. (2002) showed that extensive multibeam 
swath bathymetry data collected along Margue-
rite trough, Antarctic Peninsula, was generally 
consistent with this model.

Here we present new multibeam swath bath-
ymetry data collected from the Amundsen Sea 
embayment, compiled with sparse preexisting 
data, covering the most extensive, continuous 
area (9950 km2) yet imaged on the inner conti-
nental shelf around Antarctica. We describe sub-
glacial bedforms that indicate a zone of paleo–ice 
stream convergence, and interpret the high spatial 
variability in seafl oor morphology as indicating a 
complex regime at the former ice base.

PREVIOUS WORK IN THE AMUNDSEN 
SEA EMBAYMENT

Approximately 25% of the area of the West 
Antarctic Ice Sheet (WAIS) drains into the 
Amundsen Sea embayment (Fig. 1). Hughes 
(1981) suggested that the Amundsen Sea embay-
ment sector is the most likely site for initiation 
of WAIS collapse. This remains a concern today 
(Vaughan, 2008), but relatively little is known 
about the history of the major glacial systems in 
the Amundsen Sea embayment sector.

Wellner et al. (2001) published the fi rst mul-
tibeam bathymetry and seismic refl ection data 
from the Amundsen Sea embayment, and rec-
ognized that there was a change in subglacial 
morphology associated with a substrate transi-
tion from acoustic basement on the inner shelf 
to sedimentary strata further offshore. Addi-
tional geophysical data and sediment cores from 

a large cross-shelf trough that extends offshore 
from Pine Island Bay (Fig. 1) were interpreted 
by Lowe and Anderson (2002, 2003) as showing 
that grounded ice had extended onto the outer 
shelf during the last glacial cycle. From radiocar-
bon dates on calcareous microfossils in sediment 
cores, Lowe and Anderson (2002) concluded 
that ice retreated from the outer shelf prior to ca. 
16 ka (14C yr) and had retreated to the inner shelf 
by 12 ka. Evans et al. (2006) presented multi-
beam data showing streamlined bedforms that 
extend to the shelf edge in a trough at 114°W, 
and argued that their characteristics suggested 
that the WAIS was grounded to the shelf edge 
during the Last Glacial Maximum (LGM).

DATA ACQUISITION
Multibeam echo-sounding data were collected 

on RRS James Clark Ross and RV Polarstern in 
early 2006. On James Clark Ross a Kongsberg 
EM120 system with 191 beams in the range 
11.25–12.75 kHz was used, and on Polarstern, an 
Atlas Hydrosweep DS-2 system with 59 beams at 
15.5 kHz was used. Beam raypaths and seafl oor 
depths were calculated in near real time using 
sound velocity profi les derived from conductivity-
temperature-depth casts on the same cruises. Pro-
cessing consisted of rejecting outlying values and 
gridding using a near-neighbor algorithm. Sparse, 
preexisting multibeam data were included in the 
grid (GSA Data Repository item DR11). Subbot-
tom echo sounder profi les were collected along 
all survey lines. Navigation data were acquired 
using the global positioning system.

GENERAL PHYSIOGRAPHY
In the western Amundsen Sea embayment, 

three 17–39-km-wide troughs extend seaward 
from modern ice shelf fronts (Figs. 1, 2, and 
Fig. DR2). Within 70 km of the ice fronts these 
troughs merge northward into a single trough 
that is 65 km wide at 600 m depth (Larter et al., 
2007; Nitsche et al., 2007). This trough becomes 
shallower with increasing distance offshore, but 
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ABSTRACT
The fl ow of ice streams, which account for most discharge from large ice sheets, is con-

