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Abstract

Interactions of ice and ocean around Antarctica determine the stability of ice shelves
and the onshore ice masses they buttress. These interactions and the exchange of water
between the open ocean and ice shelf cavities depend heavily on seabed morphology
and depth. However, vast areas of the Antarctic margin remain bathymetrically
undersampled, and some, including the cavity beneath the ~44,000 km? Riiser-Larsen
Ice Shelf, Antarctica’s fourth largest, were never yet visited. Here, we use new
aerogeophysical and existing oceanographical data to infer bathymetry under the
cavity and assess the interactions of ice, ocean and bed. We find a bed shaped by its
setting at an extended continental margin, and modified by glacial processes. A 520 m-
deep bathymetric gateway at the continental shelf break permits seasonal intrusion of
Warm Deep Water into a subglacial trough that allows the warm water to reach the
1000 m deep grounding zone at the ice shelf’s main inlet. The existence of analogous
gateways at several ice shelves of Dronning Maud Land indicates that the buttressing
effect on a large marine-based portion of the East Antarctic Ice Sheet, albeit whilst
currently stable, may be approaching a serious tipping point with minimal changes to

the oceanographic regime.

Introduction

The stability of Antarctic ice shelves is highly dependent on interactions at their

interfaces. These interactions between the atmosphere, cryosphere, hydrosphere, and
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lithosphere affect the overall mass balance of the Antarctic Ice Sheet by virtue of the
buttressing role played by the ice shelves!. Understanding and measuring ice shelf
processes is becoming more important because they are likely to change with global

warming, driving Antarctic contributions to the global sea level rise?.

The primary mass loss process at Antarctica’s ice shelves is basal melt®. Basal melt is
driven by oceanic heat in surface waters at the calving fronts and in deeper water
masses that penetrate into the cavities beneath the ice shelf base®s. On seasonal and
climatic timescales, it varies along with the temperature and other properties of these

water masses.

Antarctica’s fourth largest ice shelf, Riiser-Larsen with 44.000 km?® (Fig. 1), is exposed
to the ocean along a 400 km wide calving front, behind which it is just about 110 km
long on average. Changes in the water mass properties it interacts with are largely
determined by the evolution and variability of the Weddell Gyre'®!! (Fig. 1). The gyre
brings warmer sub-surface water from lower latitudes towards the continental
shelf!12, Intrusion of this Warm Deep Water (WDW) into ice shelf cavities is largely
dependent on the relative depths of the WDW thermocline and the seabed beneath the
ice shelves. While the thermocline depth has been observed to undergo significant
seasonal changes here and at neighbouring ice shelves of Dronning Maud Land®**, the

seabed beneath the Riiser-Larsen Ice Shelf has never been surveyed bathymetrically.
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To assess the present and future vulnerability of the Riiser-Larsen Ice Shelf to ocean
driven melt, we develop a new bathymetric model and interpret its implications for
regional circulation and ice shelf stability in the light of observed hydrography315-17
and the results of theoretical modelling. In a first step, the bathymetry beneath the ice
shelf is modelled based on newly acquired aerogeophysical data, using an inversion
of gravity data steered by known topography beneath grounded ice and open water,
and interpreted regional geology. Using the cavity map, oceanographic observations
along the coast, and newly acquired ice penetrating radar data (see Methods), we
estimate water and heat exchange between the open ocean and the ice shelf cavity with
its regional and seasonal variations. Finally, we use our findings to assess the ice shelf’s

