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Premise:   physicists like to think about problems that have not been solved...



Plan of presentation:
   
 • Explosive disintegration of  Larsen B Ice Shelf (also Wilkins Ice Shelf)

 • Physics A:  iceberg-capsize experiments conducted in the lab

 • Physics B:  iceberg tsunamigenesis and ocean wave propagation...

 • Physics C:  elastic flexure and fracture below meltwater lake loads...

 - Physics D:  iterated maps and chain reactions 

 - Conclusion:  an attept to use physics to tell the “story” of why ...
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Ice Shelf Breaks Up in a Fast-Warming Antarctic Region...
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Taphonomy

taphos - Greek, ‘grave’
-nomy -  Greek, nomos, ‘law’ of knowledge, rules 
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Southern Ocean (Scambos et al., 2005, 2008). Evidence of extensive
summer surface melting, to the point of firn saturation or melt
ponding, has been observed in every case prior to the two autumn/
winter WIS events. Based on the strong seasonality for most break-up
events, and the location of the ice shelf break-ups near the northern
limit of ice shelf stability, it would appear that surface meltwater is a
key pre-condition for disintegration-style events.

We have previously proposed a meltwater-driven hydro-fracture
model for the rapid fracturing of ice shelves and icebergs (Scambos
et al., 2000, 2003, 2005, 2008), based on ideas first presented by Robin
and Adie (1964), Weertman (1973), and Robin (1974). In this model,
high water pressures at a propagating crack tip, maintained by near-
surface meltwater reservoirs, cause shallow crevasses to deepen and
penetrate through the entire ice shelf thickness, leading to disin-
tegration. However, the autumn and winter break-ups of the WIS,
together with recent studies of both the Larsen B and WIS describing
ice shelf thinning and increased rifting prior to collapses (Shepherd
et al., 2003; Vieli et al., 2007; Khazendar et al., 2007; Glasser and
Scambos, 2008; Braun et al., 2008), force a reconsideration of the
range of potential mechanisms for ice shelf retreat. A major remaining
question in the hydro-fracture model has been the origin of the
numerous ice-front-parallel crevasses. As shown in Fig. 1e, this type of
fracturing is also required for theMay 2008WIS event, and for regions
of the July 2008 event as well (Figure S1 in the Appendix). Clearly the
autumn and winter WIS events had little to do with surface melting,
but the autumn event appeared quite similar overall to past
summertime disintegrations. The calving style of the winter 2008
WIS event was different, with slower formation of wide-spaced fresh
rifts that grew laterally across the shelf, creating larger, wider tabular
icebergs. However, isolated areas of ice toppling and post-calving
fragmentation are also observed in that event.

We note that both the Braun et al. (2008) study and an earlier
Vaughan et al. (1993) study, infer that the WIS has extensive brine
infiltration. Brine infiltration initiates at the ice front and occurs via

lateral wicking of seawater through porous firn at the waterline. In
general, brine infiltration does not extend over a large area, primarily
because the rate of infiltration in firn (∼10 m yr−1) is much slower
than the rate of seaward ice flow (100–1000 m yr−1) for most ice
shelves [Thomas, 1975]). The inference of widespread brine infiltra-
tion for the WIS is based on two observations: a lack of good radio
echo-sounding returns over much of the ice shelf (Vaughan et al.,
1993; Braun et al., 2008); and water infilling a shallow ice core during
a field visit in 1972 (Vaughan et al., 1993). Brine infiltration creates a
highly radar-reflective layer in the upper firn, inhibiting deep radio
echo-sounder penetration.

For the Larsen B, higher sub-surface ocean temperatures, reduced
freeboard elevation, and evidence of increasing detachment from
coastal and island pinning points suggests that thinning ice and shifting
internal stresses may also play a role in pre-conditioning an ice shelf for
disintegration. A paper by (Padman et al. submitted for publication)
underscores that thinning due to warm subsurface ocean water also
preceded theWIS 1998 and 2008 events,finding that theWIS freeboard
has decreased by 0.1 to 0.3 m a−1 over the period 1992–2003. Braun et
al. (2008) provide anexcellent summaryof the rapidly changingWIS rift
system over the past 30 years, highlighting in particular the rapid rift
growth in the immediate aftermath of retreat or disintegration events.

The focus of this paper is the actual disintegration mechanism, and
not the precursor causes. However, we will attempt to outline a
unifying model, incorporating results from other papers, of ice shelf
retreats. Any conceptual model of ice shelf break-up and disintegra-
tion must therefore explain a host of observations: the preponderance
of events during times of abundant surface or near-surface melt; the
effect of a brine layer if present; the difference in style between
disintegrations and break-ups occurring during the cold seasons; the
apparent link with thinning and increased rifting; and the relative
stability of most ice shelves.

