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The Antarctic Ice Sheet is the largest reservoir for potential global 
sea level rise and is the component with the highest accelera-
tion1,2, although its current contribution is small2,3. The larg-

est recent losses of grounded ice3 coincide with rapid, ocean-driven 
thinning of small ice shelves that buttress4 the Amundsen Sea sector 
of the West Antarctic Ice Sheet (WAIS)5. The three largest Antarctic 
ice shelves (Ross, Filchner–Ronne and Amery) are approximately 
in steady state6,7 but buttress grounded ice catchments that contain 
over half of the entire potential Antarctic contribution to global sea 
level rise (Supplementary Fig. 1), highlighting a need to understand 
their stability for projected future climate states.

The stability and structure of the Ross Ice Shelf (area 
~480,000 km2)7 are controlled by the geology, glaciology and  
climatology of the Ross Embayment (Fig. 1). The regional geology 
and physiography developed from convergent tectonics within the 
ancient continent of Gondwana (500 million years ago (Ma)) and 
its protracted breakup8,9 (190–70 Ma) (Fig. 2), which produced the 
thinned, subsided lithosphere under West Antarctica that is now 
adjacent to the thick lithosphere supporting the East Antarctic Ice 
Sheet (EAIS). The Ross Ice Shelf, typically a few hundred metres 
thick (Supplementary Fig. 2a), is formed from ice from two catch-
ments: one from the WAIS, with 2.0 m sea level rise potential that 
flows as broad ice streams, and one from the EAIS, with 9.6 m 
sea level rise potential that flows as narrow glaciers through the 
Transantarctic Mountains (Supplementary Figs. 1 and 2b). Ice takes 
on the order of 1,000 years to flow from the grounding line to the ice 
front (Supplementary Fig. 2c). The ice shelf is currently stable10 but 

geological evidence documents repeated collapse of the ice shelf11 as 
well as large-scale retreat of the grounding line from near the conti-
nental margin at the Last Glacial Maximum12 and more recent, sub-
stantial changes in the grounding line position and ice shelf extent 
during the late Holocene13.

The East Antarctic side of the Ross Ice Shelf loses mass equally 
through basal melting and calving, while mass loss on the West 
Antarctic side is dominated by calving6. Satellite-derived melt rates 
are close to zero for much of the ice shelf, but can exceed 2 m yr−1 
near the deep grounding lines of large EAIS glaciers and along the 
ice front6,10,14,15 (Supplementary Fig. 2d). The largest observed melt 
rates are about 12 m yr−1 near Byrd Glacier’s grounding line16, and 
summer-only rates of about 8 m yr−1 have been measured close to 
Ross Island17. Melt rates are controlled by delivery of heat to the base 
of the ice shelf by ocean circulation that is driven by winds over the 
ocean north of the ice front, heat and freshwater exchanges at the 
ocean surface, and tides18–20.

The ROSETTA-Ice project (Methods) included a comprehensive 
(10–20 km line spacing; Fig. 1b) airborne survey of the Ross Ice Shelf 
conducted during 2015–2017. The survey was designed to increase 
the resolution of seafloor bathymetry for ocean and ice sheet mod-
els and to develop new insights into the evolution of ice flow and 
tectonic development in the Ross Embayment. We used the IcePod 
instrument suite mounted on a New York Air National Guard 
LC-130 aircraft (Methods and Supplementary Fig. 3) to acquire 
gravity, magnetic, ice-penetrating radar and laser altimetry data.  
Together with new ocean model simulations, these measurements 
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reveal the interconnected systems that control the stability of the 
Ross Ice Shelf on timescales ranging from months to millennia.

Geological structure controls sub-ice-shelf bathymetry
Magnetic anomalies from the ROSETTA-Ice surveys show an abrupt 
transition in character across a boundary oriented approximately 
north–south through the centre of the embayment (Fig. 3a). High-
amplitude anomalies dominate the West Antarctic side and low-
amplitude anomalies dominate the East Antarctic side. The West 
Antarctic crust comprises immature sedimentary rocks, magmatic 
arc materials and extended, thinned continental blocks21. High mag-
netic anomalies could be due to arc magmatism during convergence 

of Gondwana, or the exposure of highly magnetized metamorphic 
rocks along faults during extension22. The East Antarctic crust com-
prises ancient cratonic and orogenic material with highly variable 
magnetic signatures, including a low-susceptibility unit identified 
within the Transantarctic Mountains23 with characteristics very 
similar to the East Antarctic side of the Ross Ice Shelf. We interpret 
the sharp boundary in magnetic character beneath the middle of 
the ice shelf, rather than the prominent Transantarctic Mountains 
front8, to mark the position of the boundary between the East and 
West Antarctic crust. No obvious boundary exists in the free air 
gravity anomaly map (Fig. 3b), but the difference in character of the 
two sides is revealed in the gravity-derived density model (Fig. 3c).  
Density was modelled by inverting the gravity anomaly at sites 
where water depth is known from Ross Ice Shelf Geophysical and 
Glaciological Survey (RIGGS) measurements (Methods) to show 
the relative variation in density of a column of rock of constant 
thickness across the region (Fig. 3c). The denser East Antarctic side 
reflects thinner crust and a greater contribution from dense mantle 
material compared to the West Antarctic side. To attain the greater 
seabed depths observed on the East Antarctic side, the initially 
thick East Antarctic crust must have undergone a greater amount 
of extension than the West Antarctic crust. Different extensional 
histories of the two sides probably correspond to different underly-
ing mantle properties. We interpret the boundary identified in the  
middle of the Ross Ice Shelf, and extending to the continental 
margin, as the major tectonic boundary between East and West 
Antarctica (Fig. 2b).

