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Abstract The Getz Ice Shelf (GIS) produces major amounts of basal meltwater due to intrusions of warm
modified Circumpolar Deep Water (mCDW) beneath the ice shelf. However, multiple cavity openings
and complex geography mean that knowledge of bathymetry beneath the GIS is required to understand
ice/ocean interactions. We invert NASA airborne gravity data to obtain bathymetry beneath the ice shelf.
Our gravity/geology‐constrained bathymetry is a significant advance on Bedmap2 bathymetry. The sub‐ice
shelf bathymetry consists of three cavities separated by topographic ridges extending from the ice shelf
front to the grounding line. Passages allowing limited circulation of shallow (≲400 meters below sea level
[mbsl]) water between cavities are present, but deeper water is confined to individual cavities. Within each
cavity, bathymetric troughs (>900 mbsl) extend from the ice shelf front to subglacial valleys beneath the
ice sheet. Our analysis of the gravity data also allows us to infer the presence of thick (>500 m) sediments
near the grounding line through much of the GIS, as well as variations in the density and/or thickness
of the crust underlying the ice shelf.

Plain Language Summary Floating ice shelves surrounding Antarctica slow the flow of the
Antarctic Ice Sheet toward the ocean. West Antarctic ice shelves, including the large Getz Ice Shelf, have
thinned significantly over the past 20 years, due in part to increased flow of warming ocean water into the
ocean cavities beneath them. This thinning results in acceleration of ice flowing into the ocean, so that
more ice goes afloat, raising sea level. We mapped the shape of the ocean floor beneath the Getz Ice Shelf,
which controls water circulation under the ice shelf. We found the ice shelf has three separate portions
each with deep troughs that provide pathways for warm water to the edge of the ice sheet.

1. Introduction

Floating ice shelves are a widespread feature of the Antarctic coastal region, bordering as much as 75% of the
coast (Rignot et al., 2013), and are also an important control on Antarctic mass balance. Since they are
already floating, thinning or disintegration of ice shelves does not directly affect sea level. However, ice
shelves serve to stabilize and buttress adjacent grounded ice sheets, so their removal enhances flow of
grounded ice into the ocean, accelerating sea level rise (e.g., Dupont & Alley, 2005; Gudmundsson, 2013).

Ice shelves around Antarctica show a net mass loss extending over the past two decades (e.g., Paolo
et al., 2015; Rignot et al., 2013). Ice shelf mass loss occurs through both calving and basal melting (Jacobs
et al., 1992), with many recent studies emphasizing the role of basal melting (e.g., Depoorter et al., 2013b;
Liu et al., 2015; Pritchard et al., 2012; Rignot et al., 2013). Ice shelves facing the Amundsen and
Bellingshausen seas are particularly susceptible to basal melting due to intrusions of warm Circumpolar
Deep Water (CDW) or its cooler modified derivatives (mCDW) onto the West Antarctic continental shelves
(e.g., Assmann et al., 2019; Jacobs et al., 1996, 2012; Thoma et al., 2008). The rapid thinning and grounding
line retreat experienced by the large glaciers feeding into the eastern Amundsen Sea Embayment (ASE) has
been widely attributed to penetration of CDW into their shelf cavities (e.g., Jacobs et al., 2011; Jenkins
et al., 2010; Rignot, 2008; Seroussi et al., 2017; Shepherd et al., 2004; Turner et al., 2017).

The Getz Ice Shelf (GIS), with a surface area of ~34,000 km2, extends for ~650 km along the central and wes-
tern portion of the Amundsen Sea coast of West Antarctica with a width that varies from ~40 to >100 km
(Figure 1). Two significant glaciers, Berry Glacier and DeVicq Glacier, feed into the western portion of the
GIS (Figure 1) and occupy deep, narrow subglacial valleys evident in onshore radar data. The ice shelf is
bounded on its seaward side by a series of islands that pin it and define its seaward boundary. Three of
the islands contain outcropping volcanoes that were active in the Pleistocene (Shepard and Grant islands)
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or Quaternary (Siple Island) (LeMasurier, 1990). These volcanic terrains suggest lateral variations in the
nature of the crustal rocks beneath the ice shelf.

Jacobs et al. (2013) analyzed an extensive set of conductivity‐temperature‐depth (CTD) and dissolved oxygen
profiles from oceanographic stations along the GIS cavity openings and further north on the continental
shelf. They found significant west‐to‐east variations along the ice front in surface water structure and in
depth to the thermocline, as well as marked interannual variations. However, despite these variations, water
below a depth of about 500 m was found to be consistently at least 1–2° above the in situ freezing point.
Jacobs et al. (2013) also utilized their data to calculate seawater transport into and from the cavity along with
melt water transport and to estimate basal melting of the ice shelf. They found that the amount of basal melt
varied significantly with average rates of 1.1 m/yr in the year 2000 (deeper thermocline) and 4.1 m/yr in 2007
(shallower thermocline). The latter estimate fell within the time period of a 4.3 ± 0.4‐m/yr determination of
ice melting by Rignot et al. (2013) for the period 2003–2008 from satellite measurements and a surface mass
balance model. Paolo et al. (2015) determined a mean thinning rate of 16.1 ± 1.5 m/decade (1.6 m/yr) over
the period 1994–2012 for the GIS from satellite altimeter measurements and isostasy.

Assmann et al. (2019) found a persistent year‐round flow of warm water toward the Getz cavity at twomoor-
ings located ~15 km seaward of the ice front just west of Siple Island. However, the complex nature of the
GIS, with numerous cavity openings, unknown bathymetry beneath the ice shelf, and uncertain connectivity
for water flow behind the islands, lends uncertainty to models of circulation within the cavity. Knowledge of
the bathymetry beneath the ice shelf is necessary to determine the geometry of the seawater cavity and to
assess sub‐ice shelf circulation and its effect on basal melting.

