Evolution of the Petermann Ice Shelf River and Estuary, and Impacts on Ice Shelf Stability

Alison F. Banwell'”, Michela Savignano!, Emily Glazer?, Waleed Abdalati!, Robin Bell?, Alexandra Boghosian?, Roger Buck?, Sarah Esenthers, Adam LeWinter4, Laurence C. Smith3, Leigh A. Stearns?

// 1) Cooperative Institute for Research in Environmental Sciences (CIRES), University of Colorado Boulder; Gb CRREL
— AR - HEISING-SIMONS 2) Lamont-Doherty Earth Observatory, Columbia University; 3) Brown University; 4) Cold Regions Research COLUMBIA %g @ Penn
e and Engineering Laboratory (CRREL); 5) University of Pennsylvania; *alison.banwell@colorado.edu UNIVERSITY  BROWN UNIVERSITY 0f PENNSYLVANIA

Background

« |ce shelf stability is influenced by surface melt and hydrology, including meltwater storage and routing.

What is an Ice Shelf Estuary?

* Anice shelf estuary may form if a surface river, often coincident with a basal channel, incises
vertically down to sea level.

* |ce shelves with a high density of surface lakes are prone to hydrofracture and instability (e.g. Larsen B), while

those with surface rivers exporting meltwater into the ocean (e.g. Nansen) may be more stable (Banwell, 2017). M * Estuary formation can enable water flow reversals, with fresh water in the river mixing with saline

ocean wafter.

* Periodic ocean water loading, combined with tidally-induced flexure, may increase ice-shelf
stfresses near the calving front, promoting longitudinal fractures and rectilinear calving events.

Study Area

Petermann 3 « Petermann Glacier (Fig. 1), has the first discovered ice-shelf estuary (Boghosian ef al., 2021). Note
chunks of floating sea ice in the river channel (Fig 1b)!
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Overall Aim: Investigate drivers of estuary formation on ice shelves and the potential effect of
estuaries on ice-shelf stability. Evaluate if other ice shelves (Greenland & Antarctica) may be
vulnerable to future estuary formation.

Figure 1. ) Sentinel-2
image (25 June 2023)
of Petermann Ice
Shelf, with inset map
showing the location
of Petermann in NW
Greenland (black
outline); b) WorldView-
2 image (24 July 2018;
Imagery © Maxar
2018) of Petermann’s
estuary with seaice
visible in the river; ¢)
Photo of the front of
Petermann’s estuary
from the ocean
(photo credit: 771
Parallel, Aug. 2015)

Remote Sensing: Calculate bathymetries
and incision rates for a 5 km stretch of
Petermann’s surface river in summer 2016.

Nansen Ice Shelf, East Antarctica |

Modeling Objective: Investigate conditions
under which an ice shelf surface river may
evolve into an estuary; e.g., Nansen Ice

Shelf, has a river but no estuary (Fig. 2).

Figure 2. The calving front of the Nansen Ice Shelf,
East Antarctica. A surface river and waterfall are
present, but no estuary (Bell ef al., 2017; photo credit:
Robert Fletcher).

Remote Sensing Methods Remote Sensing Results — Calculation of river incision rates in 2016

 Water depth and bathymeitry of meltwater features is calculated Key findings:

from paired opfical WorldView images and corresponding DEMs, + Tide-corrected DEM profile (Fig. 5b) indicates a meanice- -

validated against ICESat-2 altimetry data (Savignano, 2025). shelf surface ablation rate of ~2.4 cm day! in summer 2016. © | e DEIA profiles
* First, the method is developed for 8 lakes with coincident ICESat-2 « Riverincision rates vary from ~3.5 cm day ! upstream (5 km) E28

tracks (Fig. 3 shows example lake). Based on four water depth to ~1.6 cm day! near the ice shelf front (Fig. 5¢), with the _§26- :

algorithms tested (Fig. 3e), the Dual Channel (DC) method (Legleiter river channel bottom becoming wider and flatter. 524- i

et al., 2009) using the blue/green band ratio gives the most accurate w fk;

water depths and bathymetry relative to ICESatl-2 {Savignano, 2025). Figure 5. Calculafion of incision rates in the Petermann River through 20 k- "
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Figure 3. Method to calculate water depth and bathymetry from paired WorldView-2
images and ArcticDEM strips applied to an example melt pond (Fig. 1a): (a) DEM with
pond marginal pixels in black, (b) DEM with water surface smoothed to the mean
pond marginal pixel elevation, (c) water depth calculated from WorldView-2
reflectance, (d) basin bathymetry calculated by subtracting water depth from the
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« Second, the method is used to calculate river channel bathymetry d
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Figure 4. Tidal variation at Petermann Glacier for Summer 2016 from Gr1kmTM.
Coloured dots correspond to dates/times of WV images/DEMs in Fig. 5a.
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Numerical Methods