The tectonic boundary has an imprint in the bathymetry under 
the ice shelf, which is revealed in the new bathymetry map we devel-
oped through inversion of the ROSETTA-Ice gravity anomaly field, 
using the density distribution from the RIGGS-constrained model 
described above (Fig. 4a, Supplementary Fig. 4 and Methods). Sub-
ice-shelf bathymetry is typically deeper on the East Antarctic side 
(670 m mean) and shallower on the West Antarctic side (560 m 
mean). The large-scale asymmetry in bathymetry coincides with 
the tectonic boundary (Fig. 2b), indicating that the asymmetry is 
a long-term feature that has persisted throughout multiple glacial 
cycles. Our new bathymetry model resolves smaller-scale features 
that were absent in prior grids, especially close to the ground-
ing line where the new bathymetry is deeper near the Kamb Ice 
Stream and along the EAIS grounding line south of Byrd Glacier 
(Supplementary Fig. 4 and Methods).

Bathymetry constrains ocean circulation and basal melting
We ran an ocean circulation model (Methods), incorporating the 
new bathymetry and an updated ice draft. The large-scale patterns 
of modelled mean circulation, water mass distributions and melt 
rate (Fig. 4b and Supplementary Figs. 5 and 6) are similar to pre-
vious results19,20 although we now better represent flows into the 
grounding zones of major East Antarctic outlet glaciers. We used 
simulated dyes to track the flow and modification of water masses 
from the deep ocean north of the continental margin to the ice 
shelf grounding line (Supplementary Videos 1–3). The principal 
water masses found along the ice front (Supplementary Fig. 7) are 
Antarctic Surface Water (AASW), modified Circumpolar Deep 
Water (mCDW), Ice Shelf Water (ISW) and High-Salinity Shelf 
Water (HSSW)24. The distributions of these water masses vary 
seasonally (Supplementary Fig. 5), as reported previously20,25. The 
simulation identifies the relative importance to ice shelf melting 
of CDW, which is part of the global thermohaline circulation, and 
HSSW, which is locally formed in polynyas.

The dominant inflow beneath the ice shelf, by volume, is HSSW 
that flows under the ice front near Ross Island and moves south-
ward along the base of the Transantarctic Mountains. Although 
HSSW is at the surface freezing temperature (about −1.9 °C), it is 
responsible for high melting rates at the deep grounding lines of 
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Fig. 1 | The Ross Ice Shelf within the Ross Embayment. The bathymetry 
(colour) is from the Bedmap2 compilation36. a, A perspective view, looking 
southward. The surface features (greyscale) are from Bedmap2.  
The arrows depict wind velocity (yellow, low; red, high). Oceanographic 
profile along the ice front: mCDW (red); HSSW (aqua). b, A map view with 
ROSETTA-Ice 2015–2016 survey lines in black, and 2017 lines in grey.  
The surface features (greyscale) are from the Moderate Resolution Imaging 
Spectroradiometer Mosaic of Antarctic. The thick grey line marks the 
boundary between ice that originated in the WAIS versus EAIS. The labels 
show key glaciers, ice streams and geographic places: CIR, Crary Ice Rise; 
RI, Roosevelt Island; HB, Hayes Bank; GC, Glomar Challenger Basin; Ross I,  
Ross Island; MB, Minna Bluff; DT, Drygalski Trough. The white circles 
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without sea ice; 70 (thin), 80 (medium), 90 (thick).

NATuRE GEOSCIENCE | www.nature.com/naturegeoscience

http://www.nature.com/naturegeoscience


ArticlesNature GeoscieNce

major EAIS glaciers including Byrd16 (Supplementary Fig. 2d) due 
to the pressure suppression of the freezing temperature (Methods 
and Supplementary Fig. 7). We find that the mixture of HSSW and 

ISW does not cross the tectonic boundary due to dynamic con-
straints imposed by the thinner water column on the West Antarctic 
side (Fig. 5b). Instead, it continues northward to exit the ice shelf 

North
Island

Campbell Plateau

East Antarctica

Line of profile

Challenger
Plateau

South
Island

Norfolk
Ridge

S o u t h
A m e r i  c a

Lord Howe Rise

South Tasman Rise

A U S T R A L I A

Antarctica
Peninsula

Z e a l a n d i a

Sri Lanka–India

West
Antarctica

EMB

Accretionary realm

Craton + orogenic belts along
craton margin

Above sea level or
beneath grounded ice

Below sea level

Above sea level or beneath
grounded ice

Below sea level

Exposed rock regions

Volcanic province, mostly
ice-covered

Beacon Supergroup and
Beardmore Group

a

b

Gneiss
 dome 

Sea levelFosdick Mtns

Marie Byrd Land

Vestigial Ridge

0 100 200 km

0
(km) (km)

