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ABSTRACT. Full-glacier-thickness icebergs are frequently observed to capsize as they calve into the
ocean. As they capsize they may collide with the glaciers’ termini; previous studies have hypothesized
that such collisions are the source of teleseismic ‘glacial earthquakes’. We use laboratory-scale
experiments, force-balance modeling and theoretical arguments to show that (1) the contact forces
during these collisions are strongly influenced by hydrodynamic forces and (2) the associated glacial
earthquake magnitudes (expressed as twice-integrated force histories) are related to the energy released
by the capsizing icebergs plus a hydrodynamic term that is composed of drag forces and hydrodynamic
pressure. Our experiments and first-order modeling efforts suggest that, due to hydrodynamic forces,
both contact force and glacial earthquake magnitudes may not be directly proportional to the energy
released by the capsizing icebergs (as might be expected). Most importantly, however, our results
highlight the need to better understand the hydrodynamics of iceberg capsize prior to being able to
accurately interpret seismic signals generated by iceberg collisions.

1. INTRODUCTION
Calving icebergs generate a rich spectrum of unique seismic
signals (Qamar, 1988; O’Neel and others, 2007; Amundson
and others, 2008; Richardson and others, 2010; Walter
and others, 2010). These signals carry information about
calving processes (e.g. ice fracture) and can be recorded
in the far-field with excellent temporal resolution (O’Neel
and others, 2010). Unfortunately, a clear interpretation of
calving-generated seismicity is lacking, thus limiting our
ability to interpret these signals in terms of calving mass
losses or physical processes.
Some calving events radiate long-period (35–150 s) tele-

seisms (‘glacial earthquakes’) that have very little energy at
shorter periods, compared to tectonic earthquakes of similar
magnitudes (Ekström and others, 2003, 2006; Amundson and
others, 2008; Joughin and others, 2008; Nettles and others,
2008; Nettles and Ekström, 2010). The radiation patterns
of glacial earthquakes are best modeled with shallow,
horizontal single-force mechanisms acting at and pointing
perpendicular to the glacier termini (Tsai and Ekström, 2007;
Walter and others, in press); the earthquakes are typically
reported in terms of a mass-displacement product that can
be found by integrating the force history twice with respect to
time. Using force-balance modeling, Tsai and others (2008)
demonstrated that icebergs which collide with a glacier’s
terminus during calving events are capable of producing
mass-displacement products that are consistent with seismic
inversions. Since iceberg capsize appears to be strongly
influenced by hydrodynamics (Burton and others, 2010), the
resultant earthquake magnitudes from such collisions must
also be affected by hydrodynamics.
We explore these hydrodynamic consequences by ex-

panding on the laboratory-scale experiments of Burton and
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others (2010), which use synthetic, plastic ‘icebergs’ to
investigate iceberg capsize in the open ocean (i.e. away from
bedrock or other obstacles). That initial study was designed to
motivate and give guidance to more sophisticated modeling
studies of calving processes, including seismo- and tsunami-
genesis, mixing of stratified fjords, and ice-shelf collapse. In
the present experiments, the icebergs were placed next to a
plastic ‘glacier terminus’ and allowed to capsize, causing
them to collide with the terminus. The evolution of the
capsize events was determined with digital imaging and
feature tracking. A simple iceberg-capsize model was then
fitted to the data to estimate the contact force between the
iceberg and the terminus. Finally, the resultant force histories
were used, along with theoretical arguments, to investigate
the potential impact that hydrodynamic forces may have on
seismic signals generated by iceberg collisions.

2. METHODS
We constructed synthetic, box-shaped icebergs and a model
terminus from low-density polyethylene plastic with density
ρi = 920 kgm−3. The icebergs had pre-capsize height H =
10.3 cm, across-glacier length L = 26.74cm and various
width-to-height aspect ratios, ε. The terminus had the same
height and across-glacier length and was 15 cm long in
the glacier flow direction (Fig. 1). The experiments were
conducted in an acrylic aquarium tank with dimensions of
2.4m × 0.3m × 0.3m, which contained fresh water of
density ρw = 997 kgm−3 to a depth of ∼13 cm.
The icebergs were hydrostatically placed next to the

model terminus and were allowed to capsize ‘top-out’ or
‘bottom-out’ (counterclockwise and clockwise, respectively;
see Fig. 1). The experiments were recorded with a digital
video camera (Casio EX-FH20) at 30 frames per second.
Iceberg rotation angle and center-of-mass coordinates were
determined by tracking black dots placed on the icebergs’
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exerted on the wall by capsizing icebergs (in the absence of
other icebergs) never exceeds half the ice-shelf driving force
(Fig. 5).
We emphasize that Eqns (1–3) are generic and do not

specify the dependencies of the drag forces. Our choice of
turbulent drag forces that are quadratic in velocity and have
simplified dependence on the coordinates and velocities
is somewhat arbitrary. Given the Reynolds number for
iceberg capsize, it seems the natural choice with the fewest
parameters. As long as the model provides reasonable fits
to the laboratory data, which it does, then the contact
force histories, Fw(t ), will be good approximations to the
experiments. This is further supported by model tests using
linear drag forces (i.e. the exponents in Eqns (7–9) are set
to 1), which produce similar iceberg trajectories and force
histories, but with a somewhat higher root-mean-square error
(Figs 2 and 5a).