present and future stability in a regional context.
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Figure 1: Bathymetric model, oceanographic setting, and basal melt rates of the Riiser-Larsen Ice Shelf.
Inset, upper left, shows the ice shelf’s location in Dronning Maud Land (DML), East Antarctica, and the
course of the coastal Weddell Gyre. (a) Bathymetric contours show the newly determined cavities of the
Riiser-Larsen and Quar ice shelves based on gravity inversion performed in this study. Bold contours
are shown for depths of 250, 500, 750, 1000, 1250, 1500, 1750, and 2000 m; lighter contours are shown for
depths of 625 and 875 m. In the open ocean, coloured dots portray observed thermocline depths of
Warm Deep Water from individual oceanographic profiles (see Methods). Across the region’s ice
shelves, average basal melt rates from 1997 to 20215 are portrayed. Calving fronts and grounded areas
are extracted from MEaSUREs data collection® and additional databanks'. Blue arrows: glaciers (PB,
Plogbreen; ERLG, eastern Riiser-Larsen Glacier), topographic features are labelled in red (KK,
Kvitkuven; KN, Kapp Norvegia; LIR, Lyddan Ice Rise; 1, 2, 3, and 4, numbered pinning points; S,
Skjoldet ice rise; VF, Vestfjella mountain site; VK, Vestkapp), and ice shelves in black (EIS, Ekstrom Ice
Shelf; RLIS, Riiser-Larsen Ice Shelf; SWIT, Stancomb-Wills ice Tongue; QIS, Quar Ice Shelf). (b)
Distribution of available shipborne bathymetric measurements?, topography beneath grounded ice?'2,
Quar and Ekstrom cavity bathymetries from seismic measurements??? and existing gravity modelling?-.
(c) Two-dimensional shelf break section along the purple line in (a) shows modelled bathymetry (grey)
with colours in the background showing the percentage of time that WDW (T>-1.5C) was observed at a
given depth at oceanographic mooring M3 located in the vicinity of the shelf break at a water depth of
738 m (for location see M3 in inset). Purple stars mark distinct gateways at depths of 300 m or deeper
along the shelf break. Dark grey fills indicate shallower depths in shoreward reaches of the gateways,

which block the potential route of inflowing WDW.



104

105

106

107

108

109

110

111

112

113

114

115

116

117

118

119

120

121

122

123

124

125

Results and discussion

Geological interpretation

Over the past decade, the method of inverting gravity anomalies towards sub-ice shelf
bathymetry has been adapted and continually improved?-2. Still, it remains a major
challenge to disentangle the signals of topographic height changes from those due to
geological variability within the gravity data®. This is especially true across large gaps
in the existing bathymetry, as encountered at the Riiser-Larsen Ice Shelf (Fig. 1b). The
coarse spatial resolution (10 km) and low (10 mGal) accuracy of existing gravity data
across the ice shelf* led to it being labelled ‘challenging to invert’ in Bed_AntGG2022,
the only previous attempt to model the cavity®!. Our model, in contrast, is based on
newly acquired gravity data that are both more accurate (2.4 mGal) and spatially better
resolved (up to 3.5 km) and benefits from a laterally varying density model based on

a targeted geological interpretation (Fig. 2).

The gravity anomaly data (Fig. 2a) are first inverted towards bedrock density. At points
of known bathymetry (Fig. 1b), this density can be taken as valid within our model
domain since it is calculated to fit the gravity data. Using these points enables us to
qualitatively interpret correlations between these well-constrained densities and
characteristic associations in gravity, magnetic, and geological outcrop observations®
(Figs. 2a-c). These allow us to extrapolate the inferred densities into less well
constrained areas where bathymetry is unknown (Fig. 2d). Correlations include areas

with high densities owing to the presence of Jurassic intrusions and a thick wedge of
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basaltic lava flows (Explora Anomaly)®3* (Fig. 2c). Lower densities in certain areas are
associated with sedimentary rocks in basins (Fig. 2d) whose axes lie parallel to the
traces of offshore fracture zones®. For a more detailed description of our

interpretation, see Methods.
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Figure 2: Flight lines, potential field data, geological interpretation, and density model across the Riiser-
Larsen Ice Shelf. (a) Newly acquired gravity data (heavy colours) underlain by gravity data compilation
AntGG2021% (light colours). (b) Newly acquired magnetic data (heavy colours) underlain by the

ADMAP-2 compilation¥ (light colours). Flight line segments used for the new grids are shown in grey.
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(c) Geological interpretation of the survey area, as inferred from outcrop samples® (black) and potential
field data (a, b). GC, Grunehogna Craton; MNB, Maud-Natal Belt; VF, Vestfjella. (d) Bedrock density
model based on a first inversion towards densities in areas of known topography and on our geological
interpretation in (c) in areas of unknown topography. Blue outline: extent of newly acquired gravity
data in (a). Calving fronts and grounded areas are extracted from MEaSUREs data collection® and

additional databanks!°.

