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Article history: The Greenland and East and West Antarctic ice sheets are assessed as being the source of ice that produced an
Received 7 October 2010 Eemian sea level 6 m higher than present sea level. The most probable source is total collapse of the West
Available online 13 January 2011 Antarctic Ice Sheet accompanied by partial collapse of the adjacent sector of the East Antarctic Ice Sheet in

direct contact with the West Antarctic Ice Sheet. This conclusion is reached by applying a simple formula
Keywords: . relating the “floating fraction” of ice along flowlines to ice height above the bed. Increasing the floating
East Antarctic ice sheet . . . . . .
lce streams fraction lowered ice elevations enough to contribute up to 4.7 m to global sea level. Adding 3.3 m resulting
Ice shelves from total collapse of the West Antarctic Ice Sheet accounts for the higher Eemian sea level. Partial
Rising sea level gravitational collapse that produced the present ice drainage system of Amery Ice Shelf contributes 2.3 m to
Climate change global sea level. These results cast doubt on the presumed stability of the East Antarctic Ice Sheet, but

destabilizing mechanisms remain largely unknown. Possibilities include glacial surges and marine

instabilities at the respective head and foot of ice streams.
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Introduction entering the fjords (Christoffersen et al., 2008; Holland et al., 2008).

Modeling studies suggest these surges may last only a few years
An enduring mystery of the Quaternary ice age is the source of the (Thomas, 2004). Even a worst-case scenario provides only a 2 m rise in
high Eemian sea level, 6 m higher than present sea level at the last sea level and leaves the GIS largely intact (Hughes, 2004). We seem to be
interglacial maximum and possibly even higher sea levels in the more left with the EAIS as the most probable source of Quaternary sea levels
distant past. Hollin (1962, 1972) linked these higher sea levels to 6 m or more higher than at present, both in the past and in the future.
instabilities in the Antarctic Ice Sheet, which today impounds ice Here we examine that prospect.
equivalent to some 70 m of sea level. Mercer (1968, 1970) ascribed the Figure 1 shows the Antarctic Ice Sheet today, including the
higher Eemian sea level to collapse of an Eemian West Antarctic Ice boundaries of major ice-drainage basins that supply major ice streams
Sheet (WAIS), which presumably had a size comparable to the WAIS and that provide case-studies for assessing stability of the ice sheet as
today and was inherently unstable, being a largely marine ice sheet a whole. Note that Ross Ice Shelf and Ronne-Filchner Ice Shelf occupy
grounded below sea level. However, Bamber et al. (2009) have shown the respective Ross Sea and Weddell Sea marine embayments. These
that collapse of today's WAIS would cause sea level to rise by only 3.3 m. embayments were occupied by an expanded WAIS at the last glacial
This leaves only the East Antarctic Ice Sheet (EAIS) and the Greenland Ice maximum that was triple the size of the WAIS today (Denton and
Sheet (GIS) as sources for higher Quaternary sea levels. Today, the GIS Hughes, 2002). Gravitational collapse of these sectors began in
impounds ice equivalent to about 7 m of sea level. Its bed is frozen under earnest during the Holocene, after rising sea level from collapsing
the high central dome and has been frozen for some 130,000 years Northern Hemisphere ice sheets had largely ceased (Hall et al., 2004).
(Alley et al., 1997; Mayewski et al., 1997), so the GIS was probably Hughes (1975) proposed two mechanisms for WAIS collapse, past and
largely intact during the Eemian. Most Greenland ice today is discharged future. The first was the glacial surge mechanism proposed by Robin
by ice streams that become outlet glaciers confined in narrow fjords. and Weertman (1973), but applied to WAIS ice streams. Bindschadler
Pfeffer et al. (2008) have shown that these restrictive fjord boundaries (1997) gave evidence for this mechanism being active today in ice
prevent large-scale collapse of the GIS by way of increased surge-like streams entering Ross Ice Shelf. In this mechanism, ice actively
discharge from ice streams, such as has begun in recent years (Thomas lowering at the heads of surging ice streams eventually causes
et al., 2009). These increases have been attributed to surface meltwater ice-shelf grounding lines to reactively retreat. The second was the
reaching the bed (Van der Wal et al.,, 2008) and warmer ocean water marine instability mechanism developed by Weertman (1974) and
later applied to the Ross sector by Thomas and Bentley (1978), and
* Corresponding author. Climate Change Institute, University of Maine, Orono, ME the.n toall WAI_S sgctors by Stu1ver. et %l' (1981). In thl.S mechanism,
04469-5790, USA. actively retreating ice-shelf grounding lines drove reactive collapse of
E-mail address: terry.hughes@maine.edu (T. Hughes). interior ice. In both mechanisms, ice thins as a result of ice-bed
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Figure 1. Geographical setting of the Bottleneck. Major ice streams shown by arrows are Foundation Ice Stream (F), Mercer Ice Stream (M), Pine Island Glacier (P), Thwaites Glacier
(T), Byrd Glacier (B), and Lambert Glacier (L). Heavy dashed lines show future ice-stream retreat routes. Light dashed lines enclose present ice drainage basins.

uncoupling, either beneath ice streams that supply the ice shelves or
beneath confined and pinned ice shelves in marine embayments. The
glacial surge mechanism (Kamb et al., 1985) applies to both marine
and terrestrial portions of the WAIS and the EAIS. The marine
instability mechanism only applies to marine parts of these ice sheets
(Schoof, 2007). This is important in assessing stability of the EAIS.

The following sections provide a hypothesis for studying ice-sheet
stability, applications to possible former and future partial collapse in
two EAIS ice drainage systems, and a discussion of how these systems
can be studied more fully.

