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Abstract. The January 2022 disintegration of multi-year landfast sea ice in the Larsen B Embayment, Antarctic Peninsula, was
closely followed by a significant acceleration of ice flow and ice-front retreat of numerous outlet glaciers. Crane Glacier was
a notable example of this, with 6 km of its floating ice shelf lost to calving in the first month following the disintegration and
a 3.4% increase in terminus flow speeds over the same time period. In this study we quantify for the first time the buttressing
stresses that were transmitted to Crane by the ice melange at the glacier outlet using ice-flow model, Ua. We constrained
our model with high resolution surface elevation profiles of the glacier and ambient melange and reconstructed the observed
flow velocities by optimising the rheology rate factor throughout our model domain. This allowed us to quantify the stress
regime across both the glacier and ice melange. Results showed that resistive backstresses were imparted to Crane by the ice
melange with a mean buttressing ratio of ©y = 0.68 calculated at the glacier terminus (O = 1 implies no buttressing). In
addition, diagnostic modelling showed an expected 19.2 kPa mean increase in extensional stress at the ice-front following the
disintegration of the ice melange. This perturbation in stress likely triggered the observed rapid calving over the near terminus
region, leading to the periodic loss of sections of Crane’s buttressing ice shelf and thus further acceleration of ice flow in the

subsequent months.

1 Introduction

Landfast sea ice (fast ice) is a type of stationary sea ice which is fastened to coastlines, ice shelves and outlet glaciers. Despite
its potential to regulate the dynamic behaviour of adjoining glaciers (Massom et al., 2010, 2015; Arthur et al., 2021; Christie
etal., 2022), gaps in knowledge relating to the distribution and extent of fast ice have led to it being overlooked in many studies
(Fraser et al., 2023). Recent observations have significantly improved our understanding of trends in fast ice extent throughout
Antarctica (Fraser et al., 2021), changes to which could impact upon the stability of adjoining ice shelves and outlet glaciers,
therefore potentially impacting future rates of sea level rise (Massom et al., 2018; Miles et al., 2017).

Whilst the buttressing capacity of ice shelves has been assessed quantitatively in numerous studies (Fiirst et al., 2016; Reese
et al., 2018; Gudmundsson et al., 2023), buttressing provided by fast ice has primarily been discussed in terms of correlation
between perturbations in fast ice coverage and observed changes in ice flow velocity or migration of ice tongue calving fronts.

Seasonal acceleration of the Totton Ice Shelf (Greene et al., 2018) and the Parker Ice tongue (Gomez-Fell et al., 2022) have
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been attributed to changes in fast ice extent, as has intermittent acceleration of the Thwaites Glacier tongue (Miles et al.,
2020). However, little to no change in glacier ow velocities were reported following fast ice breakout events at Shirase
Glacier (Nakamura et al., 2010, 2022). The contrasting responses reported in these studies suggest that either seasonal or loc
geometric factors may ultimately control the extent to which fast ice may stabilise connected glaciers (Fraser et al., 2023).

More recently, the 2022 widespread disintegration of multi-year fast ice in the Larsen B Embayment, Antarctic Peninsula,
provided an opportunity to assess the impact of instantaneous fast ice loss to multiple glaciers, aided by abundant present-da
observational datasets for the region (Sun et al., 2023; Ochwat et al., 2024; Surawy-Stepney et al., 2024). Furthermore, the
capacity of fast ice to buttress glaciers was brought in to question due to the similarities in the response of the regions outlet
glaciers following this disintegration event and the 2002 collapse of the Larsen B Ice Shelf (Scambos et al., 2004; Rignot et al.,
2004; De Rydt et al., 2015).

Following the 2002 ice-shelf collapse, Crane Glacier (Fig. 1) retreated by more than 10 km in just over two years (Needell
and Holschuh, 2023) with ice ow across the grounding line increasing by up to three times over a similar period (Rignot et al.,
2004). Crane's longer-term response was more complex and following the initial rapid retreat, phases of arrest and subsequen
re-advance were exhibited (Needell and Holschuh, 2023; Rott et al., 2018; Wuite et al., 2015).

