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Abstract George VI Sound is an ~600 km‐long curvilinear channel on the west coast of the southern
Antarctic Peninsula separating Alexander Island from Palmer Land. The Sound is a geologically complex
region presently covered by the George VI Ice Shelf. Here we model the bathymetry using aerogravity
data. Our model is constrained by water depths from seismic measurements. We present a crustal density
model for the region, propose a relocation for a major fault in the Sound, and reveal a dense body, ~200 km
long, flanking the Palmer Land side. The southern half of the Sound consists of two distinct basins ~1,100 m
deep, separated by a −650 m‐deep ridge. This constricting ridge presents a potential barrier to ocean
circulation beneath the ice shelf and may account for observed differences in temperature‐salinity (T‐S)
profiles.

Plain Language Summary Knowing the seafloor depth beneath ice shelves is crucial for
understanding the interaction between the ocean and the overlying ice, as the shape of the sea floor
influences water circulation pathways. We present a new bathymetric model of the seafloor beneath George
VI Ice Shelf on the Antarctica Peninsula. The data for our model were collected from airborne surveys,
including the ice surface elevation, ice thickness, and gravity field measurements. We first present a new
geological model of the Sound and use our improved data coverage to relocate a previously interpreted
geological fault. The new bathymetry model shows that in the southern segment of the Sound, an area with
shallow bathymetry and deep ice might be acting as a barrier to the water flow. This information can
change our understanding of the circulation between the northern and southern segments of the Sound and
can be used in models of how this impacts the melt in the base of the ice shelf.

1. Introduction

The George VI Sound is a channel on the west coast of the southern Antarctic Peninsula separating
Alexander Island from Palmer Land (Bell & King, 1998) (Figure 1). The Sound is covered by an ice shelf that
is thinner in the north (<250 m) and thicker (up 500 m) in the south (Griggs & Bamber, 2011). The majority
of the ice flow (96–97%) feeding the George VI Ice Shelf comes from glaciers on Western Palmer Land
(Jenkins & Jacobs, 2008), which are currently experiencing the greatest mass loss from the Antarctic
Peninsula (Gourmelen et al., 2019), contributing ~0.1 mm/a to global sea level rise in the last 2 decades
(Schannwell et al., 2018). The ice shelf has two ice fronts, both within confined embayments of the
Bellingshausen Sea, where Circumpolar Deep Water (CDW) floods the continental shelf (Talbot, 1988).
Due to the presence of CDW, the water temperatures near the ice shelf base at both ice fronts exceed 1 °C
(Jenkins & Jacobs, 2008).

High basal melt rates around Antarctica have been interpreted as responses to variations in oceanic tempera-
ture and circulation (e.g., Holland et al., 2008; Jacobs et al., 2011). Over George VI Ice Shelf, estimated basal
melt rates range from 2.8 m/a (Corr et al., 2002) to 6.0 m/a (Dinniman et al., 2012) with a recent study report-
ing ~4m/a over a 23 year period (Adusumilli et al., 2018). Future changes in basal melt depend on changes in
ocean temperature as well as subsurface currents, steered by the cavity shape, highlighting the importance of
accurate bathymetry data for future predictions (e.g., De Rydt et al., 2014; Dutrieux et al., 2014; Goldberg
et al., 2019; Rosier et al., 2018).

Bathymetry is one of the outstanding unknowns in understanding the interactions between ocean and ice
beneath ice shelves (e.g., Millan et al., 2017; Nitsche et al., 2007; Tinto et al., 2015). Knowledge of the
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bathymetry beneath the George VI Ice Shelf is essential for modeling ice‐ocean interactions and predicting
future changes in the glacial mass balance of the Antarctic Peninsula. Previously, the regional bathymetry
was based on interpolation of sparse seismic constraints along profiles 20 to 70 km apart (Maslanyj, 1987).
Here, we present a new bathymetric model obtained from a high‐resolution aerogravity inversion
constrained by the seismic depths. Using gravity anomalies to improve the resolution of subice shelf
bathymetry can bring new insights into local tectonic evolution of George VI Sound and the regional
geological knowledge.

1.1. Geological Setting

The Sound is divided into two morphological segments. The narrow northern segment is between 20 and
35 km wide and trends NNW‐SSE. The southern segment is ~60 to 90 km wide and trends SW (Crabtree
et al., 1985).