10

20

30

0

10

20

30

Edward VII
PlateauS Ford Rgs

5× vertical exaggeration unless otherwise noted

Transantarctic Mountains

(No vertical exaggeration
within TAM and craton)Roosevelt 

Island

Ice sheetEastern Basin

Tectonic
Boundary

Unmodified
craton

Cover rocks

Moho depth variations according to Trey et al.45

Gneiss domes Mafic intrusions

Moho from Chaput et al.46

Key to units, highly simplified

Tasmania

Craton: faulted,
thinned, modified

Fig. 2 | Ross Ice Shelf tectonic setting. a, A simplified tectonic map showing the position of the newly mapped tectonic boundary beneath the Ross Ice 
Shelf (Fig. 3), within a generalized tectonic reconstruction of the Mesozoic convergent margin of the Gondwana supercontinent. The West Antarctic 
accretionary province (in green shades) consists of immature sedimentary rocks, magmatic arc materials and continental blocks21,8. East Antarctica 
(brown shades) consists of ancient cratonic and orogenic crust, with overlying platform strata and dolerite in some areas23,39,40. Panel a adapted from 
ref. 9, Elsevier. The subglacial extent of the Ellsworth Mountains block (EMB) is from Jordan et al.41. b, A geological–tectonic cross-section across the Ross 
Ice Shelf region. This interpretation incorporates information from known geological relationships in rock exposures and interpretations of geophysical 
datasets for West Antarctica21,22,42,43 and East Antarctica23,40. Low-lying lithosphere beneath the WAIS consists of comparatively young materials that have 
been modified by extreme crustal thinning42,44 and displaced/rotated by rifting and wrench deformation22,42. Older, thick lithosphere supports the high-
elevation EAIS. The East Antarctic orogenic crust that underlies a portion of the Ross Ice Shelf and Ross Sea has been affected by divergent tectonics, most 
notably by relative motion between continents and crustal blocks in the Weddell sector beginning at circa 200 Ma9 and extension to transtension in the 
Ross sector21,43 that preceded and accompanied separation between Australia–Zealandia and Antarctica21. Two contrasting models are shown for the base 
of the crust (Mohorovičić (Moho) discontinuity)45,46. Both models show thin crust but they differ in respect to the location of the shallowest Moho. S Ford 
Rgs, South Ford Ranges; TAM, Transantarctic Mountains.

NATuRE GEOSCIENCE | www.nature.com/naturegeoscience

http://www.nature.com/naturegeoscience


Articles Nature GeoscieNce

a b

12
0°

 W

160° W

Longitude Longitude

Longitude Longitude

–1
20

–9
0

–6
0

–3
0

0 30 60 90 12
0

–5
0

–4
0

–3
0

–2
0

–1
0

0 10

180°

Magnetic anomaly (nT) Gravity anomaly (mGal)

160° W 180°

80° S

La
tit

ud
e

Latitude La
tit

ud
e Latitude

78° S

76° S

74° S

72° S

80° S

78° S

76° S

74° S

72° S

74° S

72° S

76° S

78° S

80° S

82° S

74° S

72° S

76° S

78° S

80° S

82° S

14
0°

 W

16
0°

 W

16
0°

 E

14
0°

 E

18
0°

12
0°

 W

14
0°

 W

16
0°

 W

16
0°

 E

14
0°

 E

18
0°

c

Longitude

Longitude

2.
64

2.
68

2.
71

2.
73

2.
75

Density from gravity inversion
(g cm–3)

160° W 180°

La
tit

ud
e Latitude

80° S

78° S

76° S

74° S

72° S

74° S

72° S

76° S

78° S

80° S

82° S

12
0°

 W

14
0°

 W

16
0°

 W

16
0°

 E

14
0°

 E

18
0°
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cavity in the vicinity of Glomar Challenger Trough (Methods,  
Fig. 4b, Supplementary Fig. 5 and Supplementary Video 1).

A subsurface layer of mCDW is steered by Hayes Bank south-
ward across the continental shelf to the ice front26,27 (Fig. 5c and 
Supplementary Fig. 5). Our simulation shows some mCDW circula-
tion and basal melting under the ice shelf to the west of Roosevelt 
Island (Figs. 4b and 5d, Supplementary Video 2 and Supplementary 
Fig. 5e,f). However, the penetration of the mCDW is limited to a 
region within about 100 km of the ice shelf front. Further south, the 
WAIS side of the ice shelf is isolated from this source of oceanic heat 
and is dominated by a sluggish pool of very cold ISW (Methods, Fig. 5b  
and Supplementary Figs. 5 and 6), leading to negligible melt rates 
there (Supplementary Fig. 5e,f).

Relatively high modelled melt rates along the ice front are con-
sistent with satellite-based estimates14,15. Annual-averaged rates are 
dominated by rapid melting in summer (Supplementary Fig. 5f) due 
to warmer inflows of mCDW along Hayes Bank and the presence of 
seasonally warmed AASW along the ice front. The highest seasonal 
melt rates are found on the East Antarctic side close to Ross Island 

(Supplementary Fig. 5f) where thinner ice at the front permits flows 
of AASW under the ice shelf17,20,28 (Fig. 5e, Supplementary Fig. 5f 
and Supplementary Video 3).

