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Abstract  VII 

Abstract 

The majority of Antarctica’s landmass is covered by ice sheets with thicknesses of up to 
several kilometers. These massive ice sheets are connected to, and buttressed by, floating ice 
shelves that extend into the open ocean, forming an equilibrated system under constant climate 
conditions. Ice mass lost at an ice shelf due to melting processes or iceberg calving is 
compensated for by snowfall over ice shelves and ice sheets or refreezing of seawater to the 
base of an ice shelf. If mass losses outweigh mass gains, the system can re-equilibrate by 
increased ice drainage to the ocean contributing to global sea level rise. Substantive 
assessments of ice shelf stability are, therefore, of the essence in a warming world. 

The process of basal melting at an ice shelf has shown to be highly dependent on the 
shape of the seafloor, or bathymetry, beneath it. Bathymetry is a critical parameter that controls 
the exchanges of water and heat between the open ocean and the water-filled cavity between 
the ice shelf and the seafloor below. Despite its importance, the seabed in these areas is largely 
unmapped and thus, current estimates of basal melt rates and subsequent ice shelf stability 
assessments are subject to large uncertainties. To address this shortcoming, new bathymetric 
models are presented in this thesis for the ice shelves of Dronning Maud Land in East 
Antarctica. The models are built by combining available depth references from hydroacoustic, 
seismic and ice penetrating radar data with the method of gravity inversion.  

The newly developed bathymetric models differ greatly from the interpolated values 
shown in current bedrock topography compilations, with water cavity volumes that are larger 
by as much as several hundred percent. Deep troughs beneath the ice shelves mimicking the 
present-day ice flow influence the shape of these water cavities. These troughs are 
continuations of valleys beneath the grounded ice inland, and terminate offshore at the 
landward edges of shallow bathymetric sills along the continental shelf break. The sills are 
nearly ubiquitous features of the ice shelf cavities in Dronning Maud Land and can be situated 
beneath the ice shelves, close to the calving fronts, or beyond these in the open ocean. Depths 
of distinct gateways crossing these sills either permit or deny the significant intrusion of warm 
and deep water masses from the open ocean into the ice shelf cavities. An ice shelf’s 
underlying bathymetry is, thus, of foremost importance when assessing basal melt rates and ice 
shelf stability in this region. 

The modeled subglacial seafloor also helps in reconstructing the region’s glacial history. 
Recurring bathymetric patterns beneath the floating ice shelves of Dronning Maud Land are 
interpretable in terms of glacial erosion and deposition accompanying past advances and 
retreats of the grounding line. The bathymetric troughs beneath the ice shelves were likely 
formed by glacial erosion, while the sills situated at the continental shelf break have a 
depositional character and can be related to moraine formation during furthest grounding line 
advances over the course of the most recent glacial cycle/s. The cyclic character of grounding 
line recession and advance can be interpreted from the presence of multiple bathymetric ridges 
transverse to the glacial troughs beneath many of the ice shelves in Dronning Maud Land. 
Additionally, topographic data in areas of grounded ice sheets south of Dronning Maud Land’s 
ice shelves shows how the subglacial landscape has developed since the beginning of its 
glaciation around 34 million years ago. Depending on ice flow strength, areas of fluvial erosion 
formed during an alpine-style of glaciation are either preserved or overprinted by large-scale 
glacial erosion. 
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Zusammenfassung  IX 

Zusammenfassung 

Der Großteil der Landmasse Antarktikas ist von Eisschilden bedeckt, die eine Mächtigkeit 
von mehreren Kilometern erreichen können. Gestützt werden diese massiven Eisschilde von 
vorgelagerten Schelfeisen, die sich in den Ozean erstrecken. Schelfeise und Eisschilde bilden ein 
wechselwirkendes System, das nach Gleichgewicht strebt. Massenverluste am Schelfeis durch 
Schmelz- oder Abkalbungsprozesse werden durch eine erhöhte Dränung des gekoppelten 
Eisschildes in Richtung Ozean, sowie durch Massengewinn im System, wie beispielsweise 
Schneefall, ausgeglichen. Ein Nettoverlust in diesem System trägt zum Anstieg des globalen 
Meeresspiegels bei. Vor diesem Hintergrund ist es von entscheidender Bedeutung, Massengewinne 
und -verluste der Eisschild-Schelfeis-Systeme korrekt zu quantifizieren, um deren Stabilität 
bewerten zu können. 

Der Massenverlust durch basales Schmelzen an Schelfeisen ist in hohem Maße abhängig von 
der vorherrschenden Bathymetrie, welche den Wasser- und Wärmeaustausch zwischen dem 
offenen Ozean und dem mit Wasser gefüllten Hohlraum zwischen dem Schelfeis und dem 
Meeresboden beeinflusst. Der subglaziale Meeresboden ist in vielen Gebieten durch unzureichende 
Datenabdeckung aber nicht oder nur teilweise kartiert, so auch in den Schelfeisregionen des 
Dronning Maud Landes in der Ostantarktis. Um diesem Defizit entgegenzuwirken, werden in 
dieser Arbeit neu entwickelte bathymetrische Modelle für die Schelfeisregionen des Dronning 
Maud Landes in der Ostantarktis vorgestellt. Verfügbare Tiefenreferenzen aus hydroakustischen, 
seismischen, und elektromagnetischen Daten kombiniert mit der Inversion von gravimetrischen 
Daten bilden die Grundlage dieser Modelle. 

Die bathymetrischen Modelle unterscheiden sich stark von interpolierten Werten aktueller 
Topographie-Kompilationen und weisen größtenteils ein um mehrere hundert Prozent größeres 
Volumen der Wasserhohlräume auf. Die modellierte subglaziale Bathymetrie ist geprägt durch tiefe 
Tröge unterhalb der Zentren der Schelfeise, welche die derzeit vorherrschende Flussrichtung des 
Eises nachahmen. Diese Tröge sind die Fortsetzung von Tälern unter dem Inlandeis und werden 
begrenzt durch die landwärtige Erhebung flacher bathymetrischer Schwellen entlang der 
Kontinentalschelfkante. Diese Schwellen sind nahezu allgegenwärtige Merkmale der Küstenregion 
des Dronning Maud Landes und können sich unter dem Schelfeis, in der Nähe der 
Kalbungsfronten, oder jenseits davon im offenen Ozean befinden. Die Schwellen werden von 
vereinzelten Gateways durchbrochen, deren Tiefe das Eindringen von warmen und tiefen 
Wassermassen aus dem offenen Ozean in die Schelfeishöhlen entweder ermöglicht oder verhindert. 
Die Bathymetrie unterhalb der Schelfeise des Dronning Maud Landes ist demnach von elementarer 
Bedeutung für die Beurteilung von basalen Schmelzraten und der Stabilität dieser Schelfeise. 

Der modellierte subglaziale Meeresboden dient neben der Stabilitätsbeurteilung von 
Schelfeis-Eisschild-Systemen auch der Rekonstruktion der glazialen Geschichte der Region. 
Wiederkehrende bathymetrische Strukturen unterhalb der Schelfeise zeigen die Mobilität der 
Gründungslinie und glaziale Erosion auf. Die bathymetrischen Tröge unter den Schelfeisen sind 
wahrscheinlich durch glaziale Erosion entstanden, während der Ablagerungscharakter der 
Schwellen an der Kontinentalschelfgrenze auf eine Moränenbildung während der weitesten 
Vorstöße der Gründungslinie im Verlauf der jüngsten Gletscherzyklen hindeutet. Der zyklische 
Charakter der Rückgänge und Vorstöße der Gründungslinie lässt sich aus dem Vorhandensein 
mehrerer bathymetrischer Erhebungen interpretieren, die unter vielen der Schelfeise im Dronning 
Maud Land orthogonal zu den glazialen Trögen verlaufen. Darüber hinaus zeigen topografische 
Daten in den Gebieten mit gegründeten Eisschilden südlich der Schelfeise von Dronning Maud 
Land, wie sich die subglaziale Landschaft seit dem Beginn der Vergletscherung vor etwa 34 
Millionen Jahren entwickelt hat. Gebiete geprägt durch fluviale Erosion sind je nach Stärke des 
Eisstroms entweder erhalten geblieben oder von großflächiger glazialer Erosion überlagert worden.  
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1 Thesis outline and author contributions 

This cumulative doctoral thesis comprises a total of eleven chapters. This chapter 
presents the thesis outline and lists manuscripts published in, or in preparation for, peer-
reviewed scientific journals. In total, three first-authored and three co-authored manuscripts are 
included. A short summary of each manuscript is complemented by individual author 
contributions. Chapter 2 serves to introduce the main research objectives and the survey area. 
Materials and methods are described in chapter 3, followed by the presentation of manuscripts 
in chapters 4 to 9, sorted broadly by their topics, in the remainder of the thesis.  

Chapters 4 through 6 present manuscripts that deal with the generation and interpretation 
of bathymetric models beneath ice shelves by gravity inversion under auxiliary data 
constraints. Manuscripts I, II and III address the mostly unexplored bathymetry beneath the 
ice shelves of Dronning Maud Land (DML) in East Antarctica (Eisermann et al., in prep.; 
Eisermann et al., 2021; Eisermann et al., 2020). A general introduction into the process of 
bathymetry modeling with its advantages and limitations is given within chapter 3.6. 

The subglacial topography of grounded ice sheets in DML is discussed in manuscript IV, 
by Franke et al. (2021), in chapter 7. Within this publication, an extensive network of available 
and newly acquired ice penetrating radar data is utilized. This compilation gives detailed 
insights into the region’s geomorphological history since the formation of the East Antarctic 
Ice Sheet. Combined with the newly generated subglacial bathymetric models beneath DML’s 
ice shelves in manuscripts I, II and III, an overall picture of DML’s glacial and 
geomorphological history can be deduced. 

The newly generated bathymetric model beneath the Ekström Ice Shelf (see manuscript 
I) plays a central role in manuscript V by Schannwell et al. (2020) in chapter 8. The well 
constrained cavity beneath the ice shelf, inferred from seismic data and gravity inversion, 
serves as a critical boundary condition for the implementation of a full-Stokes ice sheet 
geometry model. A full glacial cycle is modeled for varying ocean bed properties, specifically 
friction parameters. In this model, the seabed is assumed to consist of either sediments or 
crystalline basement, resulting in quite differing ice sheet geometries. 

To familiarize myself with the scientific equipment employed during aerogeophysical 
flight campaigns, I have participated in one airborne campaign across the Falkland Plateau 
Basin in November 2018. This resulted in my involvement of Manuscript VI in chapter 9 by 
Eagles and Eisermann (2020). It describes the breakup of southwest Gondwana with the 
opening of the Falkland Plateau Basin, Weddell Sea Embayment and the Scotia Sea based on 
potential field data. 

Chapter 10 concludes by embedding and summarizing the various findings of all six 
manuscripts. It is followed by an outlook in chapter 11. 

 

 

 

 



 2 

1.1 Manuscripts I - III: Bathymetric models beneath ice shelves 
Chapter 4 (Manuscript I, published, 28.06.2020):  
Eisermann, H., Eagles, G., Ruppel, A., Smith, E. C., & Jokat, W. (2020). Bathymetry beneath 
ice shelves of western Dronning Maud Land, East Antarctica, and implications on ice shelf 
stability. Geophysical Research Letters, 47(12), e2019GL086724, DOI: 
10.1029/2019GL086724. 

Content: We have developed bathymetric models based on three-dimensional gravity 
inversion beneath the Ekström, Atka, Jelbart, Fimbul and Vigrid ice shelves in DML, 
East Antarctica (11º W to 10º E). These models show deep glacial troughs beneath the 
ice shelves, situated between grounded ice sheets landwards and bathymetric sills 
seawards that largely coincide with the continental shelf break. Due to similar average 
depths of bathymetric sills and Warm Deep Water we suggest that these five ice shelves 
are currently largely protected from Warm Deep Water ingress.  
Contributions: G. Eagles designed one of the airborne campaigns this study is based on 
and, together with A. Ruppel, completed the field survey. The processing of gravity 
data was performed by H. Eisermann and G. Eagles; electromagnetic radar data was 
processed by H. Eisermann, and magnetic data was processed by G. Eagles. 
Bathymetric models were generated by H. Eisermann, with support of seismic depth 
references beneath the Ekström Ice Shelf that were supplied by E. C. Smith. The 
manuscript was written by H. Eisermann with contributions and discussions by all co-
authors. H. Eisermann created all figures. 
Supporting Information: Chapter 12. 

 
Chapter 5 (Manuscript II, published online, 07.10.2021):  
Eisermann, H., Eagles, G., Ruppel, A., Läufer, A., & Jokat, W. (2021). Bathymetric control 
on Borchgrevink and Roi Baudouin ice shelves in East Antarctica, Journal of Geophysical 
Research: Earth Surface, 126(10), e2021JF006342, DOI: 10.1029/2021JF006342. 

Content: Bathymetric models based on three-dimensional gravity inversion are 
generated beneath the western Roi Baudouin Ice Shelf and central and eastern 
Borchgrevink ice shelves in DML, East Antarctica (19º to 33º E). Modeled bathymetry 
shows deep troughs between grounding lines and bathymetric sills, similar to 
observations in manuscript I for ice shelves west of this survey area. Here, however, 
bathymetric gateways with higher water depths might allow for the intrusion of Warm 
Deep Water into the ice shelf cavities, threatening ice shelf stability. 
Contributions: W. Jokat and A. Läufer designed the study, initiated survey campaigns, 
and collected part of the aerogeophysical data. H. Eisermann processed ice penetrating 
radar data from the GEA III survey and generated the presented bathymetric model. H. 
Eisermann created all figures and wrote the manuscript with contributions and 
discussions by all co-authors.  

 
Chapter 6 (Manuscript III, in preparation):  
Eisermann, H., Eagles, G., & Jokat, W. (in prep.). Bathymetry beneath the Nivl Ice Shelf and 
neighboring ice shelves of Dronning Maud Land: Implications for ice shelf stability and glacial 
history. 

Content: A multitude of published and unpublished geophysical data sets, mostly 
acquired during the international GeoMaud expedition in 1995/1996 are used to 
generate a model of bathymetry beneath the Nivl Ice Shelf (9º to 13º E) in DML, East 
Antarctica. The ice shelf is currently protected from Warm Deep Water ingress due to 
shallow bathymetric sills at the calving front. Additionally, a regional overview of ice 
shelves in DML is given, comprised of this model and previously modeled subglacial 
bathymetry (see manuscripts I and II). 
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Contributions: H. Eisermann collated existing geophysical data sets and modeled the 
subglacial bathymetry beneath the Nivl Ice Shelf. The manuscript was written by H. 
Eisermann with contributions and discussions by all co-authors. H. Eisermann created 
all figures, except Figure 6.4, which is from Vernet et al. (2019) and modified after L. 
Carter et al. (2008), and Figure 6.5, which is from Hattermann et al. (2014). 

 

1.2 Manuscript IV: Geomorphological history beneath grounded ice sheets 
Chapter 7 (Manuscript IV, published, 06.10.2021):  
Franke, S., Eisermann, H., Jokat, W., Eagles, G., Asseng, J., Miller, H., Steinhage, D., Helm 
V., Eisen, O., & Jansen, D. (2021). Preserved landscapes underneath the Antarctic Ice Sheet 
reveal the geomorphological history of Jutulstraumen Basin. Earth Surface Processes and 
Landforms, 46(13), 2728-2745, DOI: 10.1002/esp.5203. 

Content: Newly acquired onshore ultra-wideband radar data from the onset region of 
the Jutulstraumen Glacier combined with an amalgam of existing radar data in DML 
allowed us to describe the geomorphological history of the region underlying the 
Jutulstraumen Glacier from pre-glacial to present times. 
Contributions*: S. Franke, H. Eisermann, D. Jansen and W. Jokat designed the study 
with contributions of H. Miller and O. Eisen. S. Franke and H. Eisermann wrote the 
manuscript. D. Jansen designed the JURAS-2018 radar survey and acquired the data 
together with S. Franke. S. Franke performed the data processing and generated the 
results with contributions from D. Jansen, V. Helm, D. Steinhage and J. Asseng. All 
authors discussed and commented the manuscript. 

 

1.3 Manuscript V: Glaciology – application of modeling results 
Chapter 8 (Manuscript V, published, 11.11.2020):  
Schannwell, C., Drews, R., Ehlers, T. A., Eisen, O., Mayer, C., Malinen, M., Smith, E. C., & 
Eisermann, H. (2020). Quantifying the effect of ocean bed properties on ice sheet geometry 
over 40,000 years with a full-Stokes model. The Cryosphere, 14 (11), 3917-3934, DOI: 
10.5194/tc-14-3917-2020.  

Content: This study shows that ocean bed properties control past, present and future ice 
sheet-geometries. Model simulations resulted in a thin, fast flowing ice sheet for soft 
seabed properties (e.g., sediments) and a thick slow flowing ice sheet for hard seabed 
properties (e.g., crystalline basement). The Ekström Ice Shelf proved to be a useful test 
bed for the implementation of this full-Stokes ice sheet geometry model due to the 
fairly well constrained bathymetry from seismic data and gravity inversion (see 
manuscript I).  
Contributions*: C. Schannwell and R. Drews conceived the study with input from O. 
Eisen, T. A. Ehlers, and C. Mayer. Simulations were performed by C. Schannwell. E. C. 
Smith and H. Eisermann provided new cavity topography data. The manuscript was 
written by C. Schanwell and R. Drews, and all authors contributed to editing and 
revision. 
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1.4 Manuscript VI: Geology, southwest Gondwana 

Chapter 9 (Manuscript VI, published, 17.11.2020):  
Eagles, G., & Eisermann, H. (2020). The Skytrain plate and tectonic evolution of southwest 
Gondwana since Jurassic times. Scientific Reports 10 (1), 1-17, DOI: 10.1038/s41598-020-
77070-6. 

Content: Newly acquired high-resolution airborne potential field data across the 
Falkland Plateau Basin led to understanding the region’s role during Gondwana 
breakup. A single newly-recognized plate, the Skytrain plate, breaks with the current 
paradigm of several microcontinents rotating independently of one another and of the 
enclosing large plates of east and west Gondwana during breakup.  
Contributions*: G. Eagles conceived and designed the AIRLAFONIA survey. G. 
Eagles and H. Eisermann completed the field survey and data processing. G. Eagles 
interpreted the data set and completed the tectonic modeling. G. Eagles and H. 
Eisermann wrote the manuscript.  
 
 

*Here, author contributions are repeated as published in the studies. 
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2 Introduction 

Dronning Maud Land (DML) in East Antarctica encompasses about one fifth of the area 
of Antarctica (Figure 2.1). The region hosted the first international scientific collaboration in 
Antarctica, the Norwegian-British-Swedish Antarctic Expedition of 1949 - 1952. Since then, 
efforts in polar research have continuously intensified, resulting in a better understanding of the 
continent and the Antarctic Ice Sheet covering it. International collaboration still forms the 
basis for the majority of research conducted in Antarctica. Several nations operate research 
stations in DML, with Germany currently operating Neumayer III on the Ekström Ice Shelf in 
the west of DML (Figure 2.2). 

Airborne scientific campaigns form an integral component in the investigation of ice-
covered regions like DML. Over the past three decades, the Alfred Wegener Institute (AWI) 
has gathered extensive aerogeophysical data sets in and around DML. This includes the 
acquisition of potential (gravity and magnetic) field data, as well as ice penetrating radar data. 
The available data acquired during these campaigns build the basis for the geophysical, 
glaciological and geological discoveries presented in this doctoral thesis.  

 
Figure 2.1: Dronning Maud Land in East Antarctica with grounded ice (beige), floating ice (white) and open ocean 
(light blue). Calving fronts and grounding lines are incorporated after Mouginot et al. (2017a). 

The main focus of this dissertation is the floating ice shelves and grounded ice sheets in 
DML. The coast of DML is rimmed by numerous ice shelves from 12º W to 33º E (Figure 2.2). 
From west to east these are the Quar, Ekström, Atka, Jelbart, Fimbul, Vigrid, Nivl, Lazarev, 
Borchgrevink and Roi Baudouin ice shelves. Excluding the neighboring Riiser-Larsen Ice 
Shelf in the west of DML, these ice shelves occupy a total area of more than 135,000 km2 
(Rignot et al., 2013).  

The majority of Antarctica’s grounded ice sheets are buttressed by their floating offshore 
portions, the ice shelves (Bindschadler et al., 2011). The two components exist in a state of 
overall balance, which is highly sensitive to changes in either. An increase in the rate of mass 
loss from an ice shelf can lead to an increase in ice sheet drainage. If these increases are not 
counterbalanced by mass gain processes such as snowfall, a net mass loss for the ice-sheet-ice-
shelf-system will follow. Ice shelves are in floating balance with the oceans, thus any ice lost 
from them does not directly affect sea level. The associated transfer of grounded ice to the 
oceans, however, does inevitably contribute to global sea level rise (DeConto & Pollard, 2016). 
In general, ice shelves can lose mass by surface melting, basal melting and iceberg calving at 
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their fronts and sides. The flow of ice to calving fronts is strongly influenced by the abundance 
and distribution of ice rises and pinning points, topographic features at which the ice shelf is 
locally grounded and its progress is braked by friction (Berger et al., 2016). Surface and basal 
melting rates, of course, depend on atmospheric and oceanic temperatures (Rignot et al., 2013).  

The rate of basal melt beneath an ice shelf has also been shown to respond with a clear 
dependence on subglacial topography (Jenkins et al., 2010; Porter et al., 2014; Tinto et al., 
2015). The reason for this is that topography controls the exchange of heat between the 
generally warmer open ocean and the colder water in the cavity beneath the ice shelf. 
Knowledge of underlying bathymetry is particularly important in a warming world where 
ocean currents and thermoclines are undergoing changes (Hellmer et al., 2012; Jenkins et al., 
2018). Without a good understanding of bathymetric boundary conditions, ice shelf stabilities 
are hard to estimate, reconstruct, or forecast. Unfortunately, the bathymetry beneath most of 
Antarctica’s ice shelves is unknown. The ice shelves of DML are no exception. The extent of 
our lack of knowledge about the ice shelf cavities in DML is summarized in chapter 3.6.  

This lack makes the stability of the region’s ice shelves and ice sheets in the face of past 
or future oceanographic changes impossible to model with confidence. Much of this thesis 
describes how aerogeophysical data can be used to, under sparse constraints, model large areas 
of the bathymetry underlying the ice shelves at a resolution and reliability suitable for global 
and regional oceanographic model experiments. Specifically, this procedure involves inverting 
airborne gravity anomaly data to arrive at a close estimate of the mass distribution responsible 
for the small variations it shows.  

 
Figure 2.2: Dronning Maud Land in East Antarctica with named ice shelves and mountains. Surface elevation of 
ice shelves and ice sheets is incorporated from a recent digital elevation model by Howat et al. (2019) and the 
bedrock and seafloor topography in the background stems from a recent topography compilation by Morlighem et 
al. (2020). Calving fronts (gray) and grounding lines (black) are incorporated after Mouginot et al. (2017a). Red 
star on Ekström Ice Shelf represents the position of Antarctic station Neumayer III. 
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2.1 Research questions 

The core of this thesis is concerned with the processing, analysis and interpretation of 
aerogeophysical data from DML and the bathymetric models for the areas beneath its ice 
shelves that can be built from them. Four research questions encompassing these core elements 
with following implications on ice shelf stability and glacial history are formulated below. For 
each research question, a short reference to manuscripts answering these questions is given. 
The questions are followed by subchapters providing more detail on prevalent geology and ice-
ocean interactions in DML. 

RQ 1) How effective is the method of gravity inversion in developing bathymetric models 
beneath the ice shelves of DML, East Antarctica? 

  Answered in manuscripts I, II and III in chapters 4 to 6. In these, bathymetric models 
are generated beneath the majority of ice shelves in DML with assessments on their plausibility 
and accuracy.  

RQ 2) What are implications for the ice shelf and ice sheet stability of newly developed 
bathymetric models? 

  Answered in manuscripts I, II, III and V in chapters 4 to 6, and chapter 8. Newly 
modeled subglacial bathymetry in manuscripts I, II, and III give insight into the stability of 
overlying ice shelves, while Manuscript V discusses how properties of the seabed underlying 
an ice shelf can influence ice sheet geometry and stability.  

RQ 3) How did glaciodynamic and geomorphological processes shape the subglacial 
topography beneath the ice shelves and ice sheets of DML? 

 Answered in manuscripts I, II, III and IV in chapters 4 to 7. Bathymetric patterns in 
generated bathymetric models beneath the ice shelves of DML in manuscripts I, II, and III give 
indications on grounding line mobility and glacial history in these coastal regions. Manuscript 
IV discusses the geomorphological history of DML further inland since the beginning of 
glaciation.  

RQ 4) How does the geological setting of DML factor into research questions above? 

  Answered in all manuscripts from chapter 4 to 9. The prevalent geology is, at 
minimum, an important boundary condition for every embedded manuscript in this thesis, as it 
is further detailed below. 

 

2.2 Geology 

Understanding the geological setting of DML is essential for answering the research 
questions outlined in the preceding chapter 2.1. The generation of bathymetric models in 
manuscripts I, II, and III heavily relies on the fact that gravity anomalies resemble the mass 
variations caused by the topographic interfaces between air, water, or ice, and bedrock. 
However, significant anomalies also occur over the mass contrasts that exist due to geological 
contrasts, for example between low-density unconsolidated sediments and higher-density 
metamorphic rocks. The better one understands these and similar contrasts, the better one can 



 8 

isolate the bathymetric signals for modeling with confidence. Additionally, successful 
interpretation of the region’s glaciodynamic and geomorphological history requires sound 
knowledge of the distribution of pre-existing graben and rift structures that might have existed 
prior to, and influenced the onset of, large glacier flows. 

The geological history of DML is hidden beneath the thick ice-sheet covering the region 
and its neighbors in East Antarctica. Rock samples are limited to scattered mountainous 
outcrops at remote locations (Jacobs et al., 1998; Jacobs et al., 2017). Between them, bedrock 
trends are only interpretable on the basis of aerogeophysical data (Jokat et al., 2003; Jokat et 
al., 2004; Mieth et al., 2014; Mieth & Jokat, 2014; Riedel et al., 2013; Riedel et al., 2012). On 
this basis, the following set of observations of the geology in DML have been generated. 

East Antarctica experienced both the amalgamation and breakup of two supercontinents, 
Rodinia and Gondwana. Rodinia underwent rifting and breakup between 800 and 750 Ma 
(Cawood et al., 2016). Following this, some of the rifted and dispersed continental fragments 
of the former Rodinia met again alongside the East African-Antarctic Orogen (EAAO) between 
650 and 500 Ma to establish the next supercontinent, Gondwana (Jacobs & Thomas, 2004). 
This explains the similar geologic observations of DML and South Africa (Figure 2.3). 

The next major event was the breakup of Gondwana in Jurassic times (Jokat et al., 2003; 
Leinweber & Jokat, 2012; Müller & Jokat, 2019), which was associated with massive 
volcanism and the formation of flood basalts caused by the Karoo mantle plume (Elliot, 1992). 
Rift related volcanic deposits are found unevenly distributed in DML (Sirevaag et al., 2018). 
Remnants are observed across the Jutulstraumen area (Ferraccioli et al., 2005; Golynsky & 
Aleshkova, 2000; Riedel et al., 2013) depicted in Figure 2.3 and as intrusions within the rifted 
DML continental shelf (Golynsky et al., 1996; Leitchenkov et al., 2008; Mieth & Jokat, 2014) 
and its conjugate margin in southern Africa (Müller & Jokat, 2019). 