Evidence from geomorphology, radio echo‐sounding data, and seismic surveys suggests that the George VI
Sound is a tectonic feature (Crabtree et al., 1985; Doake, 1984; King, 1964; Maslanyj, 1988) possibly related to
Cenozoic (Storey &Nell, 1988) extension in theWest Antarctic Rift System (Eagles et al., 2009). Although the
extent of the George VI rift remains uncertain, two major N‐S trending fault zones in Palmer Land were
inferred from radar and satellite images by Crabtree et al. (1985), with the western fault (C1; Figure 1) inter-
preted as the eastern boundary of the rift system (Maslanyj, 1987). The western boundary is delimited by the
LeMay Fault on Alexander Island (Edwards, 1979) (Figure 1).

The eastern side of the Sound comprises Cretaceous arc‐related volcanic and magmatic rocks while the
western side is divided into two domains: the Lemay Group (LMG), a Mesozoic accretionary complex
(Burn, 1984), and the Fossil Bluff Formation (FBF), composed of Early Cretaceous fore‐arc basin sedimen-
tary rocks (Crame & Howlett, 1988).

Figure 1. Free‐air gravity anomaly from airborne gravity surveys. Grounded ice flow (Mouginot et al., 2017). Floating ice
(Fretwell et al., 2013) in light lilac. Flight tracks are represented as green lines (OIB) and orange line (ITGC).
Seismic shots (Maslanyj, 1987) shown as white circles, and CTD stations are indicated by yellow (Giulivi & Jacobs, 1997)
and blue (Kimura et al., 2015) diamonds. The Ryder, Conchie and ERS glaciers are also shown. The along‐axis tie
line (Figure 2a) is marked as x‐x′, and the crossing line (Figure 2b) is indicated by the red arrow. Tracklines for available
bathymetry outboard from ice‐shelf is shown as gray contours (Arndt et al., 2013). Part of this data product included in
our final grid is highlighted in gray near to x′.
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2. Data Set
2.1. Gravity Anomalies

Between 2009 and 2019, the NASA Operation IceBridge Mission (OIB) collected airborne remote sensing
measurements over Earth's polar regions. For this study, we use data that were collected over the Sound
from four flights during the 2011 and 2016 campaigns. These flights were flown at a height of ~500 m above
the surface at an average speed of 275 kn (142 m/s). The majority of gravity measurements used here were
obtained with the Sander Geophysics AIRGrav airborne gravity system. A 70 s temporal filter was applied to
the data resulting in a filter half‐wavelength of ~5 km (Cochran & Bell, 2012).

An additional along‐Sound gravity profile was obtained with the British Antarctic Survey (BAS) Twin Otter
in February 2019 as a part of the International Thwaites Glacier Collaboration (ITGC) aerogeophysical sur-
vey (Jordan, Porter, et al., 2020). This longitudinal profile (Figure 1) was flown approximately 10 km east of
the OIB along‐axis tie line. The ITGC free‐air anomalies were obtained from a strapdown gravity meter, with
an uncertainty of 1.56 mGal, resolving wavelengths of 5 km (Jordan, Robinson, et al., 2020). Crossovers
between ITGC anomaly and OIB profiles are 2.8 mGal.

2.2. Bathymetry Constraints

The ice surface elevation is measured with an accuracy of ~10 cm using the Airborne Topographic Mapper
(ATM) lidar (Krabill et al., 2002). The ice thickness is measured by the Multi‐channel Coherent Radar Depth
Sounder (MCoRDS) with approximately 10 m accuracy (Leuschen, 2012).

Nine seismic profiles from Maslanyj (1987) are used to constrain the bathymetry model (Figure 1). The
seismic survey was carried out in the 1984–1985 field season along profiles oriented perpendicular to the
walls of the Sound, with seismic shots every 3 km along the northern profiles and every 4 km in the south.
Profiles were between 20 and 70 km apart and were seldom coincident with flight lines. CTD depths (Giulivi
& Jacobs, 1997; Kimura et al., 2015) are also used (Figure S1 in the supporting information).

