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Abstract

The shape of ice-shelf cavities are a major source of uncertainty in understanding ice-
ocean interaction and limit our assessment of the response of the Antarctic ice sheets to
climate change. Here we use seismic reflection vibroseis data to map, with unprecedented
detail, the bathymetry beneath the Ekstrom Ice Shelf, Dronning Maud Land. The new
bathymetry reveals an inland-sloping trough, reaching depths of 1100 m near the cur-
rent grounding line, which we attribute to a palaeo-ice stream. The trough does not cross-
cut the continental shelf. Conductivity-temperature-depth profiles within the ice-shelf
cavity reveal the presence of cold water at shallower depths with clear tidal mixing at
the ice-shelf margins. It is unknown if warm water is present in the trough, although it
has been observed in a similar trough under a neighbouring ice shelf. These similarities
suggest this bathymetry is characteristic of Dronning Maud Land ice shelves.

Plain Language Summary

Antarctica is surrounded by floating ice shelves, which play a crucial role in reg-
ulating the flow of ice from the continent into the oceans. The ice shelves are suscepti-
ble to melting from warm ocean waters beneath them. In order to better understand the
melting, knowledge of the shape and depth of the ocean cavity beneath the ice shelves
is crucial. In this study we present new measurements of the sea floor depth beneath Ek-
strom Ice Shelf in East Antarctica. The measurements reveal a much deeper sea floor
than previously known. We discuss the implications of this for oceanic access to the base
of the ice shelf and discuss how the observed sea-floor features could have been formed
by historical ice flow. Although Ekstrom Ice Shelf is relatively small, the deep sea floor
found here is thought to be representative of many small ice shelves in this region, which
together regulate the ice loss from a large area of East Antarctica.

1 Introduction

Ice shelves surrounding Antarctica act as buttresses, restraining ice discharge from
the continent into the oceans and therefore regulating Antarctic contributions to sea-
level rise (Dupont & Alley, 2005). Mass loss from Antarctica has been accelerating over
the past 20 years (IPCC, 2019), driven by increased basal melting of ice shelves (Paolo
et al., 2015; Pritchard et al., 2012). Accurate knowledge of the bathymetry of the ice-
shelf cavity is essential for understanding processes active at the ice-shelf ocean inter-
face. Recent studies have highlighted a lack of sub-shelf bathymetry as a “major lim-
itation” (Pattyn et al., 2017) for future projections of Antarctic mass balance and a “lead-
ing factor” (Goldberg et al., 2019) in model and data disagreement. Improved bathy-
metric mapping allows determination of water access pathway and calculation of spa-
tially and temporally variable melt rates (e.g. Tinto et al. (2019); Cochran et al. (2014);
Milillo et al. (2019)). In addition, sub-ice shelf bathymetry also provides information about
ice-dynamic history of the region. Understanding the past ice dynamics and implement-
ing an accurate bathymetry in ice-flow and oceanographic models will lead to improved
projections of the evolution of the ice-sheet.

The coast of Dronning Maud Land (DML), East Antarctica (Fig.1) is fringed by
many small ice shelves. In this area satellite-derived melt rates are typically low (Rignot
et al., 2013). The continental shelf in this area is narrow, meaning the ice shelves in the
region are in close proximity to Warm Deep Water (WDW) masses (Nogst et al., 2011),
making this a potentially sensitive region to future change (Heywood et al., 1994; Hat-
termann, 2018; Thompson et al., 2018). In addition, the ice shelf-ocean interactions along
the DML coast play an important role in preconditioning the structure and water-mass
properties of the westward flowing boundary current (Hattermann, 2018; Fahrbach et
al., 1994). This current is a key control on warm-water inflow toward the Filchner Ronne
Ice Shelf (Hellmer et al., 2017; Timmermann & Hellmer, 2013) and takes part in bot-
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tom water formation in the Southern Weddell Sea (Meredith et al., 2011; Meijers et al.,
2016).

