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“Man s the most insane species. He worships an invisible God and
destroys a wvisible Nature. Unaware that this Nature he’s destroying
is this God he’s worshiping”

Hubert Reeves (1932 - )
Canadian astrophysicist



Abstract

Understanding the contribution of the Antarctic Ice Sheet (AIS) to past and
future sea-level rise has emerged as a scientific priority over the last four decades.
Whilst our knowledge of ice-dynamical changes occurring as a result of current an-
thropogenic forcing has improved considerably since the start of the satellite era,
significantly less is known about the evolution of the AIS during the pre-industrial
Holocene (the last ~11.7 thousand years; ka). Quantifying these changes is cru-
cial, however, as this time period corresponds to a time when the ice sheet was
retreating from its maximal extent at the Last Glacial Maximum (LGM; ~20
ka) and environmental conditions were similar to today. Therefore, improving
our understanding of this period may provide a long-term context to the decadal
changes observed in recent times and how these may evolve in the future. Whilst
point-based geochronological measurements of ice and sediment cores, or surface
exposure dating, can be used to assess past ice-sheet changes over the AIS, it re-
mains unclear how representative they are of a wider region. A complementary
and spatially extensive resource across the ice sheet are Internal Reflecting Hori-
zons (IRHs) as imaged by Radio-Echo Sounding (RES) techniques, which provide
a cumulative record of accumulation, basal melt and ice dynamics that, if dated
precisely at ice cores, can be used to inform numerical ice-sheet models projecting
past and future changes on large spatial scales. The aim of this thesis is therefore
to develop and extend age-depth models from IRHs across the AIS to assess the
past stability of the ice sheet.

In this thesis, an age-depth model of Pine Island Glacier spanning the LGM
and Holocene periods is derived from spatially extensive IRHs. The connection
between RES profiles and the WAIS Divide ice core enables the direct dating of the
IRHs, and reveals that they match large peaks in sulphate concentrations which are
unparalleled in the 68,000 year-old record, thus suggesting that the cause of these
IRHs is from past explosive volcanic eruptions. By connecting this IRH stratigra-
phy with a previously developed age-depth model across the Institute and Moller
Ice Streams (IMIS), I show that a precisely dated age-depth model now exists
over 20% of the West Antarctic Ice Sheet (WAIS). One of these IRHs, precisely



vi

dated at ~4.7 ka, is then used as input into a one-dimensional ice-flow model to
estimate past accumulation rates during the mid-Holocene over the catchments
encompassing Pine Island Glacier, Thwaites Glacier, and IMIS, together repre-
senting 30% of the WAIS. The inferred mid-Holocene accumulation estimates are
then compared with modern rates derived from climate models and observational
measurements to show that accumulation rates were 18% greater during the last
five millennia compared to the present over the Amundsen-Weddell-Ross Divide.
These results match previous findings from isolated ice-core measurements and
spatially targeted studies over the divide, and correspond to periods of grounding-
line retreat and readvance during the Holocene over the WAIS. Together, these
show the potential for extracting further IRH information from other sectors of the
AIS in order to build an age-depth model of the ice sheet. However, the underlying
RES data necessary for this work were, until recently, relatively inaccessible to the
wider scientific community, thus restricting the extraction and interpretation of
age-depth models across the AIS. This motivated the release of ~300,000 line-km
of RES profiles acquired by the British Antarctic Survey between 2004 and 2020.
In addition to standardising and releasing these data, this thesis shows that large
sections of continuous englacial layering exist widely across both East and West
Antarctica, suggesting that, together with previously developed age-depth mod-
els of both regions and nearby ice-core stratigraphies, these newly released RES
datasets will be critical in our aim to build an ice-sheet wide age-depth model of
Antarctica, as motivated by the AntArchitecture Initiative.

Together, the findings from this thesis reveal the spatially extensive nature of
IRHs across West and East Antarctica and demonstrate how these can be used to
infer past ice-sheet changes. This thesis also highlights the need to extract further
age-depth models, particularly across East Antarctica, in order to provide impor-
tant boundary conditions such as past accumulation rates and ice-elevation change
which can be used by numerical ice-sheet models to help improve predictions of
past and future ice-sheet change and ensuing sea-level rise contributions.



Résumé

L’une des priorité scientifique majeure des dernieres décennies est d’estimer la
contribution passée, présente, et future de la calotte de I’Antarctique sur I’évolution
du niveau global de la mer. L’étude de ces changements dynamiques, durant
les quatre dernieres décennies, s’est améliorée considérablement grace, en par-
tie, a l'utilisation grandissante des satellites. Cepandant, notre connaissance de
I’évolution passée de I’Antarctique, particulierement durant la période
pré-industrielle de I’'Holocene (les dernieres ~11 700 années), reste limitée.

Des études déja publiées sur I’évolution de I’Antarctique durant cette période
se sont concentrées principalement sur l'utilisation de données statiques; comme
les carottes de glace ou de sédiments, qui malheureusement, nous donnent souvent
une compréhension restreinte et parfois non-représentative de ’environnement a
I’échelle régionale. Les réflexions internes visibles sur les données radars (aussi
connues sous le nom de Internal Reflecting Horizons, ou IRHs) sont une alterna-
tive a plus grande échelle spatiale.

Ces réflexions proviennent principalement de changements d’acidité de la neige
et refletent un effet cumulatif des changements de taux d’accumulation de neige,
fonte de la glace, ou bien d’autres procédés internes, qui, si ils sont datés a 1’aide
de la stratigraphie d’une carotte de glace, peuvent étre employés dans des modeles
mathématiques de I’écoulement de la glace qui ont pour but de projeter temporelle-
ment et spatialement les changements de masse de la calotte glaciaire dans le passé
et le future.

A cet effet, le but de cette these est d’étendre notre connaisance de ces réflexions
a travers I’Antarctique pour pouvoir améliorer notre compréhension des processus
qui controlent la stabilité du continent.

Cette these rapporte la découverte de quatre réflexions continues sur des données

radars a travers le glacier de Pine Island. Elles ont été datées vers la fin de
la période quaternaire grace a l'analyse d’une carotte glaciaire profonde. Les
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résultats montrent qu’il y a une correspondance claire entre ces réflexions et
d’autres réflexions tracées par plusieurs études précédentes sur les glaciers de In-
stitute et Moller; ce qui suggere qu’il existe un assortiment unique de réflexions
glaciaires qui s’étendent sur au moins 20% de la surface de I’ Antarctique de 1’Ouest
durant I'Holocene. Ces réflexions correspondent a des pics de concentration de
sulfate sans précédent dans I’historique des 68 000 dernieres années de la carotte
glaciaire profonde de WAIS Divide; ce qui suggere que les causes de ces réflexions
proviennent d’éruptions explosives volcaniques massives.

L’étude de I'une de ces réflexions quasi-omniprésente a travers I’Antarctique de
I’Ouest, par I'utilisation d’un modele mathématique d’approximation de couche lo-
cale, permet a cette these de montrer que le taux d’accumulation de neige était 18%
plus élevé durant les ~5 000 dernieres années que les taux observés aujourd’hui
a travers la ligne de partage des secteurs de Amundsen, Weddell et Ross. Ce
résultat concorde avec les conclusions précédentes d’études plus restreintes, qui,
elles, ont utilisé des carottes glaciaires et d’autres techniques géophysiques; et ren-
force ’explication de I’évolution des changements dynamiques glaciaires sur la zone
de transition entre la glace terrestre et marine de I’Antarctique de I’Ouest durant
I’Holocene. Ensemble, ces résultats démontrent le potentiel des IRHs pour mieux
comprendre les procédés passés a travers I’ Antarctique.

Malheureusement, I'acces aux données radars nécessaires pour extraire les IRHs
était jusqu’a présent restreint, ce qui limitait la capacité de la communauté scien-
tifique a extraire plus d’information sur le passé de I’Antarctique. Ceci a motivé
cette these a publier plus de 300 000 kms de nouvelles données radars sur le con-
tinent acquis par la British Antarctic Survey depuis 2004. De larges sections de
réflexions continues a travers I’Antarctique ont pu étre détectées, via I'utilisation
d’un algorithme automatique d’extraction de réflexions continues, sur ces nouvelles
données radars. Cela révele enfin d’'importantes zones a prioriser afin de pouvoir
extraire plus d’informations sur les processus dynamiques passés de I’ Antarctique.



Plain Language Summary

Given that the Antarctic Ice Sheet has the potential to raise sea level by 58
metres if completely melted, it is crucial that we fully understand the factors con-
trolling its stability. Even though satellites have revolutionised our understanding
of how the ice sheet has responded to a changing climate over the last four decades,
the long-term (centennial to millennial) context within which these changes fall
is much less understood, impacting in turn our wider understanding of ice-sheet
processes which may affect the future stability of the ice sheet and its contribution
to sea-level rise.

Traditionally, millennial-scale information of Antarctic ice-sheet change has
come from ice and sediment cores; however, it remains unclear how representative
these records are of a wider region and thus whether they can be used to com-
pare Antarctic-wide predictions from numerical ice-sheet models. A complemen-
tary resource to these point-based measurements are Internal Reflecting Horizons
(IRHs), otherwise known as palaeosurfaces, which appear as bright reflections on
ice-penetrating radar data. These reflections are commonly the result of acidic
impurities from past volcanic activity which have been retained from when they
fell onto the ice surface during snowfall events, and subsequently buried under
additional snowfall, thus forming a vertical stratigraphic profile through the ice
column. Crucially, the nature of these IRHs in the ice column reflects the cumula-
tive history of past ice-sheet conditions, such as snow accumulation rates, melting
in the ice column, or changes in ice-flow conditions. This stratigraphy can there-
fore be used to reconstruct past climate and ice-sheet processes, which can then be
compared with current satellite observations or future ice-sheet model predictions
to provide a long-term record of ice-sheet conditions. Therefore, the aim of this
thesis is to develop and extend such IRH stratigraphies across Antarctica to assess
the past stability of the ice sheet.

In this thesis, an IRH stratigraphy spanning the last ~16,500 years is extracted

from the Pine Island Glacier in West Antarctica and compared with other IRH
stratigraphies and ice-core records in the region. The connection with a deep ice-
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core stratigraphy reveals that these IRHs match large concentrations of volcanic
deposit that are unparalleled in the 68,000 year-old ice-core record, thus suggesting
that the origin of this particular IRH stratigraphy is from past explosive volcanic
eruptions. Using one of these IRHs dated at ~4,700 years before the present
and a one-dimensional ice-flow model reveals that rates of snow accumulation
were 18% higher in the last five millennia compared with current rates over the
slow-flowing parts of West Antarctica. These results also match recent evidence
of spatial and temporal changes over West Antarctica’s ice-sheet margins during
the pre-industrial Holocene period (the last ~11,700 years), thus suggesting that
the higher rates of snow accumulation observed here may have contributed to
such changes. Together, these results motivate the future recovery and linking
of IRH stratigraphies across Antarctica in order to build a continuous and wide-
ranging stratigraphy spanning the entire ice sheet. However, whilst technically
feasible, the ice-penetrating radar data that are necessary for this work were, until
recently, relatively inaccessible to the wider scientific community. This motivated
the standardisation and publication of ~300,000 km of radar data acquired by
the British Antarctic Survey between 2004 and 2020 in this thesis. Analyses of
the presence and continuity of IRHs in these radar data show that large sections
of well-preserved TRH stratigraphies exist over key sectors of East Antarctica.
This suggests that, alongside existing IRH stratigraphies over the region, these
newly published datasets could be critical in our aim to create a continuous and
wide-ranging stratigraphy from IRHs across the ice sheet, as motivated by the
international AntArchitecture initiative.
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1 Introduction

1.1 Thesis motivations

The Antarctic Ice Sheet (AIS) is one of the key contributors of global mean
sea level rise, with a contribution of 2.1 + 0.19 cm over the last three decades and
a three-fold increase in mass loss observed between the periods 1992-1996 (105 Gt
yr~1) and 2016-2020 (372 Gt yr~!) (Otosaka et al., 2023). However, this mass
loss and associated sea-level rise are not evenly distributed across the three main
regions of the AIS (namely the Antarctic Peninsula, West Antarctica, and East
Antarctica) (Fig. 1.1), whereby the East Antarctic Ice Sheet (EAIS) is thought
to be in a state of balance in contrast to the West Antarctic Ice Sheet (WAIS)
which currently experiences high rates of mass loss approximating 82 + 9 Gt yr—!
between 1992 and 2020 (Otosaka et al., 2023).

However, placing the recent downward trend in overall mass loss within the
context of long-term changes in ice-sheet dynamics and sea-level rise is challenging
due to the short observation record, which in turn impacts our understanding of
how the AIS may react to further changes in atmospheric and oceanic forcings.
Whilst progress has been made in recent years to model past and future changes
and compare them to the current observational record (e.g. DeConto and Pollard,
2016; Sutter et al., 2016; Golledge et al., 2021), physics-based models are only as
good as the data used to constrain them. It is therefore increasingly important to
obtain past records of long-term ice-sheet change to better understand the centen-
nial to millennial response of the ice sheet to future anthropogenic forcing.

Physical records of past changes used in ice-sheet models have traditionally
come from ice and sediment cores (WAIS Divide Project Members, 2013; Arnd
et al., 2017; Kingslake et al., 2018; Venturelli et al., 2020; Buizert et al., 2021;
Neuhaus et al., 2021; Sproson et al., 2022), or from surface exposure dating (John-
son et al., 2014; Hein et al., 2016a; 2016b; Nichols et al., 2019; Braddock et
al., 2022). Whilst ice cores are particularly useful for recovering changes at high
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Figure 1.1: Map of Antarctica with notable landmarks. Figure is from the Landsat
Image Mosaic of Antarctica (LIMA) dataset (Bindschadler et al., 2008).

temporal scales, it is challenging to put the results from these point-based measure-
ments into a regional or continental-scale setting. For example, Antarctic ice-sheet
models rely primarily on past records of temperature and snow accumulation at
the Last Glacial Maximum (LGM) from two ice cores situated in East Antarctica
(i.e. Vostok and Dome C) as forcing parameters to model ice-sheet change and
sea-level rise (Chavaillaz et al., 2013; DeConto and Pollard, 2016; Bracegirdle et
al., 2019). However, evidence has shown that ice cores may not be representative
of a wider regional area (Koutnik et al., 2016; Cavitte et al., 2022), thus intro-
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ducing a bias in the models over different regions of Antarctica. Additionally,
recent evidence from the WAIS Divide ice core (Fudge et al., 2016) has shown that
there is considerable variability in accumulation rates between the LGM and the
present, which other ice cores over the EAIS do not show (Koutnik et al., 2016).
Whilst this is likely specific to the WAIS, it is important to understand the spatial
extent of this variability at a catchment scale if we are to better model past and
future changes in the sea-level rise contribution of the AIS. In addition to issues of
spatial representativeness from ice cores, sediment cores or surface exposure dating
acquired over previously glaciated areas of the ice sheet only provide information
on past boundary conditions of a retreated ice sheet, as opposed to the terrestrial
history of the current ice sheet. Therefore, an alternative that can provide both
high temporal and spatial records of past ice-sheet change is required.

1.1.1 Internal Reflecting Horizons: An alternative proxy
for reconstructing past ice-sheet changes

Internal Reflecting Horizons (IRHs), as imaged by Radio-Echo Sounding (RES)
techniques, are a useful alternative to point-based geochronological measurements
for inferring past changes over the ice sheet (Siegert, 1999; Bingham and Siegert,
2007) (Fig. 1.2). When isochronous and continuous in the horizontal direction,
IRHs can be traced across large swaths of RES profiles spanning hundreds of kilo-
metres, and connected to ice-core stratigraphies to create an age-depth profile of
the ice sheet, as previously conducted across Greenland (Fahnestock et al., 2001a-
b; MacGregor et al., 2015) and selected parts of Antarctica (Siegert et al., 1998;
Siegert and Payne, 2004; Jacobel and Welch, 2005; Siegert et al., 2005; Leysinger-
Vieli et al., 2011; Steinhage et al., 2013; Cavitte et al., 2016; Holschuh et al., 2018;
Koutnik et al., 2016; Muldoon et al., 2018; Winter et al., 2019; Beem et al., 2021).

Crucially, the information that these IRHs provide can be used to infer past ice-
sheet changes, such as estimating past accumulation rates or basal melting rates
(Siegert, 2003; Waddington et al., 2007; Neumann et al., 2008; Carter et al., 2009;
Leysinger-Vieli et al., 2011; Karlsson et al., 2014; Koutnik et al., 2016; Parrenin et
al., 2017; Cavitte et al., 2018), assessing changes in the position and stability of ice
divides (Jacobel et al., 2000; Carter et al., 2009; Conway and Rasmussen, 2009),
assessing changes in past ice-sheet configurations (Siegert et al., 2004a; Kingslake
et al., 2018; Ashmore et al., 2020a), or identifying suitable sites for drilling deep
ice cores (Parrenin et al., 2017; Karlsson et al., 2018; Beem et al., 2021; Fudge et
al., 2022), amongst others.

Despite their significant potential for inferring past changes over large spatial
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Figure 1.2: Radargram from the British Antarctic Survey Polarimetric Airborne
Survey INstrument (PASIN) system over the Wilkes Subglacial Basin (East Antarc-
tica), showing clear IRHs and bed topography on the shallow- and deep-sounding
RES modes. The shallow RES mode in (a) shows better resolved layer stratigraphy in the
upper part of the ice thickness, but fails to identify any englacial layering below 2 km depth.
The deep-sounding RES mode in (b) shows thicker englacial layers than in (a) due to system
resolution but is able to sound clear englacial layering down to the bed. The surface and bed
picks are shown in red and blue respectively.

scales, most studies focusing on the extraction of IRH stratigraphies over Antarc-
tica have done so along spatially focused areas (Neumann et al., 2008; Koutnik
et al., 2016; Holschuh et al., 2018; Beem et al., 2021) or along individual RES
profiles (Siegert et al., 1998; Siegert and Payne, 2004; Jacobel and Welch, 2005),
and fewer have been able to extract an age-depth model from larger glacier catch-
ments (Medley et al., 2013; Muldoon et al., 2018; Ashmore et al., 2020a; Cavitte
et al., 2020). Further work is therefore required to extend IRH stratigraphies at a
regional and continental scale in order to extract further past information which
can be used to better constrain present and future ice-sheet changes.
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1.1.2 AntArchitecture: Towards the development of a
continent-wide age-depth model of Antarctica

Within this context, the Antarctic scientific community, under the auspices of
the Scientific Committee for Antarctic Research (SCAR), set up the AntArchi-
tecture Action Group with the aim to develop the first continent-wide age-depth
model of Antarctica using dated IRHs. This resource has the potential to provide
significant boundary conditions that will help determine the stability of the AIS
over past glacial cycles, as recently demonstrated by Sutter et al. (2021). Pre-
vious attempts at developing an ice-sheet wide age-depth model over Greenland
have been highly successful (MacGregor et al., 2015); however, significant chal-
lenges have so far prevented a similar product over Antarctica. This is primarily
due to the variety of institutions and countries acquiring data over the continent
which, as opposed to Greenland where this is largely limited to a single data
provider, has led to differences in the quality and availability of RES data. Addi-
tional challenges include the relatively low amount of deep ice-core stratigraphies
with respect to the size of Antarctica and the lack of RES profiles connecting these
ice cores together across the continent.

By being firmly embedded within the AntArchitecture initiative, this thesis
contributes to building and connecting regional-scale age-depth models across West
Antarctica to extract past ice-sheet information, and provides a new community
resource that will enable the development of other regional age-depth models across
the AIS, as motivated by AntArchitecture.

1.2 Thesis aims and overview

The previous section highlighted the need to build a continent-wide age-depth
model of the AIS from IRHs to inform ice-sheet models aiming to model past and
future ice-sheet conditions. Therefore, the overall aim of this thesis is to develop
and extend age-depth models from IRHs across Antarctica to assess the past sta-
bility of the AIS. To answer this overall aim, this thesis is divided into individual
chapters, summarised as follows:

Chapter 2 provides the necessary background for this thesis by reviewing the
literature relating to (a) the evolution of the AIS in the past, present and future;
(b) the history of RES data acquisition in Antarctica; (c) the use of IRHs to es-
timate past accumulation rates and assess past ice-sheet dynamics; and (d) the
requirements necessary for the development of an ice-sheet wide age-depth model.
This chapter ends with a review of the key research gaps and how this thesis will


https://www.scar.org/
https://www.scar.org/science/antarchitecture/home/
https://www.scar.org/science/antarchitecture/home/

6 1.2. Thesis aims and overview

alm to address some of them.

Chapters 3, 4, and 5 describe the research that has been conducted as part of
this PhD to address each of the objectives listed in Chapter 2. These three results
chapters have been written in formats suitable for publication in peer-review jour-
nals. Chapter 3 was published in Journal of Geophysical Research: FEarth Surface,
Chapter 4 was published in The Cryosphere, and Chapter 5 was published in Earth
System Science Data.

Chapter 6 synthesises the results from this thesis, with a particular focus on
some of the key knowledge gaps that have been filled as a result of the work pre-
sented here, as well as the progress made since the publication of Chapters 3, 4,
and 5. Lastly, this chapter discusses the limitations associated with the three re-
sults chapters and provides suggestions for future studies.

Chapter 7 summarises the main findings from this thesis and provides an out-
look for future studies. Finally, the scientific contributions from this thesis are
also presented in their published form in the Appendix section.



2 Background

2.1 Past, present and future evolution of the Antarc-
tic Ice Sheet

The Antarctic Ice Sheet (AIS) has the potential to raise sea levels by 58 m if
completely melted (Alley et al., 2005; IPCC ARG, 2022), therefore understanding
how the ice sheet is responding to current anthropogenic changes and how the
magnitude and extent of these changes compare with the evolution of the ice sheet
during past glacial cycles is of high societal importance. In turn, improving our
understanding of past and current changes will provide better forecasting of the
likely future evolution of the ice sheet and reduce the uncertainties associated with
those predictions (Jones et al., 2022). The following sections provide a background
of our knowledge of past, present and likely future changes over the AIS.

2.1.1 Past AIS changes

Evidence from geochronological proxy records and numerical ice-sheet models
have shown that the AIS has evolved considerably over past glacial cycles (Jones
et al., 2022; Siegert et al., 2022; Stokes et al., 2022). Previous studies focused on
reproducing the evolution of the AIS during the last interglacial period (130-115 ka
Before the Present; BP) using ice-sheet models indicate that the AIS contributed
between 2.5 and 7.5 m of Global Mean Sea Level (GMSL) rise (DeConto and Pol-
lard, 2016; Sutter et al., 2016; 2019), a significant shift from its previous maximal
extent reached towards the end of the mid-Pleistocene climate transition (1.2-0.9
Myr ago), which coincided with a significant buildup of ice over the West Antarctic
Ice Sheet (WAIS; Elderfield et al., 2012; Sutter et al., 2019).

During its most recent maximal extent, referred to as the Last Glacial Max-
imum (LGM; ~20 ka BP), the AIS was significantly thicker than today and its
grounding line reached the continental-shelf edge, with an estimated GMSL-rise
potential that was ~6 to 19 metres greater than the ice sheet’s current GMSL-rise
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Figure 2.1: Reconstructions of the AIS for four time periods between 20-5 ka BP.
The background is bed topography from Bedmap2 (Fretwell et al., 2013). Each inset represents
the reconstruction of ice-sheet extents at (a) 20 ka, (b) 15 ka, (c¢) 10 ka, and (d) 5 ka. The
different line styles represent uncertainty in grounding-line positions (low uncertainty: thick
line; high uncertainty: dashed line). The two different and currently debated scenarios for
grounding-line evolution over the Weddell Sea sector at the start of the Holocene are also shown,
with Scenario A (black line) representing the grounding-line position close to present in the
Southeastern Weddell Sea, and Scenario B (white line) representing the grounding-line position
at the northern tip of Berkner Island at 10 ka. Figure from RAISED (Reconstruction of Antarctic
Ice Sheet Deglaciation) Consortium (2014; their Figure 2).
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potential (Denton and Hughes, 2002; Siegert et al., 2022). The AIS then subse-
quently retreated to its modern extent by ~3 ka BP, although evidence has shown
that this retreat was not homogeneous across all sectors of the AIS (Anderson et
al., 2002; Pollard and DeConto, 2009; Hein et al., 2016b; Kingslake et al., 2018).
In East Antarctica, the ice sheet may have started retreating from the continental-
shelf edge around 18-14 ka BP in response to an abrupt rise in sea levels associated
with Meltwater Pulse 1a (14.7-13.5 ka BP), followed by full deglaciation of the re-
gion between 12 and 6 ka BP from enhanced ocean warming (Mackintosh et al.,
2014).

Whilst most studies of past ice-sheet evolution have focused on changes occur-
ring prior to, or at the LGM, less is known of the evolution of the AIS during the
pre-industrial Holocene (the last ~11 ka; Siegert et al., 2013; RAISED consortium,
2014), a period that resembles current climatic conditions and ice-sheet extent. In
West Antarctica, evidence had, until recently, suggested that the grounding line
retreated gradually from the LGM to reach its current position in the late Holocene
(Conway et al., 1999; Anderson et al., 2002; RAISED consortium, 2014; Fig. 2.1),
with added uncertainty about the extent of the grounding line in the Weddell Sea
sector (Scenarios A and B; Fig. 2.1). However, recent evidence has shown that the
WALIS likely experienced retreat of its grounding line beyond its modern position
up to ~10 ka BP, followed by a readvance during the late Holocene, particularly
over the Weddell and Ross Sea sectors due to glacial isostatic rebound and a likely
change in climatic conditions (Siegert et al., 2013; Bradley et al., 2015; Kingslake
et al., 2018; Siegert et al., 2019; Wearing and Kingslake, 2019; Venturelli et al.,
2020; Neuhaus et al., 2021; Johnson et al., 2022). A similar pattern has also re-
cently been identified over Totten and Denman Glaciers in the East Antarctic Ice
Sheet (EAIS; King et al., 2022), although our understanding of the extent of this
pattern remains constrained to these two glaciers.

Filling the knowledge gap around past ice-sheet configurations on large spatial
scales, particularly with regards to the position of the grounding line during the
Holocene, is important, as it would allow us to put current ice-sheet changes
occurring on decadal timescale into the perspective of millennial-scale changes,
and thus better predict the impacts of anthropogenic emissions on the short and
long-term future evolution of the AIS (RAISED consortium, 2014; Siegert et al.,
2013).

2.1.2 Present AIS changes

Mass loss from glaciers and ice sheets has been one of the dominant drivers
of GMSL rise during the 20*® Century, contributing 41% of the total 20 & 5 cm
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of GMSL for the period 1901-2018 (IPCC ARG, 2021). Estimates of Antarctica’s
ice-mass discharge into the oceans show a continent-wide mass loss of 92 + 18 Gt
yr~! between 1992 and 2020, the equivalent of approximately 2.1 4+ 0.19 c¢cm of
GMSL rise for that time period (Otosaka et al., 2023; Fig. 2.2).

Figure 2.2: Mass change and sea-level contribution of the four main Antarctic re-
gions between 1992 and 2017. Figure from Shepherd et al. (2018; their Figure 2)

Current net mass loss from the AIS is not uniform and exhibits strong regional
variations, with a much larger mass loss of 82 & 9 Gt yr~* and 13 & 5 Gt yr~! for
West Antarctica and the Antarctic Peninsula respectively, compared with a small
mass gain of 3 + 15 Gt yr~! for the EAIS for the period 1992-2020 (Otosaka et
al., 2023; Fig. 2.2 and 2.3). The mass loss on West Antarctica and the Antarctic
Peninsula is dominated by glacial discharge from melting and calving events along
their fast-flowing ice streams (Holland et al., 2010; Rignot et al., 2013; Gardner
et al., 2018) (Fig. 2.3), whereas East Antarctica has primarily experienced mass
gains due, in part, to an increase in precipitation rates over the East Antarcic
plateau (Fig. 2.3; Shepherd et al., 2012; Medley et al., 2018; Otosaka et al., 2023).
However, it is worth highlighting that the small mass gain in East Antarctica is
concealing rising mass loss from marine basins in the region, including the Totten
and Denman Glaciers where increased mass loss has been observed in recent years
(Li et al., 2015; Rignot et al., 2019; Miles et al., 2021; Fig. 2.3). Overall, basal
melting is responsible for 70% of mass loss over West Antarctica’s Amundsen-
Bellingshausen Sea ice shelves, whilst it only account for 40% of the average melt
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ratio over the rest of the continent (Depoorter et al., 2013).

Figure 2.3: Recent Antarctic mass change between 2003 and 2019 from satellite
altimetry. The annotations on the map refer to locations mentioned in this chapter. Figure
adapted from Smith et al. (2020; their Figure 3).

There is now widespread concerns that parts of the WAIS and EAIS may
collapse under a process called the Marine Ice-Sheet Instability (MISI), akin to
glaciers where subglacial bedrock slopes inland (also known as retrograde slope)
(Fig. 2.4; Weertman et al., 1974; Schoof, 2007; Pollard et al., 2015). Particularly
vulnerable sectors of the WAIS and EAIS include Pine Island, Thwaites, and Tot-
ten Glaciers, where rapid disintegration of their ice shelves in response to warmer
atmospheric temperatures (Joughin et al., 2014; Scambos et al., 2017; Edwards et
al., 2019; Pelle et al., 2020) and the incursion of modified Circumpolar Deep Water
(mCDW) beneath their ice shelves (Favier et al., 2014; Mouginot et al., 2014; Rig-
not et al., 2014; Smith et al., 2020) may lead the grounding line to retreat inland
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where thicker ice is present, thus creating a positive feedback that may destabilise
the entire ice sheet (Fig. 2.4). So far, West Antarctica’s Pine Island Glacier has
contributed approximately half (~3.0 mm) of the total sea-level-rise contribution
of the WAIS between 1979-2017 (Rignot et al., 2019), whereas Thwaites Glacier
has contributed 1.8 mm of sea-level rise over the same period (Rignot et al., 2019).
When taking into account their sea-level-rise potential however, both Pine Island
and Thwaites Glaciers could contribute 51 and 65 cm of GMSL rise respectively,
if completely melted, draining in turn the rest of the WAIS and contributing up
to five metres of GMSL rise (Rignot et al., 2019). Over the EAIS, recent evidence
has shown that large cavities underneath Totten Glacier could allow intrusion of
mCDW to melt the ice shelf from beneath and thus lead to the potential desta-
bilisation of this glacier, which could contribute 3.5 m of GMSL rise from East
Antarctica (Greenbaum et al., 2015; Nitsche et al., 2017; Rignot et al., 2019).

Figure 2.4: Schematic of Marine Ice-Sheet Instability (MISI) for a glacier with a
retrograde slope. Figure adapted from Siegert et al. (2020; their Figure 2).

Unfortunately, significant uncertainties still remain with regards to modelling
MISI and its associated effects on the ice sheet, in parts due to the spatial resolu-
tion required to model grounding-line processes and the tight interactions between
bedrock characteristics and ice flow which will likely dictate whether the ice sheet
can stabilise itself in the future (e.g. around pinning points) (Ritz et al., 2015;
Robel et al., 2019; DeConto and Pollard, 2022). One alternative to reducing these
uncertainties, and improving our understanding of whether large ice streams over
the WAIS and EAIS have been affected by MISI in the past, is to use geochrono-
logical proxy records. These may provide the required context to understand and
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forecast how the current changes we are observing today may affect future ice-sheet
evolution (Edwards et al., 2019). I come back to these in more detail in Sections
2.2 and 2.3.1.

2.1.3 Future AIS changes

Future predictions of the evolution of the AIS under increasing anthropogenic
emissions differ widely amongst emission scenarios and temperature targets, rang-
ing from total collapse of the WAIS and a sea-level rise contribution approximating
ten metres by 2300 under the most fossil-fuel intensive scenarios (Representative
Concentration Pathway (RCP) 8.5; Fig. 2.5), to less than one metre of GMSL-rise
contribution from the AIS by 2300 under conditions where global temperature rise
is limited to 1.5°C (Fig. 2.6).

Figure 2.5: Future ice-sheet simulations from 2015 to 2300 over the Amundsen
Sea sector following the more fossil-fuel intensive scenario (RCP 8.5; DeConto and
Pollard, 2016; their Figure 4).

Recent modelling efforts aimed at assessing the evolution of the AIS with re-
spect to the Paris Agreement target of limiting global temperature rise to 2°C or
less, has shown that AIS mass loss is likely to continue at the same pace as current
rates throughout the 21%° Century, which would represent up to 9 cm of GMSL rise
in 2100 (DeConto et al., 2021; Fig. 2.6). Scenarios consistent with current policies,
which would likely lead to a global rise in temperatures of 3°C, would result in a
rapid increase in ice-mass loss beyond 2060 equivalent to 0.5 cm of GMSL rise per
year to 2100, which represents an order of magnitude greater than current rates
(DeConto et al., 2021; Fig. 2.6). This rapid mass loss is partly dominated by the
collapse of Thwaites Glacier in most ice-sheet models, which is likely to lead to
the destabilisation of the WAIS in the later part of the 21%* Century (DeConto
and Pollard, 2016; Seroussi et al., 2020; DeConto et al., 2021; IPCC AR6, 2021;
Fig. 2.5). Failure to meet the Paris Agreement temperature and emission targets
would lead to increased thinning across the AIS from the lack of buttressing due to
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ice-shelves disintegration, and result quickly in rapid collapse of the ice sheet and
unstoppable GMSL rise equivalent to 34 cm by 2100 and 9.6 m by 2300 (DeConto
et al., 2021; Figs. 2.5-2.6).

It is worth noting that numerical model predictions of the evolution of the
AIS over the next few centuries do not all agree with each other in terms of the
magnitude of change (IPCC ARG, 2021). This is partly due to uncertainties in
model parameters used to represent the physical system (e.g. bedrock topography
or geothermal heat flux), model resolutions which are too coarse to reproduce
small-scale processes at the grounding line, uncertainties in future CO, emissions,
and uncertainties in modern and geochronological measurements used to constrain
the models, amongst others (Bracegirdle et al., 2019; Pattyn and Morlighem; 2020,
Seroussi et al., 2020; DeConto et al., 2021; Sutter et al., 2021). In particular,
the climate forcings used in ice-sheet models lead to large uncertainties in the
response of the AIS to future climate change (Robel et al., 2019; Seroussi et al.,
2020). However, despite varying degrees of uncertainty in future model projections,
most model predictions indicate that under all emission scenarios, the AIS will lose
mass and contribute significantly to sea-level rise in the future, with most thinning
concentrated over West Antarctica’s Amundsen Sea Sector and East Antarctica’s
Totten Glacier (IPCC ARG, 2021).

2.2 Traditional methods for inferring past changes
over Antarctica

The downward trend in the current mass balance of ice sheets have precipi-
tated the development of complex ice-sheet models that rely on in situ data to
calibrate model predictions (Bracegirdle et al., 2019). Such data may come from
past estimates of accumulation and temperature rates, ice thickness, or ice-sheet
extent.

Previous assessments of past ice-sheet conditions have primarily come from
surface exposure dating of bedrock and glacially transported debris on nunataks
and mountain ranges, or from sediment cores collected either offshore of the cur-
rent margins of the AIS or by drilling below the current ice sheet (Jones et al.,
2022; Siegert et al., 2022). The results from these geochronological records have
provided more insights into how the ice sheet evolved over past glacial cycles, in-
cluding changes in grounding-line position during the Holocene and beyond (Bent-
ley et al., 2010; Hillenbrand et al., 2013; 2017; Kingslake et al., 2018; Venturelli
et al., 2020; Neuhaus et al., 2021; Sproson et al., 2022), as well as changes in past
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Figure 2.6: Future AIS contribution to GMSL by 2300 under different RCP scenarios
(DeConto et al., 2021; their Figure 1). (a, ¢, e and g) and (b, e, f and h) show AIS
contribution to GMSL by 2100 and 2300 respectively. The red line in (a, ¢, e and g) shows
median rates of GMSL rise. (a-b), (c-d), (e-f), and (g-h) represent the future AIS contribution
to GMSL based on emissions consistent with a rise in global temperatures of 1.5°C (a-b), 2°C
(c-d), 3°C (e-f), and RCP 8.5 emission scenario (g-h), respectively. The blue and red lines in (h)
represent the additional RCP 8.5 simulations with and without Antarctic meltwater feedback
(see DeConto et al. (2021) for more details).

ice-sheet elevations and ensuing sea-level rise contributions (Johnson et al., 2008;
2014; Hein et al., 2016a; 2016b; Nicholls et al., 2019; Spector et al., 2019; Johnson



16 2.3. RES as a means to infer current and past ice-sheet processes

et al., 2020; Balco et al., 2023).

The extraction of deep ice cores from Antarctica have provided long-term
records of temperature and CO,y concentrations, which have broadened our un-
derstanding of past global climate and atmospheric compositions (Petit et al.,
1999; EPICA Community Members, 2004; WAIS Divide Project Members, 2013),
and provided more insights into Antarctic-wide changes of past temperature and
accumulation rates, which have been used in ice-sheet models to estimate past ice-
sheet configurations (Ritz et al., 2001; Fudge et al., 2016; Holloway et al., 2016;
Koutnik et al., 2016; Werner et al., 2018).

However, whilst these geochronological measurements provide information at
relatively high-temporal resolutions, their spatial representativeness is often lim-
ited since they are taken at one location, thus making their results challenging
to extrapolate across a wider catchment or region, and potentially introducing a
bias when using them as a boundary conditions in numerical ice-sheet models to
recreate past ice-sheet wide changes (Koutnik et al., 2016; Cavitte et al., 2022).
Additionally, data from surface exposure dating and sediment cores acquired over
previously glaciated areas only provide information on past boundary conditions
of the retreated ice sheet, as opposed to a terrestrial record of the current ice sheet.

One alternative technique for extracting past records of ice-sheet change on
large-spatial scales come from ice-penetrating radars mounted on airborne plat-
forms, hereafter referred to as Radio-Echo Sounding (RES).

2.3 RES as a means to infer current and past
ice-sheet processes

RES was first used as a means of locating and mapping the ice-bed interface
beneath ice sheets, with the aim of constraining ice volume and bedrock morphol-
ogy (Robin et al., 1970; Evans et al., 1972; Robin et al., 1977; Drewry et al.,
1982; Bingham and Siegert, 2007). However, it was quickly discovered that RES
data also contained significant englacial layering that result primarily from acid-
ity contrasts caused by past volcanic activities, which RES systems are sensitive
to due to changes in the conductivity of the ice (Harrison, 1973; Hammer, 1977;
1980; Millar, 1981; 1982). This made RES an essential tool for quantifying current
ice-sheet volume and flow, as well as for constraining past ice-sheet conditions via
the interrogation of englacial layering (Siegert, 1999; Plewes and Hubbard, 2001;
Bingham and Siegert, 2007).
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The first large-scale RES surveys of Antarctica were conducted between 1967
and 1979 by a consortium from the Scott Polar Research Institute (SPRI), the
United States National Science Foundation and the Technical University of Den-
mark (Fig. 2.7), resulting in the acquisition of 400,000 line-km of RES data at
multiple frequencies optimised to observe bedrock topography (60 MHz frequency)
and near-surface englacial layering (300 MHz frequency) (Drewry et al., 1982;
Siegert, 1999; Schroeder et al., 2019). These surveys were so successful that by the
early 1980s, it is estimated that approximately 50% of the ice sheet had at least
some RES measurement within 50 to 100 km (Drewry et al., 1982; Siegert, 1999).
Whilst significant in terms of data coverage, the data from these surveys were
primarily acquired on optical films and video tapes using analogue radar systems
and lacked precise navigational techniques; with initial navigation based on basic
imagery and dead reckoning prior to the 1970s but transitioning quickly to the use
of inertial navigation systems with a reported accuracy of 5 km (Drewry et al.,
1982; Schroeder et al., 2019; 2020).

The end of the 20" Century marked a significant shift in RES data acquisi-
tion over Antarctica, primarily through the improvement of surveying equipment,
which included the use of modern digital RES equipment and Global Position-
ing Systems (GPS) for navigational purposes (Schroeder et al., 2020). This led
to a significant increase in the acquisition of RES data over Antarctica, with the
primary aim to characterise bed properties below key glacier catchments, such
as over Pine Island Glacier (Vaughan et al., 2006; Bingham et al., 2017; Davies
et al., 2018), Thwaites and Smith Glaciers (Holt et al., 2006), the Bailey-Slessor
sector (Rippin et al., 2004; Bamber et al., 2006), the Weddell Sea sector (Ross
et al., 2012; Jordan et al., 2013; Rippin et al., 2014; Siegert et al., 2016), the
Ellsworth Subglacial Highlands (Ross et al., 2014), the Ross Sea and Marie Byrd
Land sectors (Gades et al., 2000; Blankenship et al., 2001; Luyendyk et al., 2003;
Studinger et al., 2004), and Dronning Maud Land (Nixdorf et al., 1999), amongst
others. Following the long-term funding of ice-sheet-wide RES surveying in the
mid-2000s, large-scale missions such as NASA Operation IceBridge (OIB) and the
International Collaborative Exploration of the Cryosphere through Airborne Pro-
filing (ICECAP) surveys began acquiring widespread RES data over large sectors
of West and East Antarctica, as well as over the grounding line of the Antarctic
Peninsula (Young et al., 2011; MacGregor et al., 2021). Together, the extensive
RES coverage acquired over the last five decades made RES second to satellite
data in providing spatially extensive observations of the ice sheet.

Whilst the initial focus of most of these campaigns was to constrain bedrock
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Figure 2.7: Photographs showing the evolution of airborne RES data acquisition
over Antarctica. (a) LC-130 aircraft used during the 1970s RES surveys of Antarctica with
the SPRI radar antennas mounted on the wings (credit: Charles Swithinbank; shared by Martin
Siegert); (b) Twin-otter aircraft equipped with the University of Texas Institute for Geophysics
(UTIG)’s High Capability Airborne Radar Sounder (HiCARS) system during the 2004-2005 Air-
borne Geophysical Survey of the Amundsen Embayment (AGASEA) survey of Thwaites Glacier
(credit: Matt Fields-Johnson; shared by Duncan Young); (c) Basler aircraft during the 2008-
2009 ICECAP survey using UTIG’s HiCARS RES system (credit: Andrew Wright; shared by
Martin Siegert); (d) Twin-otter aircraft equipped with the British Antarctic Survey (BAS)’s
Polarimetric Airborne Survey INstrument (PASIN) system flying over the Antarctic Peninsula
(credit: Carl Robinson).
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topography and ice-sheet volume, the use of RES data quickly evolved to other
scientific applications, including constraining the roughness of the basal interface
and its relation to ice flow under large Antarctic ice streams (Siegert et al., 2004b,
Taylor et al., 2004; Rippin et al., 2006a; Bingham et al., 2007; Bingham and
Siegert, 2009; Rippin et al., 2011; 2014; Bingham et al., 2015; Eisen et al., 2020),
constraining ice-crystal fabric orientation to assess ice deformation from polarimet-
ric RES techniques (Matsuoka et al., 2012; Das et al., 2020; Young et al., 2021),
determining the wetness and material property of the basal interface via the as-
sessment of bed reflectivities (Gades et al., 2000; Catania et al., 2003; Ashmore
et al., 2014; Chu et al., 2020), characterising the subglacial hydrological system
of ice shelves and ice streams (Jordan et al., 2010; Wright et al., 2012; Le Brocq
et al., 2013; Schroeder et al., 2013; Rose et al., 2014; Drews et al., 2017; Dow
et al., 2022), and identifying the presence of subglacial water bodies (Siegert et
al., 2000; Carter et al., 2007; Wright et al., 2014; Young et al., 2016; Diez et al.,
2019; Napoleoni et al., 2020). More recently, Schroeder et al. (2019) showed that
analogue RES data acquired in the 1970s can be used to provide a multidecadal-
scale record of ice-sheet change from RES data alone, with a particular focus on
reconstructing the history of basal channels and ice-shelf stability between older
and more recent RES profiles. Importantly for this thesis, RES data have also
been used extensively to study englacial structures with the aim to better under-
stand past ice-flow processes and climatic conditions (Harisson, 1973; Clough et
al., 1977; Siegert, 1999). I come back to these in more detail in Section 2.3.1.

The large amount of data originating from these surveys led to the develop-
ment of gridded maps of bed elevation and ice thickness, starting with the SPRI
Glaciology and Geophysical Folio series (Drewry, 1983). This eventually led to
the Bedmap1 data product (Lythe et al., 2001), which provided, for the first time,
digital gridded datasets of bed elevations and ice thickness acquired from RES and
seismic data over Antarctica. The increase in new RES surveys over the AIS led to
subsequent iterations of this dataset, namely Bedmap2 (Fretwell et al., 2013) and
BedMachine (Morlighem et al., 2017). Each iteration of these gridded products
quickly became cornerstone datasets for glaciological and geophysical studies of
the AIS, especially ice-sheet models that use the interpolated bedrock topography
and ice thickness data as boundary conditions in their models (e.g. Pollard and
DeConto, 2009; Pattyn, 2010; Seroussi et al., 2019; DeConto et al., 2021; Sutter
et al., 2021). These products also motivated the acquisition of new RES surveys
aimed at filling large gaps in RES data coverage over the AIS, including over Re-
covery Glacier (Diez et al., 2018) and Princess Elizabeth Land (Cui et al., 2020),
which are now both included in the updated iteration of the Bedmap product
(namely Bedmap3; Frémand et al., 2023).
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Whilst these surveys have improved considerably our understanding of bed
properties and ice-dynamical processes over Antarctica, a relatively under-utilised
resource originating from RES data are Internal Reflecting Horizons (IRHs). Cru-
cially, and in a similar method to the interpolation of bed elevations and ice thick-
ness data in Bedmap and BedMachine, IRHs extracted from RES data can be
gridded to provide spatially extensive boundary conditions for ice-sheet models
(e.g. Sutter et al., 2021). However, until now, the tracing and interpretation of
IRHs over the AIS has so far been restricted to individual glacier catchments and
RES surveys (e.g. Leysinger-Vieli et al., 2004; Cavitte et al., 2016; Muldoon et al.,
2018; Winter et al., 2019; Ashmore et al., 2020a; Beem et al., 2021). The following
sections provide a summary of their applications to date, and review the necessary
requirements for making these an essential dataset for future glaciological appli-
cations, namely with regards to the development of an ice-sheet wide age-depth
model, as motivated by the AntArchitecture initiative (Sect. 1.1.2).

2.3.1 Internal Reflecting Horizons in RES data

A powerful complementary resource to geochronological measurements such as
sediment and ice cores, or surface exposure dating, are IRHs as imaged by RES
techniques (Fig. 2.8 - 2.9; Siegert, 1999; Bingham and Siegert, 2007). The ev-
idence for englacial reflections within the ice, as represented by echoes from the
incoming radar pulse, can be interpreted as changes in the dielectric properties of
ice with depth, which are influenced by contrasts in ice density, electrical conduc-
tivity, or ice-crystal fabric (Harrison, 1973; Millar, 1981; Siegert, 1999; Bingham
and Siegert, 2007).

In the shallower part of the ice column, most englacial reflections are associated
with variations in ice density, represented by contrasts between the snow and firn,
and occasional ice lenses (Moore, 1988). In a thick ice sheet (> 3.5 km), englacial
reflections found between ~1 km and 3 km under the surface mainly originate
from variations in the conductivity of the ice, resulting from fluctuations in acid-
ity mainly associated with volcanic ash deposited on the surface of the ice sheet
during snowfall events (Millar, 1981). In very deep ice (>3 km), large englacial
stresses can affect the orientation of crystal fabric (i.e. anisotropy) which lead to
changes in the permittivity of the ice, which RES systems are sensitive to (Harri-
son, 1973). Crucially, whilst reflections found in the shallow firn and the middle
part of the ice thickness can be considered isochronous (i.e. palaeosurfaces of the
same age in the horizontal direction; Siegert, 1999), most reflections found in the
deeper part of the ice column are not (King, 2009; Ross et al., 2020; Das et al.,
2020; Young et al., 2021). In this thesis, I use the terms deeper IRHs to refer to
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Figure 2.8: Diagram demonstrating the use of ground-based and airborne RES
systems to obtain information on IRHs and bed characteristics. Rx and Tx refer to the
receiving and transmitting antennas respectively. Figure adapted from Bingham et al. (2010;
their Figure 3).

isochronous englacial reflections found in the middle part of the ice column, and
ignore englacial reflections caused by variations in density in the first few hundred
metres of the ice column, or variations in ice permittivity in the bottom part of
the ice column.

When dated precisely at ice cores, IRHs can provide a high temporal and
spatial record of accumulation rates, basal melting, and ice flow (Siegert, 2003;
Carter et al., 2009; Leysinger-Vieli et al., 2011; Cavitte et al., 2018), thus making
them important palaeo proxies for assessing past ice-sheet changes. For example,
changes in past ice flow or basal melting can leave englacial imprints on IRH shape,
which are often characterised by a divergence between IRH geometries and that
of the surface topography above or bed topography below, or in extreme cases in
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a complete erasure of their signature in the ice (Jacobel et al., 2000; Fahnsetock
et al., 2001a; Siegert et al., 2003; Rippin et al., 2006b; Catania et al., 2010). In
particular, the ability to trace dated IRHs across hundreds of kilometres makes
them a very powerful tool for extracting spatially extensive records of past ice-
sheet configurations (Siegert, 1999), which in turn makes them a suitable guide
to compare boundary forcings in numerical ice-sheet models (Sutter et al., 2021).
However, despite their potential, well-dated IRHs remain poorly constrained over
Antarctica, mainly due to the labour-intensive aspect of digitising individual IRHs
across large sections of RES profiles, the relatively low number of deep ice cores
across the continent, and the large amount of data providers which complicates
the access to RES data optimised for the tracing of IRHs.

Figure 2.9: Radargram from a 200-km segment of the Institute-Moller Antarctic
Funding Initiative (IMAFI) survey by BAS using (a) the PASIN shallow-sounding
pulse and (b) the PASIN deep-sounding chirp. The red rectangle shows a zoomed inset of
the IRH stratigraphy on the pulse radargram, and the yellow symbols represent three prominent
IRHs traced over the IMIS catchment by Ashmore et al. (2020a). Figure adapted from Ashmore
et al. (2020a; their Figure 1)

Previous mapping and dating of IRHs has primarily focused on the slow-flowing
parts of the East Antarctic plateau, where several deep ice-core stratigraphies exist
(Siegert et al., 1998; Siegert, 2003; MacGregor et al., 2009; Leysinger-Vieli et al.,
2011; Cavitte et al., 2016; Parrenin et al., 2017; Winter et al., 2019; Beem et al.,
2021). Over the WAIS, IRH tracing has primarily been restricted to ground-based
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RES data (Jacobel et al., 2005; Neumann et al., 2008; Woodward and King, 2009;
Koutnik et al., 2016; Holschuh et al., 2018), due to the sparse coverage of deep ice
cores and the faster flowing conditions of ice streams draining the WAIS, which
can affect the horizontal continuity of IRHs. More recently, and using extensive
airborne RES data, Karlsson et al. (2014) and Ashmore et al. (2020a) identified
three IRHs over the slow-flowing parts of Pine Island Glacier and IMIS (Fig. 2.9),
however the lack of suitable RES profiles connecting these two catchments to deep
ice-core stratigraphies precluded them from precisely dating the IRHs. Until now,
the only spatially extensive and precisely dated IRH stratigraphy over the WAIS is
of Thwaites Glacier, where Muldoon et al. (2018) were able to identify four IRHs
spanning the Holocene and late Pleistocene (4.7-24.9 ka) periods and which they
dated precisely using the Byrd and WAIS Divide ice cores.

Motivated by the AntArchitecture initiative, increasing attention is now be-
ing placed on extracting further IRH stratigraphies over Antarctica to improve
our understanding of past ice-sheet changes, particularly over sensitive sectors of
the WAIS and EAIS. The following two sub-sections explore the findings from
previous IRH studies; focusing firstly on the use of IRHs to constrain past accu-
mulation rates (Sect. 2.3.1.1), and secondly on the use of IRHs to constrain past
ice-dynamical processes (Sect. 2.3.1.2).

2.3.1.1 IRHs to constrain past accumulation rates

Records of past accumulation rates typically come from reconstructions of
water-stable isotope records or from annual layer counting in ice cores (Fudge
et al., 2016). Whilst these are useful in providing a highly accurate temporal
record of accumulation rates, it remains unclear how representative past accumu-
lation rates reconstructed at ice-core sites are of a wider region (Fudge et al., 2016;
Koutnik et al., 2016; Dattler et al., 2019; Cavitte et al., 2022).

Promisingly, and when employed with ice-core stratigraphies, spatially exten-
sive IRHs can be used to extend age-depth relationships away from ice cores and
thus reconstruct past accumulation rates over large spatial scales (Whillans, 1976;
Nereson et al., 2000; Spikes et al., 2004; Siegert, 2003; Rotschky et al., 2004;
Eisen et al., 2008; Verfaillie et al., 2012). Using shallow firn cores and spatially
extensive IRHs in the upper 100 metres of the ice thickness, Medley et al., (2013;
2014) showed that gridded reanalysis and modelled Surface Mass Balance (SMB)
products over Pine Island and Thwaites Glaciers agreed well with reconstructed
accumulation estimates derived from IRHs at regional scales. Follow-up studies
employing similar methods, but this time using ground-based RES systems on
ice rises in East Antarctica, showed that SMB rates derived at ice cores are only
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representative of a small surface area (~250-500 m radius) (Cavitte et al., 2022).
Together, these studies show that IRHs can be used as a benchmark to constrain
SMB estimates derived from climate models and ice-core records.

Whilst shallow IRHs can be used to constrain decadal to centennial accumula-
tion rates with relatively little complexity (Eisen et al., 2008; Verfaillie et al., 2012;
Medley et al., 2013; 2014; Cavitte et al., 2022), extracting millennial accumulation
rates from deeper IRHs requires the use of complex ice-flow models that account
for the effects of vertical and horizontal strain rates, or basal melting, on the posi-
tion of IRHs in the ice thickness (Waddington et al., 2007). A particular challenge
associated with this approach is that it is an ill-posed inverse problem, as both
changes in ice flow and accumulation-rate variations can affect IRH geometries
(Waddington et al., 2007). Indeed, in an inverse problem, the existing data result
from known processes (e.g. surface speeds, ice thickness, layer-depth geometries)
which depend on an unknown process or parameter value (e.g. accumulation-rate
history) that we wish to calculate (Waddington et al., 2007). In order to solve this
inverse problem, we need both a forward algorithm (e.g. an ice-flow model) and
an inverse algorithm. The forward algorithm can be provided with initial guesses
on the unknown boundary conditions to generate an estimate of the corresponding
values (Waddington et al., 2007). The inverse algorithm then evaluates the misfit
between the modelled observables and the existing data in order to estimate the
best set of unknown parameter values (Waddington et al., 2007). Ice-flow models
of different complexities have been developed to account for these challenges, in-
cluding relatively simple one-dimensional (1-D) ice-flow models that account for
vertical strain rates and basal melting (Nye, 1957; Dansgaard and Johnsen, 1969;
Fahnestock et al., 2001b; Parrenin et al., 2007; MacGregor et al., 2016), to more
physically complete multi-dimensional models that can account for vertical and
horizontal advection of IRHs as a result of convergent or divergent flow patterns
(Leysinger-Vieli et al., 2007; Waddington et al., 2007; Hindmarsh et al., 2009;
Karlsson et al., 2014; Koutnik et al., 2016). Over Antarctica, 1-D models have
been used primarily in relatively slow-flowing areas of the ice sheet where such
disturbances are limited (Siegert, 2003; Leysinger-Vieli et al., 2004; Siegert and
Payne, 2004; Waddington et al., 2007), whereas more complex 2-D and 3-D mod-
els have been used to model accumulation rates from deeper IRHs, as well as in
faster-flow areas or where basal melting is particularly high (Neumann et al., 2008;
MacGregor et al., 2009; Leysinger-Vieli et al., 2011; Koutnik et al., 2016).

Whilst choosing an appropriate ice-flow model is essential in order to recover
realistic accumulation rates, another factor that can affect the accuracy of those
estimates is how precisely an IRH has been dated. Generally, this can be done us-
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ing two approaches; either using the accurate age-depth relationship derived from
layer counting at an ice core (e.g. Sigl et al., 2016), or by using simple 1-D ice-
flow models to provide an approximate age-range (e.g. Dansgaard and Johnsen,
1969). Dating IRHs at ice cores is the most accurate alternative, as it reduces age
uncertainties to less than a few decades for shallower IRHs and up to a few cen-
turies for deeper IRHs (1% and 3% for ages ranging between 0-15 ka and 15-31
ka, respectively; Sigl et al., 2016), whereas ice-flow models can only provide an
approximate age envelope which can be as much as an order of magnitude more
than for ice-core dated IRHs (e.g. Karlson et al., 2014; Ashmore et al., 2020a).

Past reconstructions of accumulation rates over the EAIS have previously been
calculated from deeper IRHs extracted from large RES surveys situated in the
vicinity of deep ice cores, namely Vostok and EPICA Dome C. Using IRHs traced
on SPRI-acquired data from the 1970s and a 1-D ice-flow model, Siegert (2003) and
Leysinger-Vieli et al. (2004) showed that accumulation rates were substantially
greater during the Holocene than during full glacial conditions over this sector
of East Antarctica, with rates of 3.0-5.5 cm a~! during the last 10 ka compared
with 1.4-1.8 cm a™! for the period 125-15 ka BP (Siegert, 2003). Crucially, they
also showed that no spatial changes in accumulation patterns occurred over this
sector across glacial-interglacial cycles (Siegert, 2003; Leysinger-Vieli et al., 2004).
Using the same RES data, but also employing a 3-D numerical ice-flow model,
Leysinger-Vieli et al. (2011) showed that spatial accumulation patterns were simi-
lar to the present at 17.5 ka but differed for deeper IRHs from beyond the current
interglacial period. More recently, Cavitte et al. (2018) used a series of well-dated
IRHs (ranging from 10.0 to 73.4 ka), and a 1-D ice-flow model that incorporates
a basal melting parameter, to estimate past accumulation rates and patterns over
EPICA Dome C Ice Core. They showed that accumulation-rate patterns over the
EAIS plateau have been spatially stable over the last 73 ka, reflecting current
modelled and observed precipitation estimates.

In contrast to the EAIS, reconstructions of accumulation rates from IRHs over
the WAIS have primarily come from spatially targeted RES surveys (Siegert and
Payne, 2004; Neumann et al., 2008; Koutnik et al., 2016). Using a 1-D model
and a single RES profile connecting the coastal area of the Amundsen Sea sector
and the Amundsen-Weddell Divide, Siegert and Payne (2004) showed that accu-
mulation rates over the WAIS have not changed significantly over the last 3.1 ka
compared to today, but that accumulation rates between 16-6.4 ka were around
half that of the present. Using more complex 2-D models, Neumann et al. (2008),
and later Koutnik et al. (2016) using the new WAIS Divide ice-core record, showed
that accumulation rates over the Amundsen-Weddell Divide were 40% higher than
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Figure 2.10: Reconstruction of accumulation and temperature rates from the WAIS
Divide ice core between 31 ka and the present. Figure adapted from Fudge et al. (2016;
their Figure 2).

present rates between 9-2 ka BP, and similar to today in the last 2 ka. In particu-
lar, Koutnik et al. (2016) showed that these higher Holocene accumulation rates
compared to the present would likely lead to an increase in ice thickness of tens of
metres at the divide. Providing that dynamic losses further downstream (i.e. from
melting and/or calving) did not counteract this thickening at the divide, this study
points to the potential for the ice sheet interior to have thickened over a relatively
short period of time from accumulation rate alone, with possible wider implications
for changes in ice-sheet configuration during the Holocene (Koutnik et al., 2016).
Over Pine Island Glacier, and this time using a 3-D ice-flow model, Karlsson et
al. (2014) reported that at least two changes in accumulation patterns occurred
during the LGM-Holocene transition, at a time when the WAIS was retreating
from its maximal ice-sheet extent. Together, these studies point to the possibility
for significant variability in accumulation rates since the LGM in certain parts of
the WAIS. However, so far, these findings have lacked a wider regional setting,
which has restricted our understanding of past changes in spatial accumulation
patterns and rates across the wider WAIS. Evidence from the WAIS Divide ice
core shows that accumulation rates varied considerably during the Holocene, with
up to 40% more accumulation between the early and late Holocene (Fudge et al.,
2016; Koutnik et al., 2016; Fig. 2.10) compared with present rates. It is therefore
critical to assess whether this variability is observed across wider swaths of the
WAIS, or whether it reflects local conditions in the vicinity of the ice core. This is
important, because higher accumulation rates in the past compared to the present
over large spatial scales may delay, or even reverse, the retreat of the WAIS after
the LGM (Koutnik et al., 2016; Kingslake et al., 2018), which may have wider
implications for the contribution of the WAIS to past sea-level rise (Neuhaus et
al., 2021).



Chapter 2. Background 27

2.3.1.2 IRHs to constrain past ice-dynamical processes

Aside from serving as a useful proxy for estimating past accumulation rates,
IRHs also hold crucial information on past ice flow and ice-sheet dynamics. For
example, using IRHs over the Greenland Ice Sheet and a 1-D ice-flow model, Mac-
Gregor et al. (2016) showed that the ice-sheet interior is slower now than it was
during the Holocene, partly as a result of higher Holocene accumulation rates and
the presence of a layer of softer ice from the last glacial period buried under stiffer
Holocene ice, thus resulting in current ice-sheet thickening in the interior. This
study demonstrates that a discrepancy between IRH-derived balance velocities for
the past 9 ka and the current ice-sheet configuration is able to explain the current
dominant pattern of ice-sheet thickening and ice-flow deceleration in the interior,
which is large enough to affect Greenland-wide interpretations of ongoing mass loss
observed by altimetry studies (MacGregor et al., 2016). In comparison to Antarc-
tica, however, IRH stratigraphies over Greenland are now well constrained, partly
due to there being only one data provider which facilitates access to consistent
data onto which IRHs can be traced, and as a result of the large amount of deep
ice cores over Greenland which facilitate the precise dating of IRHs (MacGregor et
al., 2015). By comprehensively incorporating IRHs into ice-flow models to assess
ice-dynamical changes over Greenland, this study provides a motivation for further
work to extract an age-depth model of the AIS so that it can be used as a proxy
for assessing past ice-dynamical changes over large spatial scales.

Previous studies employing IRHs over the AIS have shown that IRHs can be
used as a reliable indicator of current or past changes in ice-sheet dynamic, albeit
on much smaller spatial scales (Jacobel et al., 1993; Bell et al., 1998; Siegert et
al., 2004a). Indeed, whereas past accumulation rates leave little imprint on IRH
geometries aside from potential changes in layer thickness, changes in past ice flow
and basal melting can significantly alter IRH geometries. Assessing their influence
is primarily done by evaluating the continuity, disturbance, or absence of englacial
layering in the ice column, which can be caused by fast or slow flowing ice or al-
ternatively by the complete erasure of their signature in the ice as a result of basal
melting (Fahnsetock et al., 2001a; Siegert et al., 2003; Rippin et al., 2006b; Cata-
nia et al., 2010). For example, the interpretation of buried crevasses, relict shear
margins and highly disturbed IRHs underlying continuous layering over Kamb Ice
Stream were interpreted as evidence for the shutdown of the ice stream ~150 years
ago (Retzlaff and Bentley, 1993; Conway et al., 2002; Catania et al., 2006).

Other studies have also linked the continuity of IRHs with current or past ice-
flow conditions over key glacier catchments, whereby continuous bed-parallel IRHs
typically correspond to areas where ice-flow speeds are relatively slow, whereas
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buckled or distorted IRHs typically correspond to areas experiencing faster flow
conditions such as the main trunk and tributaries of marine-terminating ice streams
(Rippin et al., 2006b; Bingham et al., 2007; Karlsson et al., 2009; Woodward
and King, 2009; Bingham et al., 2015; Holschuh et al., 2018). The continuity
of englacial layering was initially assessed using manual classification methods
(Siegert et al., 2003; Rippin et al., 2003b; Bingham et al., 2007; Karlsson et al.,
2009; 2012; Fig. 2.11a-c), which assigned IRHs into three categories: (1) continu-
ous, (2) discontinuous, or (3) absent, as per Siegert et al. (2003):

1. Continuous: well-preserved and continuous layering which can be traced
for large distances without significant gaps in the horizontal direction. These
layers are typically flat or follow the underlying bed topography. The am-
plitudes of all undulations (or wavelengths) are less than those of the bed.

2. Discontinuous: disrupted layering that do not follow the underlying bed to-
pography and contain significant gaps which prevent them from being traced
for long distances. At times, these can be overlain by continuous englacial
layering in the shallow part of the ice column. Critically, the amplitudes of
the short wavelengths are higher than those of the bed.

3. Absent: complete lack of englacial layering at all depths. This may be the
result of a loss in radio-wave power caused by a sudden change in aircraft
altitude, or alternatively due to the dynamical effects of fast flow or basal
melting.

Using these criteria, Siegert et al. (2003) showed that discontinuous and con-
tinuous englacial layering occurs respectively inside and outside of all of the trib-
utaries of Bindschadler Ice Stream (West Antarctica), thus suggesting that the
recent ice-flow reconfiguration of the neighbouring Kamb Ice Stream did not affect
the configuration of Bindschadler Ice Stream. Using the same analogue RES data
over ice streams draining the Wilkes Subglacial Basin (East Antarctica) and calcu-
lations of balance velocities, Rippin et al. (2003b) showed that disrupted layering
is not only found in areas of fast flow (i.e. in the downstream end of fast-flowing
ice streams), but also in areas of enhanced flow (i.e. several hundred kilometres
upstream of the grounding line). Additionally, they showed that mean balance
velocities in areas where englacial layering is disrupted are nearly three times
higher than for areas with continuous englacial layering (Rippin et al., 2003b).
A similar analysis over South Pole showed that satellite-derived ice-surface speeds
correspond to RES profiles characterised by smooth bed topography but disrupted
layering (Bingham et al., 2007), thus demonstrating that englacial layering can be
used as a proxy for estimating past or present enhanced ice flow in areas where
satellite or ground-based surface speed measurements are not available. Further
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work assessing the continuity of englacial layers over tributaries of Slessor Glacier
(East Antarctica), provided the first evidence of ice-stream reconfiguration in East
Antarctica (Rippin et al., 2006b). This study showed that although surface speeds
are currently low, the bed topography is smooth and englacial layering is heavily
disrupted, which contrasts with evidence at the time that suggested that high basal
motions corresponded with areas of smooth bed topography (through subglacial
erosion; Rippin et al., 2004), and by extent disrupted englacial layering; whereas
low basal motions typically corresponded to rough bed topography, and by extent,
continuous layering (Siegert et al., 2003; Bingham et al., 2007). Whilst previous
observations of such change had been made at the time for West Antarctica (e.g.
Jacobel et al., 2000; Siegert et al., 2003; Ng and Conway, 2004), the ice-flow re-
configuration over this sector is unique in that this tributary is topographically
controlled by deep subglacial troughs which would typically prevent lateral mi-
gration (Rippin et al., 2006b). By dating a series of IRHs over this sector, they
suggested that the switch from fast to slow flow must have occurred after the
LGM, likely as a result of ice-sheet thinning and basal freeze-on associated with a
warmer EAIS during the Holocene (Rippin et al., 2006b).

While manually classifying IRH continuity is useful for determining spatial pat-
terns in englacial layering and its association with surface speeds, this process is
time-consuming and often subjective, as it does not enable the quantitative as-
sessment of, for example, how buckled a layer must be in order to be characterised
as continuous or discontinuous (Siegert et al., 2003). To address this challenge,
Karlsson et al. (2012) developed a quantitative alternative to assessing the conti-
nuity of englacial layering, named the Internal Layer Continuity Index (ILCI; Fig.
2.11). This method classifies the continuity of englacial layers by considering the
gradient in the amplitude of A-scope RES profiles (Fig. 2.11d-f). In other words,
A-scope profiles from regions of ice dominated by continuous layering will exhibit
high-amplitude fluctuations as the radio-wave passes through different boundaries
of high dielectric contrast bounded by values of lower reflected relative power, lead-
ing to higher ILCI values (Fig. 2.11; Karlsson et al., 2012). In contrast, in A-scope
records with low englacial layering, the radio-wave will penetrate through less di-
electric boundaries and thus result in lower amplitudes, leading in turn to low ILCI
values (Fig. 2.11; Karlsson et al., 2012). After having been tested successfully over
a subset of RES data from Pine Island Glacier (Karlsson et al., 2012), the ILCI
was subsequently employed over other sectors of East Antarctica (Karlsson et al.,
2018; Luo et al., 2020) and West Antarctica (Bingham et al., 2015; Winter et al.,
2015). Analysis over the IMIS sector in particular, showed that most of this sector
has retained its current configuration at least throughout the Holocene, apart from
one area in the upstream section of IMIS where the continuity of englacial layer-
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Figure 2.11: Classification of the continuity of englacial layering across Pine Island
Glacier. Manual classification for (a) continuous, (b) discontinuous, (c¢) absent layering in
Z-scope profiles. (d-f) Automatic classification of englacial layering using the ILCI, v, for each
A-scope trace shown in a-c. The grey and black lines in d-f show the non-smoothed and smoothed
(running mean of 100 samples) versions. Figure from Karlsson et al. (2012; their Figure 2).

ing is not consistent with depth and does not match current surface flow speeds
(Bingham et al., 2015; Winter et al., 2015). Using the same ILCI results, Ashmore
et al. (2020a) further demonstrated that the ILCI was statistically higher where
manually picked IRHs could be traced over IMIS, thus demonstrating that this
method can be reliably used to identify areas where IRH tracing is particularly
suitable. This is important, as it enables the rapid identification of RES profiles
that guarantee the recovery of an extensive IRH stratigraphy.