Sea ice formed seasonally in the Larsen B embayment each year following the 2002 ice-shelf collapse, but in 2011 the sea
ice became landfast before further developing into multi-year fast ice. Multi-year fast ice is not only thicker than seasonal
formations of sea ice (i.e. rst-year ice) (Arthur et al., 2021; Massom et al., 2010), but can also display enhanced mechanical
strength through desalination over summer months (Fraser et al., 2023). This thicker, stronger ice allowed the trapping and
bonding of fragments of partially calved icebergs in a pro-glacial melange (Ochwat et al., 2024; Surawy-Stepney et al., 2024).
The thickness of the multi-year fast ice was estimated to be between 2.5m and 4 m across the embayment (Scambos et al
2017), though thicknesses of magnitude of tens to hundreds of metres was reported for melange elements close to the glacie
outlets (Ochwat et al., 2024). The development of multi-year fast ice seemingly aided a decade long re-advance of Crane,
but its disintegration in mid-January 2022 triggered a second period of rapid retreat (Needell and Holschuh, 2023). Ice ow
velocities were also affected with acceleration observed in the months following the disintegration, however a more signi cant
increase in ow speeds over both grounded and oating ice was not observed until later in the year (Fig. 2e, Movie S2).

The similarities between the 2002 and 2022 events led to multiple studies assessing the role that the fast ice played in
buttressing Larsen B's outlet glaciers, including, but not limited to, Crane glacier (Sun et al., 2023; Ochwat et al., 2024;
Surawy-Stepney et al., 2024). However, conclusions on the extent to which fast ice can buttress adjoining glaciers varied
across these studies. Sun et al. (2023) argued that whilst the fast ice covered the same area as the previously existing ic
shelf, the buttressing provided was low as damage could more readily propagate through the fast ice due to its weaker anc
thinner makeup, therefore limiting its resistive potential. This was evidenced by a lack of instantaneous acceleration at six
glaciers following the disintegration and near-zero correlation between fast ice extent and glacier velocities (Sun et al., 2023).
A delayed velocity response, observed 8 months later, was attributed to the retreat of Crane's ice front, rather than being directly
due to the collapse of the fast ice (Sun et al., 2023). In contrast, Ochwat et al. (2024) recognised the similarities in dynamic

response following the fast ice and ice shelf break-ups, including instantaneous acceleration of ice ow, to mean there were
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Figure 1. Panel a) shows an overview of the Larsen B embayment in polar stereographic projection displayed on a hill shaded relief map of
the REMA mosaic for Antarctica (Howat et al., 2019). Latitude and longitude lines are labelled for reference. The location of Larsen B is
illustrated by the red ring on the subset outline of Antarctica (source: BedMachine v3 (Morlighem, 2022)). The black line outlines the extent
of the model domain. The blue line denotes the approximate extent of fast ice in the months prior to its disintegration and the red line shows
the fast ice and melange extent after disintegration with coordinates extracted from LandSat 8 imagery (24/02/2022). Panel b) shows a close

up view of Crane Glacier captured by LandSat 9 (13/12/2021) with the black line showing the extent of the model domain.

parallels in the buttressing provided by the two different ice masses. The destabilisation and calving of oating ice tongues
in different outlet glaciers in Larsen B were therefore attributed to the loss of buttressing from the fast ice (Ochwat et al.,
2024). Surawy-Stepney et al. (2024) used an ice-sheet model to estimate the buttressing stresses of an idealised distributio
of fast ice on Larsen B's outlet glaciers. The authors rst optimised the rate factor of the glaciers to reproduce the observed
velocity eld without the inclusion of fast ice in the model, then added varying thicknesses of fast ice to the embayment region
of the domain to calculate the resulting change in ice- ow speed. The study concluded that whilst the fast ice affected the
dynamic behaviour of oating ice in different glacier outlets, this was not a result of direct buttressing in the same context as
is understood for ice shelves. Instead, the impacts that fast ice coverage had on calving behaviour and glacier ow velocities
were attributed to secondary processes including ocean swell attenuation (Teder et al., 2022; Christie et al., 2022) and bonding
of melange in areas downstream of glacier termini (Robel, 2017). The potential issue of this approach lies in the initialisation
process: by solving the optimisation problem without including fast ice, the buttressing stresses from the fast ice, if any, have
been compensated by adjusting the rate factor of the glacier.