Glacial troughs and sub-ice shelf bathymetry

The bathymetric model is shown with contours in Fig. 1 and with neighbouring ice
shelves of Dronning Maud Land and Coats Land in Fig. 3. A detailed map is given in
the Supplementary Information, together with the resulting water column thickness
(Supplementary Figs. 1 & 2). Grounded parts of the ice shelf!®3® are complemented here
by one previously undescribed area of grounding in the eastern part of the ice shelf
fed by the Eastern Riiser-Larsen Glacier (labelled here as pinning point 4; Fig. 1). This
point was suggested during the bathymetric model generation and is supported by
surface changes in the digital elevation model REMA®40, as well as base ice signature

changes in our ice penetrating radar data (Supplementary Fig. 3).

The updated bathymetry for the Riiser-Larsen Ice Shelf reveals considerable seabed
relief under the ice shelves, where the IBCSOV2 bathymetric compilation shows
smooth, interpolated bathymetry, complemented only by manually inserted steering
points® (Supplementary Fig. 4). Our model is 67.2 m deeper on average with a

standard deviation of 157 m, and a maximum depth change of -830 m. A comparison
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to Bed_AntGG2022% shows a mean difference of 12 m with a standard deviation of 183
m and maximum deviations of +700 m. Illustrating the effects of our geological
interpretation, Bed_AntGG2022 shows shallower depths in the ice shelf’s central
region that are associated with high-density material, and greater depths over the

lower density sedimentary basins.

Our new bathymetry reveals the presence of deep gateways across the continental
shelf break connecting the open ocean to the Riiser-Larsen and Quar ice shelf cavities
(Fig. 1). We define these gateways as local bathymetric saddles within a prominent
bathymetric ridge that perches along the continental shelf break (dashed purple line
in Fig. 1a). Here, the deepest gateway reaches ~520 m depth (Fig. 4a) and is located
beneath the central segment of the Riiser-Larsen Ice Shelf at the Vestkapp, where the
ice shelf overhangs the underlying continental shelf break (Fig. 1a). We identify four
additional gateways to the Riiser-Larsen cavity with water depths exceeding 300 m

(Fig. 1) and one gateway to the Quar cavity with 400 m depth (Fig. 1).

Generally, the uncovered bathymetry shows patterns that can be related to erosional
and depositional processes, as is typical of subglacial bathymetry modelled beneath
neighbouring ice shelves*?3+4! (Fig. 3). The bathymetric ridge on the continental shelf
break — only interrupted by distinct gateways — is consistent with the formation of
moraines during extreme advances of grounded ice during the Last Glacial

Maximum?4244,

11
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Shoreward of the continental shelf break, onshore troughs routing fast-flowing glaciers
can be observed to continue out over the cavity floor (Figs. 1 & 3), consistent with past
erosion by thicker grounded ice to an advanced grounding line. Locally, the troughs
are crossed by ridge-like highs oriented perpendicular to ice flow (Figs. 3 & 4a),
interpretable as moraines. The trough hosting the Riiser-Larsen Ice Shelf’s largest
feeder glacier, Veststraumen (Fig. 1), extends for almost 200 km across the cavity floor
beyond the grounding line, where it reaches depths of more than 1400 m (Fig. 4a). It
connects the grounding line at the Veststraumen inlet to the major bathymetric

gateway at the Vestkapp (Fig. 4a).

This trough is flanked onshore and offshore by topographic highs that coincide with
prominent magnetic anomalies interpreted as being of magmatic origin (Figs. 1 & 2).
Evidently, grounded ice flow has been and continues to be steered by geological
contrasts, exploiting weaker metamorphic rocks and/or sedimentary rocks between
the magmatic structures. Near the centre line of the cavity, the trough is interrupted at
a bathymetric high (bh, Figs. 1 & 3) that is aligned perpendicular to ice flow. This high
shows no magnetic response (Fig. 2b) and is likely of depositional character, possibly
comprising an ancient grounding line wedge. Other troughs can also be observed to
extend out over the cavity floor from beneath the Plogbreen Glacier and, to a lesser
extent, the Eastern Riiser-Larsen Glacier (Figs. 1 & 3). The adjacent Quar Ice Shelf hosts

a single trough continuation of its own.

12
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Figure 3. Compilation of available topographic information along the Coats Land and Dronning Maud
Land coast from this study (red outline), together with other high-resolution gravity-based bathymetric
models*#?%341, and compilations?!. Major cavity gateways are shown with yellow arrows at the
Stancomb-Wills Ice Tongue (SWIT), Riiser-Larsen, Fimbulisen, Borchgrevink, and Roi Baudouin ice
shelves. Transverse troughs and bathymetric ridges (redrawn with pink dashed lines) record a history
of ice sheet advances and retreats across the continental shelf. Calving fronts in white and grounding

lines in black are extracted from MEaSUREs data collection’s.