Aside from assessing the continuity of englacial layering to infer changes in
past ice-flow conditions, the geometry of IRHs has also been used to assess the
stability of ice divides across West Antarctica. For example, by comparing GPS
measurements of current ice-flow speeds with the shape of IRHs, Ross et al. (2011)
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showed that the Amundsen-Weddell Divide has maintained a stable ice-flow regime
and ice-divide position throughout the Holocene. Additionally, the stability of ice
rises, and by extent, ice divides, has also been assessed using the geometry of
IRHs, and in particular whether they exhibit a clear convex-like “Raymond Arch”
pattern which is typically found over stable divides (Conway, 1999; Martin et al.,
2006; Drews et al., 2015). In contrast, a tilt in the arch’s axial plane, or the total
absence of an arch on RES data, can be indicative of past divide migration, wider
ice-flow reorganisation from nearby ice streams, or alternatively basal sliding from
high rates of geothermal heat flux (Nereson et al., 1998; Neumann et al., 2008;
Hindmarsh et al., 2011).

Other applications of IRHs to infer past ice-dynamical processes include the
assessment of IRH drawdown in the ice column, which have been associated with
basal melting caused by high geothermal heat flux beneath Antarctica (Carter et
al., 2009; Beem et al., 2018; Jordan et al., 2018; Ross and Siegert, 2020). Lastly,
the geometries of IRHs in the East Antarctic plateau have also been interpreted
as buried eolian unconformities created by wind scouring at the surface and sub-
sequently buried by snow, which, if dated, could be used as a record of vertical
strain rates (Cavitte et al., 2016; Luo et al., 2022).

2.3.2 Data requirements for the development of an ice-
sheet wide age-depth model

Whilst the bed elevation and ice thickness data which were incorporated into
each iteration of the Bedmap and BedMachine products are now fully accessible
to the wider scientific community (Frémand et al., 2023), the underlying RES
data which were used to obtain these datasets remain relatively inaccessible (Fig.
2.12). However, these RES data are crucial for extracting an age-depth model of
Antarctica, as IRH tracing requires the fully processed Z-scope RES profiles (Fig.
2.11a-c). Efforts have been made in recent years to make these data more accessi-
ble. In particular, most of the open-access RES data currently available come from
NASA OIB which has made its fully processed RES data freely available on open-
access servers (CReSIS, 2018) (Fig. 2.12), which is equivalent to ~150,000 line-km
of data acquired between 2009-2020 (MacGregor et al., 2015). This data release
has been highly successful, evidenced by the amount of studies that have used
these data for wide-ranging applications, such as investigating ice-sheet stratigra-
phy, ice-sheet hydrology, as well as ice-dynamical and snow-accumulation processes
(MacGregor et al., 2021). Other institutes have also made similar data releases,
including UTIG who released large swaths of RES data acquired between 2009
and 2016 over Wilkes Land, Dronning Maud Land and South Pole (Blankenship
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et al., 2017; Young et al., 2021); and BAS, who released the RES data associated
with the IMAFI survey over the Weddell Sea sector of the WAIS (Siegert et al.,
2017) (Fig. 2.12).

Figure 2.12: Map showing the availability of RES data from Bedmap 1-3. RES Avail-
ability is defined as whether the fully processed RES profiles are publically available according
to the FAIR data principles on open-access repositories, as of 2021.

However, many RES datasets that cover large parts of East and West Antarc-
tica remain unavailable in open-access formats, which restricts their wider use,
particularly for tracing or otherwise characterising the ice-sheet stratigraphy, as
envisaged by the AntArchitecture initiative. Of particular relevance to AntArchi-
tecture is whether these RES data contain continuous englacial layering which can
be used to leverage information on past ice-sheet extent. Whilst the underlying
RES data that was acquired with analogue RES systems is likely to be of lesser
immediate priority due to the lack of precise navigational information at time of
acquisition, RES data collected since the early 2000s with digital RES systems
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and modern GPS equipment likely contain large sections of continuous englacial
layering which may be used to develop an age-depth model of the AIS. However,
relatively little is known on the quality of englacial reflections in these data and
whether additional processing or data acquisition is required. Therefore, and as
motivated by AntArchitecture, opportunities now exist for such work to take place
in order to gain more information on the availability and quality of existing RES
data and how these can be used further to build an ice-sheet-wide age-depth model.

2.4 Summary of key points and gaps in knowl-
edge

Section 2.1 summarised the evidence that important changes have occurred
over the AIS in recent decades, but that significant uncertainties still exist with
regards to how the ice sheet evolved during past climatic transitions, and how it
will evolve in the future as a result of enhanced anthropogenic forcings. Section 2.2
discussed the traditional geochronological point-based measurements used across
the AIS to constrain numerical ice-sheet models, and highlighted their limitation
in terms of spatial representativeness. Section 2.3 provided an overview of the ap-
plication of RES techniques to study ice-sheet conditions over Antarctica, and how
RES data can be used to infer current and past ice-sheet processes. Section 2.3.1
discussed the use of IRHs, as imaged by RES techniques, to infer past ice-sheet
changes, with a particular focus on the reconstruction of past accumulation rates
(Sect. 2.3.1.1) and ice-dynamical processes (Sect. 2.3.1.2). Lastly, Section 2.3.2
discussed the requirements necessary for the development of an ice-sheet wide age-
depth model and highlighted potential barriers to achieving this goal with current
RES data.

Despite significant advances in our understanding of how IRHs can be used
to infer past ice-sheet changes, particularly over the EAIS, I showed that there
is still a gap in our understanding of these changes over the WAIS, primarily
due to the lack of suitable RES and IRH datasets over this region of Antarctica.
Additionally, whilst age-depth models have been developed in recent years, their
use to infer past ice-sheet changes such as accumulation rates, has so far been
limited to spatially targeted areas of the ice sheet. This, in turn, affects our
ability to put current changes occurring over the AIS in the context of the longer
term evolution of the ice sheet, particularly during the Holocene, a period often
regarded as resembling much of today’s climate and ice-sheet conditions. Lastly,
I showed that the RES data required to build the first age-depth model of the ice
sheet remains largely inaccessible to the wider scientific community, which limits
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our ability to characterise IRH stratigraphies across large sectors of the AIS and
connect existing age-depth models, as motivated by the Ant Architecture Initiative.

2.5 Thesis objectives

Based on the overview provided in this chapter, it can be seen that a more
detailed assessment of IRHs across Antarctica is required to provide a spatially
extensive record of past ice-sheet processes that can be compared to predictions
of the future evolution of the AIS from numerical ice-sheet models. To achieve
this will require: (a) the development of regional IRH datasets over key missing
sectors of Antarctica; (b) the interpretation of these IRHs at a regional scale by, for
example, reconstructing accumulation rates over past glacial-interglacial periods;
and (c) the development of an ice-sheet wide dataset of RES data that can be used
to extend existing age-depth models to other sectors of the AIS, as motivated by
the AntArchitecture Initiative.

Following on from the main aim of this thesis (see Chapter 1) and the key
research gaps highlighted in this chapter, three research objectives are identified,
each of which underpin the results presented in Chapters 3, 4, and 5, as follows:

Thesis Objective 1: To obtain a spatially extensive age-depth model of the Pine
Island and upper Thwaites Glacier catchments from airborne RES data and high-
resolution ice-core stratigraphy.

Thesis Objective 2: To estimate mid-Holocene accumulation rates over the
WAIS from a pervasive IRH and the use of a 1-D ice-flow model.

Thesis Objective 3: To provide a community resource of standardised aerogeo-
physical data and identify areas of continuous IRH profiles that will facilitate the
development of an age-depth model of the AIS.
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3.1 Abstract

Understanding the contribution of the West Antarctic Ice Sheet (WAIS) to past
and future sea level has been a major scientific priority over the last three decades.
In recent years, observed thinning and ice-flow acceleration of the marine-based
Pine Island Glacier has highlighted that understanding dynamic changes is criti-
cal to predicting the long-term stability of the WAIS. However, relatively little is
known about the evolution of the catchment during the Holocene. Internal Reflect-
ing Horizons (IRHs) provide a cumulative record of accumulation, basal melt and
ice dynamics that, if dated, can be used to constrain ice-flow models. Here, we use
airborne Radio-Echo Sounding (RES) data to trace four spatially extensive IRHs
deposited in the late Quaternary across the Pine Island Glacier catchment. We
use the WAIS Divide ice-core chronology to assign ages to three IRHs: 4.72+0.28,
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6.94 + 0.31, and 16.50 £ 0.79 ka. We use a 1-D model, constrained by observa-
tional and modelled accumulation rates, to produce an independent validation of
our ice-core-derived ages and provide an age estimate for our shallowest IRH (2.31-
2.92 ka). We find that our upper three IRHs correspond to three large peaks in
sulphate concentrations in the WAIS Divide ice-core record and hypothesise that
the origin of these spatially extensive IRHs is from past volcanic activity. The
clear correspondence between our IRHs and the ones previously identified over the
Weddell Sea Sector, altogether representing ~20% of the WAIS, indicates that a
unique set of stratigraphic markers spanning the Holocene exists over a large part
of West Antarctica.

3.2 Introduction

The West Antarctic Ice Sheet (WAIS) has been losing mass at an accelerating
rate since satellite records began, averaging 94 4 27 Gt yr~! of mass loss since 1992
(Shepherd et al., 2018). Approximately 40% of this loss was through Pine Island
Glacier (PIG), which alone has contributed ~3 mm of the total ~7 mm sea-level-
rise contribution of the WAIS between 1979 and 2017 (Rignot et al., 2019). The
increasing mass-loss trend of PIG has been primarily driven by interannual and
decadal-scale atmospheric and oceanic forcing, triggering grounding-line retreat
and consequent inland dynamical adjustments (Dutrieux et al., 2014; Favier et al.,
2014; Christianson et al., 2016; Konrad et al., 2017; Smith et al., 2017; Bodart and
Bingham, 2019; Holland et al., 2019; Rignot et al., 2019). However, placing the
observed changes over the last four decades within the context of longer-term dy-
namic changes and sea-level-rise contribution is challenging (Palerme et al., 2017;
Medley et al., 2018), as the short observational satellite record captures only slight
perturbations in the forcing and response which are not sufficient to predict a fu-
ture in which changes are likely to be rapid and large. This lack of long-term
observations currently limits our understanding of the likely future evolution of
this sensitive sector of the WAIS. Reaching further back into the past will help
us capture a wider set of ice-sheet configurations, and so create a more robust
basis for future predictions of the Antarctic Ice Sheet evolution (Ritz et al., 2001;
DeConto and Pollard, 2016; Bracegirdle et al., 2019).

Past research has focused primarily on using in situ observations and ice-sheet
models to reconstruct the evolution of the WAIS since the Last Glacial Maximum
(LGM, ~20 ka BP), indicating that the WAIS contained significantly more ice than
at present, with the potential to have raised sea level by more than 9 m at the LGM
(Denton and Hughes, 2002). Several studies have reported evidence of short-lived
episodes of rapid grounding-line retreat in the Amundsen Sea Embayment (ASE)
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between the LGM and the start of the Holocene (~11.5 ka BP) (Jakobsson et al.,
2011; Lowe and Anderson, 2002; Hillenbrand et al., 2013). However, much less is
known about the interior ice-sheet history of this region during the Holocene. Cos-
mogenic nuclide studies on isolated nunataks across the ASE suggest significant ice
thinning occurred during the early- to mid-Holocene in the central ASE (Lindow et
al., 2014; Johnson et al., 2017; 2020), with thinning complete by the mid-Holocene
in the eastern ASE near PIG (Johnson et al., 2008; 2014). More recent evidence,
based on sediment cores, Radio-Echo Sounding (RES), and ice-sheet modelling,
showed possible retreat and readvance of the WAIS grounding line over millennial
timescales during the Holocene (Kingslake et al., 2018), although evidence of such
behaviour is not available in the ASE region.

Internal Reflecting Horizons (IRHs), as observed by RES systems, provide a
powerful and complementary resource to point-based geochronological measure-
ments. Excluding basal ice and erosional surfaces, the majority of specular, con-
tinuous IRHs are isochronous (Whillans, 1976); many can be traced for several
hundreds of kilometres and provide a record of accumulation rates and patterns,
convolved with key information on past ice-dynamical processes (Siegert et al.,
1998; Eisen et al., 2005; Bingham and Siegert, 2007; Eisen et al., 2008). IRHs
can thus serve as a valuable resource for constraining past changes in surface mass
balance and ice-flow velocities (e.g. Rotschky et al., 2004), and, where they can be
dated, can be incorporated into ice-flow models, as previously shown for Greenland
(Fahnestock et al., 2001a; MacGregor et al., 2016) and Antarctica (Waddington et
al., 2007; Leysinger Vieli et al., 2011; Koutnik et al., 2016; Cavitte et al., 2018).

Despite the large spatial coverage of Radio-Echo Sounding (RES) data across
Antarctica, information on dated IRHs is limited over much of the WAIS. This is
partly due to the restricted availability of deep ice cores, the multitude of RES-
system families operating at varying frequencies and using different post-processing
methods to generate the RES data, and the challenge in tracing deep continuous
IRHs, particularly through areas of high strain rate (i.e. at the onset of fast-flowing
tributaries). Nonetheless, previous studies over the WAIS have used IRHs for the
direct purpose of linking major deep ice cores together (Neumann et al., 2008;
Koutnik et al., 2016), while others have used a wider, catchment-scale approach
to constrain information on past accumulation rates and ice-flow reconfiguration.
Such studies have ranged across the central WAIS ( Siegert and Payne, 2004; Ja-
cobel and Welch, 2005; Muldoon et al., 2018), or focused on specific sub-regions,
e.g., Siple Dome (Jacobel et al., 1996), Kamb Ice Stream (Catania et al., 2006;
Holschuh et al., 2018) and Thwaites Glacier (THW; Muldoon et al., 2018).
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Over PIG, Karlsson et al. (2014) identified two IRHs spanning much of the
slow-flowing parts of the catchment, which they roughly dated to 5.3-6.2 and 8.6-
13.4 ka. More recently, Ashmore et al. (2020a) recovered three IRHs ranging
across Institute and Moller Ice Streams (IMIS) and crossing the Institute/PIG
divide which they broadly dated at 1.9-3.2, 3.5-6.0, and 4.6-8.1 ka. They demon-
strated a correspondence between their IRH package and the IRHs previously
identified by Karlsson et al. (2014) and Siegert et al. (2005), suggesting that a
spatially extensive network of IRHs may span much of the WAIS.

Here, we build on previous studies to present a spatially extensive, dated-
radiostratigraphy of PIG. We use RES data collected from two airborne platforms
to trace four IRHs throughout PIG. We use a published ice-core chronology as
well as a steady-state vertical-strain model to date these IRHs, and show that
they span much of the late Pleistocene and Holocene. We first discuss the speci-
fications of the RES systems and their respective uncertainties, and then describe
the methods used to assign ages to each of our four IRHs. We present the dated
age-depth stratigraphy of the catchment and make inferences for the rest of WAIS
by comparing our recent findings to other age-depth studies. Finally, we investi-
gate the link between sulphate activity in the WAIS Divide ice-core record and
the depth of our upper three IRHs, and discuss the potential to recover records of
older (i.e. pre-LGM) ice in the region using currently available RES datasets.

3.3 Datasets and methods

3.3.1 Data

The principal data used in this study were acquired during two large-scale air-
borne RES surveys of West Antarctica.

The first of these was acquired over the 2004-2005 austral season, when PIG’s
175,000 km? catchment was surveyed extensively using the British Antarctic Sur-
vey’s Polarimetric Airborne Survey INstrument (PASIN) system (Vaughan et al.,
2006). This survey, hereafter termed “PIG-PASIN” | acquired ~35,000 line-km of
airborne RES data across the region (Fig. 3.1). Data were collected with two in-
terleaved radar modes. The first was a deep-sounding, 150 MHz centre-frequency,
4-ps, 10 MHz chirp mode, which has been used previously to identify and trace
the bed (Vaughan et al., 2006) and some IRHs (Karlsson et al., 2009; 2014). The
second was a 150 MHz, 0.1-us pulse mode designed to image shallow IRHs but
from which we are also able to recover IRHs deeper (~2 km, see Fig. 3.2a) in
the ice column. Over much of the surveyed region flight lines form 30 km spaced
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grids that contain multiple crossovers, ensuring consistency when tracing IRHs
across neighbouring lines (Fig. 3.1). Following techniques outlined in Ashmore et
al. (2020a), here we used both modes of PASIN interchangeably during our IRH-
tracing procedures (see Section 3.3.2). For the purposes of linking our stratigraphy
further across the WAIS, we also refer to further PASIN-acquired data from a sur-
vey of IMIS undertaken in 2010-2011 (hereafter “IMAFI-PASIN”), which provided
tie-lines connecting PIG with its neighbouring basins (Fig. 3.1; see Ashmore et
al., 2020a, and references therein, for further details).

The second survey was conducted in 2016 and 2018 by NASA’s Operation
IceBridge (OIB) mission, and yielded ~3,000 line-km of airborne RES data over
PIG, IMIS and THW (Fig. 3.1). The system deployed by the Center for Re-
mote Sensing of Ice Sheets (CReSIS) was the Multichannel Coherent Radar Depth
Sounder 2 (MCoRDS2) with a 190 MHz centre frequency and 50 MHz bandwidth.
We used the CReSIS L1B standard products, produced with pulse compression,
focused-SAR processing and along-track motion compensation. More information
on the RES system and processing is given by CReSIS (2018). Critically for this
study, one of the OIB flight tracks over PIG also flew over the WAIS Divide ice
core (79.48°S, 112.11°W; hereafter referred to as WD2014) (Fig. 3.1), making it
possible to assign relatively unambiguous dates to the traced IRHs.

TABLE 3.1: Characteristics and resolution of the two airborne RES systems used
in this study. Note: For the PASIN system, we provide values for both the chirp- and pulse-
acquisition mode in the bandwidth/pulse width column, as well as in the vertical resolution
column. The vertical resolution of the chirped systems was calculated as per CReSIS (2018)
using a scaling factor & which accounts for resolution degradation due to receiver characteristics
and processing (see Eq. (3.2)).

System Platform Centre Frequency Bandwidth / S\;flll‘glciilg Vertical I{S;(:irllrf;))lrilflzl
Pulse Width Resolution .
Frequency Distance
PASIN Twin Otter 150 MHz 10 MHz / 100 ns 22 MHz 12.89 / 8.42 m 45 m
MCoRDS2 DC8 190 MHz 50 MHz 150 MHz 2.58 m 14 m

More details on each of the RES systems are provided in Table 3.1. For the
purposes of increasing IRH traceability on the PIG-PASIN data, we quadratically
detrended each radar trace, normalised each pixel in a moving vertical window,
and then applied a 10-trace horizontal average to reduce incoherent noise (after
Ashmore et al., 2020a). For both the PIG-PASIN and the OIB-MCoRDS2 data,
we removed the air-to-ice two-way travel time and shifted the surface elevation
to time zero, prior to exporting the data to standard 2-D SEG-Y format for data
interpretation.
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Figure 3.1: Map of study area with the datasets and key locations mentioned in
this chapter. The inset in top left corner shows the region of interest (red box). Airborne
survey lines included in this study: PIG-PASIN (grey), OIB-MCoRDS2 (yellow), IMAFI-PASIN
transects flown over Institute Ice Stream (IIS) and intersecting the PIG catchment (orange),
SPRI/NSF/TUD line (brown), overlaid on top of ice flow velocities from Rignot et al. (2017)
and Moderate Resolution Imaging Spectroradiometer (MODIS) Mosaic of Antarctica (Scambos
et al., 2007). Also included is the long, ITASE GPR-transect (dashed red) through which the
17.5 £ 0.5 ka layer from Jacobel and Welch (2005) was traced. The numbers shown over PIG’s
trunk represent the eight fast-flowing tributaries (1-7, 9) mentioned in this chapter. The WAIS
Divide (WD2014) and Byrd ice cores are represented by the two black triangles, and the black
arrows represent the three intersections between the SPRI/NSF/TUD-traced IRHs and this
study. The two red circles show the two sites (Site A and B) where the 1-D age-depth model was
used. The AA-AB segment (magenta) shows a subset of the control line where IRHs were first
identified over PIG-PASIN (see Figure 3.2). The position of the Central Amundsen-Weddell-Ross
Divide (CD) is also shown. The ICESat IMBIE basins of PIG and THW (Zwally et al., 2012)
are annotated on the map and delimited by the blue outline lines.

3.3.2 IRH-tracing workflow

We conducted all IRH-tracing in the Schlumberger Petrel 3-D seismic software
using a semi-automated tracing algorithm that uses an adjustable window to track
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the local maxima of received reflected power between traces.

We initiated our workflow on the PIG-PASIN dataset as it is the most spatially
extensive survey of the PIG catchment. From a “control line” crossing the ice di-
vides between PIG, THW and IIS (Fig. 3.1), in which clearly-visible englacial
stratigraphy is ubiquitous in both chirp- and pulse-mode data, we identified four
prominent IRHs that we term R1-4 (Fig. 3.2). The upper three IRHs (R1-3) were
chosen on the basis of high spatial continuity, high signal-to-noise ratio (SNR),
and as being analogous to “IRH packages” traced over part of PIG by Karlsson
et al. (2014) and through IMAFI-PASIN RES profiles by Ashmore et al. (2020a).
All four IRHs occur in the middle part of the ice column where IRHs likely result
from contrasts in acidity from past volcanic eruptions (Gow and Williamson, 1971;
Millar, 1981; 1982), rather than the result of density variations occurring primar-
ily at the near-surface (Gow, 1970; Clough, 1977; Moore, 1988) or orientation of
anisotropic material due to ice foliation in the basal zone (Harrison, 1973; Fujita
et al., 1999); and thus can be assumed to be isochronous (Whillans, 1976; Siegert
et al., 1998).

Figure 3.2: Subset of the control line with the unmodulated pulse (a) and chirp (b)
modes from the PIG-PASIN survey along transect AA—AB (see Figure 3.1). Traced
IRHs are marked as per the legend on panel (a). The zoomed inset on the pulse radargram
shows the characteristics of R1-3 in more detail, with the colour of the arrows corresponding to
the legend in (a).
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Expanding out from the control line, we progressively traced and mapped
IRHs across the catchment using IRH intersections at each crossover as calibration
points. This ensured reliability in our reflection tracing as the software is capable
of detecting intersecting IRHs at the crossover with orthogonal RES lines. Since
our tracing strategy was based on reflector echo strength and continuity, the reflec-
tion tracing was terminated when it was no longer possible to distinguish visually
between adjacent reflections, either as a result of similar brightness levels or a
loss in continuity. This was particularly common in areas of steep bed topogra-
phy causing IRHs to dip significantly, or where enhanced ice-flow speeds disrupted
IRH continuity, notably into the main flow features of PIG’s northern catchment.
In some places, IRHs faded without such clear topography/flow-induced reasons,
likely due to the attenuation of the radar signal with depth or the type of process-
ing used (Holschuh et al., 2014). In some locations more distant from the upper
PIG catchment (i.e. westward of tributary 6; Fig. 3.1), extensive englacial layering
was visible in RES profiles but, due to a dearth of connecting lines and crossovers,
we could not, with confidence, identify R1-4.

When tracing between crossovers, we relied upon the distinctiveness of our
IRHs. At the vertical resolution of PASIN, R1 and R2 manifest as single-amplitude
peaks, with R2 representing a particularly bright reflector widely visible across our
RES data (Figs. 3.2 - 3.3). R3 consists of the shallowest of a series of closely-
spaced bright horizons, often manifested as a couplet (zoomed inset in Figure 3.2
and Figure 3.3), and previously identified by Karlsson et al. (2014; their “Layer 2”)
and Ashmore et al. (2020a; their “H3”). The lowermost IRH, R4, forms the upper
part of a band of bright reflectors visible at the intersection with the 17.5+0.5 ka
layer widely imaged on RES data from the International Trans-Antarctic Scien-
tific Expedition (ITASE) connecting the PIG catchment with the Byrd Ice Core
chronology (Hammer et al., 1997; Jacobel and Welch, 2005) (Figs. 3.1 - 3.3).

Once R1-4 were traced through the PIG-PASIN survey, we looked for the same
IRHs on the OIB-MCoRDS2 data using available crossovers between each sur-
vey (Figs. 3.1 and 3.4). We found R2-3 to be equally distinguishable in OIB-
MCoRDS2 profiles, with R2 representing a particularly bright reflector similar to
that on PIG-PASIN, whilst R3 also formed the shallower part of an easily distin-
guishable couplet. We did not recover R1 independently on the OIB-MCoRDS2
profile crossing the WAIS Divide ice core and used intersections with PIG-PASIN
to trace it across to IIS catchment. Similarly, we used several intersections with
the 17.5 £ 0.5 ka layer from Jacobel and Welch (2005) in and around the WD2014
site to recover R4 in the OIB-MCoRDS2 data (Figs. 3.1 and 3.5).
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Figure 3.3: Radargram and radar trace profile showing IRH characteristics and
return power on the PIG-PASIN data. Colours of arrows are per legend in Figure 3.2. (a)
Pulse radargram along the control line (segment AA-AB, Figures 3.1 and 3.2) showing IRHs R1-3
and their peak power, with R1 (yellow), R2 (blue), R3 (green). The red line on the radargram
shows the location of the radar trace. (b) Same as for (a) but on PIG-PASIN flight line 1 (chirp
mode) with R4 (pink) shown as well as the depth and location of where Jacobel and Welch’s
(2005) 17.5 + 0.5 ka layer (yellow circle) intersects our data.
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TABLE 3.2: Crossover depth analysis for ten locations (I1-10, Fig 3.4) where R1-
4 intersect each other at flight path crossovers on the PIG-PASIN data. Depth
uncertainty for PIG-PASIN is £17 m.

Depths at Depths at
IRH intersection (m) IRH intersection (m)
R1 467 470 R1 816 814
1 R2 890 896 16 R2 1,488 1,503
R3 1,193 1,197 R3 1,592 1,596
R4 - - R4 - -
R1 925 203 R1 723 728
2 R2 947 942 7 R2 1,099 1,100
R3 1,286 1,284 R3 1,410 1,412
R4 2,086 2,085 R4 - -
R1 532 537 R1 559 558
I3 R2 1,181 1,176 I8 R2 802 806
R3 1,483 1,479 R3 989 1,004
R4 2,021 2,016 R4 - ;
R1 796 797 R1 599 598
4 B2 1223 1224 g B2 98 o5
R3 1,499 1,502 R3 1,161 1,160
R4 2,072 2,058 R4 - -
R1 - - R1 956 946
I5 R2 1,488 1,503 110 R2 1,577 1,576
R3 1,796 1,797 R3 2,010 1,993
R4 2,197 2,192 R4 - ]

It is worth noting that the OIB-MCoRDS2 data were acquired 12-14 years later
than the PIG-PASIN survey, and so the same IRHs will, in principle, lie slightly
lower in the ice column. However, considering a present-day mean accumulation
rate of ~0.30-0.35 m a~! (metres of ice equivalent per year) at the intersection
between the two surveys, the maximum change in IRH depth is <5 m. This is
well within the bounds of the total depth uncertainty calculated for each RES
system (see Section 3.3.3) and does not affect the pattern of englacial layering or
the identification of our IRHs across the different surveys. Crossover analysis at
key intersections on the airborne RES data showed that the mean depth difference
for R1-4 fall within the uncertainty range of all surveys (Fig. 3.4, Tables 3.2-3.3)
(see Section 3.3.3). At 10 intersections on PIG-PASIN, the mean depth difference
for R1-4 is <6 m. Similarly, mean depth difference for R2-3 at 11 intersections
between PIG-PASIN and OIB-MCoRDS2 is 14 m and 29 m respectively, and <18
m at five intersections between R4 on OIB-MCoRDS2 and the 17.5 + 0.5 ka from
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Jacobel and Welch (2005) (Fig. 3.4, Tables 3.2-3.3).

TABLE 3.3: Crossover depth analysis for five locations (K1-5, Fig 3.4) where
R4 traced on the OIB-MCoRDS2 data (this study) intersects the 17.5 + 0.5 ka
layer (Jacobel and Welch, 2005). Depth uncertainty for the OIB-MCoRDS2 IRH is +14 m.
Estimated uncertainty for the 17.5 £+ 0.5 ka layer from Jacobel and Welch (2005) is £10 m.

Depths at intersection (m)
Jacobel and

Welch (2005) L Mis Study
Ki 1,430 1424
K2 1848 1,824
K3 1,784 1,764
K4 1,725 1,743
K5 1917 1,905

Figure 3.4: Map showing the spatial extent of IRHs R1-4 across our study area
(grey lines) and selected crossover points for IRHs traced on PIG-PASIN and OIB-
MCoRDS2. The red dots I1-10 show the ten intersections where we directly compared the
depth of IRHs R1-4 traced on the PIG-PASIN data. The black dots K1-5 are where we directly
compared the depths of R4 (this study) with the depth of the 17.5 + 0.5 ka layer (Jacobel and
Welch, 2005). The black dotted line is where Jacobel and Welch’s (2005) profile intersects our
dataset. The black outline in the background is the ICESat IMBIE basin containing the Pine
Island Glacier (Zwally et al., 2012).

With our objective being to produce an age-depth radiostratigraphy across
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PIG, we converted all IRHs traced above in the time domain (f{;ry) to depth
(dIRH) llSiIlg

Vicel IRH
2
where v;,,=168.5 m p ~' is the speed of electromagnetic (EM) waves through

ice (c.f. Fujita et al., 2000) and Z;=10 m is a spatially invariant firn correction,

appropriate for West Antarctica (Ashmore et al., 2020a). All our depth measure-
ments are given in metres below the surface. We then calculated IRH depth as

a function of ice thickness using the ice-thickness measurement from each respec-

tive RES mission, and complemented these with ice-thickness measurements from

BedMachine (Morlighem et al., 2020) in places where the radar did not sound the

bed.

drrg = + Zy, (3.1)

1

3.3.3 Catchment-wide depth uncertainties

To assess the accuracy of our IRH depths at the catchment scale, we considered
the uncertainties associated with the imaging of IRHs with RES systems. These
uncertainties primarily depend on three factors: variations in the speed of EM
waves through the ice, the firn-density correction, and the RES system’s range
precision (Cavitte et al., 2016). These are described in more details in the following
three sub-sections (Sect. 3.3.3.1 - 3.3.3.3).

3.3.3.1 Electromagnetic wave in ice

The greatest source of uncertainty when calculating the depth of an IRH is
the true speed of EM wave in the ice, which varies based on impurity concen-
trations, anisotropy and temperature, and ranges from p= v;.. [~U 168.0, 169.5]
m p ~! (Fujita et al., 2000). Because this error increases with depth, the max-
imum uncertainty can be found on the deepest IRH. The maximum uncertainty
arising from selecting an EM value ranging between 168 and 169.5 m p ! is 16
m on the maximum depth of the deepest reflection on PIG-PASIN and 14 m on
OIB-MCoRDS2.

3.3.3.2 Firn-density correction

The radar signal travels at a faster rate in the lower-density firn (~350-900
kg m~3) than in the higher-density solid ice (~917 kg m™3). To correct for this,
RES studies typically calculate a spatially invariant firn correction Z; and add
this value in the vertical direction (see Eq. (3.1)) (Dowdeswell and Evans, 2004).
Previous studies over West Antarctica (i.e. Ross et al., 2012; Siegert et al., 2013)
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used a value of Z;=10 m, based on the high-resolution density profiles at WAIS
Divide (see Ashmore et al., 2020a). Since our IRHs are in close proximity to the
WD2014 site, we also used this nominal value of 10 m and applied it to all our
IRHs. We estimate the uncertainty associated with the firn correction to be £3 m,

owing to minor variations in firn densification across the catchment (see Ashmore
et al., 2020a for details).

3.3.3.3 Radar range precision

The precision of IRH depth estimates also depends on the range precision of
the RES system (also known as the range accuracy), o(r*), which refers to how
accurately changes can be located in 3-D space (Cavitte et al., 2015; King, 2020).

In order to determine the range precision of the RES system, the vertical range
resolution, which is mainly a function of sampling frequency, bandwidth, source
wavelets, and the type of post-processing applied, must first be calculated. The
range resolution represents the ability of a RES system to detect between two
closely-spaced targets with similar reflection strengths. Denoted Ar, it is given
by the bandwidth of a chirped RES system, B, the dielectric constant of ice, €'=
3.17, the speed of light in a vacuum, ¢y, and a window widening factor, k, of 1.53
for a 20% Tukey time-domain, as per CReSIS (2018). This results in the following
equation:

/{ZCO

Ar B/ (3.2)
Following Eq. (3.2), the range resolution for each system from coarser to finer
is: PASIN chirp (12.89 m), PASIN pulse (8.42 m), and MCoRDS2 (2.58 m) (Table
3.1). The SNR for each reflector for a point target is a function of the reflector
signal power and noise power, as per Cavitte et al. (2016). It is used alongside the
range resolution to calculate the range precision, which is the standard deviation
of the range estimate for each reflector at the 68% confidence level, as per the

following equation:

() = Ar
T USNR
This provides us with an estimate of the distance between the platform and a
single reflecting target. SNR calculated for each IRH traced on the OIB-MCoRDS2
system at WD2014 varied between 6.54 and 7.68 dB. Using Eq. (3.3), this resulted
in a maximum range precision o(r*) = 1.01 m. As per Ashmore et al. (2020a),
we did not estimate SNR directly for PASIN and instead used a realistic range
accuracy of +4 m to calculate our RES depth uncertainties. This is estimated by

(3.3)
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comparing the range resolution of the University of Texas’s HHCARS system, which
has a slightly higher range resolution (8.6 m) compared with PASIN (12.9 m; see
Table 3.1) and for which RES range accuracy varies between 0.9 and 3.9 m over
East Antarctica (Cavitte et al., 2016) (see Ashmore et al., 2020a for more details).
Considering the chirped version of the RES system flown over IMIS has the same
centre frequency and a similar bandwidth to the Pine Island Glacier survey (2010
IMAFI-PASIN: 12 MHz, 2004 PIG-PASIN: 10 MHz), we estimate that using the
same conservative value of 4 m for the range precision is appropriate here.

3.3.3.4 Combining uncertainties

We undertook an empirical error analysis to calculate the maximum uncertainty
associated with the deepest IRH by calculating the root-mean-square error of the
depth uncertainties from EM wave through the ice, the firn correction, and the
RES range precision. We obtained a combined maximum uncertainty of +17 m and
attached this uncertainty to all IRHs traced on the PIG-PASIN data (see Section
3.8.1). Similarly, we estimated a combined maximum uncertainty of £14 m on the
OIB-MCoRDS2 data (see Section 3.8.1). Given that this uncertainty represents
the maximum uncertainty on the deepest IRH over our entire dataset, we also
calculated IRH-specific uncertainties at the ice-core site (see Section 3.3.4.1).

3.3.4 Age-depth attribution

To estimate the absolute age of our IRHs, we employed two primary dating
methods. We used (a) the WAIS Divide ice-core chronology to provide a direct
age to our three deepest IRHs, namely R2-4; and (b) the Dansgaard-Johnsen 1-
D model to independently compare the ages calculated at the ice core and to
provide an approximate age range to our shallowest IRH, R1. Once dated, we also
compared the ages and depths of R1-3 with dated IRHs traced across PIG (Siegert
and Payne, 2004; Karlsson et al., 2014) and IMIS (Ashmore et al., 2020a); as well
as the age and depth of R4 with the 17.5 + 0.5 ka layer dated using the Byrd
ice-core chronology (Hammer et al., 1997) and traced across the WAIS (Jacobel
and Welch, 2005). Finally, we also compared the depth and age of our upper three
IRHs with sulphate concentrations from the WD2014 ice-core record (Cole-Dai,
2014; McConnell et al., 2017).

3.3.4.1 Connection to the WAIS Divide ice-core chronology

We used the 2016 OIB-MCoRDS2 data linking central PIG to the WD2014
site to date IRHs across PIG relative to the ice-core chronology, where annual-
layer counting goes back to the last ~31 ka BP (Buizert et al., 2015; Sigl et al.,
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2016). We used the recorded depth at the ice core which most-closely matches
our IRH depth at WD2014 to calculate the upper and lower age bounds using
the RES depth and ice-core uncertainties. Following MacGregor et al. (2015),
the age uncertainty (Adeoms) associated with each IRH is the root-mean-square
combination of the age uncertainty associated with the unweighted mean IRH
depth at the ice core (Aaagepn) and the age uncertainty associated with the ice
core at the IRH depth (Adacye), following

Aacomb - \/ACLAdepth2 + Aacoreza (34>

where (Aagyre) is a function of the age of the individual IRH at the ice core
site (Sigl et al., 2016) and the published uncertainty associated with the ice core
age (1% and 3% for ages ranging between 0-15 ka and 15-31 ka BP respectively;
Sigl et al., 2016), while (Aaagepn) is a function of the depth uncertainty of each
IRH at the ice-core site. Since the uncertainty in the EM wave through the ice
increases with depth, using the maximum uncertainty calculated on the deepest
IRH to calculate Adepth at a catchment scale (see Section 3.3.3) would result in
less accurate age uncertainties at the ice core. We have therefore calculated a
depth uncertainty for each individual IRH at the ice core, and undertook the same
empirical error analysis to calculate Adepth at WD2014. This resulted in IRH-
specific RES depth uncertainties which we used to calculate the age uncertainty
for each IRH at WD2014, as per Eq. (3.4).

Whilst Adacomp represents the combined maximum uncertainty from the RES
system and the ice-core chronology, we found that our IRHs are systematically
lower in the ice column compared with strong peaks in acidity concentrations at
WD2014 matching closely the age and depth of our IRHs and which we can assume
to be the likely cause of our IRHs (see Section 3.5.2). To account for this offset
in ages between the IRHs and the strong sulphate peaks observed at WD2014, we
calculated a total age uncertainty (Aaoer), which represents the maximum age
difference between our IRHs and the sulphate peaks at the ice core. This was
obtained by adding a systematic factor of 0.22 ka to Adcoms, Wwhich represents the
total age difference between the maximum IRH age calculated using Aaco,,, and
the age of the strong sulphate peaks (see Section 3.5.2). We provide the total
uncertainty values in Section 3.4.2.

3.3.4.2 Age-depth modelling

To provide an independent validation of our ice-core derived IRH ages, we also
applied the Dansgaard and Johnsen (1969) 1-D vertical ice-strain rate model to
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Figure 3.5: 3-D radar profile connecting the Pine Island Glacier with the WAIS
Divide ice core. (a) Intersecting RES profiles from PIG-PASIN and OIB-MCoRDS2 with
IRHs R1 (red), R2 (blue), R3 (green) and R4 (pink) traced along radargrams. The age range
shown on the PIG-PASIN profile in the top right corner are from the 1-D model for R1-4 (see
Section 3.4.2). (b) Englacial layering on the OIB-MCoRDS2 RES profile where it intersects the
WD2014 ice core (red line), with ages and total age uncertainties for R2-4 inferred from the
ice-core chronology (see Section 3.4.2) shown on the right-hand side. (c) Inset showing the PIG-
PASIN (orange line) and OIB-MCoRDS2 (yellow line) profiles in (a) and the full PIG-PASIN
RES flight lines shown in grey in the background, as well as the position of the WD2014 ice core
(red triangle).
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derive approximate dating of the IRHs traced over the central PIG catchment.
This model has been used previously to date IRHs across West Antarctica (Corr
and Vaughan, 2008; Karlsson et al., 2012; 2014; Ashmore et al., 2020a), assess
divide migration (Waddington et al., 2005), and calculate past accumulation rates
at or near ice divides (Siegert and Payne, 2004; Jacobel and Welch, 2005). We
chose the Dansgaard—Johnsen model here for its simplicity and as it allows us to
test the effect of ice deformation on the ages of our IRHs. However, we note that
other alternatives exist such as the Nye (Nye, 1957) and Lliboutry (Lliboutry,
1979) models, or the more developed quasi-Nye model (MacGregor et al., 2015).

Under the assumption that the ice sheet is, and has been, in steady state, close
to an ice divide, the Dansgaard-Johnsen model gives

2H—h_ 2H —h

t= In (
2a 22— h
where ¢ (ka; thousand years) is the age of an IRH, H (m) is the ice thickness
(assumed constant in time), h (m) is the thickness of the basal shear layer, a (in m
a~! ice-equivalent) is the average accumulation rate since deposition of the IRH,
and z (m) is the elevation of the IRH above the bed (Dansgaard and Johnsen,

1969).

),h < z<H, (3.5)

For this model, several assumptions are made: (a) negligible horizontal veloc-
ity component; (b) time-averaged accumulation rates and no temporal change in
accumulation patterns; and (c) constant ice deformation from the surface to some
depth, h, below which vertical strain rate is assumed to decrease linearly towards
the bed. Considering the above, we initiated the model on the PIG-PASIN data
at two sites (A and B in Figure 3.1) located ~50km from the ice divide where
horizontal ice flow is minimal (<3 m a™!), the ice is thick (>3 km) and the bed
relatively flat. Site A (80.15°S, 101.56°W) was selected due to its relative prox-
imity within PIG to WD2014 (~215 km). At this site, R1-3 were traced, as well
as R4. This provided us with initial constraints for age-depth estimates for the
upper IRHs (namely R1-3), and allowed us to evaluate the model results based on
the approximate known age of R4. To ensure representativeness, however, we also
selected a second site, Site B (79.87°S, 100.03°W), where R1-3 were traced but not
RA4.

In order to obtain direct ages for our IRHs using Eq. (3.5), the model also
requires a good approximation of past accumulation rates, a, and basal shear layer
thickness, h, which are both unknown over our grid. The following two sections
provide more details on how these were calculated.
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3.3.4.2.1 Past accumulation rates

We based our estimates for a in Eq. (3.5) on advection-corrected accumulation
rates from the WD2014 ice core (Fudge et al., 2016) for each IRH R1-4, and with
current accumulation estimates to correct for any elevation-dependent change in
accumulation between the WD2014 site and our PIG Sites A and B.

To obtain estimates of accumulation rates for R1-3 at the Ice Core, we first
needed to assign broad ages to our IRHs which were independent from those cal-
culated at the Ice Core. For this, we used a profile from the 1974-75 Scott Polar
Research Institute/National Science Foundation/Technical University of Denmark
(SPRI/NSF/TUD) survey containing IRHs that were traced and dated at their
intersection with the Byrd Ice Core chronology (Hammer et al., 1997; Siegert
and Payne, 2004) and that cross R1-3 traced on PIG-PASIN. At three crossovers
(marked on Figure 3.1), we used the age-depth profile of Siegert and Payne (2004)
to assign broad ages to our upper three IRHs. Table 3.4 shows the close correspon-
dence between our traced IRHs and those from Siegert and Payne (2004) at In-
tersections 1-3. Acknowledging the spatial uncertainties associated with pre-GPS
navigation in the SPRI/NSF/TUD records (Schroeder et al., 2019), we treated
these as initial constraints to refine the input parameters of the age-depth mod-
elling we describe in this section.

TABLE 3.4: IRH depths (m) at three locations where the SPRI/NSF/TUD survey
intersects the PIG-PASIN survey. The intersections mentioned here are shown as black
arrows in Figure 3.1. Age and uncertainty for each of Siegert and Payne’s (2004) IRHs is also
shown here. The maximum depth uncertainty associated with our IRHs at a catchment-scale is
+17 m on PIG-PASIN (see Section 3.3.3). The uncertainty associated with Siegert and Payne’s
(2004) IRHs is +40 m.

IRH depths at Intersections 1-3

This study Siegert and Payne (2004)
LO7 L10 L11
Rl k2R3 (3.10 £ 0.16 ka) (5.60 = 0.18 ka) (6.40 = 0.18 ka)
I1 520.8 &882.3 1,146.0 500.8 896.7 1,056.8
12 508.4 975.0 1,478.8 531.3 1,034.4 1,222.9
I3 569.6 999.6 1,475.3 557.0 1,055.5 1,193.4

Tentatively treating our R1-3 as broadly equivalent to three of Siegert and
Payne’s (2004) dated IRHs, we derived mean advection-corrected accumulation
rates at WD2014 for each reference age: 0.247 4 0.062 m a~! (3 ka BP, with BP
defined as years before 1950 CE), 0.248 £ 0.062 m a~' (5 ka BP), and 0.243 +
0.061 m a~! (7 ka BP), as well as a rate of 0.226 + 0.051 m a~' (17.5 ka BP)
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based on the intersection with Jacobel and Welch (2005). The errors correspond
to uncertainties in the firn-densification model used by Fudge et al. (2016). These
provided us with estimates of what would be required to reproduce each layer if
accumulation had remained constant between the time of the deposition of the
layer and the present at WD2014.

Under the assumption that spatial accumulation patterns have not changed
during the Holocene over the WAIS (Siegert and Payne, 2004; Neumann et al.,
2008; Koutnik et al., 2016), and considering that accumulation rates at the Ice
Core are generally smaller than at Site A and B (Table 3.5), we used modern
accumulation rates from modelled and observational data to calculate the re-
gional difference between accumulation at WD2014 and our Sites A and B. The
four sources of modern accumulation data used here are: (a) surface mass bal-
ance (SMB) estimates for the period 1979-2015 using the Modele Atmosphérique
Régional (MAR, Version 3.6.4; Agosta et al., 2019); (b) SMB estimates for the
period 1979- 2018 from the Regional Atmospheric Climate Model 2 (RACMOZ2;
van Wessem et al., 2018); (c) accumulation rates interpolated from ground mea-
surements and AMSR-E polarisation (Arthern et al., 2006; hereafter referred to as
ARTO06); and (d) a combination of catchment-wide, snow and accumulation RES
measurements obtained in 2009-11 from ultra-wideband airborne platforms and
intersecting a series of shallow ice cores (Medley et al., 2014), combined with a
set of GPR tracks acquired in 2002-04 over the Central Amundsen-Weddell Divide
(Neumann et al., 2008) (hereafter referred to as MED14). To ensure consistency
across all observational and modelled products, and capture intra-cell variability
in accumulation rates, we bilinearly interpolated the resolution of the MAR (35 x
35 km), RACMO2 (27 x 27 km), and ART06 (100 x 100 km) products to match
the 3-km resolution of MED14. We then obtained the closest grid value that cor-
responded to WD2014 and each of Site A and B, and converted the accumulation
value from kg m=2 a=! to m a~! of ice-equivalent using a density value of 917 kg
m~3.

From these datasets, we then calculated a percentage of change between WD2014
and Site A-B and applied this to the mean advection-corrected rates calculated at
WALIS Divide for R1-4 (Table 3.5). Together, these provided us with a range of
realistic values of a for each IRH at Site A-B to use as input into the 1-D model.

3.3.4.2.2 Basal shear layer thickness

The thickness of the basal shear layer, h, is largely unknown as it is dependent
on accurate knowledge of the bed topography, ice thickness, and temperature of
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TABLE 3.5: Accumulation rates (m a~!) for each IRH at Site A and B, as calculated
using the four accumulation datasets. Note that at Site B, R4 was not retrieved. The
accumulation rate is given in m a~! (metres of ice equivalent per year) using an ice density value
of 917 kg m™3. A% refers to the percentage change in accumulation rates between the WD2014
site and Site A and B respectively.

Site A Site B
R1 R2 R3 R4 A% R1 R2 R3 A%
MAR 0.253 0.255 0.249 0.210 2.659 0.266 0.268 0.261 7.742
ART06  0.268 0.270 0.264 0.223 8.817 0.276 0.278 0.271 11.831
RACMO2 0.305 0.307 0.300 0.253 23.560 0.331 0.333 0.326 34.200
MED14  0.311 0.314 0.307 0.259 26.308 0.325 0.325 0.318 30.888

the ice (Neumann et al., 2008). Previous studies have used a value of h=400 m
for Greenland and West Antarctica (Fahnestock et al., 2001b; Siegert and Payne,
2004; Jacobel and Welch, 2005; Karlsson et al., 2012), whilst Karlsson et al. (2014)
and Ashmore et al. (2020a) explored the effects of fuller ranges of 100<h>1200
m. Considering that the vertical velocity profile under present-day conditions is
dependent on a good approximation of the flow and bed conditions at the divide,
Neumann et al. (2008) tested two scenarios to estimate the basal shear layer thick-
ness over the Central Amundsen-Weddell Divide. The parameterisation of their
model used both h=0.2H (corresponding to a divide where basal sliding or divide
migration is occurring) and h=0.7H (representing a stable divide with frozen bed).
They showed that values where h>0.2H required increasingly more accumulation
at the divide to match the age of the RES-detected IRHs dated at Byrd ice core.
Schwander et al. (2001) used h=0.373H at Dome Concordia (East Antarctica),
but accumulation is lower there than at the Divide and ice flow has likely changed
little since the last interglacial. Owing to the above, and considering that ice
thickness at Site A is H=3,605 m and at Site B is H=3,430 m (423 m; Vaughan
et al., 2006), using a range of values for A of 100-1,200 m as per Ashmore et al.
(2020a) and Karlsson et al. (2014) is not appropriate.

We therefore refined this range to between 0.2<h>0.3 H, rounding to the nearest
100, hence investigating the effect of h ranging from 700 to 1,100 m at both sites.
We note, however, that large uncertainties in basal deformation at WD2014 (Cuffey
et al., 2016; Fudge et al., 2019) could result in A values being smaller than 20% of
the ice thickness and thus lead to an overestimation of our ages.
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3.4 Results

3.4.1 Englacial stratigraphy

We successfully traced four IRHs R1-4 across a large proportion of the PIG
catchment, including in areas where annual velocities reach up to ~350 m a™!
(Fig. 3.6). The most extensive IRH traced in our study is R2, closely followed by
R3 (Fig. 3.6), with mean depths across the catchment of 1,175 and 1,463 m respec-
tively (Table 3.6). The shallowest IRH, R1, was located on average at ~30% of the
ice depth, whilst the deepest, R4, was on average found at ~68% depth (Table 3.6).

TABLE 3.6: Summary statistics for each IRH traced throughout the PIG-PASIN
and OIB-MCoRDS2 surveys. We provide these for both depth below the surface and depth
as a fraction of ice thickness. “lo” refers to one standard deviation, “Range” refers to the
minimum and maximum values, and “IQ Range” refers to the interquartile range (25th and 75th
percentile). A maximum uncertainty of 17 m is assumed here.

IRH depth statistics
Depth below the surface (m) Depth as fraction of ice thickness

Mean 1o Range 1Q Range Mean 1o Range IQ Range
R1 722 191 204-1,302 623 - 873 0.30 0.10 0.12-0.63 0.22 -0.36
R2 1,175 240 304 -2,014 1,069 - 1,347 0.46 0.09 0.21 -0.82 0.40 —0.52
R3 1,463 298 650 - 2,486 1,324 - 1,650 0.54 0.08 0.29 -0.82 0.48 —0.60
R4 1,929 257 697 - 2,640 1,799 - 2,080 0.68 0.05 0.42-0.92 0.66 —0.71

The traceability of R1-3 does not vary greatly and is primarily constrained by
topography (Fig. 3.6a-c). By contrast, R4 was only detected across the upper
THW/PIG catchments (Fig. 3.6d), even though it has previously been detected
much further north into the PIG basin in the ITASE survey (Jacobel and Welch,
2005), likely due to the different frequency range used by the two RES systems.
We come back to this point in Section 3.5.1. We were also able to trace R1-3 in
the upper parts of the IMIS catchment, and R2-4 in the upper parts of the THW
catchment toward the WD2014 site (Fig. 3.6). The traced IRHs are generally
deeper southward of the onset of PIG tributaries 7 and 9 and at the centre of the
PIG catchment, and relatively shallow at its southern margin and at the divides
with THW and IIS (Fig. 3.6e-h). We were unable to identify the IRHs in several
locations, mainly north of the main trunk of PIG near the Hudson Mountains
range and west of tributary 6 (Fig. 3.6a). We were also unable to detect contin-
uous IRHs in any PIG-PASIN profiles traversing the main trunk and tributaries
of THW, nor those that cover the main trunk and fast-flowing tributaries of PIG
(Fig. 3.6).
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Figure 3.6: Normalised (a-d) and fractional (e-h) depth for the four IRHs traced over
the PIG-PASIN and OIB-MCoRDS2 data from shallowest to deepest. Also shown are
the IRH ages (ka) (see Section 3.4.2) for R1 (age-range estimate from 1-D model) and R2-4
(ages from WD2014 ice-core intersection). For (a~d), lower (blue) values correspond to relatively
deep IRH depths, higher (yellow) values correspond to shallow IRH depths. Background is
bed elevation in metres (referenced to the WGS84 ellipsoid) from BedMachine (Morlighem et
al., 2020). For (e-h), lower (yellow) values correspond to the shallowest IRHs, higher (purple)
values correspond to the deepest IRHs. Background is ice thickness in metres from BedMachine
(Morlighem et al., 2020). The white line is the Antarctic coast line. The numbers and annotations
in (a) are the eight fast-flowing tributaries (1-7, 9) of Pine Island Glacier, the location of the
Hudson Mountain Range (HM), and the ICESat IMBIE basins containing PIG, THW and IIS
(Zwally et al., 2012).
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3.4.2 Age-depth estimates

Having clearly identified R2-4 near the WD2014 site, we attempt to date these
using the WD2014 chronology. The OIB-MCoRDS2 RES profile passes within
~1.2 km of the ice-core site, and the stable ice conditions in the area means that
flow-induced disturbance on layer geometry is relatively limited (Laird et al., 2010).
Following MacGregor et al. (2015), we calculate the unweighted mean reflection
depth within a distance of £250 m along transect from the trace that is closest
to the ice-core site to obtain Aaagepn, resulting in mean depths at the ice core of
1,060 £ 7 (R2), 1,430 + 9 (R3), and 2,371 + 14 m (R4) (Table 3.7). Considering
the RES-depth and ice-core uncertainties (Eq. (3.4)), and to account for the age
offset between our IRHs and the strong sulphate peaks at the ice core (see Sections
3.3.4.1 and 3.5.2), we determined the age and associated age uncertainty for each
IRH at WD2014 as: 4.72 £ 0.28 (R2), 6.94 + 0.31 (R3), and 16.50 + 0.79 ka (R4)
(Table 3.7).

TABLE 3.7: IRH mean depths (m), ages (ka; in years before 2020 AD), and uncer-
tainties (A) at the WD2014 site for R2-4. Column “a (ka)” refers to the IRH age obtained
from the RES-depth and the depth at the WD2014 ice core. Column “Aacoms” refers to the
combined age uncertainty from the RES and the ice-core chronology, whilst “Aayetq;” refers to
the maximum age uncertainty of our IRHs calculated from the age difference between our IRHs
and the strong sulphate peaks at WD2014 (see Section 3.3.4.1 and 3.5.2).

d@pth Adepth a ACLAdepth Aacore Aacomb Aatotal

(m) (fm) (ka) (+ka) (£ka) (£ka) (&£ka)
R2 1,060 7 4.72 0.04 0.05 0.06 0.28
R3 1,430 9 6.94 0.06 0.07 0.09 0.31
R4 2371 14 16.50 0.28 0.50 0.57 0.79

To compare the ages independently from the WD2014 chronology and provide
an approximate age-range estimate for our shallowest isochrone R1, we use the
1-D model at Site A and B. The age estimates returned from the 1-D model at
both sites are as follows: R1 (2.31-2.92), R2 (4.46-5.82), R3 (6.75-9.15), and R4
(19.69-26.87 ka) (Table 3.8).
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TABLE 3.8: Modelled IRH age-range estimates (ka) returned from the 1-D steady-
state model for varying accumulation datasets (see Section 3.3.4.2) and basal shear
layer thickness (h, in metres) scenarios at Site A and B for IRHs R1-4 (see Section
3.3.4.2). Note: At Site B, R4 was not retrieved. The accumulation rates (m a~!) used to obtain
each IRH age estimate can be found in Table 3.5. We calculate an empirical error estimate of

between +2 and 4% for each modelled age estimate based on the uncertainties in RES-derived
depth (£17 m) and ice thickness (£23 m, Vaughan et al., 2006).

Site A Site B
h =750 h=2900 h=1,100 h =70 h=2900 h=1100
MAR 2.84 2.85 2.86 2.89 2.90 2.92
R1 ARTO06 2.68 2.69 2.70 2.78 2.80 2.81
RACMO2 2.36 2.37 2.38 2.32 2.33 2.34
MED14 2.31 2.32 2.33 2.36 2.37 2.38
MAR 5.72 5.77 5.82 5.55 5.61 5.67
RO ARTO06 5.40 5.44 5.49 5.35 5.40 5.46
RACMO2 4.75 4.79 4.84 4.46 4.50 4.55
MED14 4.65 4.69 4.73 4.57 4.62 4.67
MAR 8.88 9.01 9.15 8.41 8.54 8.69
R3 ART06 8.38 8.50 8.63 8.10 8.23 8.37
RACMO2 7.38 7.48 7.60 6.75 6.86 6.98
MED14 7.22 7.32 7.43 6.92 7.03 7.15
MAR 24.22 25.40 26.87 - - -
R4 ARTO06 22.85 24.00 25.40 - - -
RACMO2 20.13 21.10 22.32 - - -
MED14 19.69 20.64 21.84 - - -

The ages calculated for R2-3 at WD2014 (Table 3.7) are within the upper and
lower bounds of the modelled age-range estimates from the 1-D model (Table 3.8),
with the MED14 and RACMO2 accumulation products best able to reproduce the
ages at WD2014 to within <10%. However, the returned age estimate for R4 at
Site A, 19.69-26.87 ka, is 20 to 60% greater than the age of R4 at WD2014 (16.50
+ 0.79 ka) and that of Jacobel and Welch (2005) (17.5 &+ 0.5 ka). We come back
to these points in Sections 3.5.1 and 3.5.3.

3.5 Discussion

3.5.1 IRH comparison across the WAIS

Karlsson et al. (2014) traced two distinctive IRHs through the middle ice
depths across parts of the central PIG catchment using the same PIG-PASIN
dataset as that used here, but only focusing on flight lines flown at constant eleva-
tion and only exploiting the data in its chirp mode. This earlier study highlighted
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the existence of a distinctive IRH package between an upper bound, “Layer 17,
approximately dated to 5.3-6.2 ka, and a lower bound “Layer 2”, approximately
dated to 8.6-13.4 ka. Here, by additionally exploiting the full spatial extent of the
PIG-PASIN dataset, the simultaneously-acquired pulse-mode PASIN data, and
complementing these with recent OIB-MCoRDS2 data, we have expanded the
reach of that earlier radiostratigraphy across the fuller PIG catchment, and across
the ice divides into neighbouring regions, notably THW and IIS. Direct compari-
son between both sets of results suggests that Karlsson et al.’s (2014) Layer 1 and
2 are equivalent to the IRHs traced in this study as R2 and R3, with a median
difference ranging between 6 and 12 m, which is within the depth uncertainty of

the IRHs (Fig. 3.7).

Throughout the neighbouring IMIS catchments, Ashmore et al. (2020a) also re-
cently traced three prominent IRHs (H1-3), broadly dated at 1.9-3.2 (H1), 3.5-6.0
(H2), and 4.6-8.1 ka (H3), using the same 1-D model described here. They posited
that their deeper two IRHs (namely H2-3) were also similar to Karlsson et al.’s
(2014) Layers 1 and 2 (and hence are likely equivalent to our R2 and R3), but
the association was untested with any direct crossovers. Here, we were able to
trace our upper three IRHs R1-3 along an OIB-MCoRDS2 profile extending across
the upper IIS catchment (Fig. 3.6a-c), intersecting eight IMAFI-PASIN profiles
in which H1-3 were traced. Across these intersections, the mean difference be-
tween OIB-MCoRDS2 R1-3 and IMAFI-PASIN H1-3 is 15 m, which is within the
uncertainty bounds of the respective RES systems (+14 m for OIB-MCoRDS2;
+15 m for IMAFI-PASIN, Ashmore et al. (2020a)), and hence provides additional
evidence that we observe the same IRHs across both catchments. Two sets of
parallel profiles, laterally offset by ~1.5 km, and acquired across the PIG/IIS di-
vide in the PIG-PASIN and IMAFI-PASIN datasets (Fig. 3.1), provide a further
opportunity to confirm these equivalences with data from the same RES system.
Only in three short sections of these transects could we compare our IRHs with
those from the IMAFI-PASIN study (inset in Figure 3.7a); in these locations, we
could not identify R1 and R3. Nevertheless, at two intersections (black arrows in
inset on Figure 3.7a), the respective depths for PIG-PASIN R2 and IMAFI-PASIN
H2 were 794 and 797 m at Intersection 1 and 776 and 778 m at Intersection 2 re-
spectively, which is remarkably close considering ice thickness in this area exceeds
2 km. This, alongside the crossovers on the OIB-MCoRDS2 data, gives us high
confidence that our R2, Ashmore et al.’s (2020a) H2, and therefore Karlsson et
al.’s (2014) Layer 1, all represent the same internal marker in the ice. This study,
by using additional data that allowed direct dating at the WD2014 site, is there-
fore able to ascribe more accurate and precise ages to the IRH package ranging
across PIG and IMIS of 4.72 £ 0.28 ka (Layer 1/H2/R2) and 6.94 £ 0.31 ka (Layer
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2/H3/R3) respectively based on the WD2014 ice-core chronology.

We also note that all three studies identify R2 as their most spatially exten-
sive IRH, indicating the presence of a particularly ubiquitous isochrone, similar in
age to a 4.72 + 0.24 ka isochrone detected and also extensively mapped elsewhere
across central West Antarctica (Muldoon et al., 2018). Whilst we were not able to
provide a more refined age to our shallowest IRH, R1, from direct intersection with
the WD2014 Ice Core, the 1-D model returned an age-range estimate (2.31-2.92 ka)
that is in broad agreement with that of Ashmore et al. (2020a) (1.9-3.2 ka; their
H1) and Siegert and Payne (2004) (3.10 £ 0.16 ka; their L07). Together, these
studies demonstrate considerable promise for unifying an age-depth stratigraphy
across the WAIS back to at least ~7 ka, while tying our IRHs to the WD2014 Ice
Core has yielded more accurate, and younger, ages, for the isochrones detected
across PIG and, by extension, IMIS.

The age assigned to R4 at WD2014 (16.50 £ 0.79 ka) is slightly younger than
the 17.5 + 0.5 ka layer tied by Jacobel and Welch (2005) to the Byrd Ice Core
(Hammer et al., 1997), although there is an overlap of 0.29 ka when fully accounting
for the age uncertainties. We offer two potential explanations for this disparity.
Firstly, the low-frequency ground-based RES system used as part of the ITASE
survey has a much longer wavelength than the high-frequency airborne systems
used here, meaning that the 17.5 4 0.5 ka layer appears as a single-amplitude
peak measuring tens of metres in thickness (c.f. Jacobel and Welch, 2005), whereas
the shorter-wavelength on the airborne RES systems allows for the delineation of
individual peaks, thus resolving the strong singular reflector from Jacobel and
Welch (2005) as a series of closely spaced reflectors. As a result, when attempting
to connect the ITASE profile with the airborne RES data, it is likely that the
closest bright reflector identified on the airborne RES data forms the upper part
of the wider reflector imaged by Jacobel and Welch (2005), thus leading to younger
ages at the intersection with the WD2014 Ice Core. Secondly, the uncertainties in
the RES data at the intersection between OIB-MCoRDS2 (£ 14 m) and Jacobel
and Welch’s (2005) profile (& 10 m) increase the chance to misinterpret the correct
position of the 17.5 ka layer over the airborne data, although we show in Table
3.3 that the mean depth difference between R4 and Jacobel and Welch’s (2005)
layer is <18 m, which is within the uncertainty range of both studies. Whilst these
points are relevant when comparing the ages of R4 at WD2014 with the age of
Jacobel and Welch’s (2005) layer, it is worth mentioning that the exact age and
depth of the strong reflector at WD2014 are known from electrical conductivity
and chemistry measurements. At the ice core, this layer is characterised by nine
distinctive peaks ranging in depths between 2,420 m and 2,427 m and dated at
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Figure 3.7: Comparison between our IRHs and Karlsson et al. (2014) and Ashmore
et al.’s (2020a) IRHs. (a) Spatial extent of traced IRHs over Pine Island Glacier using the
PIG-PASIN dataset: subset of R2-3 package from this study (blue), Karlsson et al.’s (2014) Layer
1-2 (abbreviated in the figure as L1-2) (red). The grey lines in the background show a subset of
the PIG-PASIN flight lines onto which Karlsson et al.’s (2014) Layer 1-2 were traced. The black
outline lines are the ICESat IMBIE basins containing PIG and THW (Zwally et al., 2012). Inset
in top right shows the location where Ashmore et al.’s (2020a) H2-3 (yellow) from the PIG-PASIN
survey (see Figure 3.1) intersect our IRHs over PIG, with ice thickness (m) from BedMachine
(Morlighem et al., 2020) in the background. The black arrows are where we directly compare
Ashmore et al.’s (2020a) H2 and our R2. (b) Comparison between R2-3 (blue) and Karlsson et
al.’s (2014) L1-2 (red) (top) and histograms showing the key statistics of the difference between
R2/L1 and R3/L2 (bottom) for segment A-A’ (see (a)). The median is represented by the thick
green line and the 25th and 75th interquartile range is shown in shaded green. (c¢) As (b) but for
segment B-B’. Note that the segments A-A’ and B-B’ shown here are distinct from the AA-AB
segment shown in Figure 3.1.
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17.75 £ 0.19 ka (Sigl et al., 2016; McConnell et al., 2017), a full 35 m below the
depth of R4 at WD2014. Even taking into account the maximum depth of our
IRH along the +250 m transect (2,378 + 14 m; see Table 3.7), R4 is still found 28
m above the depth of the 17.75 + 0.19 ka at WD2014. Considering all the above,
it is likely that R4 is not the same layer as the strong volcanic layer dated at 17.75
+ 0.19 ka at WD2014 (McConnel et al., 2017), but rather forms the upper part of
the wide reflector imaged by Jacobel and Welch (2005) in the ground-based RES
data.

3.5.2 Linkage with the WAIS Divide ice-core record

Whilst determining the cause of R4 remains ambiguous due to the limitations
mentioned above, the existence of R2 and R3 offer an opportunity to link them
directly to the ice-core sulphate record at WD2014. High sulphate content from
volcanic sulphuric acid is known to correspond to high acidity levels in englacial
layers in ice cores (Gow and Williamson, 1971; Hammer et al., 1997; Millar, 1982;
Castellano et al., 2005) and, because the radar is sensitive to acidity contrasts
(Millar, 1981; Fujita et al., 1999), we can attempt to link the sulphate record at
the ice core with our IRH stratigraphy. Figure 3.8 shows the presence of three
large peaks in sulphate concentration at the WD2014 ice core which are particu-
larly close in age and depth to IRHs R2-3 traced on the OIB-MCoRDS2 profile
near WD2014. In particular, a layer dated at 4.94 ka (depth: 1,099 m) contains
sulphate concentrations that are unmatched (405 pg kg') for much of the core
up until a depth of ~2,400 m (equal to the last ~18,000 years BP) (Fig. 3.8).
Even taking into account the entire profile, this layer contains the fourth largest
amount of sulphate concentrations in the last ~68,000 years BP. We also notice
the presence of two closely-spaced peaks in the sulphate record which are dated at
7.25 ka (depth: 1,475 m; sulphate concentration: 306 ug kg!) and 7.64 ka (depth:
1,526 m; sulphate concentration: 271 ug kg™'), corresponding to the 9th and 10th
highest sulphate concentrations on record (Fig. 3.8b). Not only do these ages
match closely the age of R3 at the ice core, they also match the characteristics
of R3, which is often found as a couplet across most of PIG, upper THW, and
IMIS catchments on the airborne RES data (Figs. 3.2 and 3.3). Additionally, the
second largest peak on record before ~18,000 years BP is found at a depth of 584
m and dated at 2.45 ka (sulphate concentration: 309 pg kg™'), which falls within
the modelled age-range estimate for R1 (2.31-2.92 ka) at Site A and B (Table 3.8,
Fig. 3.8a).
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Figure 3.8: Sulphate concentration (ug kg™') as a function of depth (m) at the WAIS
Divide ice-core site for: (a) the brittle section of the WDCO0G6A ice core (577-1,300
m) from Cole-Dai (2014); and (b) for depths of 1,300-3,404 m at WD2014 Ice Core
from McConnell (2017). Peaks of sulphate concentration matching the age-depths of R1-3
and dated at 2.45 ka, 4.94 ka, and 7.25 ka are also shown. The ages shown are from the WD2014
chronology and are in years before 2020 AD.

