
1.  Introduction
Ice shelves play a major role in maintaining the stability of their respective ice sheets (e.g., Haseloff & 
Sergienko, 2018; Gudmundsson et al., 2019). If an ice shelf loses mass, the loss is balanced by an increased 
drainage of its linked ice sheet (Dupont & Alley, 2005). Without compensating mass gain processes such as 
snowfall or basal accretion, the system as a whole suffers net mass loss and contributes to global sea-level 
rise. The balance can be forced toward mass loss by both atmospheric and oceanographic processes that de-
liver oceanic heat to ice shelf bases, which duly melt (Depoorter et al., 2013; Rignot et al., 2013). Knowledge 
of the bathymetry beneath the ice shelves has been shown to be crucial for estimating these basal melt rates 
(Goldberg et al., 2019; Tinto et al., 2015). Bathymetric features can be the deciding factor for whether, and 
in what quantity, warm water masses breach into the water cavities beneath the ice shelves. A good under-
standing of subglacial bathymetry is therefore necessary for an improved knowledge of future ice shelf and 
ice sheet stability.

Abstract  The stability of ice shelves and drainage of ice sheets they buttress is largely determined by 
melting at their atmospheric and oceanic interfaces. Subglacial bathymetry can impact ice shelf stability 
because it influences the onset and the pattern of warm ocean water incursions into the cavities between 
them and the seafloor. Bathymetry is further important at pinning points, which significantly retard the 
flow of ice shelves. This effect can be lost instantaneously if basal and surface melting cause an ice sheet 
to thin and lift off its pinning points. With all this in mind, we have developed a model of bathymetry 
beneath the western Roi Baudouin and central and eastern Borchgrevink ice shelves in Dronning Maud 
Land based on inversion from gravity data and tied to available depth references offshore and subglacial 
topography inland of the grounding line. The model shows deep glacial troughs beneath the ice shelves 
and bathymetric sills close to the continental shelf. The central Borchgrevink Ice Shelf overhangs the 
continental slope by around 50 km, exposing its northern parts to the open ocean and higher ocean 
temperatures. Continuous troughs traverse the central Borchgrevink and western Roi Baudouin ice 
shelves at depths greater than the offshore thermocline and thus present a risk of Warm Deep Water 
intrusions into their cavities under the current and future oceanographic regimes. Differing bathymetric 
characteristics might explain the ice shelves' contrasting dominant mass loss processes.

Plain Language Summary  The rate at which Antarctica's ice sheets flow off the continent 
is largely stabilized by floating ice shelves that form where they meet the surrounding ocean. Assessing 
the stability of this interconnected system strongly depends on correctly quantifying ice gain processes, 
such as snowfall, and ice mass loss processes, such as melting at the bases of the ice shelves. This basal 
melting strongly depends on the flow of warm ocean water into the cavity between the ice shelf and the 
seafloor below, which is in turn influenced by the shape of the seabed. Using sparse direct measurements 
together with small variations in the pull of gravity measured from airplanes, we have generated a model 
of the formerly unknown topography beneath the Borchgrevink and Roi Baudouin ice shelves in East 
Antarctica. The modeled seabed shows deep troughs beneath the ice shelves and topographic sills along 
the continental shelf. Gateways within these sills potentially allow for the intrusion of warm water into 
the cavities, representing a threat to future ice shelf stability.
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Measurements of sub-ice-shelf seafloor depth are sparse because of the logistical challenges to acquire seis-
mic and bathymetric data across and below ice shelves. The Roi Baudouin (RBIS) and Borchgrevink (BIS) 
ice shelves in eastern Dronning Maud Land (DML, Figure 1) are no exception; in fact, no subice bathymetry 
data exist for either. Existing topographic compilations (Fretwell et al., 2013; Morlighem et al., 2020) portray 
them with depth estimates that are derived by long-distance interpolations between radar-derived bedrock 
elevations inland of the grounding lines and hydroacoustic data off the ice shelves.

A cost-effective method to generate a more reliable estimate of the subice bathymetry is an inversion of air-
borne gravity data. Gravity data reflect the subsurface mass distribution related to density contrasts between 
bodies of ice, water, and bedrock and so can be used to model the shapes of their interfaces. In this study, we 

Figure 1.  Ice shelves of eastern DML in East Antarctica. The overview in (a) is depicted with grounded ice in gray and ice shelves in white and open ocean 
in light blue. The RBIS and BIS in (b), north of the Sør Rondane Mountains, are overlain by the digital elevation model of Howat et al. (2019). The ice shelves 
are fed by the Tussebreen (TB) and Hansenbreen (HB), and the West Ragnhild (WRG) and East Ragnhild (ERG) glaciers shown in (c) with regions of main ice 
flow (Mouginot et al., 2017b). Prominent features along the calving front are the Derwael Ice Rise (DIR) and two pinning points (PPhs and PPw). Available 
topographic data (d) derived from radar data acquired during GEA campaigns (green), radar data by Callens et al. (2015, orange), and Drews (2019a, pink). 
Offshore, swath bathymetry data stem from multibeam (Schenke et al., 2010; Voβ et al., 2011, blue), single-beam (NOAA database, also blue), and from 
hydroacoustic data and CTD casts by the Université libre de Bruxelles (Derwael, 1985; Favier et al., 2016; Berger, 2017; F. Pattyn, pers. comm.; all purple). 
Additional data for PPw stems from satellite observations by Drews (2019b, red point). Grounding lines and calving fronts for all panels are extracted from 
Mouginot et al. (2017a). The scale is valid for (b), (c), and (d).
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describe the generation of bathymetric models in this way, supported by reference points from single- and 
multibeam hydroacoustic data along the calving fronts and ice-penetrating radar data in grounded areas. 
We interpret the updated model in terms of the glacial history as well as the present and future stability of 
the BIS, RBIS, and their related ice sheets.

