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Introduction & Motivation

Sedimentation occurs near grounding lines, causing formation of a 
grounding-zone wedge (GZW)

The presence/growth of a wedge can help to 
stabilise the grounding line (by locally reducing the 
water depth)

At the same time, the generation of an upward-sloping 
bed may influence subsequent retreat.

We seek to understand the coupled dynamics of ice flow and sediment 
deformation in a marine-ice-sheet setting.

and 50% silt and clay [Kamb, 2001; Tulaczyk et al., 1998].
Suspension of the silt and clay fraction by ocean currents,
which are expected to be strong near ice stream grounding
lines [Holland et al., 2008], may explain the separation of
coarse and fine fractions into grounding line distal and
grounding line proximal units with roughly equivalent
thickness. Whereas the fine‐grained fraction of basal ice
debris is carried away by ocean currents, the coarse‐grained
component is deposited either as a sedimentary drape when
grounding lines retreat or as a sedimentary body if the
grounding line remains stationary for a period of time. This
depositional mechanism is illustrated in Figure 6.

5. Grounding Zone Wedges and Ice Sheet
Stability

[29] Sedimentary deposits in the Ross Sea include wedge‐
shaped bodies interpreted to consist of debris that accumu-
lated in front of ice stream grounding lines [Shipp et al., 1999;
Anderson et al., 2002; Howat and Domack, 2003; Mosola
and Anderson, 2006]. These grounding zone wedges are
∼10–100 m thick and ∼10–100 km wide [Dowdeswell et al.,
2008]. Anandakrishnan et al. [2007] used radio echo
sounding to image a grounding zone wedge at the present
grounding line of Whillans Ice Stream. The volume of
sediment in this wedge is estimated to be around 100,000 m3

per meter width of ice stream. It was assumed that the debris
content of ice stream basal ice would be too small to explain
the volume of sediment in the sedimentary wedge, and
the favored interpretation was that sediment is supplied
to the grounding zone by deformation within the subglacial
till layer. This interpretation is consistent with previous

interpretations, e.g., by Mosola and Anderson [2006], but
it differs from the depositional mechanism identified by
Domack et al. [1999] and the observed shallow deforma-
tion of till beneath Whillans Ice Stream [Engelhardt and
Kamb, 1998].
[30] The volume of sediment in a grounding zone wedge

is determined by the glacial sediment flux and the duration
of the grounding line stillstand [Howat and Domack, 2003].
Series of wedges exists in the glacially eroded troughs of the
western Ross Sea [Mosola and Anderson, 2006], and this
indicates that rapid episodes of ice sheet retreat was punc-
tuated by still stands [Dowdeswell et al., 2008]. Such series
of grounding zone wedges are not present in troughs of the
western Ross Sea [Mosola and Anderson, 2006], which was
fed by East Antarctic outlet glaciers [Licht et al., 2005].
Dowdeswell et al. [2008] suggested that the East Antarctic
Ice Sheet and West Antarctic Ice Sheet responded differ-
ently to deglaciation because there is a large spatial differ-
ence in the size of their respective drainage basins (106 km2

versus 105 km2). It is feasible, however, that a difference in
subglacial geology between East and West Antarctica is also
important. The East Antarctic continent is thought to com-
prise an ancient craton geologically associated with those in
Australia and North America [Dalziel, 1991]. The West
Antarctic Ice Sheet rests on soft sedimentary basins that
formed before the ice sheet developed [Studinger et al.,
2001] and potentially during episodes of Pliocene and/or
Pleistocene collapse [Pollard and DeConto, 2009; Scherer
et al., 1998]. These deep marine basins are the sedimen-
tary source of till beneath the Siple Coast ice streams
[Tulaczyk et al., 1998]. The abundant source of easily
eroded sediment may have important implications. As
illustrated by Alley et al. [2007], subaqueous accumulation
of sediment in grounding zone wedges may stabilize ice
sheets against grounding line retreat in response to sea
level rise. The surfaces of grounding zone wedges in the
Ross Sea are typically streamlined by curvilinear sedi-
mentary ridges known as megascale glacial lineations, and
this shows that ice streams were active when the ridges
formed [Dowdeswell et al., 2008]. It is likely that the basal ice
layer in Kamb Ice Stream supplied sediment to grounding
zone wedges, and this supply may have played a key role in
the punctuated retreat of the Siple Coast ice streams during
deglaciation.

