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Granular decoherence precedes ice mélange
failure and glacier calving at Jakobshavn Isbreze

Ryan K. Cassotto®'>, Justin C. Burton®?, Jason M. Amundson®3, Mark A. Fahnestock* and

Martin Truffer*

The stability of the world's largest glaciers and ice sheets depends on mechanical and thermodynamic processes occurring at
the glacier-ocean boundary. A buoyant agglomeration of icebergs and sea ice, referred to as ice mélange, often forms along
this boundary and has been postulated to affect ice-sheet mass losses by inhibiting iceberg calving. Here, we use terrestrial
radar data sampled every 3 min to show that calving events at Jakobshavn Isbrza, Greenland, are preceded by a loss of flow
coherence in the proglacial ice mélange by up to an hour, wherein individual icebergs flowing in unison undergo random dis-
placements. A particle dynamics model indicates that these fluctuations are likely due to buckling and rearrangements of the
quasi-two-dimensional material. Our results directly implicate ice mélange as a mechanical inhibitor of iceberg calving and

further demonstrate the potential for real-time detection of failure in other geophysical granular materials.

ce mélange is a granular material composed of iceberg ‘grains™

up to 1,000m or more in length that can affect tidewater glacier

systems through a variety of feedbacks. It can source considerable
amounts of cold freshwater into fjords>* and exert drag on underly-
ing waters*’, potentially affecting fjord heat transport® and subma-
rine melting of glacier ice. Moreover, ice mélange can affect mass
losses from glacier termini by mechanically resisting the calving of
large icebergs™* associated with glacial earthquakes’'?, thereby pro-
viding opportunities to assess the evolution of mechanical failure in
geophysical systems.

When densely packed in a fjord, ice mélange forms a disordered,
jammed state'*~'* where icebergs flow in unison. Between calving
events, ice mélange velocities are consistent with laboratory experi-
ments and numerical simulations of quasi-two-dimensional (2D)
granular materials that are pushed through straight channels'®'%.
These experiments exhibit heterogeneous viscoplastic flow with
deformation concentrated in shear zones near the channel walls,
and uniform, plug flow in the middle of the channels. However,
this flow is sensitive to external stress. Calving events inject large
amounts of energy into the head of a fjord, producing a dynamic
jamming front” that propagates through the kilometres-long ice
mélange ~20 times faster than the speed of individual icebergs®.
Typically, grain-scale information must be acquired at sufficient
spatial and temporal resolution to quantify the rheological proper-
ties of granular materials*~**. However, such detailed information
rarely exists in complex geophysical systems.

In this study, we exploit recent developments in terrestrial radar
interferometry (TRI) to observe grain-scale ice mélange dynamics
before and after calving events. We use a pair of TRIs to generate
2D flow fields and strain rates along the proglacial ice mélange of
Jakobshavn Isbrae, Greenland’s most prolific iceberg-producing gla-
cier”. The record reveals an evolution of ice mélange rheology from
coherent iceberg flow during periods of terminus quiescence to
decoherent flow associated with random displacements of individ-
ual icebergs beginning 1 h before calving. An accompanying particle
dynamics model demonstrates that a small downfjord expansion of

the ice mélange facilitates these displacements. Our results provide
the best evidence yet that ice mélange can control the timing of ice-
berg calving, with implications for tidewater glacier retreat and ice
mass loss from the major ice sheets.

Observing and characterizing modes of ice mélange flow
Jakobshavn Isbre is one of Greenland’s fastest flowing outlet gla-
ciers. A perennial ice mélange occupies the inner fjord, stretch-
ing >10km from the glacier’s calving face with a mean thickness
of ~100m (refs. *'*). Previous studies’, including one recent TRI
study”®, showed that ice mélange weakening in spring precedes calv-
ing at Jakobshavn Isbre, a phenomenon facilitated by the seasonal
loss of binding sea ice'”. Until now, no study has resolved whether
ice mélange motion has preceded calving in the summer when
sea ice is minimal. In this Article, we present observations from
August 2012, an usually warm period in Greenland?’. We scanned
the glacier and proglacial fjord every 3 min for 10 days using a pair
of Gamma Remote Sensing ground portable radar interferometers
(herein referred to as TRIs). The radars were positioned ~1.9km
apart on bedrock and had substantially overlapping viewing geome-
tries (coloured polygons in Fig. 1). Earlier results used particle image
velocimetry on the radar backscatter data to examine the dynamic
jamming that occurs during calving events, which produces an areal
increase in ice mélange extent and causes icebergs to accelerate by
three orders of magnitude” to >1ms™, a quantity too fast to be
quantified with the TRI’s electromagnetic phase measurements. In
this study, we applied the methods of Voytenko et al.*® to the elec-
tromagnetic phase measurements from both radars to produce 2D
velocity and strain rate fields to quantify the spatiotemporal evolu-
tion of the ice mélange prior to and following several iceberg calving
events”. In addition, we used high-rate time-lapse photography to
document calving events (one photograph per 10s) and observe ice
meélange activity (one photograph per 15min).