DML consists of several geologic units with different ages and geological boundaries 
(Figure 2.3). The Grunehogna Craton with an Archean (>2.5 Ga) basement is located in the 
northwest of DML and was separated from the Kalahari-Kaapvaal-Craton in South Africa 
during the breakup of Gondwana (Barton et al., 1987; Halpern et al., 1970; Jacobs & Thomas, 
2004). East of the craton lies the Maud Belt, which is an orogenic belt of Mesoproterozoic age 
that was associated with the assembly of Rodinia in the period centered on 1100 Ma (Grantham 
et al., 2001). The Maud Belt represents the western boundary of the EAAO (Jacobs et al., 
2015; Jacobs & Thomas, 2004) and has been thought to have equivalents in the African 
Namaqua-Natal Belt (Groenewald et al., 1995). The correlation between the two has been 
questioned in recent studies (Grantham et al., 2011; Mendonidis et al., 2015) and independent 
tectonic evolutions have been proposed by Wang et al. (2020a). Those authors suggest a 
younger age for the Maud Belt than for its formerly proposed counterpart in South Africa. A 
broad province of juvenile oceanic arcs with an age of 1000 – 900 Myrs in the east of DML 
were introduced as the Tonian Oceanic Arc Super Terrane (Figure 2.3) by Jacobs et al. (2015). 
Aeromagnetic data show this terrane to be bound by suture zones on either side, towards the 
Maud Belt in the west (Riedel et al., 2013) and the Rayner Complex in the east (Ruppel et al., 
2018). The Grunehogna Craton and Maud Belt in west of DML are separated by the 
Jutulstraumen and Jutul-Penck grabens (Figure 2.3), which currently accommodate the main 
outlet glacier in DML, the Jutulstraumen Glacier (Figure 2.4). The graben system transects the 
DML mountain chain with significant mountain sides marked in Figure 2.2 and continues for 
about 1500 km between 15º W and 30º E (Jacobs, 1991; Jacobs et al., 1992).  
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Figure 2.3: Geological units within Gondwana during Proterozoic and early Paleozoic. Figure from Franke et al. 
(2021), modified after Gray et al. (2008); Jacobs et al. (2017); Wang et al. (2020b). Continents of Gondwana in (a) 
and geological units in and around Dronning Maud Land in (b). Abbreviations: C: Coats Land; cDML: central 
Dronning Maud Land; EH: Ellsworth-Haag block; F: Filchner block; FI: Falkland Islands; Fi: Fisher Terrane; 
FMA: Forster Magnetic Anomaly; GAM: Gamburtsev Mountains; GC: Grunehogna Craton; H: Heimefrontfjella; 
JP: Jutul-Penck Graben; Ki: Kibaran; L: Lurio Belt; LH: Lützow-Holm Bay; LT: Lambert Terrane; M: 
Madagascar; N: Napier Complex; NC: Nampula Complex; Na–Na: Namaqua–Natal Belt; ØC: Øygarden 
Complex; R: Read Block; S: Schirmacher Oasis; SR: Shackleton Range; SRM: Sør Rondane Mountains; TAM: 
Transantarctic Mountains; V: Vohibori Terrane; VC: Valkyrie Craton; Y: Yamato Mountains. 

 

2.3 Ice-ocean interactions 

As previously mentioned, the majority of Antarctica’s ice sheets are buttressed by ice 
shelves situated at the continent’s coast. The equilibrium of ice sheet-ice shelf systems is 
highly sensitive to changes in boundary conditions. In a closed system with stable boundary 
conditions, the ice mass lost at an ice shelf due to surface melting, basal melting and/or iceberg 
calving is compensated by mass gain processes, such as snowfall over ice shelves and ice 
sheets and/or basal refreezing beneath ice shelves. However, if net mass losses of the system 
overweigh net mass gains, the system loses mass and contributes to global sea level rise 
(Dupont & Alley, 2005). Ongoing net mass losses are already being observed for the West 
Antarctic Ice Sheet and its corresponding ice shelves (Pritchard et al., 2012; Rignot et al., 
2013).  

The ice shelves of DML, from Quar in the west to Roi Baudouin in the east (Figure 2.2 
and Figure 2.4), represent about 20 % of East Antarctica’s total ice shelf area (Rignot et al., 
2013) and buttress ice sheets whose mass has the potential to cause eustatic sea level rise of 
3.15 m, according to the latest version of BedMachine Antarctica by Morlighem et al. (2020). 
These ice shelves are currently thought to be in long-term equilibrium and classified as cold-
cavity ice shelves, meaning that cavity water temperatures are presumed to be close to the 
freezing point (Rignot et al., 2013). Currently, the rate of mass loss from these ice shelves is 
relatively small, and is dominated by basal melting and iceberg calving in equal parts (Rignot 
et al., 2013). Large networks of inverted channels hinting at active melting have, for example, 
been observed using ground-based radar data at the base of the Fimbul Ice Shelf (Langley et 
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al., 2014b) and based on satellite observations beneath the Roi Baudouin Ice Shelf (Berger et 
al., 2017).  

The ice flow velocities in Figure 2.4 depict the main outlet glaciers of DML with the 
Jutulstraumen and the West Ragnhild Glacier draining into the Fimbul and Roi Baudouin ice 
shelves, respectively. These and other glaciers of DML are rooted in graben structures that lie 
below sea level. In places, the grounded ice lies on a bedrock slope that deepens inland. In such 
settings, potential net ice mass loss can lead to rapid landward recession of the grounding line, 
resulting in sudden large changes to the ice sheet-ice shelf system’s own boundary conditions. 
This so-called marine ice sheet instability was introduced by Weertman (1974) and offers the 
possibility to envisage episodes of rapid and significant contributions to global sea level rise 
accompanying the rapid inland retreat of the grounding line over the retrograde slopes 
(Gudmundsson et al., 2012; Schoof, 2007). 

 
Figure 2.4: Ice flow velocities in Dronning Maud Land from Mouginot et al. (2017b) depicting main glaciers, 
Jutulstraumen and West Ragnhild Glacier draining into the Fimbul Ice Shelf and Roi Baudouin Ice Shelf, 
respectively. Calving fronts and grounding lines are incorporated after Mouginot et al. (2017a). 

The water masses surrounding the DML are shaped by the Antarctic Circumpolar 
Current and the Weddel Gyre, both depicted in Figure 2.5. The Antarctic Circumpolar Current 
encloses all of Antarctica and inhibits a clockwise rotation. It is considered the strongest ocean 
current in the world and prevents a massive intrusion of warm South Atlantic water towards 
Antarctica. Thus, it is one of the important factors for the formation and preservation of the 
continent-wide ice shield (Barker and Thomas (2004) and refs. therein). The Weddell Gyre is 
the largest oceanographical system south of the Antarctic Circumpolar Current and reaches 
from 60º W, limited by the Antarctic Peninsula, to about 30º E (Deacon, 1979), if not further 
(Park et al., 2001; Vernet et al., 2019). The Weddell Sea, situated in the western half of this 
gyre, plays a major part in the global thermohaline circulation by ventilation of the global 
abyssal ocean with cold Antarctic Bottom Water (Orsi et al., 2002).  
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Figure 2.5: Antarctic Circumpolar Current (ACC) with local current systems from Vernet et al. (2019), modified 
after L. Carter et al. (2008). The ACC encircles the entire Antarctic continent and is delimited by the Subantarctic 
Front (SAF) and the southern boundary (SB). F. Pl.: Falkland Plateau; G: Gyre; K. Pl.: Kerguelen Plateau; R: 
ridge.  

Relatively warm Circumpolar Deep Water resides at intermediate depths in the Antarctic 
Circumpolar Current and penetrates into the Weddell Gyre in its eastern corners and is 
transported as Warm Deep Water along the continental shelf towards the southwest within the 
gyre circulation. Additional bodies of water masses situated close to DML’s continental shelf 
consist of Antarctic Surface Water and Eastern Shelf Water (Figure 2.6; Nicholls et al. (2009); 
Schröder and Fahrbach (1999)). The gyre is generally weaker in the east than the west, but it 
still affects the region of the Roi Baudouin Ice Shelf at 30º E. The cold-cavity ice shelves of 
DML (Rignot et al., 2013) mainly accommodate cold Eastern Shelf Water, blocking out most 
of the warmer and saltier Warm Deep Water (Nicholls et al., 2009). Generally, the narrow 
continental shelf in DML allows for interactions between the open ocean and water cavities 
(Nicolaus & Grosfeld, 2004). The seasonal intrusion of solar-heated Antarctic Surface Water 
during sea ice-free periods has been observed by Zhou et al. (2014) for the Fimbul Ice Shelf 
and inferred by Sun et al. (2019) and Lindbäck et al. (2019) for the Roi Baudouin and Nivl ice 
shelves, respectively. Additionally, small amounts of Warm Deep Water have been shown to 
intrude the Fimbul cavity (Hattermann et al., 2014). 
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Figure 2.6: Main water masses in coastal regions of Dronning Maud Land, modified after Hattermann et al. 
(2014). Eastern Shelf Water is separated from Warm Deep Water by the Antarctic Slope Front. Subglacial 
bathymetry and thermocline depth are significant factors when assessing ice shelf stability. Here, only sporadic 
Warm Deep Water intrusion (orange arrow) is proposed due to the existence of a bathymetric sill. ASW: Antarctic 
Surface Water; CF: Calving front; GL: Grounding line. 

An increase in water cavity temperature can be expected to follow the intrusion of 
warmer water masses, such as the Antarctic Surface Water or Warm Deep Water. Such 
intrusions might follow on from general warming of ocean temperatures (Gille, 2008; 
Schmidtko et al., 2014), the redirection of currents (Hellmer et al., 2012), or shallowing of the 
thermocline (Hattermann, 2018; Hellmer et al., 2017; Schmidtko et al., 2014). Any or all of 
which can be hypothesized to lead to increases in basal melting rates. Hence, it is important to 
understand the bathymetry beneath ice shelves to confidently estimate the potential for past, 
present or future patterns of warm water intrusions and subsequent estimates for ice shelf 
stability. Bathymetric models and estimates of this kind are presented for the Ekström, Atka, 
Jelbart, Fimbul and Vigrid ice shelves in chapter 4 (Eisermann et al., 2020), the Borchgrevink 
and Roi Baudouin ice shelves in chapter 5 (Eisermann et al., 2021), and the Nivl Ice Shelf in 
chapter 6 (Eisermann et al., in prep.). Materials and methods used to generate these models are 
demonstrated in the following. 

 



Materials and methods  13 

3 Materials and methods 

3.1 Airborne surveys 

In polar regions, where most of the land is ice-covered and poorly accessible, it becomes 
logistically challenging to conduct scientific research. Airborne surveying represents a cost-
efficient approach to various kinds of scientific observation of vast areas in a relatively short 
amount of time. The aerogeophysical data implemented in this thesis include gravity, magnetic 
and ice penetrating radar data.  

The AWI has owned and operated several aircraft, and currently conducts airborne 
surveys with two polar aircraft of the Basler BT-67 type, the Polar 5 and Polar 6. Two 
overarching airborne research programs in Antarctica, VISA and GEA, are mainly responsible 
for the huge pool of aerogeophysical data in DML. Between the years 2001 and 2005, the 
research programme VISA (Validation, densification and Interpretation of Satellite data for the 
determination of magnetic field, gravity field, ice mass balance and structure of the Earth’s 
crust in Antarctica using airborne and terrestrial measurements) was conducted by the AWI 
and academic partners (Riedel et al., 2013; Riedel et al., 2012). The ongoing collaborative 
research programme GEA (Geodynamical Evolution of East Antarctica) between the German 
Federal Institute for Geosciences and Natural Resources (BGR) and the AWI, started in 2011 
and has contributed significantly to data density in this region (Eisermann et al., 2021; 
Eisermann et al., 2020; Mieth, 2014; Mieth et al., 2014). Manuscripts I, II, III, and IV in 
chapters 4 to 7 make use of these aerogeophysical data sets. A compilation of available gravity 
data in the survey region is shown in Figure 3.1.  

 
Figure 3.1: Gravity data in Dronning Maud Land. The data were acquired during surveys within the GEA 
(Eisermann et al., 2021; Eisermann et al., 2020; Mieth, 2014; Mieth et al., 2014) and VISA (Riedel et al., 2013; 
Riedel et al., 2012) programs. Calving fronts (gray) and grounding lines (black) are incorporated after Mouginot et 
al. (2017a). 

Additional aerogeophysical surveys of the recent past were conducted across the 
Falkland Plateau Basin in the South Atlantic Ocean in November 2017 and November 2018 
within the AIRLAFONIA project. Manuscript VI in chapter 9 uses the acquired data to 
investigate crustal fabric and the role of the Falkland Plateau Basin in the context of Gondwana 
breakup (Eagles & Eisermann, 2020). 
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Instruments used during the geophysical campaigns consist of four independent GNSS 
(Global Navigation Satellite System) antennas, an inertial navigation system, a magnetometer 
in the tail boom (either Scintrex Cs-2 or Cs-3), a fluxgate magnetometer, a gravity meter (GT-
2A or ZLS Ultrasys LaCoste & Romberg), and, in ice-covered regions, an ice penetrating radar 
(Figure 3.2). In the following subsections, some technical details for the main instruments used 
during geophysical campaigns and how the acquired data are processed will be shown.  

 
Figure 3.2: Top view of the geophysical configuration installed in either Polar 5 or Polar 6 during aerogeophysical 
polar campaigns. A setup resulting in the acquisition of magnetic, gravity and ice penetrating radar data. 

 

3.2 Positioning 

An essential requirement for a successful scientific (airborne) campaign is accurate 
positioning. It is not only necessary for processing and interpretation of the data, but also 
ensures their reproducibility and accessibility to the wider scientific community. To guarantee 
accurate positioning of a moving platform, correct time stamps are vital, especially for the 
acquisition of high-quality airborne gravity data. Since one of the gravity systems used is 
coupled to the Inertial Navigation System (INS), as will be explained in detail in the following 
chapter, it is highly dependent on correct time stamps to allow for a coupling between 
gravimetric measurements and airplane movements. 

 Naturally, every GNSS is inflicted with errors. Poor satellite constellation geometry, 
instrument noise, multi-path errors and clock deviations can lead to a loss in accuracy but 
cannot be completely avoided or accounted for during data acquisition. The effects of 
distortion of transmitted GNSS signals within the iono- and troposphere can be partially 
accounted for by setting up a base station with a GNSS receiver close to the survey area and 
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subsequent post-processing of the GNSS data using the method of Differential GNSS 
(DGNSS).  

The base station is represented by a single GNSS receiver, while the rover station is 
represented by the polar aircraft equipped with four independent GNSS receivers (Figure 3.2). 
Due to the proximity between the rover station and the base station in relation to the high orbit 
altitude of satellites, the assumption can be made that signals migrating through the atmosphere 
are affected by the same atmospheric conditions and therefore the same amount of distortion. 
Thus, noisy GNSS signals due to atmospheric conditions, which may result in an apparent 
movement of the base station, become visible and are used to correct the positions of the rover 
station during post-processing. 

 

3.3 Gravity data 

Any pair of masses experience a mutual attractive force that decreases in proportion to 
the square of their separation. The gravitational acceleration due to the mass of planet Earth, 
commonly referred to as g, can be measured by observing the behavior of a small test mass in 
an instrument known as a gravimeter. Measurements of g vary from place to place because of 
internal variations in the distribution of mass on Earth.  

g can be determined directly by launching small test masses against the pull of gravity 
and observing the timing of their rise and fall using a so-called absolute gravimeter. These 
instruments are expensive and time-consuming to use. The most-commonly used types of 
gravimeters (LaCoste & Romberg) instead observe the test mass’ response in terms of the 
extension it causes in a sensitive spring with a known consistent spring constant. Minute 
changes in g alter the force exerted on this mass and, with it, the extension of the spring, which 
varies in proportion to the change in gravitational acceleration according to an empirically 
derived relationship. Because this is only technically possible within a narrow range, spring 
gravimeter measurements are obtained relative to a scale that is much smaller than the global 
variation in g, and must be calibrated to it by visiting an appropriate site for which the absolute 
value of g is known precisely. 

Employing one of these sensitive instruments on a mobile platform, such as an aircraft 
that is subject to a range of accelerations of itself, leads to a multitude of challenges that are 
described in the following. But first, the gravimeter systems used in the Antarctic measurement 
campaigns relevant to this thesis are introduced.  

3.3.1 Gravity systems 

ZLS Ultrasys modified LaCoste & Romberg Air/Sea gravimeter 

The US-based LaCoste and Romberg company builds and maintains a range of spring-
based gravimeter systems for commercial applications. ZLS (“Zero Length Spring”) is a 
company that upgrades existing LaCoste & Romberg gravimeter systems to achieve greater 
accuracy in marine and airborne applications. The package of alterations is referred to by the 
product name Ultrasys. A ZLS Ultrasys modified LaCoste & Romberg Air/Sea gravimeter 
(serial number 56) was used during the VISA campaigns in the early 2000’s and early GEA 
campaigns. It was operated within the polar aircraft on a gyro-stabilized platform suspended 
within a shock-absorbing cage. Sensitivity of its zero-length spring and hinged arm sensor 
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setup to vertical aircraft motion and vibration were reduced further by internal air dampers. It 
recorded data with a sampling rate of 1 Hz and within a dynamical range of 100 gal. 
Remaining inertial accelerations were accounted for during processing on the basis of co-
registered GNSS data processed for location using the method of Precise Point Positioning 
(PPP). For this, the necessary GNSS filter length of 180 s, when combined with flight speeds 
of 70 m/s, resulted in an along-track data resolution of 6.3 km (Riedel et al., 2012). Crossover 
analysis of the entire VISA dataset suggested that the ZLS Ultrasys gravity system returned 
gravity anomaly data with a root mean square error of 4.3 mGal and a standard deviation of 5.2 
mGal (Riedel et al., 2012).  

Gravimetric Technology GT-2A  

JSC STC Gravimetric Technology is a Russian company that builds and maintains 
gravimeters for commercial applications. Outside Russia, its products are marketed and 
serviced by the company Canadian Microgravity (CMG), which is based in Toronto. Since 
2014, the AWI has operated an airborne gravimeter of the type GT-2A (serial number 028) on 
geophysical flight campaigns, achieving significant improvements in resolution and accuracy 
over the ZLS Ultrasys gravimeter. Similar to the ZLS system, a sensor measures the vertical 
acceleration mounted inside a gyro-stabilized unit. Independent of aircraft maneuvers, the 
sensor is held in the required vertical orientation to within ten arc seconds through the 
interaction of gyroscopes, accelerometers and dual frequency GNSS data, which are used as 
input for servo motors within the gravimeter platform. Additionally, a rotating table beneath 
the gravity meter maintains a constant heading for the sensor. This reduces the effects of short-
period inertial accelerations and vibration. Remaining inertial accelerations are accounted for 
and subtracted from the overall measured acceleration after being calculated from DGNSS 
solutions derived from the measurements of a ground-based GNSS receiver and the gravimeter 
system’s own receiver. Compared to the ZLS Ultrasys, the GT-2A instrument is much more 
tolerant of turbulence and vertical platform accelerations and is capable of working at the poles 
by virtue of further GNSS-assisted stabilization of gyroscope drift, which otherwise reaches 
unmanageable levels as the planetary centrifugal force decreases. Acquired gravity data are 
sampled at 2 Hz and within a dynamical range of 1000 gal. A repeatability experiment along a 
profile of about 35 km was flown with the GT-2A gravimeter setup close to Bremerhaven, 
Germany, in 2014. It resulted in an average root mean square error of 0.52 mGal, consistent 
with manufacturer claims (Figure 12.2 in supporting information of Eisermann et al. (2020)). 
An along-track resolution of 3.5 km can be achieved with a GNSS filter length of 100 s and a 
flight speed of 70 m/s. 

The change in instruments from the ZLS Ultrasys towards the CMG GT-2A benefitted 
the acquisition of gravity data enormously. Not only is the spatial resolution of acquired 
gravity data increased by a factor of two, but the increase in dynamical range now allows for 
higher-accuracy data. A higher dynamical range for the GT-2A allows the acquisition of 
gravity data together with most background noise e.g., from aircraft motion. If it is recorded, 
the noise can be accounted for during processing. The limited dynamical range of the ZLS 
Ultrasys further restricted surveys that used it to maintain a constant flight level of 10000 ft. 
The GT-2A meter is more forgiving, allowing draped surveys to be completed at a constant 
terrain separation of 2000 ft.  

LaCoste & Romberg portable gravity meter  

During each field season, gravity readings are taken next to the airborne gravity meter 
and from points with known absolute gravity using a portable G-type LaCoste & Romberg 



Materials and methods  17 

gravimeter. AWI owns and operates three of these meters, with the serial numbers G744, 
G877, and G1031, of which G1031 belongs to the inventory of RV Polarstern. Measurements 
of precisely-known absolute values of g are possible at any of a range of sites worldwide, 
enabling the calculation of an absolute gravity value for the airborne sensor, to which all the 
survey data can be referenced. 

3.3.2 Gravity data processing 

The raw gravity data delivered by the gravimeters are afflicted with internal and external 
errors, and unwanted signals that have to be accounted for. These factors mostly arise from the 
physical limitations of the instrument and external influences such as vibration and inertial 
accelerations resulting from operation on a moving survey platform. Critically, gravity meters 
are sensitive to course and altitude changes, both of which subject the sensor to non-
gravitational forces with vertical components. A gravity sensor alone cannot distinguish 
between the accelerations due to these components and the gravitational accelerations due to 
terrestrial mass contrasts. To reduce the effect of this, the survey is designed to avoid abrupt 
turns, climbs, or descents, and subsequent processing is completed after cutting the data into 
straight flight line segments. This process was applied to data from both instruments, but 
required to be particularly stringent for the ZLS Ultrasys gravity meter. The greater dynamic 
range of the GT-2A, in contrast, enables it to record strong noise signals without saturation, 
and thus for them to be accounted for during processing. 

A comprehensive processing of satellite navigational data is crucial for both instruments, 
with PPP being used for the ZLS Ultrasys data (Mieth, 2014) and DGNSS for the GT-2A data. 
The acquired GT-2A gravity data are processed using a software extension developed by CMG 
for Geosoft Oasis montaj with a strong focus on navigational processing. Here, vertical 
velocity from aircraft motion is computed from GNSS phase information using software 
developed at the University of Moscow, and considered when computing measured gravity. A 
Kalman filter is utilized for adaptive tracking of the mobile survey platform. Once the motion 
correction is accounted for, the measured raw gravity data undergoes a row of corrections. The 
first is by subtraction of the so-called theoretical gravity, which is calculated by implementing 
the International Gravity Formula from 1980, a simple function of latitude on an oblate sphere 
(Moritz, 1980). Second, a correction is necessary for the vertical component of the centrifugal 
acceleration that the test mass in the gravimeter experiences when it moves west or east, either 
against or with the rotation of the planet. This so-called Eötvös correction is calculated from 
the latitude, course, and airplane speed. With known parameters for position and time of 
gravimetric measurements, a third correction is applied that eliminates the effect tides have on 
the acquired data. The fourth correction is for instrument drift, a slow change in the relative 
values delivered by the gravimeter with various causes related to its components’ physical 
properties. This correction is estimated by leaving the gravimeter to acquire data in the parked 
aircraft, always at the same location and under the assumption that g will not vary at that 
location, before and after every survey flight. A final compensation is to take account of 
varying measurement heights; this so-called free air correction is applied by the addition of 
0.3086 mGal per meter of station elevation and results, finally, in the free air anomaly (FAA).  

Various filters can be applied to the gravity anomaly data and customized depending on 
the intended purpose for the gravity data. A typical procedure is to apply gaussian filters with 
cut-off wavelengths at 100 s, 120 s, and 140 s. Finally, standard leveling techniques may be 
applied to the airborne gravity data with Geosoft Oasis montaj’s extension Geophysics 
Levelling. Leveled data can be passed on to further analysis or modeling. It is the resulting 
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filtered, leveled, FAA that has been used to develop bathymetric models beneath ice shelves 
presented in the upcoming chapters. 

 

3.4 Magnetic data 

Airborne magnetic data were collected with Scintrex cesium vapor magnetometers (Cs-2 
and Cs-3). These instruments measure the intensity of the total magnetic field, but not its 
orientation. The VISA and earlier GEA surveys carried as many as three such sensors, mounted 
at various points on the wing tips or in nose and tail booms to isolate the measurements from 
aircraft-related magnetic fields.  

GEA surveys since 2014 have used a single sensor positioned in the tail boom of the 
aircraft. Compensation for remaining aircraft effects is applied in real time using the 
measurements of a fluxgate magnetometer (Figure 3.2), which measures components of the 
field intensity in three orthogonal directions. Compensation works on the principle that, as an 
aircraft’s orientation changes in flight, large changes should occur in the local magnetic field 
caused by induction of its ferromagnetic components in the much larger, stronger, and more 
stable geomagnetic field. For the compensation to work in order, a compensation flight has to 
be carried out prior to the survey in the regional geomagnetic field. The compensation flight 
includes various flight maneuvers in the four cardinal directions of the magnetic field (Figure 
3.3) to establish references for airplane movements during surveying. 

 
Figure 3.3: Magnetic compensation flight. Maneuvers include rolls from left to right (five times with 10º roll), 
changes in pitch from down to up (five times with 5º pitch) and yaw changes from right to left (five times with 5º 
yaw) in cardinal directions of the magnetic field. 
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Diurnal variations from e.g., perturbations of the Earth’s ionosphere, are reduced in the 
magnetic data using readings of one or more stationary magnetometers maintained close to the 
survey area. Similar to gravity data, standard leveling techniques are applied to the airborne 
magnetic data with Geosoft Oasis montaj’s extension Geophysics Levelling before they are 
passed on to further analysis.  

Magnetic data implemented in manuscripts originate from VISA, and GEA I, II, III and 
V campaigns (Figure 3.1). Analysis of crossover errors have shown a standard deviation of 7.3 
nT for VISA campaigns (Riedel et al., 2013) and a standard deviation of 7.4 nT for the GEA V 
campaign (Eisermann et al., 2020). Mieth et al. (2014) have determined a cross point error of 
4.7 ± 5.5 nT for campaigns GEA I – III. 

 

3.5 Ice penetrating radar 

In 1994, the AWI has manufactured an ice penetrating radar in cooperation with 
Aerodata Flugmesstechnik GmbH, Hamburg University of Technology and the German 
Aerospace Center (Nixdorf et al., 1999). The system works on the principle that radio waves 
are partly reflected when they encounter interfaces between media with contrasting electrical 
properties, for example between ice and bedrock. Hence, radar systems can be equipped on 
polar aircraft to map ice thicknesses across the polar regions. Accurately determined ice 
thicknesses and subglacial topography are essential for estimating and investigating ice sheet 
mass balance and ice stream dynamics (Nixdorf et al., 1999; Steinhage, 2001). 

The AWI radar system uses two short backfire antennas mounted underneath the wings 
of a polar aircraft – the wings themselves function as reflectors (Figure 3.2). It operates with a 
150 (±20) MHz signal generated by a synthesizer with burst durations of 60 or 600 ns. The 
short signal duration of 60 ns results in higher vertical resolution but reduced penetration in 
contrast to a pulse of 600 ns. A toggle mode combining both pulse lengths can be implemented 
and provides both high resolution and maximum depth-sounding. Ice thicknesses of up to 4000 
m have been recorded (Nixdorf et al., 1999; Steinhage, 2001) with this system. High vertical (5 
m for 60 ns pulse and 50 m for 600 ns pulse in ice) and horizontal (~5 m at a speed over 
ground of 240 km/h) resolutions allow for a detailed interpretation of ice penetrating radar 
data. Reflected signals from layer boundaries are recorded, amplified, band-pass filtered and 
passed on to a converter. By splitting the received signals into channels with different 
amplifications, the overall dynamic range of 120 dB, from -110 dB to 10 dB, is achieved 
(Nixdorf et al., 1999; Steinhage, 2001). 

3.5.1 Ice penetrating radar processing 

Processing of ice penetrating radar data is conducted with Paradigm by Emerson E&P 
Software, which is designed for seismic data processing. First, the radar data are vertically 
stacked to improve the signal to noise ratio and to limit data size and processing time. A 
reasonable horizontal resolution of ~35 m is upheld when stacking seven neighboring traces 
acquired using the short pulse.  

To calculate ice thicknesses, the two-way travel time between ice surface and ice base is 
inferred by picking these two horizons. Considering the antennas are approximately 15 m apart 
and survey height is around 1500 m, a perpendicular radar wave propagation can be assumed 
and ice thicknesses can be determined with half of the two-way travel time and the average 
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radar wave propagation speed in ice of 1.68∗108 m/s. Ice thickness results are then quality 
checked by analyzing cross-over errors.  

The determination of ice thicknesses is subject to an estimated error of ±20 m, when 
considering user variability in picking reflectors and inaccuracies of 0.5 % in the propagation 
speed (Steinhage, 2001). A firn correction is applied to account for higher velocities of the 
electromagnetic wave within the upper layer of an ice sheet (Blindow, 1994; Steinhage, 2001). 
Calculated ice thicknesses are subtracted from one of the most current Digital Elevation 
Models (DEM), e.g., the Reference Elevation Model of Antarctica (Howat et al., 2019), which 
provides more accurate topographic heights than can be determined using the aircraft’s GNSS 
system and altimeter. 

Figure 3.4 depicts an example of ice penetrating radar data across the Jelbart and Fimbul 
ice shelves of DML. The first significant reflector represents the surface topography. 
Everything above is the two-way travel time through air between ice surface and aircraft. The 
deeper prominent reflector portrays the base of the ice shelf. An ice thickness is calculated 
from the difference between these two recorded travel times. In some cases, the bottom 
reflector cannot be resolved, for example, due to geometric effects such as steep slopes. 
Another cause can be signal attenuation, which depends on the temperature gradient within the 
ice (Schroeder et al., 2016), overall ice thickness, and some specific morphological and 
compositional properties of layer boundaries, such as water saturation. 