1.1.  Research Area

The RBIS and BIS lie along the Ragnhild Coast from about 19ºE to 33ºE in eastern DML (Figure 1). Geolog-
ically, the area was shaped by the amalgamation and breakup of Gondwana. Two models aim to explain the 
final amalgamation process whereof one proposes a continuation of the East African Orogen into DML, the 
East African-Antarctic Orogen (Jacobs & Thomas, 2004). A second model introduces the E-W-trending Ku-
unga Orogen (Meert et al., 1995) in which large parts of DML constitute a mega-nappe rooting in northern 
Mozambique (e.g., Grantham et al., 2003; Meert, 2003). New geological findings refine the first model and 
indicate a rather complex tectonic history for eastern DML with repeated phases of accretion, magmatism, 
and reactivation (e.g., Elburg et al., 2016; Jacobs et al., 2015; Ruppel et al., 2020). The breakup saw the 
development of large volumes of magma that were intruded into the later continental shelf, as observable 
in seismic reflection (Leitchenkov et al., 2008) and magnetic data (Golynsky et al., 1996; Mieth et al., 2014; 
Müller & Jokat, 2019).

The ice shelves lie north of the Sør Rondane Mountains, which are part of the DML mountain chain. This 
mountain chain ends seaward at a tall escarpment, the product of post-breakup erosional backwearing and 
downwearing. Over and inland of the mountains, the drainage system developed from a period of alpine 
style glaciation is still preserved beneath the ice and only slightly overprinted by later ice-sheet processes 
(Eagles et al., 2018; Franke et al., 2021; Näslund, 2001).

The RBIS, with an area of almost 33,000 km2, comprises western and eastern parts, separated by the Derwael 
Ice Rise, which are fed by the West Ragnhild Glacier and East Ragnhild Glacier (Figure 1). The West Rag-
nhild Glacier is one of the three largest outlet glaciers in DML, besides the Jutulstraumen and the Shirase 
Glacier, accounting for about 10% of DML's total ice discharge (Callens et al., 2014; Rignot et al., 2013). Two 
shorter glaciers, the Tussebreen and Hansenbreen, drain into the BIS, which spans an area of 21,500 km2. 
Together, the RBIS and BIS drain a catchment of almost 500,000 km2, with 747,961 Gt of ice above the sea 
level (according to Bedmap2; Fretwell et al., 2013), equivalent to 2.07 m of eustatic sea-level rise. The beds 
of all the glaciers lie mostly below the sea level (Callens et al., 2014) and dip southward toward the ice sheet 
interior, leaving them potentially unstable and vulnerable to ocean forcing (Favier et al., 2016; Gudmunds-
son et al., 2012). While the two ice shelves experience comparable absolute mass losses, the majority of 
ice from the RBIS is lost by basal melting, whereas BIS mass loss is dominated by calving events (Rignot 
et al., 2013).

Knowledge of ice rises and promontories beneath the ice shelves is key for reliable assessment of their fu-
ture stability, because they retard grounding line retreat while grounded ice remains pinned on them (Berg-
er et al., 2016; Favier et al., 2012). Favier et al. (2016) present two pinning points along the calving fronts of 
the eastern BIS, named PPhs, and the western RBIS, named PPw (Figure 1c).

Despite significant historical calving events (Nishio et al., 1984), the RBIS appears to be in a steady-state 
on a millennial timescale (Berger et al., 2016; Drews et al., 2015; Favier & Pattyn, 2015), without noticeable 
changes of the grounding line position in recent decades (Drews et al., 2017). Ice-sheet modeling using the 
present, essentially unknown, bathymetry predicts a stable RBIS in the future (Favier et al., 2016). A trough 
beneath the western RBIS, inferred by Favier et al. (2016) to coincide with the modern-day ice flow path, is 
the main point of potential vulnerability.

The narrow continental shelf off eastern DML in the Riiser-Larsen Sea (Figure 1c) permits a strong interac-
tion between a westward coastal current and water within the cavities beneath the ice shelves. The coastal 
current mostly consists of cold and fresh Eastern Shelf Water (ESW; Nicholls et al., 2009) and Warm Deep 
Water (WDW; Carmack & Foster, 1975) separated by the Antarctic Slope Front. The cold-cavity ice shelves 
of DML (Rignot et al., 2013) accommodate ESW, which mostly blocks out the warmer and saltier WDW 
(Nicholls et al., 2009). A small amount of WDW has been shown to intrude the Fimbul Ice Shelf cavity 
(Hattermann et al., 2014) to the west of our study area. The RBIS may suffer similar intrusions, depending 
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on the geometry of the trough inferred by Favier et al. (2016). One general feature of a narrow continental 
shelf in combination with easterly winds is the seasonal intrusion of solar-heated Antarctic Surface Water 
(ASW) during sea ice-free periods (Zhou et al., 2014). Based on the regional bathymetry and the assumed 
blockage of WDW, basal melt rates for the RBIS seem to be predominantly caused by ASW intrusion and 
tide-related topographic waves (Sun et al., 2019).