A hypothesis to measure stability of ice sheets

The hypothesis applied to measure stability of the EAIS is based on
three postulates. (1) Ice height above the bed is controlled by the
strength of ice-bed coupling, reducing ice thickness by some 90%
when coupling vanishes. (2) Ice-bed coupling vanishes along ice
streams that end as floating ice shelves and drain up to 90% of an ice
sheet. (3) Because of (1) and (2), ice sheets can rapidly collapse and
disintegrate, thereby removing ice sheets from Earth's climate system
and forcing abrupt climate change. This hypothesis has been assessed
by Hughes (2009a). Here we deal with (1) and (2), using linear ice
flow for simplicity, prior to our EAIS applications.

Consider a longitudinal force balance for linear sheet flow.
Approximate the bed by an up-down staircase, with vertical ice
columns having height h; and horizontal basal area A, on steps, so ice
thickness gradient Ah;/Ax along flow equals ice surface slope Ah/Ax.
Changes in bed slope take place between ice columns. Ice motion is
caused by horizontal gravitational driving force F; = P;A,for average
ice pressure P;=1P;=1p; g h; acting on transverse vertical area
A,=w, h, where P; is basal ice pressure, pj is ice density, g is gravity
acceleration, h; is ice thickness, and w; is flowband width at horizontal
distance x from the grounded ice margin. Resisting horizontal ice
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motion is force Fr = (Pj-AP;)(Ax—AAx) + ToAz, Where AP, =15p; g Ahy
and AA,=w; Ah; due to change Ah;, of ice elevation in Ax, and 7, is the
basal shear stress in basal area A,=w; Ax normal to the vertical z
direction. Setting F; = Fy gives, to a first approximation, for surface slope
« at x as Ax shrinks to zero:

To = pighiat = P (1)

In linear unconfined shelf flow, a first approximation balances
gravitational force F; = (PiAy), = (Yap: g hy) (w; h) against resisting
force Fg = (PwAx)y, + (0rAY); =(¥2pw € hw)(w; hw) 4+ 01 wy h;. Here
P; and Py are average ice and water pressures at the vertical front of
the ice shelf, py is water density, hy is water depth at the base of
floating ice, where water pressure Py, = pyghw = P;= pigh; to satisfy
the buoyancy requirement. Longitudinal tensile stress or acts on
transverse vertical cross-sectional area Ay =w; h;. Setting F; = F and
solving for o7 using pwhw = p;h; for buoyancy:

or = 1,08 hy-pwg hw (hy / hy) = Pi(1-p; / pw) (2)

Taking w; constant, Fg and Fy use triangular areas P;h; for ice and
Pyhy, for water. Setting F;=F to obtain Equations (1) and (2)
therefore employs a geometrical force balance in the flow direction
(Hughes, 2009b). The same expressions for 7o and oy are obtained by
integrating the equilibrium/momentum equations for linear sheet
flow (Nye, 1952) and linear shelf flow (Weertman, 1957a),
respectively.

Representative EAIS values are h;~2 km and a=0.005, giving
To~100 kPa using Equation (1). Taking h;=2 km and p;/pw=0.9
gives o=~ 1000 kPa using Equation (2). The viscoplastic “yield stress”
of ice 0p requires that op~To~0r=100 kPa (Paterson, 1994).
Therefore grounded ice 2 km thick thins to floating ice about 200 m
thick when ice-bed coupling is totally removed, as is observed at the
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calving fronts of ice shelves (Drewry, 1983). This satisfies postulate
(1). That this thinning occurs along ice streams, converting the high
convex profile of sheet flow into the low concave profile of stream
flow to become the nearly flat profile of shelf flow, satisfies postulate
(2). Equations (1) and (2) are the respective sheet flow and shelf flow
end members for continuous transitions from fully grounded sheet
flow to fully floating shelf flow. The transition is made by specifying an
increasing “floating fraction” ¢ downstream for ice in stream flow.

Equation (2) applies at the grounding line of a freely floating ice
shelf, even though water does not contact a vertical ice face as it does
at the calving front. This is because the buoyancy requirement P;= Py,
is satisfied at both locations and at all locations in between (Hughes,
2009b). Thomas (1973a,b) modified Equation (2) to include back-
stress op when the ice shelf is in a confined embayment and/or is
pinned to the sea floor, producing ice rumples and ice rises on the ice
surface. At the ice-shelf grounding line with an ice stream where
x=0, or=(0y)o, and h;=ho:

op = R[".pi8 ho(1-p; / Pw)-08] 3)

. . . . \2 . . o\2 . . 2]1/2

Here R = {1 + (& /) + (8y/ &) + (B /&) + (8xz/ Exx) }

takes account of the geometry of the ice shelf by including transverse
strain rates £y, side shear strain rates &, alongside the embayment
and ice rises, and basal shear strain rates &,, at ice rumples (Hughes
1998, page 170). Ice flows around firm basal pinning to produce
surface ice rises, and scrapes across weaker basal pinning to produce
surface ice rumples. Solving Equation (3) for ho:

2(0r + Rop)

h, = T 7 )
© ™ Rog(1-p;/ pw)

(4)

Note that hy increases as ice-shelf buttressing quantified by op
increases. Thomas (1973a,b) shows how op is calculated for
McDonald Ice Rumples on Brunt Ice Shelf in East Antarctica.

By definition, floating fraction ¢ of ice at any location along x is the
ratio of area Ar where ice is uncoupled from the bed and therefore
“floating” to basal area A;. An assumption is that, for an ice column of
base A;and height h;, area Ar supports floating height hr and grounded
area A-Ar supports grounded height h;-hg so that:

b=Ag /A =hg/hy (5)

Total coupling in sheet flow requires Ar=0 so that ¢ =0 and
hg=0 for a grounded ice sheet ending on land (Nye, 1952). Total
uncoupling in shelf flow requires Ar=A; so that $ =1 and hg=h;, for a
freely floating ice shelf (Weertman, 1957a).