Themost widely used grid for bathymetry beneath the GIS is from Bedmap2 (Fretwell et al., 2013) (Figure 2).
This bathymetric model utilized a spline technique to interpolate between the Nitsche et al. (2007) grid of
shipboard bathymetric data seaward of the ice shelf and Bedmap2 bed elevation data under the ice sheet
and islands (le Brocq et al., 2010; Timmermann et al., 2010). The Bedmap2 ice keel grid was used to adjust
(“excavate”) the seafloor when the interpolation produced grounded ice at locations where it is known to be
floating (le Brocq et al., 2010). No other geological or geophysical information from the region of the ice shelf
was utilized. le Brocq et al. (2010) state “no claims are made about the accuracy of the sub ice‐shelf interpo-
lation, only that it is a ‘best guess’ and it allows the ice shelf to float.”

The Bedmap2 sub‐ice bathymetry shows a rather featureless seafloor marked by a steady deepening away
from the ice sheet and islands toward the seaward edge of the ice shelf (Figure 2). This pattern is in contrast
to the bathymetry observed by shipboard swath mapping just seaward of the GIS, where distinctive deep

Figure 1. Map of the Getz Ice Shelf with location of Operation IceBridge gravity lines shown in red. Lines are labeled as
referred to in the text. Islands and other geographic features discussed in the text are also labeled. Yellow triangles
show the location of outcropping Neogene volcanics. Bathymetry seaward of the ice shelf is from International
Bathymetric Chart of the Southern Ocean (IBCSO) (Arndt et al., 2013). Color scale for the bathymetry in meters is shown
in the inset on the upper left. Inset on the lower right shows the location of the map on the West Antarctic coast.

10.1029/2019JF005493Journal of Geophysical Research: Earth Surface

COCHRAN ET AL. 2 of 19



troughs and shallower banks are observed (Figures 1 and 2). A better model for bathymetry beneath the GIS
is clearly necessary to consider possible effects of warm subthermocline water on the evolution of the ice
shelf.

Inversion of airborne gravity data is an extremely efficient method to determine bathymetry beneath an ice
shelf as extensive as the GIS (e.g., Cochran et al., 2014; Cochran & Bell, 2012). NASA's Operation IceBridge
(OIB) has systematically collected airborne geophysical data over West Antarctic ice shelves including the
GIS (Figure 1). Here, we invert OIB airborne gravity data to obtain a geologically consistent estimate of
the bathymetry beneath the GIS. The gravity inversion included in the recently published Bedmachine
Antarctica topography/bathymetry model (Morlighem et al., 2020) did not explicitly address effects of
sediments and lateral changes in crustal structure on the resulting bathymetry (Millan et al., 2020), both
of which we find in this study to have significant effects on results of the inversion.

2. Inversion of Gravity Data for Bathymetry Beneath the GIS

OIB obtained low‐altitude (~500 m) airborne geophysical data over the GIS on eight flights during six differ-
ent campaigns between 2009 and 2016 (Figure 1). These flights collected data along a series of long east‐west
lines spaced at 10‐ to 15‐km intervals from near the ice front to ~50 km landward of the grounding line.
These lines were crossed at irregular intervals by north‐south geophysical lines, several of which extended
from landward of the grounding line across the full width of the ice shelf to the continental shelf seaward
of the GIS. Flights were flown at a nominal height of 1,500 ft (457 m) above the Earth's surface.
Instrumentation on these flights included a laser altimeter, a variety of ice‐penetrating radars, and a
gravimeter.

Ice thickness was measured using the Multichannel Coherent Radar Depth Sounder (MCoRDS) developed
and operated by the University of Kansas Center for Remote Sensing of Ice Sheets (CRESIS) (Allen
et al., 2010; Leuschen, 2011). Gogineni et al. (2014) report mean thickness mismatches of ~35 and ~30.6 m
with standard deviations of ~40.7 and ~40.0 m for detailed surveys in Greenland and Antarctica. On OIB
lines over the GIS, ice thickness mismatches at crossovers ranged from 0.2 to 85.0 m with a standard error
of 19.7 m.

Surface elevation along the profiles was determined with the NASA Airborne Topographic Mapper (ATM)
laser altimeter (Krabill, 2014). OIB surface elevation data are referenced to the WGS‐84 ellipsoid, so we cor-
rected the data to sea level using the GL04C geoid (Förste et al., 2008). This geoid was also used as a datum
for Bedmap2 (Fretwell et al., 2013). The accuracy of elevations recovered from the ATM system has been esti-
mated at about 10 cm (Krabill et al., 2002; Martin et al., 2012). For the ATM lines over the GIS, the mis-
matches at crossovers ranged from 0.0 to 16.8 m with a standard error of 3.7 m. Part of the mismatch, for
both ATM and radar crossovers, is due to the fact that the data were collected over a 7‐year period. The

Figure 2. Bedmap2 bathymetry beneath the Getz Ice Shelf and adjacent continental shelf (Fretwell et al., 2013) gridded
with 2‐km node spacing and contoured at 100‐m intervals. Color scale for the bathymetry in meters is shown in the inset
on the left and is identical to the color palette used for our new bathymetry in Figure 9. Heavy blue line shows the
approximate seaward edge of the ice shelf. The sub‐ice shelf Bedmap2 bathymetry is an interpolation between ice
penetrating radar‐determined sub‐ice topography in Marie Byrd Land and ship‐determined bathymetry from
International Bathymetric Chart of the Southern Ocean (IBCSO) (Arndt et al., 2013) seaward of the ice shelf.
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GIS is a dynamic system, and both surface elevation and ice thickness at any location are not constant
over that time. Tidal displacements also contribute ~0.5‐ to 1.0‐m elevation uncertainty (e.g., McMillan
et al., 2011; Padman et al., 2002). In addition, we used data sampled at 200‐m intervals along‐track for our
study. We here compare the sampled results, so there is a degree of interpolation involved in determining
the crossover mismatch.

ATM data were not available for Line 03 and for portions of Lines 04 and 21. For those, we used surface ele-
vation data from CRESIS radar. Crossovers of those line segments with north‐south lines gave nearly iden-
tical statistics to the ATM data, with a mismatch range of 0.2–12.1 m and standard error of 3.7 m.