Whilst this offers us the opportunity to directly link our IRHs to the WAIS
Divide record, we note that the depths of R2-3 at WD2014 are slightly shallower
(R2: 1,060 + 7 m; R3: 1,430 + 9 m) than the sulphate peaks in Figure 3.8, result-
ing in slightly younger ages at the ice core. We cannot exclude the possibility that
we traced a layer that is slightly above R2 and R3 at the ice-core site, although
this is unlikely as we base our tracing on depth intersections (Fig. 3.4) and IRH
characteristics (Figs. 3.2 and 3.3). Even taking into account the maximum depth
of R2-3 along our +250 m transect to account for the fact the OIB-MCoRDS2
line did not fly directly over the WD2014 site but instead ~1.2 km away (Sect.
3.3.4.1), R2 (1,069 + 7 m) and R3 (1,438 + 9 m) would still be found 23 m and
28 m higher than the sulphate peaks at the ice core respectively. Whilst this is
a relatively small disparity considering ice thickness in the area exceeds ~3.5 km
and that we are effectively comparing airborne-RES data (metre-scale accuracy)
with ice-core data (mm-scale accuracy), the reason for our IRHs not aligning more
closely with the sulphate peaks remains unclear. One potential explanation could
relate to the distance between our transect and the location of the WD2014 ice-
core site. Although Laird et al. (2010) suggested that flow-induced disturbance
on layer geometry is limited in the area around the WD2014 site, changes in bed
roughness were found to affect englacial stratigraphy near WD2014. This could
lead to small undulation in IRH elevations between our transect and WD2014
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and thus likely result in several metres of discrepancy. To acknowledge this, and
considering that the sulphate peaks are most likely the cause of our IRHs as we
show above, we have increased the age uncertainty of our IRHs to account for the
offset between our IRH ages and the age of the sulphate peaks (Sect. 3.3.4.1, Ta-
ble 3.7). This results in more conservative uncertainties for our deeper three IRHs
dated at the ice core: 4.72 + 0.28 (R2), 6.94 + 0.31 (R3), and 16.50 £ 0.79 ka (R4).

By linking three of our four IRHs to the sulphate record at WAIS Divide,
we can hypothesise that the origin of our spatially extensive IRHs is from past
explosive volcanic activity during the Holocene. Previous studies in Antarctica
have demonstrated the correspondence between bright reflectors in the RES data
and past volcanic activity (e.g. Jacobel and Welch, 2005; Corr and Vaughan, 2008).
Karlsson et al. (2014) previously attempted to link their deeper layer (Layer 2/R3)
to acidity peaks at Byrd Ice Core, however the absence of a direct link between
the PIG catchment and a complete ice-core chronology was lacking at the time.
The evidence presented here suggests that our IRHs may also originate from past
explosive volcanism; though the precise source of these eruptions, whether regional
or global, remains unknown.

3.5.3 Accumulation rate and IRH-age comparison

The correspondence in isochrone-age estimates for IRHs R2-3 derived from in-
tersecting the WD2014 site (Table 3.7) and using the 1-D model (Table 3.8) at the
PIG/THW divide (~250 km away) (our Sites A and B; Fig. 3.1) suggests that
accumulation patterns have remained broadly similar across the Amundsen-Ross
divide for at least the last ~7 ka. Whilst this is based on a relatively limited
amount of data points, it complements previous studies (Neumann et al., 2008;
Fudge et al., 2016; Koutnik et al., 2016), including Siegert and Payne (2004) who,
using the same SPRI/NSF/TUD RES transect as that in Figure 3.1, concluded
that accumulation patterns have remained stable over the last 6.4 ka. We suggest
future research make use of the accurately dated IRHs provided here to model
Holocene accumulation rates and patterns, as well as regional ice-sheet balance
velocities, as previously conducted over Greenland (e.g. MacGregor et al., 2016)
and on individual sections of the WAIS (Koutnik et al., 2016; Neuman et al., 2008).
This will provide additional information on the terrestrial ice-sheet history of the
Amundsen Sea Embayment during the Holocene, and in turn help us to constrain

better the future of the WAIS.

Previous studies have successfully combined ice-core records with modelled
modern-day accumulation rates to reconstruct Holocene accumulation (Fudge et
al., 2016; Cavitte et al., 2018; Nielsen et al., 2018), although non-climatic noise in
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the observations and model biases have resulted in small discrepancies between ice-
core and model reconstructions (Cavitte et al., 2020; Dalaiden et al., 2020). When
assessing the ability of the 1-D model to reproduce the ages for R2-3 derived at the
WD2014 Ice Core, we find that the best match (to within <10%) is achieved using
the modern accumulation rates provided by the MED14 and RACMO?2 products.
This is not surprising as both have higher spatial resolution than MAR and ART06,
but it also likely reflects the fact that MED14 is an observational product and that
RACMO2 has been shown to agree well with geophysical estimates of accumulation
rates (Lenaerts et al., 2012; Medley et al., 2014; Wang et al., 2016; van Wessem
et al., 2018). In contrast, when using present-day accumulation estimates from
ARTO06 and MAR to calculate past accumulation rates, model-derived ages are up
to 1.1 ka (~23%) greater for R2 and 2.2 ka (~32%) greater for R3 compared with
ice-core derived ages (Tables 3.7-3.8). This discrepancy is primarily dominated
by different modern accumulation gradients estimated between WD2014 and the
PIG/THW divide (i.e. Site A and B), with the MED14 and RACMO2 products
suggesting a slightly more homogenous gradient than ART06 and MAR (Table
3.5). Lower in the ice, the poor correspondence between the age of R4 derived
by links to the WD2014 (16.50 + 0.79 ka) relative to the age returned by the
1-D model (19.69-26.87 ka) is worthy of investigation. Even taking into account
the maximum age uncertainty at the ice core, the minimum and maximum age
returned by the 1-D model is 2.6 (15%) and 9.8 ka (57%) greater than at the ice
core (Tables 3.7-3.8), a difference that cannot solely be attributed to the different
modern-day accumulation gradients mentioned above. The most likely explanation
is that the assumptions required for the 1-D model (see Section 3.3.4.2) break
down for older IRHs, where local accumulation rate is no longer a primary factor
in determining the depth of an IRH. This could be due to complex flow dynamics
such as longitudinal strain or lateral shearing at the boundary between slow and
fast-flowing ice, resulting in high internal stress impacting IRH stratigraphy in the
deeper part of the ice column (Waddington et al., 2007). Moreover, R4 (16.50
+ 0.79 ka) was deposited pre-Holocene as the WAIS was transitioning from a
glacial to an interglacial period during which ice thickness has likely not remained
constant (Golledge et al., 2014; Johnson et al., 2017), implying possible changes
in ice-flow configurations for which the steady-state model is not able to account.

3.5.4 Characteristics of englacial stratigraphy

Previous research over East Antarctica has shown that common bright reflec-
tors can be interchangeably traced over long distances using RES systems operat-
ing at different centre frequencies (Cavitte et al., 2016; Winter et al., 2017). Our
findings provide further evidence of this over West Antarctica, having success-
fully identified common IRHs across different airborne RES systems. However,
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Figure 3.9: Ice thickness (m) below R3 (a) and R4 (b) traced over the PIG-PASIN
and OIB-MCoRDS2 data. The ages are from the intersection with the WD2014 ice-core
site (see Table 3.7). Background is ice thickness in metres from BedMachine (Morlighem et al.,
2020). The white line is the Antarctic coast line and the black outlines are the ICESat IMBIE
basins containing the PIG, THW, and IIS (Zwally et al., 2012).

although TRHs younger than 7 ka can be traced widely across the WAIS using
existing datasets, tracing deeper, pre-Holocene IRHs has not been widely possi-
ble across PIG (this study) nor the Weddell Sea Sector (Ashmore et al., 2020a).
Relative to the interior of East Antarctica, where much lower snow accumulation
and ice-flow velocities have facilitated the tracing of isochrones pre-dating the Last
Glacial Maximum (~20 ka BP) and even the past glacial-interglacial periods (up
to ~366 ka BP) (Steinhage et al., 2013; Cavitte et al., 2016; Parrenin et al., 2017;
Winter et al., 2019), the extremely variable deep-ice conditions in the WAIS will
challenge the recovery of pre-Holocene radiostratigraphy. Compounding the chal-
lenge, Ross et al. (2020) have demonstrated that large packages of ice older than
~16 ka in the Weddell Sea sector of the WAIS are rheologically different to the ice
above, containing large proportions of deformed and folded ice. These packages
typically show poor continuity of englacial stratigraphy across IMIS (Bingham et
al., 2015) and, indeed, where we could see IRHs deeper than R4 in PASIN and
MCoRDS2 for this study, very few were continuous for long distances. Over other
parts of the WAIS, an IRH dating back to 24.9 4+ 0.3 ka has been traced in limited
RES profiles connecting the Byrd and WAIS divide ice cores, where it was found
at 68% and 80% of ice depth at Byrd and WD2014 respectively (Muldoon et al.,
2018); however they were also unable to recover deeper continuous IRHs more
widely.
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Overall, with the existing datasets available across the WAIS, the prospects
for tracing and dating Holocene radiostratigraphy widely across the ice sheet with
existing data are excellent, but diminish rapidly for older ice, going back to the
LGM and beyond. Yet, much deeper, and thus older IRHs, are visible throughout
the ice column with ground-based RES systems (e.g. Laird et al., 2010; King,
2011; Bingham et al., 2017) and hence the interrogation of older ice in the WAIS
may be best suited to strategic ground campaigns that can be linked into the
airborne-derived radiostratigraphy. In the PIG catchment, older ice is suggested
by our results to lie below the PIG/THW divide, where on average ~900 m of ice
(30% of the mean ice thickness) underlies R4 (17 ka) (Fig. 3.9).

3.6 Conclusions

We have identified four spatially extensive Internal Reflecting Horizons (IRH)
in airborne RES surveys that are present across much of the Pine Island Glacier
(PIG) catchment in West Antarctica. Extending into neighbouring Thwaites
Glacier (THW) and Institute Ice Stream, these IRHs can be considered isochrones
that span the late Pleistocene and Holocene, with ages of 2.31-2.92, 4.72 4+ 0.28,
6.94 £+ 0.31, and 16.50 £ 0.79 ka derived from intersecting the WAIS Divide ice
core and the use of a 1-D ice-flow model. Our most spatially extensive IRH, R2,
is remarkably similar in age and depth to another extensive IRH previously iden-
tified by other studies over Pine Island Glacier, Institute and Moller Ice Streams,
and the Marie Byrd Land region. More broadly, we have also shown that our IRH
package is similar to previously-traced IRHs over the Weddell Sea sector of the
WAIS, which, together with the Pine Island Glacier catchment represents ~20%
of West Antarctica. Lastly, we have shown that our upper three IRHs correspond
to large peaks in sulphate concentrations at the WAIS Divide ice core, suggesting
that our IRHs are of volcanic origin.

When assessing the presence of older ice across the catchment, we observe that
the relative proportion of ice older than R4 in the ice column is limited and does
not contain many continuous reflections. Indeed, we find that the deepest (and
thus oldest) continuous IRH identified in this study, R4, is found at an average
depth of 68% in the ice column despite its age (~17 ka) only representing 25% of
the estimated age of the oldest ice recovered at the WAIS Divide ice core (~68
ka). This indicates that the majority of ice older than the LGM is found within
the bottom ~30% of the ice thickness across PIG/upper THW. Whilst this is to
be expected as the age-depth profile of an ice sheet does not increase linearly, the
absence of continuous reflections dating back to the Last Glacial Maximum and
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older currently limits our ability to reconstruct longer-term changes using existing
airborne datasets.

As isochronous features, the dated IRHs generated here offer a new set of large-
scale boundary conditions that could be a valuable resource, if incorporated into
ice-flow models seeking to improve our understanding of past ice-sheet evolution.
We anticipate that these well-dated IRHs will provide constraints for models sim-
ulating past accumulation rates and patterns, which in turn will shed more light
onto the terrestrial ice sheet history of this very sensitive catchment of the WAIS.

3.7 Data availability

The RACMO2 and MAR SMB outputs were downloaded from
https://www.projects.science.uu.nl/iceclimate/publications/data/2018 and
https://zenodo.org/record /2547638 respectively. The IRH from Ashmore et al.
(2020a) can be found at: https://doi.org/10.5281/zenodo.4945301 (Ashmore et
al., 2020b). The BAS airborne RES data which were used to extract the IRHs
used in this chapter are fully available at the UK Polar Data Centre via the Polar
Airborne Geophysics Data Portal (see Frémand, Bodart et al., 2022). Parts of
the figures included in this study were produced with outputs from the Antarc-
tic Mapping Toolbox in MATLAB (Greene et al., 2017). The full picking in-
formation for each IRH can be downloaded from the UK Polar Data Centre
(https://doi.org/10.5285/f2de31af-9{83-4418-9584-f0190a2cc3eb; Bodart et al.,
2021h).
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4.1 Abstract

Understanding the past and future evolution of the Antarctic Ice Sheet is chal-
lenged by the availability and quality of observed palaeo-boundary conditions. Nu-
merical ice-sheet models often rely on these palaco-boundary conditions to guide
and evaluate their models’ predictions of sea-level rise, with varying levels of confi-
dence due to the sparsity of existing data across the ice sheet. A key data source for
large-scale reconstruction of past ice-sheet processes are Internal Reflecting Hori-
zons (IRHs) detected by Radio-Echo Sounding (RES). When IRHs are isochronal
and dated at ice cores, they can be used to determine palaeco-accumulation rates
and patterns on large spatial scales. Using a spatially extensive IRH over the Pine
Island Glacier (PIG), Thwaites Glacier (THW), and the Institute and Méller Ice
Streams (IMIS, covering a total of 610 000 km2 or 30% of the West Antarctic
Ice Sheet (WAIS)), and a local layer approximation model, we infer mid-Holocene
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accumulation rates over the slow-flowing parts of these catchments for the past
~4.700 years. By comparing our results with modern climate reanalysis models
(1979 — 2019) and observational syntheses (1651 — 2010), we estimate that ac-
cumulation rates over the Amundsen-Weddell-Ross Divide were on average 18%
higher during the mid-Holocene than modern rates. However, no significant spa-
tial changes in the accumulation pattern were observed. The higher mid-Holocene
accumulation-rate estimates match previous palaeo-accumulation estimates from
ice-core records and targeted RES surveys over the ice divide, and they also coin-
cide with periods of grounding-line readvance during the Holocene over the Wed-
dell and Ross sea sectors. We find that our spatially extensive, mid-Holocene-
to-present accumulation estimates are consistent with a sustained late-Holocene
period of higher accumulation rates occurring over millennia reconstructed from
the WAIS Divide Ice Core (WD2014), thus indicating that this ice core is spa-
tially representative of the wider West Antarctic region. We conclude that future
regional and continental ice-sheet modelling studies should base their climatic forc-
ings on time-varying accumulation rates from the WAIS Divide ice core through the
Holocene to generate more realistic predictions of the West Antarctic Ice Sheet’s
past contribution to sea-level rise.

4.2 Introduction

Improving our knowledge of past climatic changes over the Antarctic Ice Sheet
is required if we are to understand its present evolution and model its future under
increasingly rapid climatic changes (IPCC, 2021). Most studies of past ice-sheet
behaviour over Antarctica have focused on modelling changes in ice volume and
grounding-line retreat following the Last Glacial Maximum (LGM, ~20 ka BP;
Before the Present) (Denton and Hughes, 2002; Golledge et al., 2012; 2013; Hil-
lenbrand et al., 2013; 2014; Le Brocq et al., 2011; Kingslake et al., 2018); however,
less attention has been paid to ice-sheet evolution during the Holocene (~11.7 ka
BP). Recent evidence suggests that parts of the grounding line of West Antarctica
may have retreated several hundred kilometres inland from its current position
at ~10 ka and subsequently readvanced to reach its modern position sometime
during the Holocene, due to isostatic rebound and climate-induced changes, par-
ticularly over the Weddell Sea and western Ross Sea sectors (Siegert et al., 2013;
Bradley et al., 2015; Kingslake et al., 2018; Wearing and Kingslake, 2019; Ven-
turelli et al., 2020; Neuhaus et al., 2021; Johnson et al., 2022). However, the
atmospheric and ice-dynamical conditions farther inland, which could also have
induced grounding-line migration, remain poorly constrained. An early investiga-
tion by Whillans (1976) using radar data near the Byrd ice core indicated stability
during the Late Pleistocene and Holocene epochs. Records of temperature and
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precipitation from the WAIS Divide ice core (hereafter abbreviated as WD2014;
Fig. 4.1) in the central West Antarctic Ice Sheet (WAIS) suggest higher accumula-
tion rates during the Holocene than at present (Fudge et al., 2016), a trend that is
also observed across small parts of the Amundsen-Weddell-Ross Divide (Fig. 4.1)
where isolated Radio-Echo Sounding (RES) surveys have shown 15-30% higher
accumulation rates during the mid-Holocene compared to modern values (Siegert
and Payne, 2004; Neumann et al., 2008; Koutnik et al., 2016).

Many numerical ice-sheet models that aim to predict Antarctica’s long-term
(past and future) contribution to sea-level rise use past ice-sheet reconstructions
from after the LGM to guide and evaluate their models (Chavaillaz et al., 2013;
DeConto and Pollard, 2016; Bracegirdle et al., 2019). However, even well-used ice-
sheet reconstructions assume that the ice sheet retreated continuously throughout
the Holocene (e.g. RAISED Consortium, 2014), a finding that has been challenged
recently for the WAIS (e.g. Kingslake et al., 2018). Further, significant discrepan-
cies between model simulations and the palaco-proxy record currently impede our
ability to confidently predict how the ice sheet will respond to future changes in
the climate (e.g. Johnson et al., 2021). While improvements in model parameter-
isations are needed to close this gap (Bracegirdle et al., 2019; Sutter et al., 2021),
considerable improvement in the availability and quality of palaeo-proxy records,
particularly during the Holocene, is also needed to provide better constraints for
ice-sheet models and ultimately better resolve past ice-sheet changes (Kingslake
et al., 2018; Jones et al., 2022). Palaeo-proxy data have traditionally come from
point-based measurements, such as ice cores (e.g. Petit et al., 1999; Parrenin et
al., 2007; WAIS Divide Project Members, 2013; Buizert et al., 2021), sediment
cores (e.g. Hillenbrand et al., 2013; Arnd et al., 2017; Hillenbrand et al., 2017;
Kingslake et al., 2018; Venturelli et al., 2020; Neuhaus et al., 2021; Sproson et
al., 2022), or surface-exposure dating (e.g. Stone et al., 2003; Suganuma et al.,
2014; Johnson et al., 2014; Hein et al., 2016b; Nichols et al., 2019; Johnson et al.,
2020; Braddock et al., 2022). A complementary and spatially extensive alternative
data source for inferring past climate across an ice sheet is provided by Internal
Reflecting Horizons (IRHs) detected by RES. They primarily result from englacial
acidity contrasts and are often detected for hundreds of kilometres on RES data
(Harrison, 1973; Bingham and Siegert, 2007). When employed in combination
with ice-core stratigraphies, IRHs can be used to extend age-depth relationships
away from an ice core by following peaks in electromagnetic return power in the
radar data (e.g. Beem et al., 2021; Bodart et al., 2021a; Cavitte et al., 2016;
Jacobel and Welch, 2005; MacGregor et al., 2015; Whillans, 1976; Winter et al.,
2019).
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In contrast to East Antarctica and Greenland, the IRH extension of WAIS
ice cores has been challenging so far due to fewer deep ice cores there and, until
recently, the lack of well-dated IRH datasets. However, efforts have intensified
in recent years to improve our understanding of ice stratigraphy over this sector.
In particular, four recent studies using airborne RES data (Karlsson et al., 2014;
Muldoon et al., 2018; Ashmore et al., 2020a; Bodart et al., 2021a) all identified a
distinct and bright IRH dated using the Byrd and WD2014 ice-core chronologies
to 4.72 £ 0.28 ka BP (Muldoon et al., 2018; Bodart et al., 2021a). A compari-
son of volcanic sulphate deposition within the WD2014 and Siple Dome ice cores
revealed a large peak in sulphate concentration that matches the age and depth
of this ubiquitous IRH (Kurbatov et al., 2006; Bodart et al., 2021a; Cole-Dai et
al., 2021; Sigl et al., 2022), which we hereafter term the “4.72 ka IRH”. This IRH
has now been observed by multiple RES systems and extends throughout much
of the slower-flowing ice of the Amundsen and Weddell sea embayments (<400 m
a~1), including across the divides demarcating regions draining into the Amund-
sen, Weddell, and Ross seas.

Despite their potential wide-ranging applications, the incorporation of IRHs
into ice-sheet models has been limited so far compared to other types of palaeo-
proxy data, primarily because the inference of accumulation-rate or ice-flow history
from IRHs is an ill-posed inverse problem (Waddington et al., 2007). Previous
applications using IRHs to inform regional and continental models include the
following: (a) constraining decadal-scale Surface Mass Balance (SMB) estimates
from atmospheric models using annually resolved IRHs found in the shallow firn
(Medley et al., 2013; 2014; Van Wessem et al. 2018; Dattler et al., 2019; Kaush
et al., 2020; Cavitte et al., 2022); (b) inferring past accumulation rates going back
further in time (i.e. hundreds to thousands of years) with the aim of comparing
past accumulation estimates with modern times (e.g. Leysinger Vieli et al., 2004;
Siegert and Payne, 2004; Neumann et al., 2008; MacGregor et al., 2009; 2016;
Leysinger Vieli et al., 2011; Cavitte et al., 2017); or (c) integrating both their
characteristics (e.g. elevation in the ice) and the information inferred from them
(e.g. accumulation or basal-melt rates) to evaluate the output from regional and
continental ice-sheet models (Leysinger Vieli et al., 2011; 2018; Holschuh et al.,
2017; Sutter et al., 2021). Promisingly, Sutter et al. (2021) recently showed that
spatially extensive Antarctic IRHs can provide unique benchmarks for constrain-
ing ice-sheet model parameterisations (i.e. climate forcing and simulated ice flow),
which are then used to simulate palaeo ice-sheet evolution. Together, these studies
indicate multiple avenues for ice-sheet models to assimilate IRHs to further im-
prove estimates of past, current, and future ice-sheet changes.
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Here, we estimate mid-Holocene accumulation rates across the WAIS from
first-order calculations using a one-dimensional (1-D) model, constrained by the
spatially extensive 4.72 ka IRH. We first describe the data, the model used and
their limitations and uncertainties (Sect. 4.3). We then present our accumulation-
rate estimates and compare them to observed and modelled modern accumulation
rates to reveal a longer-term perspective on changes between the mid-Holocene
and the present (Sect. 4.4). Finally, we place our results in the context of previous
studies that consider WAIS evolution during the Holocene (Sect. 4.5).

4.3 Data and methods

4.3.1 Along-track IRH data

We used data from extensive (~91,000 km) RES surveys acquired across West
Antarctica between 2004 and 2018. The main contributing surveys are the Uni-
versity of Texas Institute for Geophysics (UTIG) 2004-2005 AGASEA (Airborne
Geophysical Survey of the Amundsen Embayment) survey, flown over the Thwaites
Glacier (THW) and Marie Byrd Land which deployed the 60-MHz High Capabil-
ity Airborne Radar Sounder (HiCARS) radar system (Holt et al., 2006; Peters et
al., 2007); the British Antarctic Survey (BAS) 2004-05 BBAS survey over Pine
Island Glacier (PIG); and the 2010-2011 Institute-Moller Antarctic Funding Ini-
tiative (IMAFI) survey over the Institute and Méller Ice Streams (IMIS) which
deployed the 150-MHz Polarimetric Airborne Survey INstrument (PASIN) radar
system (Vaughan et al., 2006; Corr et al., 2007; Ross et al., 2012; Frémand, Bodart
et al., 2022) (Fig. 4.1; Table 4.1). Additional profiles from NASA’s Operation Ice
Bridge (OIB; MacGregor et al., 2021) 2016 and 2018 surveys, flown with the 195-
MHz Multichannel Coherent Radar Depth Sounder 2 (MCoRDS-2) radar system
(CReSIS, 2018), were also used to extract IRH information near the WD2014 and
upper IMIS catchments (Bodart et al., 2021a; Fig. 4.1; Table 4.1). We refer the
reader to the above references for comprehensive details on each system’s capabil-
ities.
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Figure 4.1: Map of the datasets and key locations in this study. The three datasets
that contain the 4.72 ka IRH are colour-coded as IMIS (green), PIG (blue), and THW (pink).
IRH data points found in areas where we estimate the Local-Layer Approximation (LLA) to be
likely unsuitable (i.e. D > 1; see Section 4.3.2.1 and Figure 4.2) are excluded. Points represent
the snow, firn, and ice cores used in this study to compare modern accumulation rates with those
inferred from the 4.72 ka IRH (Sect. 4.3.4). The background colour map shows modern surface
speeds from Rignot et al. (2017). Locations mentioned in this paper are abbreviated on the map
as follows: BYRD (Byrd Ice Core), IMIS (Institute and Méller Ice Streams), PIG (Pine Island
Glacier), THW (Thwaites Glacier), WAIS (West Antarctic Ice Sheet), CD (Central Amundsen-
Weddell-Ross Divide), WD2014 (WAIS Divide ice core). Major ice divides are from Mouginot et
al. (2017). The background image is the 2014 Moderate Resolution Imaging Spectroradiometer
(MODIS) mosaic of Antarctica (Haran et al., 2018). For all analyses and figures in this study, the
Scientific Committee on Antarctic Research (SCAR) Antarctic Polar Stereographic projection is
used (PSX/PSY; EPSG: 3031).
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These RES surveys were used to track and date six IRHs spanning the Late
Pleistocene and Holocene (25.7 — 2.3 ka BP) that collectively cover much of the
WALIS, including IMIS (Ashmore et al., 2020a), PIG (Karlsson et al., 2014; Bodart
et al., 2021a), and THW (Muldoon et al., 2018). Here we only consider the 4.72
ka IRH mapped in all four studies and shown in Figure 4.1, as it is by far both
the most spatially extensive and the only commonly traced IRH across all studies.
We first merged all data points from the 4.72 ka IRH across the three catchments,
resulting in a cumulative distance of ~40,000 line-km of IRH profiles (44% of the
RES surveys’ total coverage; Table 4.1). Although the along-track RES data were
acquired with a trace spacing of between 10 and 35 m, depending on the dataset
used, we resampled these points to 500 m in the along-track direction. We then
added a spatially invariant firn correction of 10 m onto the Muldoon et al. (2018)
dataset to match the same firn correction applied by the other studies to correct
the IRH depth. Finally, we calculated the median value of all ice thicknesses and
IRH depths falling within each 500 m interval.

TABLE 4.1: Characteristics of each IRH dataset used in this study that contain the
4.72 ka IRH. ‘Reflector 1’ in Muldoon et al. (2018) is abbreviated here as ‘R1’.

Dataset Cumulative
Survey name Survey provider RES system IRH distance
reference P
(10° km)
H2 in Ashmore
5EN_N\/

IMAFT BAS PASIN 150-MHz ot al. (2020a) 6
BBAS BAS/NASA PASIN 150-MHz / R2 in Bodart 15

MCoRDS-2 195-MHz et al. (2021a)

/OIB
] R1 in Muldoon
AGASEA UTIG HiCARS 60-MHz et al. (2018) 19

4.3.2 Inferring accumulation rates

To infer accumulation rates from the 4.72 ka IRH, we used the Nye model, a
1-D ice-flow model widely used for estimating accumulation rates and age-depth
relationships over relatively slow-flowing parts of an ice sheet (Nye, 1957; Fahne-
stock et al., 2001a). This model invokes the local-layer approximation (LLA; Figs.
4.2-4.6), i.e. it assumes that the time-averaged accumulation rate that the IRH
has experienced since its upstream inception at the surface can be adequately
represented by its depth where it is observed presently. Other 1-D models exist,
including the Dansgaard-Johnsen (Dansgaard and Johnsen, 1969) and the shallow-
strain rate model (MacGregor et al., 2016), but were less suitable for estimating
accumulation rates here due to uncertainty in the basal shear layer thickness across
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our survey area and because we are limited to only one IRH to constrain the ice-
flow model, respectively. The Nye model assumes that ice thickness is constant
and therefore that the ice sheet has been in a steady state since the deposition of
the IRH, an acceptable assumption for the period under investigation here, as we
show in the following sections (see Figures 4.2-4.5). The Nye model states:

zg H
EZ)?
where b, is the mean accumulation rate during the Holocene epoch between
an IRH of age a and the present, z, represents the depth of the IRH dated at the
ice core, and H is the ice thickness. The model assumes that the vertical strain
rate, €2, is also constant and vertically uniform, so that it exactly balances the

zz)
overburden of local ice accumulation:

b, = In( (4.1)

a
ezz -

(4.2)

SRS

We iterated Eq. 4.1 over the resampled 500-m spaced dataset using the depth
of the 4.72 ka IRH for z, and used the median radar-derived ice-thickness mea-
surement resampled over the 500-m grid to obtain H, when this information was
available. In areas where the radar did not sound the bed, we used the BedMa-
chine Antarctica v2 gridded product to obtain a value for H (Morlighem, 2020);
Morlighem et al., 2020). Note that accumulation-rate values presented in this
study are all reported in metres per annum (m a™!) of ice equivalent using an ice
density value of 917 m~3.

4.3.2.1 Assessing the suitability of the 1-D model

To quantify the suitability of the LLA, which is used here to estimate accumula-
tion rates, we calculated the effects of horizontal gradients in modern ice thickness
and accumulation rates along particle paths in their ability to affect IRH depths
across our grid, as per Waddington et al. (2007). Where these gradients are large,
estimates of accumulation rates from IRHs likely require a more complete treat-
ment of ice flow and its effect upon IRH depths, which multi-dimensional models
and more physically complete models can better resolve (e.g. Waddington et al.,
2007; Leysinger Vieli et al., 2011; Karlsson et al., 2014; Nielsen et al., 2015; Kout-
nik et al., 2016;). However, such models are significantly more computationally
expensive over such a larger area and depend on well-constrained boundary con-
ditions from along-flow radar profiles which are not often available at an ice-sheet
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level (MacGregor et al., 2009).

We quantified the effect of horizontal gradients on an IRH of age a by first
estimating the total horizontal particle path length L, that each “particle” of
the 4.72 ka IRH has travelled since a, and then the characteristic lengths of vari-
ability in ice thickness (Lpy) and apparent accumulation rate (L;). The input
datasets used for this calculation were modern ice thickness from BedMachine v2
(Morlighem, 2020), modern SMB (1979 — 2019) from the Regional Atmospheric
Climate Model 2.3p2 (hereafter RACMO2; Van Wessem et al., 2018), and modern
surface velocities (1996 — 2016) from the InSAR MEaSUREs v2 dataset (Rignot
et al., 2017). These were all regridded to a single 1-km grid using bilinear inter-
polation and smoothed using an exponentially decaying filter equivalent to ten ice
thicknesses in length, before subsampling the data to a common 5-km grid for data
analysis. Following MacGregor et al. (2016), we re-calculated surface speed direc-
tions for slower ice-flow regions (<100 m a™') in the interior of the ice sheet using
surface-elevation gradients from the BedMachine product. To calculate Ly, (Fig.
4.2a), we then produced a reverse flowline for each grid cell based on modern ice-
surface velocity, u, and calculated where, along the reverse flowline, we obtained
age, a:

Lpath = ua. (43)

We then interpolated the ice-thickness and accumulation-rate grids onto each
flowline and conducted a first-order polynomial fit to obtain the ice-thickness and
accumulation-rate gradients along the flowline. The ensuing gradients were then

combined with the mean values along the flowline (H and b to calculate the char-
acteristic lengths Ly and L; (Fig. 4.2b-c), as follows:

2o 2ed 4.4
Tn Ide : (4.4)
1 1db

— 1z 4.
L; ’gjdx (4.5)

Taken together, the ice-thickness and accumulation-rate gradients are combined
to obtain a characteristic length scale, which was used to compare with L4, to
generate the non-dimensional parameter D (Fig. 4.2d):

1 1
D = Lyun(—+ ) (4.6)
b
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Figure 4.2: Suitability of the LLA over the PIG, THW, and IMIS catchments for the
4.72 ka IRH. (a) Horizontal path length, Lyq.p, of a 4.72 ka particle of ice to reach its present
location, calculated using modern surface velocities (Rignot et al., 2017). (b) Characteristic
length of ice-thickness variability, Ly, along the 4.72 ka particle path, estimated using modern
ice thickness measurements from BedMachine v2 (Morlighem, 2020). (c) Characteristic length of
accumulation variability, L;, along the 4.72 ka particle path, estimated using modern modelled
SMB data from RACMO2 (Van Wessem et al., 2018). (d) The D parameter for the 4.72 ka
IRH used to quantify the suitability of the LLA for the survey area (black contours represent
the upper limit of the interquartile range for the D parameter (D < 0.34), whereby all values
situated inside of this boundary may satisfy the D < 1 criteria and those outside may require
re-evaluating with the use of multi-dimensional models). The white outline represents the model
domain boundary used to model Holocene accumulation rates where D < 1, whereas the black
outline represents the upper limit of the interquartile range for the D parameter (i.e. D < 0.34)
which we use to assess the level of confidence in the inferred Holocene accumulation rates.
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We used the D parameter as a confidence metric for our inferred accumulation
rates. Both Waddington et al. (2007) and MacGregor et al. (2009) suggested a
value of D < 1 over Antarctica, whereas MacGregor et al. (2016) used a maximum
value of D = 1 to estimate where the LLA is acceptable over Greenland. Since
D cannot be translated simply into an uncertainty in an LLA-inferred accumu-
lation rate, it is not yet clear what exact value is appropriate. Smaller values of
D indicate that local horizontal gradients in ice thickness and accumulation rates
have a smaller effect on IRH depth of age a, and thus that the LLA may be valid
(Waddington et al., 2007; MacGregor et al., 2009; 2016). Where D > 1, the depth
of an IRH is less likely to be the result of accumulation rates at the surface or
vertical strain rates further down, and thus a more sophisticated model is likely
required (Sect. 4.3.2.2) (Waddington et al., 2007). However, MacGregor et al.
(2009) found that even along a flow band across Lake Vostok where the mean
value of D is 0.50 for a 41-ka IRH, the difference in accumulation rate inferred
from the LLA and from a more sophisticated flow-band model could be relatively
small (4-16%). This similarly suggests that accumulation rate can be inferred ac-
ceptably using the LLA where D is higher.

For our study area, D values are mostly well below unity (median: 0.19; 25
quartile: 0.09; 75 quartile: 0.34), which suggests relatively little effect from ice-
dynamical processes upon IRH depths across most of our grid. We used the upper
quartile of the D distribution across our model domain (i.e D < 0.34) to show
areas where we can have confidence that accumulation rate remains the dominant
factor influencing the vertical position of our IRHs in the ice column (i.e. where
the D < 1 criterion is likely met; Fig. 4.2d). While accumulation rates inferred
from IRHs situated in the upper quartile (Fig. 4.2d) may still be valid, we suggest
additional caution in interpreting our results there due to the potential impact of
larger flow gradients on IRH depths.

4.3.2.2 Model limitations and uncertainty

One of the main limitations of the Nye model is that it assumes that gradients
in sliding velocity are mostly concentrated in a thin layer at the ice-bed interface
and that the ice column deforms by pure shear only (Nye, 1957; Fahnestock et
al., 2001a). For this reason, the Nye model is generally only appropriate for IRHs
found in the upper part of the ice column, as is the case here. Additionally, the use
of the model is restricted to areas where ice flow is relatively slow and horizontal
strain rates are also relatively low.

Here, we focus on a shallower IRH situated in the upper part of the ice column
(median: 40%; 25" quartile: 30%; 75" quartile: 50%; Fig. 4.7b-c), for which we
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can reasonably assume that the ice sheet has remained close to steady state and
where IRHs are likely shallow enough not to have experienced appreciable flow
disturbances that would affect the Nye model assumptions. Additionally, due to
the inherent nature of tracking IRHs through RES data, our coverage is limited
to areas where ice-flow speeds are relatively low and IRHs are undisturbed. In
some portions of our study area, the IRH is found deeper in the ice column or in
faster-flowing sections of the ice sheet (e.g. in the downstream sectors of our grid,
Figs. 4.1 and 4.7b-c), both of which challenge the assumptions that the 1-D model
is based upon and thus where uncertainties in accumulation estimates are likely
to be higher.

Estimating uncertainty in accumulation rates from the Nye model is non-trivial.
Because the Nye model does not directly take into account the effect of strain rates
on IRH depth and position within the ice column, it is not possible to assess its
impact on the inferred accumulation rates, particularly in areas where strain rates
are higher and the IRHs are deeper in the ice. In turn, this limits our ability to
quantify the model’s structural uncertainty. Because the model’s structural uncer-
tainty is likely larger than that related to the IRH age, it is important to quantify
it to assess the significance of accumulation-rate change from modern values that
we detect. Previous studies have used the misfit between the accumulation rate
calculated using multiple proximal IRHs in the ice column (e.g. Fahnestock et al.,
2001a; 2001b; Leysinger Vieli et al., 2004; MacGregor et al., 2016). Unfortunately,
this method is not suitable here due to the dearth of spatially extensive IRHs
younger than 4.72 ka over our model domain.

To overcome this issue, we used the shallow-strain rate model developed by
MacGregor et al. (2016) which directly includes a strain-rate parameter that is
independent from ice thickness, rather than one that is tied to ice thickness, as
in the Nye model (Eq. 4.7). The accumulation rates produced by this model are
then used here to estimate lower and upper bounds in the accumulation rates that
partly consider the effect of non-Nye vertical strain on the ice column and thus on
the accumulation rate needed to reproduce the depth of the 4.72 ka IRH in the
Nye model. The shallow-strain rate model for age, a, is:

a(z) = — In(at %

: 4.7
i ) (4.7)
The strain-rate parameter in Eq. 4.7 would typically be €2, from Figure 4.3a,
but because this is calculated based on the results from Eq. 4.1 it is not indepen-
dent from the inferred accumulation rates presented here and is thus not a suitable

input for evaluating accumulation-rate uncertainty inferred from the Nye model.

a
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In the absence of well-constrained vertical strain rates across our grid, by continu-
ity, we tested whether longitudinal strain rates (é,,; Fig. 4.3b) could be used as
an alternative to €%, in the shallow-strain rate model (ignoring lateral strain).

These were calculated from gradients in the x and y-direction for modern sur-
face speeds () projected onto the appropriate surface velocity unit vectors (i)
(MacGregor et al., 2013):

m . ﬁ”. (4.8)

Figure 4.3: Strain rate patterns across the survey area. (a) Mean Nye-inferred vertical
strain rates, €%, for the 0-4.72 ka portion of the ice column calculated from Eq. 4.2. (b)

zz)

Longitudinal strain rates, €,,, obtained from Eq. 4.8.

To assess whether €,, can be used as a proxy for €?,, we solved Eq. 4.7 for
Ba, replaced €2, for €,,, and then compared the accumulation-rate results inferred
from the shallow-strain model to the Nye-inferred accumulation rates over our grid
from Figure 4.8a. Note that é,, can only be used as a proxy for é?, where ¢,, >
0, as positive €2, values are typically only found in areas where the ice column
is expanding, such as the ablation zone, and are thus non-physical for our model
domain. As a result, all negative ¢,, values were replaced by extremely low, but
positive strain-rate values (10~7 a~1). The results shown in Figure 4.4 demonstrate
that both the Nye and shallow-strain models produce similar results, but with
decreasing similarity where D > 0.34, which is likely related to ice-dynamical
processes affecting the assumptions of the Nye model further downstream (Fig.
4.5).
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Figure 4.4: Histograms of inferred accumulation rates from both the Nye and
shallow-strain rate models. (a-d) Inferred accumulation rates using the Nye model plotted
against normalised IRH depths and binned into the four D quartiles (e.g. panel a is for all grid
cells that fall within the lower quartile (Q1), b is for all those that fall within the second quartile
(Q2), etc. (e-h) same as (a-d) but for the shallow-strain rate model.
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This analysis increases confidence that €., can be used in the shallow-strain
rate model from MacGregor et al. (2016) as a proxy for the vertical strain param-
eter, é2,, to infer accumulation rates over the time period and location considered
here, and thus ultimately has value for constraining uncertainty in the Nye-inferred
accumulation rates (Fig. 4.8a). While this method likely produces more conserva-
tive uncertainty estimates than with the more challenging use of inverse flow-band
models that solves for the effect of changing flow, temperature and strain conditions
along targeted flow bands, it enables a straightforward uncertainty quantification

across a large area.

Figure 4.5: Uncertainties in inferred accumulation rates based on the radar and ice-
core age uncertainties and from the accumulation rates returned from the shallow-
strain rate model. (a) Lower bound accumulation estimates, which are the product combina-~
tion of the combined uncertainty from the radar and ice-core uncertainties in the age of the 4.72
+ 0.28 ka IRH (Muldoon et al., 2018; Bodart et al., 2021) and the accumulation rate returned
from the shallow-strain rate model. (b) same as (a) but for the upper bounds in accumulation
rates. (c) Relative uncertainty in Nye-inferred accumulation rates for the 4.72 ka IRH (Fig. 4.8a)
based on the lower and upper bound estimates from (a-b).

Following on from these steps, we then produced two sets of upper and lower
accumulation-rate uncertainties (b52%, and bf;g}f{a) for each of the following prod-
ucts over our grid: (1) using the Nye model from Eq. 4.1 with the age uncertainty
(4 0.28 ka) of the 4.72 ka IRH; and (2) same as (1) but using the shallow strain-
rate model from Eq. 4.7 using é,, as a proxy for é7,. We then calculated the
maximum b52%, . and 02" values for each grid cell (Fig. 4.5a-b) and averaged
these to generate a relative uncertainty to the Nye-inferred accumulation rates
(Fig. 4.5¢). From this assessment, we estimate a median relative uncertainty in
the Nye-inferred accumulation rates for the 4.72 ka IRH of 14% across our grid.
The largest relative uncertainties to the Nye-inferred accumulation rates (>70%)
are found primarily across the downstream end of THW, and to a smaller extent

over the edges of the grid of PIG and IMIS where longitudinal strain rates are
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higher due to faster flowing ice. Relatively low uncertainties are found across the
Amundsen-Weddell-Ross Divide and most of the region where D < .34, reflecting
the small effect of spatially variable strain rates on the inferred accumulation rates.
When combined with the assessment of the suitability of the LLA and exclusion
of IRHs where the D > 1, we conclude that it supports our application of a 1-D
modelling approach here.

4.3.3 Gridding and filtering

Once IRH depths and accumulation rates for the 4.72 ka IRH were obtained
at regular 500-m points along RES flight paths, we filtered the results using a
moving-average Gaussian filter of length 30 samples (equivalent to ~15 km) to
reduce along-track noise in the IRH depth. We then gridded the filtered result us-
ing a Delaunay-triangulation-based natural neighbour interpolation method onto
a 1-km polar stereographic grid. We further smoothed the gridded data using an
18-km square cell mean filter to limit the localised interpolation artefacts in areas
of poor survey coverage. Figure 4.6 shows the maximum distance away from the
nearest 500-m along-track point used to produce Figures 4.7-4.8, and thus where
errors in the interpolated grids are expected to be larger. The median value of this
maximum distance is 5 km and its maximum value is 75 km, which is comparable
to previous studies that infer SMB from IRHs in the shallow firn (e.g. Medley
et al., 2014). We evaluated other possible interpolation methods (e.g. kriging
and using different semi-variogram models), but they resulted in similar or poorer
quality and were thus discounted.



Chapter 4. Holocene Accumulation over West Antarctica 85

Figure 4.6: Maximum distance to the nearest 500-m along-track point used for the
interpolation of the 4.72 ka IRH depth and accumulation grids.

4.3.4 Comparison with modern observations

To compare our inferred accumulation estimates for the past 4.72 ka with
modern values (defined here as 1651-2019), we derived information on modern ac-
cumulation rates from two sources, one modelled (gridded) and one from a series
of observational (point-based) datasets.

We used modelled gridded accumulation rates from the RACMO2 SMB prod-
uct forced at its margin with the ERA-Interim product (native resolution: 27 km)
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as an estimate for modern accumulation rates (Van Wessem et al., 2018). Al-
though SMB is not technically equivalent to the accumulation rate, runoff and
sublimation are negligible in our survey area (Medley et al., 2013), so we assume
that SMB is equal to accumulation rate in this region. We converted modelled
values from kilogrammes per square metre per year (kg m~2 a™!) to metres per
annum (m a~') of ice equivalent using an ice density value of 917 m™3, calculated
the 40-year mean, and then bi-linearly interpolated the gridded RACMO2 product
to the same 1-km grid resolution as our 4.72 ka-to-present accumulation grid (Sect.
4.3.3) to ensure consistency when comparing both datasets.

Observational point-based measurements were obtained from a series of snow,
firn and ice cores from the ITASE (Mayewski and Dixon, 2013), MED14 (Medley
et al., 2014), SAMBA (Favier et al., 2013), and SEAT-10 (Burgener et al., 2013)
datasets, as well as from a network of centennially averaged modern accumulation
rates derived from shallow IRHs traced on ground-based RES data over the Cen-
tral Amundsen-Weddell-Ross Divide and dated using a shallow ITASE Ice Core
(Neumann et al., 2008) (Fig. 4.1). This resulted in 79 point-based accumulation
measurements from cores covering the period 1651-2010 CE (Common Era) and
spread across our model domain (see Figure 4.1). Further detail on these datasets
can be found in the above references.

To compare the Holocene gridded product with the point-based measurements,
we first calculated the average value of the accumulation rate at the point mea-
surement for the entire period. We converted these values to ice-equivalent accu-
mulation rates and then extracted two paired values, i.e. the value for the point
measurement for modern accumulation rates and the value for the nearest grid cell
in the gridded 4.72 ka-to-present accumulation estimates to this measurement.

4.4 Results

The final grids for depth and accumulation rates for the 4.72 ka IRH are shown
in Figures 4.7-4.8. In total, these grids are made of ~89,000, 500-m spaced points,
which cover an area of ~610,000 km?, or 30% of the total surface area of the WAIS.
The grids span most of the PIG and THW catchments, as well as the Ronne
(upper Rutford, Institute, and Méller) and upper western Ross (Bindschadler,
Kamb, MacAyeal, and Whillans) catchments (IPY Antarctic boundaries G-H, J-
Jpp, and Ep-F; Mouginot et al. (2017); Figs. 4.7-4.8). Overall, the 4.72 ka IRH
is shallower within the IMIS and upper PIG and THW catchments, as well as on
the Ross side of the central divide where ice thickness is particularly deep (Fig.
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4.7b). Conversely, the 4.72 ka IRH is deeper in the ice near a 400-m high bedrock
plateau that separates the northern and southern basins of PIG (Vaughan et al.,
2006) and at two locations in the upstream parts of the main trunk of THW where
ice flows over highs in subglacial topography (Fig. 4.7b).

Figure 4.7: Gridded depths for the 4.72 ka IRH across the model domain. (a) Gridded
depth of the 4.72 ka IRH. (b) Normalised depth of the 4.72 ka IRH relative to ice thickness. (c)
Histogram showing the distribution of values in (b) with the median (&) and interquartile range
(i.e. 25*" (Q1) and 75" (Q3) quartiles) shown as solid and dashed blue lines respectively. The
background image is the 2014 MODIS mosaic of Antarctica (Haran et al., 2018).

4.4.1 Catchment-scale accumulation estimates

Figure 4.8 shows a comparison of the ice-equivalent accumulation rates we in-
ferred for the 4.72 ka IRH (Fig. 4.8a) and modern SMB estimates from RACMO2
(Fig. 4.8b). We observe that the IRH accumulation rate pattern for the last 4.72
ka is similar to the modern pattern of accumulation rates for the Amundsen Sea
sector of the WAIS, which is dominated by higher coastal accumulation rates that
progressively decrease inland to reach their lowest rates over the Ross side of the
divide (Fig. 4.8a-b). Differences in accumulation rates between the 4.72 ka-to-
present estimates and modern values are mainly observed directly upstream of the
main trunks of PIG and THW, where modern rates are much higher (up to 0.2 m
a~! ice equivalent) than for the 4.72 ka-to-present estimates (Fig. 4.8c). In com-
parison, higher accumulation rates for the last 4.72 ka relative to modern rates are
observed for the entire stretch of the Amundsen-Weddell-Ross Divide (Fig. 4.8c;
Table 4.2). Over the IMIS catchment, little change is observed between the two
periods. Over the entire model domain, we observe a median percentage change
value of 6% higher accumulation since 4.72 ka compared with modern rates (Figs.
4.9 and 4.10); however, when considering only the values that fall within 100 km
of either side of the Amundsen-Weddell-Ross Divide (i.e. in the accumulation zone
of the Amundsen, Weddell, and Ross sea sectors and where mean surface speeds
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average 7 m a '), we obtain a median percentage change value of 18% higher
accumulation compared with modern accumulation rates (Figs. 4.9 and 4.10).

Figure 4.8: Gridded estimates of ice-equivalent accumulation rates for the last 4.72
ka and modern times. (a) Gridded accumulation rates inferred from the 4.72 ka IRH. (b)
Modern (1979 — 2019) modelled SMB rates from RACMO2. (c) Difference between 4.72 ka-
to-present and modern accumulation rates (red = 4.72 ka-to-present accumulation higher than
modern times, blue = 4.72 ka-to-present accumulation lower than modern times). The dots
represent the difference between the value for the nearest grid cell in (a) and time-averaged
accumulation rates at each of the 79 core locations (see Section 4.3.4; Fig. S6). The background
image is the 2014 MODIS mosaic of Antarctica (Haran et al., 2018).

Comparison between our 4.72 ka-to-present accumulation-rate estimates and
79 core-derived point-based accumulation measurements for modern times (1651-
2010 CE) are shown in Figures 4.8-4.10. This evaluation shows that the 4.72
ka-to-present accumulation-rate estimates for the nearest grid cell to each point
measurement are, on average, 22% higher for cores situated across the entire grid
(p < .0015, n=79) and 23% higher for cores found within 100 km of the divide
compared with modern accumulation rates (p < .0001, n=59; Figs. 4.9 and 4.10).
In comparison, a similar analysis between grid cells from the 4.72 ka-to-present
accumulation-rate estimates and RACMO2 at these 79 core locations shows mid-
Holocene accumulation rate estimates are, on average, 32% (p < .00002, n=79)
higher for cores situated across the entire grid and 36% higher for cores found
within 100 km of the divide (p < .00001, n=>59; Fig. 4.9). This result confirms
that the relative change for gridded accumulation rates between the 4.72 ka-to-
present and modern modelled accumulation rates is consistent with modern rates
from point-based measurements.
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TABLE 4.2: Summary statistics for the modern (modelled and observational)
and 4.72 ka-to-present ice-equivalent accumulation rates at the catchment-scale
and over the Amundsen-Weddell-Ross Divide (abbreviated CD for Central Divide
here). Values for the Amundsen-Weddell-Ross Divide are for all points that fall within 100 km
of either side of the divide (see dashed line in Figure 4.10). [ refers to the median and IQR
represents the interquartile range calculated by computing the difference between the 75" and
25" percentiles. Note that the values provided in the text represent the median relative change
from the cell-by-cell change between each grid (Fig. 4.10), rather than the relative change of
the median values provided here.

Catchment-wide CD only

Accumulation - -
rate (m a’?) H IQR i IQR
Modern (model)  0.23 0.23 0.22 0.10
Modern (cores) — 0.24 0.12 0.24 0.09
4.72 ka-to-present  0.27 0.18 0.27 0.11

Figure 4.9: Scatter plot showing the difference in accumulation rates between the
modern (cores and RACMOZ2) and the Holocene (4.72 ka) based on data showed
in Figures 4.8c and 4.10. (a) Accumulation rates for each of Modern (cores), Modern
(RACMO2), and Holocene (4.72 ka) at each of the 79 core locations shown in Figure 4.1. The five
colour boxes at the top of (a) indicate the datasets to which each point belongs and are colour-
coded as per the legend in Figure 4.1 (from left to right: MED14, ITASE, NEU(0S, SAMBA,
SEAT-10). (b) Percentage change between Holocene and modern (cores; red) and Holocene and
modern (RACMO?2; blue) at the 79 core locations shown in Figure 4.1.
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Figure 4.10: Relative change in accumulation rates between the 4.72 ka-to-present
estimates and modern rates. The points on the map represent the relative change in ice-
equivalent accumulation rate between the nearest grid cell in the 4.72 ka-to-present grid and the
79 modern observations from cores (Figs. 4.1 and 4.9; Sect. 4.3.4). The dashed black outline
line represents the 100-km boundary on either side of the Amundsen-Weddell-Ross Divide used
to provide the summary statistics in Section 4.4.1 and Table 4.2. The dashed blue line shows the
contours of the upper limit of the interquartile range for the D parameter (D < 0.34), whereby
all values situated inside of this boundary may satisfy the D 1 criteria and those outside may
require re-evaluating with the use of multi-dimensional models (Sect. 4.3.2.1). The background
image is the 2014 MODIS mosaic of Antarctica (Haran et al., 2018).
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4.4.2 Elevation-dependent accumulation estimates

While Figures 4.8-4.10 help to assess potential differences in patterns and rates
across spatial scales, considering accumulation-rate differences in terms of elevation
can inform how topography influences accumulation and whether this has changed
over time. We binned the ice-equivalent accumulation values by 50-m elevation
bands across the three main catchments covering our grid (Amundsen, Weddell
and Ross) for both the 4.72 ka-to-present estimates and modern model rates and
calculated the mean accumulation rate and the total accumulation rate for each
bin over the entire elevation gradient (Fig. 4.11).

Figure 4.11: Comparison of ice-equivalent accumulation rates between the 4.72 ka-
to-present estimates and modern rates (RACMOZ2) binned by 50-m elevation bands
across the three main catchments considered here (Amundsen, Weddell, and Ross).
(a, ¢, €) Mean accumulation rate averaged per 50-m elevation band across the specific catchment
area in metres per annum (m a~'). (b, d, f) Total accumulation rate per 50-m elevation band
across the specific catchment area in gigatonnes per annum (Gt a~!). The inset in plot a, c
and e shows the geographic location that each graph belongs to, with the main drainage basin
boundaries shown in red.

We again find that the accumulation-rate estimates for the period since 4.72 ka
are lower at low elevations (~700 — 1,400 m) over the Amundsen sector compared
with RACMOZ2, but they begin to exceed RACMO2 near the 1,400-m elevation
band where the 4.72 ka-to-present accumulation rate is higher than modern times
across the divide (Fig. 4.11a-b). We also note that whilst an elevation-dependent
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gradient in accumulation rates, dominated by high accumulation at the coast and
decreasing inland, exists over this sector for the mid-Holocene, it is much less
marked than for present rates. This is not surprising, as this sector is where we
observe the largest relative uncertainties in inferred accumulation rates across our
grid (Fig. 4.5¢), indicating that the 1-D model is less able to produce realistic
accumulation rates in the downstream end of our grid where ice flow is faster and
strain rates are likely higher. In comparison to the Amundsen sector, accumula-
tion rates since 4.72 ka are generally higher at all elevations for the Weddell and
Ross sectors compared with the present, although this difference is less than over
the Amundsen sector (Fig. 4.11c-f).

4.5 Discussion

4.5.1 Comparison with other Holocene accumulation esti-
mates

Previous studies of past accumulation rates over the WAIS have shown that
accumulation varied temporally during the Holocene. Using a single airborne RES
profile over the Amundsen Sea sector, Siegert and Payne (2004) showed that ac-
cumulation rates were approximately the same at 3.1 ka compared with modern
rates, but ~0.3 m a~! greater (~15 %) than current rates between 3.1-6.4 ka,
before which accumulation was ~50% of modern rates between 6.4 and 16.0 ka.
Similarly, Neumann et al. (2008) found that accumulation rates at the Amundsen-
Weddell-Ross Divide were ~30% higher between 3-5 ka than modern values based
on a dense network of IRHs traced on ground-based RES data, while Karlsson et al.
(2014) found that accumulation patterns had likely changed twice during the early
to mid-Holocene over PIG from the lack of a model fit between the depths and ages
of two prominent IRHs. Using the updated WD2014 record, Fudge et al. (2016)
showed that accumulation rates were higher there in the mid to late-Holocene (19%
between 4.72 ka BP and the present), a trend that was also observed by Kout-
nik et al. (2016), who found a 20% increase in accumulation rates between 2-4 ka
compared with modern rates from a ground-based RES profile across the ice divide.

These studies together point to a period of increasing accumulation observed
at the WD2014 from ~7 ka onwards (Fudge et al., 2016; their Figure 2), with its
peak matching the age of the 4.72 ka IRH used here. Thus, our accumulation-rate
estimates likely form part of a wider pattern of a sustained increase in accumula-
tion across the Amundsen-Weddell-Ross Divide over several millennia. In showing
that mean accumulation rates since 4.72 ka were 18% greater than modern rates



Chapter 4. Holocene Accumulation over West Antarctica 93

modelled from RACMO2 across the Amundsen-Weddell-Ross Divide, our results
provide much wider regional support for the hypothesis that accumulation rates
during the mid-Holocene exceeded modern rates across central West Antarctica.
A possible explanation for the higher accumulation rates during the mid-Holocene
compared with modern values is that they represent a continued climatic transi-
tion from the LGM (Steig et al., 2001). Alternatively, it has been suggested that
seasonal or interannual variability, such as a weaker circumpolar vortex (van Den
Broeke and van Lipzig, 2004; Neumann et al., 2008), or teleconnections to tropical
Pacific Ocean warming (Sproson et al., 2022), may also lead to such difference.
We did not find evidence for significant changes in accumulation patterns between
the mid-Holocene and modern times, suggesting that the current spatial pattern of
high accumulation on the Amundsen side of the divide transitioning to low accu-
mulation on the Ross side of the divide was stable throughout the mid-Holocene,
as previously suggested by others (Siegert and Payne, 2004; Neumann et al., 2008;
Koutnik et al., 2016).

We also find that accumulation estimates for the 4.72 ka-to-present are smaller
than modern rates in the lowest elevation bands (<1,400 m), particularly over the
Amundsen Sector (Fig. 4.11a~-d). This pattern was also found by Medley et al.
(2014), who compared modern observational and modelled data over this sector
and hypothesised that this discrepancy at low elevations resulted primarily from a
lack of sufficient accumulation measurements in the lower sections of their survey
area. In our case, these low-elevation values are close to the boundary where we
consider the LLA acceptable for the 4.72 ka IRH, albeit where D values are higher
than for the rest of the catchment (Figure 4.2d), so it is more likely that accumu-
lation rates calculated there are affected by ice-flow gradients and their influence
upon IRH depths leading to lower accumulation rates there. Despite this caveat,
Figures 4.11b and 4.11d show that values at low elevations contribute relatively
little to the total accumulation (by mass) over our survey area.

We suggest that future ice-sheet modelling studies investigate the difference
in accumulation rates inferred from our 1-D model using multi-dimensional flow-
band models to assess effects of divergent and convergent flow on IRH depth and
ultimately accumulation rates, as previously considered elsewhere in Antarctica
(MacGregor et al., 2009). This could be conducted along a flowline transitioning
from the slow-flowing regions directly downstream of the Amundsen-Weddell-Ross
Divide to the coastal margins of our grid, particularly over THW where we ob-
serve the largest uncertainties in accumulation rates. In addition, we suggest that
future modelling studies use the accumulation-rate variability from the WD2014
as a climate forcing in their ice-sheet models. Koutnik et al. (2016) previously
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showed that the WD2014 record is unique in that it provides a reliable record
of accumulation-rate variability during the Holocene, which other East Antarc-
tic ice-core records, often used to reconstruct the evolution of the WAIS, do not
possess. We found that these higher accumulation rates are spatially extensive
across nearly one third of the WAIS, further suggesting that the WD2014 is in-
deed representative of the wider WAIS and can be used in regional or continental
ice-sheet models as a reliable climate forcing for the region. Future regional and
continental ice-sheet models should make use of this record to adjust their cli-
matic boundary conditions to provide improved estimates of ice-elevation change
and grounding-line evolution over Antarctica.

4.5.2 Impact for ice-sheet elevation change during the
Holocene

Model results from Steig et al. (2001) suggest that the maximum elevation of
the WAIS was most likely reached during the early to mid-Holocene (around ~7
ka) following higher accumulation rates at the late glacial-interglacial transition,
after which the WAIS slowly declined to present conditions as the sea-level-rise-
induced kinematic wave reached the ice-sheet interior and outpaced the increase in
accumulation rates. However, higher accumulation rates in the mid-Holocene rel-
ative to the present, which our results suggest occurred spatially across the WAIS,
would likely delay the timing of this thinning by several thousand years (Steig et
al., 2001).

Using a flow-band model, Koutnik et al. (2016) suggested that an increase of
up to 40% in accumulation rates for the period 9 — 2 ka would likely have led to an
increase in ice thickness of tens of metres during the mid-Holocene. Although this
finding was warranted by physical assumptions around the response time of the
ice-sheet interior to adjust to an increase in accumulation in the model, it points
to the potential for the divide to have thickened by several metres over a relatively
short period of time from increased accumulation rates alone. Because the WAIS
is also sensitive to ice-dynamical changes at the ice-sheet margins (e.g. grounding-
line retreat or calving), an increase in accumulation rates in the upper part of the
ice sheet may not necessarily result in enough thickening to counteract potential
dynamical losses farther downstream (Jones et al., 2022). Conway and Rasmussen
(2009) reported that the Amundsen-Ross Divide is currently thinning and migrat-
ing towards the Ross Sea at a speed of 10 m a=!, but they were unable to determine
whether this was in response to long-term (last two millennia) accumulation-rate
changes there or short-term (last few centuries) ice-dynamical forcing from the
coastal margins of the Amundsen and Ross sectors. More recently, Balco et al.
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(2023) showed that THW and Pope Glaciers experienced 35 m of thickening in the
mid-to-late Holocene, when accumulation rates were higher than present. While
this thickening relative to present was attributed to glacio-isostatic rebound, it is
also possible that higher accumulation rates in the upstream sections of the WAIS
contributed to this thickening, if sustained over millennia.

The lack of an ice-dynamical component in the model used here precludes us
from evaluating any ice-surface-elevation change associated with changing accu-
mulation rates. However, 18% higher accumulation rates during the mid-Holocene
relative to the present across 30% of the WAIS could be consistent with an ele-
vation increase of several tens of metres in ice thickness, according to Koutnik et
al. (2016). Even if tens of metres of ice-surface-elevation change occurred, it is
still unlikely to significantly affect the steady-state assumption of the 1-D model
used here (constant ice thickness over time), because such changes are small (a
few percent of the ice thickness) and that ice thickness exceeds 3,500 m in places
Over our survey area.

4.5.3 Impact for grounding-line evolution during the
Holocene over the WAIS

Finally, we consider the possibility for Holocene ice thickening at the divide
from increased accumulation rates to affect downstream grounding-line evolution.
Recent evidence from ice-sheet modelling and field measurements suggest that
grounding-line retreat during the Holocene was not monotonic, particularly at
the Ross and Weddell sea sides of the WAIS (Bradley et al., 2015; Kingslake et
al., 2018; Neuhaus et al., 2021). Rather, Kingslake et al. (2018) showed that
the grounding-line position in the Ross and Weddell sea sectors initially retreated
from the LGM inland until ~10.2 — 9.7 ka, and then readvanced to its modern
position sometime during the Holocene. Although they attributed this change in
grounding-line position to the solid Earth viscoelastic response due to ice-sheet
mass change and the subsequent re-grounding around pinning points, it has also
been suggested that an increase in accumulation rates upstream of the grounding
line could lead to a readvance via ice thickening there and a subsequent increase
in ice flow (Steig et al., 2001; Koutnik et al., 2016; Jones et al., 2022). Across
parts of the Weddell Sea Embayment, several studies have produced evidence for
stability of the LGM ice thickness there until the early to mid-Holocene (Ross
et al., 2011; Hein et al., 2016b; Ashmore et al., 2020a), contrary to most of the
WAIS, after which abrupt thinning of ~400 m contributed ~1.4 — 2 m of sea-level
rise (Hein et al., 2016b). A possible explanation for this delayed thinning in the
Weddell Sea Embayment is that increased snowfall in the upper WAIS might have
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counteracted ice-dynamical processes at the coast until the mid-to-late Holocene
(Hein et al., 2016b; Spector et al., 2019). Similarly, over part of the Ross Sea
sector, Neuhaus et al. (2021) showed that the grounding line over the Whillans,
Kamb, and Bindschadler ice streams retreated to its minimum Holocene position
in the mid to late-Holocene, and then readvanced between 2 — 1 ka, coinciding with
periods of warmer and colder climates, respectively. They concluded that the re-
ported grounding-line migration was likely dominated by modest climate-induced
changes upstream rather than ice dynamics further downstream, as suggested for
the Weddell Sea sector (Hein et al., 2016b).

Our results, which provide strong and widespread evidence for higher accumu-
lation along the Amundsen-Weddell-Ross Divide during the mid-Holocene com-
pared with the present, support these hypotheses further, as higher accumulation
rates at the divide would likely result in upstream thickening (Sect. 4.5.2). In the
absence of ice-dynamical processes counter-balancing this increase in accumula-
tion rates, the grounding-line should advance in these regions. However, we note
that the pattern of grounding-line retreat and readvance has not been observed
over the Amundsen Sea sector (Kingslake et al., 2018; Johnson et al., 2020; 2021;
Braddock et al., 2022) despite the accumulation-rate increase we also observed
along the Amundsen-Weddell-Ross Divide and the recent results from Balco et al.
(2023). This complication may indicate that the Amundsen sector is more strongly
influenced by coastal changes in ice dynamics, for which even moderate changes
in accumulation rate cannot compensate.

4.6 Conclusions

Using a ubiquitous internal reflecting horizon found across most of the Pine
Island, Thwaites, and Institute and Moller ice-stream catchments, we have es-
timated mid-Holocene accumulation rates in the relatively slow-flowing parts of
West Antarctica, representing 30% of total surface area of the WAIS.

By comparing our Holocene accumulation-rate estimates with a modern cli-
mate reanalysis model and observational syntheses, we estimated that accumula-
tion rates across the Amundsen-Weddell-Ross Sea Divide since 4.72 ka were, on
average, 18% higher than modern values. Our results suggest that spatial pat-
terns of accumulation across the WAIS have remained stable during this period,
i.e. higher accumulation rates on the Amundsen side of the divide transitioning
to lower accumulation rates on the Ross side of the divide. The higher accumula-
tion rates reported here for the mid-Holocene compared to the present agree well
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with earlier, spatially focused studies of accumulation rates, all of which indicate
higher accumulation rates (4+15 - 30%) over the past ~5 ka. This change in magni-
tude occurred at a time of asynchronous grounding-line migration over the WAIS,
including readvances of the grounding line in the Weddell and Ross sectors and
evidence for delayed deglaciation in the Weddell Sea side of the WAIS.

The higher mid-Holocene accumulation estimates inferred here over large sec-
tors of the WAIS occurred at a time of sustained, millennial-scale increase in
accumulation rates found at the WAIS Divide ice core. This pattern indicates
that the ice core is suitably representative of the climatic conditions of the wider
region over time. We suggest that future regional or continental ice-sheet mod-
elling studies base their palaeoclimate forcing on modern spatial SMB products
that are modulated over time using the WAIS Divide ice-core record. This will
enable those models to obtain a more realistic climatic forcing representative of
the past conditions of the wider WAIS, and ultimately, constrain ice-sheet volume
change and grounding-line evolution during the Holocene.

4.7 Data availability

The IRH information for each of the three surveys used in this paper are
archived in open-access repositories (Ashmore et al., 2020b; Bodart et al., 2021b;
Muldoon et al., 2023) with references and links provided in the reference list. The
BAS airborne radar data which were used to extract the IRHs used in this paper
are fully available at the UK Polar Data Centre via the Polar Airborne Geophysics
Data Portal (see Frémand, Bodart et al., 2022). The RACMO2 product is available
on request from j.m.vanwessem@uu.nl or m.r.vandenbroeke@uu.nl. Links to access
the observational point-based datasets used here are available from the respective
references mentioned in the text (Sect. 4.3.4). The gridded depth and accumula-
tion output, as well as all the codes associated with this study, are archived in an
open-access repository (Bodart et al., 2023a).
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5 A Community Resource of Aero-
geophysical Data Across Antarc-
tica: Application to the study
of IRHs across the AIS

A version of this chapter has been published in Earth System Science Data as:

Paper details: Frémand, A.C.*, Bodart, J.A.*, Jordan, T.A., Ferraccioli,
F., Robinson, C., Corr, H.F.J., Peat, H.J., Bingham, R.G., Vaughan, D.G., 2022.
British Antarctic Survey’s Aerogeophysical Data: Releasing 25 Years of Airborne
Gravity, Magnetic, and Radar Datasets over Antarctica, Farth System Science
Data, 14, 3379-3410. DOI: 10.5194 /essd-14-3379-2022 (see Appendix C for a copy
of the published paper).