The appendix shows how the longitudinal force balance provides a
first-order approximation to Equation (5) given by:

d=ho /Iy (6)

Here ho substitutes for hr in Equation (5). Equation (5) allows a
frozen bed for which ¢ =0, but Equation (6) requires a degree of
hydrological continuity all along the flowline because ¢>0 when
ho>0. However, subglacial lakes are widespread in East Antarctica
(Smith et al,, 2009), as Bell (2006) noted, so Equation (6) is a
reasonable first-approximation to Equation (5). Note that ¢>0 when
ho>0 applies only for a marine ice sheet grounded below sea level. If
the ice sheet ends on land, ¢ =ho =0 and the ice sheet is grounded
everywhere. This is a limitation of the approximation ¢ = ho/h; in
Equation (6). It results from applying a longitudinal force balance
while ignoring the mass balance. Including the mass balance allows
regions where ¢ =0 even when hp>0. As an ice shelf becomes
increasingly confined and pinned, a greater gravitational driving force
(Fe)o = (Pwihy), = 12 pigw;h3 at x=0 is required to “push” the ice
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shelf forward. Therefore hy increases as an ice shelf becomes
increasingly confined and pinned, as shown by Equation (4).

Although Equation (6) is remarkably simple, it is quite robust,
applying to both flowbands and flowlines. Equation (6) is derived for
flowbands using a geometrical force balance in the direction of ice
flow (Hughes, 2009b). Our appendix provides the flowline derivation.
In the flowband derivation, basal shear stress 7o, side shear stress Ts,
upslope tensile stress or, and downslope compressive stress o¢ are all
derived locally for h; at distance x from the ungrounding line where
x=0and h;= ho, and all depend on the local value of floating fraction
¢ of ice. Flowband applications are most useful in ice streams where 75
is important. Flowline applications apply down the centerline of ice
streams where 75 = 0 and the effects of side drag are incorporated into
To for basal drag (Hofstede, 2008).

Possible former collapse of the amery ice drainage system

Figure 1 shows the Amery ice drainage system that supplies Amery
Ice Shelf. The main supplier is Lambert Glacier, but smaller outlet
glaciers also supply ice. Figure 2 shows the surface and bed
topography for this system using BEDMAP data. Ice elevation contours
bow deeply inward, suggesting massive gravitational collapse of ice at
some time in the past. Contours bow inward when the ice surface
lowers substantially over this region. Keeping first-order limitations
in mind, Figure 2 shows five flowlines from the East Antarctic ice
divide to the marine ice margin where ice becomes afloat on the
Antarctic continental shelf facing the Indian Ocean, before our
postulated gravitational collapse lowered the ice surface and
produced the Amery ice drainage system. Ice elevation contours at
250 m intervals before the collapse of the system are shown as
straight lines that connect with present-day uncollapsed ice eleva-
tions. Flowlines 1 through 5 are approximately normal to these
straight contour lines. This approximation is acceptable for a first-
order study. Four present-day flowlines in the Amery ice drainage
system are numbered 1 through 4. All converge at the head of Amery
Ice Shelf, which apparently begins at a fjord headwall that is not
resolved by BEDMAP data (see Craven et al., 2009).

Figure 3 shows surface and bed profiles along the five “pre-
collapse” flowlines in Figure 2, the resulting ice thickness profiles, and
values of ¢ delivered by Equation (6). Ice flows above a bed having
variable topography, along which 7o varies (with T7o=0 at x=0
where h;=ho). All profiles are convex where ¢~0.2, except for a
concave portion <100 km long along which ¢ climbs rapidly from
about 0.2 to 1.0 at the ungrounding line. These concave portions
represent ice-bed uncoupling as grounded ice increasingly becomes
afloat. A high rugged bed near the ice margin in flowline four makes ¢
vary erratically in this region. For uniformity, all flowlines end in
water 500 m deep, giving ho =550 m in Equation (6) as ice becomes
afloat at x=0. The value ¢~ 0.2 for sheet flow allows ice elevations
h at the East Antarctic ice divide to match present-day elevations.

Figure 4 shows surface and bed profiles, the resulting ice thickness
profiles, and the ¢ variations obtained from Equation (6) along each of
the four “post-collapse” present-day flowlines in Figure 2. Ice surfaces
are convex where ¢~0.4 4 0.2, but ¢ increases rapidly to 1.0 at the
ungrounding line in about the last 300 km, with a sharp dip toward
0.2 at a probable fjord headwall (x~30 km), allowing it to partly
“dam” inland basal water. The ice surface loses much of its convex
profile but it does not become the concave profile of stream flow,
partly owing to rugged bed topography but mainly because these are
flowlines for strongly converging sheet flow, not for linear stream
flow (see Fig. 5.10 in Hughes, 1998). The fjord headwall is not resolved
by BEDMAP but it can be inferred from the grounding line of Amery
Ice Shelf in water 2500 m deep (Craven et al., 2009). Equation (6) is
unsuited for rugged bed topography, especially for determining ho
where ungrounding occurs at a fjord headwall. We took ho=1000 m
to prevent ¢>1.0 along the four flowlines in Figure 4. The ice surface
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Figure 2. Surface and bed topography of the Amery Ice Shelf ice drainage system from BEDMAP data contoured at 250 m intervals. The color bar is divided into 250 m intervals of bed
topography above (positive) and below (negative) sea level. White contour lines show sea level in the map plane. Five flowlines are shown approximately normal to postulated
former surface ice contours before the drainage basin formed (top). Four flowlines are shown normal to present-day surface ice contours (bottom).

has lowered 3000 m at the ungrounding line from the former ice
surface in Figure 2.