2.1. Gravity Anomalies Over the GIS

Gravity measurements on OIB flights (Tinto et al., 2019) were made with a Sander Geophysics Ltd. Airborne
Inertially Referenced Gravimeter (AIRGrav) system (Argyle et al., 2000; Sander et al., 2004). An advantage of
the AIRGrav system is that it is able to collect high‐quality data during draped flights (Studinger et al., 2008)
such as those undertaken on OIB deployments. The free‐air gravity anomalies were filtered with a 70‐s full‐
wavelength filter, resulting in an along‐track half‐wavelength resolution of ~4.5 km for a typical flying speed
of 250 knots (128.6 m/s). This implies that the full amplitude of features wider than ~5 kmwill be resolved in
the gravity data.

Free‐air gravity anomaly mismatches at line crossings range from 0.0 to 5.0 mGal with a standard error of
1.29 mGal. Many of the larger crossover discrepancies appear to be the result of the along‐track filtering
applied to the gravity data during processing, which means that the value at a particular point is affected
by measurements for half of the filter width in each direction along the track. This along‐track filtering
can lead to mismatches at the intersection of orthogonal lines where the along‐track variations in gravity
may be very different in the two directions. This is illustrated by the observation that three of the five largest
crossover mismatches are at the intersection of Line G with Lines 01E, 02E, and 21 along the westernmargin
of Carney Island (Figure 1). All three of the east‐west lines have significant along‐track gravity gradients at
the intersection location, while the north‐south Line G was flown approximately along the gravity contours
(Figure 3).

A map of the free‐air gravity anomalies over the GIS, gridded with 2‐km node spacing and contoured at
10‐mGal intervals is shown in Figure 3. The general level of the free‐air gravity anomalies is negative
throughout most of the ice shelf. Gravity highs are found over the islands, often reaching positive values.
Maximum observed free‐air anomalies are on the order of 50 mGal over the Martin Peninsula, Wright
Island, and Dean Island. Areas of negative anomalies are found between the islands, taking the form of

Figure 3. Free‐air gravity anomalies from OIB flights over Getz Ice Shelf and adjacent areas gridded with 2‐km node
spacing and contoured at 10‐mGal intervals. Inset in upper left shows color scale for gravity anomalies. Data l
ocations are shown in white. Areas >10 km from a data point are masked. Thick black lines show the Depoorter
et al. (2013a) grounding line along the ice sheet and the 75‐m elevation contour on the islands. Heavy blue line shows the
approximate seaward edge of the ice shelf.
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troughs extending from the ice front toward the grounding line. Two of the largest amplitude gravity troughs
are associated with DeVicq Glacier at about 131°W and Berry Glacier at 134°W. The gravity trough asso-
ciated with DeVicq Glacier extends from east of Grant Island to at least 80 km up onto the ice sheet. OIB
radar shows it to overlie a narrow valley beneath the grounded ice sheet that reaches 1,570 m above sea level
(mbsl) at 75°29.6′S with a minimum recorded gravity anomaly of −73.6 mGal. Minimum gravity anomalies
over the ice shelf seaward of this trough are in the range of −45 to −60 mGal. The gravity low over Berry
Glacier does not extend as far landward, but reaches a minimum of−104mGal on Line 07, ~10 km landward
of the grounding line, where radar shows a bed depth of 1,949 mbsl. Gravity anomalies over the ice shelf sea-
ward of Berry Glacier show a broad area with anomalies reaching −80 to −95 mGal. Other gravity troughs,
reaching−70 to−75mGal, extend between Siple and Dean islands and betweenWright and Duncan islands.
The gravity trough between Martin Peninsula and Wright Island has minimum values of −50 to −60 mGal.
Ridges of relatively high gravity extend from Wright Island to the Scott Peninsula and from Dean Island to
themainland. Other less continuous areas of relatively high gravity are found west of Dean Island and south-
west of Carney Island.

2.2. Inversion of Free‐Air Anomalies for Bathymetry

Inversion of the gravity data for bathymetry utilized the Geosoft GMSys profile modeling software package.
This software does iterative forward modeling using the method of Talwani et al. (1959) to model the bathy-
metry and calculate the gravity anomaly resulting from the inversion. The base of floating ice and the bed in
grounded areas were both kept fixed at the depths observed with radar, and the bathymetry in water‐covered
areas varied to minimize the RMS difference between the observed gravity profile and the free‐air gravity
calculated from the model. Densities of 2.67 g/cm3 for rock, 0.915 g/cm3 for ice, and 1.03 g/cm3 for seawater
were used in the modeling.

An important step in the inversion process is the appropriate choice of the density reference column for each
profile. This process, commonly referred to as “pinning” the gravity, defines a location on the profile where
the depth to the inverted for surface is held constant, which is used to determine the offset between the
observed and calculated gravity data. The density structure at the pinning location, which depends on the
local density and thickness of the crust and sediment, is assumed for the entire length of the profile being
inverted. The inversion will interpret any gravity anomaly due to subsurface density variations (e.g., a thin-
ning or thickening of sediments) as resulting from relief on the surface that it is determining, in our case the
seafloor. It is thus essential that the “pinning point” density structure is characteristic of the region over
which the seafloor depth is required (Boghosian et al., 2015). Pinning points used for each line are given
in Table S1.
2.2.1. “Pinning” the North‐South Lines: Presence, Location, and Approximate Thickness
of Sediments
For lines that extend seaward of the ice shelf to areas where the seafloor has been mapped by shipboard
swath mapping, we established density reference columns just seaward of the ice shelf within the region
of mapped seafloor, holding the depth there at the depth obtained from the International Bathymetric
Chart of the Southern Ocean (IBCSO) bathymetric grid (Arndt et al., 2013). For each profile, we took care
that our reference column was from a location with depths well determined by swath data in regions of
exposed bedrock with little or no sediment cover.