Interactions of ice, ocean, and bed

The hydrography at the shelf break, specifically the depth of the thermocline that
separates the cold surface waters from the warm WDW below, compared to gateway
depth, controls the availability of heat for basal melting at the Riiser-Larsen and Quar
ice shelves. To assess potential oceanic impacts on ice shelf stability, we compiled
available oceanographic profile data from the World Ocean Database'®, animal-borne
data*, and additional shipborne cruises'® (Supplementary Fig. 5). We also use four-
year-long temperature records from mooring M3' (738 m isobath), close to the onset

of the Filchner Trough (see Fig. 1 inset for location).

At the continental shelf break, the shallowest depths at which WDW is found in
individual oceanographic profiles range roughly between 200 and 800 m depth (Figs.
la & 4). The mooring data located at the shelf break downstream of the survey area

(Fig. 1), records WDW at depths as shallow as about 350 m (Figs. 1c & 4b). The presence

14
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of multiple bathymetric gateways along the continental shelf at comparable and even
greater depths (Fig. 1) indicates that WDW has access to the ice shelf cavities in this

region.

WDW intrusion into the Riiser Larsen ice shelf cavity at the Vestkapp (VK, Figs. 1 & 3)
is probable via the deepest (520 m) gateway in the shelf break ridge (Figs. 1 & 4a).
WDW above this depth is observed at the mooring for more than 40% of the time,
indicating that persistent inflows of relatively warm water may occur at this location.
At the shallower gateways of Riiser-Larsen and Quar with depths ranging from 310 to
410 m, WDW intrusions are expected to be more intermittent. Individual
oceanographic profiles still show shallower thermocline depths near those locations
(Figs. 1a & 4b). Generally, the mooring data and profiles consistently show a shallower
thermocline during the austral summer, which is consistent with previous findings of
a seasonal inflow onto the continental shelf downstream in the Filchner Trough
region‘**’. However, observations from the neighbouring Fimbulisen ice shelf cavity
show that the intermittency of warm inflows deviate from the regular seasonality that
is observed at the shelf break!, possibly due to interactions of the ice shelf tongue that
overhangs the continental slope in a similar configuration as is found for the main

Vestkapp gateway at the Riiser Larsen ice shelf.

WDW that enters the cavity at this location can follow a continuous trough all the way

to the grounding line of Veststraumen (Fig. 4a), thus promoting an increased thermal
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forcing in this central part. Higher basal melt rates derived from satellite altimetry
data’® beneath this area of the Riiser-Larsen Ice Shelf and the outlet of the Veststraumen
(Fig. 1) are consistent with this interpretation. Here, too, thinner ice associated with
basal channels are observed in the ice penetrating radar data (Supplementary Fig. 6).
The channels reach heights of up to 300 m above their banks, but become smaller
downstream, and are additionally distorted by pinning point 1 (Supplementary Fig.
7). Recent, high-resolution modelling showed how already small intrusions of WDW
promote differential melt and channel growth in such environments (Zhou et al,
submitted), while the origin of these channels could be attributed to subglacial
meltwater transported from upstream of the grounding line, as proposed for the Roi
Baudouin Ice Shelf*. In contrast to these channels and at the westernmost edge of the
ice shelf, the absence of radar echo and satellite altimetry® independently imply marine

ice formation (Supplementary Fig. 8).

To quantify the impacts of the refined bathymetry on the thermal forcing for the Riiser-
Larsen Ice Shelf, we adapted a metric called the Highest Unconnected Isobath (HUB)*.
The HUB quantifies the shallowest depth that offshore waters must rise to in order to
reach each point of the grounding line. In combination with averaged offshore
hydrographic profiles, HUB can give an estimate of the mean thermal forcing for
individual ice shelves®. The average HUB in the Riiser-Larsen cavity increases from
294 m with BedMachine Antarctica V3* to 316 m using our new bathymetry. The

maximum HUB depth however increases more drastically, from 380 m to 520 m. This
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leads to an increase of 25 % in thermal forcing for the whole ice shelf. The results
underline that without accurate knowledge of the bathymetry, oceanic modelling
studies focussing on basal melt rates will inevitably misjudge the contribution made
by warm waters residing at intermediate depths, such as WDW or Circumpolar Deep

Water.

