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ABSTRACT. The Institute Ice Stream (IIS) rests on a reverse-sloping bed, extending >150 km upstream
into the ∼1.8 km deep Robin Subglacial Basin, placing it at the threshold of marine ice-sheet instability.
Understanding IIS vulnerability has focused on the effect of grounding-line melting, which is forecast to
increase significantly this century. Changes to ice-flow dynamics are also important to IIS stability, yet
little is known about them. Here we reveal that the trunk of the IIS occurs downstream of the intersection
of three discrete subglacial features; a large ‘active’ subglacial lake, a newly-discovered sharp transition
to a zone of weak basal sediments and a major tectonic rift. The border of IIS trunk flow is confined by
the sediment on one side, and by a transition between basal melting and freezing at the border with the
Bungenstock Ice Rise. By showing how basal sediment and water dictate present-day flow of IIS, we
reveal that ice-sheet stability here is dependent on this unusual arrangement.
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INTRODUCTION
The West Antarctic Ice Sheet is thought vulnerable to ‘marine
ice-sheet instability’, where grounding line recession accelerates over an increasingly deepening bed. Such instability
can be forced by melting at the grounding line, as it is
likely occurring across ice streams in the Amundsen Sea
sector (Joughin and others, 2014; Rignot and others, 2014),
and which may occur in the Weddell Sea sector later this
Century (Hellmer and others, 2012). Ice-sheet modelling
reveals the ice streams across the Weddell Sector, and in particular the Institute Ice Stream (IIS) and Möller Ice Stream
(MIS) are highly sensitive to melting at their grounding lines
(Wright and others, 2014). These two ice streams have a relatively flat surface profile upstream of the grounding line,
comparable with those in the Siple Coast, which means the
ice in their trunks is relatively close to flotation (Scambos
and others, 2004; Ross and others, 2012) in contrast with
Thwaites Glacier, for example. Knowledge of ice flow processes in the Weddell Sea sector, and in particular of ice
stream trunk flow, is also critical to regional ice-sheet stability, as accelerated grounding line retreat could be triggered
by ice flow reduction and the resulting net mass loss at the
grounding line, through thinning-induced flotation if flow is
increased, or de-buttressing associated with ice shelf
thinning.
Buckled internal ice-sheet layers and surface stripes across
the Bungenstock Ice Rise (BIR) testify to the region having
undergone substantial change during the last few thousand
years, and possibly as recently as a few centuries ago
(Siegert and others, 2013). This is in contrast to tributaries
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feeding into the trunk of the IIS from the Ellsworth
Mountains, which appear well constrained by subglacial topography and, hence, are likely to be relatively stable features
(Ross and others, 2011, 2014). As the configuration of the IIS
is likely to be newly established, it is important to understand
the conditions and processes leading to IIS flow, as their robustness may dictate future regional ice-sheet change.
The location and cause of ice stream trunk flow have been
ascribed to several different drivers (i.e. bed topography, subglacial geology, the subglacial transition from bedrock to deformable sediment and the presence of subglacial water)
(Anandakrishnan and others, 1998; Bell and others, 1998;
Siegert and Bamber, 2000; Langley and others, 2014).
Here, we examine airborne radar sounding information, in
conjunction with interferometric synthetic aperture radar
(InSAR) measurements of ice-surface velocities (Rignot and
others, 2011), to reveal which combination of these (and
other) variables are associated with the trunk of the IIS.

GEOPHYSICAL DATA AND ICE STREAM FLOW
In the Austral summer of 2010/11 >25 000 km of airborne
geophysical profiles (radar sounding, gravity, magnetics
and LIDAR) were collected by the British Antarctic Survey
(BAS) across the trunks and upstream regions of the IIS and
MIS, revealing their topographic (Ross and others, 2012)
and geological (Jordan and others, 2013) settings, and the
region’s recent (Holocene) glacial history (Siegert and
others, 2013). The BAS radar is a coherent system with a
carrier frequency of 150 MHz, a bandwidth of 12 MHz and
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Fig. 1. Boundary conditions at the onset region, trunk and grounding line of the Institute Ice Stream. (a) Airborne radar profiles, annotated as in
Figures 2, 3, superimposed over InSAR-derived ice-surface velocities (Rignot and others, 2011). (b) Direction of basal water flow (after Shreve,
1972) superimposed over ice-sheet surface elevation (Fretwell and others, 2013). Black arrows indicate the general flow direction of water. (c)
Subglacial bed topography (Fretwell and others, 2013). (d) Crustal lithological structures and units (adapted from Jordan and others, 2013),
superimposed on MODIS imagery. Note sinuous ice-sheet surface channels are seen at the grounding lines of IIS and MIS (after Le Brocq
and others, 2013). In (b) and (d), yellow line denotes the boundary of a smooth, bright bed reflector from water-saturated subglacial
sediments (as shown in Fig. 2), and grey shade denotes the position and extent of ‘active subglacial lake’ Institute E1 (Smith and others,
2009). IIS, MIS, BIR, ETT, UIIS, RSB, IE1 and PSZ refer to the Institute Ice Stream, Möller Ice Stream, Bungenstock Ice Rise, Ellsworth
Trough Tributary, Upstream Institute Ice Stream, Robin Subglacial Basin, Institute E1 and Pagano Shear Zone, respectively. A location map
is provided in the inset.