The Ekstrom Ice Shelf (Fig.1) is one such ice shelf, covering an area of approximately
6800 km? (Neckel et al., 2012). It is laterally constrained by the grounded ice rises of
Sgrasen to the west and Halvfarryggen in the east (Fig. 1). The present ice-shelf front
is less than 20 km from the continental shelf break. Until now, little was known about
the bottom topography of the ice shelf cavity. A number of seismic reflection measure-
ments by Kobarg (1988), suggest the southward deepening of the seafloor with a max-
imum water column thickness of 500 m under the center of the ice shelf. However, this
dataset was not archived and a map of the cavity is currently lacking. The satellite de-
rived average basal melt rate for the Ekstrom Ice Shelf is 1.1 m (S. Berger, personal com-
munication, 2019 - method of Berger et al. (2017)). This value is slightly larger than the
rates measured under the neighbouring Nivl (Lindbéck et al., 2019) and Fimbul (Hattermann
et al., 2014) ice shelves. There is indication that a significant amount of super-cooled wa-
ter is produced in the Ekstrom Ice Shelf cavity, which interacts vigorously with the wa-
ters in the adjacent Atka Bay, forming large amounts of platelet ice beneath the land-
fast sea ice there (Hoppmann et al., 2015). Under the neighbouring Fimbul ice shelf, a
previously unknown deep trough within the sub-shelf cavity was discovered (Ngst, 2004)
and confirmed to contain modified WDW (Hattermann et al., 2012, 2014), highlighting
the need for accurate bathymetry measurements in these regions.

Access to the sub-shelf cavity has previously been challenging with radar systems,
because of difficulties in penetrating through the water column. Similarly, sub-shelf cav-
ities have rarely been explored with AUVs (autonomous underwater vehicles) because
they require ship support for deployment (e.g. Nicholls et al. (2006)). Here, we present
a new detailed map of the ice-shelf cavity and sea-floor bathymetry beneath the Ekstrom
ice shelf. We use an extensive grid of new and existing seismic reflection data. These data
were collect from the ice-shelf surface, using a specialised vibroseis seismic source and
snow streamer system (Eisen et al., 2015). We integrate the bathymetric mapping with
conductivity-temperature-depth (CTD) data acquired through hot-water-drilled bore-
holes in the ice shelf and under sea ice in Atka Bay. The combined observations are used
to identify the primary implications of this new bathymetry for ice-ocean interaction and
the ice-dynamic history in the region.
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Figure 1. a) Location of Dronning Maud Land within Antarctica b) Area highlighted in (a)
with location of Ekstrom ice shelf indicated and c¢) Ekstrom ice shelf with seismic survey data
and boreholes shown. In all figures the ice shelf is shown in grey and grounded ice in white. In
(c) The ocean background is the international bathymetric chart of the Southern Ocean (IBCSO)
(Arndt et al., 2013), with the 1000 m below sea level contour shown as a dashed line. The bore-
hole names are shorted for display purposes, for example ‘4’ refers to borehole ‘EIS-4’ and ‘AB’

to ‘Atka Bay’. The location of the seismic line Fig. 2 is X- X’ .
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2 Data and Methods
2.1 Seismic Data Acquisition

The seismic data used to map the bathymetry of the sea floor beneath the ice shelf
were collected between 2010 and 2018, using two different seismic vibroseis sources. The
same snow streamer was used for all data acquisition and was 1500 m long, containing
60 channels, with a 25 m group spacing. Each group contains eight gimballed P-wave
SM-4, 14 Hz geophones. For all data collection the vibroseis source was towed behind
a snow tractor with the snow streamer towed behind that. At each shot point several
vibroseis sweeps were made, to allow shot stacking for increased signal-to-noise ratio. This
method of operation allowed for high data acquisition rates of around 20 km per day for
6-10 fold data. A more detailed explanation of both these seismic sources, the snow streamer
and the operational method is given by Eisen et al. (2015).

The main grid of data, at the ice shelf front, was collected during the 2016/17 and
2017/18 austral summers (Fig.1, green) as part of the Sub-EIS-Obs project (Kuhn & Gaedicke,
2015), using the AWI IVI EnviroVibe source, producing a 10 second linear sweep from
10-220 Hz. These data are high fold (6-15) with the exception of the two lines the north
western corner of the grid and are single fold. It was not possible to extend data collec-
tion further to the west due to surface crevassing. The seismic lines extending across the
grounding line to the east and south were collected in 2014 (Fig.1, red), using the same
acquisition configuration, and are single fold. Three older lines from 2010 and 2011 over-
lap the main grid (Fig.1, yellow) and were acquired using the University of Bergen Fail-
ing Y-1100 vibroseis source (Kristoffersen et al., 2014), with a 10 second sweep from 10-
100 Hz; fold varies between 1 and 8.