*indicates that these authors contributed equally to the paper.

This chapter contains an extended version of the published paper’s Section
5.6.1 on applying the Internal-Layering Continuity Index to the newly released
airborne Radio-Echo Sounding data presented in the paper, thereby addressing
this thesis’ aims and objectives stated respectively in Chapters 1 and 2.

Author contributions: I co-led the data release alongside A.C. Frémand.
I created the data portal, with input from A.C. Frémand, T.A. Jordan, and F.
Ferraccioli. I led the reprocessing, quality-checking and publication of the radar
datasets and accompanying files, with input from A.C. Frémand, T.A. Jordan, and
C. Robinson. A.C. Frémand led the standardisation and release of the gravity and
magnetic data, with contributions from myself, T.A. Jordan and F. Ferraccioli. 1
wrote the code and analysed the results from the Internal Layer Continuity Index
presented in the paper. I wrote the manuscript and created the figures, with input
from A.C. Frémand and all co-authors.
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5.1 Abstract

Over the past 50 years, the British Antarctic Survey (BAS) has been one of the
major acquirers of aerogeophysical data over Antarctica, providing scientists with
gravity, magnetic, and radar datasets that have been central to many studies of the
past, present, and future evolution of the Antarctic Ice Sheet. Until recently, many
of these datasets were not openly available, restricting further usage of the data for
different glaciological and geophysical applications. Starting in 2020, scientists and
data managers at BAS have worked on standardising and releasing large swaths of
aerogeophysical data acquired during the period 1994-2020, including a total of 64
datasets from 24 different surveys, amounting to ~450,000 line-km (or 5.3 million
km?) of data across West Antarctica, East Antarctica, and the Antarctic Peninsula.
Amongst these are the extensive surveys over the fast-changing Pine Island (BBAS
2004-2005) and Thwaites (ITGC 2018-2019 2019-2020) glacier catchments, and
the first ever surveys of the Wilkes Subglacial Basin (WISE-ISODYN 2005-2006)
and Gamburtsev Subglacial Mountains (AGAP 2007-2009). Considerable effort
has been made to standardise these datasets to comply with the FAIR (Findable,
Accessible, Interoperable and Re-usable) data principles, as well as to create the
Polar Airborne Geophysics Data Portal (https://www.bas.ac.uk/project/nagdp/,
last access: 05 April 2023), which serves as a user-friendly interface to interact with
and download the newly published data. This paper reviews how these datasets
were acquired and processed, presents the methods used to standardise them, and
introduces the new data portal and interactive tutorials that were created to im-
prove the accessibility of the data. Lastly, we exemplify future potential uses of the
aerogeophysical datasets by extracting information on the continuity of englacial
layering from the fully published airborne radar data. We believe these newly re-
leased data will be a valuable asset to future glaciological and geophysical studies
over Antarctica and will significantly extend the life cycle of the data. All datasets
included in this data release are now fully accessible at https://data.bas.ac.uk
(British Antarctic Survey, 2022).

5.2 Introduction

As one of the fastest changing environments on Earth, Antarctica has been at
the epicentre of scientific research since the early 1960s. Understanding the past,
present, and future of the Antarctic Ice Sheet is of special interest, particularly in
the context of rapid climatic changes already affecting large parts of the Antarctic
Peninsula and threatening the stability of the West Antarctic Ice Sheet (WAIS;
IPCC ARG, 2021). One way to quantify how the ice sheet will respond to these
changes is to conduct studies of englacial and basal properties of the ice using geo-
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physical techniques such as gravity, magnetic, and radar. By studying the bedrock
topography beneath an ice sheet, we can better estimate where a retreating ice
stream is more likely to stabilise or destabilise further (Holt et al., 2006; Vaughan
et al., 2006; Tinto and Bell, 2011; Ross et al., 2012; Morlighem et al., 2020) and
how landforms or subglacial water-routing systems can affect the flow regime of ice
streams (Bell et al., 2011; Wright et al., 2012; Schroeder et al., 2013; Ashmore and
Bingham, 2014; Siegert et al., 2014; Young et al., 2016; Napoleoni et al., 2020).
By studying the subglacial geology, we can better understand magmatic, tectonic,
and sedimentary influences on ice flow over timescales of hundreds, thousands or
even millions of years (Bell et al., 1998; Blankenship et al., 2001; Studinger et
al., 2001; Bamber et al., 2006; Bell et al., 2006; Jordan et al., 2010b; Bingham
et al., 2012), and quantify the influence of geothermal heat flux on ice dynamics
(Schroeder et al., 2014; Jordan et al., 2018). Finally, the use of gravity techniques
enables us to better understand the bathymetry beneath fast-changing ice shelves
and ice-stream fronts and quantify areas of high sensitivity (Greenbaum et al.,
2015; Millan et al., 2017; Tinto et al., 2019; Jordan et al., 2020).

Since the mid-1960s, the British Antarctic Survey (BAS) has been involved in
acquiring aerogeophysical data with a particular focus on radar-data acquisition
using a 35 and 60 MHz radio-echo sounder developed at the Scott Polar Research
Institute (Robin et al., 1970), and, in collaboration with the Technical University
of Denmark, using slightly improved versions of the same analogue radar system
until the early 1990s (Robin et al., 1977). The subsequent development of an
in-house digital radar system at BAS in 1993-1994 (Corr and Popple, 1994), and
accompanying gravity and magnetic instruments, allowed for the first surveys over
West Antarctica’s Evans Ice Stream to be conducted in 1994-1995, marking the
start of modern digital aerogeophysical surveying of the Antarctic by BAS. Further
improvements in survey techniques and instruments have allowed BAS to develop
its aerogeophysical capabilities further and become one of the leaders in aerogeo-
physics over the Antarctic.

Since the mid-1990s, aerogeophysical datasets acquired by BAS have played a
vital role in understanding past and current ice-dynamical and lithospheric pro-
cesses over the Antarctic Ice Sheet. In total, BAS flew 24 survey campaigns be-
tween 1994 and 2020, representing a total of ~450,000 line-km of aerogeophysical
data over the Antarctic Peninsula as well as over the WAIS and the East Antarc-
tic Ice Sheet (EAIS) (Fig. 5.1, Table 5.1). The total cumulative survey coverage
since 1994 is 5.3 million km?, equivalent to >30% of the total area of the Antarc-
tic Tce Sheet (14.2 million km?). Many of these surveys were acquired as part
of large international collaborative projects such as the International Polar Year
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Figure 5.1: Map showing all the published datasets included in this data release.
The colours are the same as those used on the data portal interface. Abbreviations are as follows:
AC: AFI Coats Land (2001-2002); AD: Andrill HRAM (2008-2009); AG: AGAP (2007-2009);
AT Adelaide Island (2010-2011); BB: BBAS (2004-2005); BC: Black Coast (1996-1997); CI:
Charcot Island (1996-1997); DF: DUFEK (1998-1999); EV: EVANS (1994-1995); F15: FISS
2015 (2015-2016); F16: FISS-EC-Halley 2016 (2015-2016); GI: GRADES-IMAGE (2006-2007);
IG: ICEGRAV (2012-2013); IM: IMAFT (2010-2011); JRI: James Ross Island (1997-1998); LA:
Larsen Ice Shelf (1997-1998); M: MAMOG (2001-2002); PG: PolarGAP (2015-2016); PI: Pine
Island Glacier Ice Shelf (2010-2011); SP: SPARC (2002-2003); T18: ITGC (2018-2019); T19:
ITGC (2019-2020); TO: TORUS (2001-2002); WI: WISE-ISODYN (2005-2006). The legend on
the right-hand side of the figure shows the colour corresponding to each survey. The background
image is from the Landsat Image Mosaic of Antarctica (LIMA; Bindschadler et al., 2008).

Antarctica’s Gamburtsev Province Project (AGAP), the European Space Agency
(ESA) PolarGAP project, and the US-UK International Thwaites Glacier Collab-
oration (ITGC), amongst others. Importantly, much of the data acquired since
then have been central to the output of large international science groups, such
as the Scientific Committee on Antarctic Research (SCAR) Bedmap (I/1I/III),
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ADMAP (I/II), AntArchitecture, and IBCSO projects (Lythe et al., 2001; Arndt
et al., 2013; Fretwell et al., 2013; Golynsky et al., 2018).

Despite the importance of these surveys for understanding the Antarctic cryosphere
and tectonics, until now the underlying data have been relatively inaccessible to
wider scientific communities due to the scale of the data-management task re-
quired. This lack of accessibility has hampered the ability of the wider research
community to extract further valuable information from these datasets. In 2020, a
collaborative project between the UK Polar Data Centre (PDC,
https://www.bas.ac.uk/data/uk-pdc/, last access: 05 April 2023) and the BAS
Airborne Geophysics science team was set up to improve the FAIR-ness (Wilkin-
son et al., 2016) of these data. The main objectives of this collaboration were to
comply with national and international policies on data sharing and accessibility,
foster new collaborations, and allow the further re-use of these data beyond the
lifespan of the science projects.

This chapter presents the result of this successful collaboration between data
managers and scientists to standardise and release most of BAS’ aerogeophysical
data acquired to date using modern instruments from 1994 onwards. Data ac-
quired prior to this, while particularly useful to long-term monitoring of ice sheet
conditions, are much more challenging and time-consuming to update to modern
standards (see Schroeder et al., 2019; Sect. 5.6.3), and are thus not included in the
data release discussed here. Section 5.3 of this chapter reviews the main scientific
findings from each survey flown between 1994 and 2020. Section 5.4 describes the
various instruments and techniques used to acquire and process the data. Section
5.5 outlines the format and data publishing strategy for our datasets following the
FAIR data principles, as well as the creation of a new data portal and interactive,
open-access tutorials. Finally, Section 5.6 provides a case study for the re-usability
of the newly released aerogeophysical data, as well as suggestions on future uses
of the data portal and aspirations for future data releases.

5.3 Background

The following section reviews the main scientific findings related to the acqui-
sition of aerogeophysical data from BAS for the period 1994-2020 and is divided
into two sub-sections: (i) findings from surveys conducted pre-2004 using older
aerogeophysical instruments and for which the fully processed 2-D radar data are
not published as part of this data release (see Table 5.1, Sect. 5.6.3), and (ii)
surveys conducted post-2004 using the Polarimetric Airborne System INstrument
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1 (PASIN-1) (2004-2015) and PASIN-2 (2015-2020) radar systems and more mod-
ern data-acquisition methods. Figures 5.2-5.3 present the wide-ranging datasets
of gravity and magnetic anomalies, bed elevation and ice thickness, and 2-D radar
profiles ensuing from the surveys discussed in Sections 5.3.1 and 5.3.2.

5.3.1 Aerogeophysical surveys for the period 1994-2004

The first surveys conducted by BAS since the mid-1990s involved extensive
gravity and magnetic surveying of the western and eastern Antarctic Peninsula and
Weddell Sea Embayment. Surveys over Evans Ice Stream (1994-1995), Black Coast
(1996-1997), Charcot Island (1996-1997), and James Ross Island (1997-1998)
(Fig. 5.1, Table 5.1) provided new insights into the history of crustal bound-
aries between the eastern Antarctic Peninsula and the Filchner Block (Ferris et
al., 2002), evidence of crustal thinning below Evans Ice Stream (Jones et al., 2002),
and new understanding of the magmatic and tectonic processes around the Mount
Haddington stratovolcano on James Ross Island (Jordan et al., 2009). A further
study covering the Larsen Ice Shelf (Antarctic Peninsula) was conducted conjointly
by BAS and the Instituto Antartico Argentino in 1997-1998. The radar data ac-
quired during this survey were used in ocean (Holland et al., 2009) and firn-density
(Holland et al., 2011) models to improve our understanding of ice-ocean interac-
tions and ice-surface elevation changes on the ice shelf. In 1998-1999, extensive
aeromagnetic surveying of the Dufek Massif (West Antarctica/East Antarctica)
revealed the presence of a Jurassic dike swarm that likely acted as a magma trans-
port and feeder system to the Ferrar Large Igneous Province (Ferris et al., 2003).
In 2001-2002, an additional survey was flown as part of the initiative, Targeting
ice-stream Onset Regions and Under-ice Systems (TORUS), to assess the factors
controlling the dynamics of the Rutford Ice Stream using gravity, magnetic, and
radar instruments over a high-resolution grid spacing of ~10 km (Vaughan et al.,
2008). Lastly, for the WAIS, the 2002-2003 Superterranes in the Pacific Margin
Arc (SPARC) campaign over northern Palmer Land (Antarctic Peninsula) used
gravity and magnetic instruments to reveal subglacial imprints of crustal growth
linked with the Gondwana margin (Ferraccioli et al., 2006).

Over East Antarctica, two surveys conducted in 2001-2002 acquired detailed
gravity, magnetic, and radar measurements over Slessor Glacier (as part of the
Antarctic Funding Initiative (AFI) Coats Land survey) and Jutulstraumen Ice
Stream (as part of the Magmatism as a Monitor of Gondwana breakup survey;
MAMOG). The AFI Coats Land survey, a UK initiative between BAS and the
University of Bristol, provided the first accurate measurements of ice thickness
and bed elevation in the area (Rippin et al., 2003a) (Fig. 5.2), and led to the
discovery of a ~3 km thick sedimentary basin associated with a weak till layer at
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the bed which enhances basal motion and affects the flow regime of this part of
the EAIS (Rippin et al., 2003a; Bamber et al., 2006; Shepherd et al., 2006). The
MAMOG survey revealed the presence of a subglacial Jurassic continental rift in
the area of western Dronning Maud Land, providing early evidence for the initial
Gondwana breakup (Ferraccioli et al., 2005a, b).

5.3.2 Aerogeophysical surveys for the period 2004-2020

Building on the surveys prior to 2004, which were relatively small in areal ex-
tent, BAS began surveying larger areas from the mid-2000s onwards (Table 5.1),
primarily due to enhanced international collaborations and improvements in data
acquisition and instruments, which led to data being acquired both at higher res-
olution and over larger spatial scales. The acquisition strategy was to collect data
from multiple geophysical sensors mounted on BAS’ Twin Otter aircraft across ev-
ery survey, giving a holistic view of vast and previously unsurveyed regions (Figs.
5.2-5.3). The core sensor suite included gravity and magnetic instruments used to
understand the geological nature of the subglacial basins and mountains along with
their tectonic structure, together with the radar system used to map ice thickness
and bed elevation. The development of a new radar system, the PASIN system
(PASIN-1, 2004-2015) (see Section 5.4.1.3), and an improved version of the same
system (PASIN-2, 2015-2016 onwards), allowed for the efficient collection of high-
quality digital radar data for BAS-led campaigns in the Antarctic.

We divide the findings from these surveys into two sub-sections (Section 5.3.2.1
for surveys between 2004 and 2015 and Section 5.3.2.2 for surveys between 2015
and 2020) to reflect the acquisition of data prior to and following the upgrade of
the PASIN system (see Section 5.4.1.3).

5.3.2.1 2004-2015

The first mission to utilise the PASIN-1 radar system was the 2004-2005 BBAS
survey of Pine Island Glacier, which aimed to characterise the subglacial condi-
tions of this sensitive glacier of West Antarctica (Vaughan et al., 2006). This
survey provided two key findings: (a) the discovery of a narrow subglacial trough
that is 500 m deep and 250 km long, through which Pine Island Glacier flows;
and (b) the existence of well-constrained valley walls, which would likely provide a
buffer against a potential catastrophic collapse of the WAIS via Pine Island Glacier
(Vaughan et al., 2006). Further studies utilising this dataset focused primarily on
bed characteristics and the subglacial hydrology of the catchment (Rippin et al.,
2011; Napoleoni et al., 2020; Chu et al., 2021), as well as tracking englacial layers
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and quantifying past accumulation rates (Corr and Vaughan, 2008; Karlsson et al.,
2009, 2014; Bodart et al., 2021a). The survey was also conducted simultaneously
with another covering the Thwaites Glacier catchment led by the University of
Texas Institute for Geophysics and the National Science Foundation of the United
States (Holt et al., 2006), enabling a comparison of the surveying capabilities where
the surveys overlapped (e.g. Chu et al., 2021).

Following on from the BBAS data, the suite of geophysical instruments on
board the BAS Twin Otter aircraft were used to survey the Wilkes Subglacial
Basin, Dome C, and the Transantarctic Mountains as part of the 2005-2006 WISE-
ISODYN survey between BAS and the Italian Programma Nazionale di Ricerche
in Antartide (Bozzo and Ferraccioli, 2007; Corr et al., 2007; Ferraccioli et al., 2007;
Jordan et al., 2007). This project revealed, for the first time, the crustal architec-
ture of the Wilkes Subglacial Basin (Ferraccioli et al., 2009; Jordan et al., 2013)
and the distribution of a well-preserved subglacial sedimentary basin underlying
the Wilkes catchment (Frederick et al., 2016). The following year, the 2006-2007
survey, Glacial Retreat in Antarctica and Deglaciation of the Earth System — In-
verse Modelling of Antarctica and Global Eustasy (GRADES-IMAGE), comprising
surveys over the transitional area between the Antarctic Peninsula and the WAIS,
provided detailed information on subglacial properties of Evans Ice Stream (Ash-
more et al., 2014). Ice-thickness measurements along the grounding line were also
used as key calibration for the Landsat-derived “ASAID” grounding-line product
(Bindschadler et al., 2011), and englacial layers through Bungenstock Ice Rise were
used to assess ice-divide stability and the wider ice-flow history and stability of
the WAIS’s Weddell Sea sector during the Holocene (Siegert et al., 2013).

Over two austral field seasons from 2007 to 2009, AGAP, coordinated as part of
the fourth International Polar Year between the UK, USA, Germany, Japan, Aus-
tralia and China, comprised a comprehensive survey of the interior of the EAIS,
yielding important aerogeophysical data used to interrogate the origin and geo-
physical characteristics of the Gamburtsev Subglacial Mountains. Significant scien-
tific discoveries generated by the AGAP survey included observations of widespread
freeze-on at the bottom of the ice which leads to thickening of the EAIS from the
base (Bell et al., 2011), a thick crustal root formed during the Proterozoic acon (1
Gyr ago) surrounded by a more recent ~2,500-km-long rift system (Ferraccioli et
al., 2011), and the existence of ancient pre-glacial fluvial networks at the present
ice bed which confirmed the presence of the Gamburtsev Subglacial Mountains
prior to the start of glaciation at the Eocene-Oligocene climate boundary (ca. 34
Ma) (Rose et al., 2013; Creyts et al., 2014).
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TABLE 5.1: Information on the period, region, sub-region, type of data acquired,
total line coverage (km), total coverage area (km?), and key reference for each survey
included in this data release. For “Data”, the abbreviations are as follows: gravity (G),
magnetic (M), radar (R). For “Regions”, abbreviations are as follows: APIS (Antarctic Peninsula
Ice Sheet), EAIS (East Antarctic Ice Sheet), WAIS (West Antarctic Ice Sheet). “DML” stands
for Dronning Maud Land and “PIG” for Pine Island Glacier. *For AGAP, the data release only
consists of the BAS-acquired data, which represents approximately half of the total (~120,000
km) survey coverage from the whole AGAP expedition (see Section 5.3.2.1).

Total
line Total
Survey Year Region Sub-Region Data coverage Reference
coverage 2
area (km?)
(km)
EVANS | 1994-95 | WAIS/APIS Ega‘:;i:e G,M,R| 11,500 | 1.06x10° Jones et al. (2002)
- . . Black Coast / s 104 is et ¢
Black Coast | 1996-97 APIS Weddell Sea M 10,000 8.96 x10 Ferris et al. (2002)
CHARCOT |1996-97 |  APIS Charcot Island M 7500 | 167 x10° ‘]Ol”(ligg;)t al
James Ross 1507 g APIS James Ross G, M, R| 10,000 | 3.32x10" Jordan et al. (2009)
Island Island
o . Larsen Ice . - . 4 Holland et al.
LARSEN 1997-98 APIS Shelf M, R 5,800 5.96 x10 (2009)
DUFEK 1998-99 | WAIS/EAIS Dufek Massif G, M, R 8,300 4.66 x107 Ferris et al. (2003)
AFLIaiZatS 2001-02 EAIS Slessor Glacier | G, M, R | 5,000 6.53 x10' | Rippin et al. (2003a)
Jutulstraumen
MAMOG 2001-02 EAIS Ice Stream / G, M, R| 15,500 5.79 x10* | Ferraccioli et al. (2005a)
DML
Rutford Ice =
TORUS 2001-02 WAIS Stroam G, M, R 8,600 1.12 x10° Vaughan et al. (2008)
. Northern Palmer , 5 Ferraccioli et al.
SPARC 2002-03 APIS Land G, M 20,000 1.07 x10 (2006)
BBAS | 2004-05 |  WAIS Pine Island G,M,R| 35000 | 4.09x10° Vaughan cf al
Glacier (2006)
WISE- 2005-06 EAIS Wilkes Land G, M, R 61,000 7.91 x10° Jordan et al. (2013
ISODYN 5- ilkes Lan , M, , 91 x ordan et al. )
Evans &
GRADES- . . - . Ashmore et al.
IMAGE 2006-07 | WAIS/APIS Rlsltizzilice M, R 27,500 3.06 x10 (2014)

Ferraccioli et al.
(2011)

Gamburtsev /
Dome A
Ross Ice Shelf
ANDRILL | 5000 59 | wals & Coulman MR | 1200 | 148x10° -

HRAM High

Adelaide | o) 1 APIS Adelaide M, R 5,500 3.76 x10% Jordan et al. (2014)
Island Island
Institute &
IMAFI 2010-11 WAIS Moller Ice G, M, R| 25,000 1.96 x10° Ross et al. (2012)
Streams
PIG T . Pine Island 3
ce Shelf | 2010-11 WAIS Shelf M, R 1,500 1.80 x10
Recovery &
Slessor
ICEGRAV | 2012-13 EAIS glaciers, G, M, R 29,000 4.75 x10° Diez et al. (2018)
Bailey Ice
Stream
Foundation Ice
Stream /
Bungenstock
Ice Rise
PolarGAP | 2015-16 EAIS South Pole G, M, R 38,000 8.71 x10° Jordan et al. (2018)
Filchner Ice
Shelf /English
Coast /
Recovery &
Support Force
glaciers

AGAP 2007-09 EAIS G, M, R | 73,000* 6.22 x10°

Vaughan et al.
(2012)

FISS 2015 | 2015-16 WAIS M, R 7,000 1.43 x10* -

Hofstede et al.

FISS 2016 | 2016-17 WAIS (2021)

G,M,R| 26,000 5.99 x10°

ITGC 2018 | 2018-20 |  WAIS Téﬁcli‘: G, M, R| 9872 6.43 x10* Jordan et al. (2020)
Thwaites
ITGC 2019 | 2019-20 | WAIS Glacier / G, M,R| 4432 4.85 x10* -
Rutford Ice Stream
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Between 2008 and 2011, three surveys utilised the magnetic and radar instru-
ments on board the BAS Twin Otter to conduct high-spatial-resolution survey-
ing of Coulman High on Ross Ice Shelf as part of the Antarctic Drilling — High
Resolution Aeromagnetic (ANDRILL HRAM) project, Adelaide Island (Antarctic
Peninsula), and Pine Island Glacier Ice Shelf (West Antarctica). The 2010-2011
Adelaide Island survey provided high-resolution aeromagnetic data to underpin a
better understanding of the complex magmatic structure of the Antarctic Penin-
sula Cenozoic arc/forearc boundary (Jordan et al., 2014). The Pine Island Glacier
Ice Shelf survey of the same year revealed a network of sinuous subglacial chan-
nels, 500 to 3,000 m wide and up to 200 m high, in the ice-shelf base, which,
combined with surface and basal crevasses formed as a result of the basal melting,
could lead to structural weakening of the shelf in the future (Vaughan et al., 2012).

The early 2010s saw the deployment of the PASIN system used as part of
two large collaborative projects, namely the 2010-2011 Institute-Moller Antarc-
tic Funding Initiative (IMAFT) survey over the Institute and Moller Ice Streams
of West Antarctica, and the 2012-2013 ICEGRAV survey over the Recovery and
Slessor region of East Antarctica.

The 2010-2011 IMAFI project was a UK initiative between BAS and the uni-
versities of Edinburgh, York, Aberdeen and Exeter. The key aims were to in-
vestigate the potential stability of this sector of West Antarctica and test the
ability of the subglacial sedimentary structure to control the flow of two large ice
streams draining the WAIS into the Weddell Sea Embayment (Ross et al., 2012).
Radar data revealed the presence of a reverse-bed slope with a 400 m decline over
a 40 km distance away from the grounding line and that this region was rela-
tively close to flotation, indicating the potential instability of this sector in light
of future grounding-line migration upstream of its current position (Ross et al.,
2012). Additional analysis using gravity and magnetic data revealed the extent
of the Weddell Sea Rift System, adding further evidence for the early stages of
the Gondwana breakup and Jurassic extension in the region (Jordan et al., 2013).
Further analysis of the radar data acquired during the IMAFI survey led to a new
digital elevation model of the subglacial topography around the ice streams of the
Weddell Sea Embayment at 1 km resolution, revealing deep subglacial troughs be-
tween the ice-sheet interior and the grounding line, and well-preserved landforms
associated with alpine glaciation (Ross et al., 2014; Jeofry et al., 2018), as well
as evidence for a temperate former WAIS via the discovery of extensive subglacial
meltwater channels (Rose et al., 2014). The data have also been used to assess the
roughness of the subglacial bed (Rippin et al., 2014), investigate englacial proper-
ties across the catchment as an indicator of past ice-flow dynamics (Bingham et
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al., 2015; Winter et al., 2015; Ashmore et al., 2020a; Ross et al., 2020), and show
the presence of sub-ice shelf channels generated by water flowing from beneath the
present ice sheet (Le Brocq et al., 2013).

Figure 5.2: Maps of gravity, magnetic, and radar (bed elevation and ice thickness)
point measurements for all surveys published as part of this data release. (a) Gravity
anomaly points (in milligal, or mGal), (b) magnetic anomaly points (in nanotesla, or nT), (c)
bed-elevation points from radar data (in metres above sea level, or m a.s.l.), (d) ice-thickness
points from radar data (metres). In total, this data release consists of 3.62 million gravity, 7.41
million magnetics, and 14.5 million ice-thickness and bed-elevation data points. Note that no
correction such as downward continuation has been applied to compile the gravity data shown
in (a).

The 2012-2013 ICEGRAV survey, an international collaboration between BAS
and the Technical University of Denmark, National Science Foundation, Norwegian
Polar Institute, and the Instituto Antartico Argentino, carried out aerogeophys-
ical surveys over the poorly explored Recovery Glacier catchment and Recovery
subglacial lakes (Forsberg et al., 2018), revealing a deep 800 km trough underlying
Recovery Glacier, with evidence for subglacial water controlling the fast flow in
the upstream portion of the ice stream (Diez et al., 2018).
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Figure 5.3: Sample radargrams from the ten 2-D radar datasets released with this
paper. The colours for each survey on the map are the same as in Figure 5.1 and the data portal.
The location of each radargram (a—j) is marked on the map by black triangles. The dashed red
and blue lines on the radargrams are the surface and bed picks, respectively. A description of
each radargram is provided as follows: (a) flight line G10 (GRADES-IMAGE) showing well-
defined subglacial valleys through which Evans Ice Stream flows (ice flow is approximately out
of page), with stable layering present before and in the middle of the topographic low; (b) flight
line FO3B (FISS 2015) showing undulating bed topography and disrupted layering at the onset
of Foundation Ice Stream; (c) flight line F27A (FISS 2016) showing variations in subglacial
topography at the divide between the Antarctic Peninsula and West Antarctica, with potential
evidence of basal freeze-on at the start of the segment; (d) flight line C09A (IMAFI) showing
evidence of preserved layering despite changes in local topography at the bottleneck between East
and West Antarctica; (e) flight line BO1 (BBAS) over Ellsworth Subglacial Mountains showing
a ~1.5 km trough in the ice-sheet bed and one of the deepest points in the PIG basin with
~3 km of ice underlying the surface; (f) flight line W43B (WISE-ISODYN) showing internal
layers draping over the highs and lows in the local Wilkes Subglacial Basin topography, with
two particularly bright reflections in the middle and bottom of the ice column; (g) flight line
P33 (PolarGAP) showing clear and stable englacial layering throughout the ice column at the
onset of the topographic highs of the Transantarctic Mountain Range; (h) flight line A05A
(AGAP) showing stable internal layering characteristic of the interior of the EAIS; (i) flight line
GO09A (ICEGRAV) showing evidence of a bright reflection likely associated with a previously
unidentified subglacial lake in the region; and (j) flight line T10A (ITGC 2019) showing a section
of inland-sloping bed from a profile in the main trunk of Thwaites Glacier, >200 km from the
current grounding line position (ice flow is right to left). The horizontal and vertical white bars
at the bottom of each radargram represent ~3 km in the horizontal direction (i.e. distance) and
~1 km in the vertical direction (i.e. depth), respectively.
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5.3.2.2  2015-2020

The 2015-2016 PolarGAP survey was a major international collaboration,
funded by ESA and led by BAS, the Technical University of Denmark, the Norwe-
gian Polar Institute, and the National Science Foundation, to fill a gap in global
gravity surveying that the ESA’s Gravity field and steady-state Ocean Circula-
tion Explorer (GOCE) satellite network was unable to cover. Alongside the large
swath of gravity surveying, opportunistic magnetic and radar data were also ac-
quired over the South Pole and parts of Support Force, Foundation, and Recovery
ice streams using a further upgraded radar system, PASIN-2 (see Section 5.4.1.3).
Additional funding from the Norwegian Polar Institute also allowed for a number
of dedicated flights over the Recovery subglacial lakes. The acquired data have
led to major scientific findings, including (a) the presence of anomalously high
geothermal heat flux near the South Pole (Jordan et al., 2018), (b) the delineation
of two subglacial lakes (Recovery Lakes A and B) totalling ~4,320 km? in size and
composed of saturated till, with evidence of bed lubrication and enhanced flow
downstream of their location as a result of water drainage (Diez et al., 2019), and
(c) the evidence of a large (500-700 km-wide) marginal embayment formed during
late Neoproterozoic rifting along the craton margin and which cuts into the East
Antarctic basement around the South Pole region (Jordan et al., 2022). Additional
evidence showed that the Pensacola-Pole Basin is characterised by a topographic
depression of ~0.5 km below sea level and contains a thick sedimentary layer of
2-3 km in the southern part of the catchment (Paxman et al., 2019). The radar
data from the PolarGAP survey have also revealed large troughs at the bottleneck
between East and West Antarctica, suggesting that the drawdown of the EAIS via
the WAIS is unlikely (Winter et al., 2018).

In the austral summers of 2015-2016 and 20162017, two surveys were flown
as part of the Filchner Ice Shelf system (FISS) project led by BAS with support
from the Alfred Wegener Institute in Germany and several other UK institutions
(UK National Oceanography Centre, Met Office Hadley Centre, universities of
Exeter, Oxford, and University College London), with the aim to investigate the
potential contribution of the Filchner Ice Shelf and feeding ice streams to sea-level
rise. The 2015-2016 survey acquired ~7,000 line-km of aerogeophysical data, pri-
marily over Foundation Ice Stream and to a smaller extent over Bungenstock Ice
Rise. In 20162017, ~26,000 line-km of aerogeophysical data were acquired over
Academy, Recovery, Slessor, and Support Force glaciers, and parts of the Filchner
and Brunt ice shelves. Data were also collected over outlet glaciers of the En-
glish Coast (western Palmer Land, Antarctic Peninsula). Early findings from the
20162017 aerogeophysical survey revealed subglacial drainage channels beneath
Support Force Glacier (Hofstede et al., 2021), provided evidence for a large ~80 x
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30 x 6 km mafic intrusion, likely resulting from mantle melting during the Gond-
wana breakup (Jordan and Becker, 2018), and helped to delineate the subglacial
bathymetry beneath Brunt Ice Shelf (Hodgson et al., 2019).

During the 2018-2019 and 2019-2020 seasons, BAS was involved in aerogeo-
physical surveying of Thwaites Glacier as part of the UK-US ITGC initiative.
The 2018-2019 survey acquired ~9,900 km of aerogeophysical data over the lower
Thwaites Glacier and Thwaites Glacier Ice Shelf. The 2019-2020 survey acquired
~4.500 line-km over the lower Thwaites Glacier, the WAIS Divide ice-core site,
and Rutford Ice Stream. These surveys contributed to a new bathymetric map of
Thwaites, Crosson, and Dotson ice shelves from gravity measurements, revealing a
deep (>800 m) marine channel extending beneath the ice shelf adjacent to the front
of Thwaites Glacier (Jordan et al., 2020). These datasets have also contributed to
a new bathymetry model of George VI Sound (Constantino et al., 2020) and were
integrated with swath bathymetric data outboard from Thwaites Glacier (Hogan
et al., 2020).

5.4 Data acquisition and processing

The typical acquisition and processing workflow for the aerogeophysical data
is shown in Figure 5.4. Usually, the aircraft is set up systematically to acquire
gravity, magnetic, and radar data together, except in situations where surveying
objectives are not compatible with the acquisition of all three datasets at once (i.e.
flying at constant terrain clearance for the radar data affects the quality of the
gravity data which is better flown at constant altitude, and vice versa); although
novel gravity-acquisition methods are increasingly making this issue redundant (see
Section 5.4.1.1). As shown in Table 5.1, the conventional gravity—magnetic—radar
set-up was used in 15 out of 24 surveys, with the remaining 7 surveys using either
a magnetic-radar- or gravity-magnetic-only set-up, and only 2 using a magnetic-
only set-up. The data acquisition steps for each type of data are described in
Section 5.4.1, and the processing of the data is described in Section 5.4.2.
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Figure 5.4: Workflow describing the data acquisition, processing, and publishing for
the BAS aerogeophysical data included in this data release. Standard deviation is abbre-
viated as “SD”, whilst “I/O” refers to the import of the SEG-Y files into seismic-interpretation
software for quality check and the output of the files.
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5.4.1 Data acquisition and instrumentation

All BAS aerogeophysical data acquisition is conducted using Twin Otter air-
craft due to their remote capabilities, long fuel range (up to 1,000 km), and oper-
ability. The aircraft’s twin turbo-prop engines enable it to conduct rapid take-off
and landing as well as operate in small and remote airfields commonly covered
in snow and icy terrains using mounted skis. All data acquisition since the early
1990s has been conducted using the BAS DeHavilland Twin Otter aircraft “VP-
FBL” (Fig. 5.5). The aircraft typically flies at a nominal speed of ~60 m s,
which results in an along-track distance between each stacked radar trace of 0.2 m
(prior to processing). The following sections describe the acquisition of the data
for the gravity (Sect. 5.4.1.1), magnetic (Sect. 5.4.1.2), radar (Sect. 5.4.1.3), and
GPS and lidar (Sect. 5.4.1.4) instruments on board the aircraft.

5.4.1.1 Gravity

Until 2012, BAS aerogravity measurements were acquired with a LaCoste and
Romberg air-sea gravimeter modified by Zero-Length Spring (ZLS) Corporation.
The gravimeter was mounted in a gyro-stabilised, shock-mounted platform at the
centre of the aircraft to minimise the effect of vibrations and rotational motions.

Starting with the 2015-2016 PolarGAP survey, aerogravity data were acquired
using a novel strap-down method which, unlike traditional surveys using a sta-
bilised gravity platform, allowed for the collection of gravity data during draped
or turbulent flights (Jordan and Becker, 2018). For this survey, both the LaCoste
and Romberg and strap-down systems were operated, together with results from
the two systems merged, to provide an optimum data product with the long-term
low and predictable drift of the LaCoste and Romberg system and the dynamic
stability of the strap-down system. Subsequent surveys used a strap-down sensor
alone, removing the need to prioritise the quality of the gravity data over the radar
data and allowing for flights at a constant terrain clearance for optimal radar-data
collection. The optimum resolution of the system is approximately 100 s along-
track (Jordan and Becker, 2018).

The first strap-down sensor deployed by BAS was the iMAR RQH-1003 system
provided by the Technical University (TU) of Darmstadt, and consisting of three
Honeywell QA2000 accelerometers (mounted in mutually perpendicular directions)
and three Honeywell GG1230 ring laser gyroscopes. The subsequent 2018-2019 and
2019-3020 ITGC surveys over Thwaites Glacier used the iMAR iCORUS strap-
down airborne gravimeter systems from Lamont-Doherty Earth Observatory and
BAS respectively, which have approximately equivalent internal components to the
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Figure 5.5: Photographs of the aerogeophysical set-up on the BAS Twin Otter
aircraft “VP-FBL” for PASIN-2. (a) The pre-PASIN-2 (used in 2015-2016 PolarGAP only)
configured to mimic the set-up of PASIN-1 data collection in polarimetric mode. The eight
folded dipole transmitting and receiving antennas are fixed under the wings (two transmitting
and two receiving antennas on each wing) with the port configured as vertical (V) and starboard
as horizontal (H). The annotations show the location of the radar (R), magnetic (M), and gravity
and lidar (G 4 L) instruments on board the aircraft. (b) The PASIN-2 set-up in standard /swath
mode. The eight folded dipole transmitting and receiving antennas are fixed under the wings
and inside the aircraft and are operated using a radio frequency (RF) switch, and an additional
four receiving antennas are situated in the belly enclosure. When in standard swath mode,
all antennas are configured in H orientation with the starboard and belly antennas also in H
orientation. The PASIN-1 set-up in standard mode (not shown here) had a similar configuration
as shown in (b) bar the belly antenna (i.e. only four transmitting on port and four receiving
on starboard in H orientation). (c¢) The PASIN-2 set-up in polarimetric mode. The eight folded
dipole transmitting and receiving antennas are fixed under the wings and inside the aircraft and
are operated using an RF switch, and an additional four receiving antennas are situated in the
belly enclosure. When in polarimetric mode, the port antennas are configured in V orientation
and the starboard and belly antennas in H orientation. The PASIN-1 set-up in polarimetric
mode (not shown here as rarely flown) had the two pairs of outboard antennas rotated to V
configuration and the inboard to H configuration. Photo credit: Carl Robinson.
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TU Darmstadt system.

5.4.1.2 Magnetics

The Twin Otter is configured for fixed wing magnetometer operation. The
aircraft modifications include inboard-positioned wingtip fuel pumps, pod-boom
hard points and a demagnetised airframe to maximise magnetic-data collection.
Scintrex CS3 Cesium sensors are used due to their high sensitivity, high cycling
rates, excellent gradient tolerance, fast response, and low susceptibility to the
electromagnetic interference. The resolution of the magnetometers has greatly
increased over time, with the current systems having a measurement accuracy
of 0.2 pT compared to the older systems used between 1973 and 1990 (500 pT;
Geometrics G-803 Potassium) and between 1991 and 2003 (10 picotesla; Sintrex
H8 Cesium).

5.4.1.3 Radar

Prior to 2004, BAS deployed a custom-built, 8-array element radar system, re-
ferred to here as “BAS-built” (Corr and Popple, 1994). This was a coherent radar
system operating at a centre frequency of 150 MHz and using a transmit power of
1,200 W (Rippin et al., 2003a). The radar system was equipped with eight folded
dipole transmitting and receiving antennas fixed under the wings (four transmit-
ting on the port wing, four receiving on the starboard wing). Similar to the
current systems, the “BAS-built” system transmitted both a conventional narrow-
sounding pulse mode of 0.25 us and a deep-sounding 4 us, 10 MHz chirp (Table
5.2). As developments in digital acquisition became commercially available, several
technical upgrades were applied to the radar system. These ranged from using a
LeCroy scope to acquire logarithmic detected waveforms to accommodate complex
coherent acquisition, as well as the replacement of the LeCroy oscilloscope by a
low sample-frequency 12-bit dual ADC (analogue-to-digital converted) card in the
later years of operation (see Figs. 5.6-5.8). During this time, the dynamic range
of the system was extended by the interleaved transmission of different waveforms,
which were conventional short wave-train pulses at the centre frequency.

After operating for 10 successive field seasons, the “BAS-built” radar system
was retired and replaced by a more modern radar system, PASIN (Corr et al.,
2007). In contrast to the “BAS-built” system, PASIN was designed to sound ice
much deeper (up to 5 km compared to 3.3 km for the earlier system) thanks to
improved digital electronics and added power in the transmitting antennas (see
Table 5.2). Additionally, modern methods of digitisation, enabled by the use of
ADC cards rather than a digitising scope, allowed phase and not just power to be
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recorded in greater resolution on PASIN, which eventually allowed for the use of
more advanced processing techniques such as Synthetic Aperture Radar (SAR) to
be applied to the data (see Section 5.4.2.3).

The older PASIN-1 (2004-2015) and the newer PASIN-2 (2015-—present) sys-
tems are bistatic radars operating at a 150 MHz centre frequency and configured
as follows: (a) PASIN-1: 10 MHz bandwidth system with eight folded dipole trans-
mitting and receiving antennas fixed under the wings (four transmitting on port
wing, four receiving on starboard wing) operating in horizontal (H) orientation
when in standard mode, and more rarely with the port (transmit) and starboard
(receive) antennas positioned in both H and vertical (V) orientation when in po-
larimetric mode (see similar set-up of PASIN-2 in Figure 5.5a) (Corr et al., 2007);
and (b) PASIN-2: 13 MHz bandwidth system with eight folded dipole transmit-
ting and receiving antennas fixed under the wings and inside the aircraft with
radio frequency (RF) switches and an additional four receiving antennas in the
belly enclosure (see see Figure 5.5b-¢; Table 5.2). The main difference between the
PASIN-1 and PASIN-2 systems is the ability for across-track swath processing to
be applied to the PASIN-2 data by allowing both transmitting and receiving on
the folded dipole antennas via the use of RF switches.

In further contrast with PASIN-1, the PASIN-2 radar has a very flexible con-
figuration, with the standard configuration being as 12-channel swath radar (with
8 transmitting and 12 receiving). However, other configurations are also possible,
including a polarimetric mode to give H and V data where the port antennas are
rotated 180 (see Table 5.3). A final configuration is a mixed antenna gain path
for areas where ice is heavily disrupted and where the starboard signal can be
attenuated by several decibels. Since 2016, the PASIN-2 system has undergone
minor modifications to reduce noise and improve system operations, including (a)
low-pass filters in the RF switches, (b) the use of a 10 GHz waveform generator,
and (c) new 1 kW solid-state power amplifiers which have lowered transmitter
system noise and increased transmitter and receiver isolation.

Data for both versions of the PASIN system are received using sub-Nyquist
digitisation and stacking and stored on removable solid-state disks or tapes, and
then copied to duplicate spinning disks for data archiving. On average, a 4.5 h
flight will generate ~150-200 GB of data for PASIN-1 and up to 3 TB of data
for PASIN-2. The systems systematically acquire a shallow-sounding 0.1 us pulse
(PASIN-1)/1 us short-attenuated chirp (PASIN-2), and a deep-sounding 4 pus,
10 MHz (PASIN-1)/13 MHz (PASIN-2) linear chirp (Table 5.2). The shallow-
sounding pulse/short-attenuated chirp product is best used to assess internal lay-
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TABLE 5.2: Radar parameters for the three radar systems deployed by BAS be-
tween 1994 and the present day. Note that PASIN-1/2 have a number of programmable
settings for flight-specific objectives (e.g. one to eight waveforms programmable for PASIN-
2), and the numbers provided here are for the most commonly used settings. For PASIN-2,
a standard set-up consists of five waveforms as follows: 4 us H (0°S), 4 us V (0°S), 4 us H
(90°S), 4 ps V (90°S) ,1 us H (Table 5.3). Abbreviations in the table are as follows. ADC:
analogue-to-digital converter; FPGA: field-programmable gate array; SF: sample frequency; SI:
sample interval; PRF: pulse-repetition frequency; PRI: pulse-repetition interval. PBAS-built and
PASIN-1 systems used RF combiners on the receiver to produce a single RF input-to-sample,
with PASIN-1 splitting these into a high- and low-gain channel for standard mode (two ADC
channels) and combining these for pairs of H and V in polarimetric mode (four ADC channels).
PRadar Range Resolution is calculated using a radio-wave velocity in ice of 168 m us~' and
does not include the effect of the processing on the vertical resolution of the system, which is
expected to be ~50% greater than the values provided in the table, thus these numbers should
be interpreted as the theoretical system performance. Diagrams showing the configurations of

the three radar systems are provided in Figs. 5.6-5.8.

Radar parameters

BAS-built (1994-2004)

PASIN-1 (2004-15)

PASIN-2 (2015-present)

8x folded dipole

8x folded dipole

8x folded dipole

Antennas configuration B a + 4x belly
(4 Tx / 4 Rx) (4 Tx / 4 Rx) (8 Tx/Rx / 4 Rx only)
Centre frequency 150 MHz 150 MHz 150 MHz

Transmitted pulse width

0.25 ps (pulse)
4 s linear (chirp)

0.1 ps (pulse)
4 s linear (chirp)

1 ps (Tukey envelope chirp)
4 ps linear (Tukey
envelope chirp)

4 MHz (pulse)

Chirp bandwidth 10 MHz (chirp) 10 MHz 13 MHz

Antenna gain 11 dBi 11 dBi 11 dBi
20,000 Hz 15,635 Hz 15,635 Hz

PREF/PRI (PRI: 50 us) (PRI: 64 us) (PRI: 64 us)

Peak transmit power

300 W / antennas
(1.2 kW total)

1 kW / antennas
(4 kW total)

1 kW / antennas
(8 kW total)

25 MHz

Receiver SF L 88 MHz 120 MHz
(scope max single shot)

Receiver FPGA decimation - 4 -

. . 25 MHz 22 MHz 120 MHz
Receiver effective S (SI: 40.0 ns) (SI: 45.5 ns) (SI: 8.3 ns)

. . . 25 (standard)
Receiver trace stacking 64 50 (polarimetric) 25
Effective PRF (post- 3125 H 312.5 Hz 125.1 Hz (5 waveforms)
stacking) o (standard 2 waveforms) 208.5 Hz (3 waveforms)
ADC resolution 12-bit 14-bit 16-bit
Equivalent sustained data 100 MB/s 176 MB/s (standard) 960 MB/s
rate per ADCs (FPGA) ° 352 MB/s (polarimetric) (system: 2.88 GB/s)
Average data storage rate 1 MB/s 11 MB/s (maximum) 173 MB/s (all arrays)

for full PRI

Radar range resolution®

21.0 m (pulse)
8.4 m (chirp)

8.4 m

6.5 m

ering in the upper ~1.5-2 km of the ice sheet, whereas the deeper-sounding chirp
is best suited to assess englacial layering and bed characteristics in deep-ice con-
ditions (Fig. 5.9c-e). The radar is capable of sounding ice to depths of up to 5 km
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Figure 5.6: Digitised version of the diagram describing the set-up for the “BAS-
built” radar system (Corr and Popple, 1994).

Figure 5.7: Diagram describing the set-up for the PASIN-1 radar system.

with a horizontal resolution of 10 cm (before processing) and a depth resolution
in the vertical direction of 8.4 m (PASIN-1) and 6.5 m (PASIN-2).

The pulse repetition frequency of the PASIN (1/2) system is 15,635 Hz and
hardware stacking is typically set to 25 in standard mode, which results in an
effective pulse-coded waveform acquisition rate of 312.5 Hz for each transmit pulse
(Table 5.2). Following stacking, the final sampling frequency of PASIN-1 is 22
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Figure 5.8: Diagram describing the set-up for the PASIN-2 radar system.

MHz and PASIN-2 is 120 MHz (Table 5.2).

TABLE 5.3: PASIN-2 Radar Transmit (Tx) and Receive (Rx) Description. *indicates
Tukey-weighted.

Waveform type (frame uS*) Port Starboard
1. 0 to 64 uS Tx 4 uS chirp*, Rx for remaining frame Rx full frame

Tx 4 uS chirp*, Rx for remaining
2. 64 to 128 uS Rx full frame

frame

Tx 4 uS chirp* 180° out of phase with
waveform 1, Rx for remaining frame

4. 192 to 256 uS Rx full frame

Tx 1 uS chirp* (15dB down), Rx for
remaining frame

3. 128 to 192 uS Rx full frame

Tx 4 uS chirp* 180° out of phase with
waveform 2, Rx for remaining frame

Rx full frame

5. 256 to 320 uS

5.4.1.4 GPS and lidar

Since 1978, navigation has transitioned from basic aircraft data, imagery, and
dead reckoning to more modern means, including the use of the carrier-phase
Global Positioning Systems (GPS).

Between 1994 and 2004, the BAS Twin Otter aircraft was equipped with a
Trimble GPS system (1994-1995 surveys: Trimble 4000SSE; 1996-2003 surveys:
Trimble 4000SSI). Since 2004, the aircraft is equipped with two, 10 Hz GPS re-
ceivers (Leica 500 and ASHTEC Z12 for 20042018 surveys; Javad Delta and Nova-
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tel Span for post-2018 surveys) installed on board the aircraft. On the ground, two
Leica 500 GPS base stations (replaced by Javad TRIUMPH-2 for post-2018 sur-
veys) are positioned and equipped with choke-ring antennas, set up specifically to
obtain an unobstructed view of the sky above. Aircraft turns are typically limited
to 10 banking angles in order to avoid losing lock with GNSS (Global navigation
satellite system) satellites orbiting close to the horizon. The estimated accuracy
of the absolute position of the aircraft is 10 cm or less, with the relative accuracy
approximately 1 order of magnitude better. Since 2010, the aircraft altitude and
inertial information has been provided by an iMAR FSAS Inertial Measurement
Unit (IMU), with the data logged on a Novatel Span receiver. Additional altitude
information from the strap-down gravity system is also available for post process-
ing of other datasets.

For all modern surveys (2002 onwards), the aircraft was also equipped with a
Riegl Q240i-80 laser altimeter system (or lidar) in the floor camera hatch to accu-
rately detect the ice surface. The lidar data used for correction of the radar data
are typically extracted from the nadir point value with no correction for aircraft
altitude. The system has a repetition frequency up to 2 kHz which results in an
along-track measurement every 3 cm with an accuracy of up to 5 cm. The lidar
is used up to altitudes of 700 m and is constrained by cloud-/fog-free conditions.
From 2010 onwards, the lidar onboard the Twin Otter was capable of obtaining
swath lidar data, although only the single-point data along the centre line were
provided as part of this data release.

5.4.2 Data processing

5.4.2.1 Gravity

The raw aerogravity data are processed to obtain levelled free-air gravity anoma-
lies. Although additional survey-specific processing might have been applied to the
data, general processing steps for the LaCoste and Romberg system include the
calculation of the observed gravity and a range of corrections and filtering func-
tions as described in Jordan et al. (2007, 2010) and Valliant (1992). In particular,
corrections for vertical acceleration, Eotvos horizontal motion (Harlan, 1968), lat-
itude (Moritz, 1980), and free air (Hackney and Featherstone, 2003) were applied
to obtain the final free-air anomalies before subsequent 9-12 km low-pass filtering.
As the free-air values refer to the WGS84 ellipsoid, they are defined in geodesy as
gravity disturbance (Hackney and Featherstone, 2003).

The strap-down gravity method adopted from 2015 onwards directly combined
observations of acceleration in all three axes, with orientation and GPS observa-
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tions combined in a Kalman filter to simultaneously solve for aircraft position and
variations in the Earth’s gravitational field (Becker et al., 2015). For subsequent
strap-down-acquisition surveys, some amount of thermal drift levelling/correction
is required. Spectral analysis suggests that the strap-down system can resolve
wavelengths on the order of ~5 km (Jordan et al., 2020). Error estimates for the
gravity data can be found in the respective survey metadata (see Table 5.4), or
in specific studies utilising the BAS aerogravity data (e.g. Ferraccioli et al., 2006;
Forsberg et al., 2018; Jordan and Becker, 2018).

Additional processing may include the use of masks to remove aircraft turns,
start and end of lines, and other regions of noisy data, or producing an upward
continued free-air anomaly by the upward continuation of each line segment from
the collected flight altitude to the highest altitude in the survey. The first level of
free-air anomaly for all published BAS data is shown in Figure 5.2a, although it is
worth noting that no correction such as downward continuation has been applied
to compile the data shown in Figure 5.2a. It is considered that at the scale of the
map, the vertical gradient of residual gravity anomalies at flight altitude is inferior
to 2 mGal. Additionally, as the gravity surveys are acquired over the ice sheet,
the distance to the bedrock is not only dependent on the flight altitude but also
on the ice thickness.

5.4.2.2 Magnetics

The raw aeromagnetic data have been processed using the SCAR ADMAP2
data-release protocols (Golynsky et al., 2018). Data were collected at 10 Hz, al-
lowing for modelling and removal of aircraft dynamic movements using a so-called
compensation correction (Ferraccioli et al., 2007). This correction typically re-
quires a dedicated calibration flight in the direction of the survey lines and tie-lines
to have been flown. For some surveys with radial design, or where magnetic-data
acquisition was opportunistic, logistical constraints meant no calibration flight
could be conducted. In these cases, the generally large depth-to-source estimates
due to the thick ice allowed for a 10-15 s filter to be applied to minimise noise
generated by aircraft motion without compromising the geological signal. Given
the redundancy of collecting 10 Hz (~6 m spaced) observations over thick ice,
most surveys were downsampled to 1 Hz (~60 m) prior to further processing.

After magnetic compensation, the magnetic data were corrected for the Inter-
national Geomagnetic Reference Field (IGRF), which is a standard mathematical
description of the Earth’s main magnetic field. Data impacted by operation of
aircraft systems such as pumps and heaters were manually determined. Typically,
such data were discarded, but survey design and lack of alternative data sources
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mean that sometimes important geophysical signatures may be present. In some
cases, the contaminated data were therefore corrected using an offset correction,
accepting that the data segment may be more noisy.

Magnetic data were then corrected for diurnal variations in the magnetic field
using observations at a fixed base station, typically filtered with a 30 min filter
to remove short-wavelength noise potentially not seen on the aircraft. Further
statistical levelling of the data based on internal intersections and crossovers with
previous surveys was carried out at times to remove systematic errors associated
with flight direction (i.e. heading corrections) and additional long-wavelength
errors associated with incomplete removal of diurnal variations. In some cases,
continuation to a fixed altitude above the ice-sheet bed and a final grid-based
micro-levelling procedure were applied (Ferraccioli et al., 1998). The magnetic
anomaly map shown in Figure 5.2b shows the spatial coverage and magnitude
of magnetic data available. Errors in the data are typically presented as the
standard deviation of the crossover errors and can be found in the respective
survey metadata (see Table 5.4).

5.4.2.3 Radar

All data acquired with the earlier “BAS-built” radar system (1994-2004) were
read using C code software to convert the LeCroy data to formats readable by Hal-
liburton Landmark’s seismic-processing software, SeisSpace ProMAX (hereafter
referred to as ProMAX). Basic processing was applied to the data in the hardware
analogue domain and later using ProMAX, including power normalisation and fi-
nal SEG-Y export. Following the transition from the LeCroy oscilloscope to ADC
cards on the “BAS-built” system (see Section 5.4.1.3), MATLAB replaced the IDL
language for data processing.

As opposed to the “BAS-built” system which, by design, had some level of
processing done on the raw data internally, the PASIN system was designed to
retain much of the sampled data in the rawest form possible to allow for evolv-
ing processing techniques to be applied to the data in the future. For all PASIN
data (2004 onwards), the first high-level step was to extract the raw data from
the tape drives, convert the 3-byte values to conventional 4-byte integers, combine
the waveforms associated with each pulse transmit type, and then export the data
into MATLAB-formatted binary files. The second high-level step was to minimise
side-lobe levels by applying a chirp-decompression technique using a Blackman
window from a custom-built MATLAB toolbox, resulting in a processing gain of
~10 decibels (dB).
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The next step was to apply processing techniques both to enhance along-track
resolution and improve the signal-to-noise ratio. For the 2004-2005 BBAS survey,
incoherent stacking of 10 consecutive traces was applied and a moving-average
window filter used; however, no SAR techniques were initially applied to these
data. First tested on previously acquired PASIN radar data (see Héliere et al.,
2007), 2-D SAR processing based on the Omega-K algorithm and subsequently
improved versions using Doppler-beam sharpening were applied systematically to
all the deep-sounding chirp data from 2005-2006 onwards to increase spatial res-
olution and remove backscattering hyperbolae in the along-track direction (Corr
et al., 2007; Jeofry et al., 2018). The benefit of using along-track SAR processing
is that it resolves the bed in much finer detail compared with non-SAR. processed
data (see Figure 5.9d-e). However, SAR-processing can also lead to distortions of
the amplitude of the ice structure and bed reflection in inhomogeneous areas of
the ice sheet (e.g. near the grounding line; see Héliere et al., 2007) and thus might
not always be appropriate for assessing internal layering or absolute amplitudes
such as required for bed-reflectivity analysis (e.g. Peters et al., 2007; Castelletti
et al., 2019). Additional moving-average filters of varying lengths have also been
applied to enhance englacial reflections and improve visualisation of the radar data.

Figure 5.9 shows the three processed radar products provided for the 2010-2011
IMAFTI survey over West Antarctica. Figure 5.9c shows the shallow-sounding pulse
and Figure 5.9d-e the deep-sounding chirp radar data using the focused SAR-
processing technique from Héliere et al. (2007) (Fig. 5.9d) and a version of the
chirp product processed with coherent summations using doppler processing (also
known as unfocused SAR) (Fig. 5.9¢). Internal layering is more clearly visible in
the upper part of the ice column on the pulse data compared with the chirp data
(see black-bordered insets in Fig. 5.9¢ and e). In contrast, deeper internal layering
is much more visible on the focused SAR-chirp than on the unfocused SAR-chirp
(Fig. 5.9d-e). Additionally, the peak amplitude of the bed is better resolved in
the focused SAR-processed chirp than in the unfocused SAR-processed chirp (see
white-bordered inset in Fig. 5.9d-e).

Further processing of the PASIN data has also been applied by others using
simple image-processing techniques such as moving-average filters to enhance the
internal layering of the ice and reduce incoherent noise (Ashmore et al., 2020a; Bo-
dart et al., 2021a) or by applying more complex SAR-processing techniques over
previously incoherently processed radar data (Castelletti et al., 2019; Chu et al.,
2021). Additional techniques have also been employed in areas where side echoes
from steep valley walls lead to ambiguous bed reflections, as previously employed
over Flask Glacier (Antarctic Peninsula) using PASIN SAR-processed data and
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a combination of velocity and digital elevation models to obtain more accurate
ice-thickness estimates (Farinotti et al., 2013).

Following radar data processing, bed and ice-surface reflections were deter-
mined by picking the onset of the basal echo (i.e. where the echo amplitude is
greater than the noise floor). We note that this is not a universal method applied
by all radar data providers, who may pick the half-amplitude delay or the peak
value, leading in turn to measurement biases across data providers and products
(e.g. Peters et al., 2005; Chu et al., 2021).

The BAS approach to picking the bed was to use a semi-automatic first-break
pick algorithm on the chirp data below a top-mute window in ProMAX (gener-
ally ~100 samples above the approximate bed reflection) to locate the precise
bed return, followed by manual checks and re-picking to exclude any unrealistic
spikes. In areas where multiple closely spaced reflections were sounded at the bed,
the shallowest reflection was assumed to be the bed as off-axis reflections would
likely appear lower down in this section. However, in some cases, deeper reflec-
tions were chosen, with shallower weak reflections assumed to reflect entrained
debris, accreted ice, or uncompensated refraction hyperbolae close to the bed. We
note, however, that this method has evolved over the years, and that its success
is inherently reliant on the radio-glaciological experience of the human picker to
quality-check the results from the semi-automatic picker and manually re-pick the
data if necessary. The uncertainty associated with the picking procedure can be
partially approximated by calculating the root mean square error (RMSE) of the
bed elevations at crossover points across the survey area. Although these errors
are site-specific and can depend on factors such as varying bed topography and
roughness, larger errors may reflect uncertainties in data processing or analysis (i.e.
picking in this case). Areas of more extreme topography typically show the high-
est crossover errors, likely associated with off-axis reflections and entrained debris
close to subglacial cliffs, which make deciding on the correct bed pick challeng-
ing. In isolated cases, such errors can exceed several hundred metres. In contrast,
regions dominated by smooth and flat beds typically show lower crossover errors,
on the order of several metres only. Survey-wide RMSEs are typically reported in
each survey’s metadata (see Table 5.4) and average ~9-22 m depending on the
survey (see Rippin et al., 2003a; Vaughan et al., 2006; Ross et al., 2012; Jeofry et
al., 2018).

To estimate ice thickness and hence obtain the bed elevation, the location of
the surface reflection in the radar data must be known accurately. However, since
the PASIN system does not resolve the ice surface well due to errors in the phase
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centre of the pulse through the firn layer, the surface reflection in the radargram
was only rarely used on its own to calculate the ice surface. Usually, range-to-
surface from coincident on board-acquired lidar, or alternatively, if lidar was not
available (i.e. due to clouds or ground clearance higher than 750 m), using the
aircraft’s radar altimeter or surface elevation from an accurate Digital Elevation
Model (DEM) (i.e. REMA 8 m DEM for latest surveys; Howat et al., 2019), was
used to calculate a “theoretical” surface pick, as follows:

Firstly, the same semi-automatic picker used for picking the bed was used on a
subset of the shallow-sounding pulse radargrams with a bottom-mute window set
at ~100 samples below the surface reflection. Secondly, once aircraft-to-surface
range was obtained from lidar, a linear trend between the surface pick from the
radargram and the surface range from the lidar was calculated, and a resulting
slope and offset was used to calculate the theoretical location of the surface. Where
possible, the range-to-ground value was derived from the lidar data or interpolated
from the mean lidar elevation within ~700 m. In those rare cases where the sur-
face reflection was picked directly from the radargram, a regression, local to the
data gap, was used to fit the radar range-to-terrain clearance. If lidar was not
available to calculate range-to-ground, the height of the aircraft above the surface
was obtained by the aircraft’s radar altimeter which was then converted into a
radar delay time. This conversion was done after a two-stage calibration process
which involved recording the terrain clearance over a sea surface with the two in-
struments, and then correction for the penetration depth of the radar altimeter
was obtained from the difference in the height above ellipsoid for a surveyed “flat”
snow surface and the aircraft. Where possible, the reference surface was chosen to
be in the centre of the targeted area.

Once bed and surface were calculated, ice thickness was obtained by calculating
the difference between the bed and surface pick in range samples (relative to the
BAS system). The picked travel time was then converted to depth in metres using
a radar wave speed of 168 m us~! and a constant firn correction of 10 m. Bed
and surface elevations were then integrated with a high-precision kinematic dual-
frequency GPS position solution to provide the final point dataset of elevations
relative to the WGS84 ellipsoid. To ensure the best accuracy of satellite-orbit defi-
nitions and atmospheric corrections, the interpolated survey locations and aircraft
elevations were processed from 10 Hz coupled Precise Point Positioning (PPP)
GNSS/INS solutions 1 month after data acquisition.
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Figure 5.9: A 25 km segment of flight line 15d of the 2010-2011 IMAFI survey,
showing the three radar products and processing attributes. (a) shows an overview
map of the entire survey with an inset over Antarctica, and (b) shows a zoomed-in map over
the specific flight line with the 25 km radar segment (defined as A-A) shown in red. The
background satellite image in (a)—(b) is from the Landsat Image Mosaic of Antarctica (LIMA)
dataset (Bindschadler et al., 2008). Images (c)—(e) show a 25 km segment of the data for the
three products provided for the 20102011 IMAFT survey as follows: (c) the coherently processed,
shallow-sounding pulse, (d) the focused 2-D SAR-processed, deep-sounding chirp, and (e) the
coherently processed, deep-sounding chirp processed with doppler filtering. The black-bordered
insets zoom to the internal layering in the upper portion of the ice column for (¢)—(e) and the
white-bordered insets show the difference in bed characteristics between (d) and (e).
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5.5 FAIR data publishing

In total, we have published 64 datasets from 24 surveys as part of this data
release, representing ~566 GB of data and ~1,800 files. This amounts to a to-
tal of 3.62 million gravity and 7.41 million magnetic data points, as well as 14.5
million ice-thickness and bed-elevation measurements. The complete list of pub-
lished datasets is provided in Table 5.4, including the short digital object identifiers
(DOIs), which redirect to the metadata sheets and download folders for each re-
spective dataset archived on the PDC Discovery Metadata System (DMS) data
catalogue (https://data.bas.ac.uk, last access: 05 April 2023).

We note that individual profiles acquired opportunistically following larger
aerogeophysical surveys (i.e. flight lines over Flask Glacier; Farinotti et al., 2013)
are not included in this data release unless specifically mentioned in the metadata
for each survey (see Table 5.4). Such small-scale datasets will be added to the
data portal in future releases (see Section 5.6.3).

Below, we discuss the release of the datasets centred around the four FAIR
data principles (i.e. findable, accessible, interoperable and re-usable; Wilkinson et
al., 2016), starting with the formats and attributes used to store and describe the
data (Interoperability; Sect. 5.5.1), the metadata and Digital Object Identifiers
assigned to each dataset (Findability; Sect. 5.5.2), the data-portal interface and
functionalities (Accessibility; Sect. 5.5.3), and finally the creation of a user guide
and open-access tutorials written in Python and MATLAB for reading the data
programmatically (Re-usability; Sect. 5.5.4).

5.5.1 Interoperability: data formats and attributes

In order to make our data as interoperable as possible, the choice of an open
format for all our datasets was a priority. We followed the best practices of the
geophysics community and used common data formats and naming conventions to
describe the variable names. These are detailed further here.

The gravity, magnetic, and bed-pick data are stored in open ASCII data for-
mats, namely XYZ and CSV files, to ensure long-term access and unrestricted
use of the data in the future (Fig. 5.4). Additionally, we followed the SCAR
ADMAP?2 data-release protocols (Golynsky et al., 2018) for the naming conven-
tion of the channels for the magnetic data. For the radar data, we chose to release
the bed-pick data separately from the full radar data (see Figure 5.4), although the
full radar product contains most of the information stored in the ASCII bed-pick
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TABLE 5.4: Short digital object identifiers (DOIs) for the gravity, mag-
netic, bed-pick, and 2-D radar datasets of each survey flown by BAS and
included in this data release. Abbreviations used are the same as in Table 5.1.
The links in this table can also be accessed by adding the short DOI preceded by
“https://doi.org/”. For the AGAP radar data, the US-led survey lines can be found at
https://doi.org/10.1594 /TEDA /313685 (Bell, 2011). 2 For the PolarGAP survey, data can be
downloaded from both the ESA and BAS data catalogues, but the DOI for the gravity and mag-
netic data (https://doi.org/10.5270/esa-8ffoo3e, Forsberg et al., 2017) belongs to ESA. If using
the PDC data catalogue, the PolarGAP gravity and magnetic data can be downloaded from
https://data.bas.ac.uk/full-record.php?id=GB/NERC/BAS/PDC/01583 (last access: 05 April
2023) and https://data.bas.ac.uk/full-record.php?id=GB/NERC/BAS/PDC/01584 (last access:
05 April 2023), respectively. “*” indicates that the data are not held at BAS, but instead are
available on the CReSIS data portal (https://data.cresis.ku.edu/, last access: 05 April 2023).

