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Thwaites Glacier represents 15% of the ice discharge from the West Antarctic Ice

Sheet and influences a wider catchment' . Because it is grounded below sea level*?,
Thwaites Glacier is thought to be susceptible to runaway retreat triggered at the
grounding line (GL) at which the glacier reaches the ocean®’. Recent ice-flow
acceleration®® and retreat of the ice front®'° and GL'""? indicate that ice loss will
continue. Therelative impacts of mechanisms underlying recent retreat are however
uncertain. Here we show sustained GL retreat from at least 2011 to 2020 and resolve
mechanisms of ice-shelf melt at the submetre scale. Our conclusions are based on
observations of the Thwaites Eastern Ice Shelf (TEIS) from an underwater vehicle,
extending from the GL to 3 km oceanward and from the ice-ocean interface to the
seafloor. These observations show arough ice base above a sea floor sloping upward
towards the GL and an ocean cavity in which the warmest water exceeds 2 °C above
freezing. Data closest to the ice base show that enhanced melting occurs along
sloped surfaces that initiate near the GL and evolve into steep-sided terraces.

This pronounced melting along steep ice faces, including in crevasses, produces
stratification that suppresses melt along flat interfaces. These dataimply that
slope-dependent melting sculpts the ice base and acts as animportant response to

oceanwarming.

Offshore ocean and atmospheric conditions force warm circumpolar
deep water (CDW) onto the Amundsen Sea continental shelf*"*, where
itcontributes toiceloss and GL retreat of glaciers draining this sector
of the West Antarctic Ice Sheet, including Thwaites Glacier. Thwaites
Glacier extends seaward from the Walgreen Coast, forming the Thwaites
Glacier Tongue (TGT) to the west and the TEIS that rests on a promi-
nent sea-floor pinning point (Fig. 1a). Warm CDW flows towards the
glacier along the coastline and through sea-floor channels™ ™", where
it drives melting. The bed underneath the upstream grounded ice
deepens to amaximum of 2,300 m below sea level**, making it sus-
ceptible to large-scale retreat from ocean-driven melting’. Collapse
of Thwaites Glacier, which itself represents more than half a metre of
global sea-level-rise potential, could also destabilize neighbouring
glaciers that account for a further 3 m of future sea level rise*.
Changes in the Thwaites system have accelerated over the past
20 years (refs. 81°), resulting in breakup of the TGT and propagation
of rifts across the TEIS™. Recent GL retreat has varied from 0.6 to
1.2 kmyear™ (ref.?). Ocean melting, dynamic thinning and ice-flow rates
influence this retreat™, but exactly how these factors operate is difficult
to constrain with generally poor observations below the ice. Satellite

observations, which measure the surface elevation of the glacier,
suggest that the TEIS is thinning on average 25 metres per decade'®*,
whereas airborne ice-penetrating radar that directly measures ice
thickness estimates rates up to 45 metres per decade’.

Although ocean-driven melting directly influences the stability of ice
around Antarctica'?, little data resolve the interaction between the
ice and ocean directly?*°. Models of ocean forcing are often limited by
resolution or available parameterizations. Generally, models represent
iceshelves simplistically as wedges of ice with flat or curved interfaces
and aninferred sea-floor geometry as a function of distance from the
presumed GL. Usually a zero-melt condition is imposed at the GL*,
whichisinconsistent withevidence of thinning and GL retreat. Although
retrograde bed slopes facilitate positive feedback ingroundediceloss
fromocean-forced melt®’, glaciers resting on prograde slopes still face
influence from warm water undercutting the ice. Temperature and
salinity variations influence circulation and heat exchange between
theiceand ocean. These variations occur at scales much smaller than
those resolved by remote sensing or captured inice-shelf-wide models
of ice-oceaninteractions. Furthermore, few direct measurements have
been made near the ice base?*°, and none at the GL of a considerable
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Fig.1|Warmwaterreaches neartheicebase andretreating GL of the TEIS.
a, Historical GL positions (coloured lines/zones after ref. ) demonstrate
notable GLretreat over the past two decades (QGIS map: Landsat 8,15 m pixel™,
band8image LCO8_L1GT_003113_20200131_20200211_01_T2_B8,31January
2020;thered box denotes the study region). b,c, Warm water is delivered close
totheicebase (upper grey regions), shown by contours of thermal driving
(degreesaboveinsitu freezing point). Theice (black line) and seabed (brown
regions) elevation profiles are measured by up and down altimetry from Icefin,
which compare with bathymetry from mapping and forward sonar (Fig. 2).
Thesmallcircles denote the Icefin track, along two transects approaching the
GL,T1(red) and T2 (blue) showninthelowerinset (red box froma). The yellow
circleintheinsetand verticallline through theice denote thelocation of the

glacier, that would help models at large and small scales better rep-
resent melting. Therefore, how melting occurs under ice shelves and
particularly at the GL, influencingice loss, remains largely unresolved.
As part of the National Science Foundation (NSF)-Natural Envi-
ronment Research Council (NERC) International Thwaites Glacier
Collaboration (ITGC), acomprehensive field campaign was carried
out over two austral summers, with an ice-shelf-drilling campaign
in 2019-2020 to access the ocean cavity?® and sediments below the
TEIS to observe the changing system directly. We conducted detailed
insitu hydrographic measurements in an area of the TEIS referred to
as the ‘butterfly”®. The ice in this region is grounded at about 500 m
below sea level (Figs.1and 2), typical of most of the Thwaites system
outside the western trunk. We deployed the new underwater vehicle
Icefin (Extended Data Fig.1) through the borehole over five under-ice
missions spanning 9-11January 2020. The vehicle measured ocean
temperature, salinity, dissolved oxygen and current velocities (Fig. 1
and Extended DataFig. 2), mapped the sea floor and ice base in three
dimensions (Figs.1and 2) and imaged the ice and sea floor (Fig. 3).

Conditionsunder theice shelf

The ice base deepened with distance from the GL, ranging from about
500 m to 520 m below sea level over the nearly 3 km T1survey (Fig. 1b)
and sloping downward more steeply along T2 from a minimum of 475 m
depthatthe GL (Fig.1c). The seafloor (prograde) also sloped downward
away fromthe GL (Figs.1and 2). The temperature, salinity and dissolved
oxygen content of ocean water reflects mixing of different reservoirs,
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borehole. The T1trackis oriented 5-10° oblique to the flow direction of the
glacier and T2 approximately 50° oblique to flow; Icefin reached the grounded
pointoftheglacier at theend of T2. Triangles inb and c mark historic GL
locations estimated from satellite interferometry for 2011 (white), and the
furthest downstream estimate in 2016 (blue)'?. In b, the yellow triangle denotes
the potential GL wedge detected by Icefin (Fig. 2). Nearest to the GL, although
temperatures are colder thanthe deep water, the ocean water holds more than
onedegree of thermal driving. Theice base transitions fromrough near the GL
toterraced (progressively steeper-sided step-like features) near and downstream
oftheborehole, suggestive of progressive melting. Crevasses also contain
terraces, especially clearinc.

including ocean, melted glacialice (glacial meltwater (GMW)) and subgla-
cial water (SGW) frombeneath the grounded ice. Warm water occupied
much of the ocean under the TEIS, with maximum thermal driving of
2.25°C (ocean temperatures 2.25 °C above the in situ freezing point),
decreasing only slightly to 2 °C within about 5-10 m of the ice base and
400 m of the GL (Fig. 1b,c). This decrease in thermal driving resulted
from pressure release, a cooling of the water from 0 °C to —0.25 °C and
afreshening from 34.50 gkg ™ to 34.40 g kg (Extended Data Fig. 2).
Dissolved oxygen, which reflects both exchange with the atmosphere
before submerging below the ice and that released from melting ice,
increased in concentration over this region from4.47 ml 1" t04.50 ml 17
the coupled changeinhydrographic conditionsindicatesaslightincrease
inGMW closer totheice (Extended DataFig. 3). The relatively well-mixed
water columnwas overlain by a stratified upper layer, generally 5-10 m
thick, at which the ocean cooled, freshened and increased in oxygen
owingto local ice melt producing a greater admixture of GMW.