6. Conclusions

[31] A borehole camera inserted into Kamb Ice Stream has
revealed the presence of an accreted ice layer with a thick-
ness of 10–15 m. Clear accretion ice with bands of dispersed
and stratified debris dominates the upper 7.2 m of the basal
ice layer. The mean debris content of this upper sequence is
estimated to be ∼5%. The lower 8.3 m thick sequence
contains more sediment due to alternating layers composed
of stratified and solid basal ice facies. The estimated mean
sediment content is ∼20%. The upper basal ice sequence
was most likely accreted in a subglacial environment where
meltwater was abundant, e.g., in one of the deep tributaries
that feed Kamb Ice Stream. The underlying sequence, which
is richer in debris, probably formed on the shallower sedi-
mentary plain that defines the subglacial setting of the Siple
Coast ice streams [Bell et al., 1998; Studinger et al., 2001].

Figure 6. Conceptual illustration showing subaqueous
deposition of sediment in the cavity beneath Ross Ice Shelf.
Direct deposition of the coarse fraction of englacial basal se-
diments forms a sedimentary grounding zonewedgewhen the
grounding line is stationary. The fine fraction forms a sedi-
mentary drape by fall out of particles in suspension by cur-
rents. When the grounding line retreats, the coarse‐grained
fraction forms a coarse‐grained drape. Modified after
Domack et al. [1999] and Anandakrishnan et al. [2007].
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The formation of grounding zone wedges: theory
and experiments
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We present a fluid-mechanical explanation of the formation of sedimentary wedges
deposited at ice-stream grounding zones. We model both ice and till as layers of
viscous fluid spreading under gravity into an inviscid ocean. To test the fundamentals
of our theory, we perform a series of laboratory experiments in which we find that a
similar wedge of underlying, less viscous fluid accumulates spontaneously around the
grounding line. We formulate a simple local condition relating wedge slopes, which
determines wedge geometry. It expresses a balance of fluxes of till either side of the
grounding line and involves upstream and downstream gradients of till thicknesses as
well as the upper surface gradient of the ice. It shows that a wedge will form, that
is the upstream till thickness gradients are positive, when the flux of till driven by
the glaciostatic pressure gradient of the overlying ice is greater than the flux of till
ahead of the grounding zone. This is related to the unloading of the till as the ice
sheet crosses the grounding line.

Key words: gravity currents, thin films, lubrication theory

1. Introduction
Ice streams are fast flowing regions of ice that generally slide over a layer

of unconsolidated, water-saturated glacigenic sediment known as till. Their high
velocities of around 103 m yr�1 are accounted for by a combination of glacial sliding
and till deformation (Alley et al. 1987; Kamb 2001). Subglacial till has been found
to accumulate in sedimentary wedges, or till deltas, at the grounding lines or, more
generally, in grounding zones separating the grounded and floating ice of past and
present-day ice streams (Mosola & Anderson 2006; Dowdeswell & Fugelli 2012).
Sequences of grounding zone wedges formed during stillstands in grounding zone
retreats of former ice streams appear widely at high-latitude continental shelves
of Antarctica (Mosola & Anderson 2006; Dowdeswell et al. 2008; Batchelor &
Dowdeswell 2015). Geophysical data are available from beneath Whillans Ice Stream
in West Antarctica, where a sedimentary wedge has been found to be deposited at
the ice stream’s present-day grounding zone (Anandakrishnan et al. 2007). These

† Email address for correspondence: k.kowal@damtp.cam.ac.uk
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 I REPORTS