4.2. Glacial earthquake magnitudes
Previous work has suggested that glacial earthquakes are
generated when icebergs capsize and collide with a glacier’s
terminus (Amundson and others, 2008; Nettles and others,
2008; Tsai and others, 2008). The net (horizontal) force
acting on the terminus during these events is

Fnet = Fw −ΔFp, (13)

where ΔFp > 0 is the reduction in back-force arising from
a decrease in water pressure in the void behind the iceberg.
We can estimate the contact force using our laboratory data
and simple numerical model; unfortunately, we currently do
not have a convenient means for estimating ΔFp.
The mass-displacement product of the collision, which we

refer to as the centroid single force (CSF) amplitude for lack
of a better term and to maintain consistency with previous
studies, is found by integrating Eqn (13) twice with respect
to time:

CSF =
∫ T

0

∫ t

0
Fw dt

′ dt −
∫ T

0

∫ t

0
ΔFp dt

′ dt , (14)

where T is the time at which the iceberg loses contact with
the terminus. Thus the CSF amplitude is a consequence of
contact forces and hydrodynamic pressure. Equation (14) can
be reduced to a single integral by combining the double
integrals into one, changing the order of integration and
evaluating the inner integral, which yields

CSF =
∫ T

0

(
Fw −ΔFp

)
(T − t ) dt . (15)

Rearranging Eqn (1) and inserting the result into Eqn (15)
gives

CSF =
∫ T

0

(
mẍ + Fxd −ΔFp

)
(T − t ) dt . (16)

Since ẍ(0) ≈ 0 and ẋ (0) ≈ 0, Eqn (16) simplifies to

CSF = mΔx +
∫ T

0

(
Fxd −ΔFp

)
(T − t ) dt , (17)

where Δx is the horizontal distance that the iceberg’s center
of mass has moved between t = 0 and t = T .
The initial horizontal position of the iceberg, relative to

the glacier terminus, is simply εH/2. From inspection of
Figure 1, we find that the position of the iceberg at the time
when it loses contact with the glacier terminus cannot exceed
(H/2)

√
1 + ε2. Thus, the change in the iceberg’s center of

mass during the time that the iceberg is in contact with the
terminus is given by

Δx ≤ H
2

(√
1 + ε2 − ε

)
. (18)

Equation (18) becomes an equality when the drag coeffi-
cients are large, which we have verified with our iceberg-
capsize model (Section 4.1). The best-fit drag coefficients
determined from our laboratory experiments, as well as
videos of the experiments, indicate that Eqn (18) can be
treated as an equality.
Thus, inserting Eqns (5) and (18) into Eqn (17) gives

CSF =
1
2
ρiε

(√
1 + ε2 − ε

)
H3L+

∫ T

0

(
Fxd −ΔFp

)
(T− t ) dt .

(19)
The first term in Eqn (19), which is solely a consequence

of iceberg geometry, scales approximately as ε(1 − ε) when
ε < 0.5. This is not too surprising, given that the total
potential energy released by a capsizing iceberg, Ecap, (see
Burton and others, 2010; MacAyeal and others, 2011) also
scales with ε(1− ε):

Ecap =
1
2
ρi

(
1− ρi

ρw

)
gε(1− ε)H3L. (20)

The CSF amplitude is therefore related to the total energy
released during capsize. Rearranging Eqn (20) and inserting
it into Eqn (19), we obtain

CSF =

√
1 + ε2 − ε

g (1− ε)
ρw

ρw − ρi
Ecap+

∫ T

0

(
Fxd −ΔFw

)
(T−t ) dt .

(21)
Noting that

√
(1 + ε2) − ε ≈ 1− ε, Eqn (21) can be further

simplified to

CSF ≈ Ecap · 1s
2

m
+

∫ T

0

(
Fxd −ΔFp

)
(T − t ) dt . (22)

Equation (22) indicates that the CSF amplitude can be viewed
as a sum of a ‘geometric term’ and a ‘hydrodynamic term’.
When hydrodynamic forces are ignored, the CSF amplitude
is directly proportional to the total energy released during the
calving event. However, our laboratory work indicates that
drag forces (and presumably hydrodynamic pressures) can
be large and highly variable during iceberg-capsize events.
As a demonstration of the potential impact that hydro-

dynamic forces can have on glacial earthquake magnitudes,
in Figure 5b we plot the CSF amplitudes from the laboratory-
scale experiments with (1) no hydrodynamic forces and
(2) hydrodynamic drag but not hydrodynamic pressure. The
latter can be taken as an upper bound on the role of
hydrodynamic forces because hydrodynamic pressure will
tend to offset the effect of drag forces (Eqn (22)). Figure 5b
shows that the geometric term is proportional to iceberg
aspect ratio. The drag term (case 2), however, is inversely
proportional to aspect ratio and several times larger than
the magnitude of the geometric term. This is because thin
icebergs, which release less potential energy (Burton and
others, 2010; MacAyeal and others, 2011; Eqn (20)), are
more strongly affected by hydrodynamics than are wide
icebergs. The net result is that when hydrodynamic pressure
is neglected, the drag term dominates the CSF amplitude.
Although our model lacks a full hydrodynamic description
and is unable to account for hydrodynamic pressure, it
does suggest that the CSF amplitude is strongly influenced
by hydrodynamic forces and does not scale with iceberg
geometry in a simple way.
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