Survey Year Region Gravity Magnetic Bed-pick Radar
EVANS 1994-95  WAIS 10/d549 - 10/d548 -
Black Coast 1996-97  APIS - 10/d54x - -
CHARCOT 1996-97  APIS - 10/d54z - -
JRI 199798  APIS  10/d55g  10/d55f . ;
LARSEN 1997-98  APIS - 10/d55k - -
DUFEK 1998-99  WAIS  10/d546  10/d544  10/d542 .
AFI Coats Land | 2001-02  EAIS - 10/dpnw  10/dpnx -
MAMOG 2001-02  EAIS 10/dpqg  10/dpgh 10/dpqd -
TORUS 2001-02  WAIS 10/dpgqm  10/dpqj 10/dpaf -
SPARC 2002-03  APIS 10/d552 10/d55x - -
BBAS 2004-05  WAIS  10/dpn6  10/dpn3 10/dpnz  10/gzqs

WISE-ISODYN 2005-06 EAIS  10/d554  10/d553 10/cnce  10/gzqq
GRADES-IMAGE | 2006-07  WAIS 10/d55d 10/d55¢ 10/gzqj

AGAP 2007-09  EAIS 10/dpnf  10/dpnn 10/dpnr  10/gzqw’
ANDRILL HRAM | 2008-09  WAIS - 10/d54w - -
Adelaide Island 2010-11  APIS - 10/dn8b - -
IMAFI 2010-11  WAIS  10/dn8g  10/dn8h 10/dn8f  10/gzqr
PIG Ice Shelf 2010-11  WAIS - 10/d55m 10/d55n -
ICEGRAV 2012-13  EAIS  10/dpgb  10/dpp9 10/cjzn 10/gzqt
FISS 2015 2015-16  WAIS - 10/g36h 10/g35q  10/g35m
PolarGAP 2015-16  EAIS  10/g7kw? 10/g7kw?  10/g7qq  10/g7qp
FISS 2016 2016-17 WAIS  10/g36f  10/g36]  10/g35t  10/g35p
ITGC 2018 2018-19  WAIS 10/dn26 10/dn24 K *x
ITGC 2019 2019-20 WAIS 10/g68r 10/g68q 10/gpdz  10/g7qn

files. Publishing the bed-pick data separately from the radar data was a deliber-
ate choice: it alleviates the need for users to download the full radar datasets to
access light-weight tabular data, and improves the accessibility of the point data
for large gridded products such as SCAR’s Bedmap (Fretwell et al., 2013) and
NASA’s BedMachine (Morlighem et al., 2020) projects. The bed-pick data are
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stored as ASCII-formatted files (namely XYZ and CSV), whereas the full radar
data are stored as SEG-Y and NetCDF files, reasons for which are described below.

The SEG-Y format has been used extensively by radar scientists since the
early 1980s to store radar data. This is primarily due to the lack of a radar-
specific format, SEG-Y having been developed primarily to store seismic data.
The advantage of using SEG-Y files is that data can be readily imported into
seismic-interpretation software for data interpretation and analysis. The draw-
backs of using SEG-Y, however, are numerous, making this option unsuitable for
long-term data storage. These include: (1) limited space for metadata, (2) the
choice of byte-information to store the radar data is subjective due to the nature
of the SEG-Y format, (3) until recently, the byte stream structure which includes
the geolocation of each radar trace (i.e. the X and Y positions) was restricted to
integer format leading to large inaccuracies in the actual trace position, despite
the use of high-resolution, sub-metre GPS data (see Section 5.4.1.4). Recognising,
however, the geophysical community’s need to view and analyse the radar data
in conventional data formats, we have decided to continue producing SEG-Y files
for each flight line and acquisition mode (e.g. pulse and chirp). The SEG-Y files
were produced using the Revision 1.0 SEG-Y format and georeferenced using the
navigational position of each trace from the GPS on board the aircraft in polar
stereographic (EPSG: 3031) projection. Each SEG-Y file contains the following
byte-information: trace number (byte: 1-4 and 5-8), PRI-Number (byte: 9-12),
Cartesian X coordinate (byte: 73-76), Cartesian Y coordinate (byte: 77-80), num-
ber of samples for each SEG-Y trace (byte: 115-116), and the sampling interval
(byte: 117-118).

As a result of the issues mentioned above, we also exported and published
the radar data in NetCDF-formatted files. We chose the NetCDF format due
to its portability and array-oriented structure, the ability to store large amounts
of metadata and variables into one portable file, its machine-readable capability,
and to harmonise our data products with other fields such as climate science (e.g.
ECMWF ERA5 reanalysis products; NCAR climate data), glaciology (e.g. Le
Brocq et al., 2010; Morlighem et al., 2017; Lei et al., 2022) and, increasingly,
radar geophysics itself (e.g. Paden et al., 2014; Blankenship et al., 2017), which
already all make use of this data format effectively. The NetCDF files we pro-
duced contain extensive metadata relating to the acquisition and processing of the
radar data, as well as a set of Climate and Forecast (CF)-compliant variables that
are tied to the radar data (https://cfconventions.org/, last access: 05 April 2023)
(Table 5.5). As a minimum, each NetCDF file contains a radar data variable (one
for the pulse and/or one for the chirp, if both exist) in 2-D format, and a set of
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Figure 5.10: Example of a segmented quick-look image from the 2005-2006 WISE-
ISODYN survey. (a) Overview map of the survey flight lines (grey lines) with an inset over
Antarctica and the specific flight line highlighted in blue. (b) Zoomed in version of (a) showing
the specific flight line with the footprint of the 50 km segment (red line) and start point for
the radargram (black dot) shown in (c). The background satellite image in (a)—(b) is from the
LIMA dataset (Bindschadler et al., 2008). (¢) 50 km segmented radar image of the chirp data
with distance in kilometres shown in the bottom x axis and the trace number shown in the top
x axis. The y axis shows the travel time in microseconds. The format of the title in (c) is as
follows: survey name and flight ID, first trace of segment, last trace of segment. The dashed red
and blue lines on the radargram in (c) show the surface and bed pick, respectively.

1-D variables relating directly to the radar data, such as the trace number, PRI
number, fast time, and the X and Y coordinates (Table 5.5). We also provided
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additional radar-related variables which were extracted from the radar data fol-
lowing processing, such as the surface and bed picks, the surface and bed elevation,
the ice thickness, longitude and latitude, time of the trace, and the elevation of
the aircraft (Table 5.5). Additional 1-D variables include the source of the surface
pick (from lidar or radar) if this exists, the range between the aircraft and the
ice surface, and in case the pulse- and chirp-radar variables do not have the same
length, we provide two sets of variables for the trace number and PRI number.

Lastly, to aid visualisation and improve efficiency in navigating the datasets,
we created lightweight quick-look PDF files of the radar data for each flight line
of each survey (see example for the WISE-ISODYN survey in Figure 5.10). The
choice of ~25 or ~50 km length for the 2-D radargram was chosen based on clarity
of the image and varies from survey to survey. The quick-look PDF files are stored
alongside the SEG-Y and NetCDF files and are accessible using the links provided
in Table 5.4.

5.5.2 Findability: metadata and digital object identifiers

ISO 19115/19139 Geographic information metadata are provided for each data
type of each survey and is archived alongside the datasets into the PDC DMS
catalogue (https://data.bas.ac.uk, last access: 05 April 2023; see Table 5.4). Each
metadata record provides detailed information about the dataset, including an
abstract, list of personnel involved in the acquisition or analysis of the dataset,
and detailed lineage information about the acquisition and processing steps used
to produce the dataset, amongst others. All our data are covered under the
UK Open Government License (https://www.nationalarchives.gov.uk/doc/open-
government-licence/, last access: 05 April 2023), enabling the re-use of the data
freely and with flexibility, whilst at the same time ensuring acknowledgement of
those involved in the collection and processing of the data. In addition, we use
earth science-specific keywords and vocabularies from the Global Change Master
Directory (GCMD, 2021) to describe our data in a consistent and comprehensive
manner in accordance with ISO 19115 standards. Lastly, a DOI is minted for each
dataset so that it can be discoverable and adequately cited. The end goal is to
provide all the information necessary for effective, long-term data re-use.
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TABLE 5.5:

Attributes for each variable stored in the NetCDF files.

For each

attribute name, we provide the long name, the dimension (1- or 2-D, x or y axis), the short or
CF-compliant standard name, and the unit of the measurement. The standard name is only
provided if it exists as part of the CF convention (https://cfconventions.org/, last access: 05
April 2023), otherwise a short name is provided. The abbreviation “dBm” stands for decibel-
milliwatts and “a.s..” stands for above sea level. Note that the surface and bed-pick data are
referenced to the sampling time of the BAS radar systems across the 64 us pulse repetition
interval window, and digitised according to the receiver sampling frequency (see Table 5.2).

Short /
NetCDF Attributes Long Name Dimension Standard Unit
Name
traces Tiizor;lg:;b(;;t?r 1-D (x-axis) traceNum lnEfliCiilgssl;m
fast_time Two—w.ay travel 1-D (y-axis) time microseconds
time
Cartesian x- metres
x_coordinates coordinates for the | 1-D (x-axis) | projection_x_coordinate (WGS84
radar data EPSG: 3031)
Cartesian y- metres
y_coordinates coordinates for the | 1-D (x-axis) | projection_y_coordinate (WGS84
radar data EPSG: 3031)
. Radar data for the 2D
chirp_data . (x- and y- - power (dBm)
processed chirp .
axis)
2-D
pulse_data Radar data for the (x- and y- - power (dBm)
processed pulse .
axis)
Longitudinal degree_east
longitude_layerData position of the trace | 1-D (x-axis) longitude (WGS84
number EPSG: 4326)
Latitudinal degree north
latitude layerData position of the trace | 1-D (x-axis) latitude (WGS84
number EPSG: 4326)
Coordinated
UTC_time_layerData Universal Time 1-D (x-axis) resTime seconds of the day
(UTC) of trace
number
Incremental integer
reference number .
PriNumber_layerData related to 1-D (x-axis) PriNum 1nteg§r count
TP (unitless)
initialisation of the
radar system
Terrain clearance
distance from
terrainClearance_layerData platform to air 1-D (x-axis) resHt metres
interface with ice,
sea or ground
aircraft_altitude_layerData Aircraft altitude 1-D (x-axis) Eht (W,Icl;lggfiﬁi;i& d)
surface_altitude_layerData fljf tﬁ:iﬁ:ﬁiﬁ:& 1-D (x-axis) surface_altitude (ngtgr;iﬁ;:m a)
Location down trace time sample
surface_pick_layerData of surface pick 1-D (x-axis) surfPickLoc .
(microseconds)
(BAS system)
bed_altitude_layerData Bedrock elevation 1-D (x-axis) bed_altitude metres a.s.l

for the trace number

(WGS84 ellipsoid)

bed _pick_layerData

Location down trace
of bed pick (BAS
system)

1-D (x-axis)

bedPickLoc

time sample
(microseconds)

land _ice_thickness_layerData

Ice thickness for the
trace number

1-D (x-axis)

land_ice_thickness

metres
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The data are shared via the web-based Repository for Archiving and MAnag-
ing Diverse DAta (RAMADDA; https://geodesystems.com/, last access: 05 April
2023) which is an open-source content and data management platform. The down-
load of the data is done through a standard HTTP-protocol where no login account
is required. In the back-end, the data are stored following a simple folder structure
on the PDC server that is mirrored onto RAMADDA. This simple structure allows
us to maintain a balance between the services we can provide and our ability to
move away from specific tools — RAMADDA in this case — and potentially adopt
more performant systems in the future. The goal is to stay as independent of the
platform we use as possible while providing the most effective service possible.

5.5.3 Accessibility: Polar Airborne Geophysics Data Por-
tal

To increase the accessibility and discoverability of our data, we developed a
new data portal, the Polar Airborne Geophysics Data Portal (accessible from
(https://www.bas.ac.uk/project /nagdp/, last access: 05 April 2023). The por-
tal interactively showcases the wide coverage of aerogeophysical datasets collected
by BAS and enables users to easily discover and download the published datasets
via a series of widgets and functionalities aimed at enhancing the user experience.

The portal is divided into five layer menus: “Aerogravity”, “Aeromagnetics”,
“AeroRadar”, “Boundaries Features”, and “Basemaps”. The first three menus
contain shapefile layers for the gravity, magnetic, and radar datasets, respectively.
The “Boundaries Features” menu contains a set of specific boundary layers, such
as the Antarctic Coastline and Ice Drainage boundaries, amongst others, and the
“Basemaps” menu contains background gridded maps of ice thickness, surface and
bed elevations, magnetic anomaly, and geothermal heat flow, amongst others.

The track lines for each dataset correspond to individual polyline shapefiles
(either segmented in 25 or 50 km, or by flight line) which contain key statistics
such as the minimum, maximum, and median gravity and magnetic anomalies,
and minimum, maximum, and median ice surface, bed elevation, and ice thick-
ness. The shapefiles also contain direct links to the survey’s metadata and to
direct links to download the data via the RAMADDA interface.

A powerful functionality of the portal is the ability to view the aerogeophysical
data rapidly via the creation of quick-look gravity, magnetic, and radar plots for
each flight line (see Section 5.6.2; Figure 5.10c). For the magnetic and gravity
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data, graphs showing the magnetic or free-air anomaly along straight lines were
created in the westernmost—easternmost direction if the profile is mainly in the
direction of the longitude, or northernmost—southernmost if the profile is predom-
inantly in the direction of the latitude. For the radar data, the segmented images
were produced in a similar format to Figure 5.10c and split into ~25 and~50 km
segments depending on the survey.

5.5.4 Re-Usability: user guide and tutorials

To further increase the re-usability of our data, we provided a user guide for
the data portal as well as interactive, open-source Jupyter Notebook tutorials
written in Python and MATLAB for reading the gravity, magnetic, and radar
datasets and conducting first-order analyses of the data. These are archived on
the BAS GitHub repository and provided via an interactive web interface using
Jupyter Book (https://antarctica.github.io/PDC_GeophysicsBook, last access: 05
April 2023). We believe these to be particularly beneficial for ensuring accessibility
and re-usability of our data to the widest range of users possible, primarily as a
result of the complexity around reading in aerogeophysical data formats.

5.6 Discussion

This final section exemplifies the potential re-usability of the newly released
aerogeophysical data via the interrogation of the englacial architecture of the ice
as sounded by the BAS Radio-Echo Sounding (RES) systems. We also explore
the future use of the new data portal and discuss opportunities in terms of data
release and further potential re-use of the BAS aerogeophysical data.

5.6.1 Internal Layering Continuity Index

Internal Reflecting Horizons (IRHs), as imaged by RES, is a powerful means
of extracting information on past ice-dynamical processes (Rippin et al., 2003b;
Siegert et al., 2003; Bingham et al., 2015). For example, the presence of well-
preserved and continuous englacial layering may reflect stable ice conditions and
suggest limited changes in past ice-flow conditions, ice-divide migration, or melting
within or at the base of an ice sheet (Karlsson et al., 2012). In contrast, poor con-
tinuity in englacial layering, primarily characterised by buckled or absent layering,
may be indicative of past ice-flow switching or increased englacial stress gradients
(Siegert et al., 2003; Bingham et al., 2015). Thus, quantifying the continuity of
englacial layering is essential in our understanding of past and current ice dynam-
ical conditions, as well as in other application such as selecting ice-core drilling
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sites (Karlsson et al., 2018; Beem et al., 2021; Fudge et al., 2022).

Several methods have been developed for mapping the continuity of englacial
layering from RES data (e.g. Karlsson et al., 2012; Sime et al., 2014; Delf et al.,
2020). One such technique, the Internal Layer Continuity Index (or ILCI; Karlsson
et al., 2012) is the first to provide an automated tool for quantitatively assessing
the continuity of englacial layering based on A-scope radar profiles. This method
has the advantage of being much less laborious than manual methods (e.g. Rippin
et al., 2003a; Siegert et al., 2003; Bingham et al. 2007) and removes the potential
subjectivity in assessing layer continuity. Additionally, the large amount of radar
data now available precludes the ability to identify layer continuity manually, mak-
ing the ILCI a powerful tool in our ability to extract this valuable metric. First
tested over selected 2004-2005 BBAS flightlines covering the Pine Island Glacier
(Karlsson et al., 2012), the ILCI was subsequently employed over Institute and
Méller Ice Streams (Bingham et al., 2015; Winter et al., 2015) and selected sec-
tors of Fast Antarctica (Karlsson et al., 2018; Luo et al., 2020). Using the ILCI
previously calculated for the 2010-11 IMAFI radar data, Ashmore et al. (2020a)
further demonstrated that the ILCI was statistically higher where manually picked
IRHs could be traced, thus showing for the first time that this method has the
potential to be applied at a larger scale with reliable results. However, until now,
this approach had not been tested at a regional scale over Antarctica and with the
use of multiple radar datasets.

Here, our main objective is to provide a first-order assessment of the continuity
of englacial layering across Antarctica in order to assess the feasibility of devel-
oping a pan-Antarctic age-depth model from existing radar data. Enabled by the
comprehensive release of large swaths of fully standardised and open-access aero-
geophysical data described in this chapter, we aim to demonstrate that much more
information can be extracted from these data on a regional to continental-scale.

The ILCI represents the mean of the absolute value of the derivative for each
radar trace (Karlsson et al., 2012), as follow:

1 &
V= 2ArNZ | Py — Py ], (5.1)

i=n1

where n is the sample number of reflected relative power values within the
selected section length, N, between the surface and the bed, P; is the reflected
relative power in decibels at point ¢, and Ar is the depth in metres. Although
is technically a product of the reflected relative power and depth, it is considered
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dimensionless as the depth variable is considered a scaling factor that is set to 1 in
Eq. 5.1. By design, the ILCI is sensitive to the number and strength of englacial
layering situated between the surface and the bed, such that low values indicate
discontinuity in, or absence of, englacial layering, and high values indicate clear
englacial layering.

We have calculated the ILCI on the ten PASIN radar datasets that have been
published as part of this data release (Figs. 5.11-5.12). This includes a total of
~300,00 line-km of 2-D radar data from the BBAS-AGASEA (2004-2005), WISE-
ISODYN (2005-2006), GRADES-IMAGE (2006-2007), AGAP (2007-2009), IMAFI
(2010-2011), ICEGRAV (2012-2013), FISS (2015-2017), PolarGAP (2015-2016),
and ITGC Thwaites (2019-2020) surveys (see Table 5.4). Since we were primarily
interested in regional changes in layer continuity, the ILCI was smoothed using a
horizontal window of 1,000 samples (representing ~25-45 km distance depending
on the dataset) to remove any small-scale anomalies in the data. Additionally, we
only made use of the deep-sounding chirp PASIN product due to its capability of
imaging deeper IRHs, particularly in areas with thick ice such as the South Pole
plateau. The upper and lower 20% of the ice were also omitted in the processing
due to the inability of the PASIN system to resolve continuous englacial layering
in the upper portion of the ice column, and because englacial layering is typically
absent near the ice-bed interface (Drews et al., 2009; Karlsson et al., 2012).

An important consideration in employing the ILCI over multiple datasets is
that the results will vary based on data acquisition (i.e. radar frequency, sys-
tem resolution) and processing applied (i.e. incoherent vs 2-D SAR), thus a pan-
Antarctic comparison of internal layer continuity must be analysed in this context.
This is especially the case here, where we have applied the ILCI to processed Z-
scope radar data acquired over a period of >15 years with two different systems
(PASIN-1 and PASIN-2) and using different processing regimes. Therefore, care
must be taken when interpreting the results from different surveys together, as for
example, a low level of layer continuity in the main trunk of Pine Island Glacier
on the BBAS survey may not reflect the same level of discontinuity on the low-
continuity areas of the PolarGAP survey. With this caution noted, the results
presented here offer an opportunity to identify some regional patterns of potential
value for future work, as we now discuss.

Figure 5.11 shows that there is a clear correspondence between discontinuous
layering where ice flow is fast (>200 m a~!) such as over Foundation Ice Stream
(FISS) and the main trunk of Pine Island Glacier (BBAS) and Slessor Glacier
(ICEGRAV) (Figs. 5.11 and 5.12a). Whilst layer discontinuity is mainly present
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Figure 5.11: The ILCI for the ten PASIN datasets for which the fully processed 2-D
radar data were released as part of this chapter (see Table 5.4). The background map
shows ice-flow velocities from the In-SAR MEaSURESs dataset (Rignot et al., 2017) superimposed
over a hill shade from the BedMachine bed-elevation v2 dataset (Morlighem, 2020). The red and
blue colour bar shows ice-flow velocities in metres per annum, and the magma colour bar shows
the continuity of englacial layering throughout the radar dataset (low continuity: yellow; high
continuity: dark purple). The black-bordered rectangles (a—c) correspond to the close-up plots
in Figure 5.12a-c. The red triangles correspond to existing deep ice cores located near the BAS
radar surveys.

over the WAIS due to the high concentration of fast-flowing ice streams in this
region, several sections covering the EAIS also show signs of layer discontinuity,
particularly in the upstream portions of the fast-flowing Lambert Glacier (AGAP),
as well as over David and Ninnis glaciers (WISE-ISODYN) (yellow arrows in Fig.
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5.12b-c).

Unsurprisingly, areas of high continuity are mainly observed over the interior
of the EAIS, particularly on flight lines extending deep into East Antarctica and
South Pole (Figs. 5.11, 5.12a-b, and 5.13), as well as into the deeper parts of the
Wilkes Subglacial Basin and Dome C (black arrow in Fig. 5.12¢) where deep ice
cores have been drilled (red triangles in Figures 5.11-5.12). Areas of high layer
continuity over the WAIS include numerous ice rises (i.e. Bungenstock, Fletcher,
Henry, and Korff) as imaged on the GRADES-IMAGE, IMAFI, and FISS sur-
veys (black arrows in Fig. 5.12a), the deeper sections of the southern Pine Island
Glacier basin on the BBAS data, as well as on PolarGAP survey lines upstream of
the FISS grids covering Foundation Ice Stream and Recover and Slessor glaciers
(Fig. 5.12a).

Also visible are the disruptive effects of local bed topography on the continuity
of englacial layering, such as over the Ellsworth Subglacial Highlands (BBAS),
the Transantarctic Mountains (IMAFI and PolarGAP), and the Gamburtsev Sub-
glacial Mountains (AGAP) (see yellow arrows in Fig. 5.12a-b), with relatively
flat bed topography in the deep interior of the EAIS allowing layering to remain
relatively undisturbed (Fig. 5.11 and black arrows in Fig. 5.12b).

Altogether, the results presented in Figures 5.11 and 5.12 show the potential
for those radar datasets to be exploited further in the future, particularly with
regards to tracking or otherwise characterising the englacial architecture of the
ice and as motivated by the SCAR AntArchitecture group. At present, only two
BAS radar datasets (BBAS and IMAFI) have been comprehensively assessed for
deep englacial layering (Karlsson et al., 2009; Ashmore et al., 2020a; Bodart et
al., 2021a). Thus, the release here of large swaths of additional radar datasets,
including over the more stable regions of the EAIS (namely the AGAP, ICEGRAV,
PolarGAP, and WISE-ISODYN datasets), and the evidence of continuous englacial
layering in this region will likely offer more promising opportunities for englacial
work to be conducted on these datasets. In particular, the close proximity of deep
ice cores, such as the WAIS Divide (Buizert et al., 2015; Sigl et al., 2016), EPICA
Dome C (EPICA Community Members, 2004), and South Pole (Winski et al.,
2019), to these newly released surveys (Figs. 5.11-5.12) provide ready opportuni-
ties for IRHs to be dated, significantly increasing their use for wider applications
such as estimating past accumulation rates and constrain changes in past ice-flow
dynamics (c.f. Siegert and Payne, 2004; Parrenin and Hindmarsh, 2007; Cavitte
et al., 2018; Sutter et al., 2021).
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Figure 5.12: Zoomed-in sections of the ILCI shown in the black-bordered rectan-
gles in Figure 5.11. Abbreviations correspond to locations mentioned in the text, as follows:
BIR (Bungenstock Ice Rise); BYRD (Byrd ice core); DC (Dome C); DG (David Glacier); ESH
(Ellsworth Subglacial Highlands); FIR (Filchner Ice Rise); FIS (Foundation Ice Stream); GSM
(Gamburtsev Subglacial Mountains); HIR (Henry Ice Rise); KIR (Korff Ice Rise); LG (Lambert
Glacier); NG (Ninnis Glacier); RG (Recovery Glacier); SG (Slessor Glacier); SP (South Pole);
ST (Sky Train ice core); TM (Transantarctic Mountains); WD2014 (WAIS Divide ice core);
WSB (Wilkes Subglacial Basin). (a) ILCI results over the WAIS (including Pine Island Glacier,
Rutford Ice Stream, Institute-Moller Ice Stream, and FIS) and bottleneck with the EAIS (in-
cluding SP, TM, and SG); (b) ILCI results for the AGAP survey over East Antarctica’s Dome A
and SP; (c) ILCI results for the WISE-ISODYN survey over East Antarctica’s Wilkes Subglacial
Basin and DC. Arrows refer to locations mentioned in the text, with black arrows highlighting
examples of high-layer continuity and yellow arrows low-layer continuity. The red polygon in
(b) shows the position of the 700-km segment A-A’ shown in Figure 5.13. The basemap, red
triangles, and colour scales are the same as in Figure 5.11.
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This is in addition to already existing IRH stratigraphies across Antarctica
which could provide dated constraints on the BAS RES data and compare the
depth and/or age of IRHs between survey providers and radar systems, as pre-
viously conducted over East Antarctica (Winter et al., 2017). In particular, a
previously traced IRH over East Antarctica, dated at 161 ka BP at the EPICA
Dome C ice core (Winter et al., 2019), intersects an AGAP flightline over a dis-
tance of 700-km where englacial layering is particularly well-preserved on the newly
released data (Fig. 5.13). There, the ILCI mean for this particular 700-km seg-
ment is higher (0.036) than the ILCI mean for the rest of the survey (0.026), and
importantly, this profile intersects multiple flightlines from the PolarGAP survey
where ILCI values are also high (Fig. 5.12a-b). Thus, this profile may provide
an ideal starting point for linking stratigraphies from BAS RES surveys over East
Antarctica, but also with dated stratigraphies from other survey providers across
the ice sheet.

Figure 5.13: Segment A-A’ from the AGAP survey (flightline: A10B) showing
continuous layering at depth and high ILCI values. The ILCI is shown at the bottom
of the radargram for the 20-80% portion of the ice thickness along the 700-km segment (red:
unsmoothed; black: smoothed with moving-average filter) (see red polygon in Figure 5.12 for
segment location).

Aside from offering promising opportunities for future englacial layering stud-
ies, we also expect this data release to be useful in a series of other ice-dynamical
applications in the future. Examples applied to individual BAS datasets so far
include comparing balance velocities with IRH geometries (Rippin et al., 2003b),
analyses of water routing systems and bed reflectivity (Rippin et al., 2006a; Chu
et al., 2021), as well as assessments of the bed roughness and local topography
(Rippin et al., 2003a; 2011; 2014), amongst others. It is our aspiration that this
data release will enable further such studies in the future.
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5.6.2 Polar Airborne Geophysics Data Portal

One specificity of the platform is that it offers three types of geophysical
datasets — gravity, magnetic, and radar — at the same time, geospatially. Al-
though some surveys were acquired more than 25 years ago, they may never have
been exploited or analysed fully in a form that reached peer-reviewed publica-
tions, nor combined with other geophysical data before, thereby increasing their
re-usability. By publishing this resource, we anticipate that the portal and datasets
will foster new research and discoveries related to our understanding of ice-sheet
processes and crust and lithosphere heterogeneity beneath the Antarctic Ice Sheet.

Additionally, the portal enables users to combine the published line datasets
with gridded products to compare the ability of the interpolated datasets to match
the direct observations. For instance, as shown in Figure 5.14 for the 2012-2013
ICEGRAV survey, the portal allows users to readily investigate the free-air gravity
anomaly with the bed topography from Bedmap2 or assess the consistency be-
tween the measured ICEGRAV magnetic anomalies and the gridded aeromagnetic
product (Fig. 5.14). Alternatively, the quick-look radargrams can be compared
with the ice-thickness and bed-elevation grid cells from Bedmap to assess sub-
kilometre variations in along- and across-flow on the radar data which may have
been smoothed out in the 1 km gridded product.

With its ~207,000 line-km of gravity, ~338,000 line-km of magnetic, and
~352,000 line-km of radar data published, the Polar Airborne Geophysics Data
Portal provides a robust platform for the dissemination of the BAS aerogeophysi-
cal data. Further opportunities offered by the data portal are the potential for the
platform to be used to plan future field surveys or encourage future compilation
efforts based on gaps in the data coverage or quality of the data.

5.6.3 Future work

Although most of data published here have already been incorporated into pre-
vious data compilations such as Bedmap2 or ADMAP2, the more recent datasets
presented here will provide useful additions to future editions of such initiatives.
Examples of this are the data acquired as part of the 2012-2013 ICEGRAV aero-
magnetic campaign in Dronning Maud Land where the last compilation effort of
magnetic anomalies had shown a large gap (Goodge and Finn, 2010; Fig. 5.14),
or the new ice-thickness and bed-elevation data acquired over Thwaites Glacier
(2018-2020), South Pole (2015-2016), and Filchner Ice Shelf (2015-2017), which
are expected to be added to the new Bedmap3 compilation.
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Figure 5.14: Screenshots of the Polar Airborne Geophysics Data Portal showing the
three aerogeophysical products for the 2012-2013 ICEGRAYV survey with different
basemaps. (a) ICEGRAV aerogravity survey with the Bedmap2 bed-elevation basemap. (b)
ICEGRAV aeromagnetic survey with the magnetic-anomaly basemap from Goodge and Finn
(2010). (c) ICEGRAV aeroradar survey with the ice-thickness basemap from Bedmap2. (d)
Magnetic anomaly along the profile highlighted in (c) with a comparison with the aeromagnetic
anomaly map from Goodge and Finn (2010).

Even though most of the gravity, magnetic, and bed-pick data acquired since
the mid-1990s are now fully published, radar data from older surveys, (1994-2004)
for which the bed-pick data are published and already integrated into larger grid-
ded products (e.g. Bedmap; Fretwell et al., 2013), are yet to be published in
full as per the more modern surveys (2004-2020) released here (see Table 5.4).
This is primarily due to poorer data management practices at times of acquisition
and less well-documented processing procedures which restrict the re-usability of
these older radar datasets. Much older analogue radar data acquired on films
and video tapes prior to the deployment of digital radars (i.e. pre-1994) also of-
fer additional opportunities, although the necessity for manual digitisation makes
this task much more time consuming and challenging. It is worth noting, however,
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that many of the regions broadly covered by these older surveys have recently been
re-flown using more modern instruments as part of NASA’s Operation IceBridge
programme (MacGregor et al., 2021), although reprocessing and modernising older
radar data can bring substantial benefits, as already demonstrated by Schroeder
et al. (2019). Additional reprocessing of older radar data using modern 2-D SAR
techniques would also be beneficial, as recently demonstrated on BAS data (see
Castelletti et al., 2020; Chu et al., 2021).

As a result of the very flexible configuration of the PASIN-2 system, much
more data can also be extracted from the raw radar files already acquired, includ-
ing fully polarised data used to image ice crystal-fabric orientation for estimating
ice-deformation processes (i.e. Young et al., 2021), or 3-D swath radar data used
to reconstruct the sub-surface at finer resolution and without compromising on
across-track resolution as for conventional 2-D data (Holschuh et al., 2020).

Combined, these will likely add further opportunities for future data releases,
alongside our intention to publish newly acquired data regularly via the data por-
tal and following the procedures detailed in this chapter.

5.7 Conclusion

We have presented the release of 64 aerogeophysical datasets from 24 surveys
flown by BAS between 1994 and 2020 over West Antarctica, East Antarctica, and
the Antarctic Peninsula. Altogether, the data release consists of ~450,000 line-km
(or ~5.3 million km?) of aerogeophysical data on gravity, magnetic, and radar mea-
surements (including bed pick from 1994 onwards and the fully processed 2-D radar
data from 2004 onwards) which have all been standardised according to the FAIR
(findable, accessible, interoperable and re-usable) data principles. A new data por-
tal, the Polar Airborne Geophysics Data Portal
(https://www.bas.ac.uk/project /nagdp/, last access: 18 July 2022), and interac-
tive, open-access tutorials written in Python and MATLAB have also been created
to improve the interactivity and user accessibility of our datasets.

Aside from discussing the data acquisition and processing steps, we have demon-
strated that much more information can be extracted from the newly released aero-
geophysical data by assessing the continuity of englacial layering along ~300,000
line-km of the RES data. Using an automated layer continuity extraction method
on all ten fully published 2-D radar datasets, we have shown that large volumes of
radar lines contain well-preserved englacial layering from which further glaciolog-
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ical and geophysical information could be extracted. In particular, the presence
of extensive continuous englacial layering on RES profiles crossing large sections
of East Antarctica could significantly contribute to the recovery of an age-depth
model of the ice sheet from dated IRHs, as motivated by the SCAR AntArchitec-
ture Initiative. We note that the analysis shown in Section 5.6.1 is only possible
because the data have been comprehensively standardised and made openly acces-
sible. Whilst we acknowledge that this type of work may suffer from a lack of fund-
ing opportunities, the results presented here would suggest that re-modernising
already-acquired data may be as important as acquiring new data. It also en-
ables their use in emerging fields such as artificial intelligence, which rely on large
amounts of standardised data.

Although all of the datasets released here have so far made a significant con-
tribution to our understanding of past and current ice-dynamical and lithospheric
influences, partly through their contributions to major international collaborative
projects such as the SCAR Bedmap and ADMAP programmes, until now they
have remained largely unpublished in their full form, thus restricting the further
usage of the data beyond the life cycle of the science projects. It is our hope
that these newly released data will offer further research opportunities and enable
the wider scientific community to benefit from the abundance of newly published
aerogeophysical data over Antarctica, particularly within the context of recently
established international projects such as the SCAR AntArchitecture and RINGS
Action groups, the latter of which focuses primarily on fillings gaps in radar ob-
servations at the boundaries of the Antarctic Ice Sheet.

Reflecting on our collaboration between data managers and scientists, we be-
lieve that this project sets a positive example for further release of aerogeophysical
data, particularly for future international initiatives that are aiming to harmonise
the availability and findability of aerogeophysical data collected across Antarctica.
A full list of all available datasets can be found in Table 5.4 of this paper, or via
the BAS Discovery Metadata System (https://data.bas.ac.uk, last access: 05 April
2023).

5.8 Data availability

All the data included in this chapter are freely available via the BAS Discovery
Metadata System (https://data.bas.ac.uk, British Antarctic Survey, 2022), with
direct links to the datasets found in Table 5.4 of this chapter. The user guide for
the data portal and the Jupiter Notebook tutorials designed for reading the grav-
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ity, magnetic, and radar data in Python and MATLAB are freely accessible on the
Jupyter Book interface (https://antarctica.github.io/PDC_GeophysicsBook, Polar
Data  Centre, 2022) or via the BAS  GitHub  repository
(https://github.com/antarctica/PDC_GeophysicsBook, last access: 05 April 2023).
The code used to produce the Internal Layer Continuity Index over the whole
BAS radar data (Figs. 5.11-5.12) is available on the GitHub page of Julien A.
Bodart (https://github.com/julbod, last access: 05 April 2023) and on Zenodo
(https://doi.org/10.5281 /zenodo.6858932, Bodart, 2022).
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6 Discussion

6.1 Thesis overview

The overall aim of this thesis was to develop and extend age-depth models of
the Antarctic Ice Sheet (AIS) from Internal Reflecting Horizons (IRHs) to assess
the past stability of the AIS. The three research objectives, described in Section
2.6, are summarised below:

e To build a spatially extensive age-depth model of the Pine Island Glacier
(PIG) and upper Thwaites Glacier (THW) from airborne Radio-Echo Sound-
ing (RES) data and high-resolution ice-core stratigraphy.

e To estimate mid-Holocene accumulation rates over the West Antarctic Ice
Sheet (WAIS) using a pervasive IRH and a one-dimensional (1-D) ice-flow
model.

e To provide a community resource of standardised aerogeophysical data and
identify areas of continuous IRH profiles that will facilitate the development
of an age-depth model of the AIS.

These three research objectives were addressed using large swaths of airborne
RES data across the AIS, a database of IRHs spanning large portions of the WAIS,
high-resolution ice-core stratigraphies, and climate datasets. By meeting these ob-
jectives, this thesis has led to significant progress in our understanding of the
availability, spatial extent, and attributes of IRHs across the AIS, which will ul-
timately lead to the development of the first ice-sheet wide age-depth model, as
motivated by the AntArchitecture initiative (Sect. 1.1.2). Section 6.2 reviews the
key findings from this thesis, whilst Section 6.3 discusses the key limitations asso-
ciated with this work and highlights opportunities for future work to be conducted
in order to complete the development of an Antarctic-wide age-depth model.

146
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6.2 Thesis outcome

In Chapter 3, I reported on the presence of four spatially extensive IRHs
identified on airborne RES data over PIG and upper THW. Using intersections
with other previously traced IRHs over PIG and Institute and Moller Ice Streams
(IMIS), I showed that three of the four IRHs found across both catchments were
identical. By connecting the IRHs to the WAIS Divide Ice Core (WD2014), and
employing a 1-D age-depth model, I was able to date these IRHs at 2.31-2.92 ka,
4.72+0.28, 6.94 +0.31, and 16.50 +-0.79 ka Before the Present (BP), demonstrat-
ing their temporal span back through the Holocene and into the late Pleistocene.
I found that below the deepest IRH (16.50 ka), there were no clear and continu-
ous IRHs predating the Last Glacial Maximum (LGM), thus suggesting that an
age-depth model of this sector of Antarctica is unlikely to span more than the last
20 ka on existing airborne RES data. By comparing the age and depth of strong
acidity spikes in the WD2014, I was able to match the depth and age of the upper
three IRHs with strong volcanic signals in the ice core, suggesting that their origin
is from past volcanic activity that is unprecedented in the 68,000 year-old record.
The main conclusion from Chapter 3 is that, together with the IRHs present over
IMIS, a ubiquitous set of precisely dated volcanic markers spanning the Holocene
is present across 20% of West Antarctica, which is a significant step forward in
our ability to build an age-depth model of the WAIS.

In Chapter 4, I focused on the ubiquitous 4.72 £ 0.28 IRH from Chapter 3,
extending its known geographical coverage to encompass THW, and used it to
estimate past accumulation rates across 30% of the WAIS. Using a 1-D ice-flow
model over the slow-flowing parts of these catchments and modern datasets of
modelled (RACMO2) and observational (snow, firn, and ice cores) accumulation
rates, I found that accumulation rates were 18% greater during the mid-Holocene
compared with current rates over the Amundsen-Weddell-Ross Divide. Though no
changes in the spatial pattern of accumulation rates were evident, I reported that
the higher mid-Holocene accumulation rates inferred across large parts of the WAIS
corresponded to the peak of a sustained increase in accumulation rates between
~7 and 4 ka BP, evidenced in the WD2014 record and by targeted ground-based
RES studies across West Antarctica. I also discussed the potential connection be-
tween the accumulation-rate change and grounding-line evolution over the WAIS
during the mid-Holocene, which in the absence of downstream ice-dynamical pro-
cesses counter-balancing the increase in accumulation upstream, would result in
ice thickening and issuing grounding-line readvance, as previously suggested over
the Ross and Weddell Sea side of the WAIS. The main conclusion from Chapter 4
is that the higher-than-present accumulation rates across most of the WAIS dur-
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ing the mid-Holocene must be accounted for by regional and continental ice-sheet
models in order to improve past ice-sheet reconstructions across Antarctica. These
studies could use the reconstructed accumulation rates at the WD2014 site, which

as I showed in this chapter, are representative of past conditions across the wider
WAIS.

In Chapter 5, I presented the release of 25 years of aerogeophysical data ac-
quired by the British Antarctic Survey (BAS) between 1994 and 2020 over Antarc-
tica. I discussed how the data were acquired, processed, and standardised following
the FAIR (Findable, Accessible, Interoperable, and Re-Usable) data principles, and
presented the new Polar Airborne Geophysics Data Portal where all the data can
be viewed and downloaded interactively. Of particular relevance to this thesis is
the standardisation and release of ~300,000 line-km of airborne RES data, which,
aside from being used here in this thesis, are expected to also form part of fu-
ture studies aiming to extract further IRH stratigraphies across the AIS. To assess
the extent to which these RES products can be used to extract an ice-sheet wide
age-depth model, I applied to the ten fully processed RES datasets a now well-
established technique for identifying regions of well preserved IRHs, namely the
Internal Layering Continuity Index (ILCI). This analysis demonstrated that large
sections of continuous englacial layering are visible on the East Antarctic plateau
and Wilkes Subglacial Basin where deep ice-core stratigraphies could enable the
dating of future IRH stratigraphies. In particular, I identified a specific 700-km
segment connecting both the South Pole and East Antarctic plateau that directly
intersects an existing IRH stratigraphy dating back to the last ~161 ka BP, which
could be used to expand an age-depth model across two large regions covered by
the BAS PolarGAP and AGAP surveys. The main conclusion from Chapter 5 is
that the newly released RES data across both East and West Antarctica contain
large sections of well-preserved and continuous englacial layering which, if dated,
could bring us significantly closer to developing an Antarctic-wide age-depth model
from dated IRHs.

6.3 Thesis limitations and future developments

6.3.1 Chapter 3

In Chapter 3, I showed that there was an offset of between 23 and 28 m be-
tween the sulphate peaks recorded at the WD2014 ice-core site and the depth of
the three IRHs at the nearest RES crossover. Whilst this is a relatively small
difference given that ice thickness in the area around WD2014 exceeds ~3.5 km, it
is worth considering where this offset originates from. In this chapter, I postulated
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that the vertical offset between the IRHs and the sulphate peaks may be caused by
roughness-induced changes in ice stratigraphy near WD2014, as reported by Laird
et al. (2010), given that the two sets of measurements are not exactly co-located
(~1.2 km apart).

However, an alternative explanation may come from the surface correction
applied to the BAS RES data. Typically, the gap between the elevation of the
aircraft and the ice surface is removed in post-processing and the elevation of the
ice surface on the radargram is set to zero, so that any depths measured below the
surface are true depths in the ice thickness. For this study, the air-to-ice-surface
gap in the RES data was cut using the surface-pick variable instead of the surface-
altitude variable. However, the surface altitude associated with the BAS RES data
is usually obtained from the lidar onboard the aircraft, which has a resolution of
a few centimetres, whereas the surface pick is obtained by following the brightest
reflection in the RES data which is influenced by the resolution at which it was
acquired (equivalent to several metres). Thus the first reflection may in fact repre-
sent multiple layers within the firn and hence not represent the exact ice surface.
This approach has likely resulted in several metres of uncertainty in the actual
IRH depths, which may have contributed to the IRHs not aligning more precisely
with the strong acidity peaks present in WD2014. To account for this offset in the
chapter, I increased the IRH age uncertainties so that they overlapped with the
ages of the acidity peaks at WD2014. However, it is likely that accounting more
precisely for the surface correction in the post-processing of the RES data may
have resulted in closer depths between the IRHs and the ice-core sulphate peaks,
and thus lower age uncertainties.

Another limitation of Chapter 3 was that I was unable to identify the IRHs
across available RES data linking West and East Antarctica (e.g. at the “bottle-
neck”; see Winter et al., 2018), thus limiting our understanding of their spatial
extent over other regions of the AIS. Whilst this may be achieved in the future with
greater access to already acquired RES data (e.g. MacGregor et al., 2021; Chapter
5), improved processing techniques (e.g. Chu et al., 2021), or the acquisition of
new RES data, an alternative may be to query the available ice-core records across
other parts of Antarctica for evidence of strong volcanic events which match the
ages of the already acquired IRHs over the WAIS. I explore this possibility further
here.

Firstly, and using an updated processing technique on the sulphate data shown
in Figure 3.8 of Chapter 3, Cole-Dai et al. (2021) showed that out of 426 volcanic
eruptions occurring during the Holocene and recorded in the WD2014 record, ten
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were considered “Very Large” (VL) events where volcanic deposition is greater
than 30 kg km™2. As a matter of comparison, these VL events corresponded to
higher sulphate concentration than that associated with the Tambora volcanic
eruption of 1815 in Indonesia, one of the largest volcanic eruptions of the last
10,000 years (Stothers, 1984). Importantly, this volcanic signal is widely visible in
ice-core records across the AIS and is commonly used as a benchmark to calibrate
and compare all other signals of explosive volcanism in Antarctic ice cores (Cole-
Dai et al., 2009).

TABLE 6.1: Largest volcanic events in the WAIS Divide ice core during the
Holocene. f refers to the sulphate flux at the ice core (in kg km~2) and f/fTambora refers
to the ratio of relative magnitude between the volcanic flux of an event and the 1815 Tambora
event in the same ice core (see Cole-Dai et al., 2021). Note that BP is relative to 1950 and that
event 11 refers to the Tambora 1815 event. Table adapted from Cole-Dai et al. (2021).

Rank  Year (BP) Depth  f  f/fTambora
1 10,957 1,897 182.1 2.09

2 7,177 1,475  160.9 1.84
3 7,572 1,526  153.7 1.76
4 4,860 1,009 110.8 1.27
5 10,115 1,812 108.2 1.24
6 10,080 1,809 105.7 1.21
7 491 143 94.9 1.09
8 2,376 584 92.3 1.06
9 10,356 1,836 91 1.04
10 7,793 1,554  88.3 1.01
11 135 59  87.3 1

Out of those ten VL eruptions, the second and third strongest events were dated
at 7.18 and 7.57 ka BP respectively (Table 6.1), closely matching the age of the
6.94+0.31 ka IRH which is often identified as the shallowest reflection from a cou-
plet of closely spaced IRHs in the ice column (see Karlsson et al., 2014; Ashmore et
al., 2020a; Chapter 3). The fourth largest event is a distinctive signal dated at 4.86
ka BP that closely matches the age of the 4.72 £ 0.28 ka IRH (Table 6.1), which
this thesis has shown is found across at least 30% of West Antarctica (see Chapter
4). Finally, Cole-Dai et al. (2021) also found that the eighth largest event in the
ice core was dated at 2.38 ka BP, which falls within the age-range of R1 calculated
using a 1-D age-depth model over PIG (2.31-2.92 ka; see Chapter 3 and Table 6.1).

By comparing the VL volcanic events from WD2014 in Table 6.1 with the 1815
Tambora eruption, Cole-Dai et al. (2021) pointed to the potential for these signals
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Figure 6.1: Sulphate concentrations (ug kg') as a function of depth (m) at the
South Pole ice core. Peaks of sulphate concentration matching the age and depth of R1-3 and
dated at 2.38 ka, 4.86 ka, and 7.18 ka are shown, as well as the major 1815 Tambora eruption
and the Icelandic Grimsvotn “Saksunarvatn Ash” eruption series from ~10 ka BP. The ages
shown are in years before 1950, except for the 1815 Tambora eruption which is in years before
the common era. Data is from Winski et al. (2021).

to be found across other sectors of the WAIS, and perhaps even across other parts
of the wider AIS. Using the newly recovered South Pole ice core, East Antarctica,
Winski et al. (2019) showed that similarly strong volcanic signals match those at
WD2014 during the Holocene period (Fig. 6.1; Winski et al., 2019), suggesting
that the IRHs identified over PIG and IMIS may be more widespread across the
East Antarctic plateau. There, Winski et al. (2019) found that whilst the median
annual sulphate maximum for the Holocene period is 60 ug kg, several peaks
matching the ages of the IRHs traced over PIG and IMIS exceed the sulphate
concentrations of the strong 1850 Tambora eruption (518 ug kg'), reaching un-
matched values in excess of 1,100 ug kg for R2 and R3 (Fig. 6.1). Similarly at
the Siple Dome ice core, West Antarctica, Kurbatov et al. (2006) showed that two
signals dated at 2.28 ka and 4.77 ka were the second and fourth events with the
highest sulphate concentration in the entire 12,000 year-old record. Comparatively
at Dome C (East Antarctica), Castellano et al. (2005) showed that the EDC96 ice
core also contained volcanic signals that matched closely the ages of the IRHs from
Chapter 3. There, a band of large volcanic material was found between the ages of
6.21 and 7.49 ka BP (Castellano et al., 2005), which matches closely the age and
characteristics of the 6.94 £+ 0.31 ka IRH, the second-most spatially extensive IRH
found over PIG and IMIS. Similarly, the fifth and nineteenth largest events in the
record, dated at 2.33 ka BP and 4.79 ka BP respectively (Castellano et al., 2005),
match the ages of the uppermost two IRHs, R1 and R2. Over Dronning Maud
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Land, East Antarctica, Sigl et al. (2022) showed that large peaks matching the
ages of the upper three IRHs were found within the EDML /B40 ice core (Severi et
al., 2007), with a particularly strong peak that falls within the age range of the up-
permost IRH (2.31-2.92 ka). These together suggest that the IRHs from Chapter
3 are also likely present over other sections of Antarctica, particularly over East
Antarctica where the 2.31-2.92 ka and 6.94 £+ 0.31 ka IRHs appear strongly in the
ice-core records, whereas the 4.72 + 0.28 is likely constrained to West Antarctica
and the South Pole plateau. Promisingly, Holschuh et al. (2018) and Beem et
al. (2021) both recently identified a prominent IRH matching closely the age of
R2 and respectively traced on spatially targeted RES survey of Kamb Ice Stream
(West Antarctica) and Titan Dome (East Antarctica). Together, the results from
these studies suggest that even if we may never be able to directly track IRHs
between West and East Antarctica on available RES data, an indirect approach of
comparing age-depths and IRH characteristics between West and East Antarctica
from available ice-core stratigraphies and RES data may be a suitable alternative.

One last limitation of this chapter was that I was unable to identify the sources
of the volcanic eruptions which, as I showed in this chapter, are the likely cause
of the IRHs due to the match in age and depth of the three strong sulphate peaks
present in the WD2014 data. Whilst Cole-Dai et al. (2021) were unable to identify
the exact sources of the VL eruptions from Table 6.1, they postulated that they
must originate from explosive volcanic eruptions in the Southern Hemisphere or
the low latitudes. This was largely based on analysis of glass shards in the first 600
m (<11 ka BP) of the Siple Dome ice core in West Antarctica by Kurbatov et al.
(2006), which suggested that the dominant source of volcanic material detected in
the core was likely local (i.e. Southern Ocean’s Balleny Islands, Victoria Land’s
Pleiades, Marie Byrd Land’s Mount Takahe and and Mount Berlin) or from vol-
canically active regions in the Southern Hemisphere (i.e. Mexico, Columbia, Chile,
or New Zealand) (Kurbatov et al., 2006).

More recently, Sigl et al. (2022) used matching signals in sulphate and sulphur
records from ice cores recovered from both Greenland and Antarctica to approxi-
mate the magnitudes and source latitudes of major volcanic events throughout the
Holocene. Due to the limited amount of known eruptions during this time period,
they were only able to provide average latitudes for the unknown eruptions, where
48°N, 37°S, and 5°N were assigned to eruptions likely originating in the Northern
hemisphere, Southern hemisphere, and the tropics respectively. If matching sig-
nals from unknown volcanic eruptions were found in ice cores from both Greenland
and Antarctica, the latitude was given as 5°N. This is largely based on previous
evidence, which suggests that for a volcanic signal to be present in ice cores from
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both poles, a volcanic eruption must be located in the tropics between latitudes
of 20°N and 10°S and have a column height of at least 25 km, corresponding to
a Volcanic Explosivity Index (VEI) >5 (Kohno and Fuji, 2001). However, pre-
vious evidence has also shown that a synchronous signal in both poles may not
necessarily relate to the same tropical eruption, as individual eruptions of similar
magnitudes in each respective hemisphere could occur at similar times (Yalcin et
al., 2006; Hartman et al., 2019).

According to Sigl et al. (2022), out of 850 volcanic eruptions with injections
greater than 1 teragram of sulphur (Tg S), 39% originated from the tropics, 50%
from the Northern hemisphere extratropics, and 10% from the Southern hemi-
sphere extratropics; however, tropical eruptions were responsible for 70% of the
total sulphur injections in the stratosphere compared with 25% for Northern Hemi-
sphere eruptions. Based on this analysis, Sigl et al. (2022) showed that most large
peaks matching the ages of the IRHs I tracked across the WAIS likely originated
from eruptions in the tropics, with a total peak sulphur injection value of 142, 211,
and 516 Tg S for IRHs R1 to R3 respectively, obtained by summing all sulphur-
injection values that fall within the age uncertainty of the IRHs at the ice core
from Sigl et al. (2022). For comparison, it is estimated that the 1815 Tambora
eruption emitted approximately 50-60 Tg S (Dai et al., 1991), which is relatively
small in magnitude compared with the total concentration of sulphate associated
with the upper two IRHs R1 and R2 that I traced across PIG and upper THW.
Moreover, the total concentration of sulphate associated with the age of IRH R3
was much greater than that of the 1815 Tambora eruption (Cole-Dai et al., 2021;
Sigl et al., 2022; Table 6.1), evincing a far-reaching volcanic eruption likely orig-
inating in the tropics whose impact across the WAIS was unrivalled through the
Holocene. Whilst a precise source for these eruption is unlikely to be determined
without improved geochemical data (Sigl et al., 2022), evidence suggests that even
large eruptions tentatively assigned to the tropics have the ability to leave markers
in Antarctica’s ice stratigraphy which are significant enough to be detected in both
ice cores (Sigl et al., 2022) and RES data (Chapter 3). To assess further whether
the volcanic signals are local (i.e. Antarctic region) or regional (i.e. tropics), future
studies could assess how far an IRH dated using sulphate peaks in ice cores can
be traced away from the ice-core site on RES data, as similarly conducted by Corr
and Vaughan (2008) over PIG. This could reveal the maximum spatial extent of
a specific volcanic tracer and thus more precisely determine the source of a strong
event based on its distance away from the strongest reflectivities in RES data.

Additionally, whilst Table 6.1 shows 5 events that match the characteristics,
age, and depth of the upper-most three IRHs from Chapter 3 (Rank 2-3, 4, 8, and
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10 in Table 6.1), and ignoring the two shallow events (Rank 7 and 11 in Table
6.1) which would not be visible on the BAS airborne RES data alone due to the
inability for the RES system to image IRHs precisely in the first few hundred me-
tres of the ice column (see Chapter 5), I note that four VL events may potentially
be identified in BAS RES data in the future: Rank 1, 5, 6, and 9, with a depth
range in the ice of 1,812-1,897 m and an age range of 10.12-11.00 ka BP (Table
6.1; Fig. 6.1). These four events appear to form part of a period of enhanced
volcanic activity visible in most Antarctic and Greenland ice cores, and attributed
to the Grimsvotn “Saksunarvatn Ash” eruption series from ~10 ka in Iceland (Sigl
et al., 2022; Fig. 6.1). Whilst Chapter 3 did not discuss evidence of continuous
IRHs between R3 and R4, RES data across PIG shows the presence of bright and
continuous IRHs in this part of the ice column that would be worth investigating
further (see Figure 3.2 of Chapter 3). Because the resolution of the BAS RES
system is best suited to resolve multi-annual IRHs, this series of closely spaced
volcanic events from ~10 ka BP may represent an ideal opportunity to extract
a spatially extensive coverage of IRHs dated in the early stages of the Holocene
across the PIG, THW and IMIS catchments.

6.3.2 Chapter 4

In Chapter 4, I showed that accumulation rates were 18% higher during the
mid-Holocene than present rates across the Amundsen-Weddell-Ross Divide of the
WAIS. Using a 1-D ice-flow model and the depth of a pervasive IRH found across
most of PIG, THW, and IMIS, I showed that Holocene accumulation rates can be
estimated without the need for more complex ice-flow models. This approach, how-
ever, was limited to regions where it can be reasonably assumed that the depth of
an IRH is the primary product of accumulation rates at the surface, which meant
that no calculations could be performed over fast-flowing regions of the WAIS,
such as the tributaries and central trunks of PIG and THW.

Whilst the results presented in Chapter 4 are in good agreement with recon-
structed accumulation rates at WD2014 (Fudge et al., 2016) and accumulation
estimates derived from RES data and the use of multi-dimensional ice-low models
(Neumann et al., 2008; Koutnik et al., 2016), it would be beneficial to compare the
accumulation estimates from Chapter 4 with a full 2-D or 3-D model that could
account for the effects of convergent and divergent flow on the IRH stratigraphy,
as previously employed over Antarctica (Karlsson et al., 2014; Leysinger-Vieli et
al., 2011; Sutter et al., 2021). Indeed, the 1-D ice-flow model used here, although
valid, does not take into account horizontal advection or the effect of basal melt
rates, which can occur in faster-flow areas and at the divide, respectively. Unfortu-
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nately, 2-D or 3-D models are much more complex to run and require substantially
more computing resources than 1-D models, particularly over such a large area (i.e.
30% of the WAIS). Whilst the potential ice-dynamical effects on IRH depths were
accounted for in the accumulation-rate uncertainty by using an alternative ice-flow
model that considers the effect of vertical strain rates on the position of IRHs in the
ice column, the results presented in this chapter could benefit from being compared
with more sophisticated ice-flow models, particularly in the downstream parts of
the PIG and THW catchments where differences between modern and Holocene
accumulation rates were particularly high (see Section 4.4.1 for more details).

As also discussed in Chapter 4, other 1-D ice-flow models exist, including the
Dansgaard-Johnsen (DJ) model (Dansgaard and Johnsen, 1969) and the shallow
strain-rate model of MacGregor et al. (2016). It is therefore worth exploring
whether other 1-D models may be more appropriate to estimate accumulation
rates over the study area under consideration. For an ice sheet in steady state,
the age-depth relationship is primarily controlled by accumulation of snow at the
surface and thinning of ice due to horizontal gradients in ice flow (Fahnestock et
al., 2001a). The 1-D models mentioned above are all designed to reproduce the
age-depth relationship from ice cores by estimating vertical strain rates based on
surface accumulation and ice thickness. The key difference between the Nye model
used in Chapter 4, and the other two 1-D models mentioned above, is how this
vertical strain rate is quantified, which is largely dependent on conditions at the
ice-bed interface. In the Nye model, vertical strain rate is kept constant through-
out the ice column to balance snow accumulation at the surface, thus implying
that ice thinning is primarily controlled by sliding velocity gradients in a shallow
layer at the ice-bed interface (Nye, 1957; Fahnestock et al., 2001a). A more com-
plex alternative to this model is the DJ model, where ice deforms in the same way
as for the Nye model (constant through depth) above a shearing section, A, below
which vertical strain rates drop linearly to zero to accommodate a no-slip (frozen)
bed (Dansgaard and Johnsen, 1969). If h = 0, the DJ model is equivalent to the
Nye model where thinning is caused by gradients in basal sliding (i.e. assuming
plug-flow conditions). However, the addition of the linear function h > 0 to ac-
count for thinning by internal deformation in the ice produces better results in
areas where the ice is frozen to the bed (Dansgaard and Johnsen, 1969; Fahne-
stock et al., 2001a). One of the key limitations of the DJ model is that it depends
on a good approximation of the basal-shear layer thickness parameter, h, which is
largely unknown and varies over spatial and temporal scales (Siegert and Payne,
2004). Previous studies have used a series of values ranging from 10-70% of the ice
thickness (where high values represent near-frozen conditions and a stable divide
position), resulting in varying degrees of accumulation rates for the same age-depth
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Figure 6.2: Comparison of age-depth relationships between two 1-D ice-flow models
and the WAIS Divide ice core profile. The main figure shows the age-depth relationship for
the 0-6 ka (x-axis) and 0-1,200 m (y-axis) portion of the ice column at WD2014. The horizontal
line represents the depth of the 4.72 ka IRH at the ice core, and the vertical bold line represents
the age of the 4.72 ka IRH from intersection with WD2014 (with the shaded area representing
the upper and lower age uncertainties of the IRH). The top right inset shows the same data but
for the full portion of the ice column (0-3,400 m) and age range (0-68 ka BP) at the ice core. The
accumulation rate used to produce the age-depth relationship from the two 1-D models was set
at 0.25 m a~!, as reconstructed at the WD2014 Ice Core site for the 0-4.72 ka portion of the ice
column (see Chapter 4). The three estimates for the DJ model (shown in red) are for different
basal shear layer thickness scenarios, ranging from 500 (dashed line) to between 700 and 1,100
m (bold lines). The actual age-depth relationship observed at WD2014 is shown in green.
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relationship (see Fahnestock et al., 2001a; Siegert and Payne, 2004; Neumann et
al., 2008; Karlsson et al., 2014; Ashmore et al., 2020a; Chapter 3). Additionally,
evidence from observational studies suggests that the Amundsen-Weddell Divide
has unlikely been frozen to the bed, primarily due to the presence of water at the
bottom of Byrd and WAIS Divide ice cores, the lack of a typical Raymond Arch
below the Amundsen-Weddell Divide indicating a stable divide through time, and
high geothermal heat flux in the area (Gow et al., 1968; Neumann et al., 2008;
Buizert et al., 2015; Cuffey et al., 2016; Fudge et al., 2019; Chu et al., 2021). Thus,
the addition of the parameter h > 0 (i.e. implying a frozen bed and negligible basal
sliding) would likely not be appropriate here. A comparison of the age-depth re-
lationship between the two models and the actual age-depth profile at WD2014
shows that the DJ model produces older ages with depth in the upper part of the
ice column than the Nye model, though this is negligible (~0.1 ka at 4.72 ka BP)
and falls within the age uncertainty of the IRH (Figure 6.2). Further down the
ice column, both models appear unable to match the age-depth relationship from
WD2014, with the DJ and Nye model producing much older and younger ages
respectively than the WD2014 age-depth profile.

A key conclusion from Figure 6.2 is that there is relatively little difference
between the two models in the upper part of the ice column where the 4.72 ka
IRH is found, even when considering different scenarios for the basal shear layer
thickness, although the Nye model appears to match better the age-depth profile
of the ice core. This is not surprising, as both models are expected to perform well
for estimating accumulation rates from IRHs that are found in the relatively shal-
low parts of the ice column (~35% at WD2014 for R2), albeit with consideration
of the models’ structural uncertainties (estimated at 14% over this sector of the
WAIS for Nye-inferred accumulation rates; see Chapter 4). This noted, the added
uncertainty associated with characterising the basal shear layer thickness in the
DJ model means that the Nye model is likely more appropriate here, particularly
when employed over larger spatial scales where the basal shear layer thickness will
differ due to spatial variations in ice thicknesses and vertical strain rates.

Another 1-D model recently used to estimate accumulation rates from IRHs
over the last 9 ka is the shallow strain-rate model adopted by MacGregor et al.
(2016) over Greenland, which I used in Chapter 4 to infer uncertainties in accu-
mulation rates. This model is similar to the Nye and DJ models in that it assumes
uniform vertical strain rates, but only within the upper part of the ice column
up to the age of the oldest IRH. One advantage of this model is that the vertical
strain rate is not tied to the ice thickness, as per the DJ model, and is instead
obtained by calculating the best-fit values using non-linear unconstrained minimi-
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sation of a x? statistic (MacGregor et al., 2016). Whilst this is a useful approach,
the model requires at minimum two, and ideally several more, well-dated IRHs to
constrain mean-accumulation and mean-vertical strain rates at one given point.
For their Greenland application, MacGregor et al. (2016) used up to 24 well-dated
IRHs in the central ice divides to calculate these parameters. For my study area,
I was limited to only one IRH shallower than 4.72 ka over PIG/ISS to constrain
accumulation and vertical strain rates; with the added complexity that it had not
been dated at an ice core and was also much younger than R2, which, together,
limited the suitability of this model for estimating accumulation rates over the
WALIS using currently available IRHs.

6.3.3 Chapter 5

In Chapter 5, I showed that significant sections of continuous englacial layer-
ing are present over large swaths of the newly released BAS airborne RES data,
particularly over East Antarctica. A follow-on comparison between the coverage
of existing Antarctic IRH stratigraphies dated at ice cores and the newly released
RES data presented in Chapter 5 shows that significant opportunities now exist for
extending existing age-depth models acquired over spatially targeted sections of
RES data to larger glacier catchments of both the WAIS and EAIS (Figure 6.3). In
particular, the WISE-ISODYN, AGAP, and PolarGAP surveys over East Antarc-
tica intersect both ice-core stratigraphies (going as far back as 740 ka; EPICA
Community Members, 2004) and existing IRH stratigraphies (ranging from ~5
to 705 ka) (Leysinger-Vieli et al., 2011; Winter et al., 2019; Beem et al., 2021;
Cavitte et al., 2021), thus making them key surveys to prioritise for extracting an
age-depth model of this region. The assessment of englacial layer continuity pre-
sented in Section 5.6.1 shows that these three surveys are promising for recovering
continuous IRHs across large distances (Figs. 5.11-5.12), with a particular 700-km
long profile that directly connects both the AGAP and PolarGAP surveys (Fig.
5.13) and dated stratigraphies extending to the Dome C Ice Core and the BAS
WISE-ISODYN survey (Fig. 6.3).

This suggests that a link across ~2.5 million km? of BAS RES data (repre-
senting ~30% of East Antarctica) now exists for extracting a spatially extensive
age-depth model of the region. In a first instance, future studies should attempt
to identify IRHs in the BAS RES data that match the age-depth profile of existing
IRH stratigraphies across the AIS, as these would bolster the coverage of existing
age-depth profiles spanning several glacial cycles (up to the last 700 ka BP). In a
second instance, it would be beneficial to expand this age-depth model to other
key sectors of East Antarctica using intersections with other spatially extensive
surveys, such as the ICECAP campaigns over the coastal sector of Wilkes Land
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Figure 6.3: Coverage of dated IRH stratigraphies across Antarctica against existing
RES data from Bedmap2-3 and the newly released data from Chapter 5. The line
colours represent each dataset, as follows: the Bedmap2-3 data coverage (grey, Frémand et al.,
2023), the recently released BAS airborne RES data (dark grey; Chapter 5), and the existing
dated TRH stratigraphies from airborne RES surveys accessible in open-access format (light blue;
Siegert and Payne, 2004; Leysinger-Vieli et al., 2011; Muldoon et al., 2018; Winter et al., 2019;
Ashmore et al., 2020a; Beem et al., 2021; Cavitte et al., 2021; and Chapter 3). The red triangles
show the locations of deep ice cores over the grounded part of the ice sheet. The background
map shows bed topography from BedMachine (Morlighem, 2020) and the thin black lines in the
background show the major ice divides from Mouginot et al. (2017). Note that RES coverage
over ice shelves has been removed, as well as coverage of older RES data from Bedmapl.

(Frederik et al., 2016) and the Alfred Wegener Institute’s surveys over Dronning
Maud Land (Eagles et al., 2018), once these become fully available in open-access
formats. Extending IRH stratigraphies to these sectors, as well as over additional
catchments of West Antarctica such as over the newly released GRADES-IMAGE
and FISS surveys (Chapter 5), would provide the AntArchitecture community
with the first iteration of a pan-Antarctic age-depth model, which could be used
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as boundary constraints for reconstructing past ice-sheet extents, as previously
conducted by Sutter et al. (2021) with a subset of IRHs shown in Figure 6.3.

One limitation associated with Section 5.6.1 is that the ILCI values varied from
survey to survey due to differences in processing applied to the data (e.g. incoher-
ent versus 2-D Synthetic Aperture Radar (SAR) processing). As a result, caution
is required when comparing ILCI values between different surveys, as high conti-
nuity values on the upstream portion of the fast-flowing WAIS may not represent
the same level of continuity values measured on the stable plateau of East Antarc-
tica. An alternative to this would be to re-apply the ILCI on RES data with a
low-level of processing applied. Indeed, Karlsson et al. (2012) initially developed
the ILCI for RES data for which a limited amount of processing had been applied
(i.e. along-track stacking to reduce noise, but no background removal or migra-
tion), which enables this method to be transferred to other digital RES datasets
irrespective of processing or data acquisition regimes. Unfortunately, only the RES
data with a high-level of processing was released as part of Chapter 5. In addition
to this issue, inconsistent surface or bed-pick information for some RES profiles
directly impacted the retrieval of an ILCI value. To overcome this limitation, it
would be beneficial to re-pick the surface and bed visible on previously acquired
digital RES data with a community-agreed best automatic picker, particularly for
older campaigns such as the BBAS survey where significant gaps in bed informa-
tion exist (see Figure 5.3e).

Alternatively, re-processing older digital RES data with community-agreed
SAR processing algorithms designed to facilitate the recovery of IRHs on RES
data would be highly beneficial to AntArchitecture, as previously demonstrated
by Castelletti et al. (2019).

Another limitation of Chapter 5 was that the data release did not include the
pre-2004 2-D RES profiles. In particular, the analogue RES data acquired prior
to 1994 by BAS (see Lythe et al., 2001 and Fretwell et al., 2013 for a listing of
these further surveys), and recorded on acquisition directly to films and video
tapes, exist in the BAS archives but are difficult to upgrade to modern standards
due to the need to digitise manually each film. However, and despite the fact that
these datasets were acquired over much smaller spatial scales and with lower spatial
accuracy due to the lack of GPS technology at the time, they provide an important
time capsule for fast-changing areas of the AIS (e.g. outlet glaciers of the Antarctic
Peninsula and WAIS) where multidecadal-scale observations could improve our
long-term understanding of the evolution of the grounding-line in these sectors, as
previously exemplified by Schroeder et al. (2019) over the Thwaites Eastern Ice
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Shelf. In addition to these analogue records, digital RES data acquired between
1994 and 2004 using the BAS-build RES system remain unavailable to the wider
scientific community, primarily because the data and metadata that is used to
reconnect the navigational information of each trace to the RES data is currently
limited or lacking altogether. Whilst some of these surveys have been reflown
recently with more modern RES systems, primarily as part of NASA Operation
IceBridge campaigns, specific surveys such as the AFI Coats Land and Dufek
surveys (Fig. 5.1) cover important areas that remain relatively unsurveyed. In the
future, it would therefore be useful to digitise the pre-1994 analogue RES data and
reconnect the navigational information on the 1994-2004 BAS-built RES data in
order to provide a much longer record of ice-dynamical conditions over the AIS.