We observed three modes of flow: (1) steady, coherent flow
characterized by velocity and strain rate fields that vary smoothly
throughout the fjord, (2) steady, incoherent flow in which the velocity
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Fig. 1| Jakobshavn Isbrae and proglacial ice mélange. The locations, viewing geometries and radar backscatter images from the pair of TRIs used in this
study are shown superposed on a Landsat 8 image from June 2013. The reference hillshade image is created from NASA MEaSUREs Digital Elevation
Model* data. Inset: photograph looking north across the fjord with TRI 2 in the foreground and large iceberg clasts within the ice mélange in the
background. The Landsat 8 image was downloaded from the US Geological Survey's Earth Resources Observation and Science (EROS) Center.

field contains considerable variability at the grain scale and (3) rapid,
irregular flow associated with dynamic jamming fronts propagating
through the ice mélange, as previously described®. During steady,
coherent flow, large regions of compressional and extensional strain
rates appear in the velocity divergence fields (V - U, Fig. 2b), yet
ice mélange speeds (|UJ, Fig. 2a) are smooth because individual ice-
bergs flow in concert with their neighbours, as evidenced by the
velocity anomaly fields (7 — U, Fig. 2c). By contrast, incoherent
flow appears as highly localized patches of extensional and com-
pressional strain rates that permeate throughout the ice mélange
when individual icebergs begin to disaggregate and rotate randomly
(Fig. 2d-f). Steady, coherent flow occurs during periods of terminus
quiescence that spans hours to days and is therefore the predomi-
nant flow mechanism (Fig. 3a and Supplementary Videos 1 and 2),
while incoherent flow is ephemeral and occurs immediately before
and after calving events. The granular interactions that define these
flow modes only become evident when observed using a pair of TRI
instruments to produce 2D flow fields with approximate grain-scale
spatial resolution (~50 m) and fine-scale temporal sampling.

We observed 14 calving events overall, of which 7 were observed
by both radars. All of the events can be classified into two dis-
tinct categories: those that caused widespread failure along the ice
mélange shear margins and led to rapid kilometre-scale displace-
ment of the entire ice mélange, and those that perturbed the ice
mélange but did not result in large displacements (Supplementary
Video 3). For all events, regardless of style, the velocity fields appear
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smooth prior to the first visible evidence of an iceberg calving from
the terminus. However, ~1h before a calving event, speeds increase
(Figs. 2d and 3a) and the strain rate and velocity fields become
increasingly speckled (Fig. 2e and Supplementary Video 2), indi-
cating that small-scale particle rearrangements must be occurring
(Fig. 2f). The loss of flow coherence preceding calving events is
further illustrated by changes in the standard deviation in veloc-
ity, o, sampled within ~0.01-km? patches (Fig. 3), which increased
simultaneously throughout the ice mélange (Fig. 3b—e). After calv-
ing, oy, either remained highly variable and led to secondary calv-
ing events (Fig. 3b,d) or decreased over ~1h (Fig. 3c.e) as the ice
mélange regained flow coherence. The size of the calving event and
resultant displacement of icebergs within the ice mélange affected
the recovery time, with larger events (2 August 8:08 and 10:25; 5
August 1:44, Supplementary Video 3) having longer recovery times
(Fig. 3b,d). Overall, the peak in o, centred around calving events
is remarkably symmetric and consistent across calving events, and
the ~1-h duration of flow decoherence is congruent with increased
seismic activity from an earlier ice mélange study’.