The Riiser-Larsen and Quar ice shelves have both been assessed as stable because they
are exposed to relatively cold oceanic forcing. Observations of increased snowfall in
the region in recent years®®, limited basal melt5, and limited grounding line
migration® are consistent with observations that suggest these ice shelves may be
gaining mass or at least preserving their mass® along with the ice sheet catchments

they currently buttress>-".

Our new bathymetric model, however, reveals the existence of relatively deep (up to
520 m) gateways connecting the ice shelf cavity to the open ocean, suggesting that even
a relatively modest shallowing of the WDW layer may threaten the future stability of
the Riiser-Larsen Ice Shelf. Signs that such a change may occur as a consequence of
ongoing warming climate are emerging. These include a shift towards warmer and
more frequent inflow into the Fimbulisen ice shelf since 2016%, a sudden warming
above the upper part of the continental shelf 390 km west of the study area'¢, and

shoaling and increased temperatures of warm waters all along the East Antarctic

17
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margin®. What is more, a sustained continuation of large-scale sea ice minima® could

see warmer and less saline surface waters promote the uplift of WDW in winter?®.
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Figure 4. Oceanographic profiles along the Veststraumen outlet and their seasonal changes along the
entire continental shelf. (a) Slope front structure, shelf break and ice shelf cavity geometry along the
potential pathway indicated in Fig. 1a. Colour shading shows ocean temperature from hydrographic
profiles averaged in bins of isobaths as indicated by black tick marks. The solid (dashed) red contour
indicates the average depth (variance) of the -1.5 °C isotherm relative to the sill depth (dashed black
line). Note the different horizontal scales along the transect (left and right of the dashed white vertical
line). (b) Seasonal evolution (red contour) of thermocline depth as inferred from 265 hydrographic
profiles (coloured rings) taken along the continental shelf break with water depths of 1500 m or
shallower (see Fig 1a for locations). The sill depth of the major gateway (dashed black line) is shown as
a reference. Gray shading indicates the relative frequency of occurrence of WDW at mooring M3 (see
inset in Fig. 1 for location) with solid (dashed) contours indicating the depth at which 50 % (10 %) of all

measurements are -1.5 °C or warmer.

Implications for interactions of the Weddell Gyre with coastal ice shelves

Over the last five years, large areas of the Antarctic margin of Coats Land and
Dronning Maud Land (30°W to 35°E) that had previously been mapped only by long
distance interpolations have come to be mapped in their entirety by a combination of
hydroacoustic®, seismic?, radar?, and gravity-inversion techniques??3344! (Fig. 3).
The coastal topography here strongly indicates that the Dronning Maud Land sector
of the East Antarctic Ice Sheet may be fundamentally volatile and may experience large

sudden changes in response to minimal shifts within the oceanographic regime.

A ~2500 km-long shallow ridge along the continental shelf break (Fig. 3) is interrupted

by multiple narrow gateways with depths exceeding 500 m. Much like the Riiser-
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Larsen Ice Shelf's Vestkapp gateway, these gateways mark the projections of
transverse troughs (Fig. 3) that trace the paths of major ice flows during times with
thicker ice®. For the most part, these gateways are presently too shallow to permit
continuous intrusion and exchange of WDW into the cavities. Seasonal intrusions,
however, have been observed or postulated for gateways at the Fimbulisen351,
Borchgrevink, Roi Baudouin®, and now Riiser-Larsen ice shelves (Fig. 3). An
oceanographic regime shift with shoaling thermocline depths could see an increase of
WDW intrusions at these ice shelves and the impairment of further ice shelves. This is
potentially of regional significance for the broad (up to 200 km) swath of the East
Antarctic ice sheet in Dronning Maud Land whose bed depth and landward slope put

it at risk of marine ice sheet instability!%,

Assessing present and future interactions with the ocean is not just vital for the ice
shelves in Dronning Maud and Coats Land. Along-shelf transport via the Weddell
Gyre indicate that these ice shelves also play a role in determining the properties of
the water that enters Antarctica’s largest ice shelf system, Filchner-Ronne®. Here,
bottom water is produced that plays a crucial role in maintaining the global meridional
overturning circulation®®. Currently, oceanographic models concentrating on this
sector or the Weddell Sea in general®® are forced to disregard the Riiser- Larsen Ice
Shelf and adjacent ice shelves because of the lack of detailed characterizations of their