Radar observations of basal melt near the ice shelf front
We use cross-sections of ice shelf vertical structure from the 
ROSETTA-Ice Shallow Ice Radar to identify thinning along East 
Antarctic ice flowlines, providing a direct measurement of chang-
ing ice thickness, interpreted as basal melt, averaged over timescales 
of decades to centuries (Methods). The radar identifies the internal 
boundary between a lower layer of ice formed on the continent, and 
younger ice formed from snowfall onto the ice shelf (Fig. 4c–e and 
Supplementary Fig. 8). The continental-ice layer along the Mulock 
Glacier flowline thins by more than 75 m over a distance of 40 km 
(Fig. 4c–e) during ~82 years (Supplementary Fig. 4c), reaching 
zero thickness about 50 km south of the ice front. On the basis of 
these observations, the steady thinning rate for this layer over the 
last ~80 years is 0.9 m yr−1. Thickness change is a combination of 
basal mass balance and ice divergence. Strain rates calculated from 

ISW 

Back (25 km from grounding line)

2,0001,5001,000

Distance (km)

Distance (km)

5000
–1,000

0

–1,000

500

0

East Antarctic 

200 400 600 8000 1,000

–1,000

–500

0

500 Katabatic winds

mCDW

CDW

ISW 

d West Antarctic

AASW

Basal melting

c

e

b

Front

AASW

EAISWAIS

HSSW
mCDWISW ISW

–500

–500

E
le

va
tio

n 
(m

)

200 400 600 8000 1,000

Distance (km)

200 400 600 800 1,000

Distance (km)

E
le

va
tio

n 
(m

)

–1,000

0

–500

a

E
le

va
tio

n 
(m

)
E

le
va

tio
n 

(m
)

Katabatic winds

CDW

Basal melting AASW

WAIS EAIS

HSSW

ISW

WAIS EAIS

mCDW
AASW

HSSW

d

c

e

b

Passive ice shelf

CDW

74° S

76° S

78° S

80° S

La
tit

ud
e

14
0°

 E

16
0°

 E

18
0°

16
0°

 W

14
0°

 W

12
0°

 W

–10 0–5

Summer melt rate (m yr–1)

180°

Longitude

Longitude

HSSW 
mCDW

0

Fig. 5 | A schematic of processes controlling the Ross Ice Shelf. a, A map where fine dashed lines indicate the locations of the profiles in b–e. b, Back profile. 
c, Front profile. d, WAIS-side profile. e, EAIS-side profile. The black circle shows melting of a key area of vulnerability at the ice shelf front. The shaded area 
of the ice shelf front is the passive ice shelf of Fürst et al.31. The colours on the ice shelf in a represent summer melt rates from the model presented here. 
Winter processes are illustrated in Supplementary Fig. 5. The dashed line is the tectonic boundary. The water masses are labelled in colour, with arrows 
representing circulation. The dark green and brown blocks represent the uppermost part of the West Antarctic crust and East Antarctic crust, respectively. 
The grey block shows ice thickness; light grey represents ice formed as snowfall on the ice shelf. The blue line in b represents the previous Bedmap2 
bathymetry; the ROSETTA-Ice bathymetry defines the top of the green/brown blocks. Yellow in d and e schematically represents sedimentary deposits.

NATuRE GEOSCIENCE | www.nature.com/naturegeoscience

http://www.nature.com/naturegeoscience


ArticlesNature GeoscieNce

a satellite-derived ice velocity field15 suggest that compressive flow 
in this region causes 0.33 m yr−1 thickening of this layer. Applying 
this strain correction to the observed thinning rate gives a basal 
melt rate of 1.23 m yr−1, matching the 1.2 ± 0.2 m yr−1 basal melt 
rate derived from satellite altimetry15 (Methods). The close match 
between our method and the satellite altimetry result suggests that 
the processes currently melting the EAIS ice near Ross Island have 
persisted throughout the last century.

Future vulnerability and past ice sheet processes
Our results indicate that the tectonically controlled asymmetry in 
the bathymetry will prevent basal melt rates at the grounding line 
from changing substantially for future moderate changes in climate, 
in agreement with Dinniman et al.19. In this case, melt rates at the 
deep grounding lines of EAIS glaciers will remain high, but stable, 
since they are controlled by HSSW whose temperature remains con-
stant (about −1.9 °C) and whose circulation is strongly controlled 
by bathymetry. Melt rates near WAIS grounding lines will remain 
low since the large-scale circulation accumulates very cold meltwa-
ter in this region, and the thinness of the ocean cavity on the West 
Antarctic side of the tectonic boundary provides a strong dynamic 
barrier to incursions of global ocean heat from mCDW inflows.

In the near term, the primary sensitivity of the mass balance of the 
Ross Ice Shelf will be to variations in local climate that change melt 
rates near the ice front17,20,28. Changes in frontal melt may be driven by 
changes in the amount of mCDW flowing south across the continen-
tal shelf along Hayes Bank (Supplementary Fig. 5), and by variable 
summer production of AASW. The mCDW heat flux depends on 
large-scale climate processes that determine the rate at which CDW 
(with temperature greater than 0 °C) is forced onto the continental 
shelf, and subsequent heat loss from the mCDW by mixing and upper 

ocean convection in winter. The production rate and properties of 
AASW are strongly influenced by local sea ice conditions, freshwater 
influx from the Amundsen Sea29 influencing heat content and upper 
ocean stability, and the net atmospheric heat flux30.

The effect of changing ice shelf melt rates on ice sheet stability 
depends on the local contribution of the ice to net buttressing of the 
grounded ice flow. Most of the ice front is ‘passive shelf ice’31 (Fig. 5).  
Any ice loss from this region will have only a small effect on the 
acceleration of grounded ice flow. In contrast, ice shelf thinning 
or retreat near Ross Island will reduce buttressing of nearby EAIS  
glaciers as well as the more distant WAIS ice streams32. We propose 
that the grounded ice catchments around the Ross Embayment are 
most vulnerable to ice shelf loss near the ice shelf front around Ross 
Island and Minna Bluff, specifically due to increases in the duration 
and intensity of summer production of warm AASW and its subse-
quent flow under the ice shelf17,19,20,28.