3. Methods
3.1. Gravity Inversion

Developing the bathymetry model for George VI Sound required three main steps, tie line modeling con-
strained by seismic depths, cross‐sound models pinned to the tie line, and validation. First an initial forward
model for the along‐axis tie line was developed (x‐x′, Figure 1), constrained by the seismically derived depths
where available. In the tie line, densities were assigned to the initial model to match the calculated gravity
anomaly to the observed gravity anomaly where depths were known. Second, forward models were built for
the crossing profiles, with depth constraints from the tie line bathymetry and topographic elevations from
the radar measurements over grounded regions. Here we assigned the density along the edge of the Sound
based on the available topographic constrains and geological interpretation, and then we inverted for bathy-
metry within the Sound. Finally, we validated the model by calculating the difference between an interpola-
tion of the gravity‐inverted bathymetry and the seismic points that were not used as constraints in the
inversion but were included in the final bathymetry model.

In detail, for the tie line (x‐x′, Figure 1), ice surface and base were defined by the ATM lidar and by the
MCoRDs radar. A density of 0.915 g/cm3 was assigned to the ice shelf (Doake, 1984), and 1.03 g/cm3 was
assigned to water column. The preliminary crustal configuration was based on the literature. Crabtree
et al. (1985) suggest frommagnetic anomalies that the Sound is entirely floored by sedimentary rock but does
not give constraints on thickness and density. The presence of ~2 km sediments with low density (2.2 g/cm3)
is interpreted byMaslanyj (1988) for the southern portion of the Sound. To approximate sedimentary fill, our
model includes a package between seafloor and 2 km depth with a density of 2.4 g/cm3. Based on isostatic
models from Garrett (1990), horizontal interfaces were assumed for the transition from the upper crust
(2.7 g/cm3) to lower crust (2.9 g/cm3) at 17 km, and from lower crust to mantle (3.2 g/cm3) at 24 km.
Where the tie line intersects seismic profiles, the depth of the seafloor is set equal to the seismically derived
depth. In between the seismic depth constraints, the gravity was inverted for bathymetry until the calculated
and observed gravity anomalies matched to better than 1 mGal. Here we identified large‐scale offset inter-
preted as denser crust of underlying the sediments in the southern part of the Sound (Figures 2b and 3b).
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In our second step, where we modeled the crossing profiles, the density configuration was initially set to the
tie line densities. The depthwhere the tie line intersects each crossing profile was set tomatch the inverted tie
lie bathymetry. A long‐wavelength trend (~40mGal over 60 km) was observed in the residuals of the crossing
profiles. To account for this regional trend, we modeled the lower crust dipping down toward the Peninsula
(compatible with Garrett, 1990) in the crossing lines on the broader, southern part of the Sound (Figure S2).

All the crossing line models were pinned where they intersect the tie line (Figure S1), so that a DC shift
(i.e., constant value added or subtracted to the observed gravity, e.g., Holom & Oldow, 2007) is applied to

Figure 2. Along‐axis tie line and a crossing profile. Observed and calculated anomalies (a, c). Residual gravity anomaly
(observed minus modeled) (b, d). Geometry of inverted bathymetry and crustal blocks (e, f). Green dots represent
nearby seismic depths projected onto the gravity profile. Gray line marks where profiles intersect. Bathymetry dotted in
white represents areas where uncertainty is higher. Red arrows represent the extension of the denser block to a depth
of −4.2 km. Profiles are at different scales.
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the observed gravity to force the residual between observed and predicted gravity to be zero. The density of
the 2 km‐deep block at each end of the profiles, where bed elevation is known from radar, was assigned in
order to minimize the residuals, before the bathymetry inversion was performed. A residual between the
observed and calculated anomaly of up to 20 mGal was observed on the Palmer land side of some profiles,
implying the presence of a denser structure of 2.95 g/cm3 that is discussed in the results.

An initial inversion for bathymetry was performed on the crossing lines. The inversion was performed only
where ice is floating. We identified the grounding line along each profile with radar ice thickness and surface
altimetry assuming hydrostatic equilibrium. For profiles where the preliminary modeled bathymetry was
shallower than the ice base, the geologic model was refined by changing the density of the 2 km‐deep sub-
seafloor block in order to account for the excess mass and a new bathymetry inversion performed (Figure 2).

3.2. Uncertainty of the Method

Uncertainty due to the gravimeter accuracy is estimated by calculating the standard deviation (SD) of the
differences between gravity measurements at the crossover points between lines, which is 2.4 mGal. To
quantify this value in meters, a simple Bouguer slab correction is applied to the residual considering a den-
sity contrast of 1,670 kg/cm3 between rock and water, which gives a value of ± 34 m.