Local and global strain in a granular material

We interpret the loss of flow coherence as evidence of an increase in
global strain in a highly jammed granular material. In the jammed
state, granular flow is effectuated by local displacements of parti-
cles that are spatially heterogeneous, even for infinitesimally small
strains. We observe that the global effective strain rate (¢), defined
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Fig. 2 | TRI-derived 2D velocity data products. a-c, Speeds (a), divergence in velocities (strain rates) (b) and velocity anomaly vectors for a subregion of
ice mélange (black box in b) (¢) during terminus quiescence. d-f, same as a-c but during a calving-imminent period. The four boxes in d (marked r1, r2,

r3, r4) show the ~0.01-km? patches sampled in Fig. 3.

as the second invariant of the strain rate tensor averaged over
the entire ice mélange, increases by ~0.1d™" in the 1h preceding a
calving event (Fig. 3b-e), which corresponds to an overall strain of
only 0.004.

To illustrate the connection between local and global strain,
we simulated a collection of floating spherical particles in an open
rectangular channel that is bounded by a fixed wall on one side
(Fig. 4a). Under the influence of buoyant forces, the collection of
particles experiences a quasi-static, uniaxial expansion along its
length, L, to a final global strain of £=0.001. Figure 4b shows the
magnitude of particle displacements for a simulated ice mélange of
length L=8km. For an isotropic, continuum material, the displace-
ment would vary linearly along the length. However, individual par-
ticles deviate substantially from this prediction, and velocity fields
are spatially heterogeneous over a 1-km? area (Fig. 4c), in analogy
with Fig. 2f. Localized regions of high strain appear where particles
move in opposite directions, which we associate with soft spots™,
slip avalanches® or shear transformation zones*’, known to control
plastic deformation in disordered materials.

A histogram of typical particle displacements with the linear
portion removed shows the distribution has long, non-Gaussian
tails with a standard deviation of 0.2 m (Fig. 4d). This implies that
a tightly packed ice mélange undergoing uniaxial expansion with
£=0.001 will have individual particles that experience ~0.2m of
random displacement, on average. This amount of displacement
over a 1-h period corresponds to a standard deviation in veloc-
ity of 4.8 md™', which is in good agreement with the data shown
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in Fig. 3b-e. Thus, our model demonstrates that a subtle uniaxial
expansion of the tightly packed ice mélange in the hour before
calving leads to a loss of flow coherence through small displace-
ments of individual icebergs.

Flow decoherence precedes terminus activity

Together, our field observations and particle dynamics model
indicate that increased global strain in jammed ice mélange is
facilitated by flow decoherence that can be detected locally up to
1h prior to calving events. These observations were only possible
with data from a pair of terrestrial radar interferometers that have
the necessary precision and range to measure millimetre-scale
deformation at kilometre-scale distances over short time periods.
The fact that calving during this period was always preceded by
flow decoherence strongly implicates ice mélange as a mechanical
inhibitor of calving. The transition from a tightly packed, jammed
state to a dynamic unjammed state should be accompanied by a
decrease in the mechanical force transmitted to the glacier termi-
nus, thus promoting iceberg calving. The loss of flow coherence
that we observe at Jakobshavn Isbre is insufficient to cause wide-
spread ice mélange dispersal; consequently, freshly calved icebergs
quickly become incorporated into the ice mélange, suggesting
that ice mélange may act as a stabilizing influence year-round.
In fjord systems with smaller ice fluxes, oceanographic processes
may dominate and therefore the loss of flow coherence during the
first major calving event in spring may result in complete dispersal
of ice mélange.
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Fig. 3 | Variations in speed and bulk strain rate over time. a, Time-series of mean speeds (grey) and the standard deviation (o, blue) of the speed
sampled within r4, a single ~0.01-km? patch of ice mélange indicated in Fig. 2d. Calving events are indicated by grey vertical lines. b-e, 6, (left axis) for
four patches (r1-r4, shown in different colours) and global strain rates (right axis, ¢, black) averaged over the entire ice mélange and centred around
calving for four different events. Dashed grey lines in b and d indicate the timing of secondary calving events.