This choice of where to pin the inversions was based on shipboard seismic studies of sediment distribution
on the continental shelf. Wellner et al. (2001) and Lowe and Anderson (2002, 2003) used seismic reflection
data to establish a pattern of thick sediments characterized by seaward dipping reflectors on the outer con-
tinental shelf and exposed bedrock with minimal amounts of sediment on the inner shelf of the eastern ASE
seaward of Pine Island Bay. Larter et al. (2009) and Graham et al. (2009) used seismic data to show that this
pattern extends westward to the north of the GIS at least to Carney Island and that the contact between
exposed bedrock and the sedimented outer shelf is at about 73°30′S. Seismic reflection profiles north of
the western half of the GIS have not been published. However, Wellner et al. (2001) report geomorphic bed-
forms characteristic of bare rock on the inner portion of the continental shelf in Wrigley Gulf (area west of
Siple Island), changing to features typical of sedimented regions on the outer shelf. It thus appears that our
density reference columns tied to the mapped seafloor just seaward of the ice shelf are on bedrock covered
with no or minimal sediments.
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Based on observations in the eastern Amundsen Sea, seaward of Pine Island Bay (Lowe & Anderson, 2002,
2003), we assume that this region of minimal sediment extends under the ice shelf to near the grounding
line. However, close to the eastern ASE grounding line, Nitsche et al. (2013) found a zone just seaward of
the Pine Island ice shelf with up to 300 m of sediment filling topographic depressions, and Muto et al. (2013,
2016) utilized a nonlinear statistical technique to infer a basin with 800 m of sediment near the current Pine
Island Glacier grounding line. These observations raise the possibility that thick sediment accumulations
may also exist in overdeepenings near the GIS grounding line.

Our inversions do suggest thick sediment accumulations near the grounding line, at least in the central and
western portion of the GIS. In addition to the inversions with density reference columns tied to acoustically
determined shipboard bathymetry, we did inversions of the N‐S lines with density reference columns located
on the radar‐defined bed just landward of the grounding line. Results for Line C, located east of Grant Island
in the western GIS, and Line I, betweenWright Island and the Martin Peninsula in the easternmost GIS, are
shown in Figure 4. For both lines, the seafloor determined from an inversion with a density reference section
established on mapped seafloor is shown by a solid red line and underlying brown region. The calculated
gravity anomaly is also in red. The bathymetry and gravity anomalies calculated from an inversion pinned
just landward of the grounding line are shown as broken black lines. In grounded areas, the bed is the same
for both inversions since it was not allowed to vary but was held at the elevation observed on radar data.

Bathymetry determined by the inversion for Line C pinned just landward of the grounding line is immedi-
ately below the base of the ice (and would be shallower if allowed) from the grounding line to the seaward
edge of a grounded area and ice rise located from −30.4 to −27.4 km on our profile. Seaward of the ice rise,
bathymetry from this inversion parallels the bathymetry from the inversion pinned to mapped seafloor, but
is ~400 m shallower. This shallow seafloor is the result expected if the bed beneath the density reference col-
umn just landward of the grounding line includes a significant thickness of sediment that is not present sea-
ward of the ice rise. As the sediment thickness decreases across the seaward boundary of the local basin, the
inversion process will interpret shallowing of the buried sediment/bedrock interface as shallowing of the
water/seafloor interface, resulting in depths that are too shallow.

Assuming an average sediment density of 2.2 g/cm3, the calculated bathymetry will be too shallow by about
30 m for every 100‐m decrease in sediment thickness (Cochran et al., 2014). Thus, assuming this average
sediment density, the ~400 m offset between the two bathymetry profiles implies the presence of ~1,300 m
of sediment at the pinning point. The sediments must thin rapidly seaward of the grounding line, since
the grounded ice under the ice rise appears to be sitting on bedrock. The conclusion that the ice rise is bed-
rock results from the observation that bathymetry produced by pinning the gravity at the ice rise is within
~30 m of that produced by pinning on open seafloor.

Turning the calculations around, the large overdeepening between the grounding line and ice rise on the
inversion of Line C tied to open seafloor (Figure 4) arises from the landward decrease in gravity resulting
from the subsurface change from bedrock to sediment being interpreted as relief on the seafloor and is
not real. Since we do not know the basement configuration between the ice rise and the grounding line,
we cannot confidently model the seafloor in that region other than to say it must be much shallower than
in our inversion.

For Line I, at the far eastern end of the GIS, inversions pinned to the seafloor and to the bed just landward of
the grounding line gave very similar bathymetric profiles with a mean difference of 24.7 ± 16.2 m, indicating
that there is not a thick deposit of sediments near the grounding line at this location.

Similar analyses imply sediment accumulations at all of our N‐S profiles other than Profile I. Comparison of
inversions pinned on open seafloor and at 1–2 km landward of the grounding line yield sediment thickness
estimates at the landward pinning point of ~400 m for Line D and ~800 m for Line F.

Line E does not extend to the open ocean. We inverted Line E by pinning it at its crossing with Line 04 to an
inversion of Line 04 that was pinned to our Line D inversion. Comparison of this inversion with one pinned
landward of the grounding line suggests ~900 m of sediment near the Line E grounding line.

The landward limit of the gravity data on Line G is just seaward of the ice sheet grounding line, preventing us
from carrying out an inversion pinned landward of the grounding line. Gravity data on Line G also do not
reach to open ocean north of Carney Island (Figure 1). We did two inversions of Line G, one with a
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density reference column on Carney Island and the other pinned to the intersection with an inversion of
Line 04, which is in turn pinned to Line F. The two are nearly identical with a mean difference of
23.0 ± 24.2 m over floating ice. Both inversions of Line G both show a large overdeepening reaching
1,365 mbsl about 5 km seaward of the grounding line. By analogy with the other N‐S lines, including in
particular Line F, ~10 km to the west (Figure 1), we conclude that thick sediments are present near the
Line G grounding line.

There are factors other than sediments that can affect the inversion including, in particular, intrusions into
the crust. However, to produce the observed effects on the inversion, any intrusion would need to be aligned
in a relatively narrow band, 10–20 km wide and several hundred km long, parallel to and straddling the
grounding line. Such an alignment would be very fortuitous. An observation strongly suggesting that sedi-
ments are the low‐density material affecting the inversions is that the low‐density material is constrained
to occupy an overdeepening located immediately landward of an ice rise where the ice is grounded on bed-
rock on Line C (Figure 4).