The sea floor was primarily characterized by bedform ridges ori-
ented north-south parallel to glacier flow (Fig. 2). Sea-floor ridge-crest
spacing varies by anorder of magnitude from 3-25 mand tens of centi-
metres to 10 m heights; most ridges have 0.5-2 m heights (Extended
DataFigs.4-6).Sporadicboulders and drop stones are visible through
the sediment (Fig. 3 and Supplementary Video 1). Near the borehole,
troughs crosscutting the ridges suggest reworking of the sediment,
which could occurifthe glacier was pinned near this location that coin-
cides with the estimated 2011 GL position™ (Fig. 2a). Upstream of the
borehole, asingle semi-linear feature cuts across the along-flow ridges
and crests, with a sharp step in depth of 2-3 m height (Fig. 2b); this is



Fig.2|Sea-floor bathymetry shows smoothretreatandice-bed
interactions nearthe TEIS GL. The sea-floor bathymetry near the TEIS GL
ischaracterized by along-flow ridged bedforms having several different
wavelengths, as well as evidence for two possible former GL positions

(white and red boxes) and channelized subglacial outflow (black box). Datain
a-dare fromdownward-facing bathymetric sonar and e from forward sonar
onlcefin. Reworked sediments (white box) are observed near the borehole
(yellow circle). b, Asingle sinuous 2-3-m-tall slope consistent with a GL sediment
wedgeis found about 200 m north of the 2016 GL estimated from remote
sensing (red boxed region froma; red arrows denote wedge). The wedge
crosscuts the 2-5-m wavelength along-flow bedforms (Extended Data Figs. 5
and 6). ¢, Anisolated 4-m-deep channel cutinto the sea floor makes two sharp
turnsand includes asegment that cuts perpendicular to most bedforms,

downstream of all estimated GL positions for 2016-2017 (ref. ). We
interpret this feature as the sediment wedge produced when the ice
shelfwas grounded at this position, approximately 1,250 m from the end
ofthe T1survey and 1,500 m from the furthest upstream 2017 GL loca-
tion. We observe no other clear evidence of GL wedges in this region.
Thus, the bathymetry suggests that the GL retreated smoothly up the
prograde sea floor, with only one stable location since at least 2011.
Local variations in ice-shelf basal slope (topography) influence
melting through modulation of near-ice ocean-density gradients
(stratification) and small-scale turbulence that control ocean heat
and salt fluxes® %, Nearest the GL, the ice base comprises a system of

suggesting that this feature formed from rerouting of subglacial water as the
GLretreated (Extended DataFig.5).d, The bedform topography near the GL of
T2showsevidence of linear ridges striking north (Extended Data Fig. 4).

e, Forward-looking sonar data of theice base near the GL shows that theice

has the same 2-5-m-wavelength ridges as the shortest-wavelength features on
theseafloor. These datatogether suggest that GLretreat hasbeen largely
continuous over the observable period, since atleast 2011 based onremote
sensing. Moreover, the similarities between the bed and ice morphology at the
GLsuggestthattheice-bedinteractions setupslopesthatare thenprogressively
melted by the intruding seawater. Bathymetric sonar, a-d, was processed in
Qimeraand projected using QGIS. Forward sonar are projected using the
Oculus ViewPoint software.

short-wavelength ridges (Fig. 2e) that have similar shape and 2-5-m
spacing of small-amplitude (0.1-0.5 m) ridgesin the sea floor (Fig. 2b-d
and Extended Data Fig. 4) that overlay broad (about 50 m) topographic
undulations. Within akilometre of the GL, theice surfaceis very rough,
about 30% consisting of high slopes. Relatively clear ice laden with
sediment, called basal ice, is found consistently in this region and in
patches downstream, interrupting white, bubble-richmeteoricice. The
fine-grained (sand to mud) debris (Fig. 3a, right and Supplementary
Video1) and interspersed angular clasts ranging in size from a few to
tens of centimetres comprises strong laminated layersin the basalice at
centimetre-scale spacing. Visible melting was observed throughout the

Nature | Vol 614 | 6 February 2023 | 473



Article

a
Grounding zone
— 0_
£
— jol
E § 2.5
g 3
7] 2 50+
3 8
§ % 75
> 2 107
=)
0 g 8
Horizontal location (m) 10.0 4 ﬁ ﬁ ﬁ
T T T — T T
150 100 0 1 2 33.634.0 344 4.40 455 4.
Horizontal scale (m) 0-6,(°C) Sp(gkg™ DO (ml I)
b
Large terrace
0
0 —_
€ [
£ ()
% 3 § 1.754
Z
—_ Qo
S 6 g 3.50
T c
2 8
- 1%}
S 2 525
12
T T 700 T T T T T T T T T
180 120 60 0 0 1 2 22 26 30 34 4 8 12
Horizontal scale (m) 0-6;(°C) S, (@ kg™ DO (ml IF")
Cc
Small terrace
04 0 e
= ]
— E cece ]
E 054 g 05 (& L
o o S N\ s
g 5 ol v ~
% 1.0 < 1.0
© Qo
§ 1.54 g 15—|
> § .
2.0 o 20
25 T T 2.5 ! T T — T T T T
30 20 10 0 0 1 2 22 26 30 34 4 8 12

Horizontal scale (m)

Fig.3|0cean conditionsinfluenceice base morphology, which varies with
distance fromthe GL. Thelcefin vehicle track is shaded by relative along-track
distance from downstream (white) to upstream (black). Light-blue data denote
regions with cooling and fresheningin terraces and dark blue denotes the
coldest/freshest dataobserved. a, Conditions in the near-GL water cavity show
theinfluence of melting (freshening) close to the GL along T2 (left). Coloured
stars denote close passes to theice that also have distinct signatures of mixing
and melting. Vertical profiles of thermal driving (© - ©;), absolute salinity (S,)
and dissolved oxygen (DO) binned with distance from the ice base show complex
signatures that vary with location (Extended Data Fig. 3), suggesting the
influence of both melting and SGW outflow (centre). Imagery near the GL
(redbox) showsridged ice topography and sediment-laden clear basalice at the
GL (yellow star) (right). Scale bar, approximately 0.5 m. b, Ocean conditionsina

region, with grains and small drop stones steadily falling out of basalice,
addingtothe turbidity of the water column (Supplementary Video1).
Small terraces and scalloped morphology carved into the ice appear
within 200 m of the GL, indicating that melting rapidly erodes these
slopingice faces. The steep faces grow in vertical scale with distance
fromthe GL, showing progressive evolution of the shape of theice from
melting the longer it is exposed to the warm ocean.