7 Conclusion

This thesis sought to develop and extend age-depth models across Antarc-
tica from Internal Reflecting Horizons (IRHs) as imaged by Radio-Echo Sounding
(RES) techniques to assess the past stability of the Antarctic Ice Sheet (AIS). Prior
to this thesis, our knowledge of the coverage and availability of IRHs in both the
West and East Antarctic Ice Sheets (WAIS and EAIS, respectively) was limited
due, in part, to the lack of suitable datasets, which in turn impacted our ability to
assess past ice-sheet changes. Together, the research presented in this thesis has
resulted in significant progress in our ability to build an ice-sheet wide age-depth
model of Antarctica. The key research findings resulting from Chapters 3, 4, and
5 are summarised as follows:

1. Using spatially extensive airborne RES data from multiple RES surveys and
systems, I traced four isochronous IRHs over the Pine Island and upper
Thwaites Glaciers and dated these using the high-resolution stratigraphy of
the WAIS Divide ice core, with the youngest and oldest IRHs respectively
ranging between 2.31-2.92 and 16.5040.79 thousand years before the present.
By comparing these with previously extracted IRHs over the Institute and
Moller Ice Streams, I showed that this particular set of IRHs is found across
20% of the WAIS and corresponds to unprecedented peaks in sulphate con-
centrations in the 68,000 year-old ice-core record, suggesting that the origin
of these IRHs is from past explosive volcanic eruptions. The limited presence
of continuous and bright reflections below the depth of the deepest IRH on
existing RES data suggests that extracting a spatially extensive age-depth
model older than the late Pleistocene over the WAIS will be challenging using
current RES data.

2. Using a ubiquitous IRH dated at 4.72 + 0.28 ka BP and found across 30% of
the WALIS (including over the Pine Island, Thwaites, and Institute and Moller
ice-streams catchments) and a 1-D ice-flow model, I showed that accumu-
lation rates during the mid-Holocene were 18% greater than current rates
over the Amundsen-Weddell-Ross Divide; however, no spatial changes in ac-
cumulation patterns were found. Based on previous evidence, I showed that
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these higher accumulation estimates occurred at a time when the grounding
line of the Weddell and Ross sea sectors readvanced from its previously re-
treated position during the Holocene, suggesting that these sectors may be
sensitive to changes in accumulation rates in the ice-sheet interior. Based
on the similarity between the spatially extensive accumulation rates inferred
across the Amundsen-Weddell-Ross Divide from the 1-D model, and those
reconstructed at the WAIS Divide ice core, I concluded that future numerical
ice-sheet models should base their climate boundary on the ice-core record in
order to better simulate past ice-sheet configurations across the wider WAIS.

3. Whilst the results from Chapters 3 and 4 contributed significantly to our
understanding of the spatial extent of IRHs across the WAIS, significantly
less was known of the presence and extent of IRHs at a regional scale over
the EAIS, which in turn impacted our ability to develop a spatially exten-
sive age-depth model of the region. To address this challenge, I standardised
and released 300,000 line-km of airborne RES data acquired by the British
Antarctic Survey between 2004 and 2020 across large glacier catchments
covering the EAIS and WAIS. Using the Internal Layer Continuity Index to
automatically assess the continuity of englacial layering on the newly released
RES data, I showed that large sections of continuous englacial layering are
present across the RES data, particularly over the East Antarctic plateau
and the Wilkes Subglacial basin where deep ice-core stratigraphies and ex-
isting age-depth profiles already exist. This chapter exemplified the ready
opportunities that now exist for IRHs to be extracted in this region in order
to build a spatially extensive age-depth model of the AIS, as motivated by
the AntArchitecture Initiative.

Within the context of international research groups, such as the SCAR AntAr-
chitecture Action Group and INSTANT Action Group, extracting an age-depth
model of the ice sheet will be critical as it will provide important boundary con-
ditions that can help constrain numerical ice-sheet model predictions of past and
future ice-sheet wide changes. This is particularly relevant for our objective of
providing a long-term context to the recent changes that Antarctica is currently
facing as a result of climate change, and how the ice sheet is likely to respond
to future anthropogenic forcing. In the future, further work should make use of
the newly available RES data released as part of this thesis to extend existing
IRH stratigraphies across the WAIS and EAIS in order to develop the first it-
eration of an ice-sheet wide age-depth model of Antarctica, as motivated by the
AntArchitecture Initiative. The previous developments of similar data products
over Greenland (MacGregor et al., 2015) and the WAIS (this thesis) have demon-
strated that extracting regional age-depth models of ice sheets can significantly
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increase our understanding of past ice-sheet processes, including estimating past
accumulation rates, balance velocities, and the basal thermal state of the ice sheet.
It is therefore expected that once produced by the AntArchitecture consortium,
an age-depth model spanning the entire AIS will be a highly valuable resource for
the Antarctic geophysical and glaciological communities.
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Abstract Understanding the contribution of the West Antarctic Ice Sheet (WAIS) to past and future
sea level has been a major scientific priority over the last three decades. In recent years, observed thinning
and ice-flow acceleration of the marine-based Pine Island Glacier has highlighted that understanding
dynamic changes is critical to predicting the long-term stability of the WAIS. However, relatively little is
known about the evolution of the catchment during the Holocene. Internal reflecting horizons (IRHs)
provide a cumulative record of accumulation, basal melt, and ice dynamics that, if dated, can be used to
constrain ice-flow models. Here, we use airborne radars to trace four spatially extensive IRHs deposited

in the late Quaternary across the Pine Island Glacier catchment. We use the WAIS Divide ice-core
chronology to assign ages to three IRHs: 4.72 + 0.28, 6.94 + 0.31, and 16.50 + 0.79 ka. We use a 1-D model,
constrained by observational and modeled accumulation rates, to produce an independent validation

of our ice-core-derived ages and provide an age estimate for our shallowest IRH (2.31-2.92 ka). We find
that our upper three IRHs correspond to three large peaks in sulfate concentrations in the WAIS Divide
ice-core record and hypothesize that the origin of these spatially extensive IRHs is from past volcanic
activity. The clear correspondence between our IRHs and the ones previously identified over the Weddell
Sea Sector, altogether representing ~20% of the WAIS, indicates that a unique set of stratigraphic markers
spanning the Holocene exists over a large part of West Antarctica.

1. Introduction

The West Antarctic Ice Sheet (WAIS) has been losing mass at an accelerating rate since satellite records be-
gan, averaging 94 + 27 Gt yr" of mass loss since 1992 (Shepherd et al., 2018). Approximately 40% of this loss
was through Pine Island Glacier (PIG), which alone has contributed ~3 mm of the total ~7 mm sea-level-
rise contribution of the WAIS between 1979 and 2017 (Rignot et al., 2019). The increasing mass-loss trend of
PIG has been primarily driven by interannual and decadal-scale atmospheric and oceanic forcing, trigger-
ing grounding-line retreat and consequent inland dynamical adjustments (Bodart & Bingham, 2019; Chris-
tianson et al., 2016; Dutrieux et al., 2014; Favier et al., 2014; Holland et al., 2019; Konrad et al., 2017; Rignot
et al., 2019; Smith et al., 2017). However, placing the observed changes over the last four decades within the
context of long-term dynamic changes and sea-level rise contribution is challenging (Medley et al., 2018;
Palerme et al., 2017), as the short observational satellite record captures only slight perturbations in the
forcing and response which are not sufficient to predict a future in which changes are likely to be rapid and
large. This lack of long-term observations currently limits our understanding of the likely future evolution
of this sensitive sector of the WAIS. Reaching further back into the past will help us capture a wider set of
ice-sheet configurations, and so create a more robust basis for future predictions of the Antarctic Ice Sheet
evolution (Bracegirdle et al., 2019; DeConto & Pollard, 2016; Ritz et al., 2001).

Past research has focused primarily on using in situ observations and ice-sheet models to reconstruct the
evolution of the WAIS since the Last Glacial Maximum (LGM, ~20 ka BP), indicating that WAIS contained
significantly more ice than at present, with the potential to have raised sea level by more than 9 m at the
LGM (Denton & Hughes, 2002). Several studies have reported evidence of short-lived episodes of rapid
grounding-line retreat in the Amundsen Sea Embayment (ASE) between the LGM and the start of the Hol-
ocene (~11.5 ka BP) (Hillenbrand et al., 2013; Jakobsson et al., 2011; Lowe & Anderson, 2002). However,
much less is known about the interior ice-sheet history of this region during the Holocene. Cosmogenic
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nuclide studies on isolated nunataks across the ASE suggest significant ice thinning occurred during the
early- to mid-Holocene in the central ASE (Johnson et al., 2017, 2020; Lindow et al., 2014), with thinning
complete by the mid-Holocene in the eastern ASE near PIG (Johnson et al., 2008, 2014). More recent ev-
idence, based on sediment cores, ice-penetrating radar, and ice-sheet modeling, showed possible retreat
and re-advance of the WAIS grounding line over millennial timescales during the Holocene (Kingslake
et al., 2018), although evidence of such behavior is not available in the ASE region.

Internal reflecting horizons (IRHs), as observed by ice-penetrating radars, provide a powerful and comple-
mentary resource to point-based geochronological measurements. Excluding basal ice and erosional sur-
faces, the majority of specular, continuous IRHs are isochronous (Whillans, 1976); many can be traced for
several hundreds of kilometers and provide a record of accumulation rates and patterns, convolved with
key information on past ice-dynamical processes (Bingham & Siegert, 2007; Eisen et al., 2005, 2008; Sieg-
ert et al., 1998). IRHs can thus serve as a valuable resource for constraining past changes in surface mass
balance (SMB) and ice-flow velocities (e.g., Rotschky et al., 2004), and, where they can be dated, can be
incorporated into ice-flow models, as previously shown for Greenland (Fahnestock, et al., 2001; MacGregor
etal., 2016) and Antarctica (Cavitte et al., 2018; Koutnik et al., 2016; Leysinger Vieli et al., 2011; Waddington
et al., 2007).

Despite the large spatial coverage of radar data across Antarctica, information on dated IRHs is limited
over much of the WAIS. This is partly due to the restricted availability of deep ice cores, the multitude
of radar-system families operating at varying frequencies and using different post-processing methods to
generate the radar data, and the challenge in tracing deep continuous IRHS, particularly through areas of
high strain rate (i.e., at the onset of fast-flowing tributaries). Nonetheless, previous studies over the WAIS
have used IRHs for the direct purpose of linking major deep ice cores (Koutnik et al., 2016; Neumann
et al., 2008), while others have used a wider, catchment-scale approach to constrain information on past
accumulation rates and ice-flow reconfiguration. Such studies have ranged across the central WAIS (Jacobel
& Welch, 2005; Muldoon, 2018; Siegert & Payne, 2004) or focused on specific sub-regions, for example, Siple
Dome (Jacobel et al., 1996), Kamb Ice Stream (Catania et al., 2006; Holschuh et al., 2018) and Thwaites
Glacier (Muldoon et al., 2018).

Over PIG, Karlsson et al. (2014) identified two IRHs spanning much of the slow-flowing parts of the catch-
ment, which they roughly dated to 5.3-6.2 and 8.6-13.4 ka. More recently, Ashmore et al. (2020) recovered
three IRHs ranging across Institute and Moller Ice Streams and crossing the Institute/PIG divide which they
broadly dated to 1.9-3.2, 3.5-6.0, and 4.6-8.1 ka. They demonstrated a correspondence between their IRH
package and the IRHs previously identified by Karlsson et al. (2014) and Siegert et al. (2005), suggesting that
a spatially extensive network of IRHs may span much of the WAIS.

Here, we build on previous studies to present a spatially extensive, dated-radiostratigraphy of PIG. We use
ice-penetrating radar data collected from two airborne platforms to trace four IRHs throughout PIG. We
use a published ice-core chronology as well as a steady-state vertical-strain model to date these IRHs, and
show that they span much of the Late Pleistocene and Holocene. We first discuss the specifications of the
radar systems and their respective uncertainties, and then describe the methods used to assign ages to each
of our four IRHs. We present the dated age-depth stratigraphy of the catchment and make inferences for
the rest of WAIS by comparing our recent findings to other age-depth studies. Finally, we investigate the
link between sulfate activity in the WAIS Divide ice-core record and the depth of our upper three IRHs, and
discuss the potential to recover records of older (i.e., pre-LGM) ice in the region using currently available
radar data sets.

2. Data Sets and Methods
2.1. Data

The principal data used in this study were acquired during two large-scale airborne radar surveys of West
Antarctica.

The first of these was acquired over the 2004-05 austral season, when PIG's 175,000 km? catchment was sur-
veyed extensively using the British Antarctic Survey's Polarimetric Airborne Survey INstrument (PASIN)
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Figure 1. Map of study area with the data sets and key locations mentioned in this study. The inset in top left corner shows the region of interest (red box).
Airborne survey lines included in this study: PIG-PASIN (gray), OIB-MCoRDS2 (yellow), IMAFI-PASIN transects flown over Institute Ice Stream (IIS) and
intersecting the PIG catchment (orange), SPRI/NSF/TUD line (brown), overlaid on top of ice flow velocities from Rignot et al. (2017) and MODIS Mosaic

of Antarctica (Scambos et al., 2007). Also included is the long, ITASE GPR-transect (dashed red) through which the 17.5 + 0.5 ka layer from Jacobel and
Welch (2005) was traced. The numbers shown over PIG's trunk represent the eight fast-flowing tributaries (1-7, 9) mentioned in this study. The WAIS Divide
(WD2014) and Byrd ice cores are represented by the two black triangles, and the black arrows represent the three intersections between the SPRI/NSF/TUD-
traced IRHs and this study. The two red circles show the two sites (Sites A and B) where the 1-D age-depth model was used. The AA-AB segment (magenta)
shows a subset of the control line where IRHs were first identified over PIG-PASIN (see Figure 2). The Western Divide is shown as WD on the map. The ICESat
IMBIE basins of Pine Island Glacier (PIG) and Thwaites Glacier (TG) (Zwally et al., 2012) are annotated on the map and delimited by the blue outline lines.

system (Vaughan et al., 2006). This survey, hereafter termed “PIG-PASIN”, acquired ~35,000 line-km of
airborne radar data across the region (Figure 1). Data were collected with two interleaved radar modes.
The first was a deep-sounding, 150 MHz center-frequency, 4-ps, 10-MHz chirp mode, which has been used
previously to identify and trace the bed (Vaughan et al., 2006) and some IRHs (Karlsson et al., 2009, 2014).
The second was a 150 MHz, 0.1-ps pulse mode designed to image shallow IRHs but from which we are also
able to recover IRHs deeper (~2 km, see Figure 2a) in the ice column. Over much of the surveyed region,
flight lines form 30 km spaced grids that contain multiple crossovers, ensuring consistency when tracing
IRHs across neighboring lines (Figure 1). Following techniques outlined in Ashmore et al. (2020), here,
we used both modes of PASIN interchangeably during our IRH-tracing procedures (see Section 2.2). For
the purposes of linking our stratigraphy further across the WAIS, we also refer to further PASIN-acquired
data from a survey of Institute and Moller Ice Streams undertaken in 2010-11 (hereafter “IMAFI-PASIN”),
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g?lzlrfwlteristics and Resolution of the Two Airborne Radar Systems Used in This Study

Center Bandwidth/ Vertical sampling Vertical Horizontal
System Platform frequency pulse width frequency resolution sampling distance
PASIN Twin Otter 150 MHz 10 MHz/100 ns 22 MHz 12.89/8.42 m 45 m
MCoRDS2 DC8 190 MHz 50 MHz 150 MHz 2.58 m 14 m

Note: for the PASIN system, we provide values for both the chirp- and pulse-acquisition mode in the bandwidth/
pulse width column, as well as in the vertical resolution column. The vertical resolution of the chirped systems was
calculated as per CReSIS (2016) using a scaling factor “k” which accounts for resolution degradation due to receiver
characteristics and processing (see Equation S1).

which provided tie-lines connecting PIG with its neighboring basins (Figure 1; see Ashmore et al., 2020, and
references therein, for further details).

The second survey was conducted in 2016 and 2018 by NASA's Operation IceBridge (OIB) mission, and
yielded ~3,000 line-km of airborne radar data over PIG, Institute and Moller Ice Streams, and Thwaites
Glacier (Figure 1). The system deployed by the Center for Remote Sensing of Ice Sheets (CReSIS) was the
Multichannel Coherent Radar Depth Sounder 2 (MCoRDS2) with a 190 MHz center frequency and 50 MHz
bandwidth. We used the CReSIS L1B standard products, produced with pulse compression, focused-SAR
processing, and along-track motion compensation. More information on the radar system and processing
is given by CReSIS (2016). Critically for this study, one of the OIB flight tracks over PIG also flew over the
WAIS Divide Ice Core (79.48°S, 112.11°W; hereafter referred to as WD2014) (Figure 1), making it possible to
assign relatively unambiguous dates to the traced IRHs.

More details on each of the radar systems are provided in Table 1. For the purposes of increasing IRH
traceability on the PIG-PASIN data, we quadratically detrended each radar trace, normalized each pixel in
a moving vertical window, and then applied a 10-trace horizontal average to reduce incoherent noise (after
Ashmore et al., 2020). For both the PIG-PASIN and the OIB-MCoRDS2 data, we removed the air-to-ice
two-way travel time and shifted the surface elevation to time zero, before exporting the data to standard 2-D
SEG-Y format for data interpretation.

2.2. IRH-Tracing Workflow

We conducted all IRH-tracing in the Schlumberger Petrel” 3-D seismic software using a semi-automated
tracing algorithm that uses an adjustable window to track the local maxima of received reflected power
between traces.

We initiated our workflow on the PIG-PASIN data set as it is the most spatially extensive survey of the PIG
catchment. From a “control line” crossing the ice divides between PIG, Thwaites Glacier, and Institute Ice
Stream (Figure 1), in which clearly visible englacial stratigraphy is ubiquitous in both chirp- and pulse-
mode data, we identified four prominent IRHs that we term R1-4 (Figure 2). The upper three IRHs (R1-3)
were chosen on the basis of high spatial continuity, high signal-to-noise ratio (SNR), and as being analogous
to “IRH packages” traced over part of PIG by Karlsson et al. (2014) and through IMAFI-PASIN radar profiles
by Ashmore et al. (2020). All four IRHs occur in the middle part of the ice column where IRHs likely result
from contrasts in acidity from past volcanic eruptions (Gow & Williamson, 1971; Millar, 1981, 1982), rath-
er than the result of density variations occurring primarily at the near-surface (Clough, 1977; Gow, 1970;
Moore, 1988) or orientation of anisotropic material due to ice foliation in the basal zone (Fujita et al., 1999;
Harrison, 1973); and thus can be assumed to be isochronous (Siegert et al., 1998; Whillans, 1976).

Expanding out from the control line, we progressively traced and mapped IRHs across the catchment using
IRH intersections at each crossover as calibration points. This ensured reliability in our reflection tracing as
the software is capable of detecting intersecting IRHs at the crossover with orthogonal radar lines. Since our
tracing strategy was based on reflector echo strength and continuity, the reflection tracing was terminated
when it was no longer possible to distinguish visually between adjacent reflections, either as a result of sim-
ilar brightness levels or a loss in continuity. This was particularly common in areas of steep bed topography
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Figure 2. Subset of the control line with the unmodulated pulse (a) and chirp (b) modes from the PIG-PASIN survey
along transect AA- AB (see Figure 1). Traced IRHs are marked as per the legend on panel (a). The zoomed inset on the
pulse radargram shows the characteristics of R1-3 in more detail, with the color of the arrows corresponding to the
legend in (a).

causing IRHs to dip significantly, or where enhanced ice-flow speeds disrupted IRH continuity, notably
into the main flow features of PIG's northern catchment. In some places, IRHs faded without such clear
topography/flow-induced reasons, likely due to the attenuation of the radar signal with depth or the type
of processing used (Holschuh et al., 2014). In some locations more distant from the upper PIG catchment
(i.e., westward of tributary 6; Figure 1), extensive englacial layering was visible in radar profiles but, due to
a dearth of connecting lines and crossovers, we could not, with confidence, identify R1-4.

When tracing between crossovers, we relied upon the distinctiveness of our IRHs. At the vertical resolu-
tion of PASIN, R1 and R2 manifest as single-amplitude peaks, with R2 representing a particularly bright
reflector widely visible across our radar data (Figure 2, Figure S1). R3 consists of the shallowest of a series
of closely spaced bright horizons, often manifested as a couplet (zoomed inset in Figure 2, Figure S1), and
previously identified by Karlsson et al. (2014; their “Layer 2”) and Ashmore et al. (2020; their “H3”). The
lowermost IRH, R4, forms the upper part of a band of bright reflectors visible at the intersection with the
17.5 + 0.5 ka layer widely imaged on radar data from the International Trans-Antarctic Scientific Expe-
dition (ITASE) connecting the PIG catchment with the Byrd Ice Core chronology (Hammer et al., 1997;
Jacobel & Welch, 2005) (Figures 1, 2, and S1).

Once R1-4 were traced through the PIG-PASIN survey, we looked for the same IRHs on the OIB-MCoRDS2
data using available crossovers between each survey (Figures 1 and 3). We found R2-3 to be equally dis-
tinguishable in OIB-MCoRDS2 profiles, with R2 representing a particularly bright reflector similar to that
on PIG-PASIN, whilst R3 also formed the shallower part of an easily distinguishable couplet. We did not
recover R1 independently on the OIB-MCoRDS2 profile crossing the WAIS Divide Ice Core and used inter-
sections with PIG-PASIN to trace it across to the Institute Ice Stream catchment. Similarly, we used several
intersections with the 17.5 + 0.5 ka layer from Jacobel and Welch (2005) in and around the WD2014 site to
recover R4 in the OIB-MCoRDS2 data (Figures 1 and 3).

It is worth noting that the OIB-MCoRDS2 data were acquired 12-14 years later than the PIG-PASIN survey,
and so the same IRHs will, in principle, lie slightly lower in the ice column. However, considering a pres-
ent-day mean accumulation rate of ~0.30-0.35 m a™' (meters of ice equivalent per year) at the intersection
between the two surveys, the maximum change in IRH depth is < 5 m. This is well within the bounds of
the total depth uncertainty calculated for each radar system (see Section 2.3) and does not affect the pattern
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of englacial layering or the identification of our IRHs across the different surveys. Crossover analysis at
key intersections on the airborne radar data showed that the mean depth difference for R1-4 falls within
the uncertainty range of all surveys (Figure S2, Tables S1 and S2) (see Section 2.3). At 10 intersections on
PIG-PASIN, the mean depth difference for R1-4 is < 6 m. Similarly, the mean depth difference for R2-3 at
11 intersections between PIG-PASIN and OIB-MCoRDS2 is 14 and 29 m, respectively, and < 18 m at 5 in-
tersections between R4 on OIB-MCoRDS2 and the 17.5 + 0.5 ka from Jacobel and Welch (2005) (Figure S2,
Table S2).

With our objective being to produce an age-depth radiostratigraphy across PIG, we converted all IRHs
traced above in the time domain (f;zy) to depth (djzy) using

Vice LRH
digy = “82 +Zy, ey

where v,, =168.5m us” is the speed of electromagnetic waves through ice (cf. Fujita et al., 2000) and
Z;=10 m is a spatially invariant firn correction, appropriate for West Antarctica (Ashmore et al., 2020). All
our depth measurements are given in meters below the surface. We then calculated IRH depth as a function
of ice thickness using the ice-thickness measurement from each respective radar mission, and complement-
ed these with ice-thickness measurements from BedMachine (Morlighem et al., 2020) in places where the
radar did not sound the bed.

2.3. Catchment-Wide Depth Uncertainties

To assess the accuracy of our IRH depths at the catchment scale, we consider the uncertainties associated
with the imaging of IRHs with ice-penetrating-radar. These uncertainties primarily depend on three factors:
variations in the speed of electromagnetic (EM) waves through the ice, the firn-density correction, and the
radar system's range precision (Cavitte et al., 2016) (Text S1).

The maximum uncertainty arising from selecting an EM value ranging between 168 and 169.5 m us™ is
16 m on the maximum depth of the deepest reflection on PIG-PASIN and 14 m on OIB-MCoRDS2. The
uncertainty associated with the firn correction is +3 m, owing to minor variations in firn densification
across the catchment (Ashmore et al., 2020) (Text S1). The precision of IRH depth estimates also depends
on the range accuracy, o(r*), of the radar system, which refers to how accurately changes can be located in
3-D space (Cavitte et al., 2016; King, 2020). This is a combination of the SNR of each IRH and the range
resolution, Ar, of the radar system, which is mainly a function of sampling frequency, bandwidth, source
wavelets, and the type of post-processing applied. The range resolution for each system, from coarser to
finer is: PASIN chirp (12.89 m), PASIN pulse (8.42 m), and MCoRDS2 (2.58 m) (Table 1, Text S1).

We undertook an empirical error analysis to calculate the maximum uncertainty associated with the deep-
est IRH by calculating the root-mean-square error of the depth uncertainties from EM wave through the ice,
the firn correction, and the radar range accuracy. We obtained a combined maximum uncertainty of +17 m
and attached this uncertainty to all IRHs traced on the PIG-PASIN data (Text S1). Similarly, we estimated
a combined maximum uncertainty of +14 m on the OIB-MCoRDS2 data (Text S1). Given that this uncer-
tainty represents the maximum uncertainty on the deepest IRH over our entire data set, we also calculate
IRH-specific uncertainties at the ice-core site (see Section 2.4.1).

2.4. Age-Depth Attribution

To estimate the absolute age of our IRHs, we employ two primary dating methods: we use (a) the WAIS
Divide ice-core chronology to provide a direct age to our three deepest IRHs, namely R2-4; and (b) the
Dansgaard-Johnsen 1-D model to independently compare the ages calculated at the ice core and to provide
an approximate age range to our shallowest IRH, R1. Once dated, we also compared the ages and depths
of R1-3 with dated IRHs traced across PIG (Karlsson et al., 2014; Siegert & Payne, 2004) and Institute and
Moller Ice Streams (Ashmore et al., 2020); as well as the age and depth of R4 with the 17.5 + 0.5 ka layer
dated using the Byrd ice-core chronology (Hammer et al., 1997) and traced across the WAIS (Jacobel &
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Welch, 2005). Finally, we also compare the depth and age of our upper three IRHs with sulfate concentra-
tions from the WD2014 ice-core record (Cole-Dai, 2014; McConnell et al., 2017).

2.4.1. Connection to the WAIS Divide Ice-Core Chronology

We used the 2016 OIB-MCoRDS2 data linking central PIG to the WD2014 site to date IRHs across PIG
relative to the ice-core chronology, where annual-layer counting goes back to the last ~31 ka BP (Buizert
et al., 2015; Sigl et al., 2016). We take the recorded depth at the ice core which most-closely matches our
IRH depth at WD2014, and calculate the upper and lower age bounds using the radar depth and ice-core

Figure 3. (a) Intersecting radar profiles from PIG-PASIN and OIB-MCoRDS2 with IRHs R1 (red), R2 (blue), R3
(green), and R4 (pink) traced along radargrams. The age range shown on the PIG-PASIN profile in the top right corner
is from the 1-D model for R1-4 (see Section 3.2). (b) Englacial layering on the OIB-MCoRDS2 radar profile where it
intersects the WD2014 ice core (red line), with ages and total age uncertainties for R2-4 inferred from the ice-core
chronology (see Section 3.2) shown on the right-hand side. (c) Inset showing the PIG-PASIN (orange line) and OIB-
MCoRDS2 (yellow line) profiles in (a) and the full PIG-PASIN radar flight lines shown in gray in the background, as
well as the position of the WD2014 ice core (red triangle).
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uncertainties. Following MacGregor et al. (2015), the age uncertainty (Aa.m») associated with each IRH
is the root-mean-square combination of the age uncertainty associated with the unweighted mean IRH
depth at the ice core (Aaaqepn) and the age uncertainty associated with the ice core at the IRH depth (Aaor),

following
Aacomb = \' AaAdepth2 + Aacore2 ’ (2)

where (Aar) is a function of the age of the individual IRH at the ice core site (Sigl et al., 2016) and
the published uncertainty associated with the ice core age (1% and 3% for ages ranging between 0-15
ka and 15-31 ka BP, respectively; Sigl et al., 2016), while (Aaagepn) is a function of the depth uncer-
tainty of each IRH at the ice-core site. Since the uncertainty in the EM wave through the ice increases
with depth, using the maximum uncertainty calculated on the deepest IRH to calculate Adepth at a
catchment scale (see Section 2.3) would result in less accurate age uncertainties at the ice core. We
have therefore calculated a depth uncertainty for each individual IRH at the ice core, and undertook
the same empirical error analysis to calculate Adepth at WD2014. This resulted in IRH-specific radar
depth uncertainties which we used to calculate the age uncertainty for each IRH at WD2014, as per
Equation 2.

Whilst Aa.,my represents the combined maximum uncertainty from the radar and the ice-core chronology,
we found that our IRHs are systematically lower in the ice column compared with strong peaks in acidity
concentrations at WD2014 matching closely the age and depth of our IRHs and which we can assume to
be the likely cause of our IRHs (see Section 4.2). To account for this offset in ages between the IRHs and
the strong sulfate peaks observed at WD2014, we calculated a total age uncertainty (Aayq;, Table 3) which
represents the maximum age difference between our IRHs and the sulfate peaks at the ice core. This was ob-
tained by adding a systematic factor of 0.22 ka to Aa..mp, Which represents the total age difference between
the maximum IRH age calculated using Aa.,m» and the age of the strong sulfate peaks (see Section 4.2). We
provide the total uncertainty values in Table 3 and Section 3.2.

2.4.2. Age-Depth Modeling

To provide an independent validation of our ice-core derived IRH ages, we also applied the Dansgaard
and Johnsen (1969) 1-D vertical ice-strain rate model to derive approximate dating of the IRHs traced
over the central PIG catchment. This model has been used previously to date IRHs across West Antarctica
(Ashmore et al., 2020; Corr & Vaughan, 2008; Karlsson et al., 2012, 2014), assess divide migration (Wad-
dington et al., 2005), and calculate past accumulation rates at or near ice divides (Jacobel & Welch, 2005;
Siegert & Payne, 2004). We chose the Dansgaard-Johnsen model here for its simplicity and as it allows us
to test the effect of ice deformation on the ages of our IRHs. However, we note that other alternatives exist
such as the Nye (1957) and Lliboutry (1979) models, or the more developed quasi-Nye model (MacGregor
et al., 2015).

Under the assumption that the ice sheet is, and has been, in steady state, close to an ice divide, the Dans-
gaard-Johnsen model gives

2H —h [2H—h
t= In

,h<z<H, 3)
2a 2z—-h
where t (ka; thousand years) is the age of an IRH, H (m) is the ice thickness (assumed constant in time), h
(m) is the thickness of the basal shear layer, a (in m a™' ice-equivalent) is the average accumulation rate since
deposition of the IRH, and z (m) is the elevation of the IRH above the bed (Dansgaard & Johnsen, 1969).

For this model, several assumptions are made: (a) negligible horizontal velocity component; (b) time-av-
eraged accumulation rates and no temporal change in accumulation patterns; and (c) constant ice defor-
mation from the surface to some depth, , below which vertical strain rate is assumed to decrease linearly
toward the bed. Considering the above, we initiated the model on the PIG-PASIN data at two sites (A and
B in Figure 1) located ~50 km from the ice divide where horizontal ice flow is minimal (<3 m a™), the ice
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is thick (>3 km) and the bed relatively flat. Site A (80.15°S, 101.56°W) was selected due to its relative prox-
imity within PIG to WD2014 (~215 km). At this site, R1-3 were traced, as well as R4. This provided us with
initial constraints for age-depth estimates for the upper IRHs (namely R1-3), and allowed us to evaluate the
model results based on the approximate known age of R4. To ensure representativeness, however, we also
selected a second site, Site B (79.87°S, 100.03°W), where R1-3 were traced but not R4.

We based our estimates for a in the equation on advection-corrected accumulation rates from the WD2014
ice core (Fudge et al., 2016) for each IRH R1-4, and with current accumulation estimates to correct for
any elevation-dependent change in accumulation between the WD2014 site and our PIG Sites A and B.
Tentatively treating our R1-3 as broadly equivalent to three of Siegert and Payne's (2004) dated IRHs
based on depth associations at three crossovers (see Text S2, Table S3), we derived mean advection-cor-
rected accumulation rates at WD2014 for each reference age: 0.247 + 0.062 m a™* (3 ka BP, with BP de-
fined as years before 1950 CE), 0.248 + 0.062 m a~* (5 ka BP), and 0.243 + 0.061 m a~" (7 ka BP), as well
as a rate of 0.226 + 0.051 m a~' (17.5 ka BP) based on the intersection with Jacobel and Welch (2005).
The errors correspond to uncertainties in the firn-densification model used by Fudge et al. (2016). These
provide us with estimates of what would be required to reproduce each layer if accumulation had re-
mained constant between the time of the deposition of the layer and the present at WD2014. Under the
assumption that spatial accumulation patterns have not changed during the Holocene over the WAIS
(Koutnik et al., 2016; Neumann et al., 2008; Siegert & Payne, 2004), and considering that accumulation
rates at the Ice Core are generally smaller than at Sites A and B (Table S4), we use modern accumulation
rates from modeled and observational data to calculate the regional difference between accumulation
at WD2014 and our Sites A and B. The four sources of accumulation data used here are: (a) SMB esti-
mates for the period 1979-2015 using the Modeéle Atmosphérique Régional (MAR, Version 3.6.4; Agosta
et al., 2019); (b) SMB estimates for the period 1979-2018 from the Regional Atmospheric Climate Model
2 (RACMO2; van Wessem et al., 2018); (c) accumulation rates interpolated from ground measurements
and AMSR-E polarisation (Arthern et al., 2006; hereafter referred to as ART06); and (d) a combination of
catchment-wide, snow and accumulation radar measurements obtained in 2009-11 from ultra-wideband
airborne platforms and intersecting a series of shallow ice cores (Medley et al., 2014), combined with a
set of GPR tracks acquired in 2002-04 over the Western Divide (Neumann et al., 2008) (hereafter referred
to as MED14) (Text S2). From these data sets, we calculate a percentage of change between WD2014 and
Sites A and B and apply this to the mean advection-corrected rates calculated at WAIS Divide for R1-4
(Table S4). Together, these provided us with a range of realistic values of a for each IRH at Sites A and B
to use as input into the 1-D model.

The thickness of the basal shear layer, h, is largely unknown as it is dependent on accurate knowledge of
the bed topography and temperature of the ice (Neumann et al., 2008). Previous studies have used a value
of j, = 400 m for Greenland and West Antarctica (Fahnestock et al., 2001; Jacobel & Welch, 2005; Karlsson
et al., 2012; Siegert & Payne, 2004), whilst Karlsson et al. (2014) and Ashmore et al. (2020) explored the ef-
fects of fuller ranges of 100 m < 4 >1200 m- We refined this range to 0.2H < h > 0.3H (Neumann et al., 2008),
rounding to the nearest 100, hence investigating the effect of h ranging from 700 to 1,100 m at both sites
(Text S2). We note, however, that large uncertainties in basal deformation at WD2014 (Cuffey et al., 2016;
Fudge et al., 2019) could result in h values being smaller than 20% of the ice thickness and thus lead to an
overestimation of our ages (see Text S2).

3. Results
3.1. Englacial Stratigraphy

We successfully traced four IRHs R1-4 across a large proportion of the PIG catchment, including in areas
where annual velocities reach up to ~350 m a™" (Figure 4). The most extensive IRH traced in our study is R2,
closely followed by R3 (Figure 4), with mean depths across the catchment of 1,175 and 1,463 m, respectively
(Table 2). The shallowest IRH, R1, was located on average at ~30% of the ice depth, whilst the deepest, R4,
was on average found at ~68% depth (Table 2).

The traceability of R1-3 does not vary greatly and is primarily constrained by topography (Figures 4a-4c).
By contrast, R4 was only detected across the upper Thwaites/PIG catchments (Figure 4d), even though
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Table 2
Summary Statistics for Each IRH Traced Throughout the PIG-PASIN and OIB-MCoRDS2 Surveys

IRH depth statistics

Depth below the surface (m)

Depth as fraction of ice thickness

Mean 1o Range IQ range Mean 1o Range IQ range
R1 722 191 204-1,302 623-873 0.30 0.10 0.12-0.63 0.22-0.36
R2 1,175 240 304-2,014 1,069-1,347 0.46 0.09 0.21-0.82 0.40-0.52
R3 1,463 298 650-2,486 1,324-1,650 0.54 0.08 0.29-0.82 0.48-0.60
R4 1,929 257 697-2,640 1,799-2,080 0.68 0.05 0.42-0.92 0.66-0.71

Note. We provide these for both depths below the surface and depth as a fraction of ice thickness. “1c” refers to one standard
deviation, “Range” refers to the minimum and maximum values, and “IQ range” refers to the interquartile range (25th and
75th percentile). A maximum uncertainty of +17 m is assumed here.

it has previously been detected much further north into the PIG basin in the ITASE survey (Jacobel &
Welch, 2005), likely due to the different frequency range used by the two radar systems. We come back
to this point in Section 4.1. We were also able to trace R1-3 in the upper parts of the Institute and Moller
ice-stream catchment, and R2-4 in the upper parts of the Thwaites catchment toward the WD2014 site
(Figure 4). The traced IRHs are generally deeper southward of the onset of PIG tributaries 7 and 9 and
at the center of the PIG catchment, and relatively shallow at its southern margin and at the divides with
Thwaites Glacier and Institute Ice Stream (Figures 4e—4h). We were unable to identify the IRHs in several
locations, mainly north of the main trunk of PIG near the Hudson Mountains range and west of tributary 6
(Figure 4a). We were also unable to detect continuous IRHs in any PIG-PASIN profiles traversing the main
trunk and tributaries of Thwaites Glacier, nor those that cover the main trunk and fast-flowing tributaries

of PIG (Figure 4).

3.2. Age-Depth Estimates

Having clearly identified R2-4 near the WD2014 site, we attempt to date these using the WD2014 chronolo-
gy. The OIB-MCoRDS2 radar profile passes within ~1.2 km of the ice-core site, and the stable ice conditions
in the area mean that flow-induced disturbance on layer geometry is relatively limited (Laird et al., 2010).
Following MacGregor et al. (2015), we calculate the unweighted mean reflection depth within a distance of
+250 m along transect from the trace that is closest to the ice-core site to obtain Aaagepn, resulting in mean
depths at the ice core of 1,060 + 7 (R2), 1,430 + 9 (R3), and 2,371 + 14 m (R4) (Table 3). Considering the
radar-depth and ice-core uncertainties (Equation 2), and to account for the age offset between our IRHs and

Table 3
IRH Mean Depths (m), Ages (ka; in Years Before 2020 AD), and
Uncertainties (4) at the WD2014 Site for R2-4

Depth Adepth AQpdepin Aleore  AQeomp  AQioral

(m) (#xm) a(ka) (xka) (xka) (xka) (+ka)
R2 1,060 7 4.72 0.04 0.05 0.06 0.28
R3 1,430 9 6.94 0.06 0.07 0.09 0.31
R4 2,371 14 16.50 0.28 0.50 0.57 0.79

Note. Column “a (ka)” refers to the IRH age obtained from the radar-
depth and the depth at the WD2014 ice core. Column “Aa.y,” refers to
the combined age uncertainty from the radar and the ice-core chronology,
whilst “Aa,” refers to the maximum age uncertainty of our IRHs
calculated from the age difference between our IRHs and the strong
sulfate peaks at WD2014 (see Sections 2.4.1 and 4.2).

Abbreviation: IRH, internal reflecting horizon.

the strong sulfate peaks at the ice core (see Sections 2.4.1 and 4.2), we de-
termined the age and associated age uncertainty for each IRH at WD2014
as: 4.72 + 0.28 (R2), 6.94 + 0.31 (R3), and 16.50 + 0.79 ka (R4) (Table 3).

To compare the ages independently from the WD2014 chronology and
provide an approximate age-range estimate for our shallowest isochrone
R1, we use the 1-D model at Sites A and B. The age estimates returned
from the 1-D model at both sites are as follows: R1 (2.31-2.92), R2 (4.46-
5.82), R3 (6.75-9.15), and R4 (19.69-26.87 ka) (Table 4).

The ages calculated for R2-3 at WD2014 (Table 3) are within the upper
and lower bounds of the modeled age-range estimates from the 1-D mod-
el (Table 4), with the MED14 and RACMO2 accumulation products best
able to reproduce the ages at WD2014 to within < 10%. However, the re-
turned age estimate for R4 at Site A, 19.69-26.87 ka, is 20%-60% greater
than the age of R4 at WD2014 (16.50 + 0.79 ka) and that of Jacobel and
Welch (2005) (17.5 + 0.5 ka). We come back to these points in Sections 4.1
and 4.3.
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Table 4
Modeled IRH Age-Range Estimates (ka) Returned From the 1-D Steady-State Model for Varying Accumulation Data Sets
(see Section 2.4.2) and Basal Shear Layer Thickness (h, in m) Scenarios at Sites A and B for IRHs R1-4 (see Section 2.4.2)

Site A Site B
h =700 h =900 h =1,100 h =700 h =900 h =1,100
R1 MAR 2.84 2.85 2.86 2.89 2.90 2.92
ARTO06 2.68 2.69 2.70 2.78 2.80 2.81
RACMO2 2.36 2.37 2.38 2.32 2.33 2.34
MED14 2.31 2.32 2.33 2.36 2.37 2.38
R2 MAR 5.72 5.77 5.82 5.55 5.61 5.67
ARTO06 5.40 5.44 5.49 5.35 5.40 5.46
RACMO2 4.75 4.79 4.84 4.46 4.50 4.55
MED14 4.65 4.69 4.73 4.57 4.62 4.67
R3 MAR 8.88 9.01 9.15 8.41 8.54 8.69
ARTO06 8.38 8.50 8.63 8.10 8.23 8.37
RACMO2 7.38 7.48 7.60 6.75 6.86 6.98
MED14 7.22 7.32 7.43 6.92 7.03 7.15
R4 MAR 24.22 25.40 26.87 - - =
ARTO06 22.85 24.00 25.40 - - -
RACMO2 20.13 21.10 22.32 - - -
MED14 19.69 20.64 21.84 - - -

Note: At Site B, R4 was not retrieved. The accumulation rates (m a™) used to obtain each IRH age estimate can be found
in Table S4. We calculate an empirical error estimate of between +2% and 4% for each modeled age estimate based on
the uncertainties in radar depth (+17 m) and ice thickness (+23 m, Vaughan et al., 2006).

Abbreviation: IRH, internal reflecting horizon

4. Discussion
4.1. IRH Comparison Across the WAIS

Karlsson et al. (2014) traced two distinctive IRHs through the middle ice depths across parts of the central
PIG catchment using the same PIG-PASIN data set as that used here, but only focusing on flight lines flown
at constant elevation and only exploiting the data in its chirp mode. This earlier study highlighted the ex-
istence of a distinctive IRH package between an upper bound, “Layer 1”, approximately dated to 5.3-6.2 ka,
and a lower bound “Layer 2”, approximately dated to 8.6-13.4 ka. Here, by additionally exploiting the full
spatial extent of the PIG-PASIN data set, the simultaneously acquired pulse-mode PASIN data, and comple-
menting these with recent OIB-MCoRDS2 data, we have expanded the reach of that earlier radiostratigra-
phy across the fuller PIG catchment, and across the ice divides into neighboring regions, notably Thwaites
Glacier and Institute Ice Stream. Direct comparison between both sets of results suggests that Karlsson
et al’s (2014) Layers 1 and 2 are equivalent to the IRHs traced in this study as R2 and R3, with a median
difference ranging between 6 and 12 m, which is within the depth uncertainty of the IRHs (Figure S3).

Throughout the neighboring Institute and Moller ice-stream catchments, Ashmore et al. (2020) also recent-
ly traced three prominent IRHs (H1-3), broadly dated at 1.9-3.2 (H1), 3.5-6.0 (H2), and 4.6-8.1 ka (H3),
using the same 1-D model described here. They posited that their deeper two IRHs (namely H2-3) were also
similar to Karlsson et al.'s (2014) Layers 1 and 2 (and hence are likely equivalent to our R2 and R3), but the
association was untested with any direct crossovers. Here, we were able to trace our upper three IRHs R1-3
along an OIB-MCoRDS2 profile extending across the upper Institute Ice Stream catchment (Figures 4a-4c),
intersecting eight IMAFI-PASIN profiles in which H1-3 were traced. Across these intersections, the mean
difference between OIB-MCoRDS2 R1-3 and IMAFI-PASIN H1-3 is 15 m, which is within the uncertainty
bounds of the respective radar systems (+14 m for OIB-MCoRDS2; +15 m for IMAFI-PASIN, Ashmore
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Figure 4. Normalized (a-d) and fractional (e-h) depth for the four IRHs traced over the PIG-PASIN and OIB-MCoRDS2 data from shallowest to deepest.
Also shown are the IRH ages (ka) (see Section 3.2) for R1 (age-range estimate from 1-D model) and R2-4 (ages from WD2014 ice-core intersection). For

(a-d), lower (blue) values correspond to relatively deep IRH depths, higher (yellow) values correspond to shallow IRH depths. Background is bed elevation in
meters (referenced to the WGS84 ellipsoid) from BedMachine (Morlighem et al., 2020). For (e-h), lower (yellow) values correspond to the shallowest IRHs,
higher (purple) values correspond to the deepest IRHs. Background is ice thickness in meters from BedMachine (Morlighem et al., 2020). The white line is the
Antarctic coast line. The numbers and annotations in (a) are the eight fast-flowing tributaries (1-7 and 9) of Pine Island Glacier, the location of the Hudson

Mountain Range (HM), and the ICESat IMBIE basins containing Pine Island Glacier (PIG), Thwaites Glacier (TG) and Institute Ice Stream (ISS) (Zwally
et al., 2012).

et al. 2020), and hence provides additional evidence that we observe the same IRHs across both catchments.
Two sets of parallel profiles, laterally offset by ~1.5 km, and acquired across the PIG/Institute Ice Stream
divide in the PIG-PASIN and IMAFI-PASIN data sets (Figure 1), provide a further opportunity to confirm
these equivalences with data from the same radar system. Only in three short sections of these transects
could we compare our IRHs with those from the IMAFI-PASIN study (inset Figure S3a); in these locations,
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we could not identify R1 and R3. Nevertheless, at two intersections (black arrows in inset on Figure S3a),
the respective depths for PIG-PASIN R2 and IMAFI-PASIN H2 were 794 and 797 m at Intersection 1 and 776
and 778 m at Intersection 2, respectively, which is remarkably close considering ice thickness in this area
exceeds 2 km. This, alongside the crossovers on the OIB-MCoRDS2 data, gives us high confidence that our
R2, Ashmore et al.'s (2020) H2, and therefore Karlsson et al.'s (2014) Layer 1, all represent the same inter-
nal marker in the ice. This study, by using additional data that allowed direct dating at the WD2014 site, is
therefore able to ascribe more accurate and precise ages to the IRH package ranging across PIG and Institute
and Moller Ice Streams of 4.72 + 0.28 ka (Layer 1/H2/R2) and 6.94 + 0.31 ka (Layer 2/H3/R3), respectively,
based on the WD2014 ice-core chronology.

We also note that all three studies identify R2 as their most spatially extensive IRH, indicating the presence
of a particularly ubiquitous isochrone, similar in age to a 4.72 + 0.24 ka isochrone detected and also exten-
sively mapped elsewhere across central West Antarctica (Muldoon et al., 2018). Whilst we were not able to
provide a more refined age to our shallowest IRH, R1, from direct intersection of the WD2014 Ice Core, the
1-D model returned an age-range estimate (2.31-2.92 ka) that is in broad agreement with that of Ashmore
et al. (2020) (1.9-3.2 ka; their H1) and Siegert and Payne (2004) (3.10 + 0.16 ka; their L07). Together, these
studies demonstrate considerable promise for unifying an age-depth stratigraphy across the WAIS back to
at least ~7 ka, while tying our IRHs to the WD2014 Ice Core has yielded more accurate, and younger, ages,
for the isochrones detected across PIG and, by extension, Institute and Moller Ice Streams.

The age assigned to R4 at WD2014 (16.50 + 0.79 ka) is slightly younger than the 17.5 + 0.5 ka layer tied by
Jacobel and Welch (2005) to the Byrd Ice Core (Hammer et al., 1997), although there is an overlap of 0.29
ka when fully accounting for the age uncertainties. We offer two potential explanations for this disparity.
First, the low-frequency ground-radar system used as part of the ITASE survey has a much longer wave-
length than the high-frequency airborne systems used here, meaning that the 17.5 + 0.5 ka layer appears
as a single-amplitude peak measuring tens of meters in thickness (cf. Jacobel & Welch, 2005), whereas the
shorter-wavelength on the airborne radars allows for the delineation of individual peaks, thus resolving the
strong singular reflector from Jacobel and Welch (2005) as a series of closely spaced reflectors. As a result,
when attempting to connect the ITASE profile with the airborne radar data, it is likely that the closest bright
reflector identified on the airborne radar forms the upper part of the wider reflector imaged by Jacobel
and Welch (2005), thus leading to younger ages at the intersection with the WD2014 Ice Core. Second,
the uncertainties in the radar data at the intersection between OIB-MCoRDS2 (+14 m) and Jacobel and
Welch's (2005) profile (+10 m) increase the chance to misinterpret the correct position of the 17.5 ka layer
over the airborne data, although we show in Table S2 that the mean depth difference between R4 and Jaco-
bel and Welch's (2005) layer is < 18 m, which is within the uncertainty range of both studies. Whilst these
points are relevant when comparing the ages of R4 at WD2014 with the age of Jacobel and Welch's (2005)
layer, it is worth mentioning that the exact age and depth of the strong reflector at WD2014 are known from
electrical conductivity and chemistry measurements. At the ice core, this layer is characterized by nine
distinctive peaks ranging in depths between 2,420 and 2,427 m and dated at 17.75 + 0.19 ka (McConnell
et al., 2017; Sigl et al., 2016), a full 35 m below the depth of R4 at WD2014. Even taking into account the
maximum depth of our IRH along the +£250 m transect (2,378 + 14 m; see Section 3.1), R4 is still found 28 m
above the depth of the 17.75 + 0.19 ka at WD2014. Considering all the above, it is likely that R4 is not the
same layer as the strong volcanic layer dated at 17.75 + 0.19 ka at WD2014 (McConnell et al., 2017), but rath-
er forms the upper part of the wide reflector imaged by Jacobel and Welch (2005) in the ground-radar data.

4.2. Linkage with the WAIS Divide Ice-Core Record

Whilst determining the cause of R4 remains ambiguous due to the limitations mentioned above, the exist-
ence of R2 and R3 offers an opportunity to link them directly to the ice-core sulfate record at WD2014. High
sulfate content from volcanic sulfuric acid is known to correspond to high acidity levels in englacial layers
in ice cores (Castellano et al., 2005; Gow & Williamson, 1971; Hammer et al., 1997; Millar, 1982) and, be-
cause the radar is sensitive to acidity contrasts (Fujita et al., 1999; Millar, 1981), we can attempt to link the
sulfate record at the ice core with our IRH stratigraphy. Figure S4 shows the presence of three large peaks
in sulfate concentration at the WD2014 ice core, which are particularly close in age and depth to IRHs R2-3
traced on the OIB-MCoRDS?2 profile near WD2014. In particular, a layer dated at 4.94 ka (depth: 1,099 m)
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contains sulfate concentrations that are unmatched (405 pg/kg) for much of the core up until a depth of
~2,400 m (equal to the last ~18,000 years BP) (Figure S4). Even taking into account the entire profile, this
layer contains the fourth largest amount of sulfate concentrations in the last ~68,000 years BP. We also
notice the presence of two closely spaced peaks in the sulfate record which are dated at 7.25 ka (depth:
1,475 m; sulfate concentration: 306 pg/kg) and 7.64 ka (depth: 1,526 m; sulfate concentration: 271 pg/
kg), corresponding to the 9th and 10th highest sulfate concentrations on record (Figure S4b). Not only do
these ages match closely the age of R3 at the ice core, they also match the characteristics of R3, which is
often found as a couplet across most of Pine Island, upper Thwaites, and Institute and Moller ice-stream
catchments on the airborne radar data (Figures 2 and S1). Additionally, the second largest peak on record
before ~18,000 years BP is found at a depth of 584 m and dated at 2.45 ka (sulfate concentration: 309 pg/
kg), which falls within the modeled age-range estimate for R1 (2.31-2.92 ka) at Sites A and B (Table 4,
Figure S4a).

Whilst this offers us the opportunity to directly link our IRHs to the WAIS Divide record, we note that the
depths of R2-3 at WD2014 are slightly shallower (R2: 1,060 + 7 m; R3: 1,430 + 9 m) than the sulfate peaks in
Figure S4, resulting in slightly younger ages at the ice core. We cannot exclude the possibility that we traced
a layer that is slightly above R2 and R3 at the Ice Core, although this is unlikely as we base our tracing on
depth intersections (Figure S2) and IRH characteristics (Figure S1). Even taking into account the maximum
depth of R2-3 along our +250 m transect to account for the fact the OIB-MCoRDS2 line did not fly directly
over the WD2014 site but instead ~1.2 km away (see Section 2.4.1), R2 (1,069 + 7 m) and R3 (1,438 + 9 m)
would still be found 23 and 28 m higher than the sulfate peaks at the ice core, respectively. Whilst this is a
relatively small disparity considering ice thickness in the area exceeds ~3.5 km and that we are effectively
comparing airborne-radar data (meter-scale accuracy) with ice-core data (mm-scale accuracy), the reason
for our IRHs not aligning more closely with the sulfate peaks remains unclear. One potential explanation
could relate to the distance between our transect and the location of the WD2014 ice-core site. Although
Laird et al. (2010) suggested that flow-induced disturbance on layer geometry is limited in the area around
the WD2014 site, changes in bed roughness were found to affect englacial stratigraphy near WD2014. This
could lead to small undulation in IRH elevations between our transect and WD2014 and thus cause in sev-
eral meters of discrepancy. To acknowledge this, and considering that the sulfate peaks are most likely the
cause of our IRHs as we show above, we have increased the age uncertainty of our IRHs to account for the
offset between our IRH ages and the age of the sulfate peaks (see Section 2.4.1, Table 3). This results in more
conservative uncertainties for our deeper three IRHs dated at the ice core: 4.72 + 0.28 (R2), 6.94 + 0.31 (R3),
and 16.50 + 0.79 ka (R4).

By linking three of our four IRHs to the sulfate record at WAIS Divide, we can hypothesize that the origin of
our spatially extensive IRHs is from past explosive volcanic activity during the Holocene. Previous studies in
Antarctica have demonstrated the correspondence between bright reflectors in radar data and past volcanic
activity (e.g., Corr & Vaughan, 2008; Jacobel & Welch, 2005). Karlsson et al. (2014) previously attempted to
link their deeper layer (Layer 2/R3) to acidity peaks at Byrd Ice Core; however, the absence of a direct link
between the PIG catchment and a complete ice-core chronology was lacking at the time. The evidence pre-
sented here suggests that our IRHs may also originate from past explosive volcanism; but, the precise source
of these eruptions, whether regional or global, remains unknown.

4.3. Accumulation Rate and IRH-Age Comparison

The correspondence in isochrone-age estimates for IRHs R2-3 derived from intersecting the WD2014 site
(Table 3) and using the 1-D model (Table 4) at the PIG/Thwaites divide (~250 km away) (our Sites A and
B; Figure 1) suggests that accumulation patterns have remained broadly similar across the Amundsen-Ross
divide for at least the last ~7 ka. Whilst this is based on a relatively limited amount of data points, it com-
plements previous studies (Fudge et al., 2016; Koutnik et al., 2016; Neumann et al., 2008), including Siegert
and Payne (2004) who, using the same SPRI/NSF/TUD radar transect as that in Figure 1, concluded that
accumulation patterns have remained stable over the last 6.4 ka. We suggest future research make use of
the accurately dated IRHs provided here to model Holocene accumulation rates and patterns, as well as
regional ice-sheet balance velocities, as previously conducted over Greenland (e.g., MacGregor et al., 2016)
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and on individual sections of the WAIS (Koutnik et al., 2016; Neuman et al., 2008). This will provide addi-
tional information on the terrestrial ice-sheet history of the ASE during the Holocene, and in turn help us
to constrain better the future of the WAIS.

Previous studies have successfully combined ice-core records with modeled modern-day accumulation rates
to reconstruct Holocene accumulation (Cavitte et al., 2018; Fudge et al., 2016; Nielsen et al., 2018), although
non-climatic noise in the observations and model biases have resulted in small discrepancies between ice-
core and model reconstructions (Cavitte et al., 2020; Dalaiden et al., 2020). When assessing the ability of
the 1-D model to reproduce the ages for R2-3 derived at the WD2014 Ice Core, we find that the best match
(to within < 10%) is achieved using the modern accumulation rates provided by the MED14 and RACMO2
products. This is not surprising as both have higher spatial resolution than MAR and ART06, but it also like-
ly reflects the fact that MED14 is an observational product and that RACMO2 has been shown to agree well
with geophysical estimates of accumulation rates (Lenaerts et al., 2012; Medley et al., 2014; van Wessem
et al., 2018; Wang et al., 2016). In contrast, when using present-day accumulation estimates from ART06
and MAR to calculate past accumulation rates, model-derived ages are up to 1.1 ka (~23%) greater for R2
and 2.2 ka (~32%) greater for R3 compared with ice-core derived ages (Tables 3 and 4). This discrepancy is
primarily dominated by different modern accumulation gradients estimated between WD2014 and the PIG/
Thwaites divide (i.e., Sites A and B), with the MED14 and RACMO?2 products suggesting a slightly more
homogenous gradient than ART06 and MAR (Table S4). Lower in the ice, the poor correspondence between
the age of R4 derived by links to the WD2014 (16.50 + 0.79 ka) relative to the age returned by the 1-D model
(19.69-26.87 ka) is worthy of investigation. Even taking into account the maximum age uncertainty at the
ice core, the minimum and maximum age returned by the 1-D model is 2.6 (15%) and 9.8 ka (57%) greater
than at the ice core (Tables 3 and 4), a difference that cannot solely be attributed to the different modern-day
accumulation gradients mentioned above. The most likely explanation is that the assumptions required for
the 1-D model (see Section 2.4.2) break down for older IRHs, where local accumulation rate is no longer a
primary factor in determining the depth of an IRH. This could be due to complex flow dynamics such as
longitudinal strain or lateral shearing at the boundary between slow and fast-flowing ice, resulting in high
internal stress impacting IRH stratigraphy in the deeper part of the ice column (Waddington et al., 2007).
Moreover, R4 (16.50 + 0.79 ka) was deposited pre-Holocene as the WAIS was transitioning from a glacial
to an interglacial period during which ice thickness has likely not remained constant (Golledge et al., 2014;
Johnson et al., 2017), implying possible changes in ice-flow configurations for which the steady-state model
is not able to account.

4.4. Characteristics of Englacial Stratigraphy

Previous research over East Antarctica has shown that common bright reflectors can be interchangeably
traced over long distances using radar systems operating at different center frequencies (Cavitte et al., 2016;
Winter et al., 2017). Our findings provide further evidence of this over West Antarctica, having successfully
identified common IRHs across different airborne radar systems. However, although IRHs younger than 7
ka can be traced widely across the WAIS using existing data sets, tracing deeper, pre-Holocene IRHs has not
been widely possible across PIG (this study) nor the Weddell Sea Sector (Ashmore et al., 2020). Relative to
the interior of East Antarctica, where much lower snow accumulation and ice-flow velocities have facilitat-
ed the tracing of isochrones pre-dating the LGM (~20 ka BP) and even the past glacial-interglacial periods
(up to ~366 ka BP) (Cavitte et al., 2016; Parrenin et al., 2017; Steinhage et al., 2013; Winter et al., 2019), the
extremely variable deep-ice conditions in the WAIS will challenge the recovery of pre-Holocene radiostra-
tigraphy. Compounding the challenge, Ross et al. (2020) have demonstrated that large packages of ice older
than ~16 ka in the Weddell Sea sector of the WAIS are rheologically different to the ice above, containing
large proportions of deformed and folded ice. These packages typically show poor continuity of englacial
stratigraphy across Institute and Moller Ice Streams (Bingham et al., 2015) and, indeed, where we could see
IRHs deeper than R4 in PASIN and MCoRDS2 for this study, very few were continuous for long distances.
Over other parts of the WAIS, an IRH dating back to 24.9 + 0.3 ka has been traced in limited radar profiles
connecting the Byrd and WAIS divide ice cores, where it was found at 68% and 80% of ice depth at Byrd and
WD2014, respectively (Muldoon et al., 2018); however, they were also unable to recover deeper continuous
IRHs more widely.
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Overall, with the existing data sets available across the WAIS, the prospects for tracing and dating Holocene
radiostratigraphy widely across the ice sheet with existing data are excellent, but diminish rapidly for older
ice, going back to the LGM and beyond. Yet, much deeper, and thus older IRHs, are visible throughout the
ice column with ground-based radars (e.g., Bingham et al., 2017; King, 2011; Laird et al., 2010) and hence
the interrogation of older ice in the WAIS may be best suited to strategic ground campaigns that can be
linked into the airborne-derived radiostratigraphy. In the PIG catchment, older ice is suggested by our re-
sults to lie below the PIG/Thwaites divide, where on average ~900 m of ice (30% of the mean ice thickness)
underlies R4 (~17 ka) (Figure S5).

5. Conclusion

We have identified four spatially extensive IRHs in airborne radar surveys that are present across much of
the Pine Island Glacier catchment in West Antarctica. Extending into neighboring Thwaites Glacier and
Institute Ice Stream, these IRHs can be considered isochrones that span the late Pleistocene and Holocene,
with ages of 2.31-2.92, 4.72 + 0.28, 6.94 + 0.31, and 16.50 + 0.79 ka derived from intersecting the WAIS
Divide Ice Core and the use of a 1-D ice-flow model. Our most spatially extensive IRH, R2, is remarkably
similar in age and depth to another extensive IRH previously identified by other studies over Pine Island
Glacier, Institute and Mdller Ice Streams, and the Marie Byrd Land region. More broadly, we have also
shown that our IRH package is similar to previously traced IRHs over the Weddell Sea sector of the WAIS,
which, together with the Pine Island Glacier catchment represents ~20% of West Antarctica. Finally, we
have shown that our upper three IRHs correspond to large peaks in sulfate concentrations at the WAIS
Divide Ice Core, suggesting that our IRHs are of volcanic origin.

When assessing the presence of older ice across the catchment, we observe that the relative proportion of
ice older than R4 in the ice column is limited and does not contain many continuous reflections. Indeed, we
find that the deepest (and thus oldest) continuous IRH identified in this study, R4, is found at an average
depth of 68% in the ice column despite its age (~17 ka), only representing 25% of the estimated age of the
oldest ice recovered at the WAIS Divide Ice Core (~68 ka). This indicates that the majority of ice older than
the LGM is found within the bottom ~30% of the ice thickness across PIG/Upper Thwaites. Whilst this is
to be expected as the age-depth profile of an ice sheet does not increase linearly, the absence of continuous
reflections dating back to the LGM and older currently limits our ability to reconstruct longer-term changes
using existing airborne data sets.

As isochronous features, the dated IRHs generated here offer a new set of large-scale boundary conditions
that could be a valuable resource, if incorporated into ice-flow models seeking to improve our understand-
ing of past ice-sheet evolution. We anticipate that these well-dated IRHs will provide constraints for models
simulating past accumulation rates and patterns, which in turn will shed more light onto the terrestrial ice
sheet history of this very sensitive catchment of the WAIS.

Data Availability Statement

The RACMO2 and MAR SMB outputs were downloaded from (https://www.projects.science.uu.nl/icecli-
mate/publications/data/2018) and (https://zenodo.org/record/2547638) respectively. Parts of the figures in-
cluded in this study were produced with outputs from the Antarctic Mapping Toolbox in MATLAB' (Greene
et al., 2017). The full picking information for each IRH can be downloaded from the UK Polar Data Center
(https://doi.org/10.5285/f2de31af-9f83-448-9584-f0190a2cc3eb; Bodart et al., 2021).
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Abstract. Understanding the past and future evolution of the
Antarctic Ice Sheet is challenged by the availability and qual-
ity of observed paleo-boundary conditions. Numerical ice-
sheet models often rely on these paleo-boundary conditions
to guide and evaluate their models’ predictions of sea-level
rise, with varying levels of confidence due to the sparsity of
existing data across the ice sheet. A key data source for large-
scale reconstruction of past ice-sheet processes are internal
reflecting horizons (IRHs) detected by radio-echo sounding
(RES). When IRHs are isochronal and dated at ice cores, they
can be used to determine paleo-accumulation rates and pat-
terns on large spatial scales. Using a spatially extensive IRH
over the Pine Island Glacier (PIG), Thwaites Glacier (THW),
and the Institute and Moller ice streams (IMIS, covering a to-
tal of 610000km? or 30 % of the West Antarctic Ice Sheet
(WAIS)), and a local layer approximation model, we in-
fer mid-Holocene accumulation rates over the slow-flowing
parts of these catchments for the past ~ 4700 years. By
comparing our results with modern climate reanalysis mod-
els (1979-2019) and observational syntheses (1651-2010),
we estimate that accumulation rates over the Amundsen—
Weddell-Ross Divide were on average 18 % higher during
the mid-Holocene than modern rates. However, no significant
spatial changes in the accumulation pattern were observed.
The higher mid-Holocene accumulation-rate estimates match

previous paleo-accumulation estimates from ice-core records
and targeted RES surveys over the ice divide, and they also
coincide with periods of grounding-line readvance during the
Holocene over the Weddell and Ross sea sectors. We find that
our spatially extensive, mid-Holocene-to-present accumula-
tion estimates are consistent with a sustained late-Holocene
period of higher accumulation rates occurring over millen-
nia reconstructed from the WAIS Divide ice core (WD14),
thus indicating that this ice core is spatially representative
of the wider West Antarctic region. We conclude that future
regional and continental ice-sheet modelling studies should
base their climatic forcings on time-varying accumulation
rates from the WAIS Divide ice core through the Holocene
to generate more realistic predictions of the West Antarctic
Ice Sheet’s past contribution to sea-level rise.

Highlights.

— We estimate mean accumulation rates for the past ~ 4700 years
across the Pine Island Glacier, Thwaites Glacier, and the Insti-
tute and Moller ice-stream catchments in West Antarctica us-
ing a ubiquitous, ice-core dated internal radar reflection.

— Accumulation rates were 18 % higher during the mid-

Holocene compared to modern rates over the Amundsen—
Weddell-Ross Divide.
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— Spin-up of regional and continental ice-sheet models should
include time-varying changes in Holocene accumulation rates
from the WAIS Divide ice core to generate more realistic
grounding-line evolution and past sea-level rise contribution
across this region.

1 Introduction

Improving our knowledge of past climatic changes over the
Antarctic Ice Sheet is required if we are to understand its
present evolution and model its future under increasingly
rapid climatic changes (IPCC, 2021). Most studies of past
ice-sheet behaviour over Antarctica have focused on mod-
elling changes in ice volume and grounding-line retreat fol-
lowing the Last Glacial Maximum (LGM, ~ 20 ka BP) (Den-
ton and Hughes, 2002; Golledge et al., 2012, 2013; Hillen-
brand et al., 2013, 2014; Le Brocq et al., 2011; Kingslake et
al., 2018); however, less attention has been paid to ice-sheet
evolution during the Holocene (~ 11.7 ka BP to present). Re-
cent evidence suggests that parts of the grounding line of
West Antarctica may have retreated several hundred kilome-
tres inland from its current position at ~ 10ka and subse-
quently readvanced to reach its modern position sometime
during the Holocene, due to isostatic rebound and climate-
induced changes, particularly over the Weddell Sea and
western Ross Sea sectors (Siegert et al., 2013; Bradley et
al., 2015; Kingslake et al., 2018; Wearing and Kingslake,
2019; Venturelli et al., 2020; Neuhaus et al., 2021; Johnson
et al., 2022). However, the atmospheric and ice-dynamical
conditions farther inland, which could also have induced
grounding-line migration, remain poorly constrained. An
early investigation by Whillans (1976) using radar data near
the Byrd ice core indicated stability during the Late Pleis-
tocene and Holocene epochs. Records of temperature and
precipitation from the WAIS Divide ice core (hereafter ab-
breviated as WD14; Fig. 1) in the central West Antarctic Ice
Sheet (WAIS) suggest higher accumulation rates during the
Holocene than at present (Fudge et al., 2016), a trend that is
also observed across small parts of the Amundsen—Weddell—
Ross Divide (Fig. 1) where isolated radio-echo sounding
(RES) surveys have shown 15 %-30 % higher accumulation
rates during the mid-Holocene compared to modern values
(Siegert and Payne, 2004; Neumann et al., 2008; Koutnik et
al., 2016).