Compared with the RBIS, virtually nothing is known in detail about the BIS. Although understandable in 
terms of the volume flux of their feeder glaciers, this disparity is more problematic to the understanding of 
the region. While its area is just two thirds that of the RBIS, the BIS currently suffers slightly greater rates of 
absolute ice mass loss (Rignot et al., 2013).

2.  Materials and Methods
2.1.  Surveys and Auxiliary Data

The bathymetric model presented here is mainly based on geophysical data sets acquired over the course of 
three consecutive seasons in early 2011, early 2012, and late 2012 using the Alfred Wegener Institute's Basler 
BT-67 aircrafts “Polar 5” and “Polar 6.” The data were acquired within the research program “Geodynamic 
Evolution of East Antarctica” (GEA I–GEA III), a cooperative project between the Alfred Wegener Institute 
and the Federal Institute for Geosciences and Natural Resources. Gravity, magnetic, and radio echo sound-
ing data were simultaneously acquired with line spacings of 5–10 km.

The GEA gravity data (with flight lines depicted in Figure 2a) are inverted for bathymetry, while ice-pene-
trating radar data (Figures 1d and 2b) provide the ice thicknesses that constrain the bathymetry modeling. 
The GEA magnetic data are published in Mieth et  al.  (2014) and Ruppel et  al.  (2018). Depth referenc-
es for the model area are extracted from GEA and additional non-GEA radar data (Callens et al., 2015; 
Drews, 2019a) in grounded areas, from CTD casts and satellite-inferred depths close to the calving front 
(Drews, 2019b; Favier et al., 2016) and from shipborne single- and multibeam hydroacoustic data offshore 
(Figure 1d; Derwael, 1985; Favier et al., 2016; Schenke et al., 2010; Voβ et al., 2011). A full list of data sources 
and survey ID's is given in the data supplement (see Data Availability).

2.2.  Gravity Data

Gravity data were acquired with the ZLS Ultrasys modified LaCoste & Romberg Air/Sea gravimeter (S/N 
56) mounted on a gimbal-stabilized platform close to the airplanes' centers of gravity at a sampling rate 
of 1 Hz. The navigation data, necessary for deriving gravity anomalies from the accelerations recorded by 
the gravimeter, are processed using precise point positioning. Flight segments involving turns, climbs and 
descents were discarded because the retrieval of reliable gravity data with Air/Sea meters depends on data 
acquisition during straight and level flight. The measured gravity anomaly data are corrected for tidal and 
geographical influences as well as instrument drift and station height to gain the free air anomaly (Fig-
ure 2c). A time-domain filter of 90 s applied to data collected at a flight speed of 70 m/s results in a spatial 
resolution of 6.3 km (Riedel et al., 2012). A crossover analysis after a statistical-leveling process yields a set 
of cross-point errors with a standard deviation of 5.8 mGal.

2.3.  Radio Echo Sounding Data

The ice-penetrating radar we used operates with a 150-MHz signal generated by a synthesizer with burst 
durations of 60 or 600 ns and uses two short backfire antennas, one mounted underneath each aircraft wing 
(Nixdorf et al., 1999). The radar suffered from low penetration during one of the three campaigns, owing 
to a faulty design component, and only delivered ice thicknesses across the ice shelves (Figure 1). There-
fore, the data set is complemented by auxiliary data (Figure 1d). Ice thicknesses from the GEA campaigns 
are determined with an average radar wave propagation speed in ice of 1.68*108 m/s. A firn correction is 
applied to account for higher velocities within the upper layer of the ice sheet (Blindow, 1994). An error 
estimate of ±20 m is defined to account for errors in picking reflectors and inaccuracies of 0.5% concerning 
the propagation speed. The auxiliary data set of Callens et al. (2015) was acquired and processed with the 
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same system and workflow as the GEA data. Calculated and extracted ice thicknesses are subtracted from 
the Reference Elevation Model of Antarctica (Howat et al., 2019) to determine the ice bottom elevation.

2.4.  Bathymetric Modeling

Using the acquired geophysical data sets, we are able to produce topographic models of the seafloor un-
derlying the RBIS and BIS. These bathymetric models are based on the inversion of gravity data under the 
constraints of sparse existing depth references at and beyond the grounding lines and calving fronts. We 
take a 3-D modeling approach based on the formulas of Parker (1973), as implemented within the GM-SYS 
3D module of Geosoft Oasis montaj.