All seismic data were processed for this study, to ensure consistent treatment of
data from different surveys (Supporting Information S1). The resulting seismic time-stacked
sections all have clear ice base and the sea floor reflections (Fig. 2). The travel-time of
these reflections were hand-picked on each section.

N
W
o

ice base
sea floor

v
(=]
=]

Two-way time (ms)

Figure 2. Example of a seismic time-stacked section. Location of section is marked X-X’ on
Fig. 1, AWI line number 20170561. Reflections from the ice base and sea floor are clearly visi-
ble and the travel-time to them can be easily picked. The section is vertically exaggerated by a
factor of 10
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2.2 Depth Conversion and Gridding of Seismic Data

The hand-picked travel times from all seismic lines were used to create grids of the
travel-time to the ice base and sea floor, using a krigging algorithm. Any mis-ties be-
tween picks, in areas where seismic lines overlap, were handled by assigning priority to
the higher resolution surveys. Each grid was then depth converted using a seismic ve-
locity 3601 ms~! for ice and 1451 ms~*! for the water column. The final step was to cor-
rect the depth of each grid for the ice surface elevation, using the REMA digital eleva-
tion model v1.1 (Howat et al., 2019), which was re-referenced to the GL04C geoid (Forste
et al., 2008).

The seismic velocity used for depth conversion of the ice was derived from the av-
erage stacking velocity Viiaer, determined during velocity analysis (Supporting Informa-
tion S1). The value of Viiqcr can be assumed to equal the interval velocity (V) for ice,
as it is a quasi-homogenous layer and the reflection is from a near-horizontal surface (base
of the ice shelf). The depth-averaged seismic velocity value for the water column was de-
termined using CTD profiles (see Section 2.4) taken through the hot-water drilled bore-
holes. The TEOS-10 Matlab toolbox (IOC et al., 2010; McDougall & Barker, 2011) was
used to make the calculation. The resulting value is comparable to values determined
from CTD data under other Antarctic ice shelves (Ngst, 2004; Brisbourne et al., 2014;
Rosier et al., 2018).

2.3 Uncertainties in Bathymetry

Uncertainties in the sea-floor depth come from four main sources: (i) accuracy of
the horizon picking, (ii) velocities used for depth conversion of these horizons, (iii) er-
rors in the REMA DEM used for surface elevation corrections and (iv) depth errors from
unmigrated data. A detailed analysis of these individual error sources was made (Sup-
porting information S2), resulting in cumulative error at the sea floor of + 14.8 m in the
main data grid and + 34.4 in the areas of the 2014 seismic lines, which extend from the
main grid towards the grounding lines (Fig. 1).

It was possible to measure the ice thickness and sea-floor depth at the five bore-
hole locations (Fig. 1) on the ice shelf, both during drilling and also subsequently with
camera equipment and coring devices deployed through the boreholes to the sea floor.
These measurements confirmed the seismic determined ice thickness was within + 5 m
of the measured thickness and the sea floor to within + 10 - 20 m. This validates our
error estimates, as the latter range also includes bending of the sampling rope by tidal
currents.

2.4 CTD Data

During the 2018/19 austral summer, hot-water-drilled boreholes were made at five
locations on the ice shelf. An RBR Concerto conductivity-temperature-depth (CTD) sen-
sor was repeatedly lowered through each borehole and through a sea-ice lead in Atka Bay
(Fig. 1). The CTD sensor recorded water mass properties at a frequency of 1 Hz. These
data were used to calculate seismic velocities for depth conversion of the sea-floor seis-
mic reflection (see Section 2.2) and to determine the source of water masses present be-
neath the ice shelf and sea ice.