 Effect of Sedimentation on Ice-Sheet

 Grounding-Line Stability
 Richard B. Alley,1* Sridhar Anandakrishnan,1 Todd K. Dupont,1,2
 Byron R. Parizek,1,3 David Pollard1

 Sedimentation filling space beneath ice shelves helps to stabilize ice sheets against grounding-line
 retreat in response to a rise in relative sea level of at least several meters. Recent Antarctic
 changes thus cannot be attributed to sea-level rise, strengthening earlier interpretations that
 warming has driven ice-sheet mass loss. Large sea-level rise, such as the 100-meter rise at the
 end of the last ice age, may overwhelm the stabilizing feedback from sedimentation, but smaller
 sea-level changes are unlikely to have synchronized the behavior of ice sheets in the past.

 Ice sheets both cause and respond to sea-level
 changes. Large, rapid ice-sheet fluctuations
 have occurred in the past (1) and may recur,

 but the relative importance of different causes
 remains uncertain. Here we show that sedimenta

 tion beneath ice shelves at grounding lines (where
 ice begins to float) provides substantial stability
 against ice-sheet advance or retreat during sea
 level changes of up to a few meters or more. Such
 forcing from sea-level change occurs on the same
 time scale as does sedimentary stabilization, point
 ing to other environmental controls as being es
 pecially important to ice sheets.

 In 1905, R. F. Scott reported evidence of
 the geologically recent shrinkage of the Ant
 arctic Ice Sheet, despite persistently cold con
 ditions (2). Scott suggested that more snowfall in
 a warmer past explained the larger ice sheet at
 that time. Subsequent evidence showing the
 (near)synchrony of northern and southern ice
 retreat after the last ice age and that Antarctica
 had experienced larger ice sheets when the

 southern climate was colder and drier disproved
 Scott's hypothesis.

 Many workers (3) instead came to accept
 Penck's argument that sea-level rise from the melt

 ing of northern ice sheets had driven the Antarctic

 ice to retreat (4). Ice-sheet synchronization by
 smaller sea-level changes linked to Heinrich events
 or other millennial events has also been frequently

 proposed (1). However, simple sea-level control is
 inconsistent with sparse data indicating that, after
 an initial retreat from the outer shelf (5), additional

 Antarctic shrinkage was delayed until near the end
 of the northern-driven deglacial sea-level rise (6).
 Sea-level control is also inconsistent with the ob

 served slowing of Antarctic ice-stream motion in
 response to rising tide (7,8).

 Sedimentary stabilization of nonfloating tide
 water glaciers is well known (9): Tall, steep-sided
 sediment bodies deposited between ice and water
 reduce iceberg calving. Ice flowing from large ice
 sheets more typically forms floating ice shelves,
 with sediment being deposited beneath the grad
 ually sloping ice-shelf base. Our model results
 and the observations of (10) show that such sedi

 mentation also serves to stabilize the grounding
 line and thus to prevent ice-sheet shrinkage in re
 sponse to a small (<^10 m) sea-level rise. Penck's
 hypothesis (4) may still be valid for ice-sheet
 response to a larger sea-level rise (-100 m); how
 ever, our results, together with recent evidence that

 ice shelves respond sensitively to ocean temper
 ature changes and quickly propagate the response
 inland (77), point to the greater importance of other

 environmental variables, especially sub-ice-shelf
 temperature.

 Going from the grounded West Antarctic Ice
 Sheet to the floating Ross Ice Shelf, the upper
 surface typically drops -10 to 25 m in a ramp
 extending over a few kilometers, which is much
 steeper than the slope upglacier or downglacier
 (12). Where data are available, this surface
 elevation drop is not caused by thinning of the
 ice, as might occur from strong basal melting near
 the grounding line, nor from the effects of basal
 crevassing or near-surface density changes (12).
 Instead, the surface-elevation ramp results mainly
 from a corresponding ramp in basal topography.
 Thus, the onset of flotation is not caused primarily
 by a downglacier thinning of ice to the flotation
 criterion, but more by a downglacier drop in the
 elevation of the glacier bed. This contributes to the
 observed stability of the grounding-line position
 over many decades (12) and to the ice-stream
 slowdown in response to rising tide (7, 8).