Possible future collapse of the “bottleneck” ice drainage system

As shown in Figure 1, the so-called “bottleneck” is the gap in the
Transantarctic Mountains through which the EAIS flows into the
WAIS. It extends from 60°W to 150°W at 84°S, a length of nearly
1000 km. At the last glacial maximum (LGM), this junction extended
along the entire length of the Transantarctic Mountains, some
4000 km long (Denton and Hughes, 2002). Now the remaining
grounded West Antarctic Ice Sheet acts like a “cork in the bottle”
that keeps East Antarctic ice from pouring through the bottleneck.
This gap is the “neck” in the East Antarctic “bottle.” East Antarctic ice
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entering the bottleneck is diverted by the Thiel Mountains massif into
Foundation Ice Stream, which supplies Ronne-Filchner Ice Shelf, and
Mercer Ice Stream, which supplies Ross Ice Shelf. Holocene collapse of
the Ross and Weddell sectors of the WAIS may have produced these
ice shelves (see Stuiver et al., 1981). Collapse nearly to sea level
greatly increased the surface slope of EAIS ice streams passing
through fjords in the Transantarctic Mountains. The largest fjord is
occupied by Byrd Glacier, shown in Figure 1. Today the Ross Ice Shelf
grounding line is halfway up the fjord, and polished bedrock along the
fjord walls require a former ice surface at least 1000 m higher than the
present ice surface. The steepened surface resulted in faster ice
discharge rates that have downdrawn East Antarctic ice and produced
the enormous ice drainage system shown in Figure 1, even though
Byrd Glacier occupies a fjord only 25 km wide at its narrowest point,
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Figure 3. Surface, bed, and ice thickness profiles, and ¢ variations from Eq. (6), are

plotted along “pre-collapse” flowlines 1 through 5 in Fig. 2 (top).

and ice only 1200 m thick crosses the high fjord headwall (Reusch and
Hughes, 2003). If the remaining WAIS were to collapse nearly to sea
level, a similarly steep surface slope would develop in the bottleneck
on both sides of Thiel Mountains. How much East Antarctic ice could

be downdrawn in this case? That will now be considered.
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Figure 4. Surface, bed, and ice thickness profiles, and ¢ variations from Eq. (6), are
plotted along “post-collapse” flowlines 1 through 4 in Fig. 2 (bottom).

Whether Holocene collapse of the WAIS is ongoing today remains
an unanswered question, despite nearly four decades of field activities
directed at this goal (eg., Hughes, 1973; Alley and Bindschadler, 2001;
Joughin et al., 2009). Figure 1 shows the area of East Antarctic ice
passing through the bottleneck today. It is smaller than the areas of
East Antarctic ice supplying Amery Ice Shelf and Byrd Glacier, but it
could enlarge considerably if the WAIS were to collapse to sea level.
WAIS collapse has already occurred in the sectors facing the Weddell
Sea and the Ross Sea. Further collapse in these sectors would have to
overcome buttressing by the large Ronne-Filchner and Ross ice
shelves now occupying these embayments. However, the sector
facing the Amundsen Sea is not buttressed by large ice shelves, and an
ice-free polynya exists in Pine Island Bay, which may have formed
during partial Holocene collapse of the WAIS in this sector (Kellogg
and Kellogg, 1987). The two fastest West Antarctic ice streams, Pine
Island Glacier and Thwaites Glacier, enter Pine Island Bay today and
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Figure 5. Gravitational collapse of a marine ice sheet on a horizontal bed as c decreases from 50 to 0.1 in Eq. (7), using Eq. (6), due to the progressive ice-bed uncoupling over time.
Top: upstream migration of floating fraction ¢ of ice from the ungrounding line. Bottom: normalized surface lowering h;/hg along the normalized flowline length x/L.

drain about one-third of the remaining marine portions of the WAIS,
see Figure 1 (Joughin et al., 2009). For these reasons Pine Island Bay
has been called “the weak underbelly of the WAIS” (Hughes, 1981).
With that caution, we propose a scenario for total WAIS collapse
similar to that modeled by Stuiver et al. (1981).

Assume that Pine Island Bay becomes a marine embayment of the
Amundsen Sea as large as the Weddell and Ross embayments are
today. This could result from either or both of the two mechanisms
proposed by Hughes (1975), both acting on Pine Island and Thwaites
glaciers, the glacial surge mechanism of Robin and Weertman (1973)
at their heads and the marine instability mechanism of Weertman
(1974) at their ungrounding lines. Then Pine Island and Thwaites
glaciers would retreat into West Antarctica along the heavy dashed
lines in Figure 1, which follow subglacial basins on opposite sides of
the subglacial highlands that contain numerous nunataks from the
Thiel Mountains to the Whitmore Mountains. In the bottleneck they
would merge with Foundation Ice Stream and Mercer Ice Stream,
respectively, producing two giant ice streams that would rapidly
downdraw East Antarctic ice due to their steep surface slopes in the
bottleneck. This would be similar to East Antarctic ice downdrawn by
Byrd Glacier, but on a much larger scale. Contributing to this
downdraw would be Institute Ice Stream and Support Force Glacier,
both of which drain East Antarctic ice passing through the bottleneck,
and enter Ronne-Filchner Ice Shelf.