trolled by processes operating at the ice stream bed. Data from modern ice stream beds are 
diffi cult to obtain, but where ice advanced onto continental shelves during glacial periods, 
extensive areas of the former bed can be imaged using modern swath sonar tools. We present 
new multibeam swath bathymetry data analyzed alongside sparse preexisting data from the 
Amundsen Sea embayment. The compilation is the most extensive, continuous area of multi-
beam data coverage yet obtained on the inner continental shelf of Antarctica. The data reveal 
streamlined subglacial bedforms that defi ne a zone of paleo–ice stream convergence, but, in 
contrast to previous models, do not show a simple downfl ow progression of bedform types 
along paleo–ice stream troughs. We interpret high spatial variability of bedforms as indicat-
ing a complex mechanical and hydrodynamic regime at the former ice stream beds, consistent 
with observations from some modern ice streams. We conclude that care must be taken when 
using bedforms to infer paleo–ice stream velocities.
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continues northwest to the shelf edge where its 
axis, between 118° and 119°W, is still deeper 
than 500 m (Figs. 1 and 3).

The easternmost tributary trough extends 
from the Dotson Ice Shelf and the other two 

extend from parts of the Getz Ice Shelf either 
side of Wright Island. We refer to them as, from 
east to west, the Dotson, Getz A, and Getz B 
troughs. These troughs are all more than 1000 m 
deep at the modern ice fronts.

SUBGLACIAL BEDFORMS
Elongated bedforms revealed by the multi-

beam data are aligned parallel to the axes of the 
tributary troughs and show overall convergence 
with increasing distance from the ice margin 
(Fig. 2). The data show a large amount of vari-
ability in seafl oor morphology across, along, 
and between the troughs. The morphology in the 
southern part of the Getz B trough is markedly 
different from that in the other two.

In the southernmost Dotson trough, within 30 
km of the 2006 ice front, the range of bedforms 
observed includes irregular scours, linear grooves, 
drumlins, mega-scale glacial lineations, and chan-
nels with variable orientations and undulating 
thalwegs (Fig. 4A). The streamlined bedforms 
have elongation ratios ranging from 3.5:1 to 40:1. 
Clusters of drumlins are spread across the trough 
axis 20–25 km north of the ice front, and ~20 km 
farther north, where both the trough axis and the 
elongation direction of bedforms have rotated to 
a northwest trend. Farther northwest, mega-scale 
glacial lineations are the dominant bedforms 
along the axis of the Dotson trough, but continue 
to be interspersed with drumlins (Fig. 2).

The Getz A trough within 30 km of the 2006 
ice front exhibits a range of bedforms similar 
to that observed in the Dotson trough. Stream-
lined bedforms with a range of elongation ratios 
similar to those in the Dotson trough are the 
dominant bedforms in the central 25 km of the 
Getz A trough, although isolated, scoured highs, 
some with amplitudes exceeding 300 m, also 
occur within this zone (Fig. 2). Approximately 
30 km north of the ice front, a zone of drumlins 
and grooves occurs on a sill that extends across 
the trough and rises to <900 m (Fig. 2).

In addition to bedforms indicative of gla-
cial overriding, the southern part of the Getz B 
trough also exhibits a range of bedforms sug-
gestive of erosion by fl owing water. Anastomos-
ing channels are the dominant bedforms in the 
central part of the trough within 25 km of the 
ice front. Many of the channels have undulating 
thalwegs, and the network of channels extends 
over highs within the trough that rise more 
than 300 m above its fl oor (Fig. 2). The largest 
channels (as wide as 4500 m, incised to 450 m) 
merge eastward in a dendritic pattern, and some 
contain meanders (Fig. 4B). There is a transition 
to northeast-trending, elongated drumlins and 
mega-scale glacial lineations as the dominant 
bedforms in the trough 35–40 km northeast of 
the ice front (Fig. 2). Some of the mega-scale 
glacial lineations continue across a broad sill at 
the mouth of the Getz B trough, parts of which 
rise to <700 m (Fig. 2). This sill is colinear with 
the one at the mouth of the Getz A trough.