On longer timescales, the role of local climate variations in desta-
bilizing the Ross Ice Shelf will have depended on the position of the 
ice front. During the Last Glacial Maximum the ice sheet grounding 
line was near the edge of the continental shelf12. In this configura-
tion, locally formed water masses are likely to have played a lesser 
role as the globally controlled, relatively warm CDW could flow 
into the sub-ice cavity, generating high melt rates at the grounding  
line similar to those observed in the present-day Amundsen Sea33 
(Fig. 6). During the subsequent retreat of the ice sheet, the ability of 
wind-forced ice-front polynyas to produce colder HSSW would have 
been established. As the HSSW filled the ice shelf cavity, the Ross 
Ice Shelf system would have shifted to a locally controlled, cold, sub-
ice cavity18. This switch from global to local controls should be pre-
served in the geological record of former ice shelf extent, including  
existing sediment cores11.
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As the grounded ice retreated after the Last Glacial Maximum, 
the East and West Antarctic ice sheets would have responded differ-
ently to the bathymetry on either side of the tectonic boundary. In 
the Ross Sea north of the modern ice shelf, the bathymetric expres-
sion of the boundary is buried by extensive Cenozoic sediments, so 
will not have had direct influence on the retreat of the grounding 
line across this region. Instead, the bathymetry of this region has 
been sculpted by glacial deposition and erosion12. Beneath the pres-
ent-day Ross Ice Shelf, the bathymetry clearly reflects the tectonic 
boundary. The deep bathymetric troughs connected to Nimrod and 
Byrd glaciers would have aided the rapid grounding line retreat 
inferred on the East Antarctic side34. The shallow West Antarctic 
side, with pinning points such as the present-day Roosevelt Island, 
Steershead Ice Rise and Crary Ice Rise, will have experienced slower 
ice sheet retreat.

The contrasting crustal properties across the tectonic bound-
ary also introduce different basal boundary conditions, modulating 
the flow of the grounded EAIS and WAIS ice during prior glacial 
epochs. Crustal properties control the production and localiza-
tion of geothermal heat flux as well as influencing the lithosphere’s 
isostatic response to ice loading and unloading. The response to 
changing ice load plays a key role in the WAIS grounding line his-
tory around Crary Ice Rise35, which lies on the boundary between 
the East and West Antarctic crust. The ice sheets will have produced 
different isostatic responses as they retreated across the different 
material on either side of this tectonic boundary.

Our survey results have shown that the bathymetry and basal 
boundary conditions under the Ross Ice Shelf have a tectonic ori-
gin, indicating that the contrasting conditions under the WAIS and 
EAIS sectors have endured through the entire glacial history of the 
Ross Embayment. Under the present-day Ross Ice Shelf, the newly 
identified tectonic boundary controls the shape of the sub-ice-shelf 
cavity, enabling circulation that insulates the grounding line from 
the influence of global ocean heat. We have identified that the great-
est vulnerability of both the East and West Antarctic ice sheets in 
the Ross Sea sector is to local, seasonal, upper-ocean warming and 
deepening of the surface layer at a key region of the ice front, near 
Ross Island. This finding highlights the need to incorporate the ice 
shelf response to local climate processes in large-scale predictions of 
ice sheet behaviour in the broader tectonic framework.

Online content
Any methods, additional references, Nature Research reporting 
summaries, source data, statements of code and data availability and 
associated accession codes are available at https://doi.org/10.1038/
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Methods
Survey design. Ross Ocean and ice Shelf Environment, and Tectonic setting 
Through Aerogeophysical surveys and modeling (ROSETTA-Ice) is a multi-
disciplinary investigation of the lithosphere–ocean–ice-sheet system of the Ross 
Ice Shelf (Fig. 1). This ice shelf was last systematically surveyed in 1973–1978 
by the RIGGS programme37, which occupied stations on a ~55 km grid (Fig. 1b) 
with measurements of ice thickness, water depth, snow accumulation, velocity 
and strain. The RIGGS programme also successfully completed the first borehole 
through the ice shelf into the underlying water-filled cavity at site J-950.

The ROSETTA-Ice survey was a comprehensive aerogeophysical grid (Fig. 1b), 
acquired over the Ross Ice Shelf during three field seasons (November–December 
2015, 2016, 2017) using the IcePod integrated sensing system (Supplementary  
Fig. 3) and pallet-mounted gravity systems. IcePod’s instrumentation suite includes: 
a Scintrex caesium magnetometer and a Billingsley fluxgate magnetometer; the 
Deep Ice Radar (a pulsed-chirp depth-sounding radar with 1,200 W power output 
with a 60 MHz bandwidth and 188 MHz centre frequency); the Shallow Ice Radar 
(600 MHz bandwidth, 1 ms chirp shallow-ice radar with a power output of ~1 W at 
a 2 GHz centre frequency); visual and infrared cameras; a Riegl VQ-580 scanning 
laser; Global Positioning System/inertial navigation system positioning systems; 
and a data acquisition system.

The gravity systems included a LaCoste and Romberg S-80 dynamic gravity 
meter upgraded to a ZLS Ultrasys control system, a Dynamic Gravity System (DgS) 
Airborne Gravity Meter and an iMar NAV-RQH‐001 strapdown gravity system. 
The IcePod system and the gravity instruments were installed on New York Air 
National Guard LC-130 aircraft based at McMurdo Station on Ross Island.