CTD data were processed using the RBR Ruskin software, which was used to ex-
port pressure, in-situ temperature and practical salinity data based on the sensor cal-
ibration that was obtained in October 2018 before the field season. Afterwards, the CTD
profiles were split into individual down casts and up casts at each location and all data
were inspected manually. Profiles showing obvious sensor drift and noise, as is often re-
lated to temporary accretion of ice crystals inside the conductivity cell in these environ-
ments, were discarded. The remaining data showed a plausible water mass distribution



181 beneath the ice shelf, but since no post calibration of the sensor after the field season
182 was available, a larger nominal uncertainty is assumed for the obtained in situ temper-
183 ature (0.01°C) and practical salinity (0.03) values.
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3 Results and Discussion

The new bathymetry (Fig. 3a) is independent of any previously available products
of ice thickness or water depth. Here, we compare the new bathymetry to Bedmap2 (Fretwell
et al., 2013) bed topography (Fig. 3b), which is the baseline dataset for the large ma-
jority of modelling studies. We highlight the differences to emphasise the need for ded-
icated measurements of sub-ice shelf bathymetry. The new data reveals significant, pre-
viously unknown, bathymetry beneath the Ekstrém Ice Shelf.

The Bedmap2 topography under Ekstrom Ice Shelf is relatively uniform, deepen-
ing towards the grounding line (Fig. 3b). Looking at cross sections through the region
(Fig. 3c) it is clear that this bathymetry is not realistic, given that it is largely follow-
ing the ice shelf base. However, this is unsurprising given the lack of previously avail-
able data (Fretwell et al., 2013) and similar mismatches have been document for other
ice shelves in this sector (e.g. Ngst (2004); Favier et al. (2016)).

Beneath the main grid of our data (Fig. 3a) we find a bathymetric trough under
the central part of the ice shelf, which appears aligned with the ice-flow direction. In this
area the trough is 30 km wide and reaches depths of up to 800 m below sea level (Figs.
3a and 3¢, C-C’). It is flanked by shallower plateaus to the sides, at around 450-500 m
depth (Figs. 3a and 3¢, C-C’ and D-D’) and shallows to around 300 m depth at the marginal
grounding lines joining the ice shelf to the ice rise of Halvfarryggen (Figs. 3a and 3¢, B-
B’). The shallowing topography seen in the west of the grid, suggests that the cavity shape
seen in the east is mirrored to the western grounding line at Sgrasen. The sea floor di-
rectly in front of the ice shelf is at 450 m depth, a similar depth to the plateau flank-
ing the trough. A basin-like depression, around 570 m deep, is seen on the eastern plateau,
to the south of Neumayer station. A profile from in front of the ice-shelf edge to the cur-
rent grounding line, following the trough under the main grid and the single seismic line
connecting the south of the grid to the grounding line, indicates an inland sloping sea
floor (Figs. 3a and 3c, A-A’), reaching a maximum depth of 1100 m around 10 km down-
stream of the current grounding line.
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Figure 3. a) Gridded sea-floor bathymetry beneath the Ekstrom Ice Shelf, derived from seis-
mic measurements (this study), bathymetry seawards of the ice-shelf edge is from the IBCSO
(Arndt et al., 2013) mapping project and is cut to area where measurements are present. White
contours are at 50 m intervals. Grey dashed lines show the seismic data locations, with the cross
sections show in (c) indicated by black dashed lines. Blue points indicate the location of hot wa-
ter drilled boreholes as in Fig. 1. b) As in (a) but with sub-ice shelf bathymetry from Bedmap2
(Fretwell et al., 2013) co-located with seismic bathymetry. ¢) Cross sections of the ice-shelf cavity
and sea floor beneath and in front of Ekstrém Ice Shelf. Ice flow direction is indicated by arrows
and cross-hairs. Sea-floor bathymetry (brown) is from the seismic grid merged with IBSCO, sea-
ward of the ice-shelf edge. The ice shelf (grey) is derived from gridded seismic data at the ice
base and REMA surface elevation. Solid black out-lines are areas where data is present, dashed
lines in A-A’” and D-D’ are data gaps. The oceamyis shown in blue. Bedmap?2 elevations are show

as brown dashed lines for comparison. All data is referenced to the GL04C geoid
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3.1 Ice-Ocean Interaction