cavities.
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Methods

Airborne survey

The aerogeophysical campaign RIISERBATHY was conducted with Polar 5% in the
austral summer of 2022/2023 out of the German research base Neumayer-III%. It
included the acquisition of gravity, magnetic, and ice penetrating radar data across the
Riiser-Larsen Ice Shelf, the Quar Ice Shelf, and its surroundings. A total of ~12,500 km
of survey lines were flown during eleven flights with approximately 58 hours of total
flight time (Fig. 2). The constraints of working from a single distant skiway at
Neumayer-III at the far eastern end of the survey area, and over an ice shelf that widens
westwards meant that a fan-shaped network of flight paths was planned. This results
in a moderate loss of spatial resolution towards the west (Fig. 2). Since no prior
bathymetric information is available across the floating parts of the ice shelf, the survey
was designed to guarantee plenty of overlap with existing shipborne measurements in
the open ocean? and ice penetrating radar data onshore and over pinning points!8192
(Fig. 2), where the inversion can be explicitly constrained to honour known depth

constraints.

Ice penetrating radar data
The ice penetrating radar system used here operates with a centre frequency of 150
MHz and has been widely utilised in Antarctica since the mid-90s%*7. During

RIISERBATHY, it was flown in toggle mode, alternately acquiring data with both a
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short and a long pulse of 60 and 600 ns. This mode reduces horizontal resolution from
~5 to ~10 m at 76 m/s, compared to operating in single-pulse mode, but allows to map
internal layers with its short pulse and ice thicknesses of up to 4000 m with its long
pulse®. Ice thicknesses across the ice shelves and grounded regions adjacent to them
are calculated using travel times and a constant electromagnetic wave speed in ice of
0.168 m/ns, which corresponds to a relative dielectric permittivity of about 3.17%. With
a picking uncertainty of one range bin and a possible velocity variance of 0.5%, the ice

thickness uncertainty amounts to about +20 m®.

Supplementary Figure 3 shows the flight lines along which ice penetrating radar data
was gathered during the survey, together with the ice base position referenced to the
ellipsoid. The topographic boundary of ice/bedrock and ice/ocean inferred from the

radar data is used to constrain the bathymetric model described below.

Potential field data

Airborne gravity data acquired during survey flights (Fig. 2a) were gathered with a
GT-2A gravity meter. Relative values were tied to a known absolute value at Troll
Research Station using a portable LaCoste-Romberg gravity meter. A mean survey
speed above ground of 76 m/s combined with a low-pass filter length of 100 s results
in a horizontal resolution of 3.8 km. Root mean square errors of crossover residuals

after levelling are 2.4 mGal, excluding crossovers with flight height differences of more
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than 150 m. Gravity data were also collected using a separate strapdown gravimeter
system, returning comparable results to those of the GT-2A that are presented in detail

elsewhere (Johann et al, 2025; in review).

The acquisition of airborne magnetic data was carried out with a Scintrex Cs-3 caesium
vapour magnetometer mounted in a tail boom. A fuselage-mounted three-component
Billingsley TFM 100 fluxgate magnetometer was used for magnetic compensation.
Diurnal variations of the magnetic field were recorded at Neumayer-III station and
used for correction. Processing of magnetic data was carried out using the geophysical
software ‘Geosoft Oasis montaj’. The workflow included de-spiking, IGRF and diurnal
variation corrections as well as levelling procedures. To simplify the interpretation of
magnetic anomalies, the magnetic pattern was transformed by a grid-based reduction
to the pole. Additional grid-based filtering techniques were applied to constrain
magnetic source bodies and trace lineaments, allowing the interpretation of near-

surface geological variations that are accounted for in the density model.

Bathymetric model
The bathymetric model developed in this study is based on an inversion of acquired
gravity data, which is complemented by existing and newly acquired depth references

across the ice shelf and its surroundings. It is created using the ‘GMSYS 3D’ toolkit
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extension within ‘Geosoft Oasis montaj’. The model has a horizontal resolution of 2.5

km with a model base at 10 km depth.