The roughice base observed at the GL erodes downstream, giv-
ing way to steep-sided, flat-roofed terraces (Figs.1and 3). The walls
of these features form up to 90° angles to their flat roofs and keels,
rising tens of centimetres to more than 6 min height (Fig. 1b,c) and
uniformly exhibiting scalloped surface textures (Fig. 3b, right), indica-
tive of turbulent ocean-driven melting®, Terraces are also observedin
crevasses. Conversely, the downstreamice under the TEISis extremely
flat, with surface slopes less than 5° (Figs. 1, 4 and 5). Ice-shelf basal
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large terrace formed inthe ice base imply melting near the sidewalls (red boxes,
800 mfromthe GL along T2) (left). Warm, salty water (black, grey) is found
along the sidewalls, whereas much fresher and more oxygenated water with
low thermal driving (cold relative toin situ freezing) collectsin the terrace roof
(centre).Imagery of terrace sidewalls across the TEIS uniformly show scalloped
surfacesreflecting turbulent melting (Extended Data Fig. 8 and Supplementary
Video1) (right). Scale bar, approximately 0.5 m. ¢, Asinbbut for asmall terrace
at2,400 mdownstreamalong T1that contains cold, fresh and oxygen-rich
water alongitsroof. Here the water becomes supercooled, withice crystals
forminglaterally (right) across the heavily stratified interface (red box) between
this 0.1 mupperboundarylayer and the warm, salineand more oxygen-poor
lower ocean waters. Scale bar, approximately 0.1 m.

topography carved by melt hasbeen observed elsewhere, such as keels
and channels®**, including terraces at nearby Pine Island Glacier®
associated with steep slopes along marginal and channel features
that were argued to form by means of feedback between slopes and
melting. We observed terraces distributed across the TEIS, in many
different orientations and across a range of horizontal and vertical
scales, both associated with and independent of other basal features.
Our observations argue that terraces are widespread basal features
ofice shelves that overlay warm ocean cavities; these are not yet rep-
resented in most ice-shelf models.

Ice-oceaninteractions

In situ observations of the undisturbed ice-ocean boundary layer
beneathice shelves are inherently difficult to make through boreholes



a
Terrace
= 3
E
5 U(cms™)
567 EE ]
©
ke} 0 36
k5
> 94
124 Max. Min.
[
Horizontal location (m)
15 T T T MG
80 60 40 20 0
Horizontal scale (m)
b
T1 crevasse
20
10
E ]
<
8
© 10
@
o
.g
> 204
¢
30 9
PR
T T N
200 150 100 50 0
Horizontal scale (m)
Cc
T2 crevasse
20
104
E o-
k)
@
?
< 10
o
5
>
20
7 ﬂ% o %ﬁg
L8 g == T T
300 250 200 150 100 50 0

Horizontal scale (m)

Fig.4|Ocean currents andice topography contribute to variable melting
interraces and crevasses. Here the Icefin vehicle track is shaded by relative
along-track distance from downstream (white) to upstream (black) and current
velocities are shaded from slowest (white) to fastest (purple). a, Horizontal and
vertical trends near acorner of awide terrace (1,900 mdownstreamin Tl near
theborehole) show freshening and cooling water inside the terrace and slowing
currents as the water feels theinfluence of the iceinterface. The greylines
denote the bottom of the terrace. Vertical profiles of ocean-current speed (U),
thermal driving (O - Oy), absolute salinity (S,) and dissolved oxygen (DO)
binned with distance from the ice base show that, although the wateris warm

owing to contamination from the heated freshwater used to drill the
access hole. Before this work, no in situ measurements existed that
could constrain behaviour at the GL. To make these observations, we
drove Icefin along the base of the ice to capture the boundary layer
along flatinterfaces, at an angle towards and then contacting the ice
tomeasure gradientsup to theice, and straightinto vertical sidewalls,
in some cases measuring within about 5 cm of the interface.

0
E 34
[0}
Qo
S %
[}
Qo
Q
o
§ o § g
z AN
12
15 T T T T T T T
0 3 6 1.80 1.95 2.10 344 34.5 4.50 4.56
Uems™) 0-6,(°0) S, (@ kg™) DO (ml )
0
E
8 10
2
o
[}
Qo
[0}
o
C
S
%]
@ )
: T T 1 T T T T
1.80 1.95 2.10 344 34.5 4.50 4.56
Uems™) 0-6,(C) Sa(g kg™ DO (ml ')
0
E
_S 10
2
)
[}
Qo
[0}
o
g
k] A 7
a
T T T T T T
6 1.80 1.95 2.10 344 34.5 4.50 4.56
Uems™) 0-6,(C) Sa(g kg™ DO (ml IFY)

closetotheinterface, the current velocity slowsintheboundary layer, suggesting
breaking fromfrictionat theinterface?.b,c, Asinafor the furthest crevasse
fromthe GL, observed alongboth T1(b) and T2 (c). The panelsontherightare
binned withdistance fromthe top of astepinthe crevasse sidewallalong T1
marked with theuppergrey line. The lower grey line indicates the elevation of
the bottom of the crevassein T1. Starsin b relate to the locationin the left
panel. These panels show warm water with thermal driving of nearly 1.8 °C

(0 -0y reaching the crevasse walls accompanied by very slight freshening and
oxygenincrease thatindicate melting (S, and DO) that would thenrise into the
crevasse.

Throughout the region, thermal driving was about 1.75 °C within
1moftheicebase, providing ample heat to drive melting (Methods).
Generally, the near-ice water column under the TEIS closely fits the
well-defined mixing lines between GMW and a source water mass, and
observationsimply fully developed turbulent mixing®?*” (Methods and
Extended Data Fig. 3), although data nearest the ice reflect increased
melt. Our observations show strong vertical stratification approaching
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Fig.5|Highly variable meltrates are found beneath the TEIS. a,b, Estimates
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Theicesurfaceis coloured by meltrate calculated along each slope (top panels)
from the three-equation parameterization (Methods) under regionally averaged
ocean conditions, demonstrating theincreased melt rate along steep slopes.
Horizontal coloured lines (bottom panels) correspond to the mean melt rates
ineachregion.Forregionsr2inTlandr3inT2,two means are presented,

as conditions were observed to change with heightin the crevasses, in which

flat portions of the ice-oceaninterface containing GMW formed from
melting along neighbouring slopesrising to theice base (Figs. 3and 4).
Ocean currents weaken within 5 m of the ice from a background
speed near 3 cm s (ref. ®) to near zero close to the interface (Fig. 4a).
By contrast, currents increased in crevasses to a measured maximum
of 5.90 cm s™ (Fig. 4b,c).