acquires waveforms at a rate of 312.5 Hz. These data have
been supplemented by those acquired by the Center for the
Remote Sensing of Ice Sheets (CReSIS) during the
Operation Ice Bridge (OIB) programme in 2012 and 2014.
In 2012 a radar profile was acquired, using a system operating
at a centre frequency of 195 MHz and bandwidth of 10 MHz
(Rodriguez-Morales and others, 2013), along the main flow
axis of the IIS. In 2014 an upgraded radar with a bandwidth
of 50 MHz was used to collect profiles upstream of the IIS
grounding line.
Surface ice velocities, derived from satellite InSAR, allow
the flow structure of the IIS, its tributaries and its margins, to
be located and quantified (Fig. 1). The data reveal two
unusual features about the flow of the IIS. First, the greatest
ice velocities are not observed in the deepest regions of the
Robin Subglacial Basin. Instead they occur over the northern
half of the basin, adjacent to the BIR, making the northern
shear margin particularly pronounced. Second, the trunk of
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the IIS (in which maximum velocities occur) is located downstream of the bifurcation of flow around the south-eastern
edge of BIR (Fig. 1). These associations underline the importance of the development and stability of the BIR to the organisation of regional ice-sheet flow.
Airborne gravity and magnetic data reveal that the IIS
onset occurs over the recently discovered Pagano Shear
Zone (Jordan and others, 2013) (Fig. 1). The edge of the
shear zone aligns with the downstream shear margins of
the MIS, making the position of this ice stream strikingly tectonically-controlled and, therefore, likely adding to its spatial
stability. The general flow direction of MIS is similar to that
depicted in surface stripes across the BIR (Siegert and
others, 2013), which further supports MIS flow-direction stability during recent (Late Holocene) regional ice-sheet
change.
The trunk of IIS is also downstream of an ‘active’ subglacial lake, named Institute E1, which was detected by five
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pairs of repeat track ICESat ice-surface elevation measurements, revealing that the lake ‘filled’ by ∼0.5 km3 between
October 2003 and March 2008 (Smith and others, 2009)
(Fig. 1). Institute E1 is one of the largest (by area) of such
‘active’ lakes (Smith and others, 2009), although estimates
of its volume are low, due to relatively small ice elevation
changes observed over it. As in many other ‘active’ subglacial lakes radar data reveal a lack of evidence for the deep
pooled water that is known to exist in lakes beneath the
centre of the ice sheet, such as Lake Ellsworth (Siegert and
others, 2004; Woodward and others, 2010). While the
absence of evidence has led to a debate on the true nature
of ‘active’ subglacial lakes (Wright and others, 2012, 2014;
Siegert and others, 2014, 2016), including whether they
should be referred to as ‘lakes’ at all, the surface elevation
changes detected are likely to be due to subglacial water
flow and, thus, they may be conduits and/or ephemeral
stores of water between the upstream catchment and the
ice stream. The association between Institute E1 and the
trunk flow of IIS downstream points to a hydrological
control on enhanced ice flow, similar to that reported at
the heads of several other ice streams (Siegert and Bamber,
2000; Bell and others, 2007).