In the 35 km to the north of the sills, mega-
scale glacial lineations are interrupted by further 
bands of scoured highs and drumlins. There is an 
abrupt northern limit to this zone of varied bed-

Figure 1. Amundsen Sea embayment map showing tracks of 2006 cruises on RRS James 
Clark Ross (red) and RV Polarstern (blue). Regional bathymetry from Nitsche et al. (2007). 
Moderate resolution imaging spectroradiometer (MODIS) mosaic of Antarctica is shown in 
onshore areas. Box indicates location of Figure 2. White lines indicate locations of profi les 
in Figure 3. Inset shows location of main map.
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forms at ~73°30′S, beyond which mega-scale gla-
cial lineations are the only bedforms in the next 
40 km along the trough (Figs. 2 and 4C). Seismic 
profi les show that this boundary coincides with 
a change in substrate from acoustic basement 
to the south to northward-dipping sedimentary 
strata to the north (Wellner et al., 2001; Larter et 
al., 2007). Subbottom profi ler data show either no 
seafl oor penetration or very thin sediment cover 
everywhere to the south of this boundary (Fig. 
DR3A), suggesting that the observed bedforms 
are eroded into or directly overlie bedrock.

As the main Dotson-Getz trough shallows 
northward, randomly oriented furrows cut-
ting across mega-scale glacial lineations are 
encountered at 760 m depth (Fig. 4D). Such 
furrows are characteristic of ploughing by ice-
berg keels (Barnes and Lien, 1988; Pudsey et 
al., 1994). Shallower than 700 m, only 20 km 
farther north along the trough axis, mega-scale 
glacial lineations are completely obliterated by 
iceberg furrows.

The Dotson-Getz trough continues to shallow 
northward all the way to the shelf break (Fig. 1; 
Nitsche et al., 2007), with an average gradient of 
0.08° (Fig. 3). On each profi le shown in Figure 
3, the only interruption to this northward shoal-
ing is one <30-m-high, seaward-inclined ramp 
near 73°S. These profi les preclude the existence 
of any large grounding zone wedges or moraine 
banks farther seaward on the shelf that could 
plausibly be interpreted as marking the limit of 
LGM grounding line advance (cf. Shipp et al., 
1999; O’Brien et al., 1999). This is consistent 
with the interpretation that the grounding line in 
the Amundsen Sea embayment advanced to the 
shelf edge (Evans et al., 2006). The cross-trough 
profi le in the inset in Figure 3 demonstrates that 
the trough continues across the outer shelf, albeit 
with a relief of only ~70 m.

DISCUSSION AND CONCLUSIONS
Bedform elongation ratios of as much as 40:1 

close to the modern ice fronts in the Dotson and 

Getz A tributary troughs indicate that paleo–ice 
streams fl owed along them during the last gla-
cial period (cf. Canals et al., 2000; Ó Cofaigh 
et al., 2002; Stokes and Clark, 2002). Similarly 
elongated bedforms, within 40 km of the Getz 
B ice front, indicate that streaming fl ow also 
occurred at least in the northeast part of that trib-
utary trough. The pattern of bedforms indicates 
fl ow convergence northward, which necessarily 
also implies fl ow acceleration.

Using sparser multibeam bathymetry data, 
Wellner et al. (2001) suggested that initiation of 
streaming fl ow was coincident with the change 
in substrate at ~73°30′S. This boundary coincides 
with downfl ow change to very uniform bedforms, 
which suggest a uniform basal dynamic regime, 
probably involving an extensive basal till layer 
(Fig DR3B; cf. Alley et al., 1986; Dowdeswell et 
al., 2004). However, the new data presented here 
leave little doubt there was streaming fl ow much 
farther south that continued until a late stage dur-
ing the last glacial cycle.