 
Figure 3.4: Ice penetrating radar data example. Airborne profile across Jelbart and Fimbul Ice Shelf acquired 
during GEA V campaign in the austral summer 2015/2016. An interval of grounded ice is identified where the 
radar profile crosses an island between the Jelbart and Fimbul ice shelves. Calving fronts in gray and grounding 
lines in black are incorporated after Mouginot et al. (2017a). 
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3.6 Bathymetry modeling 

Successfully acquired and processed gravity, magnetic and ice penetrating radar data can 
now be used to construct bathymetric models beneath the ice shelves of DML. The inversion of 
gravity anomaly data for topographic signals has a long history in geoscience. Inversion is the 
process by which a geophysical data product (here, gravitational acceleration) is used to 
generate a model of a related product (the mass distributions due to a topographic interface) by 
iterative manipulation of a mathematical relationship between the two. With formulas still in 
use today, Talwani et al. (1959) and Parker (1973) laid the computational groundwork for 
inverting gravity anomaly in two and three dimensions, respectively. Two-dimensional 
modeling to assess the amount of grounded ice in the polar regions has been regularly used 
since the 1960s (e.g., Crossley and Clarke (1970); Van Autenboer and Blaiklock (1966)). 
Onshore, it has largely given way to airborne radar surveying methods, although some larger 
parts of Bedmap2 are still gravity-based (Fretwell et al., 2013).  

With the new century, the awareness that bathymetric structures control the potential 
circulation of warm oceanic water into sub-ice shelf cavities (Goldberg et al., 2019; Jenkins et 
al., 2010) illustrated the need for maps of bathymetric structures beneath ice shelves of 
Antarctica and Greenland. With radar unable to propagate into the water below the floating ice, 
such maps had traditionally been generated by seismic surveys. These are surface-bound, 
limited to relatively small areas, and logistically costly, but deliver unambiguous bathymetry 
with low uncertainty. Studies by Tinto and Bell (2011), Cochran and Bell (2012), and Muto et 
al. (2013) showed the gravity method to be fast and easy to implement as a relatively cheap 
alternative, but to be prone to ambiguity and larger inaccuracies. The generation of bathymetric 
models from gravity inversion does not completely substitute for the acquisition of seismic 
data, but instead extends and complements it. Gravity-based bathymetric models provide a first 
glimpse beneath the ice shelves and help in determining crucial areas that should be further 
examined by more accurate acoustic measurements. An ideal, but still realistic, scenario would 
see a set of evenly distributed seismic, radar and hydroacoustic depth references over and 
around an ice shelf complemented by gravity-inverted topography.  

3.6.1 Known sub-ice topography in the research area 

In the presence of other mass contrast signals, for example from geological variability, 
the success and reliability of modeling topographic interfaces from gravity inversion increases 
greatly with the use of ‘ground truth’ constraints, that are direct measurements of topography, 
to calibrate and guide the inversion procedure. These supporting data can stem from a variety 
of sources, in particular hydroacoustic shipborne data close to the ice shelves’ calving fronts, 
airborne ice penetrating radar data in grounded regions, and seismic reflection data collected by 
surface-based measurements over the ice shelves (Figure 3.5). Numerous shipborne, airborne 
and surface expeditions in DML provide an extensive network of such depth references along 
the calving fronts and across grounded ice sheets. 

Ice penetrating radar provides a good image of the ice shelves’ surfaces and bases (green 
lines in Figure 3.5), but is unable to image the underlying bathymetry because liquid water is 
an efficient reflector of radar energy. Away from the calving fronts, the only means of directly 
imaging the seafloor beneath ice shelves is by seismic reflection techniques. In DML, seismic 
reference data are sparse and only available for the Ekström (E. C. Smith et al., 2020), Fimbul 
(Nøst, 2004) and Nivl ice shelves (Paech & Kothe, 2005; Reitmayr & Paech, 2005), as seen in 
Figure 3.5. Despite their sparseness, these data sets are important to support the inversions and 
determine the final bathymetric models. The development of new bathymetric models for the 
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ice shelves of DML increases the area for which reliable seabed topography is available. These 
models cover the majority of DML’s ice shelves and are presented in manuscripts I, II, and III 
in chapters 4 to 6. The focus of these new models allows for large increases in our 
understanding of ice shelf and ice sheet stability in this region. 

 
Figure 3.5: Existing determination of bathymetry/topography along the coast of Dronning Maud Land from 
hydroacoustic data (blue) and seismic reflection data (red). Ice penetrating radar data (green) gives information on 
the ice base. Calving fronts (gray) and grounding lines (black) are incorporated after Mouginot et al. (2017a). 

3.6.2 Model development 

Sparse available topographic information beneath and around an ice shelf are utilized 
when inverting gravity anomaly data. To visualize the development of bathymetric models, an 
illustrative bathymetric situation and model is depicted in Figure 3.6 and Figure 3.7. The 
gravity anomalies, reduced to FAA, are known but not used to constrain topography in any 
way in Figure 3.6. The topography is merely interpolated linearly between known depths at the 
grounding line and beneath the calving front. The FAA is comprised of signal components with 
a range of wavelengths. Short wavelengths are produced by small and shallow sources and 
long wavelengths are produced by large and deep sources. Here, it can be seen that the long 
wavelength component of the FAA does not correlate with that in the interpolated topography. 
With a shallow model base at 10 or 20 km depth and limited knowledge of regional geology, 
this long-wavelength signal must be suppressed in order to isolate topographic signals more 
clearly. When applied to the FAA, a filter design with a high-pass filter at its core results in the 
reduction of long-wavelength signals representing crustal changes and geological variability 
and the retention of short-wavelength signals that are a good reflection of topographic changes 
(Figure 3.7); a precondition for a consistent bathymetric model. Filter designs can be guided by 
literature, experience, and available depth references. The inversion of filtered gravity anomaly 
data should result in small gravity residuals at points of constrained depths.  
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Figure 3.6: Illustrative bathymetric model part I, modified after Hattermann et al. (2014). Unfiltered free air 
anomaly over a model domain consisting of atmosphere, ice shelf/ice sheet, sea water and bedrock. Positions of 
ice surface and ice base are known from ice penetrating radar, while bathymetric constraints at and beyond the 
calving front (CF) are extracted from e.g., hydroacoustic data. Question marks: bathymetry beneath the ice shelf is 
unknown and linearly interpolated between the grounding line (GL) and open ocean. 

In Figure 3.7, reasonable density values for ice (915 kg/m3), sea water (1030 kg/m3) and 
bedrock (2670 kg/m3) are assigned (Tinto et al., 2015) and the gravity effect of their 
distribution is modeled. This effect more closely resembles the now-filtered FAA observations 
at long wavelength, but differs from it in the region of linearly interpolated bathymetry beneath 
the ice shelf. In Figure 3.7, the bedrock surface beneath the ice shelf has been reshaped in such 
a way that its gravity effect closely resembles the filtered observed FAA, so that gravity 
residuals are as small as possible.  

    
Figure 3.7: Illustrative bathymetric model part II, modified after Hattermann et al. (2014). The unconstrained 
bedrock surface beneath the ice shelf is altered in order to produce a close match between a synthetic FAA and the 
observed filtered FAA. 
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The modeled subglacial topography is now ready for interpretation in its regional 
oceanographic and glaciological context, introduced in chapter 2.3. The bathymetry in Figure 
3.7 can be interpreted as the deciding factor on whether and if, in what quantity, Warm Deep 
Water from the open ocean enters the cavity. To show this, the bathymetric sill of the 
illustrative model in Figure 3.7 is set into oceanographical context for DML in Figure 3.8. 
Here, the presence of the sill at depths shallower than the thermocline prevents Warm Deep 
Water from intruding into the cavity in any great quantity, enabling the cavity to remain a cold 
cavity, mainly filled with Eastern Shelf Water (Hattermann et al., 2014). In contrast, a deep 
subglacial bathymetry with no apparent bathymetric sill that could protect the cavity from 
Warm Deep Water ingress is depicted in Figure 3.9. Warm Deep Water can enter the cavity 
unhindered and propagates towards the grounding line, resulting in enhanced basal melt rates 
and subsequent grounding line recession there. 

 
Figure 3.8: Illustrative bathymetric model in oceanographical context, modified after Hattermann et al. (2014). A 
bathymetric sill beneath this ice shelf protects its cavity from significant Warm Deep Water intrusion. Only small 
amounts of this water mass can seasonally creep into the cavity as visualized by the orange arrow (Hattermann et 
al., 2014). The cavity is, however, mostly filled with Eastern Shelf Water. ASW: Antarctic Surface Water; CF: 
Calving front; GL: Grounding line. 
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Figure 3.9: Illustrative bathymetric model in oceanographical context, modified after Hattermann et al. (2014). 
Here, no bathymetric sill was modeled and the bathymetry underlying the ice shelf allows for significant 
continuous Warm Deep Water intrusion (orange arrows). Subsequently enhanced basal melt rates at the grounding 
line result in a landward, stepwise (1, 2, 3) recession of this grounding line. ASW: Antarctic Surface Water; CF: 
Calving front; GL: Grounding line. 

3.6.3 Generated bathymetric models and their significance 

To date, the sheer size of Antarctica and its ice shelves have prevented widespread 
seismic reflection mapping. Some, but not all, of the available seismic depth references have 
been incorporated into bathymetric and topographic compilations for the continent. Where such 
information is unavailable or unused, these compilations are based on linearly interpolated 
depths somewhat like the hypothetical situation in Figure 3.6. It is clear from Figure 3.7 that 
there is much to be gained from the use of gravity anomaly data to model the ice shelf 
bathymetries.  

More detailed descriptions of the bathymetry modeling process are given in manuscripts 
I (chapter 4) for the Ekström, Atka, Jelbart, Fimbul, and Vigrid ice shelves, manuscript II 
(chapter 5) for the Borchgrevink and Roi Baudouin ice shelves, and manuscript III (chapter 6) 
for the Nivl Ice Shelf. The models in these manuscripts are more complex than the basic 
description in the previous section for reasons that are not repeated in detail here. Briefly, their 
complexity arises from the need to model the bathymetry in three dimensions (rather than 
along profiles) and by the incorporation of laterally varying density models for the bedrock. 
Individual modeling approaches vary in these manuscripts according to prevalent geology and 
available data.  

The seismically fairly well-constrained Ekström and Fimbul ice shelves of manuscript I 
offer a solid base for the first inversions. The large number of seismic depth references at hand 
allowed detailed pre-processing filter design choices to be made and, subsequently, for more 
confidently-usable models of the remaining unknown seafloor. The experience gained here was 
helpful for modeling the seismically unexplored Roi Baudouin and Borchgrevink ice shelves in 
manuscript II. Here, the continental shelf is so narrow that in some places it – and much of the 
continental slope – lies completely beneath the ice shelves. The manuscript describes how the 
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geological variability related to the continent-ocean transitions that exist beneath some 
continental slopes can be dealt with prior to and during a gravity anomaly inversion procedure.  

As expected, all of the bathymetric models in manuscripts I, II and III show strong 
differences in water column thickness compared to their depictions in the recent topographic 
compilations by Fretwell et al. (2013) and Morlighem et al. (2020). Cavity volumes in those 
compilations are underestimated by almost 800 % for the Ekström Ice Shelf, 290 % for the 
Jelbart Ice Shelf (Eisermann et al., 2020) or 100 % for the cavities underlying the western Roi 
Baudouin, and the central and eastern Borchgrevink ice shelves (Eisermann et al., 2021). These 
changes, together with further details of the modeled bathymetries, allow for new and more 
confident interpretations of the oceanographic exposure of the ice shelf cavities in DML.  

3.6.4 Model limitations 

While these models are a significant contribution to the current knowledge, it is 
important to remember that they are limited by instrumental and acquisitional parameters. The 
overall gravity meter performance is highly important, together with flight line spacing, for the 
models’ horizontal resolution. Ahead of the manuscripts encompassing bathymetric models 
that are embedded in this dissertation, this chapter gives an overview of the limitations and 
structural underlying errors of bathymetric models derived from gravity.  

Advanced analyzes of bathymetric models generated by means of gravity inversion have 
been performed before, either when revisiting modeled cavities with new depth information at 
hand or during the inversion process itself. Based on newly existing seismic soundings, 
Brisbourne et al. (2014) have shown a root mean square error of 162 m in formerly gravity-
derived two-dimensional bathymetric models by Cochran and Bell (2012) for the Larsen C Ice 
Shelf. Greenbaum et al. (2015) have implemented an uncertainty estimation of their three-
dimensional bathymetric model based on gravity inversion beneath the Totten Glacier. Here, 
the misfit between existing depth measurements and inverted-for topography was iteratively 
used to adjust the model and resulted in a final root mean square error of 190 m. 

To show true underlying errors of three-dimensional bathymetric models independent of 
existing gravity data sets, a circular test is conducted and described in the following. A 
synthetic gravity data set is calculated from a known high-resolution bathymetric model in 
Northeast Greenland (Arndt et al., 2015), and then inverted back to produce bathymetric 
models that are compared to the original bathymetric data set. The effects of several modeling 
and sampling parameters, including grid spacing and survey flight height, are investigated. All 
inversions are conducted using GM-SYS 3D Research module of Seequent’s Geosoft Oasis 
montaj. 

Arndt et al. (2015) published a consistent bathymetric grid across the coast of Northeast 
Greenland with a grid cell size of 250 x 250 m. The bathymetry here shows glacially derived 
features, such as troughs, moraines and grounding zone wedges, comparable to features that 
can be interpreted from gravity-derived bathymetry beneath ice shelves in the research area. 
Thus, the compilation by Arndt et al. (2015) represents a sound testing data base for the 
method of gravity inversion. To represent similar water depths as observed beneath most ice 
shelves, the entire bathymetric grid is shallowed by 1000 m. For simplicity, any resulting 
topography above zero is leveled to zero. The resulting bathymetric grid, shown in Figure 3.10 
with its inherent resolution of 250 m, is sampled down to grid sizes of 2500, 5000, 7500, 
10000, 15000 and 20000 m so that the inverted gravity grids represent a range of instrumental 
accuracies and flight line spacings.  
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Figure 3.10: Bathymetry of Northeast Greenland from Arndt et al. (2015) with a cell size of 250 x 250 m. The grid 
is adapted to this modeling study by shallowing the bathymetry by 1000 m. Grid points lying above sea level after 
this shift are set to zero (inside the red polygons). This topographic map builds the basis for the modeling study. 
Red isoline is situated at 0 m. 

According to the workflow in Figure 3.11, these bathymetric grids are inverted to 
synthetic gravity anomaly data using typical densities for water and mean bedrock of 1030 
kg/m3 and 2670 kg/m3. The inversions are executed with station heights of 0, 1, 2 and 3 km, 
representing different altitude levels for the mobile survey platform. These gravity anomaly 
data bear the same grid resolutions as bathymetric grid inputs. This step has generated 
synthetic gravity anomaly data sets that are free of instrumental noise, and limited only by the 
resolution effects of variable flight height and line spacing. To match designated grid cell size, 
flight line spacings according to the varying along-track resolutions of our artificial gravity 
anomaly data are assumed. Using the same densities for water and bedrock as mentioned 
above, and leaving the flight height unchanged in each case, the synthetic gravity anomaly data 
sets are inverted back towards bathymetry (Figure 3.11). 
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Figure 3.11: Workflow of modeling study aiming towards understanding the underlying errors during the process 
of bathymetric modeling via gravity inversion. With the consistent bathymetric grid by Arndt et al. (2015) in (1), 
synthetic gravity anomalies are generated (2) leading to a bathymetric model (3) based on these inverted-for 
gravity anomalies. A difference from original to the modeled bathymetry is depicted in (4). 

The standard deviations of differences between original and modeled bathymetry are 
depicted for the range of tested models in Figure 3.12. The original data sets and models have 
the same grid size, but the comparisons are restricted to a central area (see white outline in 
Figure 3.12) to avoid the influence of edge effects. With optimized modeling parameters in 
GM-SYS 3D Research, dependencies between grid size and flight height towards model 
accuracy can be drawn. Generally, model accuracies deteriorate with increasing flight height 
for every grid size. The further away the survey platform is from the model reference level, the 
less detail is portrayed in the synthetic gravity anomaly data and thus the final bathymetric 
model. Additionally, model accuracy deteriorates with smaller grid sizes. With a grid size of 
20000 m, less detail is portrayed in the original bathymetry and thus less detail has to be 
portrayed by the bathymetric model. Narrow bathymetric channels and ridges causing large 
errors when investigating smaller grid sizes, are not resolved in bathymetric grids with larger 
grid sizes, making these more accurate.  

The comparison in Figure 3.12 gives decent benchmark values for how accurate 
bathymetric models can become with distinct acquisition and survey parameters and using the 
modeling software GM-SYS 3D Research by Geosoft Oasis montaj. A bathymetric model with 
a grid size of 2500 m and flight height of 2 km provides a high standard deviation for model 
accuracy with 31.75 m, but for most interpretation purposes is still preferable to a grid with 
20000 m cells derived from flights at 0 km, despite the standard deviation of 1.00 m. This also 
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holds true for subsequent regional oceanic models that are able to integrate even higher model 
resolutions than 2500 m (e.g., 1500 m in Hattermann et al. (2014)). However, the majority of 
subglacial bathymetric models at ice shelves are currently far from inhibiting this resolution, 
especially at large ice shelves, such as the Ross Ice Shelf in Antarctica (20 km resolution in 
Tinto et al. (2019)). 

 
Figure 3.12: Comparison of bathymetric models with varying grid sizes (2500, 5000, 7500, 10000, 15000 and 
20000 m) and varying flight height (0, 1, 2 and 3 km). The featured difference map from Figure 3.13 is reduced to 
an inner area (white dashed outline) from where standard deviations (SD) are extracted to avoid edge effects 
unintentionally increasing these standard deviations. 

Figure 3.13 displays the difference between the original bathymetric grid at a resolution 
of 2500 m and the bathymetric model produced by inversion of gravity anomalies calculated 
from it assuming a survey flight height of 2 km. The difference map and two profiles sampled 
from it show a clear pattern throughout the model area (Figure 3.13). This pattern is one of 
strong differences in areas with steep bathymetric slopes or strongly undulating bathymetry. 
Depths are strongly overestimated along ridge crests and at hilltops, and strongly 
underestimated at the foots of slopes or within depressions (see profiles 01 and 02 in Figure 
3.13). This is easily explained with reference to the topographic effect inherent to gravimetric 
measurements. A single measurement at a distinct point in time and a distinct position does not 
only include the effects of the mass distribution of the structures directly beneath that point of 
measurement, but also those of surrounding topographic features. Any acceleration measured 
over a seafloor depression, for example, will be faster than over a seafloor plain at the same 
depth, owing to the extra mass contained in topography to its sides.  
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In general, this shortcoming should be kept in mind when examining and interpreting 
bathymetric models based on gravity inversion. It also effects generated models in manuscripts 
I, II and III presented in this thesis. Furthermore, acquired gravity data do not portray the 
topographic signal as idealized as they are portrayed in this circular test. The data are highly 
afflicted by geological variability, which is difficult to account for as a whole during the 
inversion process. This is particularly true in polar regions, where geological constraints are 
sparse and thus, errors between modeled and actual bathymetry are estimated to be higher than 
observed in this test. 

 
Figure 3.13: Difference between original bathymetry grid (2500 m) from Arndt et al. (2015) and inverted 
bathymetry model (2500 m at flight height of 2 km). Two-dimensional profiles, 01 and 02, show the underlying 
error between original (light blue) and model (red). The synthetic gravity anomaly (gray) is generated using the 
original bathymetry grid and is the basis for the bathymetric model generation.  
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The format was adapted to match the thesis.  
 
 
Key points: 

We present subglacial topography models beneath Ekström, Atka, Jelbart, Fimbul, and Vigrid 
ice shelves. 

Water cavities beneath ice shelves of wDML are secluded due to moraine formations at LGM 
and subsequent shallow water entry points. 

Ice shelves are currently protected by sills but are highly sensitive to future warming ocean 
temperatures and changing thermocline depth. 
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4.1 Abstract 

Antarctica's ice shelves play a key role in stabilizing the ice streams that feed them. Since 
basal melting largely depends on ice‐ocean interactions, it is vital to attain consistent 
bathymetry models to estimate water and heat exchange beneath ice shelves. We have 
constructed bathymetry models beneath the ice shelves of western Dronning Maud Land by 
inverting airborne gravity data and incorporating seismic, multibeam, and radar depth 
references. Our models reveal deep glacial troughs beneath the ice shelves and terminal 
moraines close to the continental shelf breaks, which currently limit the entry of Warm Deep 
Water from the Southern Ocean. The ice shelves buttress a catchment that comprises an ice 
volume equivalent to nearly 1 m of eustatic sea level rise, partly susceptible to ocean forcing. 
Changes in water temperature and thermocline depth may accelerate marine‐based ice sheet 
drainage and constitute an underestimated contribution to future global sea level rise. 

 

4.2 Plain language summary 

The grounded ice sheets of Antarctica are stabilized by floating ice shelves. Any loss in 
ice shelf mass is matched by an increase in ice sheet drainage, which contributes to rising sea 
level. The ice shelves of western Dronning Maud Land are currently in balance with an inland 
ice volume that has the potential to raise global sea level by nearly 1 m. Ice shelves lose most 
of their mass from their bases when warm water intrudes from the surrounding ocean. The 
extent to which this occurs depends on the depth and shape of the seafloor beneath the ice 
shelves. We have modeled water depths beneath the ice shelves of Dronning Maud Land using 
airborne gravity data and depth measurements from seismic, multibeam, and radar data. Our 
bathymetric models show deep troughs beneath the ice shelves and shallow sills close to the 
continental shelf. These sills currently limit water mass exchange with Warm Deep Water from 
the Southern Ocean and so protect the ice shelves from significant melting at their bases. A 
changing climate with increasing ocean temperatures or a shallowing of warm water masses 
may increase ice shelf melting and lead to an increased sea level contribution. 

 

4.3 Introduction 

Floating ice shelves in Antarctica play a key role in buttressing its grounded continental 
ice sheets. Freezing and/or melting at ice shelf bases influences the overall mass balance of the 
ice sheets that feed them. An increase in mass loss of an ice shelf is followed by increased 
drainage of its ice sheet (Dupont & Alley, 2005; Gudmundsson et al., 2019). The most 
important process by which Antarctica's ice shelves lose mass is basal melting by interactions 
with warm seawater (Depoorter et al., 2013; Oerter et al., 1992; Rignot et al., 2013), whose 
circulation beneath the shelves largely depends on subglacial bathymetry (L. An et al., 2019; 
Jenkins et al., 2010; Tinto et al., 2019). According to Goldberg et al. (2019), accurate 
bathymetry is the leading requirement for correctly estimating basal melt rates in circulation 
models. Consistent and accurate bathymetric models therefore benefit estimations of ice shelf 
and ice sheet stability. However, most compilations of subglacial topography incorporate low‐
resolution interpolated sub‐ice shelf bathymetries (Arndt et al., 2013; Fretwell et al., 2013; 
Morlighem et al., 2020).  
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The cavities beneath the ice shelves of western Dronning Maud Land (wDML) have been 
only sparsely and incompletely sounded by seismic reflection data on the Fimbul and Ekström 
ice shelves (Nøst, 2004; E. C. Smith et al., 2020). Bathymetry beneath the neighboring Atka, 
Jelbart, and Vigrid ice shelves is simply unknown. Covering 63,000 km2 (Figure 4.1), they 
represent 10 % of East Antarctica's total ice shelf by area and experience mass loss 
predominately from iceberg calving and basal melting in almost equal parts (Rignot et al., 
2013). The ice shelves' catchment area is mainly drained through the Jutulstraumen Glacier 
(Figure 4.1; Mouginot et al. (2017b); Rignot et al. (2013)). The area currently contains 
341,000 Gt of ice above sea level, a sea level equivalent (SLE) of about 0.95 m (Supporting 
Information S1, chapter 12). Around 18 % (17 cm SLE) of this is grounded below current sea 
level, making it susceptible to ocean forcing. Inland, where prograde slopes impair ocean 
intrusion to the remaining catchment, mass loss is expected to be dominated by atmospheric 
forcing (DeConto & Pollard, 2016).  

The ice shelves of wDML are in contact with seawater at temperatures close to the 
surface freezing point. This classifies them as cold‐cavity ice shelves (Rignot et al., 2013). 
Increasing water temperatures in cavities are generally related to warming ocean temperatures 
(Gille, 2008; Schmidtko et al., 2014), redirected currents, or increased upwelling of Warm 
Deep Water (WDW, described in Carmack and Foster (1975); Hattermann (2018); Schröder 
and Fahrbach (1999)). WDW is carried by the Weddel Gyre traversing a narrow continental 
shelf at wDML (Schröder & Fahrbach, 1999), permitting strong interaction between the coastal 
current and water cavities and implying high sensitivity to rising ocean temperatures (Nicolaus 
& Grosfeld, 2004). Increasing temperature could lead to a rapid increase in basal melt rates and 
negatively influence ice shelf mass balance (Hellmer et al., 2012). Langley et al. (2014b) 
observed a network of inverted channels at the base of the Fimbul Ice Shelf using ground‐
based radar data, hinting at small‐scale active melting. In addition, Zhou et al. (2014) have 
shown that heated Antarctic Surface Water (ASW) finds its way beneath the Fimbul Ice Shelf, 
whereas the entry of WDW is currently minimal and strongly dependent on bathymetric 
features (Hattermann et al., 2014).  

We address the lack of consistent and reliable bathymetric estimates beneath the ice 
shelves of wDML by inversion of airborne gravity data for bathymetry. Our models reveal 
deep troughs beneath the ice shelves and allow us to identify sites of possible present or future 
inflow of WDW into the cavities. 

4.3.1 Geologic framework 

A clear understanding of underlying geology is vital for modeling bathymetry from 
gravity because of the effects of variable rock densities on gravitational accelerations 
(Brisbourne et al., 2014). The geology of wDML is largely interpreted by extrapolation from 
sparse outcrops along magnetic anomalies (Jacobs et al., 1998; Jacobs et al., 2017) portrayed in 
Figure 4.1a. This reveals strong geologic affinities to South Africa, its conjugate in Gondwana 
(Jokat et al., 2003). The Archean Grunehogna Craton represents a fragment of the Kalahari‐
Kaapvaal‐Craton (Jacobs & Thomas, 2004; Riedel et al., 2013) represented by Unit 01 in 
Figure 4.1a. Semicircular lineaments over the Jelbart and Fimbul ice shelves represent Jurassic 
olivine‐gabbro intrusions into the eastern part of the craton (Ferraccioli et al., 2005; Golynsky 
& Aleshkova, 2000; Riedel et al., 2013) represented by Unit 02 in Figure 4.1a. The adjacent 
Mesoproterozoic Maud‐Belt of deformed and metamorphosed continental rocks is equivalent 
to the African Namaqua‐Natal Belt (Jacobs et al., 2015; Jacobs & Thomas, 2004; Müller & 
Jokat, 2019). 
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Figure 4.1: Overview of survey region in wDML with (a) magnetic anomaly data (Golynsky et al., 2018; Mieth & 
Jokat, 2014) showing the proposed boundary of the Archaean Grunehogna Craton (Unit 01), Jurassic mafic 
intrusions (Unit 02), and seaward dipping Jurassic basalt flows (Unit 03) as seen in Jokat et al. (2003), Jokat et al. 
(2004) and Riedel et al. (2013). (b) Map of data used for this study with gravity (green) and ice thickness radar 
data (yellow), bathymetric references from prevalent seismic reflection data (red), and shipborne swath 
bathymetry data (blue). (c) Extent of survey region. Grounded ice, ice shelves, and ocean are illustrated in gray, 
white, and blue, respectively. (d) Ice flow velocities showing main drainage areas of wDML after Mouginot et al. 
(2017b). 

Along the continental shelf, a belt of strongly positive magnetic anomalies (Figure 4.1a, 
Unit 03) is related to thick packages of intercalated basalts and sediments that dip toward the 
ocean, as interpreted in seismic reflection data (Kristoffersen et al., 2014). Beneath the 
Ekström Ice Shelf, these basalt packages form the so‐called Explora Wedge (Hinz & Krause, 
1982; Jokat et al., 2004; Kristoffersen & Haugland, 1986), which we describe in greater detail 
in section 4.5.1 using newly acquired high‐resolution magnetic data. 
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4.4 Materials and methods 

Bathymetry models for the Ekström and Atka ice shelves are based on aerogeophysical 
data collected during the austral summer of 2015/2016 within the Geodynamic evolution of 
East Antarctica (GEA) project conducted by the Alfred Wegener Institute (AWI) and Federal 
Institute for Geosciences and Natural Resources (BGR). The Fimbul and Vigrid bathymetry 
models are based on data collected between 2001 and 2004 as part of AWI's VISA project 
(Riedel et al., 2012). Bathymetric models for Jelbart are based on a compilation of GEA and 
VISA data. Both projects collected coincident gravity, magnetic, and radio echo sounding 
(RES) data (Figure 4.1b). Seismic data are incorporated for Ekström (E. C. Smith et al., 2020) 
and Fimbul ice shelves (Nøst, 2004).  