The ROSETTA-Ice main survey lines were spaced at 10 km and oriented east–
west, with north–south-oriented tie lines spaced at 55 km. Flight elevation was 
on average 750 m above ground level at a flight speed of 180 knots. The grid was 
oriented to overfly as many RIGGS stations as possible. The data presented here are 
from the 2015 and 2016 field seasons where line spacing generally varies from 10 to 
20 km. The maps use the polar stereographic projection EPSG 3031 with the scale 
true at 71° S, origin 90° S, 0° E.

Magnetic data reduction. Magnetic anomalies (Fig. 3a) were acquired with a 
Scintrex Cs3 caesium sensor and a Billingsley fluxgate magnetometer. Fluxgate 
data were used to compensate Cs3 data for aircraft motion. Diurnal variation was 
measured at McMurdo Station and corrected along flight lines.

Magnetic data were cleaned and filtered to remove noise. Filtering at 10 s at 
an average flight speed of 180 knots (93 m s−1) limits the shortest wavelengths that 
can be recovered from the dataset to 930 m. Given a flight elevation of 750 m and 
average seafloor depth of 600 m, surveys are flown roughly 1,350 m above the 
seafloor, so filter length allows all geologically sourced magnetic anomalies at this 
flight elevation to be recovered.

Gravity data reduction. Gravity anomalies (Fig. 3b) used in this analysis were 
acquired from the ZLS gravimeter, an iMAR inertial measurement unit and a DgS 
gravimeter. ZLS values were tied to the absolute base station at McMurdo using 
a LaCoste–Romberg D-meter ground calibration. Where ZLS data were of low 
quality (during changes in elevation, at the end of lines or where turbulence was 
experienced in flight), iMAR or DgS data were used. The iMAR system is sensitive 
to short-wavelength gravity anomalies, but prone to drift over longer wavelengths. 
The iMAR data were levelled to the local, long-wavelength level of the ZLS 
gravimeter. The gravity dataset from the combined instrument measurements was 
levelled to ensure a self-consistent anomaly, with mean crossovers of 2.9 mGal for 
the acquired grid. Flight line data were gridded using minimum curvature at 2 km 
cell size.

Density model from gravity data. The density model (Fig. 3c) was developed 
by inverting the combined ROSETTA-Ice gravity anomaly grid over areas with 
known bathymetry. Bathymetry/topography constraints came from three regions: 
grounded ice, where ice thickness is measured by radar sounding; in the Ross Sea 
north of the ice front, where water thickness is measured with ship-based acoustic 
surveys; and under the ice shelf at points where water depth is known from seismic 
shots. Ice shelf constraints were taken from the seismic surveys of the RIGGS37 
project and surface traverses travelled in the International Geophysical Year 
(IGY)38. Regions of grounded ice and floating ice were distinguished using the ice 
shelf grounding line from Depoorter et al.7. We assumed that the Ross Ice Shelf 
grounding line is stationary over decadal timescales51.

We calculated a forward model of gravity from these known constraints. For 
grounded ice we used the 1 km cell size grid of Bedmap236 and for the open ocean 
we used the 0.5 km grid of the International Bathymetric Chart of the Southern 
Ocean52. Both grids were smoothed to 2 km to match the gravity anomaly grid. For 
the area under the ice shelf, bathymetry was smoothly gridded between known 
points. With an initial density estimate of 2.67 g cm−3 across the model region, and 
the rock layer extending to 60 km deep, we inverted the observed gravity using 
the Geosoft GMSys 3D software package to produce a density model. This new 
density model accounts for the residuals caused by large-scale variations in density, 
controlling the differing relationship between points of known bathymetry and the 
observed gravity, as well as short-wavelength features of the gravity anomaly that 

reflect short-wavelength variation in seafloor bathymetry. To apply the modelled 
density to a bathymetry model, we filtered the density model to remove length 
scales less than ~50 km (Fig. 3c). No Moho model was applied in this analysis. 
Moho models of the region46,53,54 indicate a large-scale trend towards thinner crust 
on the East Antarctic side. There is no such large-scale trend apparent in the free 
air gravity anomaly from the ROSETTA-Ice survey region, suggesting that the 
gravity effects of the thinner crust are compensated by the difference in bathymetry 
and shallow crustal geology across the region. Our method combines the effects  
of deep and shallow structures into a single density at each point of the inversion, 
and could result in either an over- or underestimation of the density of rock  
on the seafloor.

Bathymetry from gravity data. Airborne gravity data have been used extensively to 
constrain bathymetry beneath ice shelves and floating ice tongues in Antarctica55–59 
and Greenland60,61. The measured gravity anomaly shows the same form as bed 
topography where it is known either from radar echo sounding over grounded ice 
or acoustic sounding from ships (Supplementary Fig. 9). The sub-ice topography 
along the Siple Coast is strongly incised, with up to 600 m relief and a range of 
~80 mGal (Supplementary Fig. 9a) while the bathymetry of the Ross Sea is more 
subdued, with less than 200 m relief and a range of ~25 mGal (Supplementary  
Fig. 9c). The gravity signature of the Ross Ice Shelf line (Supplementary Fig. 9b)  
is most similar to the Siple Coast on its West Antarctic side and to the Ross 
Sea on its East Antarctic side. The Ross Sea profile demonstrates how the thick 
drape of Cenozoic sediment has subdued the gravity signal of the variations in 
the underlying West Antarctic-style crust. RIGGS seismic control points provide 
water depth constraints beneath the Ross Ice Shelf at 55 km spacing and allow 
large-scale variations in rock density to be accounted for. The strong contrast in 
density between rock (~2.67 g cm−3) and seawater (1.028 g cm−3) at the seafloor is 
well expressed because it is nearest to the sensor and greater in magnitude than the 
contrasts arising from geological variations (contrast typically less than 1 g cm−3) 
at depth below the seabed. The long-wavelength variation in bathymetry is known 
from point measurements made across the ice shelf region, and the density model 
derived from these known points accounts for long-wavelength variations in 
the gravity field. Short-wavelength variations are attributed to the small-scale 
variability of seafloor depth and the observed gravity anomaly is inverted again to 
model the seafloor variations (Fig. 4a). Points where water depth is known from 
RIGGS points or where ice is identified as grounded in the Bedmap2 compilation 
are held fixed in the inversion.