We considered whether flow decoherence was simply a response
to glacier dynamics and hypothesized that initial calving processes,
such as crevasse opening and prolonged rotation of calving ice-
bergs”, promoted ice mélange expansion. TRI has millimetre-scale
sensitivity™ that can detect subtle surface changes associated with
calving inception. We found no evidence of precursor motion
along the glacier terminus in the derived data products of veloc-
ity (Extended Data Fig. 1) and strain rates”, nor in the raw inter-
ferograms. Therefore, we conclude that flow decoherence in the ice
mélange did not originate from glacier dynamic processes. Instead,
calving ensued only after a small expansion of the ice mélange initi-
ated a loss in flow coherence.
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Jakobshavn Isbrae’s ice mélange persistently flowed downfjord
(Supplementary Video 4), in a westward direction, with the imme-
diate proglacial ice mélange frequently accelerating prior to calving
events (Extended Data Figs. 1, 2, 3 and 4). Several external forces can
trigger an acceleration and downfjord expansion of the ice mélange,
including katabatic winds”*. An automatic weather station in the
fjord indicates predominately northerly (across-fjord) winds during
our study’, suggesting that wind shear was not a factor. The peri-
odic downfjord accelerations of distal ice mélange (Supplementary
Video 3) and increased speeds between tidal phases (Extended Data
Figs. 2 and 3) suggest a tidal influence. Most calving events occurred
during a spring tide (Extended Data Fig. 1), when the horizontal
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displacement of icebergs due to large ebb and flow current tran-
sitions is expected to be greatest. However, tidal oscillations also
affect the basal water pressures that control subglacial discharge and
fjord circulation”, factors that enhance meltwater discharge during
neap tides in other fjords**. Consequently, the downfjord expan-
sion of the ice mélange via drag from submarine plumes cannot be
ruled out, particularly during the late record. Therefore, although
the downfjord expansion that initiated decoherence appears to be
tidally modulated, complex feedbacks along the ice-ocean bound-
ary obfuscate the true tidal mechanism.

Implications for glacier stability and granular failure

The response of tidewater glaciers to perturbations at their calv-
ing fronts is highly nonlinear and is sensitive to terminus location
relative to the underlying bed topography**>*. Thus, by affect-
ing the timing of iceberg calving over daily to monthly timescales,
ice mélange can influence tidewater glacier stability and therefore
ice-sheet mass balance over much longer time periods. Our find-
ings imply that a comprehensive characterization of ice mélange
rheology and iceberg calving is required in tidewater glacier mod-
els. Specifically, accounting for ice mélange with a seasonally vary-
ing resistive stress on the terminus** is insufficient, as it only
affects stresses in the flow model and neglects the influence of ice
mélange on the calving process along an already highly fractured
glacier terminus. Our study demonstrates that ice mélange does, in
fact, mechanically inhibit iceberg calving, even in the absence of a
binding sea ice matrix. Many factors govern ice mélange stresses,
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including iceberg production and retention, fjord geometry, sea
ice availability, wind, tidal oscillations and subglacial discharge.
A deeper understanding of these parameters and how they affect
stress transmission within the ice mélange are necessary before ice
mélange can be properly incorporated into ice-sheet models.

Finally, our application of TRI to study the transitions between
incoherent and coherent flow demonstrates an important advance
for granular mechanics in general. Predicting impending failure in
disordered systems is a principal goal in many fields, ranging from
earthquake detection** to glassy*, granular** and mechanical
metamaterials*. Particle and bond-level information plays a crucial
role in predicting failure, which until now has remained unavailable
for complex geophysical systems. In flowing granular materials,
machine learning techniques and acoustic emissions analyses dem-
onstrate precursors to failure, although real-time detection remains
an elusive goal. Thus, our study represents an important first step
towards real-time detection of failure in geophysical granular flows
such as sea ice, rock and snow avalanches, the liquefaction of granu-
lar soils, and debris flows.

Online content

Any methods, additional references, Nature Research report-
ing summaries, source data, extended data, supplementary infor-
mation, acknowledgements, peer review information; details of
author contributions and competing interests; and statements of
data and code availability are available at https://doi.org/10.1038/
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Methods

Radar acquisitions and processing. The TRI scans were acquired in 2012 using a
pair of Gamma Remote Sensing ground portable radar interferometers (GPRI-II).
Both radars were deployed along the southern fjord wall and separated by 1.9km to
provide favourable incidence angles (Fig. 1). The radars scanned the terminus and
ice mélange every 3 min from 1 to 9 August, with limited breaks. Each instrument
used a 180° scan in azimuth with a 16-km-range radius, and scan times were
synchronized using GPS time codes.