Many numerical ice-sheet models that aim to predict
Antarctica’s long-term (past and future) contribution to sea-
level rise use past ice-sheet reconstructions from after the
LGM to guide and evaluate their models (Chavaillaz et
al., 2013; DeConto and Pollard, 2016; Bracegirdle et al.,
2019). However, even well-used ice-sheet reconstructions as-
sume that the ice sheet retreated continuously throughout the
Holocene (e.g. RAISED Consortium, 2014), a finding that
has been challenged recently for the WAIS (e.g. Kingslake et
al., 2018). Further, significant discrepancies between model
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simulations and the paleoproxy record currently impede our
ability to confidently predict how the ice sheet will respond
to future changes in the climate (e.g. Johnson et al., 2021).
While improvements in model parameterizations are needed
to close this gap (Bracegirdle et al., 2019; Sutter et al., 2021),
considerable improvement in the availability and quality of
paleoproxy records, particularly during the Holocene, is also
needed to provide better constraints for ice-sheet models and
ultimately better resolve past ice-sheet changes (Kingslake
et al., 2018; Jones et al., 2022). Paleoproxy data have tradi-
tionally come from point-based measurements, such as ice
cores (e.g. Petit et al., 1999; Parrenin et al., 2007; WAIS Di-
vide Project Members, 2013; Buizert et al., 2021), sediment
cores (e.g. Hillenbrand et al., 2013; Arndt et al., 2017; Hil-
lenbrand et al., 2017; Kingslake et al, 2018; Venturelli et al.,
2020; Neuhaus et al., 2021; Sproson et al., 2022), or surface-
exposure dating (e.g. Stone et al., 2003; Suganuma et al.,
2014; Johnson et al., 2014; Hein et al., 2016; Nichols et al.,
2019; Johnson et al., 2020; Braddock et al., 2022). A com-
plementary and spatially extensive alternative data source for
inferring past climate across an ice sheet is provided by in-
ternal reflecting horizons (IRHs) detected by RES. They pri-
marily result from englacial acidity contrasts and are often
detected for hundreds of kilometres on RES data (Harrison,
1973; Bingham and Siegert, 2007). When employed in com-
bination with ice-core stratigraphies, IRHs can be used to
extend age—depth relationships away from an ice core by fol-
lowing peaks in electromagnetic return power in the radar
data (e.g. Beem et al., 2021; Bodart et al., 2021a; Cavitte et
al., 2016; Jacobel and Welch, 2005; MacGregor et al., 2015;
Whillans, 1976; Winter et al., 2019).

In contrast to East Antarctica and Greenland, the IRH ex-
tension of WALIS ice cores has been challenging so far due
to fewer deep ice cores there and, until recently, the lack of
well-dated IRH datasets. However, efforts have intensified in
recent years to improve our understanding of ice stratigraphy
over this sector. In particular, four recent studies using air-
borne RES data (Karlsson et al., 2014; Muldoon et al., 2018;
Ashmore et al., 2020a; Bodart et al., 2021a) all identified a
distinct and bright IRH dated using the Byrd and WD14 ice-
core chronologies to 4.72+0.28 ka BP (Muldoon et al., 2018;
Bodart et al., 2021a). A comparison of volcanic sulfate depo-
sition within the WD14 and Siple Dome ice cores revealed a
large peak in sulfate concentration that matches the age and
depth of this ubiquitous IRH (Kurbatov et al., 2006; Bodart
et al., 2021a; Cole-Dai et al., 2021; Sigl et al., 2022), which
we hereafter term the “4.72 ka IRH”. This IRH has now been
observed by multiple RES systems and extends throughout
much of the slower-flowing ice of the Amundsen and Wed-
dell sea embayments (< 400 ma~"), including across the di-
vides demarcating regions draining into the Amundsen, Wed-
dell, and Ross seas.

Despite their potential wide-ranging applications, the in-
corporation of IRHs into ice-sheet models has been limited
so far compared to other types of paleoproxy data, primarily
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because the inference of accumulation-rate or ice-flow his-
tory from IRHs is an ill-posed inverse problem (Wadding-
ton et al., 2007). Previous applications using IRHs to in-
form regional and continental models include the following:
(a) constraining decadal-scale surface mass balance (SMB)
estimates from atmospheric models using annually resolved
IRHs found in the shallow firn (Medley et al., 2013, 2014;
Van Wessem et al., 2018; Dattler et al., 2019; Kausch et al.,
2020; Cavitte et al., 2022); (b) inferring past accumulation
rates going back further in time (i.e. hundreds to thousands
of years) with the aim of comparing past accumulation esti-
mates with modern times (e.g. Leysinger Vieli et al., 2004;
Siegert and Payne, 2004; Neumann et al., 2008; MacGregor
et al., 2009, 2016; Leysinger Vieli et al., 2011; Cavitte et al.,
2018); or (c) integrating both their characteristics (e.g. el-
evation in the ice) and the information inferred from them
(e.g. accumulation or basal-melt rates) to evaluate the output
from regional and continental ice-sheet models (Leysinger
Vieli et al., 2011, 2018; Holschuh et al., 2017; Sutter et
al., 2021). Promisingly, Sutter et al. (2021) recently showed
that spatially extensive Antarctic IRHs can provide unique
benchmarks for constraining ice-sheet model parameteriza-
tions (i.e. climate forcing and simulated ice flow), which
are then used to simulate paleo-ice-sheet evolution. Together,
these studies indicate multiple avenues for ice-sheet models
to assimilate IRHs to further improve estimates of past, cur-
rent, and future ice-sheet changes.

Here, we estimate mid-Holocene accumulation rates
across the WAIS from first-order calculations using a one-
dimensional (1-D) model, constrained by the spatially ex-
tensive 4.72ka IRH. We first describe the data, the model
used and their limitations and uncertainties (Sect. 2). We then
present our accumulation-rate estimates and compare them
to observed and modelled modern accumulation rates to re-
veal a longer-term perspective on changes between the mid-
Holocene and the present (Sect. 3). Finally, we place our re-
sults in the context of previous studies that consider WAIS
evolution during the Holocene (Sect. 4).

2 Data and methods
2.1 Along-track IRH data

We used data from extensive (~ 91000 km) RES surveys ac-
quired across West Antarctica between 2004 and 2018. The
main contributing surveys are the University of Texas Insti-
tute for Geophysics (UTIG) 2004-2005 AGASEA (Airborne
Geophysical Survey of the Amundsen Embayment), flown
over the Thwaites Glacier (THW) and Marie Byrd Land
which deployed the 60 MHz High Capability Airborne Radar
Sounder (HiCARS) radar system (Holt et al., 2006; Pe-
ters et al., 2007); the British Antarctic Survey (BAS) 2004—
2005 BBAS survey over the Pine Island Glacier (PIG); and
the 2010-2011 Institute-Moller Antarctic Funding Initiative
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(IMAFI) survey over the Institute and Moller ice streams
(IMIS) which deployed the 150 MHz Polarimetric Airborne
Survey INstrument (PASIN) radar system (Vaughan et al.,
2006; Corr et al., 2007; Ross et al., 2012; Frémand et al.,
2022) (Fig. 1; Table 1). Additional profiles from NASA’s Op-
eration Ice Bridge (OIB; MacGregor et al., 2021) 2016 and
2018 surveys, flown with the 195 MHz Multichannel Coher-
ent Radar Depth Sounder 2 (MCoRDS-2) radar system (CRe-
SIS, 2018), were also used to extract IRH information near
the WD14 and upper IMIS catchments (Bodart et al., 2021a;
Fig. 1 and Table 1). We refer the reader to the above refer-
ences for comprehensive details on each system’s capabili-
ties.

These RES surveys were used to track and date six
IRHs spanning the Late Pleistocene and Holocene (25.7—
2.3 ka BP) that collectively cover much of the WAIS, includ-
ing IMIS (Ashmore et al., 2020a), PIG (Karlsson et al., 2014;
Bodart et al., 2021a), and THW (Muldoon et al., 2018). Here,
we only consider the 4.72 ka IRH mapped in all four studies
and shown in Fig. 1, as it is by far both the most spatially ex-
tensive and the only commonly traced IRH across all studies.
We first merged all data points from the 4.72 ka IRH across
the three catchments, resulting in a cumulative distance of
~ 40000 line-km of IRH profiles (44 % of the RES surveys’
total coverage; Table 1). Although the along-track RES data
were acquired with a trace spacing of between 10 and 35 m,
depending on the dataset used, we resampled these points
to 500 m in the along-track direction. We then added a spa-
tially invariant firn correction of 10 m onto the Muldoon et
al. (2018) dataset to match the same firn correction applied
by the other studies to correct the IRH depth. Finally, we
calculated the median value of all ice thicknesses and IRH
depths falling within each 500 m interval.

2.2 Inferring accumulation rates

To infer accumulation rates from the 4.72 ka IRH, we used
the Nye model, a 1-D ice-flow model widely used for esti-
mating accumulation rates and age—depth relationships over
relatively slow-flowing parts of an ice sheet (Nye, 1957;
Fahnestock et al., 2001a). This model invokes the local-layer
approximation (LLA), i.e. it assumes that the time-averaged
accumulation rate that the IRH has experienced since its up-
stream inception at the surface can be adequately represented
by its depth where it is observed presently. Other 1-D mod-
els exist, including the Dansgaard—Johnsen (Dansgaard and
Johnsen, 1969) and the shallow-strain rate model (MacGre-
gor et al., 2016), but were less suitable for estimating accu-
mulation rates here due to uncertainty in the basal shear layer
thickness across our survey area and because we are limited
to only one IRH to constrain the ice-flow model, respectively.
The Nye model assumes that ice thickness is constant and
therefore that the ice sheet has been in a steady state since
the deposition of the IRH, an acceptable assumption for the
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Figure 1. Map of the datasets and key locations in this study. The three datasets that contain the 4.72ka IRH are colour-coded as IMIS
(green), PIG (blue), and THW (pink). IRH data where D > 1 are excluded (see Sect. 2.2.1; Fig. S1). Points represent the snow, firn, and ice
cores used in this study to compare modern accumulation rates with those inferred from the 4.72 ka IRH (Sect. 2.4). The background colour
map shows modern surface speeds from Rignot et al. (2017). Locations mentioned in this paper are abbreviated on the map as follows: BYRD
(Byrd Ice Core), IMIS (Institute and Moller ice streams), PIG (Pine Island Glacier), THW (Thwaites Glacier), WAIS (West Antarctic Ice
Sheet), CD (Central Amundsen—Weddell-Ross Divide), WD14 (WAIS Divide ice core). Major ice divides are from Mouginot et al. (2017).
The background image is the 2014 MODIS mosaic of Antarctica (Haran et al., 2018). For all analyses and figures in this study, the SCAR
Antarctic Polar Stereographic projection is used (PSX/PSY; EPSG: 3031).

Table 1. Characteristics of each IRH dataset used in this study that contain the 4.72ka IRH. “Reflector 1” in Muldoon et al. (2018) is
abbreviated here as “R1”.

Survey Survey RES system Dataset reference Cumulative IRH
name provider distance (103 km)
IMAFI BAS PASIN 150 MHz H2 in Ashmore et al. (2020a) 6
BBAS/OIB BAS/NASA  PASIN 150 MHz/MCoRDS-2 195-MHz  R2 in Bodart et al. (2021a) 15
AGASEA UTIG HiCARS 60 MHz R1 in Muldoon et al. (2018) 19

thickness. The model assumes that the vertical strain rate,
oa

period under investigation here. The Nye model states:

&¢,, is also constant and vertically uniform, so that it exactly
Ba —In < Za E ) ’ (1 balances the overburden of local ice accumulation:
H a .
& = ba . )
2z H

where b, is the mean accumulation rate during the Holocene

epoch between an IRH of age a and the present, z, represents
the depth of the IRH dated at the ice core, and H is the ice
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We iterated Eq. (1) over the resampled 500 m spaced dataset
using the depth of the 4.72 ka IRH for z, and used the median
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radar-derived ice-thickness measurement, resampled over the
500 m grid to obtain H, when this information was available.
In areas where the radar did not sound the bed, we used the
BedMachine Antarctica v2 gridded product to obtain a value
for H (Morlighem, 2020; Morlighem et al., 2020). Note that
accumulation-rate values presented in this study are all re-
ported in metres per annum (ma~ ) of ice equivalent using a
density value in ice of 917 kgm™3.

2.2.1 Assessing the suitability of the 1-D model

To quantify the suitability of the LLA which is used here to
estimate accumulation rates, we calculated the effects of hor-
izontal gradients in modern ice thickness and accumulation
rates along particle paths in their ability to affect IRH depths
across our grid, as per Waddington et al. (2007). Where these
gradients are large, estimates of accumulation rates from
IRHs likely require a more complete treatment of ice flow
and its effect upon IRH depths, which multi-dimensional
models and more physically complete models can better re-
solve (e.g. Waddington et al., 2007; Leysinger Vieli et al.,
2011; Karlsson et al., 2014; Nielsen et al., 2015; Koutnik et
al., 2016). However, such models are significantly more com-
putationally expensive over such a larger area and depend on
well-constrained boundary conditions from along-flow radar
profiles which are not often available at an ice-sheet level
(MacGregor et al., 2009).

We quantified the effect of horizontal gradients on an IRH
of age a by first estimating the total horizontal particle path
length Ly, that each “particle” of the 4.72 ka IRH has trav-
elled since a, and then the characteristic lengths of variabil-
ity in ice thickness (Ly) and apparent accumulation rate
(L) (Supplement). These three components were then com-
bined to generate a non-dimensional parameter D (Fig. S1d),
which we used as a confidence metric for our inferred accu-
mulation rates. Both Waddington et al. (2007) and MacGre-
gor et al. (2009) suggested a value of D < 1 over Antarctica,
whereas MacGregor et al. (2016) used a maximum value of
D =1 to estimate where the LLA is acceptable over Green-
land. Since D cannot be translated simply into an uncertainty
in an LLA-inferred accumulation rate, it is not yet clear what
exact value is appropriate. Smaller values of D indicate that
local horizontal gradients in ice thickness and accumulation
rates have a smaller effect on IRH depth of age a, and thus
that the LLA may be valid (Waddington et al., 2007; Mac-
Gregor et al., 2009, 2016). Where D > 1, the depth of an IRH
is less likely to be the result of accumulation rates at the sur-
face or vertical strain rates further down, and thus a more so-
phisticated model is likely required (Sect. 2.2.2) (Wadding-
ton et al., 2007). However, MacGregor et al. (2009) found
that even along a flow band across Lake Vostok where the
mean value of D is 0.50 for a 41 ka IRH, the difference in
accumulation rate inferred from the LLA and from a more so-
phisticated flow-band model could be relatively small (4 %—

https://doi.org/10.5194/tc-17-1497-2023

16 %). This similarly suggests that accumulation rate can be
inferred acceptably using the LLA where D is higher.

For our study area, D values are mostly well below unity
(median: 0.19; 25th quartile: 0.09; 75th quartile: 0.34), which
suggests relatively little effect from ice-dynamical processes
upon IRH depths across most of our grid. We used the up-
per quartile of the D distribution across our model domain
(i.e. D <0.34) to show areas where we can have confidence
that accumulation rate remains the dominant factor influenc-
ing the vertical position of our IRHs in the ice column (i.e.
where the D « 1 criterion is likely met; Fig. S1d). While
accumulation rates inferred from IRHs situated in the upper
quartile (Fig. S1d) may still be valid, we suggest additional
caution in interpreting our results there due to the potential
impact of larger flow gradients on IRH depths.

2.2.2 Model limitations and uncertainty

One of the main limitations of the Nye model is that it as-
sumes that gradients in sliding velocity are mostly concen-
trated in a thin layer at the ice—bed interface and that the ice
column deforms by pure shear only (Nye, 1957; Fahnestock
et al., 2001a). For this reason, the Nye model is generally
only appropriate for IRHs found in the upper part of the ice
column, as is the case here. Additionally, the use of the model
is restricted to areas where ice flow is relatively slow and hor-
izontal strain rates are also relatively low.

Here, we focus on a shallower IRH situated in the upper
part of the ice column (median: 40 %; 25th quartile: 30 %;
75th quartile: 50 %; Fig. 2b and c), for which we can rea-
sonably assume that the ice sheet has remained close to a
steady state and where IRHs are likely shallow enough not to
have experienced appreciable flow disturbances that would
affect the Nye model assumptions. Additionally, due to the
inherent nature of tracking IRHs through RES data, our cov-
erage is limited to areas where ice-flow speeds are relatively
low and IRHs are undisturbed. In some portions of our study
area, the IRH is found deeper in the ice column or in faster-
flowing sections of the ice sheet (e.g. in the downstream sec-
tors of our grid, Figs. 1 and 2b, c), both of which challenge
the assumptions that the 1-D model is based upon and thus
where uncertainties in accumulation estimates are likely to
be higher.

Estimating uncertainty in accumulation rates from the Nye
model is non-trivial. Previous studies have used the misfit be-
tween the accumulation rate calculated using multiple proxi-
mal IRHs in the ice column (e.g. Fahnestock et al., 2001a, b;
Leysinger Vieli et al., 2004; MacGregor et al., 2016). Unfor-
tunately, this method is not suitable here due to the dearth of
spatially extensive IRHs younger than 4.72 ka over our model
domain.

Instead, uncertainty in the Nye-inferred accumulation
rates were calculated using (a) the lowest and highest possi-
ble accumulation rates from Eq. (1) using the age uncertainty
(£0.28 ka) of the 4.72 ka IRH and (b) the lowest and highest

The Cryosphere, 17, 1497-1512, 2023



1502 J. A. Bodart et al.: High mid-Holocene accumulation rates over West Antarctica

possible accumulation rates inferred from an additional 1-D
model (Eq. S5) which accounts for the effect of strain rates
on accumulation rates (i.e. the shallow-strain rate model from
MacGregor et al., 2016; Supplement, Figs. S2—-S4).

This calculation provides lower and upper bounds for
the IRH-inferred accumulation rates (Fig. S4a and b),
which were then averaged to generate a relative uncertainty
(Fig. S4c). From this assessment, we estimate a median rel-
ative uncertainty in the Nye-inferred accumulation rates for
the 4.72ka IRH of 14 % across our grid. This uncertainty
is higher in the downstream edges of our grids, particularly
over the PIG, THW, and IMIS catchments, and generally low
over the Amundsen—Weddell-Ross Divide (Fig. S4), reflect-
ing the effect of spatially variable strain rates on the inferred
accumulation rates. When combined with the assessment of
the suitability of the LLA and exclusion of IRHs where the
D > 1 (Sect. 2.2.1-2.2.2), we conclude that it supports our
application of a 1-D modelling approach here.

2.3 Gridding and filtering

Once IRH depths and accumulation rates for the 4.72 ka IRH
were obtained at regular 500 m points along RES flight paths,
we filtered the results using a moving-average Gaussian fil-
ter of length 30 samples (equivalent to ~ 15km) to reduce
along-track noise in the IRH depth. We then gridded the
filtered result using a Delaunay-triangulation-based natural
neighbour interpolation method onto a 1km polar stereo-
graphic grid. We further smoothed the gridded data using
an 18 km square cell mean filter to limit the localized in-
terpolation artefacts in areas of poor survey coverage. Fig-
ure S5 shows the maximum distance away from the near-
est 500 m along-track point used to produce Figs. 2 and 3,
and thus where errors in the interpolated grids are expected
to be larger. The median value of this maximum distance
is Skm and its maximum value is 75 km, which is compa-
rable to previous studies that infer SMB from IRHs in the
shallow firn (e.g. Medley et al., 2014). We evaluated other
possible interpolation methods (e.g. kriging and using differ-
ent semi-variogram models), but they resulted in similar or
poorer quality and were thus discounted.

2.4 Comparison with modern observations

To compare our inferred accumulation estimates for the past
4.72 ka with modern values (defined here as 1651-2019), we
derived information on modern accumulation rates from two
sources, one modelled (gridded) and one from a series of ob-
servational (point-based) datasets.

We used modelled gridded accumulation rates from
the Regional Atmospheric Climate Model 2.3p2 (hereafter
RACMO?2) 1979-2019 SMB product forced at its margin
with the ERA-Interim product (native resolution: 27 km) as
an estimate for modern accumulation rates (Van Wessem et
al., 2018). Although SMB is not technically equivalent to
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the accumulation rate, runoff and sublimation are negligi-
ble in our survey area (Medley et al., 2013), so we assume
that SMB is equal to accumulation rate in this region. We
converted modelled values from kilograms per square metre
per annum (kg m~2a~!) to metres per annum (m a—1) of ice
equivalent using an ice density value of 917 kgm™3, calcu-
lated the 40-year mean, and then bi-linearly interpolated the
gridded RACMO?2 product to the same 1 km grid resolution
as our 4.72 ka-to-present accumulation grid (Sect. 2.3) to en-
sure consistency when comparing both datasets.

Observational point-based measurements were obtained
from a series of snow, firn and ice cores from the ITASE
(Mayewski and Dixon, 2013), MED14 (Medley et al., 2014),
SAMBA (Favier et al., 2013), and SEAT-10 (Burgener et al.,
2013) datasets, as well as from a network of centennially-
averaged modern accumulation rates derived from shallow
IRHs traced on ground-based RES data over the central di-
vide and dated using a shallow ITASE Ice Core (Neumann et
al., 2008) (Fig. 1). This resulted in 79 point-based accumu-
lation measurements from cores covering the period 1651—
2010 CE (Common Era) and spread across our model domain
(see Fig. 1). Further detail on these datasets can be found in
the above references.

To compare the Holocene gridded product with the point-
based measurements, we first calculated the average value
of the accumulation rate at the point measurement for the en-
tire period. We converted these values to ice-equivalent accu-
mulation rates and then extracted two paired values, i.e. the
value for the point measurement for modern accumulation
rates and the value for the nearest grid cell in the gridded
4.72 ka-to-present accumulation estimates to this measure-
ment.

3 Results

The final grids for depth and accumulation rates for the
4.72ka IRH are shown in Figs. 2 and 3. In total, these grids
are made of ~ 89000, 500 m spaced points, which cover an
area of ~ 610000km?2, or ~ 30 % of the total surface area
of the WAIS. The grids span most of the PIG and THW
catchments, as well as the Ronne (upper Rutford, Institute,
and Moller) and upper western Ross (Bindschadler, Kamb,
MacAyeal, and Whillans) catchments (IPY Antarctic bound-
aries G-H, J-Jpp, and Ep-F; Mouginot et al. (2017); Figs. 1
and 2). Overall, the 4.72 ka IRH is shallower within the IMIS
and upper PIG and THW catchments, as well as on the Ross
side of the central divide where ice thickness is particularly
deep (Fig. 2b). Conversely, the 4.72ka IRH is deeper in the
ice near a 400 m high bedrock plateau that separates the
northern and southern basins of PIG (Vaughan et al., 2006)
and at two locations in the upstream parts of the main trunk
of THW where ice flows over highs in subglacial topography
(Fig. 2b).
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Figure 2. Gridded depths for the 4.72 ka IRH across the model domain covering the PIG, THW, and Institute and Moller ice-stream catch-
ments. (a) Gridded depth of the 4.72 ka IRH. (b) Normalized depth of the 4.72 ka IRH relative to ice thickness. (¢) Histogram showing the
distribution of values in (b) with the median (1) and interquartile range (i.e. 25th (Q1) and 75th (Q3) quartiles) shown as solid and dashed
blue lines, respectively. The background image is the 2014 MODIS mosaic of Antarctica (Haran et al., 2018).

3.1 Catchment-scale accumulation estimates

Figure 3 shows a comparison of the ice-equivalent accumula-
tion rates we inferred for the 4.72 ka IRH (Fig. 3a) and mod-
ern SMB estimates from RACMO2 (Fig. 3b). We observe
that the IRH accumulation rate pattern for the last 4.72ka
is similar to the modern pattern of accumulation rates for
the Amundsen Sea sector of the WAIS, which is dominated
by higher coastal accumulation rates that progressively de-
crease inland to reach their lowest rates over the Ross side of
the divide (Fig. 3a and b). Differences in accumulation rates
between the 4.72 ka-to-present estimates and modern values
are mainly observed directly upstream of the main trunks of
PIG and THW, where modern rates are much higher (up to
0.2ma~! ice equivalent) than for the 4.72 ka-to-present es-
timates (Fig. 3c). In comparison, higher accumulation rates
for the last 4.72 ka relative to modern rates are observed for
the entire stretch of the Amundsen—Weddell-Ross Divide
(Fig. 3c; Table 2). Over the IMIS catchment, little change
is observed between the two periods. Over the entire model
domain, we observe a median percentage change value of
6 % higher accumulation since 4.72 ka compared with mod-
ern rates (Fig. 4); however, when considering only the val-
ues that fall within 100 km of either side of the Amundsen—
Weddell-Ross Divide (i.e. in the accumulation zone of the
Amundsen, Weddell, and Ross sea sectors and where mean
surface speeds average ~ 7ma~!), we obtain a median per-
centage change value of 18 % higher accumulation compared
with modern accumulation rates (Fig. 4).

Comparison between our 4.72 ka-to-present
accumulation-rate estimates and 79 core-derived point-
based accumulation measurements for modern times
(1651-2010 CE) are shown in Figs. 3, 4, and S6. This eval-
uation shows that the 4.72 ka-to-present accumulation-rate
estimates for the nearest grid cell to each point measurement
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Table 2. Summary statistics for the modern (modelled and obser-
vational) and 4.72 ka-to-present ice-equivalent accumulation rates
at the catchment-scale and over the Amundsen—Weddell-Ross Di-
vide (abbreviated CD for Central Divide here). Values for the
Amundsen—Weddell-Ross Divide are for all points that fall within
100km of either side of the divide (see dashed line in Fig. 4). [t
refers to the median and IQR represents the interquartile range cal-
culated by computing the difference between the 75th and 25th per-
centiles. Note that the values provided in the text represent the me-
dian relative change from the cell-by-cell change between each grid
(Fig. 4), rather than the relative change of the median values pro-
vided here.

Catchment-wide ‘ CD only
Accumulation rate (m a_l) m IQR ‘ n IQR
Modern (model) 0.23 0.23 | 0.22 0.10
Modern (cores) 0.24 0.12 | 0.24 0.09
4.72 ka-to-present 0.27 0.18 | 0.27 0.11

are, on average, 22 % higher for cores situated across
the entire grid (p < 0.0015, n =79) and 23 % higher for
cores found within 100km of the divide compared with
modern accumulation rates (p < 0.0001, n = 59; Figs. 4 and
S6). In comparison, a similar analysis between grid cells
from the 4.72ka-to-present accumulation-rate estimates
and RACMO?2 at these 79 core locations shows mid-
Holocene accumulation rate estimates are, on average, 32 %
(p < 0.00002, n =79) higher for cores situated across the
entire grid and 36 % higher for cores found within 100 km
of the divide (p < 0.00001, n =59; Fig. S6). This result
confirms that the relative change for gridded accumulation
rates between the 4.72 ka-to-present and modern modelled
accumulation rates is consistent with modern rates from
point-based measurements.
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Figure 3. Gridded estimates of ice-equivalent accumulation rates for the last 4.72ka and modern times. (a) Gridded accumulation rates
inferred from the 4.72 ka IRH. (b) Modern (1979-2019) modelled SMB rates from RACMO2. (c) Difference between 4.72 ka-to-present and
modern accumulation rates (red = 4.72 ka-to-present accumulation higher than modern times, blue = 4.72 ka-to-present accumulation lower
than modern times). The dots represent the difference between the value for the nearest grid cell in (a) and time-averaged accumulation rates
at each of the 79 core locations (see Sect. 2.4; Fig. S6). The background image is the 2014 MODIS mosaic of Antarctica (Haran et al., 2018).

3.2 Elevation-dependent accumulation estimates

While Figs. 3 and 4 help to assess potential differences
in patterns and rates across spatial scales, considering
accumulation-rate differences in terms of elevation can in-
form how topography influences accumulation and whether
this has changed over time. We binned the ice-equivalent ac-
cumulation values by 50 m elevation bands across the three
main catchments covering our grid (Amundsen, Weddell, and
Ross) for both the 4.72 ka-to-present estimates and modern
model rates and calculated the mean accumulation rate and
the total accumulation rate for each bin over the entire eleva-
tion gradient (Fig. 5). We again find that the accumulation-
rate estimates for the period since 4.72 ka are lower at low
elevations (~ 700-1400 m) over the Amundsen sector com-
pared with RACMO?2, but they begin to exceed RACMO?2
near the 1400 m elevation band where the 4.72 ka-to-present
accumulation rate is higher than modern times across the di-
vide (Fig. 5a and b). We also note that whilst an elevation-
dependent gradient in accumulation rates, dominated by high
accumulation at the coast and decreasing inland, exists over
this sector for the mid-Holocene, it is much less marked than
for present rates. This is not surprising, as this sector is where
we observe the largest relative uncertainties in inferred accu-
mulation rates across our grid (Fig. S4), indicating that the
1-D model is less able to produce realistic accumulation rates
in the downstream end of our grid where ice flow is faster and
strain rates are likely higher. In comparison to the Amundsen
sector, accumulation rates since 4.72 ka are generally higher
at all elevations for the Weddell and Ross sectors compared
with the present, although this difference is less than over the
Amundsen sector (Fig. Sc—f).
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4 Discussion

4.1 Comparison with other Holocene accumulation
estimates

Previous studies of past accumulation rates over the WAIS
have shown that accumulation varied temporally during the
Holocene. Using a single airborne RES profile over the
Amundsen Sea sector, Siegert and Payne (2004) showed
that accumulation rates were approximately the same at
3.1ka compared with modern rates, but ~ 0.3ma~! greater
(~ 15 %) than current rates between 3.1-6.4 ka, before which
accumulation was ~ 50 % of modern rates between 6.4 and
16.0ka. Similarly, Neumann et al. (2008) found that accu-
mulation rates at the Amundsen—Weddell-Ross Divide were
~ 30 % higher between 3-5 ka than modern values based on
a dense network of IRHs traced on ground-based RES data,
while Karlsson et al. (2014) found that accumulation patterns
had likely changed twice during the early to mid-Holocene
over PIG from the lack of a model fit between the depths
and ages of two prominent IRHs. Using the updated WD14
record, Fudge et al. (2016) showed that accumulation rates
were higher there in the mid to late-Holocene (19 % between
4.72ka BP and the present), a trend that was also observed
by Koutnik et al. (2016), who found a 20 % increase in accu-
mulation rates between 2—4 ka compared with modern rates
from a ground-based RES profile across the ice divide.
These studies together point to a period of increasing accu-
mulation observed at the WD 14 from ~ 7 ka onwards (Fudge
et al., 2016; their Fig. 2), with its peak matching the age of
the 4.72 ka IRH used here. Thus, our accumulation-rate es-
timates likely form part of a wider pattern of a sustained in-
crease in accumulation across the Amundsen—Weddell-Ross
Divide over several millennia. In showing that mean accumu-
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Figure 4. Relative change in accumulation rates between the
4.72 ka-to-present estimates and modern rates. The points on the
map represent the relative change in ice-equivalent accumulation
rate between the nearest grid cell in the 4.72 ka-to-present grid and
the 79 modern observations from cores (Figs. 1 and S6; Sect. 2.4).
The dashed black outline line represents the 100 km boundary on
either side of the Amundsen—Weddell-Ross Divide used to provide
the summary statistics in Sect. 3.1 and Table 2. The dashed blue
line shows the contours of the upper limit of the interquartile range
for the D parameter (D < 0.34), whereby all values situated inside
of this boundary may satisfy the D <1 criteria and those outside
may require re-evaluating with the use of multi-dimensional mod-
els (Sect. 2.2.1-2.2.2). The background image is the 2014 MODIS
mosaic of Antarctica (Haran et al., 2018).

lation rates since 4.72 ka were 18 % greater than modern rates
modelled from RACMO?2 across the Amundsen—Weddell—
Ross Divide, our results provide much wider regional sup-
port for the hypothesis that accumulation rates during the
mid-Holocene exceeded modern rates across central West
Antarctica. A possible explanation for the higher accumu-
lation rates during the mid-Holocene compared with modern
values is that they represent a continued climatic transition
from the LGM (Steig et al., 2001). Alternatively, it has been
suggested that seasonal or interannual variability, such as a
weaker circumpolar vortex (van Den Broeke and van Lipzig,
2004; Neumann et al., 2008), or teleconnections to tropical
Pacific Ocean warming (Sproson et al., 2022), may also lead
to such difference. We did not find evidence for significant
changes in accumulation patterns between the mid-Holocene
and modern times, suggesting that the current spatial pattern
of high accumulation on the Amundsen side of the divide
transitioning to low accumulation on the Ross side of the di-
vide was stable throughout the mid-Holocene, as previously

https://doi.org/10.5194/tc-17-1497-2023

suggested by others (Siegert and Payne, 2004; Neumann et
al., 2008; Koutnik et al., 2016).

We also find that accumulation estimates for the 4.72 ka-
to-present are smaller than modern rates in the lowest eleva-
tion bands (< 1400 m), particularly over the Amundsen sec-
tor (Fig. 5a—d). This pattern was also found by Medley et
al. (2014), who compared modern observational and mod-
elled data over this sector and hypothesized that this discrep-
ancy at low elevations resulted primarily from a lack of suf-
ficient accumulation measurements in the lower sections of
their survey area. In our case, these low-elevation values are
close to the boundary where we consider the LLA accept-
able for the 4.72ka IRH, albeit where D values are higher
than for the rest of the catchment (Fig. S1d), so it is more
likely that accumulation rates calculated there are affected by
ice-flow gradients and their influence upon IRH depths lead-
ing to lower accumulation rates there. Despite this caveat,
Fig. 5b and d show that values at low elevations contribute
relatively little to the total accumulation (by mass) over our
survey area.

We suggest that future ice-sheet modelling studies inves-
tigate the difference in accumulation rates inferred from our
1-D model using multi-dimensional flow-band models to as-
sess effects of divergent and convergent flow on IRH depth
and ultimately accumulation rates, as previously consid-
ered elsewhere in Antarctica (MacGregor et al., 2009). This
could be conducted along a flowline transitioning from the
slow-flowing regions directly downstream of the Amundsen—
Weddell-Ross Divide to the coastal margins of our grid, par-
ticularly over THW where we observe the largest uncertain-
ties in accumulation rates. In addition, we suggest that fu-
ture modelling studies use the accumulation-rate variabil-
ity from the WDI14 as a climate forcing in their ice-sheet
models. Koutnik et al. (2016) previously showed that the
WD14 record is unique in that it provides a reliable record
of accumulation-rate variability during the Holocene, which
other East Antarctic ice-core records, often used to recon-
struct the evolution of the WAIS, do not possess. We found
that these higher accumulation rates are spatially extensive
across nearly one third of the WAIS, further suggesting that
the WD14 is indeed representative of the wider WAIS and
can be used in regional or continental ice-sheet models as a
reliable climate forcing for the region. Future regional and
continental ice-sheet models should make use of this record
to adjust their climatic boundary conditions to provide im-
proved estimates of ice-elevation change and grounding-line
evolution over Antarctica.

4.2 Impact for ice-sheet elevation change during the
Holocene

Model results from Steig et al. (2001) suggest that the max-
imum elevation of the WAIS was most likely reached dur-
ing the early to mid-Holocene (around ~ 7ka) following
higher accumulation rates at the late glacial-interglacial tran-
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Figure 5. Comparison of ice-equivalent accumulation rates between the 4.72 ka-to-present estimates and modern rates (RACMO2) binned
by 50 m elevation bands across the three main catchments considered here (Amundsen, Weddell, and Ross). (a, ¢, €) Mean accumulation rate
averaged per 50 m elevation band across the specific catchment area in metres per annum (m a~! ). (b, d, f) Total accumulation rate per 50 m
elevation band across the specific catchment area in gigatonnes per annum (Gt a~h).

sition, after which the WAIS slowly declined to present con-
ditions as the sea-level-rise-induced kinematic wave reached
the ice-sheet interior and outpaced the increase in accumu-
lation rates. However, higher accumulation rates in the mid-
Holocene relative to the present, which our results suggest
occurred spatially across the WAIS, would likely delay the
timing of this thinning by several thousand years (Steig et
al., 2001).

Using a flow-band model, Koutnik et al. (2016) suggested
that an increase of up to 40 % in accumulation rates for the
period 9-2ka would likely have led to an increase in ice
thickness of tens of metres during the mid-Holocene. Al-
though this finding was warranted by physical assumptions
around the response time of the ice-sheet interior to adjust
to an increase in accumulation in the model, it points to the
potential for the divide to have thickened by several me-
tres over a relatively short period of time from increased
accumulation rates alone. Because the WAIS is also sensi-
tive to ice-dynamical changes at the ice-sheet margins (e.g.
grounding-line retreat or calving), an increase in accumula-
tion rates in the upper part of the ice sheet may not nec-
essarily result in enough thickening to counteract potential
dynamical losses farther downstream (Jones et al., 2022).
Conway and Rasmussen (2009) reported that the Amundsen—
Ross Divide is currently thinning and migrating towards the
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Ross Sea at a speed of 10ma~!, but they were unable to
determine whether this was in response to long-term (last
two millennia) accumulation-rate changes there or short-term
(last few centuries) ice-dynamical forcing from the coastal
margins of the Amundsen and Ross sectors. More recently,
Balco et al. (2022) showed that Thwaites and Pope glaciers
experienced 35 m of thickening in the mid-to-late Holocene,
when accumulation rates were higher than present. While
this thickening relative to present was attributed to glacio-
isostatic rebound, it is also possible that higher accumulation
rates in the upstream sections of the WAIS contributed to this
thickening, if sustained over millennia.

The lack of an ice-dynamical component in the model
used here precludes us from evaluating any ice-surface-
elevation change associated with changing accumulation
rates. However, 18 % higher accumulation rates during the
mid-Holocene relative to the present across 30 % of the
WALIS could be consistent with an elevation increase of sev-
eral tens of metres in ice thickness, according to Koutnik
et al. (2016). Even if tens of metres of ice-surface-elevation
change occurred, it is still unlikely to significantly affect the
steady-state assumption of the 1-D model used here (constant
ice thickness over time), because such changes are small (a
few percent of the ice thickness) and that ice thickness ex-
ceeds 3500 m in places over our survey area.
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4.3 Impact for grounding-line evolution during the
Holocene over the WAIS

Finally, we consider the possibility for Holocene ice thicken-
ing at the divide from increased accumulation rates to affect
downstream grounding-line evolution. Recent evidence from
ice-sheet modelling and field measurements suggest that
grounding-line retreat during the Holocene was not mono-
tonic, particularly at the Ross and Weddell sea sides of the
WAIS (Bradley et al., 2015; Kingslake et al., 2018; Neuhaus
et al., 2021). Rather, Kingslake et al. (2018) showed that the
grounding-line position in the Ross and Weddell sea sectors
initially retreated from the LGM inland until ~ 10.2-9.7 ka,
and then readvanced to its modern position sometime dur-
ing the Holocene. Although they attributed this change in
grounding-line position to the solid Earth viscoelastic re-
sponse due to ice-sheet mass change and the subsequent
re-grounding around pinning points, it has also been sug-
gested that an increase in accumulation rates upstream of
the grounding line could lead to a readvance via ice thick-
ening there and a subsequent increase in ice flow (Steig et
al., 2001; Koutnik et al., 2016; Jones et al., 2022). Across
parts of the Weddell Sea Embayment, several studies have
produced evidence for stability of the LGM ice thickness
there until the early to mid-Holocene (Ross et al., 2011; Hein
et al., 2016; Ashmore et al., 2020a), contrary to most of the
WALIS, after which abrupt thinning of ~ 400 m contributed
~ 1.4-2m of sea-level rise (Hein et al., 2016). A possible
explanation for this delayed thinning in the Weddell Sea Em-
bayment is that increased snowfall in the upper WAIS might
have counteracted ice-dynamical processes at the coast un-
til the mid-to-late Holocene (Hein et al., 2016; Spector et al.,
2019). Similarly, over part of the Ross Sea sector, Neuhaus et
al. (2021) showed that the grounding line over the Whillans,
Kamb, and Bindschadler ice streams retreated to its mini-
mum Holocene position in the mid to late-Holocene, and
then readvanced between 2—1 ka, coinciding with periods of
warmer and colder climates, respectively. They concluded
that the reported grounding-line migration was likely dom-
inated by modest climate-induced changes upstream rather
than ice dynamics further downstream, as suggested for the
Weddell Sea sector (Hein et al., 2016).

Our results, which provide strong and widespread ev-
idence for higher accumulation along the Amundsen—
Weddell-Ross Divide during the mid-Holocene compared
with the present, support these hypotheses further, as higher
accumulation rates at the divide would likely result in
upstream thickening (Sect. 4.2). In the absence of ice-
dynamical processes counter-balancing this increase in ac-
cumulation rates, the grounding-line should advance in these
regions. However, we note that the pattern of grounding-line
retreat and readvance has not been observed over the Amund-
sen Sea sector (Kingslake et al., 2018; Johnson et al., 2020,
2021; Braddock et al., 2022) despite the accumulation-rate
increase we also observed along the Amundsen—Weddell—
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Ross Divide and the recent results from Balco et al. (2022).
This complication may indicate that the Amundsen sector is
more strongly influenced by coastal changes in ice dynam-
ics, for which even moderate changes in accumulation rate
cannot compensate.

5 Conclusion

Using a ubiquitous internal reflecting horizon found across
most of the Pine Island, Thwaites, and Institute and Moller
ice-stream catchments, we have estimated mid-Holocene ac-
cumulation rates in the relatively slow-flowing parts of West
Antarctica, representing 30 % of total surface area of the
WAIS.

By comparing our Holocene accumulation-rate estimates
with a modern climate reanalysis model and observational
syntheses, we estimated that accumulation rates across the
Amundsen—Weddell-Ross Divide since 4.72 ka were, on av-
erage, 18 % higher than modern values. Our results suggest
that spatial patterns of accumulation across the WAIS have
remained stable during this period, i.e. higher accumulation
rates on the Amundsen side of the divide transitioning to
lower accumulation rates on the Ross side of the divide.
The higher accumulation rates reported here for the mid-
Holocene compared to the present agree well with earlier,
spatially focused studies of accumulation rates, all of which
indicate higher accumulation rates (415 %—-30 %) over the
past ~ Ska. This change in magnitude occurred at a time
of asynchronous grounding-line migration over the WAIS,
including readvances of the grounding line in the Weddell
and Ross sectors and evidence for delayed deglaciation in
the Weddell Sea side of the WAIS.

The higher mid-Holocene accumulation estimates inferred
here over large sectors of the WAIS occurred at a time of sus-
tained, millennial-scale increase in accumulation rates found
at the WAIS Divide ice core. This pattern indicates that the
ice core is suitably representative of the climatic conditions
of the wider region over time. We suggest that future re-
gional or continental ice-sheet modelling studies base their
paleoclimate forcing on modern spatial SMB products that
are modulated over time using the WAIS Divide ice core
record. This will enable those models to obtain a more real-
istic climatic forcing representative of the past conditions of
the wider WAIS, and ultimately, constrain ice-sheet volume
change and grounding-line evolution during the Holocene.
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Abstract. Over the past 50 years, the British Antarctic Survey (BAS) has been one of the major acquirers
of aerogeophysical data over Antarctica, providing scientists with gravity, magnetic, and radar datasets that
have been central to many studies of the past, present, and future evolution of the Antarctic Ice Sheet. Until
recently, many of these datasets were not openly available, restricting further usage of the data for different
glaciological and geophysical applications. Starting in 2020, scientists and data managers at BAS have worked
on standardizing and releasing large swaths of aerogeophysical data acquired during the period 1994-2020,
including a total of 64 datasets from 24 different surveys, amounting to ~ 450 000 line-km (or 5.3 million km?)
of data across West Antarctica, East Antarctica, and the Antarctic Peninsula. Amongst these are the extensive
surveys over the fast-changing Pine Island (BBAS 2004-2005) and Thwaites (ITGC 2018-2019 & 2019-2020)
glacier catchments, and the first ever surveys of the Wilkes Subglacial Basin (WISE-ISODYN 2005-2006) and
Gamburtsev Subglacial Mountains (AGAP 2007-2009). Considerable effort has been made to standardize these
datasets to comply with the FAIR (findable, accessible, interoperable and re-usable) data principles, as well as
to create the Polar Airborne Geophysics Data Portal (https://www.bas.ac.uk/project/nagdp/, last access: 18 July
2022), which serves as a user-friendly interface to interact with and download the newly published data. This
paper reviews how these datasets were acquired and processed, presents the methods used to standardize them,
and introduces the new data portal and interactive tutorials that were created to improve the accessibility of
the data. Lastly, we exemplify future potential uses of the aerogeophysical datasets by extracting information
on the continuity of englacial layering from the fully published airborne radar data. We believe these newly
released data will be a valuable asset to future glaciological and geophysical studies over Antarctica and will
significantly extend the life cycle of the data. All datasets included in this data release are now fully accessible
at https://data.bas.ac.uk (British Antarctic Survey, 2022).

Published by Copernicus Publications.
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Highlights. We present the release of 64 aerogeophysical datasets
(including gravity, magnetic, bed-pick, and radar data) obtained
from 24 surveys flown by the British Antarctic Survey over West
Antarctica, East Antarctica, and the Antarctic Peninsula between
1994 and 2020.

The published datasets have been standardized according to the
FAIR (findable, accessible, interoperable and re-usable) data prin-
ciples and integrated into a user-friendly data interface, the Polar
Airborne Geophysics Data Portal, to further enhance the interactiv-
ity of the datasets.

We discuss how the data were acquired and processed and show
the potential re-usability of the newly released aerogeophysical data
by investigating the englacial architecture of the ice from airborne
radars using an automatic layer-continuity method.

1 Introduction

As one of the fastest changing environments on Earth,
Antarctica has been at the epicentre of scientific research
since the early 1960s. Understanding the past, present, and
future of the Antarctic Ice Sheet is of special interest, par-
ticularly in the context of rapid climatic changes already af-
fecting large parts of the Antarctic Peninsula and threatening
the stability of the West Antarctic Ice Sheet (WAIS; IPCC,
2021). One way to quantify how the ice sheet will respond
to these changes is to conduct studies of englacial and basal
properties of the ice using geophysical techniques such as
gravity, magnetic, and radar. By studying the bedrock topog-
raphy beneath an ice sheet, we can better estimate where a
retreating ice stream is more likely to stabilize or destabilize
further (Holt et al., 2006; Vaughan et al., 2006; Tinto and
Bell, 2011; Ross et al., 2012; Morlighem et al., 2020) and
how landforms or subglacial water-routing systems can af-
fect the flow regime of ice streams (Bell et al., 2011; Wright
et al., 2012; Schroeder et al., 2013; Ashmore and Bingham,
2014; Siegert et al., 2014; Young et al., 2016; Napoleoni et
al., 2020). By studying the subglacial geology, we can better
understand magmatic, tectonic, and sedimentary influences
on ice flow over timescales of hundreds, thousands or even
millions of years (Bell et al., 1998; Blankenship et al., 2001;
Studinger et al., 2001; Bamber et al., 2006; Bell et al., 2006;
Jordan et al., 2010; Bingham et al., 2012), and quantify the
influence of geothermal heat flux on ice dynamics (Schroeder
et al., 2014; Jordan et al., 2018). Finally, the use of grav-
ity techniques enables us to better understand the bathymetry
beneath fast-changing ice shelves and ice-stream fronts and
quantify areas of high sensitivity (Greenbaum et al., 2015;
Millan et al., 2017; Tinto et al., 2019; Jordan et al., 2020).
Since the mid-1960s, the British Antarctic Survey (BAS)
has been involved in acquiring aerogeophysical data with
a particular focus on radar-data acquisition using a 35 and
60 MHz radio-echo sounder developed at the Scott Polar Re-
search Institute (Robin et al., 1970), and, in collaboration
with the Technical University of Denmark, using slightly im-
proved versions of the same analogue radar system until the
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early 1990s (Robin et al., 1977). The subsequent develop-
ment of an in-house digital radar system at BAS in 1993—
1994 (Corr and Popple, 1994), and accompanying gravity
and magnetic instruments, allowed for the first surveys over
West Antarctica’s Evans Ice Stream to be conducted in 1994—
1995, marking the start of modern digital aerogeophysical
surveying of the Antarctic by BAS. Further improvements
in survey techniques and instruments have allowed BAS to
develop its aerogeophysical capabilities further and become
one of the leaders in aerogeophysics over the Antarctic.

Since the mid-1990s, aerogeophysical datasets acquired
by BAS have played a vital role in understanding past and
current ice-dynamical and lithospheric processes over the
Antarctic Ice Sheet. In total, BAS flew 24 survey cam-
paigns between 1994 and 2020, representing a total of
~ 450000 line-km of aerogeophysical data over the Antarc-
tic Peninsula as well as over the WAIS and the East Antarc-
tic Ice Sheet (EAIS) (Fig. 1, Table 1). The total cumula-
tive survey coverage since 1994 is 5.3 million km?, equiva-
lent to > 30 % of the total area of the Antarctic Ice Sheet
(14.2 million km?). Many of these surveys were acquired as
part of large international collaborative projects such as the
International Polar Year Antarctica’s Gamburtsev Province
Project (AGAP), the European Space Agency (ESA) Po-
larGAP project, and the US-UK International Thwaites
Glacier Collaboration (ITGC), amongst others. Importantly,
much of the data acquired since then have been central to
the output of large international science groups, such as
the Scientific Committee on Antarctic Research (SCAR)
BEDMAP (I/II/III), ADMAP (I/II), AntArchitecture, and
IBCSO projects (Lythe et al., 2001; Arndt et al., 2013;
Fretwell et al., 2013; Golynsky et al., 2018).

Despite the importance of these surveys for understanding
the Antarctic cryosphere and tectonics, until now the under-
lying data have been relatively inaccessible to wider scien-
tific communities due to the scale of the data-management
task required. This lack of accessibility has hampered the
ability of the wider research community to extract further
valuable information from these datasets. In 2020, a collabo-
rative project between the UK Polar Data Centre (PDC, https:
/Iwww.bas.ac.uk/data/uk-pdc/, last access: 18 July 2022) and
the BAS Airborne Geophysics science team was set up to im-
prove the FAIR-ness (Wilkinson et al., 2016) of these data.
The main objectives of this collaboration were to comply
with national and international policies on data sharing and
accessibility, foster new collaborations, and allow the fur-
ther re-use of these data beyond the lifespan of the science
projects.

This paper presents the result of this successful collabo-
ration between data managers and scientists to standardize
and release most of BAS’ aerogeophysical data acquired to
date using modern instruments from 1994 onwards. Data ac-
quired prior to this, while particularly useful to long-term
monitoring of ice sheet conditions, are much more challeng-
ing and time-consuming to update to modern standards (see
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Figure 1. Map showing all the published datasets included in this data release. The colours are the same as those used on the data portal
interface. Abbreviations are as follows: AC: AFI Coats Land (2001-2002); AD: Andrill HRAM (2008-2009); AG: AGAP (2007-2009);
Al Adelaide Island (2010-2011); BB: BBAS (2004-2005); BC: Black Coast (1996-1997); CI: Charcot Island (1996-1997); DF: DUFEK
(1998-1999); EV: EVANS (1994-1995); F15: FISS 2015 (2015-2016); F16: FISS-EC-Halley 2016 (2015-2016); GI: GRADES-IMAGE
(2006-2007); 1G: ICEGRAV (2012-2013); IM: IMAFI (2010-2011); JRI: James Ross Island (1997-1998); LA: Larsen Ice Shelf (1997-
1998); M: MAMOG (2001-2002); PG: PolarGAP (2015-2016); PI: Pine Island Glacier Ice Shelf (2010-2011); SP: SPARC (2002-2003);
T18: ITGC (2018-2019); T19: ITGC (2019-2020); TO: TORUS (2001-2002); WI: WISE-ISODYN (2005-2006). The legend on the right-
hand side of the figure shows the colour corresponding to each survey. The background image is from the Landsat Image Mosaic of Antarctica

(LIMA; Bindschadler et al., 2008).

Schroeder et al., 2019; Sect. 5.3), and are thus not included
in the data release discussed here. Section 2 of this paper re-
views the main scientific findings from each survey flown be-
tween 1994 and 2020. Section 3 describes the various instru-
ments and techniques used to acquire and process the data.
Section 4 outlines the format and data publishing strategy for
our datasets following the FAIR data principles, as well as
the creation of a new data portal and interactive, open-access
tutorials. Finally, Sect. 5 provides a case study for the re-
usability of the newly released aerogeophysical data, as well
as suggestions on future uses of the data portal and aspira-
tions for future data releases.

2 Background

The following section reviews the main scientific findings re-
lated to the acquisition of aerogeophysical data from BAS for
the period 1994-2020 and is divided into two sub-sections:
(1) findings from surveys conducted pre-2004 using older
aerogeophysical instruments and for which the fully pro-
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cessed 2-D radar data are not published as part of this data re-
lease (see Table 1, Sect. 5.3), and (ii) surveys conducted post-
2004 using the PASIN-1 (2004-2015) and PASIN-2 (2015—
2020) radar systems and more modern data-acquisition meth-
ods. Figures 2-3 present the wide-ranging datasets of grav-
ity and magnetic anomalies, bed elevation and ice thickness,
and 2-D radar profiles ensuing from the surveys discussed in
Sect. 2.1. and 2.2.

2.1 Aerogeophysical surveys for the period 1994—2004

The first surveys conducted by BAS since the mid-1990s
involved extensive gravity and magnetic surveying of the
western and eastern Antarctic Peninsula and Weddell Sea
Embayment. Surveys over Evans Ice Stream (1994-1995),
Black Coast (1996-1997), Charcot Island (1996-1997), and
James Ross Island (1997-1998) (Fig. 1, Table 1) provided
new insights into the history of crustal boundaries between
the eastern Antarctic Peninsula and the Filchner Block (Fer-
ris et al., 2002), evidence of crustal thinning below Evans
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Ice Stream (Jones et al., 2002), and new understanding of the
magmatic and tectonic processes around the Mount Hadding-
ton stratovolcano on James Ross Island (Jordan et al., 2009).
A further study covering the Larsen Ice Shelf (Antarctic
Peninsula) was conducted conjointly by BAS and the Insti-
tuto Antdrtico Argentino in 1997-1998. The radar data ac-
quired during this survey were used in ocean (Holland et al.,
2009) and firn-density (Holland et al., 2011) models to im-
prove our understanding of ice—ocean interactions and ice-
surface elevation changes on the ice shelf. In 1998-1999, ex-
tensive aeromagnetic surveying of the Dufek Massif (West
Antarctica/East Antarctica) revealed the presence of a Juras-
sic dike swarm that likely acted as a magma transport and
feeder system to the Ferrar Large Igneous Province (Ferris et
al., 2003). In 2001-2002, an additional survey was flown as
part of the initiative, Targeting ice-stream Onset Regions and
Under-ice Systems (TORUS), to assess the factors control-
ling the dynamics of the Rutford Ice Stream using gravity,
magnetic, and radar instruments over a high-resolution grid
spacing of ~ 10km (Vaughan et al., 2008). Lastly, for the
WALIS, the 2002-2003 Superterranes in the Pacific Margin
Arc (SPARC) campaign over northern Palmer Land (Antarc-
tic Peninsula) used gravity and magnetic instruments to re-
veal subglacial imprints of crustal growth linked with the
Gondwana margin (Ferraccioli et al., 2006).

Over East Antarctica, two surveys conducted in 2001-
2002 acquired detailed gravity, magnetic, and radar measure-
ments over Slessor Glacier (as part of the Antarctic Funding
Initiative (AFI) Coats Land survey) and Jutulstraumen Ice
Stream (as part of the Magmatism as a Monitor of Gond-
wana breakup survey; MAMOG). The AFI Coats Land sur-
vey, a UK initiative between BAS and the University of Bris-
tol, provided the first accurate measurements of ice thickness
and bed elevation in the area (Rippin et al., 2003a) (Fig. 2),
and led to the discovery of a ~ 3 km thick sedimentary basin
associated with a weak till layer at the bed which enhances
basal motion and affects the flow regime of this part of the
EAIS (Rippin et al., 2003a; Bamber et al., 2006; Shepherd
et al., 2006). The MAMOG survey revealed the presence of
a subglacial Jurassic continental rift in the area of western
Dronning Maud Land, providing early evidence for the ini-
tial Gondwana breakup (Ferraccioli et al., 2005a, b).

2.2 Aerogeophysical Surveys for the Period 2004—2020

Building on the surveys prior to 2004, which were relatively
small in areal extent, BAS began surveying larger areas from
the mid-2000s onwards (Table 1), primarily due to enhanced
international collaborations and improvements in data acqui-
sition and instruments, which led to data being acquired both
at higher resolution and over larger spatial scales. The ac-
quisition strategy was to collect data from multiple geophys-
ical sensors mounted on BAS’ Twin Otter aircraft across
every survey, giving a holistic view of vast and previously
unsurveyed regions (Figs. 4-5). The core sensor suite in-
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cluded gravity and magnetic instruments used to understand
the geological nature of the subglacial basins and mountains
along with their tectonic structure, together with the radar
system used to map ice thickness and bed elevation. The
development of a new radar system, the Polarimetric Air-
borne System INstrument (PASIN) (PASIN-1, 2004-2015)
(see Sect. 3.1.3), and an improved version of the same sys-
tem (PASIN-2, 2015-2016 onwards), allowed for the effi-
cient collection of high-quality digital radar data for BAS-led
campaigns in the Antarctic.

We divide the findings from these surveys into two sub-
sections (Sect. 2.2.1 for surveys between 2004 and 2015 and
Sect. 2.2.2 for surveys between 2015 and 2020) to reflect the
acquisition of data prior to and following the upgrade of the
PASIN system (see Sect. 3.1.3).

2.2.1 2004-2015

The first mission to utilize the PASIN-1 radar system was
the 2004-2005 BBAS survey of Pine Island Glacier, which
aimed to characterize the subglacial conditions of this sensi-
tive glacier of West Antarctica (Vaughan et al., 2006). This
survey provided two key findings: (a) the discovery of a
deep subglacial trough, 500 m at its deepest point and 250 km
long, through which Pine Island Glacier flows; and (b) the ex-
istence of well-constrained valley walls, which would likely
provide a buffer against a potential catastrophic collapse of
the WAIS via Pine Island Glacier (Vaughan et al., 2006). Fur-
ther studies utilizing this dataset focused primarily on bed
characteristics and the subglacial hydrology of the catchment
(Rippin et al., 2011; Napoleoni et al., 2020; Chu et al., 2021),
as well as tracking englacial layers and quantifying past ac-
cumulation rates (Corr and Vaughan, 2008; Karlsson et al.,
2009, 2014; Bodart et al., 2021). The survey was also con-
ducted simultaneously with another covering the Thwaites
Glacier catchment led by the University of Texas Institute
for Geophysics and the National Science Foundation of the
United States (Holt et al., 2006), enabling a comparison of
the surveying capabilities where the surveys overlapped (e.g.
Chu et al., 2021).

Following on from the BBAS data, the suite of geophys-
ical instruments on board the BAS Twin Otter aircraft were
used to survey the Wilkes Subglacial Basin, Dome C, and the
Transantarctic Mountains as part of the 2005-2006 WISE-
ISODYN survey between BAS and the Italian Programma
Nazionale di Ricerche in Antartide (Bozzo and Ferracci-
oli, 2007; Corr et al., 2007; Ferraccioli et al., 2007; Jordan
et al., 2007). This project revealed, for the first time, the
crustal architecture of the Wilkes Subglacial Basin (Ferrac-
cioli et al., 2009; Jordan et al., 2013) and the distribution
of a well-preserved subglacial sedimentary basin underlying
the Wilkes catchment (Frederick et al., 2016). The follow-
ing year, the 2006-2007 survey, Glacial Retreat in Antarctica
and Deglaciation of the Earth System — Inverse Modelling
of Antarctica and Global Eustasy (GRADES-IMAGE), com-
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prising surveys over the transitional area between the Antarc-
tic Peninsula and the WAIS, provided detailed information
on subglacial properties of Evans Ice Stream (Ashmore et
al., 2014). Ice-thickness measurements along the grounding
line were also used as key calibration for the Landsat-derived
“ASAID” grounding-line product (Bindschadler et al., 2011),
and englacial layers through Bungenstock Ice Rise were used
to assess ice-divide stability and the wider ice-flow history
and stability of the WAIS’s Weddell Sea sector during the
Holocene (Siegert et al., 2013).

Over two austral field seasons from 2007 to 2009, AGAP,
coordinated as part of the fourth International Polar Year be-
tween the UK, USA, Germany, Japan, Australia and China,
comprised a comprehensive survey of the interior of the
EAIS, yielding important aerogeophysical data used to inter-
rogate the origin and geophysical characteristics of the Gam-
burtsev Subglacial Mountains. Significant scientific discov-
eries generated by the AGAP survey included observations
of widespread freeze-on at the bottom of the ice which leads
to thickening of the EAIS from the base (Bell et al., 2011),
a thick crustal root formed during the Proterozoic eon (1 Gyr
ago) surrounded by a more recent ~ 2500 km-long rift sys-
tem (Ferraccioli et al., 2011), and the existence of ancient
pre-glacial fluvial networks at the present ice bed which con-
firmed the presence of the Gamburtsev Subglacial Mountains
prior to the start of glaciation at the Eocene—Oligocene cli-
mate boundary (ca. 34 Ma) (Rose et al., 2013; Creyts et al.,
2014).

Between 2008 and 2011, three surveys utilized the mag-
netic and radar instruments on board the BAS Twin Otter to
conduct high-spatial-resolution surveying of Coulman High
on Ross Ice Shelf as part of the Antarctic Drilling — High
Resolution Aeromagnetic (ANDRILL HRAM) project, Ade-
laide Island (Antarctic Peninsula), and Pine Island Glacier
Ice Shelf (West Antarctica). The 2010-2011 Adelaide Island
survey provided high-resolution aeromagnetic data to under-
pin a better understanding of the complex magmatic struc-
ture of the Antarctic Peninsula Cenozoic arc/forearc bound-
ary (Jordan et al., 2014). The Pine Island Glacier Ice Shelf
survey of the same year revealed a network of sinuous sub-
glacial channels, 500 to 3000 m wide and up to 200 m high,
in the ice-shelf base, which, combined with surface and basal
crevasses formed as a result of the basal melting, could lead
to structural weakening of the shelf in the future (Vaughan et
al., 2012).

The early 2010s saw the deployment of the PASIN sys-
tem used as part of two large collaborative projects, namely
the 2010-2011 Institute—-Moller Antarctic Funding Initiative
(IMAF]) survey over the Institute and Moller ice streams of
West Antarctica, and the 2012-2013 ICEGRAV survey over
the Recovery and Slessor region of East Antarctica.

The 2010-2011 IMAFI project was a UK initiative be-
tween BAS and the universities of Edinburgh, York, Ab-
erdeen and Exeter. The key aims were to investigate the po-
tential stability of this sector of West Antarctica and test the
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ability of the subglacial sedimentary structure to control the
flow of two large ice streams draining the WAIS into the
Weddell Sea Embayment (Ross et al., 2012). Radar data re-
vealed the presence of a reverse-bed slope with a 400 m de-
cline over a 40km distance away from the grounding line
and that this region was relatively close to flotation, indi-
cating the potential instability of this sector in light of fu-
ture grounding-line migration upstream of its current posi-
tion (Ross et al., 2012). Additional analysis using gravity
and magnetic data revealed the extent of the Weddell Sea
Rift System, adding further evidence for the early stages of
the Gondwana breakup and Jurassic extension in the region
(Jordan et al., 2013). Further analysis of the radar data ac-
quired during the IMAFI survey led to a new digital elevation
model of the subglacial topography around the ice streams
of the Weddell Sea Embayment at 1 km resolution, revealing
deep subglacial troughs between the ice-sheet interior and
the grounding line, and well-preserved landforms associated
with alpine glaciation (Ross et al., 2014; Jeofry et al., 2018),
as well as evidence for a temperate former WAIS via the dis-
covery of extensive subglacial meltwater channels (Rose et
al., 2014). The data have also been used to assess the rough-
ness of the subglacial bed (Rippin et al., 2014), investigate
englacial properties across the catchment as an indicator of
past ice-flow dynamics (Bingham et al., 2015; Winter et al.,
2015; Ashmore et al., 2020; Ross et al., 2020), and show the
presence of sub-ice shelf channels generated by water flow-
ing from beneath the present ice sheet (Le Brocq et al., 2013).

The 2012-2013 ICEGRAV survey, an international col-
laboration between BAS and the Technical University of
Denmark, National Science Foundation, Norwegian Polar
Institute, and the Instituto Antartico Argentino, carried out
aerogeophysical surveys over the poorly explored Recovery
Glacier catchment and Recovery subglacial lakes (Forsberg
et al., 2018), revealing a deep 800 km trough underlying Re-
covery Glacier, with evidence for subglacial water control-
ling the fast flow in the upstream portion of the ice stream
(Diez et al., 2018).

2.2.2 2015-2020

The 2015-2016 PolarGAP survey was a major international
collaboration, funded by ESA and led by BAS, the Technical
University of Denmark, the Norwegian Polar Institute, and
the National Science Foundation, to fill a gap in global grav-
ity surveying that the ESA’s Gravity field and steady-state
Ocean Circulation Explorer (GOCE) satellite network was
unable to cover. Alongside the large swath of gravity sur-
veying, opportunistic magnetic and radar data were also ac-
quired over the South Pole and parts of Support Force, Foun-
dation, and Recovery ice streams using a further upgraded
radar system, PASIN-2 (see Sect. 3.1.3). Additional funding
from the Norwegian Polar Institute also allowed for a number
of dedicated flights over the Recovery subglacial lakes. The
acquired data have led to major scientific findings, including
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Figure 2. Maps of gravity, magnetic, and radar (bed elevation and ice thickness) point measurements for all surveys published as part of this
data release. (a) Gravity anomaly points (in milligal, or mGal), (b) magnetic anomaly points (in nanotesla, or nT), (¢) bed-elevation points
from radar data (in metres above sea level, or ma.s.l.), (d) ice-thickness points from radar data (metres). In total, this data release consists
of 3.62 million gravity, 7.41 million magnetics, and 14.5 million ice-thickness and bed-elevation data points. Note that no correction such as
downward continuation has been applied to compile the gravity data shown in (a).

(a) the presence of anomalously high geothermal heat flux
near the South Pole (Jordan et al., 2018), (b) the delineation
of two subglacial lakes (Recovery Lakes A and B) totalling
~4320km? in size and composed of saturated till, with ev-
idence of bed lubrication and enhanced flow downstream of
their location as a result of water drainage (Diez et al., 2019),
and (c) the evidence of a large (500-700 km-wide) marginal
embayment formed during late Neoproterozoic rifting along
the craton margin and which cuts into the East Antarctic
basement around the South Pole region (Jordan et al., 2022).
Additional evidence showed that the Pensacola-Pole Basin is
characterized by a topographic depression of ~ 0.5 km below
sea level and contains a thick sedimentary layer of 2-3 km in
the southern part of the catchment (Paxman et al., 2019). The
radar data from the PolarGAP survey have also revealed large
troughs at the bottleneck between East and West Antarctica,
suggesting that the drawdown of the EAIS via the WAIS is
unlikely (Winter et al., 2018).

In the austral summers of 2015-2016 and 2016-2017, two
surveys were flown as part of the Filchner Ice Shelf sys-
tem (FISS) project led by BAS with support from the Al-
fred Wegener Institute in Germany and several other UK in-
stitutions (UK National Oceanography Centre, Met Office
Hadley Centre, universities of Exeter, Oxford, and Univer-
sity College London), with the aim to investigate the po-
tential contribution of the Filchner Ice Shelf and feeding
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ice streams to sea-level rise. The 2015-2016 survey ac-
quired ~ 7000 line-km of aerogeophysical data, primarily
over Foundation Ice Stream and to a smaller extent over Bun-
genstock Ice Rise. In 20162017, ~ 26 000 line-km of aero-
geophysical data were acquired over Academy, Recovery,
Slessor, and Support Force glaciers, and parts of the Filchner
and Brunt ice shelves. Data were also collected over outlet
glaciers of the English Coast (western Palmer Land, Antarc-
tic Peninsula). Early findings from the 2016-2017 aerogeo-
physical survey revealed subglacial drainage channels be-
neath Support Force Glacier (Hofstede et al., 2021), provided
evidence for a large ~ 80 x 30 x 6 km mafic intrusion, likely
resulting from mantle melting during the Gondwana breakup
(Jordan and Becker, 2018), and helped to delineate the sub-
glacial bathymetry beneath Brunt Ice Shelf (Hodgson et al.,
2019).