Gravitational collapse of East Antarctic ice through the bottleneck
is accomplished by having ¢ vary along flow according to an ad hoc
formula that generates the full spectrum of flowline profiles from
convex sheet flow through concave stream flow to flat shelf flow:

b= ¢, + (1—d;) cos’(mx/ 2L) (7)

where x =0 at the grounding line, x =L at the ice divide for flowlines
of length L, and exponent c varies over the range from c— 0 for pure
shelf flow, giving ¢ — 1, to ¢ — « for pure sheet flow, giving & — ¢, for
all values of 0 < x<L. Figure 5 plots Equation (7) in the top panel and
Equation (6) using ¢ obtained from Equation (7) in the bottom panel,
both for 0.1 <c<50. The concave profile of stream flow lengthens as ¢
decreases. Concave profiles for stream flow become convex for sheet
flow as x — L when ¢>2.

Figure 6 shows four flowlines from Dome Argus in East Antarctica
through the bottleneck into West Antarctica. One flowline separates,
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with Flowline 1 entering Mercer Ice Stream by way of Reedy Glacier
and Flowline 2 entering Institute Ice Stream. Flowlines 3 and 4 both
enter Foundation Ice Stream. Flowline 5 enters Support Force Glacier.

In Figure 7, ¢ values today are calculated using Equation (6) and h;
values obtained from present-day surface and bed profiles along each
of the five flowlines (left-side panels), whereas collapsing ice
elevations h in the future are calculated along the flowlines from
bed topography and ice thicknesses h; obtained from Equation (6)
when ¢ is obtained from Equation (7) for c=2 during gravitational
collapse (center panels) and for c =0.1 when gravitational collapse is
nearly complete (right-side panels). These plots are shown in five
stacked panels for flowlines 1 through 5 from top to bottom in
Figure 7. Values of hp in Equation (6) are specified where flowlines 1
through 5 become afloat at present-day ungrounding lines near the
bottleneck. For simplicity, these grounding lines remain fixed as
upslope ice thins. In any case, bedrock sills along the Transantarctic
Mountains would hamper grounding-line retreat.

Panel 1 in Figure 7 shows gravitational collapse along flowline 1
that enters Mercer Ice Stream. Today, ¢ decreases from 1.0 to about
0.2 in the first 600 km from the ungrounding line, where hp =550 m
at x=0. Except for the concave ice stream, the flowline surface is
convex and climbs steadily for ¢~ 0.2. During gravitational collapse,
when ¢=2 in Equation (7), an ice dome develops over subglacial
highlands centered around x = 350 km. Therefore ice will flow around
a local ice dome over these highlands. This ice dome remains as
collapse goes to completion at c=0.1 and surrounding ice continues
to lower by 500 m above the marine subglacial basin where ice-bed
uncoupling is nearly complete (¢$>0.9).

Panel 2 in Figure 7 shows gravitational collapse along flowline 2
that enters Institute Ice Stream. Today, ¢ decreases in a jerky manner
from ¢=1.0 at x=0 to ¢=0.5 as x— L, indicating that ice-bed
coupling is highly variable along x based to some extent on variable
bed topography with hp=1512 m at x=0. A smooth decrease of ¢
along x provided by c =2 in Equation (7) during gravitational collapse
produces an ice dome above the same subglacial highlands as for
flowline 1 because these two flowlines merge in this region. This
dome remains when gravitational collapse is nearly complete at
c¢=0.1, with ¢ = 0.95 over the subglacial basin between the subglacial
highlands and Dome Argus.

Panel 3 in Figure 7 shows gravitational collapse along flowline 3
that enters Foundation Ice Stream today. Unlike flowlines 1 and 2,
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Figure 6. Surface and bed topography of the Bottleneck ice drainage system from BEDMAP data contoured at 250 m intervals. Five flowlines are shown normal to surface ice contours
at the present time. The color bar is divided into 250 m intervals of bed topography above (positive) and below (negative) sea level. White contour lines show sea level in the map

plane.

flowline 3 passes over a bed that is close to sea level along most of its
length except under the ice stream, for which hp=1100 m at x=0,
and when crossing Gamburtsev Subglacial Mountains under Dome
Argus as x—L. The concave ice stream surface, modified by bed
topography, is 500 km long, over which ¢ decreases from 1.0 at x=0
to about 0.4, and remains close to 0.4 from there to Dome Argus.
During gravitational collapse, the concave ice surface moves towards
Dome Argus for c=2 in Equation (7), and images bed topography.
When gravitational collapse is nearly complete for ¢=0.1, the
concave surface modified by bed topography extends all the way to
Dome Argus and ice thickness is nearly constant all along x.

Panel 4 in Figure 7 shows gravitational collapse along flowline 4,
which enters Foundation Ice Stream today with ho=1100 m at x=0
and a bed below sea level until x=450 km and only 100 m above sea
level until x =700 km, before the bed climbs toward the Gamburtsev
Subglacial Mountains under Dome Argus. A concave ice-stream
surface extends to x=150 km at a fjord headwall, which causes a
jogin ¢ as it decreases from 1.0 at x=0 to 0.45 at x=300 km, before
remaining close to 0.4 on to Dome Argus. The concave ice surface,
modified by bed topography, extends clear to Dome Argus for c=2 in
Equation (7) during gravitational collapse. The ungrounded region
extends to the fjord headwall where a bedrock hill (or sill) has produced
a local ice dome. The ungrounded region has expanded far inland when
gravitational collapse is nearly complete for c=0.1, and the local ice
dome has become an ice rise on a “captured” ice shelf that grounds at
x~400 km. Erlingsson (2006, 2008) discusses “captured” ice shelves.