Many channels observed in the inner part of 
the Getz B trough and near the fl anks of the Getz 
A and Dotson troughs have undulating thal-

wegs and run into shallower water depths with 
increasing distance offshore. These characteris-
tics indicate that they were formed by subglacial 
water fl ow, like similar features in Pine Island 
Bay (Lowe and Anderson 2002, 2003), Mar-
guerite trough (Ó Cofaigh et al., 2002), Palmer 
Deep (Domack et al., 2006), and Wright Valley 
in the Transantarctic Mountains (Lewis et al., 
2006). The extent and size of the channels indi-
cate that there have been times of abundant sub-
glacial meltwater supply in this area, but over 
what period and how frequently fl ows occurred, 
how water fl owed farther offshore where obvi-
ous channels are lacking, and what happened to 
the meltwater bedload, are all unresolved ques-
tions (Smith et al., 2009).

Within the tributary troughs, mega-scale gla-
cial lineations are interspersed with drumlins, 
scoured bedrock highs, and channeled areas, 
and mega-scale glacial lineations are disrupted 
by bands of drumlins several times along some 
paleo–fl ow lines. The close spatial association 
and alternation of these different types of bed-
forms makes it implausible that they could result 
from substantial spatial variations in paleo–ice 
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Figure 3. Bathymetric profi les along Dot-
son-Getz trough. Open arrows mark short 
seaward-inclined ramps. Inset shows profi le 
across outer shelf part of trough, with ver-
tical scale expanded compared to main fi g-
ure. Small fi lled arrows mark intersections 
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Figure 4. Shaded relief images of selected multibeam bathymetry data areas. Grid cell size is 30 
m, projected in Universal Transverse Mercator zone 11S. Locations are shown in Figure 2. A and 
B are illuminated from northwest, C from west, D from northeast; all with 45° elevation. A: Varied 
bedforms in Dotson trough. B: Channels in Getz B trough; arrows mark meanders. C: Bound-
ary between zone of varied bedforms and zone containing only mega-scale glacial lineations 
(MSGL), which coincides with substrate boundary in seismic profi les. D: Transition from MSGL 
to iceberg furrows in Dotson-Getz trough, with bathymetric contours at 40 m intervals.
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fl ow velocity. The high spatial variability sug-
gests a complex ice stream basal regime, prob-
ably involving patches of dilated, deforming till 
interspersed with basal sliding over so-called 
“sticky spots” (Stokes et al., 2007) and areas 
of channelized subglacial meltwater fl ow. This 
interpretation is consistent with results of geo-
physical investigations of conditions at the base 
of several modern ice streams, including Rutford 
Ice Stream (Smith, 1997; Smith et al., 2007; King 
et al., 2007), Talutis Inlet (Vaughan et al., 2003), 
and Pine Island Glacier (Smith and Scott, 2007). 
The extensive area covered by the data presented 
here suggests that such complex basal regimes 
cannot be dismissed as exceptions, and therefore 
reliable prediction of the future behavior of mod-
ern ice streams may require collection of exten-
sive geophysical data to map their bed conditions. 
Furthermore, although there are few data on geo-
logical structure beneath the WAIS, what little 
information exists suggests the substrate is likely 
to be variable (e.g., Bentley and Clough, 1972), 
and therefore more similar to the inner shelf area 
studied here than areas further offshore that are 
underlain by extensive sedimentary strata.

The extensive new data presented here from 
a zone of paleo–ice stream convergence and 
acceleration show that downfl ow progression 
of bedform types is not necessarily as simple as 
proposed by Wellner et al. (2001, 2006). High 
local variability suggests that the main controls 
on bed morphology in this largely bedrock-
fl oored, inner shelf area are spatial variations in 
basal processes and resistance of the bedrock to 
erosion, rather than fl ow velocity. This in turn 
implies that caution must be exercised in infer-
ring paleo-fl ow rates from relict bedforms alone. 
While mega-scale glacial lineations are a reli-
able indication of intermediate to fast fl ow, the 
absence of elongated bedforms does not neces-
sarily indicate slow fl ow, and there is a substan-
tially increased risk of past fl ow regimes being 
misinterpreted if data coverage is only partial.
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