Gravity data of differing quality were delivered by a GT‐2A gravimeter during the GEA 
campaign and a ZLS Ultrasys Lacoste & Romberg Air/Sea gravimeter during VISA campaigns 
(Supporting Information, Figure 12.2); (Riedel et al., 2012). Confidence in the bathymetric 
models also depends on the availability of reliable ancillary information on subsurface 
geological density variations. Our estimates of combined uncertainties in the model 
bathymetries are ±175 m (Ekström and Atka), ±225 m (Jelbart), and ±210 m (Fimbul and 
Vigrid), consistent with previous empirically derived root mean square misfits between 
inversion‐derived and seismic depths for other Antarctic ice shelves (Brisbourne et al., 2014; 
Greenbaum et al., 2015).  

Gravity data are inverted for bathymetry using the module GM-SYS 3D Research within 
Seequent’s Geosoft Oasis montaj, which implements a 3D forward‐modeling approach based 
on Parker (1973). Reference and control points from seismic data over the ice shelves, swath 
bathymetry along the calving fronts, and grounded ice thickness from RES data are used where 
available to design preprocessing filters to suppress nonbathymetric signals. These specific 
filters are applied to enhance the resemblance between gravity and sparsely known existing 
bathymetric data (Figure 4.2 and Figure 4.3) as a step toward minimizing residuals prior to 
inversions. Free‐air anomaly (FAA) data over the Ekström and Atka ice shelves (Figure 4.2a) 
were preprocessed using a 70‐km high‐pass filter, oriented at 45° using a cosine function to 
suppress features trending parallel to the main crustal and geological structures of the 
continental shelf, as revealed in the magnetic anomaly data (Figure 4.2d). FAA data from the 
Jelbart Ice Shelf were isotropically band‐pass filtered over 6–100 km (Figure 4.3a & b), and 
those across the Fimbul and Vigrid ice shelves were band‐pass filtered over 6–150 km (Figure 
4.3c & d) to suppress aircraft noise and long wavelength signals related to crustal thickness 
variations and sedimentary basins at the extended continental margin (Figure 4.3); (Jokat et al., 
2003; Jokat et al., 2004).  

RES ice thicknesses from the GEA campaign are derived after correction for firn 
(Blindow, 1994) and subtraction from the Reference Elevation Model of Antarctica, REMA 
(Howat et al., 2019) to determine the base ice position. Ice thicknesses from VISA campaigns 
are incorporated from Riedel et al. (2012).  

Along the coastline and calving fronts of wDML, swath bathymetry data acquired during 
various surveys conducted by RV Polarstern are implemented to evaluate the progression of 
possible troughs toward the continental shelf. Grounding lines and coastal boundaries are taken 
from Mouginot et al. (2017a).  

Airborne magnetic data across wDML were acquired during the GEA campaign using a 
Scintrex Cs‐3 cesium magnetometer, including a 2‐km line spacing above Ekström (Figure 
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4.2d). We used these data to interpret shallow subsurface geological variations at wavelengths 
passed by prefiltering that must be accounted for in bathymetric modeling (Figure 4.1). For 
further details on materials and methods, see Supporting Information in chapter 12.  

 
Figure 4.2: Known bathymetries and free‐air anomaly (FAA) data above Ekström and Atka ice shelves with a 
flight line spacing of 2 to 5 km (gravimetric and magnetic flight lines in white). Grounded ice, open water, and ice 
shelves are marked in beige, blue, and white, respectively. The unfiltered FAA data (a) are filtered with a high‐
pass and directional filter (b) to achieve a starting resemblance to constrained bathymetries (c) from swath 
bathymetry, seismic reflection data (E. C. Smith et al., 2020), and ice thickness radar data in grounded areas. New 
high‐resolution magnetic anomaly data are depicted in panel (d) with linear magnetic highs interpreted as seaward 
dipping basalt flows associated with the Explora Wedge.  
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Figure 4.3: Known bathymetries and free‐air anomaly (FAA) data across Jelbart, Fimbul, and Vigrid ice shelves. 
The unfiltered FAA data for Jelbart (a) and Fimbul/Vigrid (c) with crossing flight lines (5‐ to 10‐km spacing) are 
band‐pass filtered in panels (b) and (d) to achieve a starting resemblance to bathymetries (e) constrained from 
swath bathymetry, seismic reflection point data at 5 x 5‐km squares (Nøst, 2004), and ice thickness radar data in 
grounded areas. Positive, long‐wavelength anomalies close to the continental shelf in the north in panels (a) and 
(c), possibly representing crustal thinning, were removed by described filtering techniques in panels (b) and (d). 
Legend in panel (d) is valid for panels (a) throughout (d).  
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4.5 Results 
4.5.1 Geologic constraints from magnetic data interpretation 

Changes in magnetic field strength are far less sensitive to bathymetric than to geological 
variations, meaning well‐founded magnetic interpretations can be employed to reduce 
uncertainty in the gravity models. SW–NE‐trending positive magnetic anomalies oriented 
perpendicular to the ice shelf flow are identified in the aeromagnetic data set across the 
Ekström Ice Shelf (Figure 4.2d). A linear high reaching 250 nT in the eastern part of Ekström 
bifurcates westwards into 300‐nT‐high branches. These anomalies are confidently relatable to 
the shallow subcrop of the Explora Wedge (Kristoffersen et al., 2014). Ferraccioli et al. (2005) 
and Riedel et al. (2013) interpret a triangular magnetic high across the Jelbart Ice Shelf and 
coincident circular gravity and magnetic anomaly highs over the southern part of the Fimbul 
Ice Shelf close to the outlet of the Jutulstraumen (Figure 4.1a, Unit 02) as Jurassic mafic 
intrusions. These intrusions are reflected in the density maps estimated in the 3D modeling 
process (Supporting Information S2, chapter 12) showing a distinct correlation to magnetic 
anomalies.  

4.5.2 Bathymetric models beneath ice shelves of wDML 

Figure 4.4 shows models of bathymetry beneath the ice shelves, together with water 
column thicknesses estimated by subtraction of the ice draft calculated from RES data. Our 
first‐order observation in wDML is that the ice shelves overlie a seabed (mostly <1 km deep) 
that deepens between shallow sills close to the present‐day calving fronts and the landward 
grounding line. In greater detail, troughs cross the shelves, and the sills are interrupted by a 
series of distinct narrow gateways (Figure 4.4a). Depth maxima, especially beneath the 
Ekström and Fimbul ice shelves, correlate with thick water columns and are separated by small 
bathymetry highs. This may result in several possible water circulation regimes (Figure 4.4).  

Modeled bathymetry beneath the Ekström Ice Shelf is characterized by a trough parallel 
to the direction of main ice flow (Figure 4.1d and Figure 4.4a). It has two distinct maxima with 
water depths of about 1,130 m in the south and 1,030 m in the center separated by a 
bathymetric high of 860 m. The water column (Figure 4.4b) is thickest over the trough, with 
maxima slightly exceeding 600 m in the south and center, interrupted by the bathymetric high. 
Swath bathymetry along the calving front shows a 390‐m‐deep gateway to the cavity (EK‐1, 
Figure 4.4a) within a sill following the course of the calving front.  

The neighboring Atka Ice Shelf has a similar shape, with a NNW‐trending trough in its 
center exhibiting two depth maxima, at 780 m modeled close to the grounding line and 620 m, 
observed in bathymetry data, north of the calving front. Gateways in the sill reach an observed 
depth of 500 m beyond the calving front and a modeled depth of 450 m beneath the ice shelf 
(A‐1, Figure 4.4).  

The Jelbart Ice Shelf is underlain by two bathymetric troughs, separated by a broad 
bathymetric high over which the water column thins to 50 m. The western trough reaches 
maximum depths of 1,200 and 1,050 m in the south separated by a minor bathymetric high. 
The trough terminates against a rampart‐like bathymetric high (J‐BH, Figure 4.4a). The eastern 
trough coincides with the present‐day surface ice flow maximum (Figure 4.1d). Its maximum 
depth is about 1,000 m close to the grounding line and 900 m in its center. It progresses north 
toward the continental shelf edge where it crosses a bathymetric sill via a 430‐m‐deep gateway, 
observed with swath bathymetry, into the Weddell Sea (J‐1, Figure 4.4a).  
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The seabed beneath the Fimbul Ice Shelf is characterized by a central trough in line with 
the Jutulstraumen glacier outlet (Figure 4.1d). Three depth maxima of 1,300, 1,250, and 
1,150 m, from south to north, are set between 1,000‐m‐deep bathymetric highs. The main 
gateway, F‐1 (Figure 4.4a), is located at the central trough's projection to the shelf‐edge sill 
with its deepest point modeled at 550 m. Three additional gateways are modeled, one 70 km 
further east (F‐2) at a depth of 450 m and two others in the east at 530 m (F‐3) and 600 m (F‐4) 
depths. The deepest point overall beneath Fimbul lies in the SW at 1,370 m.  

Further east, bathymetry beneath the Vigrid Ice Shelf is generally quite shallow. 
Maximum water depths of 600 m are modeled beneath the central part of the ice shelf. A single 
450 m deep gateway is modeled on its western side (V‐1, Figure 4.4). The northern part of the 
ice shelf overlies a shallow area with a cavity height of just 40 m beneath relatively fast‐
flowing ice (Figure 4.1d).  

 

4.6 Discussion 

E. C. Smith et al. (2020) report large differences between seismically derived depths 
beneath the Ekström Ice Shelf and those derived by interpolation in Bedmap2 (Fretwell et al., 
2013), which has been the baseline data set for the majority of modeling studies in the area. 
Our models show similar differences, reaching up to several hundreds of meters, for all ice 
shelves of wDML. Based on these differences, Bedmap2 underestimates the volume of wDML 
water cavities by 63 % compared to our bathymetric models. Excluding the area of seismic 
measurements by Nøst (2004), which were incorporated in Bedmap2, Bedmap2 underestimates 
cavity volume by 444 % (table in Figure 4.4b), because it interpolates between the sparse 
reference points.  

Seabed variations beneath the ice shelves of wDML are all of similar shapes, including 
deep troughs separated by small bathymetric highs, suggesting shared or related origins and 
former glacier extents. E. C. Smith et al. (2020) interpret periodic retreat of the grounding line 
position based on the presence of multiple bathymetric highs interspersed between deep points 
along the trough beneath Ekström. Our bathymetric model displays similar features and shows 
the bathymetric highs to continue laterally across the seafloor, supporting this interpretation. 
We also observe similar segmentation of troughs crossing the neighboring ice shelves.  

These troughs vanish in shallow water close to the calving fronts. The repetition of this 
pattern throughout wDML suggests a link to former glacial extents, most likely via the 
formation of end moraines by ice sheets that advanced to the continental shelf edges during the 
Last Glacial Maximum (LGM, at 23–19 kyr BP; Grobe and Mackensen (1992); Hillenbrand et 
al. (2014)). Subglacial sediments deposited at shelf edges might be displaced downslope or be 
remobilized by currents to form contourites, as observed in seismic data close to the ice shelves 
of Dronning Maud Land by Huang and Jokat (2016).  
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Figure 4.4: Subglacial bathymetry and water column thickness beneath ice shelves of wDML. (a) Bathymetry, 
relative to WGS84, exhibits secluded shelf ice cavities with distinct gateways marked for each ice shelf (yellow, 
EK‐1, A‐1, J‐1, F‐1 to F‐4, V‐1). Bathymetric highs and former possible pinning points can be inferred in the 
center of Jelbart (J‐BH) and the north of Vigrid Ice Shelf (V‐BH). The water column thickness (b) is inferred from 
newly generated bathymetries and ice draft (Riedel et al., 2012). Table in panel (b) compares water volume in km3 
of the new, updated model presented in this paper with water volume from Bedmap2 (Fretwell et al., 2013). 
Grounding line and ice shelf extents are incorporated after Mouginot et al. (2017a).  

The modern‐day calving fronts of these ice shelves overlie shallow sills cut by gateways 
with depth maxima at 550 to 600 m, which limit the possible entry of WDW (Schröder & 
Fahrbach, 1999) into the cavities due to similar average thermocline depths of about 600 m in 
water depths of 1,000 m (Hattermann, 2018). Hattermann et al. (2014) have shown that only 
small amounts of modified WDW creeps into the Fimbul cavity. The sills thus currently protect 
the ice shelf base from basal melting from considerable WDW ingress. Seasonal variability in 
basal melting beneath Fimbul (Langley et al., 2014a) is probably linked to the inflow of solar‐
heated ASW (Zhou et al., 2014). A similar setting for neighboring ice shelves leads to the 
assumption that present‐day basal melting processes are mainly driven by ASW throughout 
wDML. Our new results show long continuous cavities at depths greater than 1,000 m leading 
landwards from the sills at average depths of 400 m. If enhanced surface ocean warming or a 
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shallower thermocline in the future leads more significant quantities of warm water to breach 
the sills, these deep troughs will guide fast access to the grounding line with little to stop basal 
melting from eroding wDML's ice shelves. Since our bathymetric models are limited by their 
depth uncertainties and a horizontal resolution of about 5 km, it is necessary to further 
investigate these decisive bathymetric features close to the calving fronts in the future.  

Buttressing by grounding at pinning points plays an important role in stabilizing ice 
shelves by braking ice flow (Dupont & Alley, 2005). We suggest that a broad bathymetric high 
with a water column of 50 m in the center of the Jelbart Ice Shelf (J‐BH, Figure 4.4a) acted as a 
pinning point in the past. This semicircular bathymetric high suggests its formation as a 
moraine, caused by former glacial extents at the western trough and/or less erosion in the 
center of the ice shelf due to main ice streams being situated west and east. From this we infer 
a depositional character for J‐BH, whose depth may be underestimated owing to unaccounted‐
for lower density. Loss of buttressing might explain a high ice mass loss of 41 Gt for the 
drainage area of the Jelbart Ice Shelf from 1979 until 2017, compared to stable mass balances 
in neighboring drainage areas (Rignot et al., 2019). A similar paleo‐pinning point (V‐BH, 
Figure 4.4a) is interpretable from the short (40 m) water column beneath the northern Vigrid 
Ice Shelf. Buttressing loss from these points might have led to enhanced thinning and 
accelerated drainage (Dupont & Alley, 2005); ice flow velocities over the Vigrid Ice Shelf are 
currently faster than the neighboring eastern Fimbul Ice Shelf (Figure 4.1d). However, ice 
velocities have not increased in the time span from 1994 to 2012 (Gudmundsson et al., 2019).  

 

4.7 Summary 

We have constructed new bathymetric models for seafloor beneath the Ekström, Atka, 
Jelbart, Fimbul, and Vigrid ice shelves using gravity inversions constrained by seismic, 
multibeam, and radar data and geological variability interpreted from magnetic anomalies. Our 
bathymetric models show that current topographic compilations used, for example, in ice 
sheet/ocean modeling heavily underestimate the vulnerable ice shelf cavities of wDML by up 
to 798 % for the Ekström Ice Shelf and by 63 % in total. 

The newly mapped seabed underlies about 10 % of East Antarctica's ice shelf inventory 
by area (Rignot et al., 2013). It is of direct significance for understanding and modeling the 
current and future stability of the wDML ice sheet, which contains water equivalent to about 
0.95 m of eustatic sea level rise and is susceptible to ocean and atmospheric forcing.  

The models show deep seawater cavities under all of the ice shelves, providing 
increasing evidence that this is a trend in DML. These cavities are partially secluded from the 
open ocean by sills perched near or at the continental shelf edge. The sills currently protect the 
ice shelves from basal melting by WDW ingress. At present, the ice shelves probably 
experience basal melting mainly by warm surface waters. However, shallowing thermocline 
depths with an increased entry of WDW into the cavities pose a significant risk to these ice 
shelves in the future. 
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The format was adapted to match the thesis.  
 
 
Key points: 

We have generated bathymetric models based on gravity inversion beneath the Roi Baudouin 
and Borchgrevink ice shelves. 

Results are similar to ice shelves throughout the entire Dronning Maud Land, which are all 
crossed by deep troughs and bathymetric sills. 

Deep gateways leading from the open ocean into ice shelf cavities possibly allow for the 
intrusion of Warm Deep Water into these cavities.  
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5.1 Abstract 

The stability of ice shelves and drainage of ice sheets they buttress is largely determined 
by melting at their atmospheric and oceanic interfaces. Subglacial bathymetry can impact ice 
shelf stability because it influences the onset and the pattern of warm ocean water incursions 
into the cavities between them and the seafloor. Bathymetry is further important at pinning 
points, which significantly retard the flow of ice shelves. This effect can be lost 
instantaneously if basal and surface melting cause an ice sheet to thin and lift off its pinning 
points. With all this in mind, we have developed a model of bathymetry beneath the western 
Roi Baudouin and central and eastern Borchgrevink ice shelves in Dronning Maud Land based 
on inversion from gravity data and tied to available depth references offshore and subglacial 
topography inland of the grounding line. The model shows deep glacial troughs beneath the ice 
shelves and bathymetric sills close to the continental shelf. The central Borchgrevink Ice Shelf 
overhangs the continental slope by around 50 km, exposing its northern parts to the open ocean 
and higher ocean temperatures. Continuous troughs traverse the central Borchgrevink and 
western Roi Baudouin ice shelves at depths greater than the offshore thermocline, and thus 
present a risk of Warm Deep Water intrusions into their cavities under current and future 
oceanographic regimes. Differing bathymetric characteristics might explain the ice shelves’ 
contrasting dominant mass loss processes. 

 

5.2 Plain language summary 

The rate at which Antarctica’s ice sheets flow off the continent is largely 
stabilized by floating ice shelves that form where they meet the surrounding ocean. Assessing 
the stability of this interconnected system depends strongly on correctly quantifying ice gain 
processes, such as snowfall, and ice mass loss processes, such as melting at the bases of the ice 
shelves. This basal melting depends strongly on the flow of warm ocean water into the cavity 
between the ice shelf and the seafloor below, which is in turn influenced by the shape of the 
seabed. Using sparse direct measurements together with small variations in the pull of gravity 
measured from airplanes, we have generated a model of the formerly unknown topography 
beneath the Borchgrevink and Roi Baudouin ice shelves in East Antarctica. The modeled 
seabed shows deep troughs beneath the ice shelves and topographic sills along the continental 
shelf. Gateways within these sills potentially allow for the intrusion of warm water into the 
cavities, representing a threat to future ice shelf stability. 

 

5.3 Introduction 

Ice shelves play a major role in maintaining the stability of their respective ice sheets 
(e.g., Gudmundsson et al. (2019); Haseloff and Sergienko (2018)). If an ice shelf loses mass, 
the loss is balanced by an increased drainage of its linked ice sheet (Dupont & Alley, 2005). 
Without compensating mass gain processes such as snowfall or basal accretion, the system as a 
whole suffers net mass loss and contributes to global sea level rise. The balance can be forced 
towards mass loss by both atmospheric and oceanographic processes that deliver oceanic heat 
to ice shelf bases, which duly melt (Depoorter et al., 2013; Rignot et al., 2013). Knowledge of 
the bathymetry beneath ice shelves has been shown to be crucial for estimating these basal melt 
rates (Goldberg et al., 2019; Tinto et al., 2015). Bathymetric features can be the deciding factor 
for whether, and in what quantity, warm water masses breach into the water cavities beneath 
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ice shelves. A good understanding of subglacial bathymetry is therefore necessary for an 
improved knowledge of future ice shelf and ice sheet stability.  

 
Figure 5.1: Ice shelves of eastern DML in East Antarctica. The overview in (a) is depicted with grounded ice in 
gray, ice shelves in white and open ocean in light blue. The RBIS and BIS in (b), north of the Sør Rondane 
Mountains, are overlain by the digital elevation model of Howat et al. (2019). The ice shelves are fed by the 
Tussebreen (TB) and Hansenbreen (HB), and the West Ragnhild (WRG) and East Ragnhild (ERG) glaciers shown 
in (c) with regions of main ice flow (Mouginot et al., 2017b). Prominent features along the calving front are the 
Derwael Ice Rise (DIR) and two pinning points (PPhs and PPw). Available topographic data (d) derive from radar 
data acquired during GEA campaigns (green), radar data by Callens et al. (2015) in orange and Drews (2019a) in 
pink. Offshore, swath bathymetry data stem from multibeam (Schenke et al., 2010; Voß et al., 2011) in blue, 
single-beam (NOAA database, also blue), and from hydroacoustic data and CTD casts by the Université libre de 
Bruxelles (Berger, 2017; Derwael, 1985; Favier et al., 2016) including pers. comm. with F. Pattyn, all in purple. 
Additional data for PPw stems from satellite observations by Drews (2019b) portrayed by red point. Grounding 
lines and calving fronts for all panels are extracted from Mouginot et al. (2017a). The scale is valid for (b), (c) and 
(d). 

Measurements of sub-ice-shelf seafloor depth are sparse because of the logistical 
challenges to acquire seismic and bathymetric data across and below ice shelves. The Roi 
Baudouin (RBIS) and Borchgrevink (BIS) ice shelves in eastern Dronning Maud Land (DML; 
Figure 5.1) are no exception; in fact, no sub-ice bathymetry data exist for either. Existing 
topographic compilations (Fretwell et al., 2013; Morlighem et al., 2020) portray them with 
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depth estimates that are derived by long-distance interpolations between radar-derived bedrock 
elevations inland of the grounding lines, and hydroacoustic data off the ice shelves.  

A cost-effective method to generate a more reliable estimate of the sub-ice bathymetry is 
inversion of airborne gravity data. Gravity data reflect the subsurface mass distribution related 
to density contrasts between bodies of ice, water and bedrock, and so can be used to model the 
shapes of their interfaces. In this paper, we describe the generation of bathymetric models in 
this way, supported by reference points from single- and multibeam hydroacoustic data along 
the calving fronts and ice penetrating radar data in grounded areas. We interpret the updated 
model in terms of the glacial history and the present and future stability of the BIS, RBIS, and 
their related ice sheets. 

5.3.1 Research area 

The RBIS and BIS lie along the Ragnhild Coast from about 19ºE to 33ºE in eastern DML 
(Figure 5.1). Geologically, the area was shaped by the amalgamation and breakup of 
Gondwana. Two models aim to explain the final amalgamation process whereof one proposes a 
continuation of the East African Orogen into DML, the East African-Antarctic Orogen (Jacobs 
& Thomas, 2004). A second model introduces the E-W trending Kuunga Orogen (Meert et al., 
1995) in which large parts of DML constitute a mega-nappe rooting in northern Mozambique 
(e.g., Grantham et al. (2003); Meert (2003)). New geological findings refine the first model and 
indicate a rather complex tectonic history for eastern DML with repeated phases of accretion, 
magmatism and reactivation (e.g., Elburg et al. (2016); Jacobs et al. (2015); Ruppel et al. 
(2020)). Breakup saw the development of large volumes of magma that were intruded into the 
later continental shelf, as observable in seismic reflection (Leitchenkov et al., 2008) and 
magnetic data (Golynsky et al., 1996; Mieth et al., 2014; Müller & Jokat, 2019).  

The ice shelves lie north of the Sør Rondane Mountains, which are part of the DML 
mountain chain. This mountain chain ends seawards at a tall escarpment, the product of post-
breakup erosional backwearing and downwearing. Over and inland of the mountains, the 
drainage system developed from a period of alpine style glaciation is still preserved beneath the 
ice and only slightly overprinted by later ice-sheet processes (Eagles et al., 2018; Franke et al., 
2021; Näslund, 2001). 

The RBIS, with an area of almost 33,000 km2, comprises western and eastern parts, 
separated by the Derwael Ice Rise, which are fed by the West Ragnhild Glacier and East 
Ragnhild Glacier (Figure 5.1). The West Ragnhild Glacier is one of the three largest outlet 
glaciers in DML, besides the Jutulstraumen and the Shirase Glacier, accounting for about 10 % 
of DML’s total ice discharge (Callens et al., 2014; Rignot et al., 2013). Two shorter glaciers, 
the Tussebreen and Hansenbreen, drain into the BIS, which spans an area of 21,500 km2. 
Together, the RBIS and BIS drain a catchment of almost 500,000 km2, with 747,961 Gt of ice 
above sea level (according to Bedmap2; Fretwell et al. (2013)), equivalent to 2.07 m of eustatic 
sea level rise. The beds of all the glaciers lie mostly below sea level (Callens et al., 2014) and 
dip southwards towards the ice sheet interior, leaving them potentially unstable and vulnerable 
to ocean forcing (Favier et al., 2016; Gudmundsson et al., 2012). While the two ice shelves 
experience comparable absolute mass losses, the majority of ice from the RBIS is lost by basal 
melting, whereas BIS mass loss is dominated by calving events (Rignot et al., 2013). 

Knowledge of ice rises and promontories beneath the ice shelves is key for reliable 
assessment of their future stability, because they retard grounding line retreat whilst grounded 
ice remains pinned on them (Berger et al., 2016; Favier et al., 2012). Favier et al. (2016) 
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present two pinning points along the calving fronts of the eastern BIS, named PPhs, and the 
western RBIS, named PPw (Figure 5.1c). 

Despite significant historical calving events (Nishio et al., 1984), the RBIS appears to be 
in steady-state on a millennial timescale (Berger et al., 2016; Drews et al., 2015; Favier & 
Pattyn, 2015), without noticeable changes of the grounding line position in recent decades 
(Drews et al., 2017). Ice-sheet modeling using the present, essentially unknown, bathymetry 
predicts a stable RBIS in the future (Favier et al., 2016). A trough beneath the western RBIS, 
inferred by Favier et al. (2016) to coincide with the modern-day ice flow path, is the main point 
of potential vulnerability.  

The narrow continental shelf off eastern DML in the Riiser-Larsen Sea (Figure 5.1c) 
permits strong interaction between a westward coastal current and water within the cavities 
beneath the ice shelves. The coastal current mostly consists of cold and fresh Eastern Shelf 
Water (ESW; Nicholls et al. (2009)) and Warm Deep Water (WDW; Carmack and Foster 
(1975)) separated by the Antarctic Slope Front. The cold-cavity ice shelves of DML (Rignot et 
al., 2013) accommodate ESW, which mostly blocks out the warmer and saltier WDW 
(Nicholls et al., 2009). Small amounts of WDW have been shown to intrude the Fimbul Ice 
Shelf cavity (Hattermann et al., 2014) to the west of our study area. The RBIS may suffer 
similar intrusions, depending on the geometry of the trough inferred by Favier et al. (2016). 
One general feature of a narrow continental shelf in combination with easterly winds is the 
seasonal intrusion of solar-heated Antarctic Surface Water (ASW) during sea ice-free periods 
(Zhou et al., 2014). Based on the regional bathymetry and the assumed blockage of WDW, 
basal melt rates for the RBIS seem to be predominantly caused by ASW intrusion and tide-
related topographic waves (Sun et al., 2019).  

Compared with the RBIS, virtually nothing is known in detail about the BIS. Although 
understandable in terms of the volume flux of their feeder glaciers, this disparity is more 
problematic to understanding of the region. Whilst its area is just two thirds that of the RBIS, 
the BIS currently suffers slightly greater rates of absolute ice mass loss (Rignot et al., 2013). 

 

5.4 Materials and methods 
5.4.1 Surveys and auxiliary data 

The bathymetric model presented here is mainly based on geophysical data sets acquired 
over the course of three consecutive seasons in early 2011, early 2012 and late 2012 using the 
Alfred Wegener Institute’s Basler BT-67 aircraft Polar 5 and Polar 6. The data were acquired 
within the research program ‘Geodynamic Evolution of East Antarctica’ (GEA I – GEA III), a 
cooperative project between the Alfred Wegener Institute and the Federal Institute for 
Geosciences and Natural Resources. Gravity, magnetic and radio echo sounding data were 
simultaneously acquired with line spacings of 5 to 10 km.  

The GEA gravity data (with flight lines depicted in Figure 5.2a) are inverted for 
bathymetry, while ice penetrating radar data (Figure 5.1d & Figure 5.2b) provide the ice 
thicknesses that constrain the bathymetry modeling. The GEA magnetic data are published in 
Mieth et al. (2014) and Ruppel et al. (2018). Depth references for the model area are extracted 
from GEA and additional non-GEA radar data (Callens et al., 2015; Drews, 2019a) in 
grounded areas, from CTD casts and satellite-inferred depths close to the calving front (Drews, 
2019b; Favier et al., 2016) and from shipborne single- and multibeam hydro-acoustic data 
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offshore (Figure 5.1d); (Derwael, 1985; Favier et al., 2016; Schenke et al., 2010; Voß et al., 
2011). A full list of data sources and survey ID’s is given in the data supplement (see Data 
Availability). 

 
Figure 5.2: GEA I - III surveys. Airborne gravity data along flight lines (a) are used to develop bathymetric 
models in areas of the unknown bathymetry beneath the RBIS and BIS in (b). The unfiltered free air anomaly 
(FAA) in (c) is filtered to achieve a mid-wavelength resemblance (d) to the known prevalent topography within 
the extent of the gravity grid in (b, dotted black line). The current topography model in (a) is extracted from 
Morlighem (2020), while grounding lines and ice shelf extents in all panels are inferred from Mouginot et al. 
(2017a). The scale is valid for all panels. 