During the 2018-2019 and 2019-2020 seasons, BAS was
involved in aerogeophysical surveying of Thwaites Glacier
as part of the UK-US ITGC initiative. The 2018-2019 sur-
vey acquired ~9900km of aerogeophysical data over the
lower Thwaites Glacier and Thwaites Glacier Ice Shelf. The
2019-2020 survey acquired ~ 4500 line-km over the lower
Thwaites Glacier, the WAIS Divide ice-core site, and Rut-
ford Ice Stream. These surveys contributed to a new bathy-
metric map of Thwaites, Crosson, and Dotson ice shelves
from gravity measurements, revealing a deep (> 800 m) ma-
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rine channel extending beneath the ice shelf adjacent to the
front of Thwaites Glacier (Jordan et al., 2020). These datasets
have also contributed to a new bathymetry model of George
VI Sound (Constantino et al., 2020) and were integrated
with swath bathymetric data outboard from Thwaites Glacier
(Hogan et al., 2020).

3 Data acquisition and processing

The typical acquisition and processing workflow for the aero-
geophysical data is shown in Fig. 4. Usually, the aircraft is
set up systematically to acquire gravity, magnetic, and radar
data together, except in situations where surveying objectives
are not compatible with the acquisition of all three datasets
at once (i.e. flying at constant terrain clearance for the radar
data affects the quality of the gravity data which is better
flown at constant altitude, and vice versa); although novel
gravity-acquisition methods are increasingly making this is-
sue redundant (see Sect. 3.1.1). As shown in Table 1, the con-
ventional gravity—magnetic—radar set-up was used in 15 out
of 24 surveys, with the remaining 7 surveys using either a
magnetic-radar- or gravity—magnetic-only set-up, and only
2 using a magnetic-only set-up. The data acquisition steps
for each type of data are described in Sect. 3.1, and the pro-
cessing of the data is described in Sect. 3.2.

3.1 Data acquisition and instrumentation

All BAS aerogeophysical data acquisition is conducted us-
ing Twin Otter aircraft due to their remote capabilities, long
fuel range (up to 1000km), and operability. The aircraft’s
twin turbo-prop engines enable it to conduct rapid take-off
and landing as well as operate in small and remote airfields
commonly covered in snow and icy terrains using mounted
skis. All data acquisition since the early 1990s has been con-
ducted using the BAS DeHavilland Twin Otter aircraft “VP-
FBL” (Fig. 5). The aircraft typically flies at a nominal speed
of ~60ms~!, which results in an along-track distance be-
tween each stacked radar trace of 0.2m (prior to process-
ing). The following sections describe the acquisition of the
data for the gravity (Sect. 3.1.1), magnetic (Sect. 3.1.2), radar
(Sect. 3.1.3), and GPS and lidar (Sect. 3.1.4) instruments on
board the aircraft.

3.1.1  Gravity

Until 2012, BAS aerogravity measurements were acquired
with a LaCoste and Romberg air—sea gravimeter modified by
Zero-Length Spring (ZLS) Corporation. The gravimeter was
mounted in a gyro-stabilized, shock-mounted platform at the
centre of the aircraft to minimize the effect of vibrations and
rotational motions.

Starting with the 2015-2016 PolarGAP survey, aerograv-
ity data were acquired using a novel strap-down method
which, unlike traditional surveys using a stabilized gravity
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platform, allowed for the collection of gravity data during
draped or turbulent flights (Jordan and Becker, 2018). For
this survey, both the LaCoste and Romberg and strap-down
systems were operated, together with results from the two
systems merged, to provide an optimum data product with
the long-term low and predictable drift of the LaCoste and
Romberg system and the dynamic stability of the strap-down
system. Subsequent surveys used a strap-down sensor alone,
removing the need to prioritize the quality of the gravity data
over the radar data and allowing for flights at a constant ter-
rain clearance for optimal radar-data collection. The opti-
mum resolution of the system is approximately 100 s along-
track (Jordan and Becker, 2018).

The first strap-down sensor deployed by BAS was the
iMAR RQH-1003 system provided by the Technical Uni-
versity (TU) of Darmstadt, and consisting of three Hon-
eywell QA2000 accelerometers (mounted in mutually per-
pendicular directions) and three Honeywell GG1230 ring
laser gyroscopes. The subsequent 2018-2019 and 2019-
3020 ITGC surveys over Thwaites Glacier used the iMAR
iCORUS strap-down airborne gravimeter systems from
Lamont-Doherty Earth Observatory and BAS respectively,
which have approximately equivalent internal components to
the TU Darmstadt system.

3.1.2 Magnetics

The Twin Otter is configured for fixed wing magnetome-
ter operation. The aircraft modifications include inboard-
positioned wingtip fuel pumps, pod-boom hard points and
a demagnetized airframe to maximize magnetic-data collec-
tion. Scintrex CS3 Cesium sensors are used due to their high
sensitivity, high cycling rates, excellent gradient tolerance,
fast response, and low susceptibility to the electromagnetic
interference. The resolution of the magnetometers has greatly
increased over time, with the current systems having a mea-
surement accuracy of 0.2 pT compared to the older systems
used between 1973 and 1990 (500 pT; Geometrics G-803
Potassium) and between 1991 and 2003 (10 pT; Sintrex H8
Cesium).

3.1.3 Radar

Prior to 2004, BAS deployed a custom-built, 8-array ele-
ment radar system, referred to here as “BAS-built” (Corr
and Popple, 1994). This was a coherent radar system oper-
ating at a centre frequency of 150 MHz and using a transmit
power of 1200 W (Rippin et al., 2003a). The radar system
was equipped with eight folded dipole transmitting and re-
ceiving antennas fixed under the wings (four transmitting on
the port wing, four receiving on the starboard wing). Similar
to the current systems, the “BAS-built” system transmitted
both a conventional narrow-sounding pulse mode of 0.25 ps
and a deep-sounding 4 us, 10 MHz chirp (Table 2). As devel-
opments in digital acquisition became commercially avail-
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Figure 3. Sample radargrams from the 10 2-D radar datasets released with this paper. The colours for each survey on the map are the same
as in Fig. 1 and the data portal. The location of each radargram (a—j) is marked on the map by black triangles. The dashed red and blue
lines on the radargrams are the surface and bed picks, respectively. A description of each radargram is provided as follows: (a) flight line
G10 (GRADES-IMAGE) showing well-defined subglacial valleys through which Evans Ice Stream flows (ice flow is approximately out of
page), with stable layering present before and in the middle of the topographic low; (b) flight line FO3B (FISS 2015) showing undulating bed
topography and disrupted layering at the onset of Foundation Ice Stream; (c) flight line F27A (FISS 2016) showing variations in subglacial
topography at the divide between the Antarctic Peninsula and West Antarctica, with potential evidence of basal freeze-on at the start of the
segment; (d) flight line CO9A (IMAFI) showing evidence of preserved layering despite changes in local topography at the bottleneck between
East and West Antarctica; (e) flight line BO1 (BBAS) over Ellsworth Subglacial Mountains showing a ~ 1.5 km trough in the ice-sheet bed
and one of the deepest points in the PIG basin with ~ 3 km of ice underlying the surface; (f) flight line W43B (WISE-ISODYN) showing
internal layers draping over the highs and lows in the local Wilkes Subglacial Basin topography, with two particularly bright reflections in the
middle and bottom of the ice column; (g) flight line P33 (PolarGAP) showing clear and stable englacial layering throughout the ice column
at the onset of the topographic highs of the Transantarctic Mountain Range; (h) flight line AOSA (AGAP) showing stable internal layering
characteristic of the interior of the EAIS; (i) flight line GO9A (ICEGRAV) showing evidence of a bright reflection likely associated with a
previously unidentified subglacial lake in the region; and (j) flight line TI0A (ITGC 2019) showing a section of inland-sloping bed from a
profile in the main trunk of Thwaites Glacier, > 200 km from the current grounding line position (ice flow is right to left). The horizontal
and vertical white bars at the bottom of each radargram represent ~ 3 km in the horizontal direction (i.e. distance) and ~ 1 km in the vertical
direction (i.e. depth), respectively.

able, several technical upgrades were applied to the radar
system. These ranged from using a LeCroy scope to ac-
quire logarithmic detected waveforms to accommodate com-
plex coherent acquisition, as well as the replacement of the
LeCroy oscilloscope by a low sample-frequency 12 bit dual
ADC (analogue-to-digital converted) card in the later years
of operation (see Fig. S1 in the Supplement). During this
time, the dynamic range of the system was extended by the
interleaved transmission of different waveforms, which were
conventional short wave-train pulses at the centre frequency.
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After operating for 10 successive field seasons, the “BAS-
built” radar system was retired and was replaced by a more
modern radar system, PASIN (Corr et al., 2007). In contrast
to the “BAS-built” system, PASIN was designed to sound ice
much deeper (up to 5Skm compared to 3.3km for the ear-
lier system) thanks to improved digital electronics and added
power in the transmitting antennas (see Table 2). Addition-
ally, modern methods of digitization, enabled by the use of
ADC cards rather than a digitizing scope, allowed phase and
not just power to be recorded in greater resolution on PASIN,
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Figure 4. Workflow describing the data acquisition, processing, and publishing for the BAS aerogeophysical data included in this data
release. Standard deviation is abbreviated as “SD”, whilst “I/O” refers to the import of the SEG-Y files into seismic-interpretation software

for quality check and the output of the files.

which eventually allowed for the use of more advanced pro-
cessing techniques such as synthetic aperture radar (SAR) to
be applied to the data (see Sect. 3.2.3).

The older PASIN-1 (2004-2015) and the newer PASIN-
2 (2015—present) systems are bistatic radars operating at
a 150MHz centre frequency and configured as follows:
(a) PASIN-1: 10 MHz bandwidth system with eight folded
dipole transmitting and receiving antennas fixed under the
wings (four transmitting on port wing, four receiving on star-
board wing) operating in horizontal (H) orientation when in
standard mode, and more rarely with the port (transmit) and
starboard (receive) antennas positioned in both H and vertical
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(V) orientation when in polarimetric mode (see similar set-up
of PASIN-2 in Fig. 5a) (Corr et al., 2007); and (b) PASIN-2:
13 MHz bandwidth system with eight folded dipole transmit-
ting and receiving antennas fixed under the wings and inside
the aircraft with radio frequency (RF) switches and an ad-
ditional four receiving antennas in the belly enclosure (see
Fig. 5b—c; Table 2). The main difference between the PASIN-
1 and PASIN-2 systems is the ability for across-track swath
processing to be applied to the PASIN-2 data by allowing
both transmitting and receiving on the folded dipole anten-
nas via the use of RF switches.
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Figure 5. Photographs of the aerogeophysical set-up on the BAS Twin Otter aircraft “VP-FBL” for PASIN-2. (a) The pre-PASIN-2 (used
in 2015-2016 PolarGAP only) configured to mimic the set-up of PASIN-1 data collection in polarimetric mode. The eight folded dipole
transmitting and receiving antennas are fixed under the wings (two transmitting and two receiving antennas on each wing) with the port
configured as vertical (V) and starboard as horizontal (H). The annotations show the location of the radar (R), magnetic (M), and gravity and
lidar (G + L) instruments on board the aircraft. (b) The PASIN-2 set-up in standard/swath mode. The eight folded dipole transmitting and
receiving antennas are fixed under the wings and inside the aircraft and are operated using a radio frequency (RF) switch, and an additional
four receiving antennas are situated in the belly enclosure. When in standard swath mode, all antennas are configured in H orientation with
the starboard and belly antennas also in H orientation. The PASIN-1 set-up in standard mode (not shown here) had a similar configuration
as shown in (b) bar the belly antenna (i.e. only four transmitting on port and four receiving on starboard in H orientation). (¢) The PASIN-2
set-up in polarimetric mode. The eight folded dipole transmitting and receiving antennas are fixed under the wings and inside the aircraft and
are operated using an RF switch, and an additional four receiving antennas are situated in the belly enclosure. When in polarimetric mode,
the port antennas are configured in V orientation and the starboard and belly antennas in H orientation. The PASIN-1 set-up in polarimetric
mode (not shown here as rarely flown) had the two pairs of outboard antennas rotated to V configuration and the inboard to H configuration.
Photo credit: Carl Robinson.

In further contrast with PASIN-1, the PASIN-2 radar has a cluding (a) low-pass filters in the RF switches, (b) the use

very flexible configuration, with the standard configuration
being as 12-channel swath radar (with 8 transmitting and
12 receiving). However, other configurations are also pos-
sible, including a polarimetric mode to give H and V data
where the port antennas are rotated 180° (see Table S1 in
the Supplement). A final configuration is a mixed antenna
gain path for areas where ice is heavily disrupted and where
the starboard signal can be attenuated by several decibels.
Since 2016, the PASIN-2 system has undergone minor mod-
ifications to reduce noise and improve system operations, in-
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of a 10 GHz waveform generator, and (c) new 1kW solid-
state power amplifiers which have lowered transmitter sys-
tem noise and increased transmitter and receiver isolation.
Data for both versions of the PASIN system are received
using sub-Nyquist digitization and stacking and stored on re-
movable solid-state disks or tapes, and then copied to dupli-
cate spinning disks for data archiving. On average, a 4.5h
flight will generate ~ 150-200 GB of data for PASIN-1 and
up to 3TB of data for PASIN-2. The systems systemati-
cally acquire a shallow-sounding 0.1 ps pulse (PASIN-1)/1 us
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short-attenuated chirp (PASIN-2), and a deep-sounding 4 ps,
10MHz (PASIN-1)/13MHz (PASIN-2) linear chirp (Ta-
ble 2). The shallow-sounding pulse/short-attenuated chirp
product is best used to assess internal layering in the up-
per ~ 1.5-2 km of the ice sheet, whereas the deeper-sounding
chirp is best suited to assess englacial layering and bed char-
acteristics in deep-ice conditions (Fig. 6¢c—¢). The radar is
capable of sounding ice to depths of up to 5km with a hor-
izontal resolution of 10 cm (before processing) and a depth
resolution in the vertical direction of 8.4 m (PASIN-1) and
6.5 m (PASIN-2).

The pulse repetition frequency of the PASIN (1/2) sys-
tem is 15635 Hz and hardware stacking is typically set to
25 in standard mode, which results in an effective pulse-
coded waveform acquisition rate of 312.5 Hz for each trans-
mit pulse (Table 2). Following stacking, the final sampling
frequency of PASIN-1 is 22 MHz and PASIN-2 is 120 MHz
(Table 2).

3.1.4 GPS and lidar

Since 1978, navigation has transitioned from basic aircraft
data, imagery, and dead reckoning to more modern means,
including the use of the carrier-phase Global Positioning Sys-
tems (GPS).

Between 1994 and 2004, the BAS Twin Otter aircraft was
equipped with a Trimble GPS system (1994-1995 surveys:
Trimble 4000SSE; 1996-2003 surveys: Trimble 4000SSI).
Since 2004, the aircraft is equipped with two, 10 Hz GPS
receivers (Leica 500 and ASHTEC Z12 for 2004-2018 sur-
veys; Javad Delta and Novatel Span for post-2018 surveys)
installed on board the aircraft. On the ground, two Leica
500 GPS base stations (replaced by Javad TRIUMPH-2 for
post-2018 surveys) are positioned and equipped with choke-
ring antennas, set up specifically to obtain an unobstructed
view of the sky above. Aircraft turns are typically limited to
10° banking angles in order to avoid losing lock with GNSS
satellites orbiting close to the horizon. The estimated accu-
racy of the absolute position of the aircraft is 10 cm or less,
with the relative accuracy approximately 1 order of magni-
tude better. Since 2010, the aircraft altitude and inertial infor-
mation has been provided by an iMAR FSAS inertial mea-
surement unit (IMU), with the data logged on a Novatel Span
receiver. Additional altitude information from the strap-down
gravity system is also available for post processing of other
datasets.

For all modern surveys, the aircraft was also equipped with
a Riegl Q240i-80 laser altimeter system (or lidar) in the floor
camera hatch to accurately detect the ice surface. The li-
dar data used for correction of the radar data are typically
extracted from the nadir point value with no correction for
aircraft altitude. The system has a repetition frequency up
to 2 kHz which results in an along-track measurement every
3 cm with an accuracy of up to 5 cm. The lidar is used up to
altitudes of 700 m and is constrained by cloud-/fog-free con-
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ditions. From 2010 onwards, the lidar onboard the Twin Otter
was capable of obtaining swath lidar data, although only the
single-point data along the centre line were provided as part
of this data release.

3.2 Data processing
3.2.1 Gravity

The raw aerogravity data are processed to obtain lev-
elled free-air gravity anomalies. Although additional survey-
specific processing might have been applied to the data, gen-
eral processing steps for the LaCoste and Romberg system
include the calculation of the observed gravity and a range
of corrections and filtering functions as described in Jordan
et al. (2007, 2010) and Valliant (1992). In particular, cor-
rections for vertical acceleration, Eotvos horizontal motion
(Harlan, 1968), latitude (Moritz, 1980), and free air (Hack-
ney and Featherstone, 2003) were applied to obtain the final
free-air anomalies before subsequent 9—12 km low-pass fil-
tering. As the free-air values refer to the WGS84 ellipsoid,
they are defined in geodesy as gravity disturbance (Hackney
and Featherstone, 2003).

The strap-down gravity method adopted from 2015 on-
wards directly combined observations of acceleration in all
three axes, with orientation and GPS observations combined
in a Kalman filter to simultaneously solve for aircraft posi-
tion and variations in the Earth’s gravitational field (Becker
et al., 2015). For subsequent strap-down-acquisition surveys,
some amount of thermal drift levelling/correction is required.
Spectral analysis suggests that the strap-down system can
resolve wavelengths on the order of ~5km (Jordan et al.,
2020). Error estimates for the gravity data can be found in
the respective survey metadata (see Table 3), or in specific
studies utilizing the BAS aerogravity data (e.g. Ferraccioli et
al., 2006; Forsberg et al., 2018; Jordan and Becker, 2018).

Additional processing may include the use of masks to
remove aircraft turns, start and end of lines, and other re-
gions of noisy data, or producing an upward continued free-
air anomaly by the upward continuation of each line segment
from the collected flight altitude to the highest altitude in the
survey. The first level of free-air anomaly for all published
BAS data is shown in Fig. 2a, although it is worth noting that
no correction such as downward continuation has been ap-
plied to compile the data shown in Fig. 2a. It is considered
that at the scale of the map, the vertical gradient of resid-
ual gravity anomalies at flight altitude is inferior to 2 mGal.
Additionally, as the gravity surveys are acquired over the ice
sheet, the distance to the bedrock is not only dependent on
the flight altitude but also on the ice thickness.
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Table 2. Radar parameters for the three radar systems deployed by BAS between 1994 and the present day. Note that PASIN-1/2 have a
number of programmable settings for flight-specific objectives (e.g. one to eight waveforms programmable for PASIN-2), and the numbers
provided here are for the most commonly used settings. For PASIN-2, a standard set-up consists of five waveforms as follows: 4 us H (0°), 4 ps
V (0°), 4 us H (90°), 4 us V (90°), 1 us H (Table S1). Abbreviations in the table are as follows. ADC: analogue-to-digital converter; FPGA:
field-programmable gate array; SF: sample frequency; SI: sample interval; PRF: pulse-repetition frequency; PRI: pulse-repetition interval.
8 BAS-built and PASIN-1 systems used RF combiners on the receiver to produce a single RF input-to-sample, with PASIN-1 splitting these
into a high- and low-gain channel for standard mode (two ADC channels) and combining these for pairs of H and V in polarimetric mode
(four ADC channels). ® Radar Range Resolution is calculated using a radio-wave velocity in ice of 168 m psfl and does not include the effect
of the processing on the vertical resolution of the system, which is expected to be ~ 50 % greater than the values provided in the table, thus
these numbers should be interpreted as the theoretical system performance. Diagrams showing the configurations of the three radar systems
are provided in the Supplement (Figs. S1-S3).

Radar parameters

BAS-built (1994-2004)

PASIN-1 (2004-2015)

PASIN-2 (2015-present)

Antennas configuration 8x folded dipole 8x folded dipole 8x folded dipole 4 4 x belly
(4 Tx/4Rx)? (4 Tx/4Rx)? (8 Tx/Rx + 4 Rx only)
Centre frequency ‘ 150 MHz 150 MHz 150 MHz
Transmitted pulse width 0.25 ps (pulse) 0.1 ps (pulse) 1 ps (Tukey envelope chirp)
4 ps linear (chirp) 4 us linear (chirp) 4us linear (Tukey envelope
chirp)
Chirp bandwidth 4 MHz (pulse) 10MHz 13 MHz
10 MHz (chirp)
Antenna gain ‘ 11dBi 11dBi 11dBi
PRF/PRI 20000 Hz 15635Hz 15635Hz
(PRI: 50 ps) (PRI: 64 ps) (PRI: 64 ps)
Peak transmit power 300 W/antenna 1 kW/antenna 1 kW/antenna
(1.2 kW total) (4 kW total) (8 kW total)
Receiver SF 25 MHz 88 MHz 120 MHz
(scope max single shot)
Receiver FPGA decimation | - 4 -
Receiver effective SF 25 MHz 22 MHz 120 MHz
(SI: 40.0ns) (SI: 45.5ns) (SI: 8.3 ns)
Receiver trace stacking 64 25 (standard) 25
50 (polarimetric)
Effective PRF (post-stacking) 312.5Hz 312.5Hz 125.1 Hz (5 waveforms)
(standard 2 waveforms)  208.5 Hz (3 waveforms)
ADC resolution 12 bit 14 bit 16 bit
Equivalent sustained data rate per | 100MBs™! 176 MBs™! 960MB s~ !
ADCs (FPGA) (standard) (system: 2.88 GB sfl)
352MBs~!
(polarimetric)
Average data storage rate for full PRI ‘ ~1MBs™! 11MBs~! (maximum) 173 MB g1 (all arrays)
Radar range resolution? 21.0m (pulse) 8.4m 6.5m
8.4 m (chirp)
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3.2.2 Magnetics

The raw aeromagnetic data have been processed using the
SCAR ADMAP?2 data-release protocols (Golynsky et al.,
2018). Data were collected at 10 Hz, allowing for modelling
and removal of aircraft dynamic movements using a so-called
compensation correction (Ferraccioli et al., 2007). This cor-
rection typically requires a dedicated calibration flight in the
direction of the survey lines and tie-lines to have been flown.
For some surveys with radial design, or where magnetic-data
acquisition was opportunistic, logistical constraints meant no
calibration flight could be conducted. In these cases, the gen-
erally large depth-to-source estimates due to the thick ice al-
lowed for a 10155 filter to be applied to minimize noise
generated by aircraft motion without compromising the ge-
ological signal. Given the redundancy of collecting 10 Hz
(~6m spaced) observations over thick ice, most surveys
were downsampled to 1 Hz (~ 60 m) prior to further process-
ing.

After magnetic compensation, the magnetic data were cor-
rected for the International Geomagnetic Reference Field
(IGRF), which is a standard mathematical description of the
Earth’s main magnetic field. Data impacted by operation of
aircraft systems such as pumps and heaters were manually
determined. Typically, such data were discarded, but survey
design and lack of alternative data sources mean that some-
times important geophysical signatures may be present. In
some cases, the contaminated data were therefore corrected
using an offset correction, accepting that the data segment
may be more noisy.

Magnetic data were then corrected for diurnal variations
in the magnetic field using observations at a fixed base sta-
tion, typically filtered with a 30 min filter to remove short-
wavelength noise potentially not seen on the aircraft. Further
statistical levelling of the data based on internal intersections
and crossovers with previous surveys was carried out at times
to remove systematic errors associated with flight direction
(i.e. heading corrections) and additional long-wavelength er-
rors associated with incomplete removal of diurnal varia-
tions. In some cases, continuation to a fixed altitude above
the ice-sheet bed and a final grid-based micro-levelling pro-
cedure were applied (Ferraccioli et al., 1998). The magnetic
anomaly map shown in Fig. 2b shows the spatial cover-
age and magnitude of magnetic data available. Errors in the
data are typically presented as the standard deviation of the
crossover errors and can be found in the respective survey
metadata (see Table 3).

3.2.3 Radar

All data acquired with the earlier “BAS-built” radar system
(1994-2004) were read using C code software to convert the
LeCroy data to formats readable by Halliburton Landmark’s
seismic-processing software, SeisSpace ProMAX (hereafter
referred to as ProMAX). Basic processing was applied to the
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data in the hardware analogue domain and later using Pro-
MAX, including power normalization and final SEG-Y ex-
port. Following the transition from the LeCroy oscilloscope
to ADC cards on the “BAS-built” system (see Sect. 3.1.3),
MATLAB replaced the IDL language for data processing.

As opposed to the “BAS-built” system which, by design,
had some level of processing done on the raw data internally,
the PASIN system was designed to retain much of the sam-
pled data in the rawest form possible to allow for evolving
processing techniques to be applied to the data in the future.
For all PASIN data (2004 onwards), the first high-level step
was to extract the raw data from the tape drives, convert the
3-byte values to conventional 4-byte integers, combine the
waveforms associated with each pulse transmit type, and then
export the data into MATLAB-formatted binary files. The
second high-level step was to minimize side-lobe levels by
applying a chirp-decompression technique using a Blackman
window from a custom-built MATLAB toolbox, resulting in
a processing gain of ~ 10 decibels (dB).

The next step was to apply processing techniques both
to enhance along-track resolution and improve the signal-
to-noise ratio. For the 2004-2005 BBAS survey, incoherent
stacking of 10 consecutive traces was applied and a moving-
average window filter used; however, no SAR techniques
were initially applied to these data. First tested on previously
acquired PASIN radar data (see Héliere et al., 2007), 2-D
SAR processing based on the Omega-K algorithm and subse-
quently improved versions using Doppler-beam sharpening
were applied systematically to all the deep-sounding chirp
data from 2005-2006 onwards to increase spatial resolution
and remove backscattering hyperbolae in the along-track di-
rection (Corr et al., 2007; Jeofry et al., 2018). The benefit
of using unfocused along-track SAR processing is that it re-
solves the bed in much finer detail compared with non-SAR
focused data (see Fig. 6d—e). However, SAR-processing can
also lead to distortions of the amplitude of the ice structure
and bed reflection in inhomogeneous areas of the ice sheet
(e.g. near the grounding line; see Héliere et al., 2007) and
thus might not always be appropriate for assessing internal
layering or absolute amplitudes such as required for bed-
reflectivity analysis (e.g. Peters et al., 2007; Castelletti et al.,
2019). Additional moving-average filters of varying lengths
have also been applied to enhance englacial reflections and
improve visualization of the radar data.

Figure 6 shows the three processed radar products pro-
vided for the 2010-2011 IMAFI survey over West Antarc-
tica. Figure 6c shows the shallow-sounding pulse and
Fig. 6d—e the deep-sounding chirp radar data using the unfo-
cused SAR-processing technique from Héliere et al. (2007)
(Fig. 6d) and a version of the chirp product processed with
coherent summations but with no SAR-processing applied
(Fig. 6e). Internal layering is more clearly visible in the up-
per part of the ice column on the pulse data compared with
the chirp data (see black-bordered insets in Fig. 6¢ and e). In
contrast, deeper internal layering is much more visible on the
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SAR-chirp than on the non-SAR chirp (Fig. 6d—e). Addition-
ally, the peak amplitude of the bed is better resolved in the
SAR-processed chirp than in the non SAR-processed chirp
(see white-bordered inset in Fig. 6d—e).

Further processing of the PASIN data has also been ap-
plied by others using simple image-processing techniques
such as moving-average filters to enhance the internal lay-
ering of the ice and reduce incoherent noise (Ashmore et
al., 2020; Bodart et al., 2021) or by applying more com-
plex SAR-processing techniques over previously incoher-
ently processed radar data (Castelletti et al., 2019; Chu et
al., 2021). Additional techniques have also been employed in
areas where side echoes from steep valley walls lead to am-
biguous bed reflections, as previously employed over Flask
Glacier (Antarctic Peninsula) using PASIN SAR-processed
data and a combination of velocity and digital elevation mod-
els to obtain more accurate ice-thickness estimates (Farinotti
etal., 2013).

Following radar data processing, bed and ice-surface re-
flections were determined by picking the onset of the basal
echo (i.e. where the echo amplitude is greater than the noise
floor). We note that this is not a universal method applied by
all radar data providers, who may pick the half-amplitude de-
lay or the peak value, leading in turn to measurement biases
across data providers and products (e.g. Peters et al., 2005;
Chu et al., 2021).

The BAS approach to picking the bed was to use a semi-
automatic first-break pick algorithm on the chirp data below
a top-mute window in ProMAX (generally ~ 100 samples
above the approximate bed reflection) to locate the precise
bed return, followed by manual checks and re-picking to ex-
clude any unrealistic spikes. In areas where multiple closely
spaced reflections were sounded at the bed, the shallowest
reflection was assumed to be the bed as off-axis reflections
would likely appear lower down in this section. However,
in some cases, deeper reflections were chosen, with shal-
lower weak reflections assumed to reflect entrained debris,
accreted ice, or uncompensated refraction hyperbolae close
to the bed. We note, however, that this method has evolved
over the years, and that its success is inherently reliant on
the radio-glaciological experience of the human picker to
quality-check the results from the semi-automatic picker and
manually re-pick the data if necessary. The uncertainty asso-
ciated with the picking procedure can be partially approxi-
mated by calculating the root mean square error (RMSE) of
the bed elevations at crossover points across the survey area.
Although these errors are site-specific and can depend on fac-
tors such as varying bed topography and roughness, larger er-
rors may reflect uncertainties in data processing or analysis
(i.e. picking in this case). Areas of more extreme topography
typically show the highest crossover errors, likely associated
with off-axis reflections and entrained debris close to sub-
glacial cliffs, which make deciding on the correct bed pick
challenging. In isolated cases, such errors can exceed several
hundred metres. In contrast, regions dominated by smooth

https://doi.org/10.5194/essd-14-3379-2022

3393

and flat beds typically show lower crossover errors, on the
order of several metres only. Survey-wide RMSEs are typ-
ically reported in each survey’s metadata (see Table 3) and
average ~ 9-22m depending on the survey (see Rippin et
al., 2003a; Vaughan et al., 2006; Ross et al., 2012; Jeofry et
al., 2018).

To estimate ice thickness and hence obtain the bed eleva-
tion, the location of the surface reflection in the radar data
must be known accurately. However, since the PASIN sys-
tem does not resolve the ice surface well due to errors in the
phase centre of the pulse through the firn layer, the surface re-
flection in the radargram was only rarely used on its own to
calculate the ice surface. Usually, range-to-surface from co-
incident on board-acquired lidar, or alternatively, if lidar was
not available (i.e. due to clouds or ground clearance higher
than 750 m), using the aircraft’s radar altimeter or surface el-
evation from an accurate digital elevation model (DEM) (i.e.
REMA 8 m DEM for latest surveys; Howat et al., 2019), was
used to calculate a “theoretical” surface pick, as follows:

Firstly, the same semi-automatic picker used for picking
the bed was used on a subset of the shallow-sounding pulse
radargrams with a bottom-mute window set at ~ 100 sam-
ples below the surface reflection. Secondly, once aircraft-to-
surface range was obtained from lidar, a linear trend between
the surface pick from the radargram and the surface range
from the lidar was calculated, and a resulting slope and oft-
set was used to calculate the theoretical location of the sur-
face. Where possible, the range-to-ground value was derived
from the lidar data or interpolated from the mean lidar ele-
vation within ~ 700 m. In those rare cases where the surface
reflection was picked directly from the radargram, a regres-
sion, local to the data gap, was used to fit the radar range-
to-terrain clearance. If lidar was not available to calculate
range-to-ground, the height of the aircraft above the surface
was obtained by the aircraft’s radar altimeter which was then
converted into a radar delay time. This conversion was done
after a two-stage calibration process which involved record-
ing the terrain clearance over a sea surface with the two in-
struments, and then correction for the penetration depth of
the radar altimeter was obtained from the difference in the
height above ellipsoid for a surveyed “flat” snow surface and
the aircraft. Where possible, the reference surface was cho-
sen to be in the centre of the targeted area.

Once bed and surface were calculated, ice thickness was
obtained by calculating the difference between the bed and
surface pick in range samples (relative to the BAS system).
The picked travel time was then converted to depth in metres
using a radar wave speed of 168 mus~! and a constant firn
correction of 10 m. Bed and surface elevations were then in-
tegrated with a high-precision kinematic dual-frequency GPS
position solution to provide the final point dataset of eleva-
tions relative to the WGS84 ellipsoid. To ensure the best ac-
curacy of satellite-orbit definitions and atmospheric correc-
tions, the interpolated survey locations and aircraft elevations
were processed from 10 Hz coupled Precise Point Position-
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Figure 6. A 25km segment of flight line 15d of the 2010-2011 IMAFI survey, showing the three radar products and processing attributes:
(a) shows an overview map of the entire survey with an inset over Antarctica, and (b) shows a zoomed-in map over the specific flight line
with the 25 km radar segment (defined as A—A’) shown in red. The background satellite image in (a)—(b) is from the Landsat Image Mosaic
of Antarctica (LIMA) (Bindschadler et al., 2008). Images (c)—(e) show a 25 km segment of the data for the three products provided for the
2010-2011 IMAFI survey as follows: (c¢) the coherently processed, shallow-sounding pulse, (d) the unfocused 2-D SAR-processed, deep-
sounding chirp, and (e) the coherently processed, deep-sounding chirp. The black-bordered insets zoom to the internal layering in the upper
portion of the ice column for (¢)—(e) and the white-bordered insets show the difference in bed characteristics between (d) and (e).
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ing (PPP) GNSS/INS solutions 1 month after data acquisi-
tion.

4 FAIR data publishing

In total, we have published 64 datasets from 24 surveys as
part of this data release, representing ~ 566 GB of data and
~ 1800 files. This amounts to a total of 3.62 million gravity
and 7.41 million magnetic data points, as well as 14.5 million
ice-thickness and bed-elevation measurements. The com-
plete list of published datasets is provided in Table 3, includ-
ing the short digital object identifiers (DOIs), which redirect
to the metadata sheets and download folders for each respec-
tive dataset archived on the PDC Discovery Metadata System
(DMS) data catalogue (https://data.bas.ac.uk/, last access: 18
July 2022).

We note that individual profiles acquired opportunisti-
cally following larger aerogeophysical surveys (i.e. flight
lines over Flask Glacier; Farinotti et al., 2013) are not in-
cluded in this data release unless specifically mentioned in
the metadata for each survey (see Table 3). Such small-scale
datasets will be added to the data portal in future releases (see
Sect. 4.3).

Below, we discuss the release of the datasets centred
around the four FAIR data principles (i.e. findable, acces-
sible, interoperable and re-usable; Wilkinson et al., 2016),
starting with the formats and attributes used to store and
describe the data (Interoperability; Sect. 4.1), the metadata
and DOIs assigned to each dataset (Findability; Sect. 4.2),
the data-portal interface and functionalities (Accessibility;
Sect. 4.3), and finally the creation of a user guide and open-
access tutorials written in Python and MATLAB for reading
the data programmatically (Re-usability; Sect. 4.4).

4.1 Interoperability: data formats and attributes

In order to make our data as interoperable as possible, the
choice of an open format for all our datasets was a priority.
We followed the best practices of the geophysics community
and used common data formats and naming conventions to
describe the variable names. These are detailed further here.

The gravity, magnetic, and bed-pick data are stored in open
ASCII data formats, namely XYZ and CSV files, to ensure
long-term access and unrestricted use of the data in the fu-
ture (Fig. 4). Additionally, we followed the SCAR ADMAP2
data-release protocols (Golynsky et al., 2018) for the nam-
ing convention of the channels for the magnetic data. For
the radar data, we chose to release the bed-pick data sep-
arately from the full radar data (see Fig. 4), although the
full radar product contains most of the information stored in
the ASCII bed-pick files. Publishing the bed-pick data sep-
arately from the radar data was a deliberate choice: it alle-
viates the need for users to download the full radar datasets
to access light-weight tabular data, and improves the acces-
sibility of the point data for large gridded products such as
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SCAR’s BEDMAP (Fretwell et al., 2013) and NASA’s Bed-
Machine (Morlighem et al., 2020) projects. The bed-pick
data are stored as ASCII-formatted files (namely XYZ and
CSV), whereas the full radar data are stored as SEG-Y and
NetCDF files, reasons for which are described below.

The SEG-Y format has been used extensively by radar
scientists since the early 1980s to store radar data. This is
primarily due to the lack of a radar-specific format, SEG-Y
having been developed primarily to store seismic data. The
advantage of using SEG-Y files is that data can be readily
imported into seismic-interpretation software for data inter-
pretation and analysis. The drawbacks of using SEG-Y, how-
ever, are numerous, making this option unsuitable for long-
term data storage. These include: (1) limited space for meta-
data, (2) the choice of byte-information to store the radar data
is subjective due to the nature of the SEG-Y format, (3) until
recently, the byte stream structure which includes the geolo-
cation of each radar trace (i.e. the X and Y positions) was
restricted to integer format leading to large inaccuracies in
the actual trace position, despite the use of high-resolution,
sub-metre GPS data (see Sect. 3.1.4). Recognizing, however,
the geophysical community’s need to view and analyse the
radar data in conventional data formats, we have decided to
continue producing SEG-Y files for each flight line and ac-
quisition mode (e.g. pulse and chirp). The SEG-Y files were
produced using the Revision 1.0 SEG-Y format and georef-
erenced using the navigational position of each trace from
the GPS on board the aircraft in polar stereographic (EPSG:
3031) projection. Each SEG-Y file contains the following
byte-information: trace number (byte: 1-4 and 5-8), PRI-
Number (byte: 9-12), Cartesian X coordinate (byte: 73-76),
Cartesian Y coordinate (byte: 77-80), number of samples for
each SEG-Y trace (byte: 115-116), and the sampling interval
(byte: 117-118).

As a result of the issues mentioned above, we also ex-
ported and published the radar data in NetCDF-formatted
files. We chose the NetCDF format due to its portability and
array-oriented structure, the ability to store large amounts of
metadata and variables into one portable file, its machine-
readable capability, and to harmonize our data products with
other fields such as climate science (e.g. ECMWF ERAS re-
analysis products; NCAR climate data), glaciology (e.g. Le
Brocq et al., 2010; Morlighem et al., 2017; Lei et al., 2021)
and, increasingly, radar geophysics itself (e.g. Paden et al.,
2014; Blankenship et al., 2017), which already all make use
of this data format effectively. The NetCDF files we pro-
duced contain extensive metadata relating to the acquisition
and processing of the radar data, as well as a set of Cli-
mate and Forecast (CF)-compliant variables that are tied to
the radar data (https://cfconventions.org/, last access: 18 July
2022) (Table 4). As a minimum, each NetCDF file contains a
radar data variable (one for the pulse and/or one for the chirp,
if both exist) in 2-D format, and a set of 1-D variables relat-
ing directly to the radar data, such as the trace number, PRI
number, fast time, and the X and Y coordinates (Table 4). We
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Table 3. Short digital object identifiers (DOIs) for the gravity, magnetic, bed-pick, and 2-D radar datasets of each survey flown by BAS
and included in this data release. Abbreviations used are the same as in Table 1. 1 For the AGAP radar data, the US-led survey lines can
be found at https://doi.org/10.1594/IEDA/313685 (Bell, 2011). 2 For the PolarGAP survey, data can be downloaded from both the ESA and
BAS data catalogues, but the DOI for the gravity and magnetic data (https://doi.org/10.5270/esa-8ffoo3e, Forsberg et al., 2017) belongs to
ESA. If using the PDC data catalogue, the PolarGAP gravity and magnetic data can be downloaded from https://data.bas.ac.uk/full-record.
php?id=GB/NERC/BAS/PDC/01583 (last access: 18 July 2022) and https://data.bas.ac.uk/full-record.php?id=GB/NERC/BAS/PDC/01584
(last access: 18 July 2022), respectively. “*” indicates that the data are not held at BAS, but instead are available on the CReSIS data portal

(https://data.cresis.ku.edu/, last access: 18 July 2022).

Survey Year Region Gravity Magnetic Bed-pick Radar

EVANS 1994-1995 WAIS  https://doi.org/10/d549 - https://doi.org/10/d548 -

Black Coast 1996-1997  APIS - https://doi.org/10/d54x - -

CHARCOT 1996-1997  APIS - https://doi.org/10/d54z - -

JRI 1997-1998  APIS https://doi.org/10/d55g https://doi.org/10/d55f - -

LARSEN 1997-1998  APIS - https://doi.org/10/d55k - -

DUFEK 1998-1999  WAIS https://doi.org/10/d546 https://doi.org/10/d544 https://doi.org/10/d542 -

AFI Coats Land 2001-2002  EAIS - https://doi.org/10/dpnw https://doi.org/10/dpnx  —

MAMOG 2001-2002  EAIS https://doi.org/10/dpqg https://doi.org/10/dpgh https://doi.org/10/dpqd -

TORUS 2001-2002  WAIS  https://doi.org/10/dpgm  https://doi.org/10/dpqj https://doi.org/10/dpqf ~ —

SPARC 2002-2003  APIS https://doi.org/10/d552 https://doi.org/10/d55x - -

BBAS 2004-2005 WAIS https://doi.org/10/dpn6 https://doi.org/10/dpn3 https://doi.org/10/dpnz  https://doi.org/10/gzqs
WISE-ISODYN 2005-2006 EAIS https://doi.org/10/d554 https://doi.org/10/d553 https://doi.org/10/cncc  https://doi.org/10/gzqq
GRADES-IMAGE  2006-2007  WAIS - https://doi.org/10/d55d https://doi.org/10/d55¢c  https://doi.org/10/gzqj
AGAP 2007-2009  EAIS https://doi.org/10/dpnf https://doi.org/10/dpnn https://doi.org/10/dpnr  https://doi.org/10/gzqw!
ANDRILL HRAM  2008-2009 WAIS - https://doi.org/10/d54w - -

Adelaide Island 2010-2011  APIS - https://doi.org/10/dn8b - -

IMAFI 2010-2011  WAIS https://doi.org/10/dn8g https://doi.org/10/dn8h https://doi.org/10/dn8f  https://doi.org/10/gzqr
PIG Ice Shelf 2010-2011  WAIS - https://doi.org/10/d55m https://doi.org/10/d55n  —

ICEGRAV 2011-2013  EAIS https://doi.org/10/dpgb https://doi.org/10/dpp9 https://doi.org/10/cjzn  https://doi.org/10/gzqt
FISS 2015 2015-2016  WAIS - https://doi.org/10/g36h https://doi.org/10/g35q  https://doi.org/10/g35m
PolarGAP 2015-2016  EAIS https://doi.org/10/ g7kw2 https://doi.org/10/, g7kw2 https://doi.org/10/g7qq  https://doi.org/10/g7qp
FISS 2016 2016-2017  WAIS https://doi.org/10/g36f https://doi.org/10/g36j https://doi.org/10/g35t  https://doi.org/10/g35p
ITGC 2018 2018-2019 WAIS  https://doi.org/10/dn26 https://doi.org/10/dn24 * *

ITGC 2019 2019-2020 WAIS https://doi.org/10/g68r https://doi.org/10/g68q https://doi.org/10/gp4z  https://doi.org/10/g7qn

also provided additional radar-related variables which were
extracted from the radar data following processing, such as
the surface and bed picks, the surface and bed elevation, the
ice thickness, longitude and latitude, time of the trace, and
the elevation of the aircraft (Table 4). Additional 1-D vari-
ables include the source of the surface pick (from lidar or
radar) if this exists, the range between the aircraft and the ice
surface, and in case the pulse- and chirp-radar variables do
not have the same length, we provide two sets of variables
for the trace number and PRI number.

Lastly, to aid visualization and improve efficiency in nav-
igating the datasets, we created lightweight quick-look PDF
files of the radar data for each flight line of each survey
(see example for the WISE-ISODYN survey in Fig. 7). The
choice of ~ 25 or ~ 50 km length for the 2-D radargram was
chosen based on clarity of the image and varies from survey
to survey. The quick-look PDF files are stored alongside the
SEG-Y and NetCDF files and are accessible using the links
provided in Table 3.
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4.2 Findability: metadata and digital object identifiers
(DQls)

ISO 19115/19139 Geographic information metadata are pro-
vided for each data type of each survey and is archived along-
side the datasets into the PDC DMS catalogue (https://data.
bas.ac.uk/, last access: 18 July 2022; see Table 3). Each meta-
data record provides detailed information about the dataset,
including an abstract, list of personnel involved in the ac-
quisition or analysis of the dataset, and detailed lineage in-
formation about the acquisition and processing steps used to
produce the dataset, amongst others. All our data are cov-
ered under the UK Open Government License (http://www.
nationalarchives.gov.uk/doc/open-government-licence/, last
access: 18 July 2022), enabling the re-use of the data freely
and with flexibility, whilst at the same time ensuring ac-
knowledgement of those involved in the collection and pro-
cessing of the data. In addition, we use earth science-specific
keywords and vocabularies from the Global Change Master
Directory (GCMD, 2021) to describe our data in a consistent
and comprehensive manner in accordance with ISO 19115
standards. Lastly, a DOI is minted for each dataset so that it
can be discoverable and adequately cited. The end goal is to
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Table 4. Attributes for each variable stored in the NetCDF files. For each attribute name, we provide the long name, the dimension (1- or
2-D, x or y axis), the short or CF-compliant standard name, and the unit of the measurement. The standard name is only provided if it exists
as part of the CF convention (https://cfconventions.org/, last access: 18 July 2022), otherwise a short name is provided. The abbreviation
“dBm” stands for decibel-milliwatts and “a.s.l.” stands for above sea level. Note that the surface and bed-pick data are referenced to the
sampling time of the BAS radar systems across the 64 us pulse repetition interval window, and digitized according to the receiver sampling

frequency (see Table 2).

NetCDF attributes Long name Dimension Short/standard name Unit

traces Trace number for the 1-D (x axis) traceNum Integer count (unitless)
radar data

fast_time Two-way travel time 1-D (y axis) time Microseconds

Xx_coordinates Cartesian x coordinates  1-D (x axis) projection_x_coordinate ~ Metres (WGS84 EPSG: 3031)
for the radar data

y_coordinates Cartesian y coordinates  1-D (x axis) projection_y_coordinate  Metres (WGS84 EPSG: 3031)
for the radar data

chirp_data Radar data for the pro- 2-D (x and y axis) — Power (dBm)
cessed chirp

pulse_data Radar data for the pro- 2-D (x and y axis) — Power (dBm)
cessed pulse

longitude_layerData Longitudinal position  1-D (x axis) longitude Degree_east (WGS84 EPSG: 4326)
of the trace number

latitude_layerData Latitudinal position of 1-D (x axis) latitude Degree_north (WGS84 EPSG: 4326)
the trace number

UTC_time_layerData Coordinated Universal 1-D (x axis) resTime Seconds of the day
Time (UTC) of trace
number

PriNumber_layerData Incremental integer ref-  1-D (x axis) PriNum Integer count (unitless)
erence number related
to initialization of the
radar system

terrainClearance_layerData Terrain clearance dis- 1-D (x axis) resHt Metres
tance from platform to
air interface with ice,
sea or ground

aircraft_altitude_layerData Aircraft altitude 1-D (x axis) Eht Metres a.s.l. (WGS84 ellipsoid)

surface_altitude_layerData Ice surface elevation for  1-D (x axis) surface_altitude Metres a.s.l. (WGS84 ellipsoid)
the trace number

surface_pick_layerData Location down trace of  1-D (x axis) surfPickLoc Time sample (microseconds)
surface pick (BAS sys-
tem)

bed_altitude_layerData Bedrock elevation for 1-D (x axis) bed_altitude Metres a.s.l. (WGS84 ellipsoid)
the trace number

bed_pick_layerData Location down trace of  1-D (x axis) bedPickLoc Time sample (microseconds)
bed pick (BAS system)

land_ice_thickness_layerData  Ice thickness for the 1-D (x axis) land_ice_thickness Metres

trace number

provide all the information necessary for effective, long-term
data re-use.

The data are shared via the web-based Repository for
Archiving and MAnaging Diverse DAta (RAMADDA; https:
/lgeodesystems.com/, last access: 18 July 2022) which is
an open-source content and data management platform. The
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download of the data is done through a standard HTTP-
protocol where no login account is required. In the back-
end, the data are stored following a simple folder structure
on the PDC server that is mirrored onto RAMADDA. This
simple structure allows us to maintain a balance between the
services we can provide and our ability to move away from
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Figure 7. Example of a segmented quick-look image from the 2005-2006 WISE-ISODYN survey. (a) Overview map of the survey flight lines
(grey lines) with an inset over Antarctica and the specific flight line highlighted in blue. (b) Zoomed in version of (a) showing the specific
flight line with the footprint of the 50km segment (red line) and start point for the radargram (black dot) shown in (c). The background
satellite image in (a)—(b) is from the Landsat Image Mosaic of Antarctica (LIMA) (Bindschadler et al., 2008). (¢) 50 km segmented radar
image of the chirp data with distance in kilometres shown in the bottom x axis and the trace number shown in the top x axis. The y axis
shows the travel time in microseconds. The format of the title in (c) is as follows: survey name and flight ID, first trace of segment, last trace
of segment. The dashed red and blue lines on the radargram in (c) show the surface and bed pick, respectively.

specific tools — RAMADDA in this case — and potentially
adopt more performant systems in the future. The goal is to
stay as independent of the platform we use as possible while
providing the most effective service possible.

4.3 Accessibility: Polar Airborne Geophysics Data Portal

To increase the accessibility and discoverability of our data,
we developed a new data portal, the Polar Airborne Geo-
physics Data Portal (accessible from https://www.bas.ac.uk/
project/nagdp/, last access: 18 July 2022). The portal inter-
actively showcases the wide coverage of aerogeophysical
datasets collected by BAS and enables users to easily dis-
cover and download the published datasets via a series of
widgets and functionalities aimed at enhancing the user ex-
perience.

The portal is divided into five layer menus: “Aerogravity”,
“Aeromagnetics”, “AeroRadar”, “Boundaries & Features”,
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and “Basemaps”. The first three menus contain shapefile lay-
ers for the gravity, magnetic, and radar datasets, respectively.
The “Boundaries & Features” menu contains a set of spe-
cific boundary layers, such as the Antarctic Coastline and Ice
Drainage boundaries, amongst others, and the “Basemaps”
menu contains background gridded maps of ice thickness,
surface and bed elevations, magnetic anomaly, and geother-
mal heat flow, amongst others.

The track lines for each dataset correspond to individual
polyline shapefiles (either segmented in 25 or 50km, or by
flight line) which contain key statistics such as the minimum,
maximum, and median gravity and magnetic anomalies, and
minimum, maximum, and median ice surface, bed elevation,
and ice thickness. The shapefiles also contain direct links to
the survey’s metadata and to direct links to download the data
via the RAMADDA interface.

A powerful functionality of the portal is the ability to
view the aerogeophysical data rapidly via the creation of
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quick-look gravity, magnetic, and radar plots for each flight
line (see Sect. 5.2; Fig. 7c). For the magnetic and gravity
data, graphs showing the magnetic or free-air anomaly along
straight lines were created in the westernmost—easternmost
direction if the profile is mainly in the direction of the lon-
gitude, or northernmost—southernmost if the profile is pre-
dominantly in the direction of the latitude. For the radar data,
the segmented images were produced in a similar format to
Fig. 7¢ and split into ~ 25 and ~ 50 km segments depending
on the survey.

4.4 Re-Usability: user guide and tutorials

To further increase the re-usability of our data, we pro-
vided a user guide for the data portal as well as inter-
active, open-source Jupyter Notebook tutorials written in
Python and MATLAB for reading the gravity, magnetic, and
radar datasets and conducting first-order analyses of the data.
These are archived on the BAS GitHub repository and pro-
vided via an interactive web interface using Jupyter Book
(https://antarctica.github.io/PDC_GeophysicsBook, last ac-
cess: 18 July 2022). We believe these to be particularly bene-
ficial for ensuring accessibility and re-usability of our data to
the widest range of users possible, primarily as a result of the
complexity around reading in aerogeophysical data formats.

5 Discussion

This final section exemplifies the potential re-usability of the
newly released aerogeophysical data via the interrogation of
the englacial architecture of the ice as sounded by BAS ice-
penetrating radars. We also explore the future use of the new
data portal and discuss opportunities in terms of data release
and further potential re-use of the BAS aerogeophysical data.

5.1 Internal layering continuity index

Englacial layering, as imaged by ice-penetrating radars, is
a powerful means of extracting information on past ice-
dynamical processes (Rippin et al., 2003b; Siegert et al.,
2003; Bingham et al., 2015), amongst others. For example,
the presence of well-preserved and continuous englacial lay-
ering may reflect stable ice conditions and suggest limited
changes in past ice-flow conditions, ice-divide migration, or
melting within or at the base of an ice sheet (Karlsson et al.,
2012). In contrast, poor continuity in englacial layering, pri-
marily characterized by buckled or absent layering, may be
indicative of past ice-flow switching or increased englacial
stress gradients (Siegert et al., 2003; Bingham et al., 2015).
The Internal Layer Continuity Index (ILCI; Karlsson et al.,
2012) provides an automated tool for quantitatively assessing
the continuity of englacial layering based on A-scope radar
profiles. This method has the advantage of being much less
laborious than manual methods (e.g. Rippin et al., 2003a;
Siegert et al., 2003; Bingham et al., 2007) and removes the
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potential subjectivity in assessing layer continuity. By de-
sign, the ILCI is sensitive to the number and strength of in-
ternal reflections, such that low values indicate discontinuity
and high values indicate high continuity.

Whilst the ILCI has previously been calculated over in-
dividual surveys (Karlsson et al., 2012; Bingham et al.,
2015; Winter et al., 2015; Karlsson et al., 2018; Luo et al.,
2020), until now, this approach had not been tested at a re-
gional scale over Antarctica and with the use of multiple
radar datasets. Enabled by the comprehensive release of large
swaths of fully standardized and open-access aerogeophysi-
cal data described in this paper, we aim to demonstrate that
much more information can be extracted from these data on
a regional to continental scale, which would not have other-
wise been possible before.

Here, we have calculated the ILCI on the 10 PASIN radar
datasets acquired between 2004 and 2020 that have been
published as part of this data release (see Table 3; Figs. 8—
9) and that amount to ~ 300000 line-km of data. Since we
were primarily interested in regional changes in layer conti-
nuity, the ILCI was smoothed using a horizontal window of
1000 samples (representing ~ 25—45 km distance depending
on the dataset) to remove any small-scale anomalies in the
data and only making use of the deep-sounding chirp product
due to its capability of imaging deeper internal layers. The
upper and lower 20 % of the ice were also omitted in the cal-
culations due to the inability of the PASIN system to resolve
continuous layers in the upper portion of the ice column, and
because internal layering is typically absent near the ice-bed
interface (Drews et al., 2009; Karlsson et al., 2012).

An important consideration in employing the ILCI over
multiple datasets is that the results will vary based on data
acquisition (i.e. radar frequency, system resolution) and pro-
cessing applied (i.e. incoherent vs. 2-D SAR), and thus a
pan-Antarctic comparison of internal layer continuity must
be analysed in this context. This is especially the case
here, where we have applied the ILCI to data acquired
over a period of > 15 years with two slightly different sys-
tems (PASIN-1 and PASIN-2) and using different process-
ing regimes. Therefore, care must be taken when interpreting
the results from different surveys together, as for example,
a low level of layer continuity in the main trunk of Pine Is-
land Glacier on the BBAS survey may not reflect the same
level of discontinuity on the low-continuity areas of the Po-
larGAP survey. With this caution noted, the results presented
here offer an opportunity to identify some regional patterns
of potential value for future work, which we now discuss.

Figure 8 shows that there is a good correspondence
between discontinuous layering where ice flow is fast
(>200ma~') such as over Foundation Ice Stream (FISS)
and the main trunk of Pine Island Glacier (BBAS) and
Slessor Glacier ICEGRAV) (Figs. 8 and 9a). Whilst layer
discontinuity is mainly present over the WAIS due to the
high concentration of fast-flowing ice streams in this region,
several sections covering the EAIS also show signs of layer
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Figure 8. Internal Layer Continuity Index for the 10 PASIN datasets for which the fully processed 2-D radar data were released as part of this
paper (see Table 3). The background map shows ice-flow velocities from the In-SAR MEaSURE:s dataset (Rignot et al., 2017) superimposed
over a hill shade from the BedMachine bed-elevation v2 dataset (Morlighem, 2020). The red and blue colour bar shows ice-flow velocities
in metres per annum, and the magma colour bar shows the continuity of internal layers throughout the radar dataset (low continuity: yellow;
high continuity: dark purple). The black-bordered rectangles (a—c) correspond to the close-up plots in Fig. 9a—c. The red triangles correspond

to existing deep ice cores located near the BAS radar surveys.

discontinuity, particularly in the upstream portions of the
fast-flowing Lambert Glacier (AGAP) and David and Ninnis
glaciers (WISE-ISODYN) (yellow arrows in Fig. 9b—c).

Unsurprisingly, areas of high continuity are mainly ob-
served over the interior of the EAIS, particularly on flight
lines extending deep into East Antarctica and the South Pole
(Figs. 8 and 9a-b) as well as into the deeper parts of Wilkes
Subglacial Basin and Dome C (black arrow in Fig. 9c) where
deep ice cores have been drilled (red triangles in Figs. 8-9).
Areas of high-layer continuity over the WAIS include numer-
ous ice rises (i.e. Bungenstock, Fletcher, Henry, and Korff) as
imaged on the GRADES-IMAGE, IMAFI, and FISS surveys
(black arrows in Fig. 9a), the deeper sections of the south-
ern Pine Island Glacier basin on the BBAS data, as well as
on PolarGAP survey lines upstream of the FISS grids cover-
ing Foundation Ice Stream and Recovery and Slessor glaciers
(Fig. 9a).

Earth Syst. Sci. Data, 14, 3379-3410, 2022

Also visible are the disruptive effects of local bed topog-
raphy on the continuity of internal layering, such as over the
Ellsworth Subglacial Highlands (BBAS), the Transantarc-
tic Mountains (IMAFI and PolarGAP), and the Gamburtsev
Subglacial Mountains (AGAP) (see yellow arrows in Fig. 9a—
b), whereas relatively flat bed topography in the deep interior
of the EAIS allows layering to remain relatively undisturbed
there (Fig. 8 and black arrows in Fig. 9b).

Altogether, the results presented in Figs. 8 and 9 show con-
siderable promise for those radar datasets to be exploited fur-
ther in the future, particularly with regards to tracking or oth-
erwise characterizing the englacial architecture of the ice, as
motivated by the SCAR AntArchitecture group. At present,
only two BAS radar datasets (BBAS and IMAFI) have been
comprehensively assessed for deep englacial layers (Karls-
son et al., 2009; Ashmore et al., 2020; Ross et al., 2020; Bo-
dart et al., 2021). Importantly, the close proximity of deep ice
cores, such as the WAIS Divide (Buizert et al., 2015; Sigl et
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Figure 9. Zoomed-in sections of the Internal Layer Continuity Index (ICLI) shown in the black-bordered rectangles in Fig. 8. The basemap
datasets and colour scales are the same as in Fig. 8. (a) ILCI results over the WAIS (including Pine Island Glacier, Rutford Ice Stream,
Institute—-Moller Ice Stream, and Foundation Ice Stream) and bottleneck with the EAIS (including the South Pole, Pensacola Mountains
and Slessor Glacier), (b) ILCI results for the AGAP survey over East Antarctica’s Dome A and South Pole, (c¢) ILCI results for the WISE-
ISODYN survey over East Antarctica’s Wilkes Subglacial Basin and Dome C. Arrows refer to locations mentioned in the text, with black
arrows highlighting examples of high-layer continuity and yellow arrows low-layer continuity. As per Fig. 8, the red triangles correspond
to existing deep ice cores located near the BAS radar surveys. Abbreviations correspond to locations mentioned in the text, as follows:
BIR (Bungenstock Ice Rise); DC (Dome C); DG (David Glacier); ESH (Ellsworth Subglacial Highlands); FIR (Filchner Ice Rise); FIS
(Foundation Ice Stream); GSM (Gamburtsev Subglacial Mountains); HIR (Henry Ice Rise); KIR (Korff Ice Rise); LG (Lambert Glacier);
NG (Ninnis Glacier); RG (Recovery Glacier); SG (Slessor Glacier); SP (South Pole); TM (Transantarctic Mountains); WDC (WAIS Divide

Core); WSB (Wilkes Subglacial Basin).

al., 2016), EPICA Dome C (EPICA Community Members,
2004), and the South Pole (Winski et al., 2019), to these
newly released surveys (Fig. 8, 9) provides ready opportu-
nities for these layers to be dated, significantly increasing
their wider use for glaciological and geophysical applica-
tions (e.g. Siegert and Payne, 2004; Parrenin and Hindmarsh,
2007, Cavitte et al., 2018; Sutter et al., 2021).

5.2 Polar Airborne Geophysics Data Portal

One specificity of the platform is that it offers three types
of geophysical datasets — gravity, magnetic, and radar — at
the same time, geospatially. Although some surveys were ac-
quired more than 25 years ago, they may never have been ex-
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ploited or analysed fully in a form that reached peer-reviewed
publications, nor combined with other geophysical data be-
fore, thereby increasing their re-usability. By publishing this
resource, we anticipate that the portal and datasets will foster
new research and discoveries related to our understanding of
ice-sheet processes and crust and lithosphere heterogeneity
beneath the Antarctic Ice Sheet.

Additionally, the portal enables users to combine the pub-
lished line datasets with gridded products to compare the
ability of the interpolated datasets to match the direct ob-
servations. For instance, as shown in Fig. 10 for the 2012—
2013 ICEGRAV survey, the portal allows users to readily in-
vestigate the free-air gravity anomaly with the bed topog-
raphy from BEDMAP2 or assess the consistency between
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Figure 10. Screenshots of the Polar Airborne Geophysics Data Portal showing the three aerogeophysical products for the 2012-2013 ICE-
GRAV survey with different basemaps. (a) ICEGRAV aerogravity survey with the BEDMAP2 bed-elevation basemap. (b) ICEGRAV aero-
magnetic survey with the magnetic-anomaly basemap from Goodge and Finn (2010). (¢) ICEGRAV aeroradar survey with the ice-thickness
basemap from BEDMAP2. (d) Magnetic anomaly along the profile highlighted in (c) with a comparison with the aeromagnetic anomaly map

from Goodge and Finn (2010).

the measured ICEGRAV magnetic anomalies and the gridded
aeromagnetic product (Fig. 10). Alternatively, the quick-look
radargrams can be compared with the ice-thickness and bed-
elevation grid cells from BEDMAP to assess sub-kilometre
variations in along- and across-flow on the radar data which
may have been smoothed out in the 1 km gridded product.

With its ~ 207 000 line-km of gravity, ~ 338 000 line-km
of magnetic, and ~ 352 000 line-km of radar data published,
the Polar Airborne Geophysics Data Portal provides a robust
platform for the dissemination of the BAS aerogeophysical
data. Further opportunities offered by the data portal are the
potential for the platform to be used to plan future field sur-
veys or encourage future compilation efforts based on gaps
in the data coverage or quality of the data.

5.3 Future Work

Although most of data published here have already been
incorporated into previous data compilations such as
BEDMAP2 or ADMAP2, the more recent datasets presented
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here will provide useful additions to future editions of such
initiatives. Examples of this are the data acquired as part of
the 2012-2013 ICEGRAYV aeromagnetic campaign in Dron-
ning Maud Land where the last compilation effort of mag-
netic anomalies had shown a large gap (Goodge and Finn,
2010; Fig. 10), or the new ice-thickness and bed-elevation
data acquired over Thwaites Glacier (2018-2020), South
Pole (2015-2016), and Filchner Ice Shelf (2015-2017),
which are expected to be added to the new BEDMAP3 com-
pilation.

Even though most of the gravity, magnetic, and bed-pick
data acquired since the mid-1990s are now fully published,
radar data from older surveys, (1994-2004) for which the
bed-pick data are published and already integrated into larger
gridded products (e.g. BEDMAP; Fretwell et al., 2013), are
yet to be published in full as per the more modern surveys
(2004-2020) released here (see Table 3). This is primarily
due to poorer data management practices at times of ac-
quisition and less well-documented processing procedures
which restrict the re-usability of these older radar datasets.

https://doi.org/10.5194/essd-14-3379-2022
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Much older analogue radar data acquired on films and video
tapes prior to the deployment of digital radars (i.e. pre-1994)
also offer additional opportunities, although the necessity for
manual digitization makes this task much more time con-
suming and challenging. It is worth noting, however, that
many of the regions broadly covered by these older surveys
have recently been re-flown using more modern instruments
as part of NASA’s Operation IceBridge programme (Mac-
Gregor et al., 2021), although reprocessing and moderniz-
ing older radar data can bring substantial benefits, as already
demonstrated by Schroeder et al. (2019). Additional repro-
cessing of older radar data using modern 2-D SAR tech-
niques would also be beneficial, as recently demonstrated on
BAS data (see Castelletti et al., 2020; Chu et al., 2021).

As aresult of the very flexible configuration of the PASIN-
2 system, much more data can also be extracted from the raw
radar files already acquired, including fully polarized data
used to image ice crystal-fabric orientation for estimating
ice-deformation processes (i.e. Young et al., 2021), or 3-D
swath radar data used to reconstruct the sub-surface at finer
resolution and without compromising on across-track resolu-
tion as for conventional 2-D data (Holschuh et al., 2020).

Combined, these will likely add further opportunities for
future data releases, alongside our intention to publish newly
acquired data regularly via the data portal and following the
procedures detailed in this paper.

6 Data availability

All the data included in this paper are freely available
via the BAS Discovery Metadata System (https://data.bas.
ac.uk, British Antarctic Survey, 2022), with direct links
to the datasets found in Table 3 of this paper. The user
guide for the data portal and the Jupiter Notebook tu-
torials designed for reading the gravity, magnetic, and
radar data in Python and MATLAB are freely accessible
on the Jupyter Book interface (https://antarctica.github.io/
PDC_GeophysicsBook, Polar Data Centre, 2022) or via
the BAS GitHub repository (https://github.com/antarctica/
PDC_GeophysicsBook, last access: 18 July 2022). The
code used to produce the Internal Layer Continuity In-
dex over the whole BAS radar data (Figs. 8-9) is avail-
able on the GitHub page of Julien A. Bodart (https://github.
com/julbod, last access: 18 July 2022) and on Zenodo
(https://doi.org/10.5281/zenodo.6858932, Bodart, 2022).

7 Conclusions

We have presented the release of 64 aerogeophysical datasets
from 24 surveys flown by BAS between 1994 and 2020 over
West Antarctica, East Antarctica, and the Antarctic Penin-
sula. Altogether, the data release consists of ~ 450 000 line-
km (or ~ 5.3 million km?) of aerogeophysical data on grav-
ity, magnetic, and radar measurements (including bed pick
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from 1994 onwards and the fully processed 2-D radar data
from 2004 onwards) which have all been standardized ac-
cording to the FAIR (findable, accessible, interoperable and
re-usable) data principles. A new data portal, the Polar
Airborne Geophysics Data Portal (https://www.bas.ac.uk/
project/nagdp/, last access: 18 July 2022), and interactive,
open-access tutorials written in Python and MATLAB have
also been created to improve the interactivity and user acces-
sibility of our datasets.

Aside from discussing the data acquisition and process-
ing steps, we have demonstrated that much more information
can be extracted from the newly released aerogeophysical
data by assessing the continuity of englacial layering along
~ 300 000 line-km of the ice-penetrating radar data. Using an
automated layer continuity extraction method on all 10 fully
published 2-D radar datasets, we have shown that large vol-
umes of radar lines contain well-preserved englacial layering
from which further glaciological and geophysical informa-
tion could be extracted. We note that the analysis shown in
Sect. 5.1 is only possible because the data have been compre-
hensively standardized and made openly accessible. Whilst
we acknowledge that this type of work may suffer from a lack
of funding opportunities, the results presented here would
suggest that re-modernizing already-acquired data may be as
important as acquiring new data. It also enables their use in
emerging fields such as artificial intelligence, which rely on
large amounts of standardized data.

Although all of the datasets released here have so far
made a significant contribution to our understanding of past
and current ice-dynamical and lithospheric influences, partly
through their contributions to major international collabo-
rative projects such as the SCAR BEDMAP and ADMAP
programmes, until now they have remained largely unpub-
lished in their full form, thus restricting the further usage of
the data beyond the life cycle of the science projects. It is
our hope that these newly released data will offer further re-
search opportunities and enable the wider scientific commu-
nity to benefit from the abundance of newly published aero-
geophysical data over Antarctica, particularly within the con-
text of recently established international projects such as the
SCAR AntArchitecture and RINGS Action groups, the latter
of which focuses primarily on fillings gaps in radar observa-
tions at the boundaries of the Antarctic Ice Sheet.

Reflecting on our collaboration between data managers
and scientists, we believe that this project sets a positive
example for further release of aerogeophysical data, partic-
ularly for future international initiatives that are aiming to
harmonize the availability and findability of aerogeophysical
data collected across Antarctica. A full list of all available
datasets can be found in Table 3 of this paper, or via the BAS
Discovery Metadata System (https://data.bas.ac.uk, last ac-
cess: 18 July 2022).
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