Data from each radar were processed independently and then combined to
create 2D velocity fields following Voytenko and colleagues®. Raw data were
processed to single-look complex images, multi-looked by 15 in range (to an
effective range resolution of 11.25m) and used to create 3-min displacement
interferograms. The interferograms were then filtered using an adaptive filter*
and unwrapped (converted from relative phase measurements to absolute phase
displacements) using a minimum cost flow (mcf) technique'. The mcf method
unwrapped the majority of interferograms in the record in a clean and consistent
manner; however, unwrapping errors of 1-2 integer cycle slips still occurred. Left
unaccounted for, these phase jumps would produce erroneous step changes in
speed of 4.08-8.16md™". To correct this, we applied a smoothing spline through
time to each pixel in the unwrapped interferograms. Spline fits were calculated
over the shorter of daily intervals or inter-calving periods. This approach produces
smoothly varying velocity fields free of unwrapping errors at the expense of
obscuring transient signals due to rolling icebergs or calving events from the
northern terminus.

After correcting for phase unwrapping errors, we converted displacements to
line-of-sight (LOS) speeds. A total of 2,397 interferogram pairs were then used
to create 2D velocity fields following the methods of Voytenko and colleagues®.
The method produces northing and easting velocity components that were used
to calculate speeds in the direction of flow (that is, non-LOS). The accuracy of
these velocity fields decreases when the radars have similar look angles. This
biased speeds in pixels on the outside of the radar locations high (that is, east of
radar 1 and west of radar 2). To account for this geometric distortion, we scaled
the velocity fields by the ratio of image correlated speeds against the phase-based
measurements. The image correlation was performed on the radar backscatter
images that were not affected by LOS geometry issues; however, the technique has
a lower sensitivity to motion and thus cannot be performed over short intervals.
We used PyCORR (Python image Correlation package™) to derive velocities
from backscatter image pairs acquired 24 h apart, with subsequent pairs offset
by 1h. In total, 50 image velocity pairs were calculated between 6 August 20:51
and 8 August 19:21, a period of terminus quiescence and continuous radar
measurements. We averaged all 50 fields to produce maps of mean velocities in
each direction (V,, V) and applied a 39 x 39-pixel (585 m X 585 m) square Gaussian
low-pass filter to smooth the results. Next, we calculated the mean velocity fields
in the phase-derived record using 1,109 3-min fields acquired over the same
time period. We divided the mean PyCORR velocities by the mean phase-based
values to produce a scaling map, and then multiplied the entire record of 2,397
phase-derived 2D velocity fields by this map. This resulted in a dense record of 2D
speeds with high temporal resolution (3 min) to accurately measure iceberg motion
within the ice mélange with minimal geometric distortion due to similarities in
radar LOS viewing angles.

To evaluate errors in the 2D ice mélange speeds, we compared the final
phase-derived products against PyCORR-derived speeds over the same 47-h
period of quiescent flow (Extended Data Fig. 5). The biggest differences occurred
in the shear margins, where differences between the two methods typically
exceeded 10md-! (Extended Data Fig. 5¢). Shear margins are challenging for
image-to-image correlation and also lie outside the main ice mélange ‘plug), the
main region of interest for our study. Therefore, we excluded these outliers in
our error analysis and calculated the mean offsets, which resulted in an offset
of —1.7md™" in the phase-derived speeds with a standard deviation of 2.8 md-"
(phase-based minus PyCORR). We adopted the latter as a conservative error
estimate in the 2D derived speeds.