Panel 5 in Figure 7 shows gravitational collapse along flowline five,
which enters Support Force Glacier today with hp=825m at x=0
and ¢ decreasing from 1.0 to 0.5 in the fjord before rising to 0.6 on a
bedrock hill (or sill) at x=250 km, then falling to 0.3 clear to Dome
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Argus on a bed close to sea level until x=_850 km. The ice surface is
convex the whole way today, but becomes concave most of the way
when ¢=2 in Equation (7), during gravitational collapse. Stream flow
probably passes around the local ice dome at x=250 km. When
gravitational collapse is nearly complete at c=0.1, the nearly flat ice
surface from x =300 km to x =800 km is a “captured” ice shelf. If the
grounding line were able to cross over the bedrock sill of the
Transantarctic Mountains, a calving bay might be able to migrate up a
stagnant Support Force Glacier and discerp ice over the submarine
basins in Figure 6. This happened during the last deglaciation when a
calving bay migrated up an ice stream in Hudson Strait and caved out
the central accumulation zone of the Laurentide Ice Sheet (Hughes
et al., 1977).

Figures 8 and 9 show ice surface elevation contours in the map
plane for ¢=2.0 and ¢=0.1 in Equation (7) during and after
gravitational collapse based on the flowline surface profiles in Figure 7.
Areas of the bed below sea level are dotted. These figures were
produced by drawing contour lines that connect points of equal ice
elevations along flowlines in Figure 7, shown as dashed lines in
Figures 8 and 9. Note the change in the flow pattern during collapse,
seen where dashed lines are no longer normal to ice elevation contour
lines. Figure 8 shows a state of gravitational collapse comparable to
conditions today in the Amery ice drainage system. Institute Ice
Stream, Mercer Ice Stream, and East Antarctic outlet glaciers south of
Byrd Glacier discharge ice from a local ice ridge behind the
Transantarctic Mountains. This should reduce ice entering Ross Ice
Shelf, throwing it into a strongly negative mass balance that exposes it
to catastrophic disintegration. The ice ridge was produced by extensive
downdraw of ice discharged by Foundation Ice Stream and Support
Force Glacier, both of which are grounded far below sea level, and
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therefore subjected to the Thomas (1977) marine ice instability after
the West Antarctic Ice Sheet has collapsed. Dome Argus remains
4000 m high, as it is today, but the area of East Antarctic ice discharged
through bottleneck ice streams has doubled.

Figure 9 shows a final stage of collapse for which ice-bed
decoupling is nearly complete all the way to Dome Argus, which has
lowered 250 m. The bottleneck ice drainage basin is greatly expanded,
now capturing much of the ice formerly discharged into Filchner Ice
Shelf by East Antarctic outlet glaciers draining Queen Maud Land,
making this ice shelf vulnerable to catastrophic disintegration.
Collapse is most complete below 1500 m of ice elevation and over a
bed largely below sea level. Ice at an elevation of 1000 m over a broad
area is behaving like a vast interior ice shelf, a “captured ice shelf” as
discussed by Erlingsson (2006, 2008) for ice floating over Subglacial
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Lake Vostok in East Antarctica today at Russia's Vostok Station, and
formerly under parts of the Laurentide Ice Sheet. Once captured ice
shelves find an outlet to the sea, they can be discerped by calving bays.
This process carved out the heart of the Laurentide Ice Sheet in less
than 200 years (Hughes et al., 1977).

Possible contributions of East Antarctic ice to global sea level

Sea level rises associated with collapse of the Amery and
bottleneck ice drainage systems are based on estimates of the average
ice thickness lost during collapse, areas of the ice drainage systems,
and present-day ocean surface area. For each ice drainage system, the
average ice thickness lost during collapse was calculated based on the
before-and-after differences in ice elevation at each major contour
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Figure 8. Ice surface elevation contours at 250 m intervals for the Bottleneck ice
drainage system using flowlines in Fig. 6 and ¢ values for c=2.0 in Eq. (7) during
gravitational collapse. Dotted areas are below sea level, see Fig. 6. The black star locates
the South Pole. Ice elevations in meters are given where elevation contour lines meet
the edges of the figure.

line connecting the flowlines, using Amery Figure 2, and bottleneck
Figure 7. For each flowline, the total ice loss was determined and, from
these totals, an average ice loss was calculated for the drainage
system, representative of the average ice loss along any flowline
within the system. This average ice loss was then multiplied by the
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Figure 9. Ice surface elevation contours at 250 m intervals for the Bottleneck ice
drainage system using flowlines in Fig. 6 and ¢ values for c=0.1 in Eq. (7) during
gravitational collapse. Dotted areas are below sea level, see Fig. 6. The black star locates
the South Pole. Ice elevations in meters are given where elevation contour lines meet
the edges of the figure.
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area of the ice drainage system to determine the total volume of ice
lost for the entire system. Enlargement of the bottleneck system,
compare Figures 6 and 9, was included in this approximation. After
converting this ice volume to water equivalence, the loss of water
volume was divided by the present-day area of the ocean surface to
obtain the resulting sea-level rise due to collapse. The resulting rise in
sea level, with no correction for isostatic adjustments in this
approximation, is approximately 2.3 m and 4.7 m in the respective
Amery and bottleneck ice drainage systems. This compares with 3.3 m
obtained by Bamber et al. (2009) for the remaining grounded West
Antarctic Ice Sheet today. These resulting rises in sea level are,
therefore, first-order estimates but nevertheless provide an initial
determination of the resulting sea-level changes associated with
collapse of the Amery and bottleneck ice drainage systems.

It appears that the Eemian sea level, 6 m above present sea level,
could be provided by total collapse of the WAIS and partial collapse of
the bottleneck drainage systems. In addition, future total collapse of
the WAIS that triggered substantial collapse of the EAIS via the
bottleneck might cause an accompanying 8 m future rise in sea level.