In a first step, we filter the gravity data in order to produce a gravity anomaly grid whose mid-wavelength 
variability resembles that of mid-wavelength bathymetric patterns inferred from the existing depth data. In 
the following section, we describe in detail how this step was designed to suppress the signals of large-scale 

Figure 2.  GEA I-III surveys. Airborne gravity data along flight lines (a) are used to develop bathymetric models in the areas of the unknown bathymetry 
beneath the RBIS and BIS in (b). The unfiltered free air anomaly (FAA) in (c) is filtered to achieve a mid-wavelength resemblance (d) to the known prevalent 
topography within the extent of the gravity grid in (b, dotted black line). The current topography model in (a) is extracted from Morlighem (2020), while 
grounding lines and ice shelf extents in all panels are inferred from Mouginot et al. (2017a). The scale is valid for all panels.
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geological processes and features related to crustal thinning near the 
continental margin. Our study area is situated at an extended continen-
tal margin, at which we can expect large (>100 km) topographic loads 
to be held in local isostatic equilibrium and so not to raise significant 
long-wavelength gravity signals (Watts & Moore,  2017). With this in 
mind, but to eliminate any remaining signals from subcrustal sources, 
we applied an isotropic band-pass filter cutting wavelengths longer than 
150 km as well as those shorter than 5 km that are likely to be artifacts 
of aircraft motion or interpolation. Having eliminated the effects of very 
deep sources, we restricted the model domain depth to a maximum of 
10 km.

Ice and water are assigned constant densities of 915 and 1030 kg/m3, re-
spectively, and bedrock a starting value of 2,670  kg/m3. A DC shift of 
−1065 mGal was applied to the available gravity data set to align the 
starting model with the densely observed ice/bedrock interface inland of 
the grounding line and the observed water/bedrock interface beyond the 
calving front. This DC shift is set by implementing the average shift be-
tween the modeled and observed gravity data in areas directly encircling 
the ice shelves to get a good average for the area of unknown bathymetry 
beneath the ice shelves.

To account for medium-wavelength gravity signals of local isostatic com-
pensation and laterally variable densities in the uppermost 10 km of the 
crust, we first invert for apparent bedrock densities and then extract the 
best-constrained model densities at locations where the bedrock eleva-
tion is known (Figure 3a, purple circles). On the ice shelves, large dis-
tances exist between such constrained points, over which we can expect 
significant geological variability to occur. To account for this, our density 
model is complemented by a linear interpolation between constrained 
points around the ice shelf margins (Figure 3a, white circles). The com-
plemented density model was then used to invert for subglacial bathym-
etries. Within this inversion, the points of known depth were allowed to 
move slightly (maximum of ±30 m) to avoid the development of signifi-
cant gravity residuals at these constraints.

The range of densities and their general oceanward increase, both shown 
in Figures 3a, is appropriate for the upper crustal geology of a glaciated 
extended continental margin. In detail, however, it seems clear that some 
residual local isostatic signal has also been accounted for. For example, 
the anomalously low densities coinciding with the Sør Rondane Moun-
tains in the south of our model, where relatively dense igneous and met-
amorphic lithologies might be expected in the modeled upper 10 km of 
the crust, may reflect the density inversion's response to the presence of 
low-density rocks in the mountains' crustal root. As a result, the detailed 
pattern of densities is not reliably interpretable in terms of near-surface 
geological variability.

2.5.  Gravity Anomalies Along the Extended Continental Margin of the Riiser-Larsen Sea

It is in the nature of potential field modeling that a wide range of possible source body configurations and 
combinations can give rise to similar-looking anomalies. The effect that this ambiguity can have on mode-
ling those anomalies can be reduced by designing filters to minimize or remove the unwanted components 
expected from known or plausible sources. In our area, a range of such sources can be expected in relation 
to its history of crustal thinning during continental breakup (Jokat et al., 2003).

Figure 3.  Bathymetric model generation. Density model generated 
during bathymetric modeling (a) with densities derived at known depth 
references (purple circles) and complemented densities at points of 
unknown depth (white circles). The population of gravity residuals after 
bathymetric modeling (b) shows a standard deviation of 4.5 mGal in 
the areas of unknown bathymetry beneath the ice shelves. The strongly 
undulating gravity residuals south of the western RBIS are related to the 
difficulty of modeling high topographic and bedrock density gradients in 
the geologically complex Sør Rondane Mountains.
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In general, such margins are characterized by their continent-ocean transitions (COT). At their landward 
edges, the continental crust becomes thinner toward the adjacent ocean basins across a necking zone. Crus-
tal densities tend not to vary greatly over necking zones, but the presence of denser mantle rocks at ev-
er-shallower depths beneath gives rise to a general seaward increase in gravitational acceleration. Seaward 
of the necking zones, the crustal fabrics of COTs are highly variable and, in the absence of sampling by 
drilling, contentious. Some seem to have been strongly affected by magmatic processes, while others show 
evidence for extreme mechanical thinning of the crust that has left mantle rocks exposed at the seabed (e.g., 
Whitmarsh et al., 2001). Regardless of this complexity, however, seismic velocity records show that base-
ment densities, and the attendant gravitational acceleration, increase seaward across all COTs until their 
depth functions are indistinguishable from those of basaltic igneous crust. Global surveys have shown the 
widths of extensional necking zones to be not less than 50–100 km (de Lépinay et al., 2016), and the mean 
width of COTs to be 170 km (Eagles et al., 2015). Two-dimensional gravity models constrained by bathym-
etric, seismic reflection, and refraction data show that the extended margin of the Riiser Larsen Sea and its 
conjugate in the Mozambique Basin fits these general patterns well and specifies that its COT is strongly 
affected by magmatism (Jokat et al., 2003, 2004; Leitchenkov et al., 2008; Leinweber et al., 2013; Müller & 
Jokat, 2019). Based on this, we expect the full wavelengths of gravity signals related to the crustal thinning 
not to be shorter than about 200 km, and that shorter-wavelength anomalies are likely to express some com-
bination of magmatism-related density contrasts in the COT and seafloor topography.