The model domain consists of three individual layers. i) a surface layer comprising
surface positions from the digital elevation model REMA%# and open ocean from
AntGG2021%, ii) an ice-base layer, inferred and interpolated from our newly acquired
ice penetrating radar data and complemented by BedMachine Antarctica V3%, and iii)
a bathymetry/topography layer. The latter layer encompasses bedrock depth of
grounded ice, seabed depth beneath the ice shelf, and of the open ocean. In areas of
grounded ice, bedrock depth is inferred from the ice-base layer, while shipborne
bathymetric data provide a quite detailed picture of the seabed beyond the calving

front® (Figs. 1 & 3).

Beneath the ice shelf, the bathymetry is unknown and modelled according to the
following work flow. First, a uniform bedrock density of 2.67 g/cm? is assumed to
arrive at a value for a shift that broadly aligns the calculated and observed gravity
anomalies. Next, a preliminary inversion for bedrock density is performed and the
inferred densities are extracted at points where the ice-bedrock and ocean-bedrock
interfaces are known from auxiliary data. This density model is then complemented
manually across the ice shelf (Figs. 2d and Supplementary Fig. 9) according to our

geological interpretation given in the following (Fig. 2c).
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Keeping this enhanced density model then fixed, a second inversion towards bedrock
depth is performed during which points with known topography are only allowed to
move vertically within a small range, allowing for the possibility that they may not be
the best representation of the averaged topography reflected in the larger, smoother,
enclosing gravity anomaly. These points are corrected manually to their original

values afterwards.

Gravity residuals after this inversion (Supplementary Fig. 10) have a root mean square
error of 1.3 mGal with peaks of up to 10 mGal. Combining this maximum error with
the crossover-derived error of 2.4 mGal in the gravity data implies a total maximum
error of 12.4 mGal. A Bouguer slab calculation with this error value using the density
contrast of water (1.028 g/cm?®) and the average bedrock density beneath the ice shelf
(2.67 g/cm?®) amounts to a conservative estimate of about 180 m of uncertainty in the
bathymetric model. Similarly, errors estimated using a Bouguer slab calculation with
lithology-related density variability of 2.45-3.05 g/cm? (Supplementary Fig. 9), inferred
on the basis of the geological interpretation, lie within an envelope of 146 and 208 m.
Either of these uncertainty estimates is consistent with comparisons of gravity
inversion results to ground-truth data®”* and with estimated errors of other models

generated based on gravity inversion.
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Geological interpretation

The geological interpretation of the survey area includes two main basement units: the
Grunehogna Craton and the Maud-Natal Belt (Fig. 2c). The craton, a detached
fragment of the Kaapvaal Craton of southern Africa””4, consists of sporadically
exposed 3.1 Ga granitic basement intruded by Mesoproterozoic gabbros and tholeiitic
sills and overlain by thick flat-lying Mesoproterozoic volcanosedimentary sequences’>-
77. We mapped the craton based on the relatively weak magnetic susceptibilities of its
Mesoproterozoic cover sequence, which broadly lends it a low magnetic intensity
signature”® (Fig. 2b). On the craton’s margin, the medium- to high-grade metamorphic
rocks of the Maud-Natal Belt are related to the assembly of Rodinia”. The belt is
characterized by broad high-amplitude linear and craton-parallel magnetic
anomalies” (Fig. 2b). Relatively subdued gravity anomalies are consistent with the
expectation that densities of individual lithologies in these very old crystalline rock

associations should not vary greatly (Fig. 2a).

Onshore within the survey area, the craton and mobile belt are overlain by a Permian
sandstone/shale sequence and Jurassic continental flood basalts®’, and cut by dolerite
dykes, sills, and gabbroic intrusions. The igneous rocks, which are related to those of
the Karoo large igneous province in southern Africa®-#, raise positive magnetic and
gravity anomalies’”® (marked green in Fig. 2c). Their emplacement along NE-SW
linear trends, parallel to the extended continental margin in the Weddell Sea and

subglacial rifts further inland, was a response to lithospheric extension during the
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breakup of Gondwana®. Further offshore along the extended margin itself, breakup
saw the effusion of a thick wedge of basaltic lava flows that have been imaged in
seismic reflection data®®. The wedge raises a strong magnetic anomaly, the Explora
Anomaly (marked red in Fig. 2c), which corresponds with a near-continuous positive
gravity anomaly, both of which can be shown to continue into the RIISERBATHY
survey area. Based on samples from outcrops, densities in the breakup-related igneous
rocks and Explora wedge are expected to be higher than in their surroundings (Fig.