The uncertainty of the gravity measurements is 2.9 mGal from crossovers in 
the survey grid (Fig. 1b). The gravity inversion provides an appropriate fit given 
the accuracy of the measurements, with 3.2 mGal standard deviation of residuals 
after inversion. The uncertainty of the bathymetry constraints is 10 m under 
grounded ice, 5–10 m in open water where depth data are known from ship-
based acoustic surveys62, and about 10 m under the ice shelf where it is a result 
of the RIGGS and IGY seismic measurements. The uncertainty of the gridded 
bathymetry datasets is higher where no direct measurements have been made. 
The interpolation of bathymetry points under the ice shelf uses a 10 km cell 
size, so the uncertainty in the location of early bathymetry points (~5 km) does 
not significantly increase the uncertainty of the model. A gravity uncertainty of 
1 mGal introduces ~15 m of uncertainty into the modelled bathymetry (from the 
Bouguer slab formula, assuming a rock/water density contrast of 1.642 g cm−3), so 
3.2 mGal gravity uncertainty translates to ~48 m depth uncertainty. The modelled 
density accounts for large-scale crustal structures, but the density of the rocks at 
the seafloor remains uncertain. An uncertainty of 0.05 g cm−3 in seafloor density 
adds ~3% uncertainty to the relief; for example, an additional ~10 m for a typical 
relief of ~300 m. Linearly adding in the typical uncertainty of the bathymetry 
constraints themselves (an additional 10 m) gives a total uncertainty of 68 m for the 
bathymetry inversion.

Ocean model. We used the Regional Ocean Modeling System (version 3.6)63 
to solve the three-dimensional equations of motion with the hydrostatic and 
Boussinesq approximations. The equations were discretized on a 5 km horizontal 
grid and a 24-level terrain-following vertical coordinate system, which improved 
representation of processes near lower and upper boundaries. The domain was 
similar to that used in previous Ross Sea and Ross Ice Shelf studies64–66 but with a 
new ice-shelf draft based on the Bedmap2 compilation36 and a new sub-ice-shelf 
bathymetry from ROSETTA-Ice (Fig. 4a and Supplementary Fig. 4). The revised 
domain includes idealized representation of the unsurveyed seabed in inlets under 
major East Antarctic glaciers (Nimrod, Byrd, Mulock and Skelton). Bathymetry 
and ice-shelf draft were smoothed to satisfy numerical stability requirements 
related to the vertical coordinate system67 and the minimum water column 
thickness used in the model was 40 m.

Surface forcing of the ocean was the same as that used in a previous model 
of the Ross Sea65. In ocean regions free of sea ice, fluxes of momentum, heat and 
salinity were calculated from atmospheric variables taken from the Antarctic 
Mesoscale Prediction System, an atmospheric forecast model68, and climatological 
monthly values of cloud cover69. In regions covered by sea ice, surface fluxes were 
calculated using a coupled sea ice model70. Beneath the ice shelf, heat and salt 
fluxes were calculated as functions of the time-varying ocean temperature and 
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friction velocity of the uppermost model layer65,71. Tidal forcing was applied at 
open lateral boundaries66,67. The solution was nudged to climatological temperature 
and salinity depth profiles at the boundaries, and barotropic velocities at the ocean 
boundaries were relaxed to monthly depth-averaged circulation from a 0.25°  
global model72.

We used the final state of an earlier model run64 as the initial state of the 
present model runs, after interpolating model state variables to the new domain. 
The model was integrated for 20 additional years with a repeated annual cycle 
of atmospheric forcing from 15 September 2001 to 15 September 2002. The 
model simulation time period did not overlap the period of the ROSETTA-Ice 
observations, but interannual variability is not expected to play a critical role in the 
study performed here.

Using the temperature and salinity distribution at the end of the spin-up 
period, water masses (HSSW, mCDW and AASW)24 north of the ice front 
were labelled with distinct passive tracers at the start of the simulation. These 
passive dyes then evolved according to the advection and diffusion of the model 
simulation. The change in distribution and concentration of these tracers 
demonstrates how circulation redistributes the primary water masses that ventilate 
the ocean cavity beneath the ice shelf (Supplementary Videos 1–3). The invasion 
of the ice cavity by HSSW closely follows depth-integrated transport streamlines 
(Fig. 4 and Supplementary Videos 1–3) near Ross Island and southward along the 
East Antarctic grounding line. These streamlines turn northward near the middle 
of the ice shelf and flow outward near Drygalski Trough. None of the streamlines, 
and little HSSW, crosses the tectonic boundary into the West Antarctic side of 
the cavity, although much of the ISW on the West Antarctic side is derived from 
HSSW interactions with the ice shelf on the East Antarctic side. Along Hayes Bank, 
near the middle of the ice shelf, mCDW enters the ice cavity and circulates no 
further than the south end of Roosevelt Island before turning northward. AASW 
is restricted to a small region, from Ross Island to Minna Bluff, where the ice shelf 
draft is less than about 150 m.