The uncertainty due to the pinning point constraining the inversion is the uncertainty of the seismic mea-
surements, established by Maslanyj (1987) to be between ±5 and ±10 m. The uncertainty from variations
in geology is estimated by the SD of the gravity residualswhere topography is known from radar and residuals
must be due to density variations. The SD of 6.3 mGal is equivalent to ±89m of bathymetry. This gives a total
uncertainty of the bathymetry model of ±133 m, similar to the error estimated from other subice shelf bathy-
metry studies (e.g., Tinto et al., 2015, 160m; Boghosian et al., 2015, 110m; Jordan, Porter, et al., 2020, 100m).

4. Results

No systematic difference in water depth is seen between the seismic points in the northern and southern sec-
tions of the Sound along the tie line (Figure 2a), but a clear difference is observed in the gravity signal.
Gravity anomalies range from approximately −70 to −40 mGal in the northern part, and approximately
−50 to −20 mGal in the southern part. We have modeled this variation as being due to a denser upper crust
(2.75 g/cm3) in the southern half of the Sound. The ITGC line (Figure 1) was treated the same way as the tie
line, and the inverted bathymetry was then compared to the crossing profiles with a SD of ~69 m.

We have identified density variations within the crust from the forward models and accounted for them
(Figure 3) to best match the observed and calculated anomalies where bed elevation and bathymetry are con-
strained. No inversion was performed to obtain densities. The upper layer of rock extends to a depth of
2.0 km (Figure 3a). Within the Sound, this layer is assigned a density of 2.4 g/cm3, and depth is constrained
by the seismic surveys where they intersect the tie line. At the edges of the profiles, gravity residuals over

Figure 3. Density distribution in depth. (a) Density from sea level to 2 km depth. (b) Density from 2 to 4.2 km depth.
Rock exposures from ATA SCAR GeoMAP v.201907 in gray. Geometry of proposed denser block marked by dark red
line. Constricting ridge pointed by the red arrow.
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grounded ice indicate denser material. The boundary between units is marked by the maximum gradient of
the gravity anomaly in the area that the density contrast must occur. With no constraints on the shape of
these boundaries, they were defined as simple vertical structures (Figure 2b). Between 2.0 and 4.2 km depth,
the density of 2.7 g/cm3 was assigned for the northern profiles and 2.75 g/cm3 for the southern profiles, con-
sistent with the tie line regional structure. A block of denser material (2.95 g/cm3) is identified in the central
profiles on the Palmer Land side (Figure 3b). The boundary of the dense body within the Sound is identified
by the location of an increased gradient in the gravity field that can be traced on multiple adjacent survey
lines. The seismic profile shown on Figure 2b demonstrates that this gradient increase (~58 km along profile)
is not due to the bathymetry and is caused by dense material beneath the surface.

Our final bathymetry model for the George VI Sound includes all bathymetry constraints (Figure 1), and the
data were gridded using minimum curvature with a cell size of 1 km. The final grid (Figure 4a) reveals shal-
lower water depths for the northern segment (generally <1,000 m) compared to the south (up to 1,263 m).
Bathymetry shoals at the sides and deepens toward the center of the Sound. The southern front of the ice
shelf is underlain by a narrow, deep trough that extends ~50 km from the ice front and widens beneath
the ice shelf. Our results show that the broad southern basin that underlies the ice shelf is divided into
two distinct subbasins, separated by a shallow ridge, which we refer to as the constricting ridge. The water
column thickness (Figure 4c) estimated from our bathymetry model and the radar ice base measurements
(Figure S16) shows a significant thinning to less than 150 m between the two deeper southern basins.
This thin water column, resulting both from the thick ice and the shallow ridge, represents a potential bar-
rier to circulation within the southern limb of the Sound. This, combined with thick ice and shallow bathy-
metry, may be more restrictive to ocean circulation than the narrowing between the northern and southern
sections of the Sound. To highlight the increased resolution offered by the new data and particularly over
this shallow ridge, we show a comparison between our final gridded bathymetry with Bedmap2 and
Bedmachine in Figures 17 and 18).