The newly mapped ice shelf cavity has implications for how the ocean may affect
ice-shelf and grounded ice in the Ekstrom region. The largest potential source of ocean
heat, available for ice shelf melting, is provided by the WDW that circulates as part of
the Antarctic Slope Front along the continental slope (Heywood et al., 1994). Prevail-
ing easterly winds suppress the WDW several hundred meters below sea level in this ‘fresh
shelf’ region (Thompson et al., 2018). The deeper trough beneath the central part of the
ice shelf does not cross-cut the continental shelf. This means WDW access to the cav-
ity is limited, explaining the relatively low basal melt rates. This is confirmed by the CTD
profiles taken within the cavity (Fig 4), which show relatively cold water with maximum
in-situ temperatures close to the surface freezing point (-1.9 °C) and maximum practi-
cal salinity around 34.4, which is the characteristic signature of the Eastern Shelf Wa-
ter (ESW) that resides above the WDW in this region (Fig. 4). The deeper trough, how-
ever, constitutes a conduit along which denser open-ocean water, could enter the cav-
ity and reach the deeper grounding line (Fig. 3c, A-A’). In particular, if WDW enters
the cavity over the shelf break, the several hundred meters of water column thickness
will allow for three-dimensional overturning circulation. In this scenario, near-bottom
inflows of WDW can propagate towards the grounding line, undiluted by colder buoy-
ant outflows that are observed to exit the cavity at shallower depths along the ice shelf
base (Fig. 4a).

Intermittent warmer inflows have been observed beneath the neighbouring Fim-
bul Ice Shelf (Hattermann et al., 2012). We do not find these inflows in the temporal snap-
shots of our CTD profiles under Ekstrom, that were taken over the shallower slopes in
the northern part of the cavity. It is, however, likely that a slightly warmer bottom layer,
similar to what was observed at the deepest site beneath the Fimbul Ice Shelf (Fig. 2b
in Hattermann et al. (2012)), fills the southern parts of the trough beneath the Ekstrom
Ice Shelf. Comprising only mediocre local maxima at the depth of the present ground-
ing line position, the emergent bathymetry along the central cross section (Fig. 3¢, A-
A’) therefore renders the ice shelf vulnerable to any changes in the slope front config-
uration, that may bring WDW above the depth of the shelf break. This has been sug-
gested as a response to future climate change in this region (Hellmer et al., 2017; Hat-
termann, 2018).

Furthermore, our observed seafloor bathymetry suggests a separation of different
circulation regimes beneath the ice shelf. While the central part of the cavity seems to
be dominated by the trough system; the eastern portion of the ice shelf, adjacent to Atka
Bay, comprises a zone of relatively thin water column (Figs. 3a and 3c, C-C’) that is likely
subjected to intense tidal mixing. The interaction of tides with buoyant outflows, ris-
ing along the eastern flank of the ice shelf in this region, may be responsible for the vig-
orous accretion of marine ice that is being observed beneath the fast ice in Atka Bay.
Hoppmann et al. (2015) found that platelet ice crystals leave the ice shelf cavity in in-
termittent pulses, that may be linked to tides. The temperature profiles from the EIS-
4 site confirm the existence of a tidally mixed zone in this region. The EIS-4b profile shows
a similar vertical gradient in temperature to the profiles obtained in the deeper part of
the cavity. However, the EIS-4i profile, taken around 11 hours later than EIS-4b, at the
same location, has a much more homogeneous vertical temperature structure. Accord-
ing to the CATS regional tidal model (Padman et al., 2008), a tidal cycle of ~1 m am-
plitude passed the EIS-4 borehole location between the two measurements. This is ap-
proximately twice as large as the tidal cycle that passed the borehole 12 hours prior to
the first measurement (EIS-4b). Similar tidal flushing events that mix the entire water
column may be responsible for mixing larger volumes of potentially super-cooled ice shelf
water in shallower depths, where they contribute with platelet ice formation to the fast
ice morphology in Atka Bay.

—10—
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3.2 Ice-Dynamic History

The sea floor bathymetry under Ekstrém Ice Shelf enhances our understanding of
past ice extent and retreat in this region. The deepened trough under the centre of the
Ekstrom Ice Shelf is interpreted as a relict landscape formed through erosion by former
ice streams. Under the main grid it is 300-400 m deeper than the surrounding sea-floor
plateau (Fig. 3a). Due to a ~10 km data gap, it is not certain how the trough shallows
between the end of the seismic grid and the IBCSO sea-floor data at the ice-shelf front.
However, at the ice-shelf front the sea floor is at the same depth as the plateau under
the ice shelf (450 m) and the trough does not cross-cut the continental shelf. This could
indicate ice flow in this trough slowed in the area of the current ice-shelf front, with the
topographic high of the continental shelf acting as a former grounding line position.