We present a model of floating ice plate disintegration that
includes a fracture mechanism derived from ice-front plate

Fig. 1.MODIS true-color images, and Envisat SAR image of the 2008WIS disintegration events, with time of acquisition at the top of each scene. Panels (a) through (d), MODIS series of
the March 2008 event. Panel (b) total area of disintegration for the March event is outlined in blue; magenta oval labeled ‘Q’ is the site of QuikSCAT grid cells used for melt season
determination in Figure S4 in the Appendix; green square denotes extent of ASTER image in Fig. 2a. Panel (c), during disintegration event: location of Fig. 5 ICESat track profile (red
line). Panel (d), aftermath of active disintegration: area of Formosat-2 image shown in Fig. 3 and Figure S3 in the Appendix. Panel (e), Envisat ASAR image, copyright ESA, showingMay
disintegration event.
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Physics A:  iceberg capsize experiments

energetics

stability



It’s best to idealize their geometry:

H

εH

ε = aspect ratio



Available potential energy:

ρiρw
910 kg/m31029 kg/m3

Δρ
119 kg/m3



Two ways to float:

transition known as a “capsize”



How to quantify iceberg-capsize energy:
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Work meter
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post-capsize

Surprising: it takes more energy!!buoyancy helps



• Capsize ➜ impulsive and large potential energy release

A few facts and figures: 

- An iceberg that is 150 m long, 150 m wide and 300 m deep can 
release 5.2 x 1011 J (126 tons of TNT).

- A typical iceberg in Greenland will release ~20 ktons TNT

- Larsen B on March 6: 4000 km2 iceberg fragments (Rack, 
2004)... If all are composed of 300 m thick icebergs that cap-
sized, then total energy released is 11.2 Mtons of TNT

- (perspective: Sumatran tsunami of December 2004: 9 Ttons or 
106 times more energy...)



20 kilotons of TNT in 61 m of water (�t � 10-4 s)



Laboratory studies of iceberg capsize



• Scale-models of ice-shelf instability ➜ iceberg hydrodynamics




BURTON ET AL.: CAPSIZING ICEBERGS X - 5

By comparing observed oscillations around this equilibrium
with oscillation frequencies predicted from hydrostatic as-
sumptions, we can assess the impact that hydrodynamic
forces have on the dynamics of iceberg capsize. The oscilla-
tion frequencies can be predicted from Newton’s equations
of motion for the 3 degrees of freedom (θ, x, and z):

Iθ̈ = −∂U
∂θ

+ νθ|θ̇|nsign(θ̇) (21)

mẍ = −∂U
∂x

+ νx|ẋ|nsign(ż)

mz̈ = −∂U
∂z

+ νz|ż|nsign(ż)

where I = ρiε(1+ε2)H4/12 is the iceberg’s moment of iner-
tia around its center of mass, νθ, νx, and νz are ... (what to
call them?), and n determines whether energy is dissipated
viscously (n = 1) or turbulently (n = 2). Since the potential
energy does not depend on x (equation 14), then ∂U/∂x = 0
and the second of equations (22) can be ignored. Bobbing
and rocking frequencies are associated with motion in the
z- and θ-directions, respectively. Assuming a hydrostatic,
frictionless fluid (νθ = νx = νz = 0) and small rocking oscil-
lations (so that we can again use equation (16) and results
from the Appendix), we find that

fbob =
1

2π

√
gρw
ερi

(22)

frock =
1

2π

√
g(6ρ2i − 6ρiρw + ε2ρ2w)

H(1 + ε2)ρiρw
.

The bobbing frequency agrees with the analysis of Schwerdt-
feger et al. [1980]. However, Schwerdtfeger et al. [1980] incor-
rectly calculated the rocking frequency because they did not

Figure 5. Results from iceberg stability analysis. (a)
All plastic icebergs used in the experiment placed in order
of increasing ε. When ε < εc, the icebergs are unstable
and will spontaneously capsize. In the small area around
εc are stable at a finite angle, and at larger values they
are stable in the upright (θ=0) orientation. (b) Stability
diagram of box-shaped icebergs used in the experiments.
For θ = 0, the stable and unstable phases are seperated
by the critical aspect ratio, εc, given in equation 18. The
solid and open data points are measurements of stable
angles (potential energy minima) and unstable equilibria
(potential energy maxima).

allow the iceberg’s center of mass to change elevation dur-
ing rocking; their solution works well for very wide icebergs
(ε > 10) but greatly overpredicts the natural rocking fre-
quency of narrower icebergs (e.g., when εc ≤ ε ≤ 1). Thus,
icebergs that are barely stable are most sensitive to lower-
frequency ocean swell than was previously thought. Also,
as expected, the rocking period equals zero when ε = εc;
when ε < εc small perturbations will cause an iceberg to
capsize. This is not the case for the solution presented by
Schwerdtfeger et al. [1980].