2d).

Two distinct magnetic lows cross the Riiser-Larsen Ice Shelf in correlation with linear
negative gravity anomalies. Similar associations have been described further east in
coastal Dronning Maud Land close to its extended continental margin. These lows run
sub-parallel to oceanic fracture zones further offshore and are interpreted to
represent sedimentary basins formed over crustal-scale transfer zones that were active
during Gondwana breakup?®#. By analogy to this interpretation, we assign relatively
low densities, consistent with Archean basement covered by break-up related

sedimentary basins, for the potential field lows crossing our survey area (Fig. 2c).

Positive magnetic anomalies SW of Vestfjella may represent the eastward continuation
of the Beattie Magnetic Anomaly in southern Africa based on a tight fit Gondwana
reconstruction®° (Fig. 2c). The Beattie anomaly may either be related to a magnetite

enrichment in granitic basement” or to a partly mineralized massive sulfide-magnetite
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ore deposit®?. However, neither the Beattie Magnetic Anomaly nor its Antarctic
counterpart has a significant gravity expression. Hence, density in this area is assumed

constant, and extrapolated from nearby grounded areas.

Oceanographic data analysis

The oceanographic data compilation (Supplementary Fig. 5) consists of oceanographic
profiles extracted from the World Ocean Database®. This includes high- and low-
resolution CTD (Conductivity, Temperature, and Depth) profiles, Profiling Floats
(PFL), Expendable Bathythermographs (XBT), Mechanical Bathythermographs (MBT),
and Ocean Station Data (OSD). It is complemented by the latest compilation of
oceanographic profiles acquired by instrumented mammals*® and by additional
oceanographic data from Norwegian Antarctic Research Expeditions®. A total of 4384
oceanographic stations are compiled in the extent of our survey region
(Supplementary Fig. 5): 535 CTD profiles; 3272 mammal-borne profiles or
measurements; 125 XBT profiles; 101 MBT profiles; 79 PFL profiles; and 272 OSD
profiles. Stations with poor data quality or positioning have been excluded here. The
data set includes data from 1959 until early 2023. We defined WDW to lie upwards of
a potential density anomaly of 27.65 kg/m3 and above a temperature of -1.5°C within
our oceanographic data compilation (Supplementary Fig. 5). The resulting 1198

thermocline encounters are mapped in the main manuscript (Fig. 1a).
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Mooring M3 (29.908W, 74.55S) was deployed at 738 m bottom depth just east of the
Filchner Trough opening in the southern Weddell Sea. The temperature was recorded
between February 2017 and February 20217 with an initial vertical resolution of 25 m
and a temporal resolution of 1h. The record was interpolated linearly onto a grid with
1 m resolution and the depth of the -1.5°C isotherm was inferred at hourly intervals to

generate Fig. 1c.

Data Availability

The bathymetric model, gravity data, magnetic data, and ice penetrating radar data
are available at Pangaea. (To reviewers: Pangaea uploads are currently under
mortarium until the paper is accepted. Temporary links are shared with the editor in
the cover letter. Please get in contact with the editor, if these are not shared with you).

Auxiliary topographic data sets are REMA DEM V2

(https://doi.org/10.7910/DVN/EBWS8UC), BedMachine Antarctica V3
(https://msidc.org/data/nsidc-0756/versions/3), IBCSO V2
(https://doi.org/10.1594/PANGAEA.937574), Bed_ AntGG2022

(https://datadryad.org/dataset/d0i:10.5061/dryvad.rbnzs7hkc), and BEDMAP3

(https://www .bas.ac.uk/project/bedmap/). Grounding line and calving front positions

are extracted from the National Snow and Ice Data Center at

https://nsidc.org/data/nsidc-0498/versions/2. The position of additional ice rises and

rumples’’, as well as ice flow vectors” are available. Oceanographic data is extracted
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from the World Ocean Database (https://www.ncei.noaa.gov/products/world-ocean-

database), and additional CTD data'. Part of the marine mammal data were collected
and made freely available by the International MEOP Consortium and the national

programs that contribute to it (http://www.meop.net). The mooring data from M3 are

available at Pangaea (https://doi.pangaea.de/10.1594/PANGAEA.962043).
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