4.1. Validating the Model

The majority of seismic shots (Maslanyj, 1987) are not colocated with the gravity profiles and were not used
in the inversion. We tested the accuracy of the gravity model by gridding the bathymetry from just the
inverted profiles and calculating the difference between this grid and the seismic depths and found a SD
of ~100 m. We did the same comparison for Bedmap2 (Fretwell et al., 2013) and Bedmachine (Morlighem
et al., 2020), and SDs of 97 and 96 m were found, respectively. When we compare the seismic depths to
our final grid (Figure 4a), which includes all available depth constraints, the differences are much smaller,
and the SD is ~14 m. These differences are plotted (Figures S3 to S15), and data for each seismic shot can be
accessed on Data Set S1.

The cross sound profile shown in Figure 2d illustrates the seismic depths projected onto the model profile,
which are generally in excellent agreement. The exception is the easternmost shot. To match the inverted
seafloor with the seismic depth at the outlying point, the predicted gravity would be lower than the observed.
The seismic shot may be in the center of a glacial trough carved out by the incoming glacier, while the gravity
data, offset 5 km from the seismic survey, clips the shoulder of this steep trough. This discrepancy could also
be related to unaccounted subsurface density variations.

5. Discussion
5.1. Geological Interpretation

Geological bodies included in the models (Figure 3) are presented as simplified blocks that minimize the
residuals between observed and predicted gravity over grounded ice. The density boundaries on the shallow
structure (Figure 3a) suggest that in the southern Sound the western fault is closer to the coast than the fault
inferred from Bell and King (1998) and may link with the onshore LeMay fault. The eastern edge of the
Sound is very well aligned with the margin of the deeper dense structure (Figure 3b).

The modeled density of the constricting ridge material is the same as that of sedimentary rock and the rest of
the floor of the Sound (2.4 g/cm3). This density supports its interpretation as a bathymetric feature. The ridge
may either be a feature carved from the FBF or a deposit of material eroded off Palmer Land by the
ERS glacier.
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A magnetic body (Jones & Maslanyj, 1987) probably composed of volcanic and plutonic rocks of the
Mesozoic Arc (Bell & King, 1998) with its western boundary being limited by the fault along the eastern edge
of the Sound might correspond to our modeled dense body. This magnetic anomaly is interpreted to be the
expression of a more mafic arc forming the western half of Palmer Land (Ferraccioli et al., 2006), consistent
with the presence of higher density material in this region. Here we propose that the dense body underlies
the eastern border of George VI Sound and extends to western Palmer Land (Figure 3b). The denser structure
is offset by the fault interpreted by Bell and King (1998) (Figure 3b), suggesting that the high‐density body
was emplaced before the fault motion initiated. In addition, the offset of the dense body is consistent with

Figure 4. (a) George VI Sound bathymetry. Outside the black box, bathymetry from Bedmap2. Location of plots on panel
b represented by the purple and orange circles. Constricting ridge pointed by the red arrow (b) SOSE (Mazloff et al., 2010)
potential temperatures (2008–2012) for Northern and Southern Sound entrances. Mean (solid line) and STD (shaded).
(c) Water column thickness.
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a component of left‐lateral offset along this proposed fault system. The Antarctic Peninsula displays wide-
spread evidence for left‐lateral faulting along a similar trend (340°) to our proposed fault's trend (330°).
This is well dated to the Palmer Land Event in Albian times (e.g., Vaughan et al., 2012) and so both comfor-
tably postdates the Lower Cretaceous timing of the mafic arc (Ferraccioli et al., 2006) and predates the
right‐lateral opening of George VI Sound in Cenozoic times. The proposed offsetting fault system coincides
with the change in midcrustal density revealed along the tie‐line model, suggesting that it may be a signifi-
cant crustal scale feature. The southern and northern limits of this structure might indicate the presence of
additional bordering SW‐NW faults.

The Sound has different magnetic characteristics along its extent, with a low amplitude variation magnetic
field with mainly negative anomalies in the northern and high amplitude variation magnetic field with posi-
tive anomalies in the southern section (Maslanyj, 1988). The proposed denser body is located between these
two regions. The change in magnetic signature between the southern and northern parts of the Sound
(Golynsky et al., 2018; Figure S19) corresponds to the location of the change in basement density along
the length of the tie line (Figure 2b), indicating the change in basement material.