Figure 4 depicts six cross-sections across our final 3-D topographic model in combination with observed, 
filtered, and calculated gravity anomalies, the model residuals, and magnetic anomalies. Panels (a) through 
(d) in Figure 4 are dip lines across the margin, showing how the long-wavelength gravity anomaly is strong-
ly suppressed by the band-pass filter. Based on the considerations given above, we expect this filter to have 
removed the crustal thinning signal, and that the remaining anomalies in the 5–150 km band are therefore 
related to some combination of magmatism-related geological variability and bathymetry. Of these, the 
density model of Figure 3a shows that the expected geological/magmatic signal has been compensated for 
to some extent.

In more detail, the greater model densities close to the shelf edge (Figure 3a), and the onset of their in-
crease along the southern edges of large magnetic anomalies as seen in Figure 4 (Ruppel et al., 2018; Mieth 
et al., 2014), are both consistent with the presence of doleritic and basaltic rocks typical of a magmatic 
COT. Similarly located magnetic anomalies in the conjugate Mozambique Basin and Explora margin of 
western Dronning Maud Land have both been attributed to the presence of continental breakup-related 
magmatic intrusions and wedge-shaped piles of seaward-dipping basalt flows (Hinz & Krause, 1982; Jokat 
et al., 2003, 2004; Kristoffersen et al., 2014; Leinweber et al., 2013; Müller & Jokat, 2017, 2019). Crustal 
gravity models in both of these settings do not require the seaward-dipping basalt wedges to present strong 
gravimetric signatures of their own (Jokat et al., 2004; Leinweber et al., 2013); their densities are too similar 
to those of the surrounding basement rocks. Expecting this to be the case in our study area, we note that the 
basalt-related magnetic anomaly does not coincide with any consistent pattern in our modeled bathymetry.

Panel (d) illustrates the effective modeling of bathymetric and geological signals particularly well. The avail-
ability of radar depth constraints from the Derwael Ice Rise makes it clear that the rise occurs at a culmi-
nation located near the shelf edge, and that the culmination is present and modelable over the band-pass-
filtered and density-adjusted gravity high. Similarly, the coincidence of a bathymetric sill at the gravity high 
is undeniable at the pinning points PPhs and PPw, where Drews (2019b) and Mouginot et al. (2017a) infer 
the presence of grounded ice. In panels (a) through (c), the model features relatively large gravity residuals 
near the shelf edge. We attribute these residuals to the absence of a topographic correction for the steep 
seafloor slopes in those locations, although it is of course not possible to rule out a component of small-scale 
geological complexity in the COT. Panels (e) and (f) in Figure 4 run south of and parallel to the continental 
shelf and confirm the general fit of our filter choice to the available depth references.

2.6.  Error Estimation

First-order estimations of water depths originating from gravity inversions are afflicted by unavoida-
ble errors. In relation to the filter used to preprocess the gravity data, errors also arise from instrumental 
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inaccuracies during the data acquisition, the limitations of data processing, and as an inherent component 
of the modeling process.

Qualitatively, the greatest differences between reality and model are to be expected in the regions of steep 
seafloor slopes. Acquisition-related filtering and airspeed limitations constrain the spatial resolution of our 
gravity data to 6.3 km along track, and the unknown subglacial bathymetry precludes the application of a 
complete topographic correction. As a result, the bathymetry yielded by gravity inversion in regions of high 
bathymetric gradient will always overestimate the water depth at the head of a slope and underestimate 
it at the foot. The higher the bathymetric gradient, the more severe the differences between modeled and 
measured depths.

Figure 4.  Fit of gravity anomalies to bedrock topography. Filtered free air gravity anomalies from Figure 2d with six 
cross-sections along flight lines incorporate observed and modeled bathymetry as well as the observed, filtered, and 
calculated gravity anomalies with resulting gravity residuals below. The total magnetic intensity (reduced to pole) is 
indicated in the background of gravity data (Mieth et al., 2014; Ruppel et al., 2018). Positions of bathymetric sills are 
indicated with black arrows. Depth panels (a) through (d) have a vertical exaggeration of 30, while panels (e) and (f) 
have a VE of 60. Grounding lines and ice shelf extents are extracted from Mouginot et al. (2017a).
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Gravimeter instrumental inaccuracies experienced during acquisition are determined by postleveling cross-
point analysis (standard deviation 5.8 mGal) rather than using the smaller theoretical accuracy. These cross-
over errors build the basis for our error estimation.

Ice thickness errors of ±20 m translate to the errors of approximately a tenth in the final bathymetric mod-
el underlying the ice shelves. The density contrast of the ice-water interface (1,030–915 = 115 kg/m3) is 
significantly lower than that of the water-seabed interface (with a starting bedrock density of 2,670 kg/m3 
[2,670–1,030 = 1,640 kg/m3]). However, the initial DC shift on the gravity data is mainly calculated using 
the ice/bedrock interface inferred from the radar data. Thus, the associated error in the ice-penetrating 
radar data affects the modeling process from the start and should be considered in its entirety in the overall 
error estimation.