5.4.2 Gravity data 

Gravity data were acquired with the ZLS Ultrasys modified LaCoste & Romberg Air/Sea 
gravimeter (S/N 56) mounted on a gimbal-stabilized platform close to the airplanes’ centers of 
gravity at a sampling rate of 1 Hz. The navigation data, necessary for deriving gravity 
anomalies from the accelerations recorded by the gravimeter, are processed using precise point 
positioning. Flight segments involving turns, climbs and descents, were discarded because the 
retrieval of reliable gravity data with Air/Sea meters depends on data acquisition during 
straight and level flight. The measured gravity anomaly data are corrected for tidal and 
geographical influences, as well as instrument drift and station height to gain the free air 
anomaly (Figure 5.2c). A time-domain filter of 90 s applied to data collected at a flight speed 
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of 70 m/s results in a spatial resolution of 6.3 km (Riedel et al., 2012). Crossover analysis after 
a statistical leveling process yields a set of cross-point errors with a standard deviation of 5.8 
mGal. 

5.4.3 Radio echo sounding data 

The ice penetrating radar we used operates with a 150 MHz signal generated by a 
synthesizer with burst durations of 60 or 600 ns and uses two short backfire antennas; one 
mounted underneath each aircraft wing (Nixdorf et al., 1999). The radar suffered from low 
penetration during one of the three campaigns, owing to a faulty design component, and only 
delivered ice thicknesses across the ice shelves (Figure 5.1). Therefore, the data set is 
complemented by auxiliary data (Figure 5.1d). Ice thicknesses from the GEA campaigns are 
determined with an average radar wave propagation speed in ice of 1.68*108 m/s. A firn 
correction is applied to account for higher velocities within the upper layer of the ice sheet 
(Blindow, 1994). An error estimate of ±20 m is defined to account for errors in picking 
reflectors and inaccuracies of 0.5 % concerning propagation speed. The auxiliary data set of 
Callens et al. (2015) was acquired and processed with the same system and workflow as the 
GEA data. Calculated and extracted ice thicknesses are subtracted from the Reference 
Elevation Model of Antarctica (Howat et al., 2019) to determine the ice bottom elevation.  

5.4.4 Bathymetric modeling 

Using the acquired geophysical data sets, we are able to produce topographic models of 
the seafloor underlying the RBIS and BIS. These bathymetric models are based on the 
inversion of gravity data under the constraints of sparse existing depth references at and 
beyond the grounding lines and calving fronts. We take a 3D modeling approach based on the 
formulas of Parker (1973), as implemented within the GM-SYS 3D module of Geosoft Oasis 
montaj. 

In a first step, we filter the gravity data in order to produce a gravity anomaly grid whose 
mid-wavelength variability resembles that of mid-wavelength bathymetric patterns inferred 
from the existing depth data. In the following section, we describe in detail how this step was 
designed to suppress signals of large-scale geological processes and features related to crustal 
thinning near the continental margin. Our study area is situated at an extended continental 
margin, at which we can expect large (>100 km) topographic loads to be held in local isostatic 
equilibrium and so not to raise significant long-wavelength gravity signals (A. B. Watts & 
Moore, 2017). With this in mind, but to eliminate any remaining signals from subcrustal 
sources, we applied an isotropic band-pass filter cutting wavelengths longer than 150 km, as 
well as those shorter than 5 km that are likely to be artefacts of aircraft motion or interpolation. 
Having eliminated the effects of very deep sources, we restricted the model domain depth to a 
maximum of 10 km.  

Ice and water are assigned constant densities of 915 kg/m3 and 1030 kg/m3, respectively, 
and bedrock a starting value of 2670 kg/m3. A DC shift of -1065 mGal was applied to the 
available gravity data set to align the starting model with the densely observed ice/bedrock 
interface inland of the grounding line and the observed water/bedrock interface beyond the 
calving front. This DC shift is set by implementing the average shift between modeled and 
observed gravity data in areas directly encircling the ice shelves to get a good average for the 
area of unknown bathymetry beneath the ice shelves.   
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To account for medium-wavelength gravity signals of local isostatic compensation and 
laterally variable densities in the uppermost 10 km of the crust, we first invert for apparent 
bedrock densities and then extract the best-constrained model densities at locations where the 
bedrock elevation is known (Figure 5.3a, purple circles). On the ice shelves, large distances 
exist between such constrained points, over which we can expect significant geological 
variability to occur. To account for this, our density model is complemented by linear 
interpolation between constrained points around the ice shelf margins (Figure 5.3a, white 
circles). The complemented density model was then used to invert for subglacial bathymetries. 
Within this inversion, points of known depth were allowed to move slightly (maximum of ±30 
m) to avoid the development of significant gravity residuals at these constraints. 

The range of densities and their general oceanwards increase, both shown in Figure 5.3a, 
is appropriate for the upper crustal geology of a glaciated extended continental margin. In 
detail, however, it seems clear that some residual local isostatic signal has also been accounted 
for. For example, the anomalously low densities coinciding with the Sør Rondane Mountains in 
the south of our model, where relatively dense igneous and metamorphic lithologies might be 
expected in the modeled upper 10 km of the crust, may reflect the density inversion’s response 
to the presence of low-density rocks in the mountains’ crustal root. As a result, the detailed 
pattern of densities is not reliably interpretable in terms of near-surface geological variability. 

5.4.5 Gravity anomalies along the extended continental margin of the Riiser-Larsen Sea 

It is in the nature of potential field modeling that a wide range of possible source body 
configurations and combinations can give rise to similar-looking anomalies. The effect that this 
ambiguity can have on modeling those anomalies can be reduced by designing filters to 
minimize or remove the unwanted components expected from known or plausible sources. In 
our area, a range of such sources can be expected in relation to its history of crustal thinning 
during continental breakup (Jokat et al., 2003). 

In general, such margins are characterized by their continent-ocean transitions (COT). At 
their landward edges, the continental crust becomes thinner towards the adjacent ocean basins 
across a necking zone. Crustal densities tend not to vary greatly over necking zones, but the 
presence of denser mantle rocks at ever-shallower depths beneath gives rise to a general 
seawards increase in gravitational acceleration. Seaward of the necking zones, the crustal 
fabrics of COTs are highly variable and, in the absence of sampling by drilling, contentious. 
Some seem to have been strongly affected by magmatic processes, whilst others show evidence 
for extreme mechanical thinning of the crust that has left mantle rocks exposed at the seabed 
(e.g., Whitmarsh et al. (2001)). Regardless of this complexity, however, seismic velocity 
records show that basement densities, and the attendant gravitational acceleration, increase 
seawards across all COTs until their depth functions are indistinguishable from those of 
basaltic igneous crust. Global surveys have shown the widths of extensional necking zones to 
be not less than 50-100 km (de Lépinay et al., 2016), and the mean width of COTs to be 170 
km (Eagles et al., 2015). Two-dimensional gravity models constrained by bathymetric, seismic 
reflection and refraction data show that the extended margin of the Riiser Larsen Sea and its 
conjugate in the Mozambique Basin fit these general patterns well, and specify that its COT is 
strongly affected by magmatism (Jokat et al., 2003; Jokat et al., 2004; Leinweber et al., 2013; 
Leitchenkov et al., 2008; Müller & Jokat, 2019). Based on this, we expect the full wavelengths 
of gravity signals related to crustal thinning not to be shorter than about 200 km, and that 
shorter-wavelength anomalies are likely to express some combination of magmatism-related 
density contrasts in the COT, and seafloor topography.  
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Figure 5.3: Bathymetric model generation. Density model generated during bathymetric modeling (a) with 
densities derived at known depth references (purple circles) and complemented densities at points of unknown 
depth (white circles). The population of gravity residuals after bathymetric modeling (b) shows a standard 
deviation of 4.5 mGal in areas of unknown bathymetry beneath the ice shelves. The strongly undulating gravity 
residuals south of the western RBIS are related to the difficulty of modeling high topographic and bedrock density 
gradients in the geologically complex Sør Rondane Mountains. 

Figure 5.4 depicts six cross-sections across our final 3D topographic model in 
combination with observed, filtered and calculated gravity anomalies, the model residuals, and 
magnetic anomalies. Profiles (a) through (d) in Figure 5.4 are dip lines across the margin, 
showing how the long-wavelength gravity anomaly is strongly suppressed by the band-pass 
filter. Based on the considerations given above, we expect this filter to have removed the 
crustal thinning signal, and that the remaining anomalies in the 5-150 km band are therefore 
related to some combination of magmatism-related geological variability and bathymetry. Of 
these, the density model of Figure 5.3a shows that the expected geological/magmatic signal has 
been compensated for to some extent.  



 52 

 
Figure 5.4: Fit of gravity anomalies to bedrock topography. Filtered free air gravity anomalies from Figure 5.2d 
with six cross-sections along flight lines incorporate observed and modeled bathymetry, plus the observed, filtered 
and calculated gravity anomalies with resulting gravity residuals below. The total magnetic intensity (reduced to 
pole) is indicated in the background of gravity data (Mieth et al., 2014; Ruppel et al., 2018). Position of 
bathymetric sills are indicated with black arrows. Depth profiles (a) through (d) have a vertical exaggeration of 30, 
while profiles (e) and (f) have a VE of 60. Grounding lines and ice shelf extents are extracted from Mouginot et al. 
(2017a). 
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In more detail, the greater model densities close to the shelf edge (Figure 5.3a), and the 
onset of their increase along the southern edges of large magnetic anomalies as seen in Figure 
5.4 (Mieth et al., 2014; Ruppel et al., 2018), are both consistent with the presence of doleritic 
and basaltic rocks typical of a magmatic COT. Similarly located magnetic anomalies in the 
conjugate Mozambique Basin and Explora margin of western Dronning Maud Land have both 
been attributed to the presence of continental breakup-related magmatic intrusions and wedge-
shaped piles of seaward dipping basalt flows (Hinz & Krause, 1982; Jokat et al., 2003; Jokat et 
al., 2004; Kristoffersen et al., 2014; Leinweber et al., 2013; Müller & Jokat, 2017, 2019). 
Crustal gravity models in both these settings do not require the seaward dipping basalt wedges 
to present strong gravimetric signatures of their own (Jokat et al., 2004; Leinweber et al., 
2013); their densities are too similar to those of the surrounding basement rocks. As well as 
expecting this to be the case in our study area, we note that the basalt-related magnetic 
anomaly does not coincide with any consistent pattern in our modeled bathymetry. 

Profile (d) illustrates the effective modeling of bathymetric and geological signals 
particularly well. The availability of radar depth constraints from the Derwael Ice Rise makes it 
clear that the rise occurs at a culmination located near the shelf edge, and that the culmination 
is present and modelable over the band-pass-filtered and density-adjusted gravity high. 
Similarly, the coincidence of a bathymetric sill at the gravity high is undeniable at the pinning 
points PPhs and PPw, where Mouginot et al. (2017a) and Drews (2019b) infer the presence of 
grounded ice. In profiles (a) through (c), the model features relatively large gravity residuals 
near the shelf edge. We attribute these residuals to the absence of a topographic correction for 
the steep seafloor slopes in those locations, although it is of course not possible to rule out a 
component of small-scale geological complexity in the COT. Profiles (e) and (f) in Figure 5.4 
run south of and parallel to the continental shelf and confirm the general fit of our filter choice 
to available depth references (Figure 5.4). 

5.4.6 Error estimation 

First order estimations of water depths originating from gravity inversions are afflicted 
by unavoidable errors. As well as in relation to the filter used to pre-process the gravity data, 
errors also arise from instrumental inaccuracies during data acquisition, the limitations of data 
processing, and as an inherent component of the modeling process. 

Qualitatively, the greatest differences between reality and model are to be expected in 
regions of steep seafloor slopes. Acquisition-related filtering and airspeed limitations constrain 
the spatial resolution of our gravity data to 6.3 km along track, and the unknown subglacial 
bathymetry precludes the application of a complete topographic correction. As a result, the 
bathymetry yielded by gravity inversion in regions of high bathymetric gradient will always 
overestimate water depth at the head of a slope and underestimate it at the foot. The higher the 
bathymetric gradient, the more severe the differences between modeled and measured depths. 

Gravimeter instrumental inaccuracies experienced during acquisition are determined by 
post-leveling cross-point analysis (standard deviation 5.8 mGal) rather than using the smaller 
theoretical accuracy. These crossover errors build the basis for our error estimation.  

Ice thickness errors of ±20 m translate to errors of approximately a tenth in the final 
bathymetric model underlying the ice shelves. The density contrast of the ice-water interface 
(1030 – 915 = 115 kg/m3) is significantly lower than that of the water-seabed interface (with 
starting bedrock density of 2670 kg/m3: 2670 – 1030 = 1640 kg/m3). However, the initial DC 
shift on the gravity data is mainly calculated using the ice/bedrock interface inferred from radar 
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data. Thus, the associated error in ice penetrating radar data affects the modeling process from 
the start and should be considered in its entirety in the overall error estimation.  

 
Figure 5.4, continued. 
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Additionally, errors in our density model have to be accounted for. The density model 
allows for lateral deviations and is complemented across the unconstrained ice shelves by 
interpolation between better-constrained adjacent densities. These complemented densities 
vary by about ±100 kg/m3 from the mean bedrock density of 2670 kg/m3. Variation in this 
±100 kg/m3 range is equivalent to about 8 mGal in gravity residuals over the constrained 
regions. We adopt this value as an estimate of the error related to geological uncertainty in the 
ice shelf regions. 

The density contrast at the ocean-seabed interface is 1640 kg/m3, if using the mean 
bedrock density. Taking this contrast as the basis for a Bouguer slab calculation together with 
the crossover error of 5.8 mGal and the geologic variability of 8 mGal leads us to estimate that 
the modeled bathymetric uncertainties lie in the range ±200 m. Combined with the uncertainty 
of ice penetrating radar data, the total estimated uncertainty range of ±220 m is consistent with 
previous empirically derived root mean square misfits between gravity-derived and seismic 
depths (Brisbourne et al., 2014; Greenbaum et al., 2015). An evenly distributed set of depth 
soundings across the ice shelves in our model area has the potential to decrease the overall 
error by a large margin. Additional data would improve the geological model significantly and 
minimize the error caused by unknown geological variability.  

Along-track resolution and line spacing impact on the accuracy and resolution of the 
modeled bathymetry. Cross-track interpolation may induce gridding artefacts that appear as 
bathymetric model errors. The along-track resolution strongly depends on acquisition 
parameters. Since the along-track resolution of gravity data is 6.3 km, and the survey line 
spacings range between 5 and 10 km, the final bathymetric model is gridded with a resolution 
of 5 km. 

 

5.5 Bathymetric model results 

The bathymetric model generated within this study is limited to the GEA I-III gravity 
data grid extents (Figure 5.5a) and is presented relative to the WGS84 ellipsoid. Water column 
thicknesses (Figure 5.5b) are calculated using this model and the ice drafts extracted from ice 
penetrating radar data. The model shows deep troughs underlying thick water columns beneath 
the current main ice flows. These troughs cross the seafloor between the grounding lines and 
bathymetric sills close to the continental shelf. This pattern is similar to the one observed 
beneath ice shelves in the adjacent western part of DML, including the Ekström, Jelbart and 
Fimbul ice shelves (Eisermann et al., 2020). Based on this, and the considerations given in 
section 5.4.5, we consider it highly unlikely that our model’s bathymetric sills are artefacts of 
poorly modeled magmatic variability at the Riiser-Larsen margin. Further confidence in this 
view can be taken from the observation that pinning points PPw and the Derwael Ice Rise at 
the western RBIS (Figure 5.1c & Figure 5.4, profile d), for example, both lie south of the 
magnetic anomaly that marks the presence of magmatic rocks near the shelf edge. In the 
following, the model is described in more detail, moving from west to east. 

Modeled bathymetry beneath the central part of the BIS shows a depression of 1100 m in 
the south and a bathymetric sill running west-east close to the continental shelf break beneath 
the ice shelf’s center (Figure 5.6, 𝐷𝐷𝐷𝐷�). The sill is interrupted by two gateways with their 
greatest depths at 620 m in the west and 600 m in the east. The shallowest point between the 
two mentioned gateways reaches a minimum water column thickness of just ~30 m over the 
sill (Figure 5.6, 𝐶𝐶�̅�𝐶). The northern part of the central BIS segment overhangs the steep 
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continental slope and rise by as much as 50 km (Figure 5.6, 𝐶𝐶�̅�𝐶). The seafloor depth beneath 
the overhang ranges from hundreds of meters at the continental shelf break to modeled and 
observed depths of more than 2000 m close to the calving front. 

The bathymetry for the eastern part of BIS and western RBIS both show troughs that 
progress seawards from the grounding line, where they underlie moderate to thick ice shelf 
cavities. In the cavities, as Eisermann et al. (2020) observed for the ice shelves of western 
DML, the trough floors undulate rather than deepening monotonically seawards. The deepest 
points overall beneath the eastern BIS and western RBIS lie at 1180 m and 1320 m. The 
calving fronts of both ice shelf segments overlie bathymetric sills that perch on the continental 
shelf break. The sill beneath the eastern BIS is continuous and shallow, with average depths of 
250 m. Its deepest point at 450 m in the west forms a shallow gateway. In contrast to the 
eastern BIS, however, the sill of the western RBIS is cut by a distinct deep gateway with a 
minimum depth of 630 m that lies along strike of the trough that steers towards the gap 
between PPw and the Derwael Ice Rise (Figure 5.6, 𝐴𝐴�̅�𝐴 & 𝐵𝐵𝐵𝐵�). To date, this is the deepest 
recorded or modeled gateway to any of DML’s ice shelf cavities. The associated trough does 
not deepen smoothly to the deepest part of the southern grounding line, as proposed by Favier 
et al. (2016), but is instead interrupted by undulating topography (Figure 5.6, 𝐵𝐵𝐵𝐵�).  

The water column between the continental shelf and the BIS is relatively thin with 
sporadic exceptions. At its tallest points, the cavity reaches ~660 m in the central and ~630 m 
in the eastern part of the BIS. The water column between the continental slope and northern 
BIS is much taller, and fully open to the ocean. Beneath the RBIS, maximum water column 
thicknesses of up to 1000 m are modeled, west and east of the Derwael Ice Rise. 

Available gravity data are too sparse to extend our model over the eastern RBIS. Based 
on our experience with other DML ice shelves, we expect that it is underlain by a seafloor of 
~1 km depth like that seen in the western RBIS. Figure 5.5a shows that the interpolated depths 
from the compilation and mass-conservation model by Morlighem et al. (2020) are much 
shallower than this expectation, in the range of 200-400 m. These depths are comparable to 
prevalent ice base depths resulting in strongly underestimated water column thicknesses in 
Figure 5.5b. Similarly, replacing interpolated depths with modeled depths in our research area 
sees a ~100 % increase in cavity volume beneath the BIS and western RBIS, from ~6000 km3 
(Morlighem, 2020) to ~12000 km3. Considering that both the BIS and RBIS are sites of 
significant ongoing ice mass loss (Rignot et al., 2013), this underlines the necessity for updated 
bathymetric models even of small ice shelves. 

 

5.6 Discussion 
5.6.1 Ice shelf stability 

Currently, RBIS and BIS are both regarded as cold-cavity ice shelves and are considered 
to be in equilibrium (Rignot et al., 2013). This is to say that water masses circulating in the 
cavities are thought to be largely below melting temperatures. Despite this, the steep 
continental slope and narrow continental shelf in DML, and specifically the Riiser-Larsen Sea 
(Figure 5.1c), represent preconditions for strong variability in water mass and heat exchange 
between the open ocean and cavities. One such variation is the possible intrusion of WDW into 
the cavities, which could lead to increased basal melt rates. With updated bathymetry at hand, 
the WDW ingress into the cavities can be estimated. In doing so, the estimated error envelope 
of ±220 m should always be considered. Full utilization of the error can drastically change 
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interpretation, especially in crucial areas, such as along the shelf-edge sills. The bathymetric 
model is, however, a vast improvement over recent topographic compilations (Fretwell et al., 
2013; Morlighem et al., 2020) that are solely based on interpolation between points of 
constraints. An increase of 100 % in cavity volume within our model area, compared to the 
topographic data set by Morlighem (2020) underlines this improvement. 

 
Figure 5.5: Bathymetric model. Bathymetric model (a) and water column thickness (b) across western RBIS and 
BIS. Bathymetry is referenced to the ellipsoid WGS84. White grid outlines show the extent of free air anomaly 
data used during gravity inversion. A supporting CTD cast from Favier et al. (2016) is shown as yellow triangle in 
panel (a). Outside the gravity grid, the seabed beneath the ice shelves and in the open ocean are implemented from 
Morlighem (2020) and Arndt et al. (2013), respectively. Grounding lines and ice shelf extents are extracted from 
Mouginot et al. (2017a). 

Warm water inflow has already been observed off the mouth of the trough that crosses 
the western RBIS, using a CTD cast to a maximum depth of about 850 m (Figure 5.5); (Berger, 
2017; Callens, 2014; Favier et al., 2016). The shallowest point along this trough is at the 630 
(±220) m-deep gateway along the bathymetric sill at the continental shelf break (Figure 5.5 & 
Figure 5.6, 𝐴𝐴�̅�𝐴), coinciding with a rise in water temperature between 600 and 650 m that 
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represents WDW (CTD cast in Figure 5.5); (Berger, 2017; Callens, 2014). Also, this point lies 
deeper than the average thermocline of 600 m in water depths of 1000 m, as observed for 
example at the Fimbul Ice Shelf 700 km further west (Hattermann, 2018). WDW that breaches 
the sill and enters the RBIS’ cavity could thus be efficiently transported to the grounding line 
via the trough. This might explain the high basal melt rates beneath the ice shelf (Berger et al., 
2017; Rignot et al., 2013; Sun et al., 2019).  

A similar interpretation is possible for the central BIS. With gateways at about 600 
(±220) m depth, WDW is likely to intrude into the cavity, at least sporadically. In addition to 
this, the ice shelf overhangs the sill and continental shelf break by ~50 km and is heavily 
exposed to the open ocean with water depths of more than 2000 m (Figure 5.6, 𝐶𝐶�̅�𝐶) causing its 
exposure to warmer water temperatures due to thermocline shallowing (Hattermann et al., 
2014). This vulnerability is reflected in its dominant mass loss process, iceberg calving (Rignot 
et al., 2013). Whether the overhang is an equilibrium feature of the BIS is open to question. It 
may be a reflection of an ongoing post-1994 increase in ice flow velocities (Gudmundsson et 
al., 2019), which may be the consequence of a foregoing unpinning of the ice shelf near its 
center. Certainly, bathymetry beneath the central BIS is generally shallow with a central high at 
310 m that may until recently have acted as a pinning point (Figure 5.6, 𝐶𝐶�̅�𝐶), similar to the 
situation at the Jelbart Ice Shelf further west (Eisermann et al., 2020). The bathymetric sill of 
the eastern BIS is shallower and lacks deep gateways to the cavities over the continental shelf. 

Marine-outlet glaciers with retrograde to flat beds may retreat over the coming century as 
warming ocean waters interact with their bases, forcing their grounding lines to move upstream 
(Gudmundsson et al., 2012; Hellmer et al., 2012). In eastern DML, Favier et al. (2016) 
prognosed this so-called marine ice sheet instability specifically for the Hansenbreen. Callens 
et al. (2014) observed a similar setting at the WRG leading into the RBIS. Recent modeling has 
suggested, in contrast, that the RBIS has been in a relatively stable condition over recent 
millennia (Berger et al., 2016; Favier & Pattyn, 2015). Our identification of a larger cavity with 
an open ocean connection via a deep gateway leads to the question of whether that modeling 
may have underestimated the possibility for past (and future) periods of sustained warm water 
inflow and related retreat of the RBIS-WRG system. 

5.6.2 Glacial history 

The landscape of DML has been shaped by tectonic processes, as well as fluvial and 
glacial erosion. Inland of the region’s coastal escarpments, the observation of subglacially 
preserved alpine landscapes connected with an intact and only slightly modified fluvial 
drainage system speaks for a period of alpine-style glaciation before the formation of cold-
based ice sheets (Eagles et al., 2018; Franke et al., 2021; Näslund, 2001). Seawards, the 
subglacial topography and bathymetry in DML suggests a different history, being characterized 
overall by gentle slopes crossed by overdeepened troughs with undulating valley profiles that 
terminate at prominent sills along the continental shelf break (Eisermann et al., 2020; Nøst, 
2004; E. C. Smith et al., 2020). These patterns testify to the erosive and depositional power of 
a mobile grounded ice sheet.  

Hence, as for the ice shelves of western DML, we propose the sills near the present-day 
calving fronts of the BIS and RBIS comprise end moraines deposited at the grounding line 
during the Last Glacial Maximum at 23 – 19 k yrs BP (Grobe & Mackensen, 1992; Mackintosh 
et al., 2014). Phases of glacial advance also saw erosion of the trough floors that resulted in 
overdeepened basins along their lengths, much like those observed in bathymetric models of 
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the Fimbul, Jelbart and Ekström ice shelves in western DML (Eisermann et al., 2020). The 
implication is of synchronous phases of grounding line retreat and advance throughout DML. 

 
Figure 5.6: Bathymetric model with cross-sections. The overview depicts four 2D profiles (𝐴𝐴�̅�𝐴, 𝐵𝐵𝐵𝐵� , 𝐶𝐶�̅�𝐶 and 𝐷𝐷𝐷𝐷�) 
showing cross-sections of the bathymetric model with its inherent resolution of 5 km. These 2D sections share the 
same scale and vertical exaggeration of 20:1. Bedrock in the recent topographic compilation BedMachine 
Antarctica by Morlighem (2020) is marked with yellow dashed lines. Profiles 𝐴𝐴�̅�𝐴 and 𝐵𝐵𝐵𝐵�  show the shallowest 
point of the gateway leading into the RBIS. This point and one other are marked red in the overview and 2D 
sections for orientation. 𝐵𝐵𝐵𝐵�  also shows the course of the trough with a plateau close to the grounding line. Cross-
section 𝐶𝐶�̅�𝐶 exhibits the central BIS overhanging the continental shelf by approximately 50 km and traverses a 
bathymetric high. The section 𝐷𝐷𝐷𝐷� displays the two distinct gateways neighboring this bathymetric high.  

The modeled overdeepened basins likely prevented re-grounding of ice shelves in eastern 
DML except at pinning points and ice rises close to the calving front. However, the central BIS 
has a different setting with quite shallow bathymetry directly beneath its center, comparable to 



 60 

the Jelbart Ice Shelf (Eisermann et al., 2020). Partitioning of the central BIS cavity into two 
sections separated by a central bathymetric high can be explained by its excavation at some 
time in the past by the same two main ice streams (Figure 5.1c) that currently feed the ice shelf. 

 

5.7 Summary  

Bathymetry beneath the central and eastern parts of the BIS and for the western RBIS 
was modeled by the inversion of gravity data. Comparison of this model to interpolations in a 
recent topographic compilation (Morlighem et al., 2020) has shown that the volumes of 
cavities beneath these ice shelves have been underestimated by ~100 %. The picture of 
consistently deeper bathymetry significantly reduces the likelihood that past or future retreat 
episodes of DML’s ice shelves would have been, or might be, interrupted by re-grounding 
events at pinning points. 

The shape of the seabed and the height of the water column beneath these two ice shelves 
show many similarities with models of ice shelves in western DML (Eisermann et al., 2020). 
The bathymetry beneath DML’s ice shelves has deep bathymetric troughs traversing the 
continental shelves, and terminating behind bathymetric saddles on otherwise continuous sills 
along the continental shelf break. In detail, the trough floor profiles undulate via 
overdeepenings and moraines that record details of the region’s recent glacial history.  

The differing dominant mass loss processes of the RBIS and BIS are reflected in their 
settings. While mass loss from the BIS is dominated by iceberg calving, mass loss from the 
RBIS is dominated by basal melting (Rignot et al., 2013). The high rate of iceberg calving at 
BIS could be induced by the exposure of its northern part to the open ocean in combination 
with a recent unpinning of the ice shelf. The RBIS on the other hand is probably mainly 
exposed to WDW ingress, due to its single deep gateway combined with the otherwise high 
rate of isolation due to the bathymetric sill, leading to a dominance of basal melt.  

The gateways along the bathymetric sills represent known (in western DML, Eisermann 
et al. (2020)) or likely points of ingress for WDW into the ice shelf cavities. The most 
significant gateways in this study occur near the snout of the main trough traversing the 
western RBIS and beneath the central BIS. These points mark relatively deep gateways in 
respect to other ice shelves of DML (Eisermann et al., 2020), and should be regarded as threats 
to future ice shelf stability. 
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6.1 Preface 

This manuscript draft includes a compilation of bedrock topography, consisting of 
published and unpublished depth soundings beneath the Nivl Ice Shelf complemented by 
bedrock topography inverted from gravity anomalies. This bathymetric model is set into 
context of available bathymetry beneath the ice shelves of Dronning Maud Land, including the 
Ekström, Atka, Jelbart, Fimbul and Vigrid ice shelves (Eisermann et al., 2020), as well as the 
Roi Baudouin and Borchgrevink ice shelves (Eisermann et al., 2021). 