In the terraces, dissolved oxygen increases with decreasing tem-
perature and salinity, consistent with input from melting ice. Some
of the strongest stratification we observed was in a shallow terrace
formed along the roof of another large terrace, at which the salinity of
theboundary layer was 20 g kg™, or roughly one-third fresher than the
surrounding ocean water. Extremely fresh layers (36-42% freshwater)
inrecesses along terrace roof’s are not fully turbulent, as salinity and
dissolved oxygen exhibit much larger signatures than temperature,
suggesting aregime in which diffusive processes control heat and salt
flux®. The thicknesses of these fresher layers are on the order of tens
of centimetres and probably reflect the transition between the fully
turbulent outer and viscous inner portions of the ice-ocean bound-
ary layer*,

The water closest tothe GLis cooler and fresher than the surround-
ing ocean (excluding freshwater in terrace roofs), with a dissolved
oxygen signature distinct from elsewhere intheregion. These data have
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the water higherin the crevasses was colder and fresher than the water lower in
these features. The lower barindicates the melt rate determined by variable
ocean forcinginthe upper crevasse above the dashed linesin the top panels;
theupperbarrepresentsthe mean meltrate below the dashedlineinthe
crevasses. The means for each of these regions are as follows: T1:r1:3.07 myear™;
r2:16.16 myear™ (below dashes), 9.72 m year™ (above dashes); r3:3.48 myear™;
r4:4.11myear?; T2:r1:1.47 myear™;r2:4.18 myear™;r3:9.12 m year™

(below dashes), 6.82 myear™ (above dashes); r4:5.76 myear™.

ashallower temperature-salinity (7-S) slope 0f 2.05 °C (g kg™ ™ than
the melt mixing line (roughly 2.5 °C (g kg™)™) and decrease in dissolved
oxygenwith freshening (Extended Data Fig. 3). This admixture of fresh,
oxygen-poor water suggests the presence of discharged SGW from
upstream of the GL*. Although no SGW source is observed directly,
bathymetry near the GL along T1suggests arecent subglacial channel
(Fig. 2c), and SGW outflow measured downstream varies over time?,
Estimates of SGW concentration calculated from 7-Sand DO-S prop-
erties indicate maximum values of 7 ml 1™ and 24 ml I, respectively.
The much higher SGW estimate implied from DO-S suggests that the
debris-ladenbasalice prevalent near the GLis also low in oxygen (such
asref. ¥*) and originated as SGW that was accreted in the overdeepened
basin further upstream (Extended Data Fig. 7).

To test theimpact of melting in the region, we calculated melt rates
assuming shear-driven turbulent mixing, according to local-ice base
slope and using current speeds and hydrographic conditions that were
averaged over regions with similar conditions (denoted in Fig. 5). We
compared these to results from three autonomous phase-sensitive
radio echo sounders (ApRES) and the oceanographic mooring at the
borehole (Fig. 5 and Methods). This approach using regionally aver-
aged ocean conditions (Methods) yields average upward melt rates
of 5myear™, but melt in the region is highly variable (Figs. 5 and 6).
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The stratification suppresses melting along flat interfaces, whereas
estimated melt rates along vertical faces approach 30 m year™.

Although stratification suppresses melting upward (moderate verti-
cal melt or thinning), higher lateral turbulent mixing*¢ and destabiliz-
ing rising GMW>*7#8 allows warm water to reach sloped surfaces and
promote melting (high sideways melt; Figs. 5and 6). The scallopedice
surfaces observed only on steep facesis consistent with high sideways
melting (Fig. 3b and Extended Data Fig. 8). Melting is strongest along
the near-vertical walls of crevasses, at which water 1.8 °C above freezing
was observed reaching within1 m of the vertical crevasse wall (Fig. 4b).
Water cools with height in the middle of the crevasses, freshens and
becomes more oxygenated, suggesting a local accumulation of melt-
water exceeding 3 ml 1™ fromthe erosion of the crevasse walls. Currents
were fasterinthe crevasses by up to afactor of two compared with the
background®, with flow speeds reaching about 6 cm s™. These observa-
tionsimply melt rates along the crevasse sidewalls of up to 43 m yearin
onecrevasse at thelocation of these observations (Methods), whereas
melting elsewhere is more suppressed (Fig. 6; ref. %5).

Topographic controls onice-shelf evolution

These results indicate that ice-ocean interactions under the TEIS are
influenced by even small-scale ice topography, which would extend
to other warm-based ice shelves in which low to moderate current
speeds allow high levels of near-ice ocean stratification to persist.
We calculate moderate average upward melting along flat surfaces at
5myear, which matches measured melt rates on similar interfaces
from three long-term ApRES and mooring data®® and are consistent
with the historical estimates from ice-penetrating radar'®. Nearest to
the GL along each survey line, melt rates average 2 m year™ but range
from1to 10 myear™ (Figs. 5 and 6). Our observations show that the
feedback between ice slope and melting is relevant to the entire base
ofice shelves, including near the GL. The varied topography of the ice
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Redcurvesare from Tlandblue curves are from T2.b, Sideways melting along
slopes greater than30° contributes an estimated 27% of the melting under the
TEIS, whereas these slopes account for only 9% of theice base. Upward melting
alonglowslopesis still the most notable source of melting, in which slopesless
than30°accountfor 73% of melting, while representing 91% of the ice.

base at the GL, carved as it flowed over the bed before reaching the
ocean, becomes a broadly distributed network of sloped ice surfaces
along which melting is promoted.

Our observations suggest that melting along sloped iceisanimpor-
tant factor in the total ice loss near the GL of Thwaites Glacier. In the
region surveyed, 27% of the total melting occurs along slopes that
are greater than 30° (Fig. 6). Because crevasses funnel water through
them? atrates that can efficiently transfer heat and salt into the steep
crevasse walls (Fig. 4), these locally high melt rates should widen both
crevasses and basal rifts across the glacier, including the TGT and the
TEIS, and could contribute to increased calving of the glacier®'°. The
rough topography near the GL may enable melting to persist in this
region despite low current speeds. Our work implies that basal melting
of warm-based ice shelves is heterogeneous and exploits ice topogra-
phyinherited frominteractions with the bed and formed by crevassing.
Sucheffects are challenging to observe, not yet captured in models of
GL retreat and probably contribute to the loss of ice elsewhere along
the Antarctic coast.
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Methods

Icefin vehicle
The Icefin vehicle* is a modular, hybrid, remotely operated vehicle
with autonomous capabilities that was designed for use through holes
bored or melted in ice (Extended Data Fig. 1). For this work, Icefin was
fitted with sensors for scientific analysis of the ice—ocean system and
navigation (Extended Data Table 1). Most water-column sensors are
locatedinthe vehicle nose to provide undisturbed water flow. Forward
cameras, lights and sonar provide perception for science and naviga-
tion,and bathymetric sonar maps sea-floor geometry. A high-definition
cameraand Doppler velocity logger (DVL) with acoustic Doppler current
profiler (ADCP) point in the same sense, and altimeter in the opposite
sense, in the navigation module that can be oriented down (sea-floor
facing) or up (ice facing). A rear-facing camera monitors the tether/
tail. Guidance, navigation and control of Icefin allow for geolocated
scientific data through the fusion of an advanced fibre-optic gyroscope
inertialmeasurement unit, compass, DVL, altimeter and pressure sensor
providing low-level motion control and high-level localization. The five
thrusters provide five degrees of freedom movement, control pitch, yaw,
heave and sway without protruding surfaces, and permit hovering. Icefin
israted to 1.5 km depth, weighs 120 kg in air, is 23 cm wide and 4.5 m
long. At the TEIS, Icefin was deployed vertically from an articulating
launch and recovery system, lowered through the borehole by means
of a3.5-km-long 4-mm-diameter Kevlar-reinforced (1,800 Ib breaking
strength; Linden) fibre optic attached to astrength-enforced termina-
tionatthe vehicle, enabling control, communication and dataretrieval.
Icefinwas deployed for five 6-8-h missions during 11-14 January 2020
to map environmental gradients in cross-section extending seaward
from the GL, overlapping surface, airborne and ApRES surveys. The
Icefin dataare grouped into two composite profiles, transect 1(T1) and
transect 2 (T2); T1 consists of missions1(about1.2 kmsouth), 2 (about
1.9 kmsouth) and 3 (about 1 kmnorth) and T2 ismission4 (about1.6 km
southeast). Missions 1-4 were conducted with the navigation module
down and mission 5 with the navigation module up. Multipath in the
clear basal ice reduced vehicle positioning accuracy in mission 5. T2
intersected the GL at 104.780° W, 75.214° S. For missions 1 and 3, the
vehicle conducted survey segments alternating between pitching up
towards the ice and down towards the sea floor at about 20-30° to
acquire hydrographic profiles while making forward progress, similar
tooceangliders.