Additionally, errors in our density model have to be accounted for. The density model allows for lateral 
deviations and is complemented across the unconstrained ice shelves by interpolation between better-con-
strained adjacent densities. These complemented densities vary by about ±100 kg/m3 from the mean bed-
rock density of 2670 kg/m3. Variation in this ±100 kg/m3 range is equivalent to about 8 mGal in gravity 

Figure 4.  Continued.
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residuals over the constrained regions. We adopt this value as an estimate 
of the error related to geological uncertainty in the ice shelf regions.

The density contrast at the ocean-seabed interface is 1,640 kg/m3, if using 
the mean bedrock density. Taking this contrast as the basis for a Bouguer 
slab calculation together with the crossover error of 5.8 mGal and the ge-
ologic variability of 8 mGal leads us to estimate that the modeled bathy-
metric uncertainties lie in the range ±200 m. Combined with the uncer-
tainty of ice-penetrating radar data, the total estimated uncertainty range 
of ±220 m is consistent with the previous empirically derived root mean 
square misfits between gravity-derived and seismic depths (Brisbourne 
et al., 2014; Greenbaum et al., 2015). An evenly distributed set of depth 
soundings across the ice shelves in our model area has the potential to de-
crease the overall error by a large margin. Additional data would improve 
the geological model significantly and minimize the error caused by an 
unknown geological variability.

Along-track resolution and line spacing impact on the accuracy and reso-
lution of the modeled bathymetry. Cross-track interpolation may induce 
gridding artifacts that appear as bathymetric model errors. The along-
track resolution strongly depends on acquisition parameters. Since the 
along-track resolution of gravity data is 6.3 km and the survey line spac-
ings range between 5 and 10 km, the final bathymetric model is gridded 
with a resolution of 5 km.

3.  Bathymetric Model Results
The bathymetric model generated within this study is limited to the GEA 
I-III gravity data grid extents (Figure 5a) and is presented relative to the 
WGS84 ellipsoid. Water column thicknesses (Figure  5b) are calculated 
using this model and the ice drafts extracted from the ice-penetrating ra-
dar data. The model shows deep troughs underlying thick water columns 
beneath the current main ice flows. These troughs cross the seafloor be-
tween the grounding lines and bathymetric sills close to the continental 
shelf. This pattern is similar to the one observed beneath ice shelves in 
the adjacent western part of DML, including the Ekström, Jelbart, and 
Fimbul ice shelves (Eisermann et al., 2020). Based on this and the consid-
erations given in Section 2.5, we consider it highly unlikely that our mod-
el's bathymetric sills are the artifacts of poorly modeled magmatic varia-
bility at the Riiser Larsen margin. Further confidence in this view can be 
taken from the observation that pinning points PPw and the Derwael Ice 
Rise at the western RBIS (Figures 1c and 4, profile d), for example, both 
lie south of the magnetic anomaly that marks the presence of magmat-
ic rocks near the shelf edge. In the following, the model is described in 
more detail, moving from west to east.

Modeled bathymetry beneath the central part of the BIS shows a depression of 1100 m in the south and a 
bathymetric sill running west–east close to the continental shelf break beneath the ice shelf 's center (Fig-
ure 6, E DD ). The sill is interrupted by two gateways with their greatest depths at 620 m in the west and 600 m 
in the east. The shallowest point between the two mentioned gateways reaches a minimum water column 
thickness of just ∼30 m over the sill (Figure 6, E CC ). The northern part of the central BIS segment overhangs 
the steep continental slope and rises by as much as 50  km (Figure  6, E CC ). The seafloor depth beneath 
the overhang ranges from hundreds of meters at the continental shelf break to the modeled and observed 
depths of more than 2000 m close to the calving front.

Figure 5.  Bathymetric model. Bathymetric model (a) and water column 
thickness (b) across western RBIS and BIS. Bathymetry is referenced 
to the ellipsoid WGS84. White grid outlines show the extent of free air 
anomaly data used during gravity inversion. A supporting CTD cast 
from Favier et al. (2016) is shown as yellow triangle in panel (a). Outside 
the gravity grid, the seabed beneath the ice shelves and in the open 
ocean is implemented from Morlighem (2020b) and Arndt et al. (2013), 
respectively. Grounding lines and ice shelf extents are extracted from 
Mouginot et al. (2017a).
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Figure 6.  Bathymetric model with cross-sections. The overview depicts four 2D profiles ( E AA , E BB , E CC  , and E DD ) showing cross-sections of the bathymetric 
model with its inherent resolution of 5 km. These 2-D sections share the same scale and vertical exaggeration of 20:1. Bedrock in the recent topographic 
compilation BedMachine Antarctica by Morlighem (2020) is marked with yellow dashed lines. Profiles E AA and E BB show the shallowest point of the gateway 
leading into the RBIS. This point and one other are marked red in the overview and 2D sections for orientation. E BB also shows the course of the trough with 
a plateau close to the grounding line. Cross-section E CC  exhibits the central BIS overhanging the continental shelf by approximately 50 km and traverses a 
bathymetric high. The section E DD displays the two distinct gateways neighboring this bathymetric high.
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The bathymetry for both the eastern part of BIS and western RBIS show troughs that progress seaward from 
the grounding line, where they underlie moderate to thick ice shelf cavities. In the cavities, as Eisermann 
et al. (2020) observed for the ice shelves of western DML, the trough floors undulate rather than deepening 
monotonically seaward. The deepest points overall beneath the eastern BIS and western RBIS lie at 1180 m 
and 1320 m, respectively. The calving fronts of both ice shelf segments overlie bathymetric sills that perch 
on the continental shelf break. The sill beneath the eastern BIS is continuous and shallow, with average 
depths of 250 m. Its deepest point at 450 m in the west forms a shallow gateway. In contrast to the eastern 
BIS, however, the sill of the western RBIS is cut by a distinct deep gateway with a minimum depth of 630 m 
that lies along strike of the trough that steers toward the gap between PPw and the Derwael Ice Rise (Fig-
ure 6, E AA & E BB ). To date, this is the deepest recorded or modeled gateway to any of DML's ice shelf cavities. 
The associated trough does not deepen smoothly to the deepest part of the southern grounding line, as pro-
posed by Favier et al. (2016), but is instead interrupted by undulating topography (Figure 6, E BB ).