Figure 4. Comparison of results obtained for Line C (top) and Line I (bottom) with two different density reference
columns. For each line, the bathymetry obtained with a density reference column on mapped seafloor just seaward
of the ice shelf is shown in red and is underlain by the solid brown area. The bathymetry obtained with a density
reference column on radar‐determined bed just landward of the grounding line is shown as a broken black line. The
upper panel for each profile shows the observed free‐air gravity in blue, the gravity anomaly predicted with a density
reference column on open seafloor in red and the gravity anomaly predicted with a density reference column near the
grounding line as a broken black line. For Line C, the “open seafloor” reference column is now under the ice shelf
due to an advance of the ice front between the times of the shipboard measurements and the OIB flight.
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We can constrain the seaward extent of the thick sediments on Line C, since theymust be landward of the ice
rise crossed on that profile, where the ice is grounded on bedrock. On the other lines, we can estimate the
sediment thickness at a pinning point 1–2 km landward of the grounding line but cannot constrain how
far seaward the sedimentary basin extends and thus how far seaward of the grounding lines our inversions
tied to nearly sediment‐free seafloor are in error. All of the profiles (other than Line I) show an overdeepen-
ing seaward of the grounding line, which appears to be, at least in part, an artifact due to the presence of sedi-
ments that our inversions, pinned seaward of the ice shelf, interpreted as relief on the bed. We have chosen
to cut off our inversions where there is an inflection point toward rapidly deepening seafloor going in a land-
ward direction. Our final N‐S profiles, with the portions in which we do not trust the inversions removed, are
shown in Figure 5.
2.2.2. “Pinning” the East‐West Lines: Variations in Crustal Structure
Inversions of the east‐west lines, whether pinned to mapped seafloor (possible for Lines 21, 01E, and 01 W)
or to any of the N‐S lines, all imply grounded ice along two ridges extending from near the ice front to the
grounded ice sheet. Radar data on all of the east‐west lines also indicate grounded ice at these locations.
These ridges comprise Wright Island and the Scott Peninsula near 117°30′W, and Dean Island near 127°
30′W (Figure 1). We will consider these ridges in more detail below.

This observation allows us both to improve the resolution of the inversion results and to identify and correct
for variations in crustal structure along the ice shelf. Since the inversion software has a maximum number of
nodes, dividing the E‐W profiles into segments broken at these zones of grounded ice allows us to increase
the resolution of the results. In addition, comparison of inversions tied to different N‐S profiles also allows us
to explore the possibility of changes in crustal structure along the length of the GIS. Given that the ice shelf
extends for ~650 km, variations in bedrock geology are likely.

Line I, which extends beyond the ice shelf to mapped seafloor where water depths are known from ship-
board swath mapping, was used as a master line for the region to the east of the Wright Island Ridge. It

Figure 5. North‐south geophysical profiles across the Getz Ice Shelf (locations shown in Figure 1). For each line, the upper panel shows the observed free‐air
gravity in red and the anomaly predicted by the inversion in blue. Lower panels show OIB geophysical profiles. Upper and lower surfaces of the ice are from
lidar and radar, respectively. Where ice is grounded, the bed is determined from radar measurements. Where ice is floating, bathymetry is from inversion of
gravity anomalies. Gaps in the bed just seaward of the grounding zones show areas where we deduce the presence of thick sediments. Vertical red lines show
intersections with east‐west lines. Bathymetry/bed depth on the cross lines is shown as red dots. All lines are projected along N0°E. The distance origin for each
profile is at 74°30′S.
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was inverted with a density reference column established at its crossing with Line 01E, which occurs within
themapped seafloor. The same location was used as the pinning point for Line 01E. Each of the other eastern
east‐west lines was pinned to Line I by establishing a density reference column at the intersection with Line I
with the depth at that location held at the depth on the Line I inversion. The one exception was Line 21,
which passes over open seafloor to the north of Line I, for which a density reference column within the
mapped seafloor was established.

A similar procedure was followed for the region between the Dean Island Ridge and theWright Island Ridge
with Line F serving as the master line. Line G does not extend seaward of Carney Island. It also does not
cross Line F and thus cannot be pinned to it. As mentioned in the previous section, an inversion of Line
G with a density reference column on Carney Island gave nearly identical results to an inversion pinned
to its intersection with Line 04, which is in turn pinned to Line F. The mean difference between the two
inversions in regions of floating ice is 23.0 ± 24.2 m. We use the inversion pinned to Line 04 to maintain
an internally consistent set of inversions. Line 2C crosses only Line 21. We pinned it by establishing its den-
sity reference profile at its crossing with Line 21 with the depth held at the depth at that location on Line 21.
This portion of Line 21, between Wright Island and Dean Island is pinned to Line F.

We find that if longer sections of the E‐W lines that extend from the Martin Peninsula past Line F are
inverted, inversions pinned to Line I are consistently deeper than those pinned to Line F by 100–150 m.
This observation suggests a change in crustal structure along the length of the GIS such that crustal density
beneath Line I is greater or the crust is thinner (or both) than beneath Line F. This is consistent with an
unpublished inversion of gravity data over grounded ice in the eastern ASE for density variations by one
of the authors (K. J. T.), which showed higher densities under theMartin Peninsula than in areas farther east
or south. It appears that the region of higher crustal density extends westward past our Line I.

We do not have any lines extending seaward of the ice shelf to mapped seafloor between Carney Island and
Wright Island, so it is not immediately clear where the crustal boundary is located. We assume the boundary
is within the ridge extending through Wright Island and the Scott Peninsula. The reason for this choice is
that inversions of E‐W lines pinned to Line F give lower residual gravity anomalies over grounded ice on
Carney and Duncan islands than do lines pinned to Line I, while the average residual anomalies over
grounded ice on Wright Island and the Scott Peninsula are comparable.

In the western GIS, to the west of the Dean Island Ridge, Lines D and C extend seaward of the ice shelf to
areas with mapped seafloor. We find that east‐west lines pinned to Line D are consistently about 100 m dee-
per than those pinned to Line C. If we utilize longer sections of the east‐west lines that also cross Line F, we
find that inversions pinned to Line D and to Line F are in general agreement, but deeper than inversions of
the same gravity line pinned to Line C. This suggests a change in the geologic structure of the bedrock under-
lying the GIS at a location between Line D and Line C. The sense of the mismatch is that denser bedrock
and/or a thinner crust is found under Lines D and F than under Line C.