Post-processing of hydrographic data

Hydrographic data come from three sensors on Icefin: conductivity-
temperature (C-T), pressure (P) and DO sensors. All sensors were fac-
tory calibrated before the fieldwork. C-Tand DO sensors were field
calibrated. Pressure measurements (1 Hz) were interpolated to match
the 5-Hz C-Tdatatoderive hydrographic variables. DO measurements
(1Hz) were notinterpolated.

Data post-processing.

1. Remove background atmospheric pressure,

2. Remove outliers +2 standard deviations from mean for C-Tand DO
(excluding borehole data),

3. Apply three-point weighted mean filter to C-T, Pand DO,

4. Align Cand Tmeasurements with timelag (0 slag produced the best
results),

5. Remove C, Tand DO data for vehicle speeds <5 cms™,

6. Derive hydrographic variables (conservative temperature, absolute
salinity, density and so on) using TEOS-10 (ref. *°),

7. Remove pressure/salinity effects on DO,

Post-processing ocean-current speeds
Ocean-current speeds are derived from the onboard DVL/ADCP, which
calculates the X, Yand Z vehicle velocities (major, minor and vertical

axes) and retrieves water-column velocitiesin 2-mbinsatavariable start
distance from the vehicle. The minimum altitude from aninterface for
current profiling to occur is 10 m; gradients in vehicle pitch, roll, head-
ingand speed dictate the distance of the first bin from the vehicle and
sampling frequency (maximum 5 Hz). We subsample velocitiesto1 Hz.
Water-column X velocities are differenced from the vehicle velocity,
resulting in an uncertainty of <1 cm s™ Vehicle Y and Z velocities are
substantially lower than X, so Yand Zvelocity uncertainties are likewise
lower. Here we only analyse X and Y velocities.
Data post-processing:
1. Remove datainout-of-range bins (for example, below sea floor, above
ice base),
2. Remove spurious data: exactlyO ms™or 32,767 ms™,
3. Remove measurements when vehicle pitch or roll >+/-30°,
4. Convertfrom vehicle reference frame to geographic reference frame,
5. Apply 30 s mean filter,
6. Filter for gradients <1standard deviation from mean vehicle speed,
pitch, roll and individual bin velocity,
7. Collate bins by each up/down vehicle swoop into 1-m vertical bins,
removing data >1standard deviation of the mean for that range.

Post-processing of ice and sea-floor elevations

Ice-base and sea-floor elevations are derived from DVL and altimeter
dataandbathymetricsonar data. The DVL takes into account pitch, roll
and heading when producing ranges and the altimeter and sonar data
are corrected for these attitudes. Bathymetric sonar was processed in
Qimera, in which obvious outliers were filtered or cleaned by hand.

Data post-processing (DVL, altimeter):

1. Remove data >2 standard deviations of the mean gradientininterface
elevation (ice base or sea floor),
2. Manually remove outliers.

After post-processing, 94% of ice-base measurements had horizontal
resolution 26 + 14 cm, with minimum and maximum spacings of 1.4 mm
and 3.38 m, respectively. Ninety-three percent of sea-floor data had
horizontal resolution 29 + 20 cm and minimum and maximum spac-
ings of 2.3 mm and 4.72 m, respectively.

Water-mass partition

We use athree-point endmember partition® to estimate concentrations
of water masses below the shelf, which assumes that hydrographic
properties (0, S, and DO) reflect a mixture of three water masses:

1. Asource water mass (SRC) responsible for driving melt: ©=-0.21°C,

S$,=34.50gkg™,DO=4.48ml 7,
2.GMW from local ice-shelf melt: ©=-92.50°C, S,=0g kg™,

DO =25.20mll7,

3. SGW discharged from upstream beneath the grounded glacier®:
0=-0.34°C,S,=0gkg",DO=161mlI".

This partition uses conservative tracers that only vary as aresult of
aphysical mixture of water masses and mix under fully turbulent con-
ditions*?¥. Subsets of the data not in a fully turbulent mixing regime
are excluded from the partition. These data are easily identified by
double-diffusive characteristics—large changesin S, (and DO) relative
to O thatresult from faster molecular diffusion of heat than salt****.

The source water mass (SRC, red star in Extended Data Fig. 3 and
Fig.4b) isthe warmest, saltiest and most oxygen-depleted pointinthe
T-Sand DO-S space that fits the GMW mixing line on which our data
lie: T-Sand DO-Sslopes of —2.49 °C (gkg )" and 0.60 ml I (gkg™) 7,
respectively. SRC generally resides 10 m below the ice base (outside
crevasses). Warmer, saltier and more oxygen-depleted data (red datain
Extended DataFig. 3) further downin the water column exhibit a differ-
entslopeinthe 7-S(-2.74 °C (g kg™ ™) and DO-S(0.35ml ! (g kg™)™)
space, suggestive of mixing processes not derived from local glacial
modification. Thus, SRC hydrographic properties represent the local
water mass melting the ice shelf, referred to asa composite tracer®. SRC
isaderivative mixture of modified CDW and winter water that resides
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around the depth of the highly variable pycnocline separating these
water masses in Pine Island Bay. Relatively weak inflow of about3 cms™
into our study region and atadistance of about 75 km from Pine Island
Bay®resultsinaventilation period of around one month for SRC. Dur-
ing thistime 0, S, and DO properties could be altered through interac-
tion with the ice base along other sections of the TEIS, consumption
by organisms or mixture with other water masses. We forgo choosing
hydrographic properties for the absolute source water mass to ensure
that the properties used in our three-point water-mass partition are
conservative for local ice-ocean interactions.

The ©®and S, values for GMW consider the latent heat loss associated
with phase change from solid to liquid freshwater. An extrapolation of
the Gade or GMW mixing line** for our datato 0 gkg™ resultsin an
effective temperature of —-86.46 °C. GMW is high in DO because of air
bubbles in meteoric ice that dissolve into solution when melted. An
extrapolation of the DO-S mixing line to 0 g kg™ for our data results
inaDO concentration of 25.20 ml .,

The O and S, values for SGW represent freshwater at the
pressure-depressed freezing point at GL depth of 480 min T2 (Fig. 1c).
We useinsitu DO measurements from Lake Whillans, West Antarctica®
for the SGW endmember, as active subglacial lakes exist upstream of
the TEIS®*™, Thus, we expect that basalice here should carry similarly
lowDO.