The water column between the continental shelf and the BIS is relatively thin with sporadic exceptions. At 
its tallest points, the cavity reaches ∼660 m in the central and ∼630 m in the eastern part of the BIS. The 
water column between the continental slope and northern BIS is much taller and fully open to the ocean. 
Beneath the RBIS, maximum water column thicknesses of up to 1,000 m are modeled, west and east of the 
Derwael Ice Rise.

The available gravity data are too sparse to extend our model over the eastern RBIS. Based on our experience 
with other DML ice shelves, we expect that it is underlain by a seafloor of ∼1-km depth like that seen in the 
western RBIS. Figure 5a shows that the interpolated depths from Morlighem et al.'s (2020) compilation and 
mass-conservation model are much shallower than this expectation in the range of 200–400 m. These depths 
are comparable to prevalent ice base depths resulting in strongly underestimated water column thickness-
es in Figure 5b. Similarly, replacing interpolated depths with modeled depths in our research area sees a 
∼100% increase in cavity volume beneath the BIS and western RBIS from ∼6,000 km3 (Morlighem, 2020) to 
∼12,000 km3. Considering that both the BIS and RBIS are sites of significant ongoing ice mass loss (Rignot 
et al., 2013), this underlines the necessity for the updated bathymetric models even of small ice shelves.

4.  Discussion
4.1.  Ice Shelf Stability

Currently, both RBIS and BIS are regarded as cold-cavity ice shelves and are considered to be in equilibrium 
(Rignot et al., 2013). This is to say that water masses circulating in the cavities are thought to be largely be-
low melting temperatures. Despite this, the steep continental slope and narrow continental shelf in DML, 
and specifically the Riiser-Larsen Sea (Figure 1c), represent preconditions for strong variability in water 
mass and heat exchange between the open ocean and cavities. One such variation is the possible intrusion 
of WDW into the cavities, which could lead to increased basal melt rates. With updated bathymetry at hand, 
the WDW ingress into the cavities can be estimated. In doing so, the estimated error envelope of ±220 m 
should always be considered. Full utilization of the error can drastically change interpretation, especially 
in crucial areas, such as along the shelf-edge sills. The bathymetric model is, however, a vast improvement 
over the recent topographic compilations (Fretwell et al., 2013; Morlighem et al., 2020) that are solely based 
on interpolation between points of constraints. An increase of 100% in cavity volume within our model area, 
compared to the topographic data set by Morlighem (2020) underlines this improvement.

Warm water inflow has already been observed off the mouth of the trough that crosses the western RBIS, 
using a CTD cast to a maximum depth of about 850  m (Figure  5; Berger,  2017; Callens,  2014; Favier 
et al., 2016). The shallowest point along this trough is at the 630 (±220)-m-deep gateway along the bathy-
metric sill at the continental shelf break (Figures 5 and 6, E AA ), coinciding with a rise in water temperature 
between 600 and 650 m that represents WDW (CTD cast in Figure 5; Berger, 2017; Callens, 2014). Also, this 
point lies deeper than the average thermocline of 600 m in water depths of 1,000 m, as observed for example 
at the Fimbul Ice Shelf 700 km further west (Hattermann, 2018). WDW that breaches the sill and enters the 
RBIS’ cavity could thus be efficiently transported to the grounding line through the trough. This might ex-
plain the high basal melt rates beneath the ice shelf (Rignot et al., 2013; Berger et al., 2017; Sun et al., 2019).
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A similar interpretation is possible for the central BIS. With gateways at about 600 (±220)-m depth, WDW is 
likely to intrude into the cavity, at least sporadically. In addition to this, the ice shelf overhangs the sill and 
continental shelf break by ∼50 km and is heavily exposed to the open ocean with water depths of more than 
2,000 m (Figure 6, E CC ), causing its exposure to warmer water temperatures due to thermocline shallowing 
(Hattermann et al., 2014). This vulnerability is reflected in its dominant mass loss process, iceberg calving 
(Rignot et al., 2013). Whether the overhang is an equilibrium feature of the BIS is open to question. It may 
be a reflection of an ongoing post-1994 increase in ice flow velocities (Gudmundsson et al., 2019), which 
may be the consequence of a foregoing unpinning of the ice shelf near its center. Certainly, bathymetry 
beneath the central BIS is generally shallow with a central high at 310 m that may until recently have acted 
as a pinning point (Figure 6, E CC ), similar to the situation at the Jelbart Ice Shelf further west (Eisermann 
et al., 2020). The bathymetric sill of the eastern BIS is shallower and lacks deep gateways to the cavities over 
the continental shelf.