 Available data indicate that the topographic
 step in the glacier bed was formed by the recent
 deposition of primarily subglacially transported
 sediment. As shown in (70), a sediment wedge
 occurs just upglacier of the grounding line of

 Whillans Ice Stream, and this wedge is remarkably
 similar to the numerous till-dominated deposits
 formed at the grounding line of the extended ice
 sheet during its retreat from the continental-shelf
 edge as the last ice age ended (13). Observations
 are available from beneath the grounded por
 tions of two active ice streams (Whillans and
 Bindschadler) feeding the Ross Ice Shelf, and both
 showed deformation of soft tills (14); although
 the deformation is probably discontinuous in space
 and time (14), notable sediment transport results.
 The geology near the grounding zone of the Ross
 Ice Shelf has not been mapped in detail, but
 available data indicate that the ice flows along
 fault-controlled basins containing poorly consoli
 dated Tertiary and perhaps Quaternary sediments
 (15). It is highly unlikely that the sedimentary

 department of Geosciences and Earth and Environmental
 Systems Institute, Pennsylvania State University, University
 Park, PA 16802, USA. department of Earth and Envi
 ronmental Sciences, University of Illinois at Chicago,
 Chicago, IL 60607, USA. department of Physics, The
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 REPORTS I
 deposit discovered by Anandakrishnan et al. (10)
 is a localized feature and that the topographic step
 is caused by an unknown transverse geologic
 structure extending across the entire Ross Ice
 Shelf, except where surveyed by Anandakrishnan
 et al. (10). Instead, sedimentary control of most or
 all of the grounding line is highly likely, with the
 available data supporting wedge formation within
 the troughs of modem and past ice streams (13).

 Using three different ice-flow models [labeled
 Dt (Dupont), Pk (Parizek), and Pd (Pollard) for
 their lead developers (77, 16, 17)] including lon
 gitudinal as well as basal shear stresses, we have
 assessed the effect of sub-ice-shelf sedimentation

 on an ice-stream/ice-shelf system. The models
 were run for a coupled ice-stream/ice-shelf con
 figuration approximating Whillans Ice Stream and
 the adjacent Ross Ice Shelf across the grounding
 zone wedge. In some runs, ice-shelf buttressing
 was prescribed, offsetting much of the spreading
 tendency at the grounding line. After reaching a
 steady state with a flat bed, the model ice-stream/
 ice-shelf system was perturbed by instantaneously
 adding a wedge of sediment similar to the 31 -m
 high wedge observed by Anandakrishnan et al.
 (10), with the same basal friction as beneath the
 preexisting ice stream (18). The evolution to a
 new steady state was assessed while the geom
 etry of the sediment wedge was held constant.
 The response of steady-state configurations to
 instantaneous sea-level change was simulated

 with and without grounding-zone wedges.
 The frictional drag from increased ice/

 sediment contact with the addition of the wedge
 slows and thickens the ice above, which in turn
 causes the geometric effect of the wedge to
 become important and to further restrict the ice
 flow (Fig. 1). The resulting grounding-line
 advance beyond the crest of the wedge causes
 flotation to occur where the bed falls away,

 matching observations at the modem grounding
 line, whereas without the wedge, flotation occurs

 where the ice thins sufficiently.
 In all of our models, sea-level rise in the

 absence of a wedge causes the grounding line
 to retreat from its initial position because the
 reduction in basal friction from the flotation of

 previously grounded ice is more important than
 the increase in back pressure from the deeper

 water. The wedge causes the ice above the wedge
 crest to thicken to well above the flotation level;
 small instantaneous sea-level rise then causes very

 small grounding-line retreat to a new position that
 still lies beyond the crest of the wedge and well
 beyond the no-wedge position. Larger sea-level
 rise (~5 m or more) causes the ice to float free
 of the wedge and to reach the same steady state
 as in the no-wedge case (Figs. 1 and 2).