Three-equation melt parameterization

Weestimateice-shelfmelt ratesalong T1and T2 using the three-equation
boundary layer (BL) parameterization for heat and salt transfer between
the ocean and ice®, which assumes that shear-driven turbulence con-
trolsice meltas the dominant mechanism conveying heat and salt to the
viscous sublayer (VSL), beyond which molecular diffusion operates®’.
Near-ice ocean-current measurements exhibit shear (Fig. 4a), which
agrees with the physics governing Ekman layers® and is consistent
with shear-driven turbulence.

This assumption does not hold for regions with low current speeds,
atwhich molecular processes and diffusive convectiondictate heat and
salt fluxes at distances greater than the typical VSL***8, order several
millimetres*®. We only observed such conditions in two small regions
along theroofs of two terraces with extremely fresh layers (S = 20 psu)
tens of centimetres thick (Fig. 3b,c) that did not hold fully turbulent
mixinglines and exhibited larger salinity gradients than temperature.
Other near-ice ocean data did not exhibit these thick, fresh layers but
instead gradually cooled and freshened towards the ice throughout the
surveyed area. This density change stabilizes the BL beneath regions
of the ice base, reducing vertical shear-driven turbulent mixing>’.
Therefore, although shear-driven turbulence dominates heatand salt
fluxes, turbulent fluxes are modified by stratification**°. We account
for stratification in our melt rates.

The three-equation BL parameterization is as follows:

Tg=aSg+b+cp, )
Qg B QIT = QIatent 2
Q?) B QlS = Qgresh €)

Equation (1) represents temperature, practical salinity and pres-
sure at the ice-ocean interface, in whicha=-5.73 x102°C (gkg ™7,
b=9.39 x102and c=-7.53 x 1078 °C Paare constants and T is always
at the freezing point. T; and S; are not directly observed and are esti-
mated below.

Equation (2) represents the heat flux balance and equation (3) rep-
resents the salt flux balance, in which Q% isthe ocean salt flux towards
theice, Qs the diffusive salt flux through theice (0 here) and Qp, ., is
the freshwater flux from melting. Qgis the oceansensible heat fluxinto

theice base, Q] is the conductive heat flux through the ice shelf and
Q[ on IS the latent heat removed during melting:

Qi =p,cput,(T- Ty (4)
antent =piLFm' (5)

In equation (4), p,, and T represent the density and temperature,
respectively, of seawater outside the BL/VSL. For seawater,
¢,=3,974) kg™ °C”, thefriction velocity u.is the kinematic stress at the
ice-oceaninterface and the heat transfer coefficient /'; describes tur-
bulent mixing of heat across the BL. The density of ice is p; = 918 kg m™,
L:=3.34 x10°J kg'is latent heat of fusion and m is the ice-shelf melt
rate (m year™), inwhich mis positive for melting. We use the quadratic
stress formula to relate u. to near-ice current speeds®:

u?=CcU? (6)

inwhich C, =2.2 x10?isa dimensionless drag coefficient assumed to
be constant” and Uis the current speed. Without a vertical-ice-column
temperature profile, we vary QlT as 0.12-0.2 of the magnitude ong
(refs. *#62),

QX =p,uls(S~Sp) @)
Q?resh =pim(SB - Sl) (8)

Equations (7) and (8) resemble equations (4) and (5), in which Sis
salinity outside the BL/VSL, Syis theice-oceaninterface salinity and S,
isthesalinity of theice shelf (considered O here). The salt transfer coef-
ficient I'sis much smaller than Iy, owing to slower molecular diffusion
of salt than heat in the VSL®, We consider a range of published values
for;between io and % of I'; (refs. 257%°) and choose the ratio that pro-
duces optimal agreement between melt rates derived by the heat flux
and salt flux equations.

We estimated meltratesin five subregions based onice-base charac-
teristicsand near-ice ocean conditions 7, S and U (Fig. 5). We compiled
integrated probability density functions of the ocean conditionsineach
subregion, then consider the 25th, 50th and 75th percentiles of Tand
Swithin5 moftheicebaseandthe 50th, 75thand 100th percentiles of
Uwithin10 moftheice base for each subregion. We select higher per-
centiles (and therefore speeds) for Ubecause observed ocean currents
increased towards the ice (ref. %%; Fig. 4) before slowing from friction
(ref.?; Fig.4) and because less current data were collected near theice
base. Extended Data Table 2 provides ocean properties entered into
equations (4), (7) and (8). We then consider an array of ten values for the
ice-oceaninterface properties (T;, Sg) by varying Sz from the minimum
observed salinity to the 75th percentile of S for each subregion and
then converted to T using equation (1) for the ice-base mean pressure.

We estimate /7 by dividing the published range of the thermal Stan-
tonnumber (Cf’f; =2.18 x10™* - 1.10 x10~®) from observations beneath
ice shelves®** by C,, yielding I'; =4.60 x 107%-2.35 x 1072, then consider-
ing that [’ ranges between % and 21_5 of 1. We vary I and I from their
minimum to maximum values based on the sine of the ice-base slope,
from 0° to 90°, because slope/roughness of the ice interacts with
stratification to produce variable melting?**#¢*-% and rising buoyant
GMW also destabilizes stratification along steep ice slopes. The equa-
tions by which we calculated this are as follows:

rT = rTmin + (rTmax B rTmin) Sin(p (9)

I-S = I-Smin + (rsmax - rsmin)Sin(p (10)



We compared calculated meltrates to ApRES dataat three locations®®:
Tldistance2,250-2,857 m;region 2: T1distance1,810-1,904 mand T2
distance1,480-1,608 m; and region 3: T1distance 0-960 m. The set of
conditions that produced the best fit to the observed melt rates along
theflat (slope <5°) ice base were the 75th percentile of Tand S, the 100th
percentile of Uand nearly the freshest S; and warmest T, with heat
conduction Qf=0.12Q; and salt transfer coefficient /5=
I;=1.03x107*-5.21 x 10, The best-fit melt-rate estimates are: region
1:3.41 myear versus 3 myear observed; region 2: 4.80 m year™ (T1)
and 4.65 myear™ (T2) versus 5 m year observed; region 3:2.37 myear™
versus 2 m year ' observed.

We compared stratified, shear-driven turbulent estimates to those for
an assumed diffusive-convective melt rate?, considering QlT = 0.12Q5:

0.5(T-Ty

=L e 22 10l g | 22T 1
Lepy| PR\ 73 e Pkt 3 ks an

inwhich k; =1.40 x 107 m?s™ is the molecular diffusion (conduction)
of heat, k,=1.30 x10° m*s™is the molecular diffusion of salt and tis
the amount of time that diffusive convection has driven melting. For
t=1h,thediffusive-convective melt rate gives 2.26 m year ™ for region
1,2.35myear™ for region 2 and 2.06 m year™ for region 3. At t =1 day,
the melt rate decreases to 0.46 m year™ for region 1, 0.48 myear™ for
region2and 0.42 m year for region 3. At ¢ =1 week, the melt estimate
decreases to 0.17 m year™ for region 1, 0.18 m year™ for region 2 and
0.16 myear™ for region 3. Although diffusive convection melt rates
initially resemble those observed, they abate to <10% of the observa-
tions withinaweek as the BLgrows. The ApRES meltrate time series do
not exhibit this decrease, showing that, although stratification inhibits
turbulence, current shear still determines the melt rate along flat and
low-sloped regions of the survey area.