SUBGLACIAL SEDIMENTS AND ICE FLOW
Radar profiles reveal where weak porous sediments are likely
to exist over the Robin Subglacial Basin, based on a morphologically ultra-smooth bed that has a high level of radar-reflectivity (Fig. 2; Rippin and others, 2014), similar to the
bed of the Siple Coast where basal sediments have been collected (Engelhardt and others, 1990; Bentley and others,
1998; Peters and others, 2005). The spatial distribution of
basal sediment is extremely well defined, as there is a noticeably sharp border between the smooth and rough beds in the
radar data. The sediment is concentrated across the northern
half of the Robin Subglacial Basin, and extends along the
trough axis between the IIS grounding line and onset (Fig. 1).
Radar data also reveal the bed of the BIR to be similarly
smooth, hence the IIS shear zone separating the ice stream
and ice rise cuts across the basal sediment field (Fig. 2).
The shear zone is characterised by a marked transition in
bed reflectivity, from low reflected power beneath the ice
rise to high reflected power (Fig. 2). Given that ice thickness
change across the shear zone is relatively small, the bed reflectivity change must be due to the contrast between
frozen and wet basal conditions. Although attenuation contrasts between these ice bodies might conceivably also
account for a difference in basal reflectivity, radar attenuation in the ice stream is likely stronger than on the nearby
ice rise (Matsuoka and others, 2012), which means the
actual contrast is likely to be greater than we measure.
Through these data it is reasonable to assume that the basal
sediments beneath the ice stream are wet, and the hydrological processes within the sediments, governing their
strength, must be affected by the lateral transition zone (i.e.
water does not flow across the shear margin).
The radar data also show the deepest regions of the Robin
Subglacial Basin are much rougher than and 250 m below,
the smooth planar surface of the adjacent region of basal
sediments (Fig. 2). Hence the deepest part of the Robin
Subglacial Basin coincides neither with basal sediments nor
the highest ice velocities.
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The wider IIS is divided into two main tributaries; the
Ellsworth Trough tributary and the upstream IIS. The former
supplies ice into the deepest regions of the Robin
Subglacial Basin, whereas ice over the sediment plain originates predominantly from the upstream IIS. Ross and others
(2012) demonstrate how the Ellsworth Trough tributary is
likely to be stable and ancient, due to its strong topographical
control. This may explain why the bed across the deepest
regions of the trough is rough, due to either glacial excavation of sediment or lack of deposition.
Water is certainly thought to run through the deepest part
of the Robin Basin, as demonstrated by hydrological flowpaths, calculated from the hydropotential surface (Shreve,
1972), that terminate at the margin where evidence for subglacial plumes exiting the ice sheet has been found (Le
Brocq and others, 2013) (Fig. 1). One explanation for this arrangement is that the subglacial drainage network is well
organised, leading to low basal water pressures and, therefore, high effective pressures. This is in contrast to the
region in which sediments exist, as water flow paths
meander in a manner consistent with a highly distributed
hydrological system. Such an arrangement is compatible
with high pore-water pressures leading to very weak
dilated sediment.
It seems likely that Institute E1 feeds water, albeit intermittently, to the sedimentary bed of the ice stream. Hydrological
flow paths show how water flows into the sediment upstream
of the IIS trunk, and then leaves the sediment field to flow into
the deep axis of the Robin Subglacial Basin prior to exiting
the ice sheet as a well-define channel at the grounding line
(Le Brocq and others, 2013) (Fig. 1). It is currently not
known whether the sediment water budget is balanced, or
whether water is being held within, or taken from, the sediment. As postulated by Christoffersen and others (2014),
this water balance is likely to be critical to the stability of
sedimentary properties.