LeMasurier and Rex (1989) state that the variety of volcanic rocks on Grant and Shepard islands and, in par-
ticular, the presence of felsic volcanics on Shepard Island suggest that the volcanics on the two islands repre-
sent the early stages of the construction of a shield volcano and that the islandsmay form the northern end of
a band of volcanic activity extending north from the Ames Range (Figure 1). This suggests that a band
extending south from Grant and Shepard islands may be affected by volcanic intrusions into the crust that
could alter the average crustal density and/or thickness. We address this by leaving a gap of 5–10 km at about
129°30′Won E‐Wprofiles between seafloor depths to the west determined from “pinning” the line to Line C
and to the east “pinned” to Line D. We have chosen the boundary to be located at a gravity gradient that
could result from the change in crustal structure. However, since we do not know the exact location or width
of the change in crustal structure, the depths near the transition have an increased uncertainty. We also do
not know how far the area of magmatically affected crust extends to the west of Shepard Island. Thus, the
uncertainty increases in our inversions of the westernmost portions of Lines 21 and 03.

Our final inversions for the western portion of the E‐W lines are shown in Figure 6, and the inversions for the
central and eastern portions of the GIS are shown in Figures 7 and 8, respectively. We did not include an
inversion of Line 05 to the west of the Scott Peninsula in the final results. This portion of the line crosses
the north‐south lines in the area where we infer sediment‐filled overdeepenings so those lines do not provide
accurate depths to serve to tie Line 05. In addition, due to a gap in the gravity data, the westernmost portion
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Figure 6. Geophysical profiles for the portions of the east‐west lines across the western Getz Ice Shelf. The eastern end of
each profile is over grounded ice on Dean Island or the island's submerged extension seaward of the ice shelf. For
each profile, the upper panel shows the observed free‐air gravity in red and the anomaly predicted by the inversion in
blue. Lower panels show OIB geophysical profiles. Upper and lower surfaces of the ice are from lidar and radar,
respectively. Where ice is grounded, the bed is determined from radar measurements. Where ice is floating, bathymetry is
from inversion of gravity anomalies. Vertical red lines show intersections with north‐south lines. Bathymetry/bed
depth on the cross lines is shown as red dots. Line 01W is projected along N65.5°E. Other lines are projected along N87°E.
The distance origin for each profile is at 125°W.
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of Line 04, labeled “4a” in Figure 1, does not cross another line and thus could not be tied into the other lines,
and so we did not include an inversion of it in our final results.

3. Bathymetry Beneath the GIS

A map of bathymetry beneath the GIS and bed beneath adjacent ice sheet, gridded with 2‐km node spacing
and contoured at 100‐m intervals, is shown in Figure 9. Data locations along flight lines are shown in white.

Figure 10 shows a map of the difference between the OIB airborne gravity determined bathymetry and the
Bedmap2 bathymetry. These differences range from about +200 m (OIB bathymetry shallower) to −800 m
(OIB bathymetry deeper). Due to the featureless nature of the Bedmap2 bathymetry (Figure 2), relief on
the difference map (Figure 10) closely mimics relief in the OIB map (Figure 9). One indication of the
improved resolution provided by our inversion is that, as will be discussed in detail below, the prominent
troughs observed in the shipboard data seaward of the ice shelf can now be traced across the ice shelf to
merge into troughs observed by radar under the ice sheet,

Two observations can immediately be drawn from Figure 9.

1. The GIS is underlain by three separate cavities.

Figure 7. As in Figure 6, but showing the portions of the east‐west lines across the central Get Ice Shelf. The western end
of each profile is over grounded ice on Dean Island or at the island's submerged extension seaward of the ice shelf.
The eastern end of each profile is over grounded ice on Wright Island or the Scott Peninsula. Lines 01W and 2C are
projected along N65.5°E. Lines 01E and 02E are projected along N97°E. Other lines are projected along N87°E. The
distance origin for each profile is at 125°W.
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Figure 8. As in Figure 6, but showing the portions of the east‐west lines across the eastern Getz Ice Shelf. Each profile
except Line 21 extends fromWright Island/Scott Peninsula to the Martin Peninsula. Line 21 has its eastern end over open
water north of the Martin Peninsula. Lines 01E and 02E are projected along N97°E. Other lines are projected along N87°
E. The distance origin for each profile is at 125°W.

Figure 9. Bathymetry beneath the Getz Ice Shelf and bed beneath the adjacent ice sheet from Operation IceBridge data
gridded with 2‐km node spacing and contoured at 100‐m intervals. Areas >10 km from a data point are masked.
Color scale for the bathymetry/bed is shown in the inset on the lower left. Bathymetry under floating ice is from
inversion of OIB gravity data, and bed under grounded ice is from OIB radar data. Data locations are in white. Heavy
black lines show the Depoorter et al. (2013a) grounding line along the ice sheet and the 75‐m elevation contour on the
islands. Heavy blue line shows the approximate seaward edge of the ice shelf. IBCSO marine bathymetry (Arndt
et al., 2013), contoured at 250‐m intervals is shown on the continental shelf to the north of the gravity‐determined
bathymetry.
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All of the east‐west OIB lines encounter grounded ice along two ridges extending from the ice front to the
grounded ice sheet. One ridge extends along Dean Island to the ice sheet between 128°W and 127°W. The
second extends from Wright Island near 116°30′W to the Scott Peninsula near 118°30′W. These two ridges
thus appear to divide the GIS into three separate, effectively disjointed, cavities. However, since the OIB
east‐west lines over the ice shelf are spaced at distances of up to 11.3 km (at 127°30′W) over the Dean
Island Ridge and 15.2 km (at 117°30′W) over the Wright Island Ridge, there is a question whether there
are gaps in the grounded ridge and, if so, what the sill depth is in those gaps.