Discussion

Bell (2006) contends that “East Antarctica is an ice sheet controlled
by lakes and mountains.” Indeed, as deep radar sounding and
precision surface altimetry encompass ever more of the EAIS, the
prevalence of subglacial lakes is revealed as a striking feature of basal
conditions for both the EAIS and the WAIS (eg., Robin et al., 1970;
Oswald and Robin, 1973; Siegert et al., 1996; Smith et al., 2009). Many
of these lakes, and possible lakes not yet discovered, are generated by
ice-sheet models in the map plane that include subglacial hydrology,
pioneered by Johnson (2002), but computational limitations hinder
applications (e.g., Bahr, 2009; Morland, 2009a,b). A recent break-
through is a numerical solution of the full equilibrium/momentum
equations that permits three-dimensional simulation of transitions
from sheet to stream to shelf flow in the Antarctic Ice Sheet (Sargent,
2009). Control for the next generation of ice-sheet models can now be
provided by new advances in mapping basal conditions, notably
topography and hydrology, in the map plane using synthetic aperture
radar (Paden, et al., 2010). Despite limitations, three-dimensional and
time-dependent ice sheet models compute basal melting and freezing
rates so they can in principle calculate something like a “floating
fraction” of ice, ¢ in Equation (5). For now, the physical meaning of ¢
is unclear. Does it represent the fraction of a given basal area in which
small bedrock bumps of the size that “controls” basal sliding in a
sliding “law” of the Weertman (1957b) type are drowned, the fraction
of subglacial topography that is submerged, the fraction of basal till or
sediments that becomes supersaturated and therefore loses cohesion,
or combinations of these? We don't know.

What we do know is something like a floating fraction is needed to
convert fully grounded sheet flow into fully floating shelf flow, and
this conversion typically occurs along ice streams (Schoof and
Hindmarsh, 2010). It has been known for 40 years that subglacial
lakes are common beneath ice streams (e.g., Robin et al., 1970; Fricker
and Scambos, 2009), so these are places where ice-bed uncoupling is
complete. Moreover, these lakes are often interconnected and
dynamic, with the ability to fill and drain rapidly (Stearns et al.,
2008; Fricker and Scambos, 2009; Smith et al., 2009), and this activity
can be modeled (Johnson, 2002).

Byrd Glacier has the largest ice drainage system in Antarctica, see
Figure 1. Two large subglacial lakes have been discovered in the zone
of strongly converging flow, just beyond its fjord headwall, and recent
drainage of these lakes coincides with a substantial velocity increase
of Byrd Glacier (Stearns et al., 2008). This result would not have been
predicted from initial attempts to model Byrd Glacier by Whillans
et al. (1989) and Scofield et al. (1991), studies which concluded the
bed was largely frozen. Observations by Stearns et al. (2008) are
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predictable from the geometrical approach that includes “floating
fraction” ¢ as the controlling variable. In an application that combines
the geometrical force balance with the conventional mass balance, ¢
values are produced that decrease from 1.0 at the ungrounding line of
Byrd Glacier in an uneven way to 0.4 in front of the fjord headwall, and
then increases to 0.6 just beyond the headwall where the two
subglacial lakes are located (Reusch and Hughes, 2003). These results
hold, with somewhat lower ¢ values, 0.5 beyond the headwall for
example, using Equation (6) obtained from just the geometrical force
balance (Hughes, 2009b). Both results are wholly compatible with the
behavior reported by Stearns et al. (2008). They suggest that the lakes
found an outlet at a low point eroded on the headwall, and the
discharged lake water increased ice-bed uncoupling under Byrd
Glacier, allowing its velocity to increase.

As a note of caution, ice thickness ho in Equation (6) is poorly
known for many East Antarctic ice streams, including those studied
here. Where direct measurements are lacking or conflicting, the only
alternative is using precision surface altimetry and the buoyancy
requirement for floating ice. Even here, ice and water densities are
not known with sufficient accuracy. Equation (5) is the defining
equation for floating fraction ¢, but Equation (6) is the working
equation, in which ho at x=0 replaces hr at x>0 along flowlines.
Because it is our working equation, Equation (6) is derived in the
Appendix.

A feature of Equation (6) is that it requires hydraulic continuity so
¢>0 when hp>0. Then water flows from sources to sinks at all points
within the ice drainage system for any ice stream, even if the ice flow
regime changes over time. Therefore Equation (6), our working
equation, can be used to compute h; for specified ¢, or vice versa, at all
points within the ice drainage system in Figures 8 and 9 during and
after gravitational collapse. The only requirement is that hp remains
known for each ice stream. That requirement is met by keeping the
ice-stream ungrounding lines anchored to bedrock sills along the
Transantarctic Mountains during gravitational collapse. That said,
Equation (5), the defining equation, is better. It allows ¢ =0 for fully
grounded ice on thawed and frozen beds even when hp>0, a common
condition, see Hughes (1998, Chapter 3) and Wilch and Hughes
(2000) for the Antarctic Ice Sheet. Including the mass balance with the
force balance allows Equation (5) to also be the working equation
(Hughes, 1998, Chapters 3 and 6). The downside is the resulting ¢
equation loses simplicity.