This manuscript is marked as a draft for the following reason: An airborne gravity data 
set acquired across the Nivl Ice Shelf and the adjacent Astrid Ridge in the austral summer of 
2009/2010 is not yet incorporated into the data set used for the airborne gravity inversion. 
Currently, the AntGG gravity data compilation by Scheinert et al. (2016) is used instead. Flight 
lines of the 2009/2010 campaign are depicted in Figure 6.1 (Leinweber & Jokat, 2012). The 
gravity data were collected against the backdrop of recurring problems with one of the 
gravimeter’s accelerometers. Repeated attempts to generate useable gravity anomalies from the 
data set using AWI’s standard processing procedure have failed to return consistent results. For 
more advanced analysis, the data set has been sent to the working group of Dr. Rene Forsberg 
at the Technical University of Denmark in Copenhagen. If useful anomaly data can be 
retrieved, it will likely make for a significant improvement over the currently used AntGG 
gravity data compilation (Scheinert et al., 2016).  

 
Figure 6.1: From Leinweber and Jokat (2012). Flight pattern of aerogeophysical survey in austral summer of 
2009/2010. Base station was the Russian Novolazarevskaya station south of the Nivl Ice Shelf. 
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Should useful data from the 2009/10 season prove to be unrecoverable, an alternative 
option to validate the current inversion results could be the acquisition of additional 
geophysical flights across the Nivl Ice Shelf during future - but not necessarily related - 
aerogeophysical campaigns. It is not seldom that aircraft mobilization and calibration flights 
are conducted from the nearby Novolazarevskaya station (Figure 6.2). Calibration flights in 
particular are usually of short duration that could readily be extended in order to 
opportunistically obtain gravity survey data. These survey lines should lead across known 
bathymetry and uncharted territory. Planned lines with about ten survey hours (achievable with 
two flights including a calibration flight) are depicted in Figure 6.2. These high-resolution 
gravity data could then be used to validate the current three-dimensional bathymetric model 
based on Scheinert et al. (2016) with two-dimensional bathymetric models. A possible 
connection of the southern and northern trough, discussed in the manuscript below, could thus 
be investigated. 

If it becomes apparent that both options presented above are not viable in the near future, 
then the manuscript will be submitted to the Geophysical Journal International, as it is 
presented below. As it stands, the following manuscript draft with the implementation of 
gravity data from Scheinert et al. (2016) still builds a valuable contribution towards the 
knowledge of subglacial topography beneath Antarctica’s ice shelves. Regardless of the 
publication timeline, the current bathymetric model beneath the Nivl ice Shelf has been made 
available to the Department of Physics and Technology at the Arctic University of Norway in 
Tromsø. The research group is working on a regional oceanic model for the Weddell Gyre that 
includes water mass and heat exchange of the open ocean with water masses residing in ice 
shelf cavities (T. Hattermann; pers. comm.). 

 
Figure 6.2: Nivl Ice Shelf with proposed flight line planning in dashed red lines amounting to survey flight time of 
about ten hours, including approach, landing and turns. The nearby Novolazarevskaya station is marked with a 
yellow triangle. Known bedrock topography in background is taken from seismic, hydroacoustic and radar data 
(see manuscript below). Calving fronts in gray and grounded areas marked in black are extracted from Mouginot 
et al. (2017a). 
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6.2 Abstract 

Knowledge of the bathymetry below an ice shelf is one of the essential boundary 
conditions for the task of estimating its basal mass loss. The seafloor topography can control 
the ingress of water and heat into the cavity and their exchange by circulation within it. 
Without reliable knowledge of subglacial bathymetry, numerical oceanic models are limited in 
their contribution to the understanding of ice shelf stability. This is significant for the 
numerous small ice shelves of Dronning Maud Land (DML), which cumulatively comprise 
over 25 % of Antarctica’s floating ice, and buttress ice sheets with ice columns situated above 
sea level corresponding to a sea level equivalent of 3.33 m. Here, numerous previously 
uncollated bathymetric measurements for one of DML’s ice shelves, the Nivl Ice Shelf, are 
gathered and complemented by inverse modeling of gravity data. This bathymetric model is 
then compiled with similar models for several other ice shelves in DML, revealing all to be 
underlain by bathymetric sills running along the continental shelf break. The depth and 
continuity of these sills decide whether and where Warm Deep Water is able to intrude into the 
cavities, potentially resulting in an increase of basal melt rates. Nivl’s sill is shown currently to 
protect its cavity from Warm Deep Water ingress, leaving seasonal solar-heated Antarctic 
Surface Water as the most-likely main agent of basal melt. In addition to their protective sills, 
many of the ice shelves in DML host shelf-parallel bathymetric ridges that can be interpreted in 
terms of shifting grounding line positions and the associated evolution of erosional and 
depositional patterns over recent glacial cycles.  

 

6.3 Introduction 

Floating ice shelves buttress the majority of Antarctica’s grounded ice, making them a 
key factor for its stability in a warming climate. The systems of ice shelves and ice sheets are 
connected in such a way that ice mass losses from ice shelves, due to iceberg calving or surface 
and basal melting processes, lead to increased drainage of their corresponding ice sheets 
(Dupont & Alley, 2005; Gudmundsson et al., 2019; Haseloff & Sergienko, 2018). If this is not 
counterbalanced by mass gain processes, such as refreezing of seawater to the ice shelf base or 
snowfall over the ice sheet and shelf, then the net mass lost from the system will subsequently 
contribute to global sea level rise. The processes of ice mass gain and loss must therefore be 
evaluated with the best precision to assess an ice shelf’s possible role in sea level change.  

Basal melting dominates ice mass loss from Antarctica’s ice shelves (Rignot et al., 2013) 
and has proven to be highly dependent on water temperatures (e.g., Jenkins et al. (2018)) and 
the underlying bathymetry (Goldberg et al., 2019; Tinto et al., 2019). Bedrock topography not 
only controls the circulation of water within a cavity between seabed and ice base, but is also a 
deciding factor on whether and where warm oceanic water breaches into that cavity 
(Eisermann et al., 2021; Eisermann et al., 2020; Hattermann et al., 2014). Consistent 
bathymetric models help to improve our understanding of ice shelf stability by numerical 
modeling. The majority of these decisive cavities around Antarctica remain unexplored by 
direct soundings, especially those under its smaller ice shelves.  

Coastal DML hosts a chain of small ice shelves that are divided from their neighbors by 
a set of grounded ice promontories and rises. Starting with the Riiser-Larsen Ice Shelf at 22º 
West, and ending at 33º East with the Roi Baudouin Ice Shelf (Figure 6.3), the cumulative area 
of DML’s ice shelves amounts to about 178,000 km2 (Rignot et al., 2013). This exceeds a 
quarter of the total area of ice shelves in East Antarctica, or half that of Germany. Together, the 
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ice shelves buttress ice sheets with an area of about 890,000 km2 (Figure 6.3) and an ice 
volume of more than 1,200,000 Gt above sea level, according to a recent topography 
compilation by Morlighem et al. (2020). This ice is equivalent to a volume of water that would 
raise the global sea level by 3.33 m, underlining the need to investigate the smaller ice shelves 
of DML with the same zeal and vigor as the larger ice shelves of Antarctica.  

 
Figure 6.3: Ice column above sea level across the ice sheets of Dronning Maud Land feeding the named ice 
shelves, based on bed topography and surface compilations by Morlighem et al. (2020). Calving fronts in gray, 
grounding line in black and, in red, ice divides between ice sheet catchments are extracted from Mouginot et al. 
(2017a). Grounded pinning points, ice rises, and ice sheet catchments that drain away from Dronning Maud Land 
are marked in gray, the open ocean in light blue and ice shelves in white. AIS: Atka Ice Shelf; BIS: Borchgrevink 
Ice Shelf; EIS: Ekström Ice Shelf; FIS: Fimbul Ice Shelf; JIS: Jelbart Ice Shelf; LIS: Lazarev Ice Shelf; NIS: Nivl 
Ice Shelf; QIS: Quar Ice Shelf; RBIS: Roi Baudouin Ice Shelf; RLIS: Riiser-Larsen Ice Shelf; VIS: Vigrid Ice 
Shelf. 

Water masses in the Southern Ocean offshore of DML are strongly influenced by the 
Antarctic Circumpolar Current and the local Weddell Gyre (Figure 6.4). The circumpolar 
current is the strongest current on the globe and flows clockwise around Antarctica, shielding 
the continent and its ice sheets from warm northern ocean waters (Barker & Thomas, 2004). 
The Weddell Gyre is the largest oceanographic regime south of the Antarctic Circumpolar 
Current and resides in the Weddell Sea and east of it (Figure 6.4). It extends from about 60º W 
to at least 30º E (Deacon, 1979), and possibly even as far east as 70º E (Park et al., 2001). 
Katabatic winds promote the formation of extensive sea ice and polynyas in the Weddell Sea, 
leading to the formation of extremely cold and saline water that, together with cold water from 
beneath the ice shelves, form Antarctic Bottom Water that is exported to the Atlantic where it 
plays a vital role in maintaining global thermohaline circulation (Orsi et al., 2002). Warm and 
salty Circumpolar Deep Water, transported by the Antarctic Circumpolar Current, intrudes the 
Weddell Gyre at its eastern fringe and then flows towards the west as Warm Deep Water 
(WDW) along the continental shelf of DML. 
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Figure 6.4: Circulation in the Southern Ocean from Vernet et al. (2019), modified after L. Carter et al. (2008). The 
Antarctic Circumpolar Current (ACC) is delimited by the Subantarctic Front (SAF) in the north and the southern 
boundary (SB). The Weddell Gyre is situated within the Weddell Sea and east of it. DWBC: Deep western 
boundary currents; F.Pl.: Falkland Plateau; G: Gyre; K. Pl.: Kerguelen Plateau; R: Ridge.  

Offshore DML is contoured by a narrow continental shelf (Schröder & Fahrbach, 1999) 
that allows for exchange of open ocean water with water residing in ice shelf cavities (Nicolaus 
& Grosfeld, 2004). At present, the cavities mainly host cold Eastern Shelf Water, which is 
separated from the WDW being carried past them by the westward-flowing Weddell Gyre 
(Hattermann et al., 2014; Schröder & Fahrbach, 1999; Vernet et al., 2019). The two water 
bodies meet across a relatively narrow boundary with a sharp temperature gradient, or 
thermocline, known as the Antarctic Slope Front, as seen in Figure 6.5 (Nicholls et al., 2009; 
Schröder & Fahrbach, 1999). Seasonal intrusion of solar-heated Antarctic Surface Water with 
subsequent increases in basal melt rates have been observed recently for the Nivl Ice Shelf 
(Lindbäck et al., 2019) and the adjacent Fimbul Ice Shelf (Hattermann et al., 2014; Zhou et al., 
2014). The timing and extent of intrusions of WDW into the ice shelf cavities of DML are 
proposed to be largely controlled by topographic features and eddy-driven changes in the 
Antarctic Slope Front (Hattermann et al., 2014). 
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Figure 6.5: Schematic cross section of the Fimbul Ice Shelf in Dronning Maud Land from Hattermann et al. 
(2014) showing water masses residing at the Fimbul Ice Shelf, representative of the oceanographic setting at ice 
shelves in our survey area. Due to a shallow continental shelf break, the Warm Deep Water can only access the 
cavity sporadically owing to fluctuations in the depth of the Antarctic Slope Front. 

Current topographic compilations of Antarctica, such as Bedmap2 (Fretwell et al., 2013) 
or BedMachine Antarctica (Morlighem et al., 2020) are limited by the availability of 
topographic and bathymetric measurements. These depth references are especially rare beneath 
ice shelves. To complement this shortcoming, bathymetric models have been generated from 
seismic data and gravity inversion in our survey area by Eisermann et al. (2020) for the 
Ekström, Atka, Jelbart, Fimbul and Vigrid ice shelves and by Eisermann et al. (2021) for the 
Borchgrevink and Roi Baudouin ice shelves. These models have shown that topography 
compilations (Fretwell et al., 2013; Morlighem et al., 2020) severely underestimate the depths 
and volumes of the seafloor and cavities beneath the ice shelves by as much as several hundred 
percent. The new and more detailed subglacial bathymetric models (Eisermann et al., 2021; 
Eisermann et al., 2020) reveal features that are of decisive importance for the pattern and 
evolution of WDW intrusions into the ice shelf cavities of DML. In particular, intrusions of 
WDW seem to be possible in both western and eastern DML, but highly depend on the depths 
of narrow gateways crossing shallow sills that run along the continental shelf (Eisermann et al., 
2021; Eisermann et al., 2020). 

At the time of writing, detailed bathymetric models exist for seven of DML’s named 
eleven ice shelves. Within this paper, we add to this inventory a new model for the Nivl Ice 
Shelf, based on available seismic depth soundings, auxiliary topographic data sets, and 
inversion of gravity data. After describing the new bathymetric model and including it as part 
of a first-ever regional compilation for DML, we interpret the compilation in terms of ocean-
ice sheet stability and glacial history.  
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6.3.1 The Nivl Ice Shelf region, present knowledge 

The Nivl Ice Shelf extends along the coast of DML from 70º to 71º South and from 9º to 
13º East (Figure 6.3 & Figure 6.6). With an area of 7,285 km2 (Rignot et al., 2013), it is one of 
the smaller Antarctic ice shelves, comparable in size to the Ekström Ice Shelf in western DML 
(Figure 6.3). Between the ice shelf and the Wohlthatmassiv, which is located 100 km further 
south and inland, lies the Schirmacher Oasis. An ice-free area directly coinciding with the 
southern grounding line (Figure 6.6a). Supraglacial lakes on the ice shelf are sustained by 
surface melting, and have been shown to be connected to the underlying cavity (Kingslake et 
al., 2015).  

 
Figure 6.6: Nivl Ice Shelf in Dronning Maud Land, East Antarctica. a) Bedrock topography from BedMachine 
Antarctica (Morlighem et al., 2020) overlain by the digital elevation model of Howat et al. (2019) in ice-covered 
regions. b) Ice flow velocities from Mouginot et al. (2017b) in survey area with ice divides in light blue. Calving 
fronts in gray and grounded areas marked in black are extracted from Mouginot et al. (2017a). DIR: Djupranen Ice 
Rise; FD: Fenno Deep; LIR: Leningradkollen Ice Rise; PG: Potsdam Glacier; SO: Schirmacher Oasis. 

At 3.9 (± 2) Gt/yr, basal melting processes account for more than three quarters of the 
mass loss from the Nivl Ice Shelf, marking it as highly unconventional amongst the cold-cavity 
ice shelves of DML (Rignot et al., 2013). Despite the importance of basal melting, Lindbäck et 
al. (2019) assume WDW not to play a significant role, owing to the shallow bathymetry 
observed along the calving front. The Fenno Deep is a significant depression (with measured 
depths of slightly over 700 m; Arndt et al. (2013)) beneath the Lazarev Ice Shelf immediately 
to the east (Mathew & Vincent, 1986) that is currently not thought to be linked to the Nivl Ice 
Shelf’s cavity across the Leningradkollen Ice Rise (Figure 6.6). A clearer understanding of the 
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shelf’s cavity and underlying bathymetry would help to better understand the depth and extent 
of shallow barriers to WDW ingress from offshore. 

Offshore of the Nivl Ice Shelf, DML’s otherwise-narrow continental shelf (Arndt et al., 
2013; Schröder & Fahrbach, 1999) widens because of the presence of the Astrid Ridge, a 
region of thickened oceanic crust that separates the western Riiser-Larsen Sea from the eastern 
Lazarev Sea, which formed during Gondwana breakup in Jurassic times (Leinweber & Jokat, 
2012). The Nivl Ice Shelf is situated in between two ice rises, the Djupranen Ice Rise in the 
west and the Leningradkollen Ice Rise in its east. A number of smaller pinning points are to be 
found near its center and along the calving front (Figure 6.6). The Potsdam glacier delivers 
grounded ice to the ice shelf, over its flow is subsequently channelized between and around the 
pinning points to form four distinct streams, the largest one in the east (Paschke & Lange, 
2003), as seen in Figure 6.6b. 

 

6.4 Materials and methods 

The reliability of any bathymetric model depends strongly on the abundance and quality 
of geophysical data that it is based on. The Nivl Ice Shelf has been regularly visited by virtue 
of its location close to the scientific and logistical hubs of the Schirmacher Oasis and 
Novolazarevskaya runway (Figure 6.6). In particular, the Schirmacher Oasis was investigated 
during the GeoMaud expedition in the austral summer of 1995/96, led by the Federal Institute 
for Geosciences and Natural Resources (Paech & Kothe, 2005; Reitmayr & Paech, 2005). The 
data include published seismic data and potential field data (Reitmayr & Paech, 2005), as well 
as one unpublished seismic reflection line, acquired by the University of Münster (Figure 6.7a; 
M. Degutsch, PI during campaign, pers. comm.). Seismic depth soundings over the Nivl Ice 
Shelf are plentiful in relation to its size (Figure 6.7), potentially making its cavity one of the 
best explored cavities anywhere in Antarctica. To this end, the GeoMaud data and auxiliary 
data sets, comprising shipborne hydroacoustic data along and beyond the calving front and 
airborne and land ice penetrating radar across the ice shelf (Figure 6.7a), are incorporated into 
the bathymetric model and described in the following.  

6.4.1 Bathymetric, topographic and ice penetrating radar data 

The seismic point soundings across the Nivl Ice Shelf were made in combination with 
gravimetric measurements at six sites using a ‘Sissy’ seismic gun and a Geometrics 2401 
instrument with 24 channels (green circles in Figure 6.7a); (Reitmayr & Paech, 2005). 
Additionally, the University of Münster acquired seismic reflection profiles totaling more than 
20 km in length in the NE of the ice shelf. The profiles were acquired with explosives and 60 
geophone channels, delivering a tenfold seismic line of 11 km and a single-fold profile of 10.8 
km (red line in Figure 6.7a; M. Degutsch, pers. comm.). 

For the most part, topography over areas of grounded ice surrounding the Nivl Ice Shelf 
is incorporated into the bathymetry model on the basis of ice penetrating radar data acquired by 
the Alfred Wegener Institute over recent decades (Riedel et al., 2012). These radar data also 
cover a majority of the pinning points in the center of the ice shelf (violet lines in Figure 6.7a). 
In addition, a pinning point in the NW of the Nivl Ice Shelf is covered by ground-based radar 
data from Lindbäck et al. (2019). At the calving front and offshore of it, the model incorporates 
shipborne multibeam data (Hinze et al., 2011; Monk et al., 2011; Schenke et al., 2010; Schöne 
et al., 2011; Voß et al., 2011). Ice thicknesses are taken from a compilation of land and 
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airborne ice penetrating radar data (Lindbäck et al., 2019; Riedel et al., 2012) and seismic 
reflection data acquired by Reitmayr and Paech (2005) and M. Degutsch (pers. comm.) during 
the GeoMaud expedition. Surface topography is extracted from the digital elevation model 
REMA (Howat et al., 2019) in ice-covered regions and from Bedmap2 (Fretwell et al., 2013) 
for the ellipsoidal height of the open ocean. The positions of grounding lines, calving fronts 
and pinning points are extracted from Mouginot et al. (2017a). 

6.4.2 Gravity inversion for bathymetry 

Gravity data 

Free air anomaly data used for the inversion (Figure 6.7c & d) are extracted from the 
AntGG gravity data compilation of Scheinert et al. (2016). Gravity data in this region stem 
from ground measurements at ~25 km spaced points during GeoMaud (Reitmayr & Paech, 
2005) and airborne acquisition at 10 km line spacing over the western part of the ice shelf in 
the early 2000’s (Riedel et al., 2012) and over the whole ice shelf by Soviet expeditions 
(Scheinert et al., 2016). The gravity data compilation is presented at a horizontal resolution of 
10 km and is sampled down to 5 km for this inversion.  

Model boundary conditions 

The model has a maximum depth of 10 km and a horizontal grid spacing of 5 km. 
Although this resolution is half the grid spacing of the gravity data, it is locally appropriate to 
the level of detail in known bathymetry inputs, which would not otherwise be captured with an 
inversion resolution of 10 km. The true horizontal resolution of the model in areas where it is 
constrained solely by gravity data remains at 10 km, despite the resampling.  

The gravimetric model consists of three different interfaces, one each at the ice surface, 
ice base, and bedrock topography. Layers between these interfaces are assigned densities for 
ice (915 kg/m3), sea water (1030 kg/m3) and bedrock (2670 kg/m3). The bedrock density is 
kept initially constant to determine a DC shift of -1067 mGal that produces a close initial 
alignment between the model gravity response and the gravity observations. The process of 
bathymetric modeling allows for subsequent iterative changes to bedrock density, represented 
by a grid of horizontally variable values representing the integrated bedrock density down to 
the model base at 10 km below sea level. A band-pass filter of 10 to 150 km is applied to the 
gravity data compilation (Figure 6.7d) to suppress long-wavelength signals and accentuate 
short-wavelength features caused by topography at the bedrock interface. Since the compilation 
is from both land and airborne measurements, a combined observation plane of 500 m above 
sea level is assigned here. 

Bathymetry modeling 

Bathymetry modeling is conducted using the extension GM-SYS 3D Research of 
Seequent’s Geosoft Oasis montaj, similar to approaches used by Eisermann et al. (2020) and 
Eisermann et al. (2021). The module implements formulas by Parker (1973) for gravitational 
acceleration. First, variable integrated bedrock densities are calculated for all grid points where 
the top ice, base ice and bedrock depths are known from direct seismic and/or radar soundings. 
With the densities for ice and water not expected to vary greatly, the module is able to invert 
for best-fitting bedrock densities at these fully constrained grid points. These optimized 
variable bedrock densities are subsequently used as the basis for interpolation across the whole 
ice shelf region (Figure 6.8a). The resulting interpolated density model is then used as input to 



 72 

the inversion for bedrock topography (Eisermann et al., 2021; Eisermann et al., 2020). During 
the inversion, the bedrock surface for grid points that include locations with soundings is 
allowed to move within an envelope of ±20 m, a reasonable assumption in the face of expected 
errors in airborne ice penetrating radar data (Steinhage, 2001) and seismic data across the shelf.  

 
Figure 6.7: Geophysical data at and around the Nivl Ice Shelf. a) Topographic data sets consisting of shipborne 
hydroacoustic data (1), seismic reflection line (2) and point data (3), and ice penetrating radar data (4) across 
pinning points (5). (b) shows known seabed/bedrock topography from available data in (a). Free air anomaly data 
from AntGG compilation by Scheinert et al. (2016), both unfiltered (c) and high-pass filtered with a wavelength of 
150 km in (d). Calving fronts in gray and grounded areas marked in black are extracted from Mouginot et al. 
(2017a). 

The gravity compilation of Scheinert et al. (2016) is composed of contributions from the 
GeoMaud expedition (#24, see Table S1 in Supporting Information of Scheinert et al. (2016)) 
with a standard deviation of 1 mGal, aerogeophysical data from Riedel et al. (2012) (#20, 
AWI) with a standard deviation of 4 mGal, and Soviet-era data (#26, PMGE/VNIIO) with a 
standard deviation of 10 mGal. The error evaluation for the bathymetric model via gravity 
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inversion is based on the largest of these uncertainties, in the Soviet airborne data. The density 
contrast between water and bedrock (of 1640 kg/m3, assuming a bedrock density of 2670 
kg/m3) has more influence on the final model than the density contrast between water and ice 
(115 kg/m3). A Bouguer slab calculation with the standard deviation of 10 mGal and density 
contrast of 1640 kg/m3 implies that uncertainties in the gravity data might raise errors of ±145 
m in the model bathymetry. Together with the errors associated with ice penetrating radar and 
seismic data (±20 m), the overall model error envelope for our bathymetric model is ±165 m 
for a resolution of 10 km. Showing this estimate to be conservative, we note that gravity 
residuals largely lie within the range of ±5 mGal for the completed inversion with variable 
bedrock density (Figure 6.8b). 

 
Figure 6.8: Bathymetric modeling process with a) estimates of integrated bedrock density to 10 km model depth 
interpolated across Nivl Ice Shelf and b) gravity residuals after modeling. Residuals across Nivl Ice Shelf are 
clearly within the assumed gravity data uncertainty of 10 mGal. Neighboring Vigrid and Lazarev ice shelves are 
overlain in white. Calving fronts in gray and grounded areas marked in black in a) and b) are extracted from 
Mouginot et al. (2017a). 

 

6.5 Results, bathymetry beneath Nivl Ice Shelf 

The newly compiled bathymetric model beneath the Nivl Ice Shelf is depicted in Figure 
6.9a, together with water column thickness calculated from the difference between the bedrock 
and the ice base or sea surface (Figure 6.9b). All depths are relative to the WGS84 ellipsoid. 
The cavity seems to be partitioned into two sections, separated by a chain of pinning points 
running approximately east-west beneath the ice shelf’s center line. The pinning points occur at 
culminations along a continuous east-striking bathymetric sill. With average depths of 450 m, 
the cavity above this sill is nowhere thicker than 100 m (Figure 6.9b). South of the line, a deep 
trough crosses the grounding line in the southeast of the ice shelf, marking the base of the 
Potsdam Glacier (Figure 6.6b). The trough continues along the floor of the cavity beneath the 
ice shelf, striking west and reaching a maximum depth of about 630 m (Figure 6.9a). 

North of the sill lies a second significant east-striking depression, reaching seafloor 
depths of up to 680 m. This depression has a W-E extent of about 50 km, but is only about 15 
km wide (N-S). The seafloor shallows again northwards. The ice shelf is grounded at several 
locations along a second sill that both perches on the continental shelf break and underlies the 
glacial calving front (Mouginot et al., 2017a). Along this sill, the seabed lies at an average 
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depth of 150 m. There is no significant gateway through the sill connecting the open ocean to 
the north with the cavity; water column thicknesses remain at or close to zero beneath the 
entirety of the calving front. 

 
Figure 6.9: Bathymetric model beneath and around Nivl Ice Shelf with a) bedrock topography and b) water 
column thickness (cavity height) between the bedrock and the ice base/sea surface. The neighboring Vigrid and 
Lazarev ice shelves are overlain in gray. Calving fronts in gray and grounded areas marked in black are extracted 
from Mouginot et al. (2017a). 

6.5.1 Compilation of bathymetric models beneath ice shelves of DML 

To build our understanding of ice shelf stability and the glacial history of DML’s ice 
shelves and ice sheets, we compiled the new subglacial bathymetry of the Nivl Ice Shelf 
together with the other available bathymetric models in our research area (Figure 6.10). These 
include the Ekström, Atka, Jelbart, Fimbul and Vigrid ice shelves (Eisermann et al., 2020), the 
central and eastern Borchgrevink Ice Shelf, and the western half of the Roi Baudouin Ice Shelf 
(Eisermann et al., 2021). As for the Nivl Ice Shelf, all of these previous bathymetric models 
were generated by means of gravity inversion between bathymetric constraints from other data 
sets. Areas that remain to be investigated and/or modeled include the entire Riiser-Larsen, 
Quar, and Lazarev ice shelves, as well as parts of both the Borchgrevink and Roi Baudouin ice 
shelves. Figure 6.10 is complemented with the bedrock topography compilation by Morlighem 
et al. (2020) in grounded regions and by the International Bathymetric Chart of the Southern 
Ocean (IBCSO) seawards of the calving fronts (Arndt et al., 2013).  
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Figure 6.10: Compiled bedrock topography in Dronning Maud Land. This compilation presents the bathymetric 
models for the Ekström, Atka, Jelbart, Fimbul and Vigrid ice shelves (Eisermann et al., 2020), the Nivl Ice Shelf 
(this study), as well as the central and eastern Borchgrevink Ice Shelf and the western half of the Roi Baudouin Ice 
Shelf (Eisermann et al., 2021) at a consistent horizontal resolution of 5 km. These models are complemented by 
the IBCSO seawards of the calving fronts (Arndt et al., 2013) and by BedMachine Antarctica data (Morlighem et 
al., 2020) in grounded regions, both at a resolution of 500 x 500 m. Yellow arrows indicate major gateways into 
the ice shelf cavities, also listed in Table 6.1 from west to east. Calving fronts in gray and grounded areas marked 
in black are extracted from Mouginot et al. (2017a). 
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In addition to the topographic compilation, Table 6.1 gives numerical comparisons of 
DML’s ice shelves in terms of their areas, maximum depths, and maximum gateway depths, 
together with comparisons of the modeled cavity volumes to those in the BedMachine 
Antarctica bedrock compilation of Morlighem et al. (2020). The BedMachine Antarctica model 
consistently underestimates the cavity volumes, by values ranging between 30 % for the 
Fimbul ice Shelf and more than 1300 % for the Nivl Ice Shelf. The relatively modest 
underestimation of the Fimbul cavity volume originates from the integration of numerous 
evenly spaced seismic soundings in both BedMachine Antarctica and Eisermann et al. (2020) 
models. On average, BedMachine Antarctica underestimates cavity volumes by 82 %. With the 
fairly well constrained Fimbul Ice Shelf cavity excluded, this value rises to 176 %. 