 Larger wedges have greater ice thickness
 above flotation levels at the wedge crest and so
 require larger sea-level rise to force the grounding
 line upglacier of the wedge crest. However, as
 shown in Fig. 3, the dependence of the resistance
 on the wedge height or length is steeper for smaller

 wedges than for larger ones. Furthermore, if the

 wedge volume grows at a constant rate, the wedge
 height and length will increase more rapidly at first

 and more slowly later. Both effects combine to
 produce a more rapid increase in resistance at early
 stages of growth than at later stages (79).

 Stiffer wedges (those with greater frictional
 resistance for a given basal velocity) also re
 quire larger sea-level rise to force the ground
 ing line upglacier of the wedge crest (Fig. 2).

 We expect that at least portions of a wedge will
 often be stiffer than the surrounding no-wedge
 regions. The steepened ice/air surface slope
 that develops in response to friction from a
 wedge (Figs. 1 and 4) will steepen the sub

 glacial hydrologic-potential gradient and speed
 the flow of subglacial water, reducing water
 storage and pressure and thus reducing the
 lubrication of ice motion by sliding or till de
 formation (20). Consideration of our numerical
 experiments with stiffer wedges and of the
 additional stabilizing effect that would occur
 from sedimentation during sea-level rise at or
 dinary rates suggests to us that a sea-level rise of
 >~10 m may be required to force retreat from the
 wedge deposited beneath Whillans Ice Stream
 over the past millennium or so (70).

 Additional simulations of grounding-line/
 wedge interactions reveal a rich range of behavior

 Fig. 1. Effect of grounding-line deposition
 (Pd model). Dashed lines show the steady
 ice-stream profile in the absence of a
 grounding-line wedge, and solid lines show
 the wedge and the corresponding steady
 ice-stream profile. The wedge causes the
 ice to thicken, the grounding line to
 advance past the wedge crest, and an
 inflection point to form in the upper sur
 face at the upglacier end of the wedge,
 which might serve to increase water stor
 age there.

 100

 O -375 h >

 -450

 Initial

 0 p^ grounding line

 Wedge
 crest

 10 20 30 40

 Distance (km)

 Fig. 2. Grounding-line stability in the Pk
 (solid lines) and Dt (dashed lines) models.

 Ice flows from left to right. In the absence
 of a wedge, the grounding line is at 1.1 km
 on this scale. The Pk and Dt experiments
 are not identical because of effects of the

 underlying model physics on the ice-shelf
 and wedge geometry, but the experiments
 are roughly comparable, and the results
 are clearly qualitatively identical and
 quantitatively similar. The ability of the
 grounding line to retreat is greatly limited
 by the constant-thickness boundary condi
 tion at the upglacier (left) end of the
 model domain; additional experiments
 with the same boundary condition applied
 farther away from the grounding line show
 much greater sensitivity to perturbations
 when the grounding line is upglacier of
 the wedge, and they emphasize the sta
 bilizing influence of the wedge. (A) Re
 sponse to sea-level rise. Adding the wedge
 moves the grounding line to 10.1 km, and
 increasing the stiffness of the wedge (the
 frictional resistance for a specified sliding
 velocity) by an order of magnitude moves
 the grounding line to 10.5 km. Sea-level
 rise causes retreat in all cases. However,
 the wedge causes the grounding-line
 retreat to be small up to some limit,
 beyond which the behavior is identical to
 the no-wedge case. The stiffer wedge requires a higher sea-level rise to reach that limit. (B) Response to a
 reduction in buttressing. Initial buttressing opposes 69% of the spreading tendency of the ice shelf at
 the grounding line. A 6% reduction means that buttressing opposes 0.94 x 69% = 65% of the
 spreading tendency. A reduction of 25% is required to cause retreat from the stiffer wedge.