We derived strain rates by calculating the gradients in velocity for each
component. The two normal components were summed to calculate the divergence
of the velocity field (V - U; Fig. 2). All four components (€xy, €xy» €, €yy) Were
used to calculate the 2D effective strain rate (second invariant of the strain rate
tensor) in each pixel, and then integrated over the entire ice mélange and divided
by the number of valid data points to produce an estimate of the global strain rates
in the ice mélange at each interval (Fig. 3b-e).
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Model. We used a custom particle dynamics code for the simulations. In each
simulation, the particle radii (R) were drawn from a Gaussian distribution with
mean of 25 m and standard deviation of 10 m, with particle sizes less than 25 m
and greater than 200 m removed. Each particle experienced a buoyant force due

to the amount of submerged volume below the vertical position z=0m (the fluid
surface). The fluid density was 1,027 kgm~ and the particle density was 900kgm=.
The particles also experienced a harmonic, repulsive force (proportional to the
amount of geometric overlap between their surfaces, equal to k(r; — R,— R))),

where k=2Nm™ is the stiffness of the iceberg particles (~20 times larger than

the load on the terminus), r; is the distance between their centres and R; and R,

are their radii. Tangential friction was not included in the simulation. Particles

also experienced an identical repulsive force from geometric overlap with the
channel walls. Initially, N= 6,000 spherical particles were placed at random in a
channel of length L =8,000 m, width W=1,000m and vertical depth=1,000m
below the fluid surface. Solid walls were imposed at x=0 and x=L, and periodic
boundary conditions were imposed at y=—W/2 and y= W/2. The potential energy
of the system was then quenched to the nearest local minimum using the FIRE
algorithm™, which resulted in a buoyant layer of particles near the fluid surface
with thickness H~ 230 m. The system was then quasi-statically strained by allowing
one wall of the channel to expand in length by AL=8m in 300 equal steps, thus
reaching a final uniaxial strain of £ =0.001. The potential energy was minimized at
each step to maintain equilibrium throughout the expansion.

Data availability

The TRI-derived 2D velocity dataset generated and analysed during the current
study will be available at the National Snow and Ice Data Center (https://nsidc.org;
https://doi.org/10.5067/FKPL8IY02XWS).
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Extended Data Fig. 1| See next page for caption.
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Extended Data Fig. 1| The relationship between iceberg calving, ocean tides, line-of-sight ice mélange speeds, and glacier speeds. The relationship
between iceberg calving (black horizontal lines), (a) ocean tides, (b) line-of-sight ice mélange speeds and (c) glacier speeds with time ascending down
along the y-axis in all panels. Most of the calving occurred during a spring tide when tidal amplitudes (mean difference between two high and two low
tides each day) were high. Mélange speeds were similar in magnitude but more variable than glacier speeds, indicating proglacial mechanisms affect ice
mélange flow. For nearly all calving events, an increase in mélange speeds occurred without coincident increase in glacier speeds; the sole exception was
Aug 9 when a small calving event was precipitated by a partial loss of mélange flow coherence located downfjord of the sampled time-series.
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Extended Data Fig. 2 | Tidal oscillations in mélange flow for two different time periods in the early record. (a) Tidal height measured ~5km from the
calving front and (b) Mélange 2D-derived speeds sampled along a centerline profile between Aug 119:02 and Aug 2 15:25. (c,d) same as (a,b) but for Aug
314:13 - Aug 5 9:43. Time ascends downward along the y-axis for all plots. The location of the profiles is shown in Extended Data Fig. 4.
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Extended Data Fig. 3 | Tidal oscillations in mélange flow for the time period Aug 6 20:52 - Aug 9 20:28. (a) Tidal height measured ~5km from the
calving front. (b) Mélange 2D-derived speeds sampled along a center line profile shown in Extended Data Fig. 4. Time ascends downward along the y-axis
for both plots.
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Extended Data Fig. 4 | TRI backscatter reference image. TRI backscatter reference image showing the locations of the mélange 1D line-of-sight (maroon)
and glacier speed (green; from Cassotto et al.?”) time-series shown in Extended Data Fig. 1. The location of a center profile (orange) used to sample
mélange 2D speeds in Extended Data Figs. 2 and 3 is also shown; blue points indicate 1-km distances along the profile.
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Extended Data Fig. 5 | Error Analysis. Mean speeds between Aug 6 20:51 and Aug 8 19:21, 2012 derived from (a) PyCORR and (b) phase-based values.
The difference between each method (phase-based minus PyCORR) shown in (c) map view and as a (d) histogram. The phase-based values are 1.7 m d~'
lower than PyCORR derived values with a standard deviation of 2.8 m d™'; we adopt the latter as the error in phase derived velocity fields.
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