Marine-outlet glaciers with retrograde to flat beds may retreat over the coming century as warming ocean 
waters interact with their bases, forcing their grounding lines to move upstream (Gudmundsson et al., 2012; 
Hellmer et al., 2012). In eastern DML, Favier et al. (2016) prognosed this so-called marine ice sheet instabil-
ity specifically for the Hansenbreen. Callens et al. (2014) observed a similar setting at the WRG leading into 
the RBIS. Recent modeling has suggested, in contrast, that the RBIS has been in a relatively stable condition 
over recent millennia (Berger et al., 2016; Favier & Pattyn, 2015). Our identification of a larger cavity with 
an open ocean connection via a deep gateway leads to the question of whether that modeling may have 
underestimated the possibility for the past (and future) periods of sustained warm water inflow and related 
retreat of the RBIS-WRG system.

4.2.  Glacial History

The landscape of DML has been shaped by tectonic processes as well as fluvial and glacial erosion. Inland 
of the region's coastal escarpments, the observation of subglacially preserved alpine landscapes connected 
with an intact and only slightly modified fluvial drainage system speaks for a period of alpine style glacia-
tion before the formation of cold-based ice sheets (Eagles et al., 2018; Franke et al., 2021; Näslund, 2001). 
Seaward, the subglacial topography and bathymetry in DML suggests a different history, being character-
ized overall by gentle slopes crossed by overdeepened troughs with undulating valley profiles that terminate 
at prominent sills along the continental shelf break (Eisermann et al., 2020; Nøst, 2004; Smith et al., 2020). 
These patterns testify to the erosive and depositional power of a mobile grounded ice sheet.

Hence, as for the ice shelves of western DML, we propose that the sills near the present-day calving fronts 
of the BIS and RBIS comprise end moraines deposited at the grounding line during the Last Glacial Max-
imum at 23–19 k yrs BP (Grobe & Mackensen, 1992; Mackintosh et al., 2014). Phases of glacial advance 
also saw erosion of the trough floors that resulted in overdeepened basins along their lengths, much like 
those observed in the bathymetric models of the Fimbul, Jelbart, and Ekström ice shelves in western DML 
(Eisermann et al., 2020). The implication is of synchronous phases of grounding line retreat and advance 
throughout DML.

The modeled overdeepened basins likely prevented regrounding of ice shelves in eastern DML except at 
pinning points and the ice rises close to the calving front. However, the central BIS has a different setting 
with quite shallow bathymetry directly beneath its center, comparable to the Jelbart Ice Shelf (Eisermann 
et al., 2020). Partitioning of the central BIS cavity into two sections separated by a central bathymetric high 
can be explained by its excavation at some time in the past by the same two main ice streams (Figure 1c) 
that currently feed the ice shelf.

5.  Summary
Bathymetry beneath the central and eastern parts of the BIS and for the western RBIS was modeled by the 
inversion of gravity data. Comparison of this model to interpolations in a recent topographic compilation 
(Morlighem et al., 2020) has shown that the volumes of cavities beneath these ice shelves have been under-
estimated by ∼100%. The picture of consistently deeper bathymetry significantly reduces the likelihood that 
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past or future retreat episodes of DML's ice shelves would have been, or might be, interrupted by reground-
ing events at pinning points.

The shape of the seabed and the height of the water column beneath these two ice shelves show many sim-
ilarities with the models of ice shelves in western DML (Eisermann et al., 2020). The bathymetry beneath 
DML's ice shelves has deep bathymetric troughs traversing the continental shelves and terminating behind 
bathymetric saddles on otherwise continuous sills along the continental shelf break. In detail, the trough 
floor profiles undulate through the overdeepenings and moraines that record details of the region's recent 
glacial history.

The differing dominant mass loss processes of the RBIS and BIS are reflected in their settings. While mass 
loss from the BIS is dominated by iceberg calving, mass loss from the RBIS is dominated by basal melting 
(Rignot et al., 2013). The high rate of iceberg calving at BIS could be induced by the exposure of its northern 
part to the open ocean in combination with a recent unpinning of the ice shelf. The RBIS on the other hand 
is probably mainly exposed to WDW ingress, due to its single deep gateway combined with the otherwise 
high rate of isolation due to the bathymetric sill, leading to a dominance of basal melt.

The gateways along the bathymetric sills represent known (in western DML, Eisermann et al., 2020) or 
likely points of ingress for WDW into the ice shelf cavities. The most significant gateways in this study occur 
near the snout of the main trough traversing the western RBIS and beneath the central BIS. These points 
mark relatively deep gateways in respect to other ice shelves of DML (Eisermann et al., 2020) and should be 
regarded as threats to future ice shelf stability.

Data Availability Statement
The bathymetric model generated in this study, together with observed, filtered, and calculated gravity data 
with resulting gravity residuals, is available on Pangaea (https://doi.org/10.1594/PANGAEA.927545). Addi-
tional topographic data sources used in this study are listed in the references.
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