FLOW-AXIS BED MORPHOLOGY
Airborne radar data acquired by OIB along the approximate
flow axis of the IIS, confirms the grounding line sits atop of a
reverse slope (DD’ in Figs 1, 3) as proposed with more limited
data by Ross and others (2012). It also reveals that a small
(∼100 m) bump in the overall bed slope exists immediately
upstream of the grounding line, which could act as a local
stabilising influence to retreat. Not all of the more recent
CReSIS transects show this bump, however, suggesting that
it does not extend across the full width of the grounding line.
Further upstream the bed undulates slightly as it deepens.
The largest topographic features in the OIB data are two fairly
abrupt reverse sloping steps; one half way between Institute
E1 and the grounding line, across which the bed falls by
∼200 m in ∼7 km, and a second steeper step that drops
down to Institute E1 by 400–500 m over ∼10 km (Fig. 3).
These bed-elevation steps coincide with surface crevassing
observed in Radarsat imagery, formed as a consequence of
ice flow over the subglacial obstacles, suggesting that they
are laterally-extensive features.
Radar profile DD’ (Fig. 3) provides further information
about the nature of ice/bed interface. First, the bed is generally smooth and flat across >100 km consistent with the presence of basal sediments identified earlier. Second, between
the grounding line and the first bed step, numerous small reflection hyperbolas are observed at the bed. These are
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Fig. 2. Radar sounding profiles acquired by the British Antarctic Survey in 2010/11, revealing the flat interface indicative of water-saturated
basal sediment. Locations for each profile are annotated in Figure 1. (a) AA’. (b) BB’. (c) CC’. IIS and BIR refer to the Institute Ice Stream and
Bungenstock Ice Rise, respectively. Ice-surface velocities (after Rignot and others, 2011) are provided (red) with bed reflectivities (blue) and
basal roughness (green) along each profile. Note in all profiles the association between the greatest ice velocities within the IIS and the region
of the bed interpreted as comprising water-saturated basal sediments. Note also in BB’ and CC’ the association between the marked change in
ice-surface velocity across the IIS shear margin and bed reflection strength, due a sharp transition between wet (IIS) and frozen (BIR) basal
sediments.
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Fig. 3. A radar profile along the central flow axis of the IIS, acquired by Operation Ice Bridge in 2012. The location of the profile, DD’, is
provided in Figure 1. Labels on the radargram denote the following characteristics. (1) The ice-stream grounding line and a small normal
sloping bed slope. (2) Smooth, reverse-sloping ice stream bed. (3) A steep reverse-sloping topographic step, in which the bed elevation
decreases by ∼200 m over ∼7 km. (4) Flat, reverse-sloping ice stream bed. (5) A second steep reverse-sloping step, where the bed
elevation lowers by 400–500 m over ∼10 km. (6) The location of Institute E1. Notice there is little evidence in the radar profile for deep
pooled water, of the type characteristic of subglacial lakes in both East and West Antarctica (Wright and others, 2012, 2014; Siegert and
others, 2014). Also shown along the profile is the ice-surface velocity (after Rignot and others, 2011).

processing artefacts that were removed using the upgraded
radar system in 2014 and are, therefore, not directly diagnostic of bed roughness properties. Indeed the 2014 fully processed data confirm the bed is remarkably smooth in this
region (see Supplementary Information).

SUMMARY AND DISCUSSION
While geophysical data indicate the trunk of IIS is associated with a combination of topography, sedimentology,
geology and hydrology, of these controls the only parameter likely to vary substantially over a short timescale is hydrology. Institute E1 is located at a hydrological focus for
the majority of the upper IIS catchment (except that
issued via the Ellsworth Trough). As the flow of basal
water is heavily dependent on ice-surface slope (being
around ten times more influential than basal topography)
(Wright and others, 2008), even small changes to the icesheet configuration are likely to lead to deviation in the
flow of water into and out of Institute E1. In this way,
hydrological changes associated with Institute E1, and its
upstream supply, may lead to changes in the flow of
water to basal sediments downstream. Such change could
result in to modification to till strength and, potentially,
migration of the frozen-wet shear margin that borders the
BIR. A similar situation has been observed across the
shear margin of Thwaites Glacier in West Antarctica
(MacGregor and others, 2013; Schroeder and others, in
review). The persistent supply of water to the IIS sediments
is thus crucial to ice stream stability, adding further to the
idea that IIS is at a physical threshold of change (Ross
and others, 2012).
Such hydrological change is likely to have occurred as a
result of Late Holocene ice-sheet reconfiguration (Siegert
and others, 2013), as exemplified by surface stripes across
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the BIR, suggesting broad ice flow in a direction similar to
the MIS as recently as a few centuries ago.
Cryosat2 radar altimetry of the IIS catchment indicates
ice surface lowering between 2010 and 2013 (Helm and
others, 2014; McMillan and others, 2014), on the order of
(albeit less than) that upstream of Pine Island and Thwaites
Glaciers, where major ice loss at the grounding line has
also been observed. While the explanation for lowering in
the Weddell Sea Sector is not known, ice-sheet thinning is
as plausible an explanation as surface mass-balance variability. If this is an ice-dynamic signal, there are two ways
of explaining it. First, the region continues to thin through
its post last glacial maximum relaxation. Second, recently
enhanced ice flow has led to dynamic thinning. Both
could lead to adjustments in ice-surface slope and,
thus, the routing of basal water flow, which may influence
ice dynamics through alteration to the strength of basal
sediments.
The IIS, shown previously to be at a physical threshold of
ice-sheet change (Ross and others, 2012) may be vulnerable
as a consequence of a rare combination of subglacial conditions and processes prone to alteration under little forcing.

SUPPLEMENTARY MATERIAL
The supplementary material for this article can be found at
http://dx.doi.org/10.1017/aog.2016.17.
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