Ice Shelves  
of DML 

Size [km2] Max 
depth 
[m] 

Gateway 
depths 
[m] 

Cavity 
(BMA) 
[km3] 

Cavity 
(Model) 
[km3] 

Under-
estimated 
by [%] 

Riiser-Larsen 43,450 tbd tbd 4,680 tbd  tbd 
Quar 2,156 tbd tbd 110 tbd tbd 
Ekström 6,872 1,130 390 402 1,959 387 
Atka 1,969 780 450 147 406 176 
Jelbart 10,844 1,200 430 555 1,780 221 
Fimbul 40,843 1,300 550  

450 
530 
600 

13,348 17,347 30 

Vigrid 2,089 600 450 74 382 416 
Nivl 7,285 680 - 226 3,175 1,305 
Lazarev 8,519 tbd tbd 694 tbd tbd 
Borchgrevink* 

(total size 21,580) 
w: 7,380 
c: 10,300 

 
e: 3,900 

w: tbd 
c: >2,000 

 
e: 1,180 

w: tbd 
c: 620 
c: 600 
e: 450 

w: 750 
c: 4,132 

  
e: 450  

w: tbd 
c: 6,803  

 
e: 902  

w: tbd 
65 

 
100 

Roi Baudouin* 
(total size: 32,952) 

w: 13,150 
e: 19,802 

w: 1,320 
e: tbd 

w: 630 
e: tbd 

w: 1,347 
e: 2,051  

w: 4,827  
e: tbd 

w: 258  
e: tbd 

Total 178,559 - - 20,681 
(+8,285) 

37,581 82 

Table 6.1: Comparison of ice shelves and their cavities in Dronning Maud Land, as compiled in Figure 6.10, and 
listed from west to east. For cavities with multiple gateways (yellow arrows in Figure 6.10), the gateways are 
listed from west to east. Depths and modeled cavity volumes are derived from the new compilation. Ice shelf areas 
and cavity volumes are extracted from Rignot et al. (2013) and BedMachine Antarctica (BMA) by Morlighem et 
al. (2020), respectively. Total BedMachine cavity volume does not include yet-to-be modeled ice shelves. *Here, 
the overall areas, bathymetric observations and cavity sizes for the Borchgrevink and Roi Baudouin ice shelves 
are partitioned into the western, central and eastern Borchgrevink, and western and eastern Roi Baudouin ice 
shelves, respectively. Roi Baudouin is divided along the model boundary visible in Figure 6.10. c: central; e: 
eastern; w: western. tbd: to be determined. 

The following Figures (Figure 6.11 to Figure 6.14) portray a selection of two-
dimensional cross-sections across subglacial bathymetric models of the ice shelves of DML. 
From west to east, these include cross-sections of the Ekström and Jelbart ice shelves (Figure 
6.11), the Fimbul Ice Shelf (Figure 6.12), the Nivl Ice Shelf (Figure 6.13), and the 
Borchgrevink and Roi Baudouin ice shelves (Figure 6.14). All of these profiles again underline 
the effects of paucity of observational constraints for the BedMachine Antarctica model. 
Where no depth information is available or integrated in BedMachine Antarctica, the course of 
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its modeled seabed aligns closely with the ice shelf’s base. This is the case in almost all 
profiles, except at kilometers 0 to 200 in profile 𝐶𝐶�̅�𝐶 below the Fimbul Ice Shelf (Figure 6.12), 
where seismic soundings are available (Nøst, 2004) and were used for BedMachine Antarctica. 

Profiles 𝐴𝐴�̅�𝐴 and 𝐵𝐵𝐵𝐵�  for the Ekström and Jelbart ice shelves (Figure 6.11) describe 
troughs running beneath those ice shelves from the grounding line towards the bathymetric sills 
near the shelf edge. Gateways across these sills offer paths into the cavities behind at minimum 
depths of 390 m for the Ekström Ice Shelf and 430 m for the Jelbart Ice Shelf; both are situated 
beyond their respective calving fronts. Profile 𝐶𝐶�̅�𝐶 along the Fimbul Ice Shelf (Figure 6.12) 
follows a similar course from grounding line towards sill and terminates at its sill’s 
westernmost gateway, with a depth of 550 m. Profile 𝐷𝐷𝐷𝐷� shows the deepest gateway into the 
Fimbul cavity in the most eastern part with a depth of 600 m. The bathymetric model beneath 
the Nivl Ice Shelf generated in this study is visualized by profile 𝐸𝐸𝐸𝐸� (Figure 6.13), illustrating 
the cavity’s north-south compartmentalization. Neither observations nor modeling show the 
Nivl sill to be crossed by any particular gateway. Profiles 𝐹𝐹𝐹𝐹� and 𝐺𝐺�̅�𝐺 present the subglacial 
bathymetry of the central Borchgrevink Ice Shelf (Figure 6.14 after Eisermann et al. (2021)). 
Two gateways, at depths of 620 and 600 m in profile 𝐺𝐺�̅�𝐺, are separated by a distinct 
bathymetric high in profile 𝐹𝐹𝐹𝐹�. The subglacial bathymetry of the western Roi Baudouin Ice 
Shelf is shown by profiles 𝐻𝐻𝐻𝐻� and 𝐼𝐼𝐼𝐼,̅ showing the main trough and the maximum gateway 
depth of 630 m leading into the cavity (Table 6.1). 

 

6.6 Discussion 

As Figure 6.10 and the two-dimensional profiles (Figure 6.11 to Figure 6.14) show, the 
subglacial bathymetry of DML’s ice shelves reveals some consistent themes. Probably the 
most consistent feature are the bathymetric sills that can be observed nearly continuously along 
or near the continental shelf break throughout DML. These sills can also be observed in 
profiles 𝐴𝐴�̅�𝐴 and 𝐵𝐵𝐵𝐵�  beneath the Ekström and Jelbart ice shelves (Figure 6.11), in profile 𝐶𝐶�̅�𝐶 
beneath the Fimbul ice Shelf (Figure 6.12), profile 𝐸𝐸𝐸𝐸� beneath the Nivl Ice Shelf (Figure 6.13), 
and in profiles 𝐹𝐹𝐹𝐹� and 𝐼𝐼𝐼𝐼 ̅beneath the Borchgrevink and Roi Baudouin ice shelves (Figure 
6.14). One exception that does not demonstrate a distinct bathymetric sill is depicted by profile 
𝐷𝐷𝐷𝐷� across the eastern Fimbul Ice Shelf (Figure 6.12). At numerous locations, the region’s ice 
shelves are partly grounded on the sills (e.g., Figure 6.13). Following Grobe and Mackensen 
(1992) and Hillenbrand et al. (2014), who proposed that the East Antarctic Ice Sheet advanced 
up to the continental shelf edges of DML during the Last Glacial Maximum at 23 - 19 kyr BP, 
we interpret the bathymetric sills coinciding with the continental shelf as moraines marking the 
furthest advance of the East Antarctic Ice Sheet. 

At distinct locations beneath many of the ice shelves, the shelf-edge sills are interrupted 
by deeper gateways leading into the cavities. Because of their depth, these gateways are the 
most likely sites for WDW ingress. Hattermann et al. (2014) measured the thermocline at the 
upper surface of WDW at 600 m in water depths of 1000 m close to the Fimbul Ice Shelf. 
Similar thermocline depths have been observed seawards of a 630 m deep gateway into the 
western Roi Baudouin cavity (Callens, 2014; Favier et al., 2016). Modeled bathymetry beneath 
the Ekström, Atka, Jelbart, Fimbul, Vigrid (Eisermann et al., 2020), and eastern Borchgrevink 
ice shelves (Eisermann et al., 2021) all show gatewayed sills at depths shallower than or 
similar to that of the WDW thermocline (see Table 6.1 and two-dimensional profiles 𝐴𝐴�̅�𝐴, 𝐵𝐵𝐵𝐵� , 
𝐶𝐶�̅�𝐶 and 𝐷𝐷𝐷𝐷� in Figure 6.11 and Figure 6.12). This depth is exceeded by small margins at the 
central Borchgrevink and western Roi Baudouin Ice Shelf (profiles 𝐺𝐺�̅�𝐺 and 𝐻𝐻𝐻𝐻� in Figure 
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6.14). The deeper the gateways leading into the ice shelf cavities of DML, the higher the 
possibility for WDW intrusion.  

 
Figure 6.11: Two-dimensional depth profiles along the Ekström and Jelbart ice shelves, showing modeled 
bathymetry from Eisermann et al. (2020). Bathymetric models are compared to BedMachine Antarctica (yellow 
dashed line) by Morlighem et al. (2020). Bathymetric sills and ridges are indicated by black and gray arrows, 
respectively. Profiles have a uniform vertical exaggeration of 20. Calving front (gray) and grounding line positions 
(black) in the overview map are extracted from Mouginot et al. (2017a). 
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Figure 6.12: Two-dimensional depth profiles along the Fimbul Ice Shelf, showing modeled bathymetry from 
Eisermann et al. (2020). Bathymetric models are compared to BedMachine Antarctica (yellow dashed line) by 
Morlighem et al. (2020). Bathymetric sills and ridges are indicated by black and gray arrows, respectively. 
Profiles have a uniform vertical exaggeration of 20. Calving front (gray) and grounding line positions (black) in 
the overview map are extracted from Mouginot et al. (2017a). 
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Figure 6.13: Two-dimensional depth profile along the Nivl Ice Shelf, showing modeled bathymetry from this 
study. Bathymetric models are compared to BedMachine Antarctica (yellow dashed line) by Morlighem et al. 
(2020). Bathymetric sills and ridges are indicated by black and gray arrows, respectively. The profile has a vertical 
exaggeration of 20. Calving front (gray) and grounding line positions (black) in the overview map are extracted 
from Mouginot et al. (2017a). 

If ice shelf cavities are not, or only sporadically (Hattermann et al., 2014), accessible to 
WDW, basal melting processes are likely to be dominated by solar-heated Antarctic Surface 
Water. This water only occurs seasonally as a response to the combination of easterly winds, 
the fairly narrow continental shelf, and lack of sea-ice in the summer months. Consistent with 
seasonal variations in basal melting accompanying the availability of solar-heated Antarctic 
Surface Water, Lindbäck et al. (2019) observed strong seasonal variations in phase-sensitive 
radar data across the Nivl Ice Shelf. This interpretation is strengthened by Figure 6.9, Figure 
6.10 and a two-dimensional profile in Figure 6.13, which reveal the Nivl Ice Shelf to be much 
more isolated by its bathymetric sill than the majority of DML cavities. In the absence of a 
significant gateway into the cavity across the sill or lateral deep connections to the neighboring 
cavities, the Nivl Ice Shelf seems particularly well insulated against any future rise of the 
WDW thermocline. 
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Figure 6.14: Two-dimensional depth profiles along the Borchgrevink and Roi Baudouin ice shelves, modified after 
Eisermann et al. (2021). Profiles show modeled bathymetry from Eisermann et al. (2021). Bathymetric models are 
compared to BedMachine Antarctica (yellow dashed line) by Morlighem et al. (2020). Red points in overview 
map and in profiles indicate profile intersections. Bathymetric sills and ridges are indicated by black and gray 
arrows, respectively. Profiles have a uniform vertical exaggeration of 20. Calving front (gray) and grounding line 
positions (black) in the overview map are extracted from Mouginot et al. (2017a). 

The floors of all DML’s ice shelf cavities show deep troughs that mirror the traces of 
fastest flow in the overlying shelf. They may well be overdeepenings and thus, erosional in 
origin. The troughs terminate behind the prominent sills at the shelf edge. Many of the 
gateways crossing the sills lie along seawards projections of the troughs, suggesting they may 
mark former trough continuations. If this is the case, gateway depth could be related to the 
vigor of former ice sheet/shelf flow. The floors of the troughs also appear to be segmented by 
bathymetric ridges (Figure 6.10) that run across them, parallel to the continental shelf and 
transverse to the ice flow direction. The Ekström (profile 𝐴𝐴�̅�𝐴 in Figure 6.11), Atka, Jelbart 
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(profile 𝐵𝐵𝐵𝐵�  in Figure 6.11), Fimbul (profile 𝐶𝐶�̅�𝐶 in Figure 6.12), Nivl (profile 𝐸𝐸𝐸𝐸� in Figure 
6.13), eastern Borchgrevink and western Roi Baudouin (profile 𝐼𝐼𝐼𝐼 ̅in Figure 6.14) all show 
troughs that are interrupted by small bathymetric highs. Similar troughs and ridges were 
observed at the floor of the cavity beneath the Stancomb-Wills Ice Shelf, situated between the 
Riiser-Larsen Ice Shelf and the Filchner-Ronne Ice Shelf, in bathymetry modeled by Hodgson 
et al. (2019). In all of these settings, the ridges can be interpreted in relation to deposition at 
former grounding zones that were occupied during ice retreat or advance phases within the last 
glacial cycle. Some of the ridges are potentially tall enough to result in cavities with 
compartmentalized circulation regimes. The central ridge of the Nivl cavity is a candidate, but 
to be confirmed as continuous would require higher resolution gravity data than were available 
to us. 

 

6.7 Summary 

The Nivl Ice Shelf is one of the smallest of DML’s numerous small ice shelves. Despite 
their small sizes, these ice shelves cumulatively occupy an area half the size of Germany and 
buttress ice sheets that have the potential to raise the global sea level by more than three 
meters, underlining the importance of being able to assess their stability alongside that of their 
larger neighbors in the rest of Antarctica. Here, we generated a new updated bathymetric model 
beneath the Nivl Ice Shelf. With shallow bathymetry close to the calving front and no lateral 
connections to the neighboring cavities, the new model confirms that basal melt observations 
by Lindbäck et al. (2019) are most reliably interpreted as a consequence of seasonal intrusion 
of Antarctic Surface Water. The continuous shallow bathymetric sill beneath the ice shelf’s 
calving front makes it highly likely that WDW is not able to enter the cavity. The more 
pertinent threat to the Nivl ice shelf’s stability is posed by a general warming of the Southern 
Ocean over recent (Gille, 2008; Schmidtko et al., 2014) and coming decades. 

The bathymetric model for the Nivl Ice Shelf is compiled together with available 
subglacial bathymetric models of remaining ice shelves in DML and a general overview of the 
survey area is given. This includes the Ekström, Atka, Jelbart, Fimbul, Vigrid, Borchgrevink 
and Roi Baudouin ice shelves. Recurring bathymetric patterns beneath all of these ice shelves 
suggest that the eight ice shelves underwent similar advances and retreat phases of the East 
Antarctic Ice Sheet during the most recent glacial cycle/s. In contrast to the Nivl, the presence 
of deep gateways across the shelf edge sills beneath these ice shelves implies they are much 
more exposed to WDW ingress in the event of thermocline changes in the near to mid-term. 

 

6.8 Acknowledgements 

We are grateful to M. Degutsch (Prof. em. at the University of Münster and one of the 
PI’s during GeoMaud campaign), D. Kühn and G. Bornefeld for supplying this study with 
seismic depth soundings of the unpublished seismic reflection line across the Nivl Ice Shelf.  

  



Manuscript IV – Geomorphology central DML  83 

7 Manuscript IV – Geomorphology central DML 

Preserved landscapes underneath the Antarctic Ice Sheet reveal 
the geomorphological history of Jutulstraumen Basin 
 
Franke, S.1, Eisermann, H.1, Jokat, W.1,2, Eagles, G.1, Asseng, J.1, Miller, H.1, Steinhage, D.1, 
Helm, V.1, Eisen, O.1,2, & Jansen, D.1 (2021). Preserved landscapes underneath the Antarctic 
Ice Sheet reveal the geomorphological history of Jutulstraumen Basin. Earth Surface Processes 
and Landforms, 46(13), 2728-2745, DOI: 10.1002/esp.5203. 
 
1Alfred Wegener Institute, Helmholtz Center for Polar and Marine Research, Bremerhaven, 
Germany 
2Faculty of Geosciences, University of Bremen, Bremen, Germany 
 
Received: 11th March 2021 
Revised: 25th June 2021 
Accepted: 27th June 2021 
Accepted manuscript online: 14th July 2021 
Published online: 28th August 2021 
Published: 6th October 2021 
 
The format was adapted to match the thesis.  
  



 84 

7.1 Abstract 

The landscape of Antarctica, hidden beneath kilometer-thick ice in most places, has been 
shaped by the interactions between tectonic and erosional processes. The flow dynamics of the 
thick ice cover deepened pre-formed topographic depressions by glacial erosion, but also 
preserved the subglacial landscapes in regions with moderate to slow ice flow. Mapping the 
spatial variability of these structures provides the basis for reconstruction of the evolution of 
subglacial morphology. This study focuses on the Jutulstraumen Glacier drainage system in 
Dronning Maud Land, East Antarctica. The Jutulstraumen Glacier reaches the ocean via the 
Jutulstraumen Graben, which is the only significant passage for draining the East Antarctic Ice 
Sheet through the western part of the Dronning Maud Land mountain chain. We acquired new 
bed topography data during an airborne radar campaign in the region upstream of the 
Jutulstraumen Graben to characterize the source area of the glacier. The new data show a deep 
relief to be generally under-represented in available bed topography compilations. Our analysis 
of the bed topography, valley characteristics and bed roughness leads to the conclusion that 
much more of the alpine landscape that would have formed prior to the Antarctic Ice Sheet is 
preserved than previously anticipated. We identify an active and deeply eroded U-shaped 
valley network next to largely preserved passive fluvial and glacial modified landscapes. Based 
on the landscape classification, we reconstruct the temporal sequence by which ice flow 
modified the topography since the beginning of the glaciation of Antarctica. 

 

7.2 Introduction 

The geomorphology of the subglacial landscape beneath the Antarctic Ice Sheet (AIS) is 
an essential part to our understanding of its future stability (Sugden & Jamieson, 2018). The 
bed topography has been modified by extensive glacial and subglacial erosion on continental, 
regional and local scales (Jamieson et al., 2010). However, large ice sheets do not only erode 
the bed, but preserve the subglacial environment in certain regions at the same time, depending 
on the flow velocity of ice, and on whether or not the ice sheet is frozen to the ground or 
sliding (Jamieson et al., 2014). In order to reconstruct the landscape evolution of the AIS, we 
thus need to understand present and former ice-stream activity and ice-sheet configurations 
(Siegert et al., 2005) since the glaciation of Antarctica. The reconstruction of the pre-glacial 
landscape and the determination of regions where the traces of former ice-flow activity are 
preserved helps to discriminate where glaciers have built up in the past (Sugden & Jamieson, 
2018). To do this, we can refer to an increasing amount of radar data to map the ice-sheet base 
and examine the large-scale topography at km scale (Cui et al., 2020; Fretwell et al., 2013; 
Morlighem et al., 2020) and individual landforms (King et al., 2009). Depending on the nature 
and scale of the structures investigated, this needs to be done at high spatial resolution in some 
locations at tens to hundreds of meters (Cui et al., 2020; Holschuh et al., 2020; King et al., 
2009). 

The pre-glacial topography steers ice flow and determines the distribution of selective 
erosion (Jamieson et al., 2014). Hence, to study the behavior of the AIS, we depend on an 
understanding of the relationship between pre-glacial landscapes and the processes by which 
ice flow can modify them (Jamieson et al., 2014). It is necessary and important to understand 
this feedback mechanism if we are to understand past and future ice-sheet behavior (Jamieson 
et al., 2010; Oerlemans, 1984). In particular, constraints on ice-sheet and landscape 
development are key boundary conditions for numerical simulations of geomorphological 
development of the landscape beneath the AIS (Jamieson et al., 2010). 
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In this study, we use existing and new high-resolution airborne radar data to improve our 
understanding of the bed topography and landscape evolution in the source region of the 
Jutulstraumen Glacier (JG) in western Dronning Maud Land (DML; see Figure 7.1). JG is the 
largest and most important outlet glacier in DML (Callens et al., 2014; Høydal, 1996) and 
feeds the second largest ice shelf (Fimbul Ice Shelf) in DML (Rignot et al., 2013). We present 
and discuss various geomorphological structures at the glacier bed, and interpret them in terms 
of the regional erosional history. Our results give insight into the effects of past and present ice 
dynamics on the glacier bed and into landscape development in glaciated areas in general. 

 
Figure 7.1: Overview of the geographical and glaciological setting of the JG drainage basin. (a) LIMA Landsat 
image mosaic (Bindschadler et al., 2008), ice-surface velocity (Mouginot et al., 2019) and BedMachine Antarctica 
(BMA) bed topography (Morlighem et al., 2020). Panels (b) and (c) zoom in on the ice-flow velocity and bed 
topography maps for the study region. White arrows schematically indicate the convergent ice flow upstream of 
the Jutulstraumen Graben. The black outline represents the JG drainage system boundary after Mouginot et al. 
(2017a). It has to be noted that in our study we focus on the region south of the Maud Belt. 

7.2.1 Regional setting 

The present thick ice-sheet cover in DML inhibits a detailed understanding of its 
geological history since Precambrian times. Only the combination of geological sampling of 
the sparse outcrops/nunataks (Jacobs et al., 1998; Jacobs et al., 2017) combined with 
aerogeophysical data (Mieth & Jokat, 2014) made it possible to retrieve some first-order 
information of the regional geology (Figure 7.2). 
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These investigations indicate geological affinities between DML and South Africa. Both 
fragments re-collided between 650 and 500 million years ago (Jacobs & Thomas, 2004) along 
the East Africa-Antarctic Orogen to form a new southern supercontinent named Gondwana. 
Massive volcanism started around 180 million years ago both in East Africa and in DML 
(Elliot, 1992), which finally led to the fragmentation of Gondwana (Jokat et al., 2003; 
Leinweber & Jokat, 2012; Müller & Jokat, 2019). 

The Jutulstraumen Graben represents a deep topographic depression which cuts through 
the otherwise continuous DML mountains extending for 1500 km from 15º W to 30º E (Jacobs, 
1991; Jacobs et al., 1992). This mountain chain includes the the Borgmassivet and 
Sverdrupfjella, which form the flanks of the Jutulstraumen Graben, and the Kirwanveggen 
separating the western Jutul-Penck Graben from the main Jutulstraumen Graben (Riedel et al., 
2012; Steinhage et al., 1999) in the east (Figure 7.1c). Since the graben system runs along 
several geological units of different ages it is still debated whether the graben formed along a 
geological weakness of a failed rift formed prior to the Gondwana break up (Ferraccioli et al., 
2005) or has a different origin. JG and its tributary, the Penck Graben Ice Stream, mainly 
follow the tectonic lineament (Figure 7.1b & c), which provides a northward oriented draining 
system for the East Antarctic Ice Sheet. 

South of the exposed mountain range, DML hosts a complex subglacial landscape. 
Näslund (2001) proposes a step-by-step genesis, starting with the development of relief by 
subaerial weathering and erosion by mountain glaciers and river systems resulting in an alpine 
landscape. Afterwards, erosion of the mountain range by large ice streams is followed by the 
growth of the East Antarctic Ice Sheet in mid-Miocene times (Holbourn et al., 2005; Shevenell 
et al., 2004). Further east, between the ice streams that flow around the Sør Rondane 
Mountains, the plateau inland of the escarpment has been interpreted to preserve features of a 
pre-existing fluvial landscape (Eagles et al., 2018). 

 

7.3 Data and methods 
7.3.1 Previous radar surveys 

Näslund (2001) presented helicopter-based RES data collected along a 260 km profile 
across the Jutulstraumen Glacier and from a small area around Jutulsessen Nunatak with about 
70 km of data. Näslund (2001) used these prevalent data to reconstruct the long-term landscape 
development in western and central DML. Around the same time, Steinhage et al. (1999) and 
Steinhage (2001) gathered more than 50 000 km of airborne RES data in DML as part of the 
pre-site survey for the European Project for Ice Coring in Antarctica (EPICA). Additional 
aerogeophysical data sets were acquired in the early 2000s in the Jutulstraumen region 
(Ferraccioli et al., 2005) and in western DML (Mieth & Jokat, 2014; Riedel et al., 2012). These 
data have supported detailed interpretations of the geological history of central and western 
DML, compilations of continental-scale bed topography and subglacial-lake distributions 
(Fretwell et al., 2013; Goeller et al., 2016; Huybrechts et al., 2000; Morlighem et al., 2020), 
and targeted studies of bathymetry beneath DML’s ice shelves (Eisermann et al., 2020; E. C. 
Smith et al., 2020). To date, however, they have not been used for a regional-scale 
interpretation of subglacial landscape-forming processes that would complement and update 
the early interpretations of Näslund (2001). 
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Figure 7.2: Distribution of geological units within Gondwana during Proterozoic and earliest Paleozoic times 
(Figure modified after Gray et al. (2008); Jacobs et al. (2017); Wang et al. (2020b)). The position of DML, East 
Antarctica is shown in part (a) relative to Africa and India. DML terrane boundaries in (b) are interpreted from 
scattered outcrops and interpolated on the basis of regional aeromagnetic data (Jacobs et al., 2017; Mieth & Jokat, 
2014). Abbreviations: C: Coats Land; cDML: central Dronning Maud Land; EH: Ellsworth-Haag block; F: 
Filchner block; FI: Falkland Islands; Fi: Fisher Terrane; FMA: Forster Magnetic Anomaly; GAM: Gamburtsev 
Mountains; GC: Grunehogna Craton; H: Heimefrontfjella; JP: Jutul-Penck Graben; Ki: Kibaran; L: Lurio Belt; 
LH: Lützow-Holm Bay; LT: Lambert Terrane; M: Madagascar; N: Napier Complex; NC: Nampula Complex; Na–
Na: Namaqua–Natal Belt; ØC: Øygarden Complex; R: Read Block; S: Schirmacher Oasis; SR: Shackleton Range; 
SRM: Sør Rondane Mountains; TAM: Transantarctic Mountains; V: Vohibori Terrane; VC: Valkyrie Craton; Y: 
Yamato Mountains. 

7.3.2 Ice thickness and radar data 

For this paper, we add new data from an airborne radar survey in 2018/19 (JURAS-
2018). For acquisition, we used AWI’s (Alfred Wegener Institute, Helmholtz Center for Polar 
and Marine Research) multichannel ultra-wideband (UWB) radar. The UWB system is the 
improved version of the Multichannel Coherent Radar Depth Sounder (MCoRDS 5) developed 
at the University of Kansas, Center for Remote Sensing of Ice Sheets (CReSIS) described in 
Rodriguez-Morales et al. (2013). The radar system comprises an array of eight antenna 
elements, which is installed on AWI’s Polar 6 BT-67 aircraft. A detailed description of the 
instrument is given by Hale et al. (2016) and Rodriguez-Morales et al. (2013). 

All JURAS-2018 radar profiles were recorded in a frequency range of 180-210 MHz and 
at a flight altitude equivalent to 365 m above ground. For radar data processing, we used the 
CReSIS Toolbox (CReSIS, 2020). The processing comprises algorithms for pulse compression 
and Synthetic Aperture Radar (SAR) processing via F-K migration and array processing. Our 
SAR-processed radargrams have a trace interval of 15 m and a range resolution of 4.3 m. 
Franke et al. (2020b) give a detailed description of the radar acquisition and processing. The 
error in calculating the ice thickness is 24.7 m estimated from the RMS of the sum of the 
crossover mean at 62 intersections. This estimate takes also a 1 % error of the dielectric 
permittivity in account (for further details see Franke et al. (2020b)). 

The UWB radar data were acquired at the onset of streaming flow, as defined by ice 
surface velocities of 5 to 100 ma-1, between the Troll (Norway) and Kohnen (Germany) 
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stations (Figure 7.3). In the south, the survey covers an area within which ice flow of JG 
accelerates. The southern survey lines are oriented perpendicular to the direction of ice flow. 
The northern survey lines are oriented at ~60º to the southern survey lines. They cover parts of 
the eastern valleys leading to the Jutulstraumen Graben, which also corresponds to an area of 
accelerating surface velocities and parts of the higher elevated topography to the east of it. 

Complementary ice thickness radar data acquired with the AWI EMR (Electromagnetic 
Reflection System) radar (Nixdorf et al., 1999) and also depicted in Figure 7.3 were gathered 
over the last three decades throughout DML (see the section about previous radar surveys and 
Steinhage et al. (1999), Steinhage (2001) and Riedel et al. (2012). The profiles of the JURAS-
2018 survey were designed to map the ice-bed interface at high resolution whilst also filling 
substantial gaps in the existing RES data. Most of these data gaps occur over deep topographic 
depressions in which the bed could not be detected by older radar systems. 