Figure 11a shows a map of the Reference ElevationModel of Antarctica (REMA) (Howat et al., 2019) ice sur-
face elevation contoured at 10‐m intervals, for the area of the Dean Island Ridge. The map shows that OIB
Lines 04 and 05 are strategically placed just up onto the elevated surface of Dean Island and just landward of
the ice sheet grounding line, respectively. Between these two lines, there is a region ~8 kmwide with surface
elevations mainly between 40 and 50 m. Such surface elevations in the GIS are associated with floating ice.
Thus, there apparently is a passage between the western cavity and the central cavity to the south of Dean
Island.

An important constraint on the significance of this passage for possible water flow between the western and
central cavities of the GIS is the sill depth within the channel between Dean Island and the grounded ice
sheet. The minimum bed depth measured by radar on Line 04 across the grounded southern end of Dean
Island just to the north of the channel is 233 mbsl, while bed depth just south of the ice sheet grounding line
on Line 05 is 255 mbsl. We have no direct measurement of the sea floor depth beneath the channel between
Dean Island and the mainland between these two radar measurements.

The bed on Line 22, near the center of Dean Island (Figure 11a), reaches a radar‐determined elevation of 41
meters above sea level (masl), while the radar‐determined bed has a minimum depth of 99 mbsl on Line 04,
near the southern end of Dean Island (Figures 6 and 7). Interpreted in the most simplistic manner, these
observations imply a gradient in minimum bed depth along Dean Island of 12–15 m/km. Extrapolation of
this gradient southward suggests that the bed could reach 350–400 mbsl beneath the floating ice south of
Dean Island.

The southward bed gradient may also steepen to the south of Dean Island creating a deeper channel, but
there is some evidence that this does not happen. Figure 11b shows the REMA surface elevation data in
the region south of Dean Island outlined in white on Figure 11a, contoured at 5‐m intervals. Figure 11c
shows an ice surface profile along the line in blue on the lower panel. The profile crosses a 2.5‐km‐wide,
15‐m‐high ice rise located ~3 km south of Dean Island and marked by a red arrow. The ice rise indicates
grounded ice, and so implies a high in the bed at that location. We cannot dismiss the possibility of a deep
cleft in the bed in the 5 km between the ice rise and the grounded ice sheet. However, it appears more likely
that the ice rise reflects a decrease in the bed gradient as it begins to level out before rising up toward the
grounded ice sheet. In that case, shallow surface water could circulate between theWestern and Central cav-
ities, but deeper water will be confined within each cavity.

Figure 10. Map of the differences between our OIB gravity‐derived bathymetry and Bedmap2 bathymetry gridded with
2‐km node spacing and contoured at 100‐m intervals. Areas >10 km from a gravity data point are masked. Color scale for
the difference in bathymetry is shown in the inset on the upper left. Negative (blue‐colored) regions indicate OIB
bathymetry is deeper; positive (red‐colored) regions indicate OIB bathymetry shallower. Heavy blue line shows the
approximate seaward edge of the ice shelf.

10.1029/2019JF005493Journal of Geophysical Research: Earth Surface

COCHRAN ET AL. 13 of 19



Figure 12a shows the REMA ice surface elevation contoured at 10‐m intervals, in the region of the Scott
Peninsula, Nunn Island, and Wright Island, which form the ridge separating the Central and Eastern
cavities. The three topographic highs are separated by areas of relatively flat ice at an elevation of

(a)

(b)

(c)

Figure 11. (a) shows the ice surface elevation in the vicinity of Dean Island from the Reference Elevation Model of
Antarctica (REMA) (Howat et al., 2019) gridded at 100‐m node spacing at contoured at 10‐m intervals. Image is
illuminated from the east, and color scale is shown as an inset. Heavy blue line shows the approximate edge of the ice
shelf, and the heavy black line shows the Depoorter et al. (2013a) grounding line. OIB gravity lines are shown in red, and
lines discussed in the text are labeled. White box shows the area of the map in (b) and the blue line within it gives the
location of the elevation profile in (c). (b) shows surface elevation of the area between Dean Island and the West
Antarctic Ice Sheet outlined by the white box in (a) from REMA gridded at 100‐m node spacing and contoured at 5‐m
intervals. Image is illuminated from the east and color scale is shown to the right. Heavy black line shows the Depoorter
et al. (2013a) grounding line. OIB gravity lines are shown in purple and lines discussed in the text are labeled. The blue
line shows the location of the bathymetry profile shown in (c), and the red arrow shows the location of the ice rise
discussed in the text. Horizontal axis of the profile in (c) is longitude to allow comparison to the map. At 74°40′S, 1° of
longitude is ~29.4 km.
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(a)

(b)

Figure 12. (a) Ice surface elevation in the vicinity of the Scott Peninsula and Wright Island from the Reference Elevation
Model of Antarctica (REMA) (Howat et al., 2019) gridded at 100‐m node spacing at contoured at 10‐m intervals.
Image is illuminated from the east and color scale is shown to the right. Heavy blue line shows the edge of the ice shelf,
and the heavy black line shows the Depoorter et al. (2013a) grounding line. OIB gravity lines are shown in red, and
lines discussed in the text are labeled. (b) OIB geophysical profiles across the Wright Island Ridge. Where ice is grounded,
the bed is determined from radar measurements. Where ice is floating, bathymetry is from inversion of gravity
anomalies. Location of lines is shown in (a). Horizontal axis of the profiles is longitude to allow comparison to the map.
At these latitudes, 1° of longitude varies from ~30.1 km for Line 22 to ~29.8 km for Line 04.
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40–60 mbsl, implying the presence of floating ice. Figure 12b shows four bathymetric profiles across the
Wright Island Ridge. These confirm that grounded ice is not continuous over the entire ridge, but that areas
of floating ice are found between Scott Peninsula and Nunn Island, and to the south of Wright Island. Line
22, which crosses the southern end of Wright Island and then passes just north of Scott Peninsula, is the cri-
tical profile in determining the sill depth between the Central Cavity and the Eastern Cavity. This line shows
a maximum depth of 345 mbsl between Wright Island and Scott Peninsula. Thus, as with the Dean Island
Ridge, there can be some transport of shallow water between the cavities, but the deeper water is confined
to a single cavity.