Sediment core records in this area are sparse and are not conclusive as to whether
grounded ice covered the entire continental shelf, as far as the continental slope (approx-
imately the 1000 m contour in Fig. 1), during the Last Glacial Maximum (LGM: 23 -

19 ka BP). It is clear that ice has been grounded on the continental shelf break of DML
during previous glacial periods (Grobe & Mackensen, 1992), however sediment cores from
the continental shelf, in front of Ekstrom Ice Shelf, were not deep enough to provide ma-
terial from the LGM. The Holocene aged sediments they contained (11.7 ka BP to present),
were likely deposited beneath an ice shelf (Grobe & Mackensen, 1992), close to the ground-
ing line. Hillenbrand et al. (2014) suggest two different LGM ice extent scenarios, the

first with grounded ice extending to the continental shelf break and the second with ice
grounded at around 25km upstream of the current shelf edge. The extent of the trough

in our new bathymetry suggest that grounded ice reached to at least the current ice-shelf
front in the past, possibly at the LGM.

The seismic line extending from the main grid to the south, shows a sea floor that
continues to deepen all the way to the current grounding line (Fig. 3¢, A-A’). The gen-
eral trend of a retrograde slope within the trough would have allowed for rapid ice re-
treat after the LGM, until a stable point (topographic high) was reached. There are a
number of topographic highs along the ice flow direction, which could indicate former
grounding line positions. Particularly prominent is the topographic high at 100 km along
profile A-A’; which is around 200 m above the surrounding sea floor. We suggest that
this is a former grounding line position, although current bathymetry measurements in
this region do not extend laterally to confirm the extent of this feature. Upstream of this
high is an overdeepening, reaching 1100 m depth and sitting around 10 km downstream
of the current grounding line. Overdeepenings are commonly formed in areas of conver-
gent flow, where ice velocities and erosional potential are high (Patton et al., 2016). The
location of this overdeepening is at the convergence of two tributaries, with higher modern-
day ice flow velocities than the surrounding ice (Neckel et al., 2012). When ice was thicker
and grounded further seaward, the overdeepend area would have been a junction between
these two tributaries, where a deep basin could have been eroded. Overdeepenings typ-
ically terminate in sills, where ice flow becomes less constrained, which could explain the
origin of the topographic high we observe at 100 km along profile A-A’. Three smaller
topographic highs at 35 km, 45 km and 60 km along the profile A-A’ are around 50 m
in height. These are also possible former shorter-term grounding positions, hinting at
episodic retreat of the ice towards it’s current grounding line.

4 Conclusions

We have presented new bathymetry data from under the Ekstrom Ice Shelf, Dron-
ning Maud Land, Antarctica. The use of seismic vibroseis surveys proved an effective
method for collecting this high resolution data across large areas of the ice shelf. As a
result, the Ekstrom Ice Shelf cavity is currently one of the best mapped in Antartica.
The discovery of a deep trough under Ekstrom Ice Shelf is the second example of such
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a feature under a DML ice shelf, after the neighbouring Fimbul Ice Shelf. An 850 m deep
trough is also seen at the shelf front of the Roi Baudouin Ice Shelf (Favier et al., 2016).
Although it is not yet known whether this continues beneath the shelf itself, it further
suggests that the bathymetry we see at Ekstrom and Fimbul is likely characteristic of
other DML ice shelves. While these ice shelves are small, they are numerous and very
little is known about the cavity geometry. Both current cavity geometry and knowledge
of past ice dynamics are important to understand the future. The ice shelves of DML
are known to play a key role in preconditioning the water-mass properties of the west-
ward flowing boundary current, which affects the much larger Flicher-Ronne Ice Shelf
and thus large portions of the West Antarctica Ice Sheet. Improved knowledge of ice-
shelf cavities is a key step towards better understanding the fate of marine terminating
ice sheets.
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