 Grounding-line position (km)

 www.sciencemag.org SCIENCE VOL 315 30 MARCH 2007 1839

This content downloaded from 
� � � � � � � � � � � � � 129.67.116.77 on Wed, 26 Jan 2022 15:33:19 UTC� � � � � � � � � � � � �  

All use subject to https://about.jstor.org/terms

Introduction & Motivation

Alley et al 2007 use a numerical model to investigate 
how presence of a till wedge impacts grounding-line 
position.  Wedge shape is imposed, and static.

Kowal & Worster (2020) develop theory and laboratory 
experiments to examine dynamics of two viscous fluid 
layers (one buoyant, one dense) near a grounding line.
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(a)

(b)

(c)

(d)

(e)

(f)

(g)

FIGURE 2. Sequence of photographs of two of our experiments, showing the deformation
of a viscous current of diluted golden syrup (orange) loaded from above by a viscous
current of glycerine (dyed blue). The upper current (glycerine) spills over an inviscid
potassium carbonate solution and detaches from the lower current (diluted golden syrup)
at the grounding line, where the lower current unloads and accumulates into a wedge.
Panels (a–c) display experiment B shown 100 s before and 200 and 600 s after loading.
Panels (d–g) display experiment E shown 5, 10, 15 and 20 min after loading. Theoretical
predictions after loading are overlain in black. The presence of a pressure-driven radial
flow near the experimental source deviates from the assumptions of unidirectional thin-film
flow. This is seen most in panels (a–c), in contrast to panels (d–g). See the end of § 3.2
for a discussion of the effect of this source flow.

3. Theoretical development
To construct a theoretical model for our experiments, we consider a viscous fluid

of density ⇢ and dynamic viscosity µ spreading under its own weight over another
viscous fluid of higher density ⇢l and dynamic viscosity µl, which spreads under its
own weight and the weight of the fluid above it over a rigid base z = b(x) as shown in
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Two-layer (ice+sediment) gravity-current model
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Two-layer (ice+sediment) gravity-current model

Grounded ice flows according to linear sliding law. 

Floating ice flow is resisted by viscous lateral stress (buttressing).
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Two-layer (ice+sediment) gravity-current model

Grounded ice flows according to linear sliding law. 

Floating ice flow is resisted by viscous lateral stress (buttressing).

Ice shelf melts at a prescribed ocean-induced melt rate.
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Two-layer (ice+sediment) gravity-current model

Grounded ice flows according to linear sliding law. 

Sediment moves through shearing associated with ice sliding, and by 
viscous deformation due its extra weight (relative to ice/water).

Floating ice flow is resisted by viscous lateral stress (buttressing).

Ice shelf melts at a prescribed ocean-induced melt rate.
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Two-layer (ice+sediment) gravity-current model

Grounded ice flows according to linear sliding law. 

Sediment moves through shearing associated with ice sliding, and by 
viscous deformation due its extra weight (relative to ice/water).

Floating ice flow is resisted by viscous lateral stress (buttressing).

Ice shelf melts at a prescribed ocean-induced melt rate.

Prescribed fluxes of ice and sediment at left hand boundary.
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Steady states with no sediment motion



Steady states with no sediment motion



Steady states with no sediment motion

Grounding line position depends on ice-shelf melt rate



Evolution with sediment motion
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Evolution with sediment motion

Sediment deposition causes advance of grounding line (to eventual new steady state) 



Response to increased melting
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Repeated rapid retreat followed by re-growth of sediment wedge  

Response to increased melting

Time



Response to increased melting (no sediment motion)



Response to increased melting (no sediment motion)



Response to increased melting (no sediment motion)



Response to increased melting (no sediment motion)
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Conclusions

Sediment deformation produces a grounding zone wedge, which 
facilitates advance of the grounding line.

Ian Hewitt, hewitt@maths.ox.ac.uk

The steady state with a grounding zone wedge appears to be stable.

Sufficiently sudden increases in ice-shelf melting induce punctuated 
pattern of grounding-line retreat.
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