Tuning the melt rate uniformly over the survey region overestimates
melt along portions of the ice base that are in diffusive regimes and
possibly in the unmapped tops of crevasses; however, this is a small
fraction of the region surveyed. Ocean properties will cool/freshen
with heightinthe crevasses and current speeds may change compared
with the lower 10% surveyed (ref. %%; Fig. 4). This approach however
underestimates meltrates along steep ice slopes below the upper cre-
vasse sections, because low S (22.14 psu) and therefore high T reduces
assumed thermal forcing (T - T;): the ApRES at the borehole measured
lateral melt rates of 70 m year™ on the terrace wall (mean slope 79°) at
1,800 m along T1, compared with 26.35 m year™ estimated. Changing
to asalinity of 34.28 psu (75th percentile for T1 subregion 3) obtains a
melt rate of 45.97 m year™, closer to observed.

We also compared shear-driven melt rates to those from a
buoyancy-driven turbulent melt-rate parameterization®:

m=7.8(T- Tf)1-34sin§<p (12)
inwhich g istheice slope and T - T;is thermal driving outside the BL/
VSL. For slope ¢ =79°,5=34.28 psu and T=-0.34 °C (75th percentile
for T1 subregion 3), the buoyancy-driven melt-rate estimate is
18.43 myear™, considerably lower than that observed and 45.97 myear™
estimated from shear-driven turbulence, and does not account for
QlT = O.IZQZ). Ocean conditions at the opposing crevasse wall are warmer
(-0.33t0 -0.28 °C) and saltier (34.26-34.27 psu) than what we use to
estimate melton the terrace wall, suggesting that conditions are warmer
near the ice or vertical velocities increase turbulence, increasing
melt.

Statistics

All statistics were performed in MATLAB. The above sections provide
the details of these statistical analyses, with the underlying mean and
standard deviation functions being native to MATLAB.
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lcefin

Forward Module

Extended DataFig.1| Thelcefin vehicleisamodularunderwater vehicle
designed to deploy throughboreholesintheice (diagram produced using
SolidWorks). The vehicle consists of a total of seven modules: forward science
including oceanographicsensors (CTD, DO), forward-looking sonar, cameras
and lighting; forward directional thrusters; customizable science payload,
shown here as configured for the Thwaites missions with abathymetric sonar;

Science Module

Navigation Module

electronics module; aft science and navigation module with DVL/ADCP,
altimeter, high-definition camera and light; aft directional thruster; and rear
thruster withrear camera. The fibre-optic tether mounts to a bridle at the tail of
thevehicleand connects through the rear bulkhead of the electronics module,
deliveringlive datafeeds to the surface.
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Extended DataFig.2|Salinity and dissolved oxygen generally track with
temperature near theretreating GL of the TEIS. a, Asin Fig. 1, image of the
TEIS, with historical GL positionsin coloured lines showing notable retreat
over the past two decades (QGIS map: Landsat 8,15 m pixel™, band 8 image
LCO8_L1GT_003113_20200131_20200211_01_T2_B8, 31)January 2020; thered
box denotes the study region); inset denotes the geographiclocation of the
TEISinrelationto Antarctica. b-g, Hydrography of the ocean under theice
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shows that absolute salinity (d,e) and dissolved oxygen (f,g) track with
temperature (Fig.1b,c) under the TEIS. The insetinb provides afocused view
ofthe study region: the yellow circle denotes the location of the hot-water-
drilledaccess hole, theredlinerepresents T1(5-10° oblique to the flow direction
ofthe glacier) and the blue line represents T2 (50° oblique to flow). Triangles in
b-gmark historic GL locations estimated from satellite data' (white, 2011;
blue, 2016-2017) and shown by the Icefin bathymetric sonar data (yellow).
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Fig.2 atdistances greater than10 m from the ice base. This water does not
interact with theice baseinthesurveyed region. Heavy lines show linear mixing
lines between the source water mass responsible for melting theice baselocally
(red star) and a pure mixture of GMW or SGW under fully turbulent mixing

conditions****2, These may not fully describe sheltered environments along
43,44

Extended DataFig. 3 |Salinity, temperature and dissolved oxygen profiles
show signatures of melting and mixing below the TEIS. 7-S (a) and DO-S (b)
diagrams compare hydrographic datafrom Tland T2. Dataare colourized after
the datashowninFigs.3 and 4 (with distance along track and for which blue
colours denote extremely fresh section) and stars denote locations also called
outwithstarsinFigs.3and 4. Thewarm, salty and oxygen-poor datainredare terraceroofs, in which diffusive processes may dominate
notshowninFigs.3 or 4 but come from the outermost data from Extended Data




Extended DataFig.4|The bathymetry near the GL of the TEIS along the
T2surveyischaracterized by ridged bedforms of varying wavelengths.

a, Sonar-derived bathymetry from nearest the GL, coloured by depth, showing
examples of linear ridges (after Fig. 2, bathymetry and profiles produced with
Qimeraand projected in QGIS). White lines denote the position of profiles
foundincandd.b, Forward-looking sonar shows that the ice-shelf basal
topography near the GL (after Fig. 2) is characterized by similar ridges, having

20

25
Distance (m)

D\sztgnce\‘m‘r
anapproximately 2.5 mridge-crest spacing and sloped faces. Forward-looking
sonaris projectedin Oculus ViewPoint. c,d, Linear profiles of thebed topography
acrosstheregionshow evidence for ridges with approximately 1-m, 2-2.5-m
and 5-mwavelengths. These datashow that the shape of theice surface at the
GLisinherited fromscraping over the bedforms and is later modified into
terraces.
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details of tworegions of the survey. Red (b) and white (c) lines denote the
position of profiles foundind and e. d,e, Linear profiles of the bed topography
showing that small-scale ridges formed across larger, longer-wavelength
topography.f,g, Nearest the GL,1-m, 5-m and 10-m wavelength along-flow

ridgesare observed.

Extended DataFig.5|Ridged bedforms with pronounced ridge-crest
amplitudes are found along the T1survey. a, Sonar-derived bathymetry from
theboreholetothe nearestapproachmade to the GL, coloured by depth (after
Fig.2,bathymetry and profiles produced with Qimeraand projected in QGIS),
inwhich boxes denote the sectionsshowninbandc.b,c, Close-up views showing
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Extended DataFig. 6 | Sea-floor topography suggests past dynamics
influencing the retreat of Thwaites Glacier. a, Sonar-derived bathymetry
fromtheboreholeto the nearest approachmade to the GL, coloured by depth,
with callouts for panels b and c (after Fig. 2, bathymetry and profiles produced
with Qimeraand projected in QGIS). b,c, Close-up views showing details of two
regions of the survey, after Fig. 2. Red and white lines indicate the position of
profilesfoundind-g.d,e, Linear profiles of acrosscutting approximately
3-m-tall sinuousridge are consistent with a past grounding event allowing
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enhanced sedimentdepositionin this area. Thisis the only such featureinthe
survey data.f,g, Linear profiles across a possible former subglacial channel
neartheGL.Inf,a5-m-deep U-shaped troughinthe sedimentbegins parallel to
iceflowbutthen cuts perpendiculartoice flowacrosslineated bed features
and then turns sharply, which could be consistent with a channelincised by
subglacial outflow into the sediment.Ing, the upstream extent of the trough s
less conspicuous, suggesting either modification as the ice ungrounded or that
the SGW was not routed discretely through this area.
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Extended DataFig.7|Bed elevation and ice speed for the TEISshowa
changing systemsusceptible to GLretreat. a, Colourized bed elevation
from BedMachine v3 (ref. ®*) for the TEIS is overlaid on aLandsat 8 image with
the historical GL positions (coloured lines/zones after ref. ' are identical to
Fig.1laand Extended DataFig. 2a, inwhich greenis 2000, whiteis2011and
blue is 2016-2017). QGIS map: Landsat 8,15 m pixel™, band 8image LCO8_L1

ice velocity (m yr-1)