5.2. Bathymetry Implications on Deep Water Pathways

A circulationmodel for the northern segment of George VI driven primarily by the basal melting process was
proposed by Potter and Paren (1985). Ice shelf basal melt becomes fresher and positively buoyant, upwelling
toward the shallower Northern ice front while drawing up warm CDW that had been advected under the ice
shelf at depth. They found this glacial meltwater collecting in a northward outflow at the northern entrance,
enhanced in the west by Coriolis force.

Based on temperature‐salinity (T‐S) profiles along the length of the Sound, Potter and Paren (1985) proposed
that this circulation in the north did not extend all the way to the southern ice front, hypothesizing a con-
striction somewhere between Eklund Islands and Hobbs pool (Figure 4c) possibly by a thick ice keel extend-
ing across the Sound. The newly discovered constricting ridge is beneath thick ice imaged by radar sounding
(Figure 2c) outboard from the ERSGlacier (Figure 4c) and results in the thinnest across‐sound water column
beneath the ice shelf (highlighted in Figure 4c). This thin water cavity will restrict the pathways of deep
CDW inflow (Holland et al., 2010; Jenkins & Jacobs, 2008) affecting along‐Sound flow, potentially leading
to the disparate patterns of modern day basal melting evident in satellite observations between the northern
and southern sections of the Sound (Adusumilli et al., 2018).

5.3. Oceanographic Setting of Enhanced Basal Melt Rates

These results allow for new interpretations of how and where the thermocline strength and depth can drive
basal melting of the peninsular ice shelf. Model outputs from the adjoint ocean model SOSE (Mazloff
et al., 2010) show warmest temperatures below the thermocline at ~200 m deep on the George VI northern
ice front where the CDW advects from Marguerite Bay beneath the ice shelf (Holt et al., 2013), while it is
below ~300m on the southern ice front (Figure 4c) where the deep water flows northward under the ice shelf
from the Ronne Entrance (Jenkins & Jacobs, 2008). The greater thermal forcing (difference between in situ
temperature and the pressure‐dependent freezing point of seawater) in the southern part of the ice shelf
means that ice below the thermocline, there is more susceptible to basal melting. Glaciers and ice streams
that feed into the Southern ice shelf are predominantly grounded deeper than 300 m below sea level, coin-
ciding with locations of higher basal melt rates (Adusumilli et al., 2018), and agreeing with velocity speedup
of the deepest glaciers on the Palmer Land coast (Hogg et al., 2017). In the northern segment, with the excep-
tion of deep‐grounded Ryder and Conchie glaciers (Figure 4c), most ice shelf ice in the Northern Sound is
shallower than the thermocline and therefore is less susceptible to melting by this deep heat source.

6. Conclusion

We present a new bathymetry model for the George VI Sound using airborne gravity data. The seafloor
under the ice shelf is an essential boundary condition for modeling ice‐ocean interactions and projections
of ice changes along the Antarctic Peninsula. We have modeled the density structure of the Sound and have
defined the extent of a previously proposed suite of volcanic and plutonic rocks faulted by subsequent tec-
tonic activity. We have relocated a previously inferred fault in the Sound based on modeled density varia-
tions. Deep bathymetry, where ice is grounded below the thermocline on the eastern side of the Sound,
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corresponds to fast ice flow areas that are potential spots for high basal melt rates. In the southern section of
the Sound, a significant across‐sound ridge is proposed as a constricting barrier between the southern and
northern circulation. The newmodel has a higher resolution than previously available, crucial for ocean cir-
culation models used for investigating CDW pathways and associated heat transport, a major driver of ice
shelf melt, and ice sheet mass changes.

Data Availability Statement

ITGC data were acquired as part of the British Antarctic Survey (BAS) National Capability contribution to
the International Thwaites Glacier 360 Collaboration (ITGC). Data from Operation IceBridge are available
from the National Snow and Ice Data Center (at http://nsidc.org/data/icebridge). Bathymetry model data
from Operation IceBridge are archived at the National Snow and Ice Data Center (NSDISC) as data products
IGBTH3 and IGBTH4. See https://nsidc.org/data/igbth3 and https://nsidc.org/data/igbth4. Data for bathy-
metry model is available online (at https://pgg.ldeo.columbia.edu/data/operation‐icebridge).
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