Thin plate analytic solution - What ice-shelf thicknesses,
surface channel depths, and basal channel depths form an estuary?

Numerical Results — Under what conditions can an estuary form?

Horizontal deviatoric stress (Syx = Oxx - P) (kPa)

Thin plate analytic solution: Viscoelastic model: _— , —
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Viscoelastic model - For a 100m thick ice shelf (Petermann) Basal channel depth (m) g ! One day I
with a variable basal channel depfh (10 m vs. 50 m)' how does the Figure 6. Potential for estuary formation as a function of surface and :?5,) 2 - O:Z ﬁiith 00
surface channel bottom elevation evolve? Does an estuary form? basal channel depth, assuming four ice shelf thicknesses (H). Orange s lovel O —80.-
stars mark the surface and basal channel depths in the two model | | | | | — | | |
: D Vi ' ' ice- ' runs in Fig. 7 (for H= 100 m, e.g., Petermann). 2S00 0-5 1 2:5 2 -1 0 1 2
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spatially coinciding surface river and basal channels. Key findings: Figure 7. Viscoelastic model results for an ice shelf with a water-filled surface channel, and either

(a) a T0m or (b) 50 m deep basal channel. Left panels show surface elevation change over time

Assumptions: Maxwell viscoelastic rheology (nonlinear), temp-dependent . e . . / .
(vertical line is the surface channel); right panels show the horizontal deviatoric stress after 1 week.

, : : « Estuary formation is mostly driven by basal channel depth
viscosity, Young's modulus (E =9 Gpa), surface channel 30 m wide and 5 m

and ice-shelf thickness, not surface channel depth.

deep. Boundary conditions: hydrostatic at sides and bottom, free surface on top. . Ryder/79°N are thinner than Petermann, so are Key finding:
,=-13°C  rface channel $Hs | vulnerable to future estuary formation. Nansen (Fig. 2) « With a 10 m deep basal channel, the surface channel never reaches sea level;
) H has no estuary due a thicker ice front and shallow basal with a 50 m deep basal channel, it does after a month, forming an estuary. This
,=0°C _ |bosalchannelllH, | pije. channel. is consistent with the thin plate analytic solution (Fig 6; orange line & stars).
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Summary / Future Research

« The mean incision rate in the Petermann River was 2.2 cm day ! in summer 2016, with the channel widening and flattening downstream.
» |ce shelf thickness and basal channel depth are the primary conftrols on surface channel bottom elevation, and hence estuary formation.
« Other Greenland ice shelves (79°N, Ryder) are vulnerable to estuary formation due to their thin ice fronts and surface and basal channels.

Future research: 1) Investigate implications of estuary development on ice shelf stabillity, focussing on the drivers of longitudinal and
rectilinear fracturing. 2) Collect field observations (inc. ice-shelf thickness, basal channel geomeitry, surface river bathymetry & river incision
rates) on Petermann in summer 2025. 3) Further investigate other ice shelves with large rivers but no estuaries (79°N, Ryder, Nansen).

Data/models:
- ATLAS/ICESat-2 L2A Global Geolocated Photon Data, Version 6. National Snow and Ice Data Center https://nsidc.org/data/atl03/versions/é (2020).
- Howard, S. L., & Padman, L. GrTkmTM: Greenland 1 kilometer Tide Model, 2021. Arctic Data Center. (2021). doi:10.18739/A2251FMS3S.

- Porter, C. et al. ArcticDEM - Strips, Version 4.1. Harvard Dataverse https://doi.org/10.7910/DVN/C98DVS (2022).

- Viscoelastic code base ‘FLAC’ available at: https://github.com/GeoFLAC; our modifications available at: https://zenodo.org/records/ 14968616
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