GT_003113_20200131_20200211_01_T2_B8, 31January 2020; the red box
denotes the study region. Note that the regions upstream of the present GL
aregrounded more than 800 mbelow sealevel. b, Asin a except coloured by
the average 2019 seaward ice-flow speeds for this region from the 120 m pixel™
ITS_LIVE remote-sensing product®. Note that the flow speeds increase as the
icecrossesthe GLand decrease near the pinning point.



Extended DataFig. 8| Topography of terraces under the TEIS demonstrates
strongly asymmetric melting and melt processes. a-d, Images of aterrace
upstream ofthe borehole along T1show asteep, curved sidewall (a), flat roof (b),
sharp transition from the wallto the flat base (c) and close-up of scallopsin the
wallshow differences between modes of melting upward along the roof and

base with sideways turbulent melting along the sidewall. Upward-looking views
ofthe base (e) and sidewall (f) of another terrace downstream of the borehole
show similar features. Small terraces near the GL along T1show theinitiation

of scallops along smaller featuresinthebasalice (g), in whichasymmetricice
meltingis clear from the shape and streams of particulates (h,i).
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Extended Data Table 1| The Icefin vehicle carried 11 science sensors for hydrography and ice and sea-floor measurements
during the Thwaites Glacier missions

Icefin Sensors Parameter(s) Measured Range (Precision)

Valeport UltraP Pressure 0 - 3000 dbar

Neil Brown CT Sensor Conductivity, Temperature -5°C - 30°C, 0 — 250 mS/cm
\(Jgseﬁ;ivantech RINKO-FT Optical dissolved oxygen 0 to 425 pmol L-1, -3 t0 45 °C

Single beam range, upward
(downward) altimetry 120 m, (1mm)

doppler range, vehicle velocity,
current speed

Multibeam forward looking
sonar (FLS)

Impact Subsea ISA500 Altimeter

Linkquest 600 Micro DVL-ADCP Range: 80+ m

Oculus MD750d FLS 120 m

Nano SeaCam (3) & Nano
Sealites (3)

DeepSea Power & Light HD Multi
SeaCam & light

Forward (2) & aft (1) video Standard definition

Downward (Up) looking video  High Definition

Multibeam Bathymetric &

Norbit WBMS-Bathy sidescan sonar

275 m (~cm, varies w/frequency)

Alltemperature, salinity and oxygen data were gathered by sensors in the vehicle forward module (Extended Data Fig. 1). Forward-looking sonar was used to drive the vehicle, providing 100m
forward perception that was used for risk avoidance, mission proximity operations and characterizing ice and sea floor. Forward and up/down cameras and lights characterized the ice base and
sea floor when in close proximity. Icefin’s upward (or downward) altimeter and downward (or upward) DVL data (Extended Data Fig. 1) provide along-track ice and sea-floor elevation (Figs. 1-4).
In addition to cross comparing with the onboard sensors, Icefin CT profile data from the ice base to the sea floor at the TEIS borehole were compared with CT profile data obtained by a Sea-Bird
SBE 49 CTD profiler at the same location taken just before the Icefin dive. These comparisons derive offsets/root-mean-square residuals of C: 0.2862mScm™/0.0031mScm™ and

T: 0.0236°C/0.0026°C. The fact that these residuals are lower than the manufacturer-stated accuracies gives confidence in the quality of data post-application.



Extended Data Table 2 | Regionally averaged ocean properties were used to estimate melt rates along T1and T2

T1
r4 r3 r1
Distance (m) 2250 — 2857 1850 — 2250 960 — 1850 0-960
below above

T (°C)

range: -0.77 --0.43 -0.57 --0.43 -0.44 --0.34 -0.48 —-0.46 -0.64 —-0.53
best fit: -0.43 -0.43 -0.34 -0.46 -0.53

S (psu)

range: 34.09 -34.21 34.14 -34.21 34.25-34.28 34.23-34.24 34.14 -34.19
best fit: 34.21 34.21 34.28 34.24 34.19

U (cms™)

range: 2.60 — 3.40* 2.60 —3.40 1.00-5.80 1.00 - 5.80* 0.50-245
best fit: 3.40 3.40 5.90 5.90* 2.45

Tz (°C)

range: -2.25--1.45 -2.25--1.45 -2.26—--1.45 -2.26 —--1.45 -2.25--1.45
best fit: -1.56 -1.56 -1.56 -1.56 -1.56
Sg (psu)

range: 20.12-34.21 | 20.12-34.21 20.12-34.28 20.12-34.24 20.12-34.19
best fit: 22.12 22.13 22.14 22.14 22.13

T2
r4 r2 r1
Distance (m) 1380 — 1608 450 — 1380 260 - 450 0-260
below above

T (°C)

range: -0.39--0.35 -0.41--0.24 -0.46 —-0.45 -0.58 —-0.52 -1.45--1.09
best fit: -0.45 -0.42 -0.48 -0.59 -1.46

S (psu)

range: 34.22-34.24 | 3423-3429 34.19-34.20 34.15-34.18 33.78 - 33.93
best fit: 34.24 34.29 34.20 34.18 33.93

U (cms™)

range: 1.00 —4.90* 1.00-4.90 1.00 — 4.90* 0.90-3.20 1.10-2.85
best fit: 4.90 4.90 4.90* 3.20 2.85

Ts (°C)

range: -2.25--1.45 -2.25--1.45 -2.25--145 -2.24 —-1.45 -2.23--1.45
best fit: -1.56 -1.56 -1.56 -1.55 -1.55
Sg (psu)

range: 20.22-34.24 | 2012-34.29 20.12-34.20 20.12-34.18 20.12-33.93
best fit: 22.14 22.14 22.13 22.13 22.08

These values were chosen by grouping together under-ice data in which the ocean regime was relatively consistent over hundreds of metres, and then entered into equations (4), (7) and (8)
along with each local ice elevation and slope to produce melt-rate estimates. Asterisks indicate areas for which ADCP data were unavailable and thus data collected in another subregion
nearby were implemented owing to data paucity. They are as follows: T1(r4) values taken from T1(r3), T1(r2, above dashes) values taken from T1(r2, below dashes, that is, in the same crevasse),
T2 (r4) values taken from T2 (r3, below dashes) and T2 (r3, above dashes) values taken from T2 (r3, below dashes, that is, in the same crevasse).
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