Supplementary Fig. 7 identifies these water masses in a characteristic 
hydrographic profile from near the ice front. This figure demonstrates why cold 
HSSW with a temperature near −1.9 °C still has the potential to melt ice because 
of the suppression of the in situ freezing point by high pressures under thick ice, 
especially near the deep grounding lines of East Antarctic outlet glaciers along 
the Transantarctic Mountains. The modelled melt rate in the grounding zone 
near Byrd Glacier is about 5 m yr−1, less than the value of 12 ± 2 m yr−1 calculated 
for 1978–197916. We attribute this difference to smoothing of our model grid 
for computational stability, which reduces the water depth at the grounding line 
from the measured value of ~1,800 m to ~ 1,400 m in the model, and unknown 
bathymetry around and within the inlet into which Byrd Glacier flows.

Ice shelf stratigraphy to constrain basal melt rate. Shallow Ice Radar profiles 
from the ROSETTA-Ice survey contain reflections that reveal the basic structure 
of the ice shelf and how it changes as the ice flows from the grounding line to 
the ice front. Stratigraphy in ice-penetrating radar profiles has previously been 
used to determine basal melt rates near grounding lines73. The ice shelf consists 
primarily of ice from the grounded ice sheet (‘continental ice’) that has crossed the 
grounding line, overlain by clearly layered younger ice that originated as snowfall 
onto the floating ice shelf. Distinct reflections at the top of the continental ice are 
identifiable in ROSETTA-Ice profiles across most of the ice shelf (Supplementary 
Fig. 8a). Several sources have been attributed to the detection of internal layers 
in radar profiles, such as the difference in ice fabric or dielectric contrast at an 
interface in the ice column74,75. On the Ross Ice Shelf, the ice structure is distinctly 
different on either side of the reflector—with clearly stratified, sub-horizontal 
layers above, and deformed76 or unresolvable features below, suggesting a different 
mode of formation for the ice above and below. A difference in fabric is therefore 
the most likely explanation for the observed reflector. Further research is required 
to identify whether this reflector is accentuated by wind glaze, or surface crevasses 
near the grounding line, and whether the same processes are represented for all 
inputs around the ice shelf. As the continental ice flows through the ice shelf 
region, this interface deepens as it is buried by surface accumulation. Strain and 
basal melting also affect the ice shelf stratigraphy15. Strain will affect both the 
continental and ice shelf ice while basal melting affects only the continental ice, 
except in cases where all continental ice has been removed by basal melting.

Three sequential profiles spaced 20 km apart (Fig. 4c–e and Supplementary 
Fig. 8b–d) show along-flow changes in the thickness of layers above and below 
the strong reflector in ice originating from Byrd and Mulock glaciers. We picked 
the internal reflection and base of the ice shelf in the Shallow Ice Radar and Deep 
Ice Radar, respectively, and differenced the picks to give the thickness of the 
continental ice in all three lines (L830, L850 and L870). By dealing with changes 
in thickness of the continental ice layer, we eliminate uncertainties arising from 
the velocity model of the overlying firn. We estimate the accuracy of the ice 
thickness measurements to be of the order of 1 m. Where the internal reflector 
can be seen in all three lines, it is an undulating layer that undergoes deformation 
between L830 and L870 but maintains recognizable features. We correlated a peak 
in the internal layer that was visible in all three lines and measured the change in 
thickness (measured from the internal layer peak to the ice base) to be 39 m from 
L830 to L850 and 36 m from L850 to L870, giving a 75 m total change. Where the 

internal reflector is entirely removed, the maximum thickness of the removed layer 
represents a local minimum amount of basal melting. Within L830 this maximum 
thickness is 95 m, suggesting that our estimate of 75 m is a conservative estimate of 
the melting in this area.

Given the average velocity of 480 m yr−1 in this region (Supplementary Fig. 2b),  
the time interval between each radar profile is ~41 years. From the observed 
total thickness change of the basal unit of 75 m, the average basal thinning rate is 
0.9 m yr−1. Assuming steady state, the only causes of thinning of the basal unit are 
basal mass loss or gain, and ice flow convergence and divergence. We consider 
an increase in basal melt to be the most likely explanation for the observation of 
thinning of the lower unit of the ice shelf.

In this region, the ice shelf is undergoing compression, so strain, by itself, 
would thicken both the continental ice and upper layers. The average basal 
thinning rate of 0.9 m yr−1 is therefore a lower limit of the basal melting rate. 
Comparison with the satellite-derived melt rates from Moholdt et al.15 was made by 
sampling their basal mass balance grid, given in metres per year water equivalent, 
in the region defined by the survey lines shown in Supplementary Fig. 2b. Basal 
mass balance was converted to melt rate in metres per year of ice loss using an 
ice density of 917 kg m−3, resulting in a mean loss, by melting, of 1.2 ± 0.2 m yr−1. 
Taking into account local thickening of ~0.33 m yr−1 by ice compression15, the 
satellite-derived thinning rate would be ~0.9 ±0.2 m yr−1.

Data availability
The ROSETTA-Ice airborne survey data are available from http://www.ldeo.
columbia.edu/polar-geophysics-group/data.

Code availability
The code used to generate ocean simulations can be accessed at https://www.
myroms.org/svn/src/. Modifications to the standard code used and ancillary input 
data are available on request from springer@esr.org.
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