2. Deep troughs extend from the ice front to valleys in the ice sheet bed in all three cavities.

The gravity inversion reveals that deep troughs (>900 mbsl) are present in all three cavities. The troughs
extend from seaward of the ice shelf beneath the ice shelf, connecting to valleys in the bed beneath the ice
sheet. Extending under the ice for 50 to >100 km, these troughs provide potential pathways for warm
mCDW to access the inner portions of the ice shelf and the grounding line.

In the Western Cavity, there are two troughs. The westernmost extends from the ice front just east of 134°W
toward a trio of glaciers (Berry, Venzke, and Johnson) that drain into the southwestern corner of the GIS.
This trough reaches a depth of >1,500mbsl near 133°50′Won Line 03 (260 km on Figure 6). The bathymetric
contours in Figure 9 show rapid shallowing landward of Line 03, but this appears to be a gridding artifact
resulting from the relatively large data gap between Lines 03 and 06. There is probably a broad area of deep
seafloor under the ice shelf west of about 133°30′W. Berry Glacier is the largest of the glaciers feeding into
this area. It is underlain by a 10‐ to 15‐km‐wide, steep‐sided trough, which reaches a radar‐determined depth
of 1,949 mbsl on Line 07 near 75°S, 19 km landward of the grounding line. This narrow glacial trough shal-
lows southward but is still at a radar‐determined depth of 1,102 mbsl on OIB Line 10, 45.5 km south of the
grounding line.

The second trough in the Western Cavity extends southwest from the ice front at 130°W to just off the south-
east corner of Grant Island, where it turns south and continues into a trough beneath DeVicq Glacier. This
trough has a fairly consistent depth in the range of ~950 mbsl to ~1,050 mbsl across the width of the ice shelf.
The apparent shallowing of the trough in the vicinity of the grounding line in Figure 9 again appears to be a
gridding artifact due to the relatively large spacing between east‐west lines crossing the trough. The narrow,
deep trough under DeVicq Glacier continues inland to at least 75°30′S. Maximum depths recorded on OIB
radar lines across it vary from 820 to 1,550 mbsl.

Within the Central Cavity, troughs extend landward from the ice front between Dean and Siple islands and
between Duncan and Wright islands, but no through‐going troughs are observed within the cavity openings
on either side of Carney Island.

The trough between Siple and Dean islands extends southwest along the western edge of Siple Island to ~74°
20′S where it bifurcates. One branch continues southward toward a subglacial valley under the ice sheet just
to the east of 125°W. The other extends to the west, where it appears to terminate close to the eastern end of
Dean Island, although it may continue south along the eastern edge of the Dean Island Ridge into a shallow
valley under the ice sheet.

The eastern portion of the Central Cavity is characterized by a trough between Duncan and Wright islands
that extends southwest along the western edge of the Wright Island Ridge to about 74°25′S with depths of
1,100–1,300 mbsl. It then turns west and runs along the southern edge of Carney Island to about 122°W
where it turns south into a valley beneath the ice sheet. There is probably a second branch of this trough,
masked by gridding artifacts due to spacing of east‐west lines, that continues south to a subglacial valley
beneath the ice sheet near 120°W.

No through‐going trough is present between Siple and Carney islands. Marine bathymetric data show a
trough approaching 1,000 mbsl seaward of the ice shelf between Siple and Carney islands. This area of deep
water extends between the islands as far as Line 01E and the seaward portions of Lines F and G (Figures 5, 7,
and 9). However, the seafloor between the two islands appears to shallow rapidly southward, and Lines 02E,
F, and 21 give seafloor depths of 600–800 mbsl to the south of 74°S. Similarly, Line 01E gives a maximum
depth of about 1,000 mbsl between Carney and Duncan islands, but Lines 02E and 21 show that the seafloor
shallows rapidly southward to 500–700 mbsl (Figures 7 and 9).
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The Eastern Cavity is characterized by a bathymetric trough also observed on marine data seaward of the
ice shelf opening between Wright Island and the Martin Peninsula. Beneath the ice shelf, it divides into
two separate troughs. The deeper of the two, with depths of 1,000–1,300 mbsl, extends SW along the east-
ern edge of the Wright Island Ridge. The second trough extends along the western edge of the Martin
Peninsula with depths ranging from 900 to 1,100 mbsl. Both troughs connect with subglacial valleys
beneath the ice sheet.

4. Summary and Conclusions

We present, document, and discuss a geologically consistent inversion of NASA OIB airborne gravity data
for bathymetry beneath the GIS, which extends for ~650 km along the Amundsen Sea coast of Antarctica.
Our new bathymetry is a significant advance from the Bedmap2 bathymetry, which is derived from a spline
interpolation between ice‐penetrating radar data in grounded areas and shipboard bathymetry measure-
ments seaward of the ice shelf with no in situ data from the ice shelf.

The GIS consists of three separate cavities. Two topographic ridges extend completely across the ice shelf.
The Wright Island Ridge extends from the ice front near 116°30′W through Wright Island to the Scott
Peninsula near 118°30′W. The Dean Island Ridge extends through Dean Island from the ice front to the
mainland between 127°W and 128°W. Ice is grounded alongmost of these ridges but limited areas of floating
ice between Wright Island and Scott Peninsula between Dean Island and the mainland permit possible
movement of shallow water between the cavities. The sill depth in both gaps is ~ 400 mbsl.

Bathymetric troughs at depths consistently >900 mbsl extend beneath the ice shelf from the ice front to sub-
glacial valleys under the ice sheet in all three cavities, providing potential pathways for relatively warm
mCDW to access the inner portions of the ice shelf and the grounding line. Our inversions of OIB airborne
gravity data also allow us to infer the presence of thick (400–1,300 m) accumulations of sediment within
overdeepenings near the grounding line.

Data Availability Statement

The NASA Operation IceBridge airborne data and the inversions for bathymetry used in this paper are
archived by the National Snow and Ice Data Center and are available at http://nsidc.org/data/icebridge.
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