4. Experimental results

4.1. Iceberg stability

We performed a series of iceberg stability experiments
to verify our derivation of iceberg potential energy (equa-
tion (14)). The synthetic icebergs were hydrostatically po-
sitioned with the height of the iceberg, H (see Figure 3), ori-
ented vertically; the icebergs were then allowed (or forced)
to capsize. The results are summarized in Figure 5. The
dotted lines show unstable potential energy maximums, and
the solid lines show stable potential energy minimums. All
icebergs with small aspect ratios (ε < εc) spontaneously cap-
sized; the potential energy curves of these icebergs resemble
the red curve (ε = 0.5) in Figure 4. Icebergs having aspect
ratios close to εc have peculiar potnetial energy curves with
shallow minimums at θ ≤ 15◦; these icebergs are unstable

Figure 6. Rotation angle, θ, and center of mass, ξ and
ζ, of an ε=0.5 capsizing plastic-iceberg. All data is shown
with t=0 corresponding to the time that the iceberg has
first rotated to θ = 90◦. The horizontal dotted lines
indicate the capsized equilibrium angle and vertical po-
sition. During the capsize process, ζ increases because
this lowers the iceberg’s potential energy. The position
of ξ changes more slowly, indicating that after capsize
the iceberg translates due to momentum transfer to the
water. In this example the iceberg translates to the left,
indicating that there has been a transfer of momentum
to the water in the form of waves travelling to the right.



Capsize stability:

(caveat: very much a function of rectangular geometry)

ε10 1/2 .75

unstable
cond.

unstable
stable



Physics B:  iceberg tsunamigenesis and ocean wave 
propagation

Where does the energy of iceberg capsize go?

Can ocean waves influence ice shelf break up?

















ocean

mosh pit

iceberg phalanx

calving front

1. iceberg capsize
generates waves

2. waves break up
icebergs and cause

calving

V

self sustain
in

g

“bubble velocity”

Conceptual model:

Mosh Pit



Physics C:  elastic flexure due to meltwater lakes

fracture mechanics

scale selection



Antarctica...
lakes usually, but also dolines:

Larsen B Ice Shelf
early 2002

31 January 17 February 5 March

ponding collapse

the water
vanishes!

Christina Hulbe’s
study of ice-shelf lakes:



Fig. 3. Sequence illustrating the changes in surface structures on the Larsen B Ice Shelf between January 2000 and April 2002. (a) Structural
interpretation from January 2000. (b) Structural interpretation from February 2000. Numbers 1 to 9 refer to features on the surface of the ice
shelf discussed in the text. Boxes indicate the locations of other figures. (c) Structural interpretation from November 2001. (d) Structural
interpretation from April 2002. Note that there is little change in the position of the ice-shelf edge between February 2000 and January
2001[AUTHOR: There is no Jan 2001 fig. Should this be November?] but that the number of rifts and crevasses near the ice-shelf edge has
increased by November 2001. By April 2002 the ice shelf has completely disappeared. Numbers refer to localities discussed in the text.

3B2 v8.07j/W 5th December 2007 Article ref j07J086 Typeset by Craig Proof no 1

Glasser and Scambos: Analysis of the 2002 Larsen B Ice Shelf collapse 5



Antarctica...
lakes usually, but also dolines:

a doline on George VI Ice Shelf
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Antarctica...
What happens when ice-shelf lakes drain?

se
a 

lev
el

ice shelf

water absorbs solar energy...

overdeepens the lake bottom by ablation...

if there is a drainage event, the ice shelf
below the lake wants to float up 90 cm
for every 100 cm of extra ablation...

hydrostatic rebound

ice shelf



numerical solution: 

14 bars!

8 bars!

at surface:

at base:

arrayed lake pattern
(ellipses)

Does lake drainage ultimately lead to
a fragmented ice shelf due to flexure loads?



Physics D:  iterated maps and chain reactions

self-sustaining iceberg capsize

cooperative behavior of meltwater lake drainage



doline

filled lake

Larsen B digitized lakes: 

...analytic solution for circular lakes

disk load 

actual lake/doline
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Draining one lake causes other lakes to drain:



Draining one lake causes other lakes to drain:
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Capsize stability:

(caveat: very much a function of rectangular geometry)

ε10 1/2 .75

unstable
cond.

unstable
stable



How capsize changes aspect ratio:

ε10 1/2 .75

unstable
cond.

unstable
stable

ε10 1/2 .75

ε ⇒ 1/ε



The “50-foot woman effect†”:

H

εH

iceberg breaks in half
when it capsizes...

(†as suggested by M. LaBarbera)



... with iceberg breaking in half:

ε10 1/2 .75

unstable
cond.

unstable
stable

ε10 1/2 .75

ε2  (½)/ε1



a fixed point:

ε10 1/2   3/4

unstable
cond.

unstable
stable

ε10

ε2  (½)/ε1

√2
⎯
2

√2
⎯
2



... some aspect ratios keep getting mapped to the same 
unstable zone:

ε10 1/2   3/4

unstable
cond.

unstable
stable

ε10 1/2 .75

ε2  (½)/ε1

2/3



Conclusion:  attempt to put the physics together

environmental warming  meltwater lakes
meltwater lakes  widespread fracture events
widespread fracture events  iceberg calving

iceberg calving  iceberg capsize
iceberg capsize  tsunamigenesis

tsunamigenesis (+ band gap)  localization of wave energy
localization of wave energy  iceberg calving