Conclusions

Two conclusions follow from our study. First, it should no longer be
assumed that the EAIS is inherently stable. The EAIS seems to be the
most likely source for half of the higher Eemian sea level (WAIS
collapse provided the other half), and if it partly collapsed during that
most recent interglacial, it can partly collapse during the present
interglaciation. Second, modeling the dynamics of ice sheets needs to
include something akin to a “floating fraction” of ice that can change
rapidly in both space and time. These models would treat both ice
dynamics and subglacial hydrology in the map plane and could then
assess postulate (3) of our hypothesis: that because of postulates (1)
and (2), ice sheets can rapidly collapse and disintegrate, thereby
removing ice sheets from Earth's climate system and forcing abrupt
climate change.
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Appendix A. Derivation of Equation (6)

Figure A1 shows conditions along a flowband for which Equa-
tion (6) was derived. Here P;=p, g h; is basal ice pressure for ice of
density p; and height h; subject to gravity acceleration g, x is horizontal
distance upslope along the flowband with x=0 at its ungrounding
line, and o= P,¢* for P =1 P, is a longitudinal “flotation” stress that
exists in regions of the flowband for which ice is uncoupled from the
bed due to floating fraction ¢ linked to floating width wr less than
flowband width w; and “effective” floating height hr in Figure A1 as
follows:

Sow h hy pighy py

Here py is water density and Py =pw g hy is an “effective”
basal water pressure linked to “effective” water height hy, that
acts as a proxy for wp, since ice of height hr=hy (pw/p;) floats in
water of height hy. The actual basal water pressure is close to P,
differing only when basal water flows from sources to sinks.
Resistance to basal sliding in grounded width w; - wg gives rise to
Py as an “effective” basal water pressure that resists downstream
ice flow.

In Figure A1 (bottom), triangularareas14+2+3+4and5+6+7+38
represent longitudinal gravitational forcing respectively at x and x + Ax.
Basal shear stress 7o and side shear stress 7 that resist gravitational flow
are linked to respective changes in area 5-1 and 6-2 in incremental length
Ax as Ax— 0.

As a practical matter in calculating ¢ from Equation (6),
flowline profiles are often obtained by aerial radar sounding
along flightlines down centerlines of ice streams where side
shear stresses vanish. Hughes (2009b) obtained Equation (6) for
ice flowbands having width w; of ice streams along which both
basal shear stress 7o and side shear stress 7s are linked to ¢, where
To and 75 are linked to changes in respective areas ABG and BEFG
along Ax as Ax— 0 in Figure A2, which are areas 1 and 2 in Figure
A1l. Because side shear exists along ice streams, but vanishes along
their centerlines, ice elevations along centerlines will be increased
by side shear.

This can be taken into account by using an “effective” basal shear
stress Ta that exceeds T along centerlines where 7 vanishes and Tais
linked to the change in area ABEF in Figure A2, thereby increasing the
change in gravitational driving force AF; to “effective” force AFZ
obtained from Figure A2:

AF; = (A’ B'E'F'—ABEF) = A(ABEF) = A(ABG + BEFG)
= Al pight (1) + pightd(1-0)| = Al prghtd(1-07) |

= pighy [(1 _d)z) Ahy _h1¢A¢]
(A3)

where triangle ABG has basal pressure p; g (h; - hg) =p; g h; (1-¢)
and height h; - h,="h; (1 - ¢), and parallelogram BEFG has basal
pressure p; g (hy - hg)=p; g hy (1 - &) and height hp=h; ¢.
Equation (A3) balances the change in “effective” centerline
resisting force AFq given by:

AF; = TpAx (A4)
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Equating Equations (A3) and (A4), setting P,=p; g h;, and Ah;= Ah
on horizontal “steps” for an up-down “staircase” bed so Ah/Ax— a
and Ad/Ax — 0¢p/0x when Ax — 0, then:

7o = P [(1-¢")a—hyé (30 / 0x) (AS)

Equation (A5) applies at distance x along a flowline upstream from
where ice becomes afloat at x=0. Elimination of 75 eliminates side
shear along grounded ice-shelf side lengths Ls and ice-rise circum-
ference CR in Figure A1l. Area Ar of ice rumples is replaced with
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longitudinal diameter Dg. Balance mean basal shear force 75 (x + Dg)
against gravitational forcing linked to area ABEF:

T, (x + Dg) = ABEF = ABG + BEFG = ', p,gh? (1—$)* + pygh? b(1—d)

= Loighi (1-6) =Py (1-67) (A6)

Solving Equation (A6) for 74 gives:

To = Piby(1-¢) / (x + D) (A7)
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SURFACE

Figure A2. Gravitational forces at x and at x 4+ Ax represented geometrically.

Tensile stress or “pulls” upstream ice and compressive stress O¢
“pushes” downstream ice at x in Figure Al. The downstream com-

pressive force is then:

ochy = To(x + Dg) + (Pyhy), = pIhI(l—d>2> + (Piho) (pr / pw)

= 15 pight (1-6%) + % pighp (01 / pw)

Here Equation (A7) is substituted for ?& and compressive water
force (Pw hw)o is at x=0 where h;=ho, Pw=P;=1 / 2p;gho and
hw=nho (p1 /pw). Tensile force o7 h; at x is linked to area 4 = area

(3+44) - area 3 in Figure Al:

orh; =1 plghlzr_l/z pighehy =" plghlz(l_pl / pw)¢2

= Pihy(1—p; / py)d’

Gravitational driving force P;h; at x is resisted by o¢ h; + o7 h; such

that, using Equation (A9):

och, = P\ly—orh; = Pihy—Pihy(1—p; / py)db” (A10)

% pght [1=(1=p1 / pw)&’
Equating Equations (A8) and (A10):
B (1=0) + (o1 / ow) = B [1=(1=p;/ pw)d]

Solving for ¢ variations along the flowline gives:

b=ho/hy (A11)

Equation (A11) along flowlines is identical with Equation (6) along
flowbands, making this first approximation of ¢ variations for ice-

stream centerlines and widths both simple and robust.
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