 
Figure 7.3: Flight tracks with new AWI UWB JURAS-2018 (red) airborne radar data in the Jutulstraumen 
drainage system (black outline; Mouginot et al. (2017a)). Previous airborne AWI EMR tracks (Steinhage, 2001; 
Steinhage et al., 1999) are highlighted in blue. Ice-surface velocities (color code), after Mouginot et al. (2019) are 
superimposed over the JG catchment. The EPSG projection code for this and all following maps is epsg:3031. 
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7.3.3 UWB radar ice thickness and bed topography 

We determine ice thickness by converting the two-way travel time (TWT) of the radar 
wave between the ice surface and bed reflection to depth. To do this, we use the depth-
dependent electromagnetic wave speed in firn and ice (Winter et al., 2017) with a constant 
electromagnetic wave speed of 1.689 x 108 ms-1 (corresponding to a relative dielectric 
permittivity of 3.15). The electromagnetic wave speed is the same as used for synthetic 
aperture radar (SAR) processing (see Franke et al. (2020b)). In addition, we use a firn 
correction factor of 13 m (Steinhage, 2001). The bed topography is calculated by subtracting 
the ice thickness from an ice surface digital elevation model (REMA DEM; Howat et al. 
(2019)). For the creation of an improved bed topography, we use the SAGA GIS multi-level B-
spline interpolation module (Conrad et al., 2015) where line coverage is dense and ordinary 
kriging where line coverage is sparse. The grid size of our improved bed topography is 1 km. 

7.3.4 Valley morphology 

Knowledge of the morphology, distribution and spatial orientation of subglacial 
landforms is important for investigating the ice-sheet dynamic history of glaciated and 
previously glaciated landscapes. For this study, we analyze the geometry of single valleys 
along the JURAS-2018 radar transects to determine the developmental stage for a glacial 
valley (Hirano & Aniya, 1988). We derive three geometrical parameters to categorize the 
valley type (see Figure 7.4a): (i) the valley depth 𝐷𝐷 (𝐷𝐷 = 𝑍𝑍𝑚𝑚𝑚𝑚𝑚𝑚 − 𝑍𝑍𝑚𝑚𝑚𝑚𝑚𝑚), (ii) the valley ratio 𝑅𝑅, 
defined as the ratio between the valley depth 𝐷𝐷 and the width at the valley top 𝑊𝑊𝑡𝑡𝑡𝑡𝑡𝑡 (𝑅𝑅 =
𝐷𝐷/𝑊𝑊𝑡𝑡𝑡𝑡𝑡𝑡), and (iii) the V-index (Zimmer & Gabet, 2018). The V-index is defined as the ratio 
between the valley cross-sectional area of the valley at a specified height above the valley floor 
𝐴𝐴𝑚𝑚 and the cross-sectional area of an ideal V-shaped valley with the same height and valley 
minimum 𝐴𝐴𝑣𝑣 (𝑉𝑉 − 𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 = (𝐴𝐴𝑚𝑚/𝐴𝐴𝑣𝑣) − 1. For our study we use this approach on the lower 
half of the valley depth to avoid taking into account the irregularities of the valley geometry in 
the upper part. 

Next to the trivial parameter 𝐷𝐷, we use the parameters 𝑅𝑅 and the V-index to obtain 
information about the geometry of the valley. The valley ratio factor 𝑅𝑅 informs whether the 
valley is wide or narrow, whereas the V-index helps to discriminate between U-shaped and V-
shaped valleys. Here, we bear in mind that the V-index is a relative measure, that is, negative 
values (V-index < 0) represent a tight V-shaped valley and positive values (V-index < 0) U-
shaped valleys. If the V-index equals zero (V-index = 0), the valley matches the ideal V-shaped 
valley (see Figure 7.4b and Zimmer and Gabet (2018)). Because valleys are sometimes not 
symmetrical, the elevation 𝑍𝑍𝑚𝑚𝑚𝑚𝑚𝑚 refers to the elevation of the lower shoulder to determine the 
valley depth 𝐷𝐷 and to half of the total valley depth for the V-index. 
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Figure 7.4: Sketch indicating the deviations of parameters used to describe the geometries of valleys. (a) 
Deviation of the parameters for different valley geometries; (b) resulting valley geometries for the valley ration R 
and the V-index. 

7.3.5 Basal roughness 

The analysis of valley geometries is somewhat subjective because it relies on a starting 
interpretation to select the set of features to analyze as valleys. To complement these results, 
we also analyze basal roughness to quantify the bed topography in a systematic way. 
Topographic roughness is an indicator of subglacial conditions during present and past ice-
flow activity and a control on current ice-sheet dynamics (Franke et al., 2020a; Rippin et al., 
2014). Here, we consider a spectral method (Cooper et al., 2019; Li et al., 2010) in 
combination with the root-mean-square (RMS) height (Shepard et al., 2001) to quantify 
subglacial roughness. 

Spectrally derived roughness is the relative vertical and horizontal variation of the ice-
bed interface derived from the nadir bed reflection. We distinguish between two parameters: 𝜉𝜉, 
which reflects the vertical irregularity of the bed and provides information about the dominant 
vertical amplitudes; and 𝜂𝜂, which describes the dominant horizontal wavelength. For the 
calculation of these two parameters, we follow Franke et al. (2020a). For this study, we use a 
moving window (MW) length of 512 samples, which corresponds to an approximate ground 
distance of 7.68 km. We use this value to balance between the detection of large valleys in the 
roughness analysis as a dominant feature (when the MW is too large) and the fact that valleys 
may not be detected as roughness when the MW is too small. The majority of radar lines are 
oriented parallel to each other and approximately perpendicular to ice flow. This alignment 
promotes a more robust comparison of roughness values than would be possible with a random 
survey layout. 

In addition, we make use of the RMS height. The RMS height 𝒳𝒳 (or the standard 
deviation of heights about the mean) is defined by: 

(1) 𝒳𝒳 = [ 1
𝑚𝑚−1

∑ (𝑧𝑧(𝑖𝑖𝑚𝑚) − 𝑧𝑧̅)2 𝑚𝑚
𝑚𝑚=1 ]

1
2 

where 𝑖𝑖 represents the number of sample points, 𝑧𝑧(𝑖𝑖𝑚𝑚) the height of the bed at position 
𝑖𝑖𝑚𝑚, and 𝑧𝑧̅ the mean height of the detrended profile. 
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Here, we perform a bed roughness analysis using the JURAS-2018 radar data. The 
combination of spectral vertical and horizontal roughness estimates enables us to infer the 
general appearance of the structure at the bed surface, whilst the RMS height provides 
information about the absolute elevation differences. The three methods require a uniform 
sample spacing, which is 15 m in the JURAS-2018 radar data. 

7.3.6 Isostatic adjustment 

We follow the simple approach of Rose et al. (2015) to simulate the isostatic rebound in 
order to get an idea of the ice-free paleotopography. Here, we only simulate the bed elevation 
prior to the start of glaciation of Antarctica (34 million years ago). The Airy–Heiskanen model 
(Airy, 1855) predicts that different topographic heights are fully compensated by variations in 
crustal thickness. We use this model to predict the elevation change the overburden ice will 
cause on the bed topography. For the calculation, we use densities of 915 kg/m3 for ice (𝜌𝜌𝑚𝑚), 
2750 kg/m3 for the crust (𝜌𝜌𝑐𝑐) and 3330 kg/m3 for the mantle (𝜌𝜌𝑚𝑚). For a single location or grid 
cell, we can calculate the uplift response ℎ𝑟𝑟 using: 

(2) ℎ𝑟𝑟 = 𝜌𝜌𝑐𝑐−𝜌𝜌𝑖𝑖
𝜌𝜌𝑚𝑚−𝜌𝜌𝑐𝑐

 

This approach does not account for the entire complexity of processes involved in 
isostatic rebound after overburden ice removal (Rose et al., 2015). Furthermore, it is possible 
that the isostatically rebounded topography is underestimated due to erosion and removal of 
sediment during the last 34 million years and the original surface may have formed at a higher 
elevation (Sugden et al., 1995). Nonetheless, we obtain a rough idea about the paleo-
topography and are able to use simple statistical methods to infer the characteristics of the 
landscape. 

7.3.7 Hypsometry 

An isostatically corrected bed topography allows us to analyze the frequency distribution 
of elevations (hypsometry) to characterize the landscape morphology (Brozovic et al., 1997). 
The aim of this method is to generate indications of whether or not the landscape has a 
fluvially or a glacially imprinted character. A widespread approach to hypsometry is to create a 
simple histogram of the frequencies in different elevation bins from a topographic DEM.  

In this context, Brocklehurst and Whipple (2004) argue that hypsometry of large 
arbitrary regions potentially masks the detail in topographic variation in comparison to smaller 
regions. In addition, hypsometric analyzes are sensitive to the resolution of the DEMs on 
which they are based. The method is most often applied for ice-free alpine regions where the 
topography is resolved with a grid cell resolution of 30 to 50 m (Brocklehurst & Whipple, 
2004). By contrast, continental-scale bed topography DEMs of ice-covered areas in Antarctica 
have a resolution of 500 to 1000 m (e.g., Fretwell et al. (2013); Morlighem et al. (2020)) and 
are interpolated over large distances (up to tens to hundreds of kilometers). 

To overcome some of these drawbacks, we follow Creyts et al. (2014) and apply 
hypsometry on the radar-derived ice thickness data of the JURAS-2018 survey after applying 
an isostatic correction (Eq. 2). For this study, we use the results of a hypsometric analysis to 
compare different landscapes and to (i) infer the degree of glaciation (Brocklehurst & Whipple, 
2004), (ii) discriminate between fluvial and glacial landscapes (Sternai et al., 2011) and, (iii) 
discuss modes of glacial landscape evolution (Jamieson et al., 2014; Sugden & John, 1976). To 
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avoid a particular sub-region from dominating the signal in the hypsometry, we analyze the 
entire dataset as well as sub-regions that reflect a particular geomorphological setting. 

7.3.8 Water flow routing 

We apply a simple water flux scheme to simulate the general water flow network, 
assuming a completely ice-free isostatically compensated topography. By doing so, we aim to 
approximate features of the paleo-fluvial system in our survey region. We make use of the 
following SAGA GIS algorithms (Conrad et al., 2015): (i) the fill sinks module, to fill surface 
depressions with a minimum angle of 0.1° and (ii) the catchment area algorithm, to calculate 
the flow accumulation, which represents the number of accumulated cells. In this study, we 
only perform the water routing for the drainage basin of JG. 

 

7.4 Results 
7.4.1 Radar data and bed topography 

The additional ice thickness data of the JURAS-2018 survey allowed us to create an 
improved bed topography DEM of our survey region (Figure 7.5). It was possible to fill 
significant data gaps where the older radar system did not show the bed reflection. However, 
some data gaps imaging the bedrock topography are still present in the new radar data. The 
distribution of the gaps is shown in Figure 7.5b. The majority is located over deep topographic 
depressions at the onset of the Jutulstraumen Graben. In the upstream region, data gaps occur 
in regions with comparable or thinner ice cover than in downstream regions with continuous 
bed reflections (Figure 7.6). This indicates that higher englacial attenuation is causing the 
signal loss or that the bed reflection itself is weaker. Figure 7.6 shows four JURAS-2018 radar 
profiles located: (a) where the main valley beneath JG is widest, and probably deepest, (b) east 
of the valleys, and (c, d) upstream of the main trunk (profile locations indicated in Figure 7.5a). 
Our radar data reveal that the two valleys in the upstream part of radar section D (Figure 7.6d), 
merge into the main trunk (Figure 7.6c). Generally, the bed topography west of the main trunk 
of JG shows a deeper relief in comparison to the area to the east. 

The JURAS-2018 data show regions where the position of the bed is either not 
interpretable at all or where bottom reflections are too faint for reliable imaging of the full 
valley geometry (see black dots in Figure 7.5b and the radargrams in Figure 7.6). Despite these 
difficulties, it is still possible to estimate these valleys’ general topographies on the basis of the 
shape of the adjacent bed and internal layering. We use this information in conjunction with the 
new ice thickness data to create an outline of the valley network associated with the 
Jutulstraumen Graben (see Figure 7.5c). A comparison between existing bed topography and 
new AWI UWB ice thickness data with a subsequent interpretation of the aforementioned data 
gaps enables the following observations: 

1. Gaps occur in both the old and new radar data over pronounced topographic 
depressions, where no bed reflection could be detected. For some of these regions, the 
new UWB data added new information. 

2. A comparison of JURAS-2018 radar data and the BMA bed shows that BMA 
generally underestimates ice thicknesses in the JG region, and smooths over the relief of 
crests and valleys. 
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3. A network of very fine channels (~5 km width) runs perpendicular to the ice-flow 
direction (Figure 7.5c). These channels merge with the Jutulstraumen Graben. The 
network continues further southwards where it connects to the adjacent inland basin. 

 
Figure 7.5: Bed topography in survey area: (a) BMA bed topography and location of the JURAS-2018 survey 
lines (red lines) and selected radargrams of Figure 7.6 (white lines) with BMA in background. (b) The BMA 
topography is superimposed by AWI EMR and AWI UWB bed topography along the survey lines. Furthermore, 
significant bed reflection data gaps of the AWI UWB data are highlighted with black dots. (c) The new 
interpolated bed as well as an outline highlighting the extents of the valley network that lie below sea level. The 
outline was produced on the basis of the new bed topography DEM in combination with the topography data and 
gaps along the flight lines in (b). (d) Bed topography after isostatic correction. 
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Figure 7.6: JURAS-2018 radargrams showing internal ice layering and bed topography in the onset region of JG. 
Profile locations are indicated in Figure 7.5b. The red dashed line represents the BMA bed topography elevation, 
while the blue line represents sea level. Deep and faint bed reflections are indicated with black arrows. 

7.4.2 Valley morphology 

The bed topography in the southern set of radar profiles shows generally different 
characteristic valley depths (𝐷𝐷), valley ratios (𝑅𝑅) and V-index than in the northern set of radar 
profiles (Figure 7.7a, b & c). Valleys located in the southern set are deeper (high 𝐷𝐷), wider 
(low 𝑅𝑅), and relatively more U-shaped (high and positive V-index) than their northern 
counterparts. Although data gaps prevented the calculation of statistics for crossings of the 
main JG valleys, it is clear from those reflections that are available that they, too, class as deep, 
wide, U-shaped valleys (see Figure 7.6a, c & d). 

Based on the spatial distribution of the valley parameters, we define three regions with 
characteristic parameter combinations: 

1. A region of wide and deep U-shaped valleys (black outline in Figure 7.7d). The main 
trunk of JG represents the largest valley structure in this region. This area shows the 
lowest bed elevation on average, up to several hundred meters below present sea level 
(see Figure 7.6a). 

2. A region of wide and shallow U-shaped valleys (red outline in Figure 7.7d). A 
representative radargram for this region is shown in Figure 7.7 (V2). This region shows a 
bed elevation range around 0 - 1000 m above sea level. 

3. A region of shallow and narrow V- and U-shaped valleys (blue outline in Figure 7.7d). 
The radargram in Figure 7.7 (V1) illustrates the characteristic valley geometries for this 
region. We also note that this area shows the highest overall bed topography, with 
elevations of around 500 to 2000 m. 

The radargram in Figure 7.7 (V3) shows a mix between the characteristics of the black 
and blue outlined regions in Figure 7.7d. Deeper sections of the bed topography are incised by 
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deep U-shaped valleys. The central section with higher elevation shows smaller V- and U-
shaped valley depths. 

 
Figure 7.7: (a - c) Analysis of valley geometries (valley depth D, valley ratio R and V-index, respectively). In part 
(d), we define three regions characterized by contrasting valley statistics. The average characteristics for each 
region are indicated with the black, blue and red arrows in panel (e) and summarized by idealized sketches next to 
the color bars. (f) Three radar profiles (V1,2,3) showing the contrasting ice bed morphologies in the three regions. 
Radargram V3 highlights the sudden change of valley geometries along a profile at the margin of JG. Black arrows 
mark valleys that we considered for our analysis (see Figure 7.4). Profile locations are indicated in part (d) inside 
yellow boxes. 

7.4.3 Basal roughness 

Figure 7.8 shows the three roughness parameters (the spectral vertical and horizontal 
roughnesses, 𝜉𝜉 and 𝑖𝑖, as well as RMS height 𝜒𝜒 and their relationship to the topographic setting 
and ice surface flow velocity. 

The highest vertical roughness values in the surveyed region tend to be concentrated 
below and around the main trunk of JG in a region that we refer to as Zone a (white dashed 
outline in Figure 7.8). Zone a hosts the largest valleys and the highest overall RMS height 
values, which peak well in excess of 400 m. The distribution of RMS height and spectral 
vertical roughness varies systematically with the distribution of deep and shallow valleys. Zone 
a also hosts all those data gaps in which the bed could not be detected, and in which higher 
vertical roughness values and longer wavelengths are expected. 
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Zone b (marked with a black dashed outline east of Zone a) shows a distinctive pattern of 
low vertical roughness and low RMS height. Here, the ice-flow velocity is slightly lower than 
in Zone a, while bed topography is more elevated than in the west. In contrast, the horizontal 
roughness is similar between Zone a and b. Shorter wavelengths are more dominant in the 
eastern part of the northern radar set than in the western part. 

7.4.4 Hypsometry 

Analysis of the elevations reveals that, in addition to their contrasting basal roughnesses, 
Zones a and b are hypsometrically distinct (Figure 7.8d). In Zone a, bed elevation values 
scatter within a range of 1700 m, with a maximum at 1000 – 1400 m elevation. Hence the data 
are asymmetrically concentrated towards high elevations. This distribution does not include 
those low elevations that would have been encountered over gaps in the UWB data. The 
distribution of bed elevations in Zone b is narrower and, on average, higher. Its shape is 
approximately normal, with a slightly higher concentration of counts on its low-elevation 
flank. Analysis of combined elevations from both zones shows a similar pattern overall to that 
in Zone a. 

7.4.5 Water flow routing 

The water flow starting at high-elevation regions within the DML mountain chain is 
distributed towards three main catchment areas (Figure 7.8c): 

1. Catchment 𝐶𝐶𝐴𝐴 leads into the main topographic depression below what is now JG and 
covers the north-eastern part of the present-day ice drainage basin. Most of the routing 
pathways of this catchment are located within Zone a. 

2. The second catchment, 𝐶𝐶𝐵𝐵, leads towards a topographic depression in the south of the 
present-day ice drainage basin. The topography leads most of the water into the 
neighboring Slessor catchment (Mouginot et al., 2017a) to the west. Most of the radar 
survey lines of Zone b are located in this catchment. Furthermore, the EPICA ice core is 
located at the southwestern tip of this catchment. 

3. Catchment 𝐶𝐶𝐶𝐶is located in the eastern part of the drainage basin where ice-flow 
velocity is lowest. The flow routing indicates a flow direction towards the neighboring 
Vigrid basin (after Mouginot et al. (2017a)) towards the east.  

The water routing pathways of catchment 𝐶𝐶𝐴𝐴 correspond approximately to the present-
day ice-flow direction and propagation of subglacial water. The flow directions of 𝐶𝐶𝐵𝐵 and 𝐶𝐶𝐶𝐶, 
however, lead towards regions of higher present-day ice thicknesses and therefore in the 
opposite direction to that of present ice flow. Thus, the direction of water flow on the 
isostatically adjusted bed topography may in part correspond to the current subglacial 
hydrology (Livingstone et al., 2013), which is not parallel to the direction of present ice flow. 
However, the current ice configuration is going to generally drive subglacial water flow 
towards the northern continental margin. 
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Figure 7.8: Results of basal roughness, water flow routing and hypsometric analyzes. (a1,2,3, b1,2,3) Parameters for 
RMS height, spectral vertical roughness and horizontal roughness plotted over the BMA bed topography and ice-
flow velocity, respectively. In panel (b) we divide the radar lines into two zones of distinctly differing basal 
roughness. (c) Water flow routing on the isostatically compensated bed elevation for a simulated ice-free region. 
The flow accumulation color code represents the number of accumulated (upstream) cells. Yellow lines indicate 
the present ice-flow trajectories. The extent of the maps in panels (a) and (b) is indicated with a black outline. The 
general water flow direction is indicated by white arrows. We divide the water flow routing into three main 
catchments (CA,B,C). The result of the hypsometric analyzes of Zones a and b is presented in panel (d). 
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7.5 Interpretation and discussion 
7.5.1 Bed topography and valley morphology 

Bed topography construction via simple interpolation techniques such as those used to 
generate Bedmap2 (Fretwell et al., 2013) relies on the spatial data density of ice thickness 
measurements alone. Hence, the deep bed relief at the onset of the main trunk of JG, where the 
bed could not be detected with radar techniques, is biased to shallower values in Bedmap2. The 
advantages of the mass conservation and streamline diffusion approach of Morlighem et al. 
(2017) over ordinary gridding techniques tend to be only minor in areas of slow flow, like in 
the upstream part of the JG but stronger further downstream in the Jutulstraumen Graben (see 
supplementary Figure S42 in Morlighem et al. (2020) where the authors compare the Bedmap2 
and BedMachine Antarctica v01 bed topography). 

U-shaped valleys are distinctive features that suggest selective linear erosion on a local to 
regional scale, and thus an indication for the presence of warm based ice at the time of erosion 
(Sugden & John, 1976). The deepest topographic depressions in the JG drainage area are 
located where present-day ice-flow velocity and acceleration are highest (Mouginot et al., 
2019). This suggests the region (black outline in Figure 7.7d) has experienced erosion over a 
long period. The wide but shallow U-shaped valleys in the upstream region (red outline in 
Figure 7.7d) are located close to the ice divide, where the ice column is thickest and current 
ice-flow velocities are low. This indicates that these valleys were probably not eroded under 
the present ice-sheet configuration. The locations, shapes and sizes of these valleys suggest 
they most likely formed in regions of tectonic or lithologic weakness, or by the exploitation of 
valleys in a pre-existing fluvial network (e.g., Baroni et al. (2005); Jordan et al. (2013); Rose et 
al. (2015)).  

As an ice sheet grows to an intermediate size over a pre-existing fluvial landscape, 
selective linear erosion will deepen and widen existing river valleys (Sugden, 1968, 1978). 
Ongoing ice-sheet growth may lead to the development of a cold base, concomitant with a 
reduction of sliding and increase in ice-bed coupling (Jamieson et al., 2010). As a consequence, 
ice flow will be dominated by internal deformation and ice-flow velocity will reduce (Creyts et 
al., 2014). At the base of the ice sheet, the consequence of all this may be a change from an 
erosive alpine environment to a passive setting, in which the bed undergoes little further 
modification. This kind of evolution may have occurred rapidly over the upstream part of the 
northern radar data set (blue outline in Figure 7.7d), which reflects the lowest degree of glacial 
erosion in its average high elevation and the dominance of shallow, V-shaped valleys. 

The relative orientation of the radar line to the valley pathways is the largest source of 
uncertainty in the valley geometry analysis. Oblique crossings will make valleys appear 
artefactually too wide (a potential candidate could be the rightmost valley in Figure 7.7 (V2)). 
Artefacts like this will affect the determinations of valley ratio (𝑅𝑅) and V-index but not of 
valley depth (𝐷𝐷). Therefore, narrow and V-shaped valleys could potentially be 
underrepresented in Figure 7.7b, c. The potential discrepancy between valley pathway and 
optimum radar line orientation mainly depends on the ice-flow direction at the time of valley 
formation. 

7.5.2 Basal roughness 

Eisen et al. (2020) analyzed basal roughness parameters for AWI EMR radar data on a 
continental scale in Antarctica. They observed low vertical roughness in the region east of our 
northern survey grid. This is consistent with low vertical roughness in Zone b (Figure 7.8) and 
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indicates that similar low vertical roughness values are to be expected further east. Eisen et al. 
(2020) showed that basal roughness in this region is, on average, anisotropic in respect to the 
orientation of the radar lines to the direction of ice flow. The interpretation of basal roughness 
is thus limited and restricted to profiles perpendicular to ice flow. Several studies highlight the 
importance of radar profile orientation in respect to the interpretation of basal roughness values 
(e.g., Cooper et al. (2019); Falcini et al. (2018); Gudlaugsson et al. (2013); Rippin et al. 
(2014)). Because our radar profiles are mainly oriented transverse to contemporary ice flow, 
we expect the vertical roughness to be, on average, higher compared to a random survey layout 
(which would contain more profiles running along valley directions). Similar to Rose et al. 
(2015) and Falcini et al. (2018), we note that the interpretation of low vertical roughness 
regions as indicative of fast ice flow is not valid in this area. In our study area, ice flow is 
fastest at the locations close to deeply incised topographic depressions. The low vertical 
roughness in the slow-flowing Zone b potentially represents an area of preserved landforms 
(similar to the findings of Rippin et al. (2014), which might have been protected from 
extensive glacial erosion. The relatively high vertical and horizontal roughness values in the 
slow-flowing central upstream region of Zone a may represent a region of former more 
extensive glacial erosion under a more restricted ice sheet as suggested by Rippin et al. (2014) 
and Ross et al. (2014) at the West Antarctic Ice Sheet. 

Most importantly, the analysis of spectral vertical roughness and RMS height supports a 
certain aspect of the valley geometry analysis, increasing the robustness of their interpretation. 
It has to be noted that the focus of our roughness analysis and the choice of our MW is that we 
are able to discriminate the different landscapes. The spatial clusters of deep valleys correlate 
with high vertical roughness and RMS height, whereas the locations of shallow valleys 
correlate with low vertical roughness and RMS height. Furthermore, we observe that in Zone b 
the combination of narrow, V-shaped valleys is consistent with the dominance of short 
horizontal wavelengths. We are aware that both roughness values and valley geometries 
depend on the orientation of the radar profiles. However, since both analyzes are based on the 
same radar profiles, we can assume that they experience the same effects due to the orientation 
of the profiles. 

7.5.3 Hypsometry 

The main differences in the hypsometric curves for Zone a and Zone b (Figure 7.8d) are 
in the location of the peak and the absolute distributions of bed elevations. Jamieson et al. 
(2014) relate hypsometric patterns to the topographic classifications of Sugden and John 
(1976). Furthermore, Brocklehurst and Whipple (2004) analyzed different ice-free mountain 
regimes and found a relationship between the degree of glaciation and their hypsometric 
curves. Their analysis shows that hypsometric curves with maxima near higher elevations are 
indicative of fully glaciated landscapes, whereas maxima at lower elevations tend to 
characterize curves for non-glaciated landscapes. The broad distribution of bed elevation 
values (0 – 2000 m elevation) and the maximum towards higher values between 1000 – 1500 
m elevation (as we observe in Zone a) can be interpreted as a fully glaciated landscape 
(Brocklehurst & Whipple, 2004) formed under selective linear erosion (Jamieson et al., 2014). 
By contrast, the high mean bed elevation values in Zone b (1000 – 1800 m) with a maximum at 
slightly lower bed elevation (1400 m) most likely point to a mainly alpine setting that has been 
slightly modified by erosion. The relatively high mean elevations of both zones also suggest 
that the survey area has not been subject to areal scour or long-term denudation. 
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7.5.4 Landscape classification 

Using the isostatically corrected bed topography (Figure 7.5d) as an approximation of the 
preglacial surface, we note that the deepest and widest U-shaped valleys extend down to 
present sea level (Figure 7.5d). The Jutulstraumen Graben is of tectonic origin, dating back to 
the ice-free Jurassic, and so must have been subject to a long period of fluvial erosion after its 
formation (Näslund, 2001). This suggests that the bed in Zone a would have been subsequently 
modified by selective linear glacial erosion (Sugden & John, 1976). The deep and wide U-
shaped subglacial valleys in Zone a are likely candidates for pre-glacial fluvial activity and 
subsequent selective erosion after the onset of glaciation (Sugden & John, 1976). Hence, the U-
shaped valleys of Zone a are likely to follow the pre-existing fluvial system. It is likely that, 
regardless of the regional evolution in the extent and thickness of ice and the location of ice 
divides, some portion of the region’s ice has always flowed through the Jutulstraumen Graben 
towards the northern continental margin. The initial formation of the graben itself and the 
subsequent long-term erosional activity could explain the deeply incised relief. The graben 
may have acted as an “attractor" for higher ice dynamics, which then increased erosion rates. 

The analysis of basal roughness and hypsometry for the area east of the main trunk of JG 
(Zone b in Figure 7.8) points towards a largely preserved fluvial landscape whose origin 
precedes extensive glaciation (Rippin et al., 2014; Rose et al., 2015). This is supported by the 
predominant appearance of shallow and narrow valleys at the glacier bed and the less variable 
and generally more elevated topography (and the resulting hypsometry). The mix of V- and U-
shaped valleys suggests that the bed has been locally modified by glacial erosion at some point 
in the past. However, the high elevation topography likely resulted in slower flow and cold-
based conditions (Sugden & John, 1976) for a large part of its history resulting in a limited 
degree of landscape modification. Erosion under cold-based ice is several orders of magnitude 
slower than under temperate ice (Stroeven et al., 2002; Thomson et al., 2010). 

Jacobs et al. (1995) suggest that intensive denudation by weathering and fluvial erosion 
were important land-forming processes in western DML during the uplift that followed 
continental breakup in the middle and late Mesozoic. The fluvial landscape preserved east of 
JG may have developed since then. The water-flow regime calculated for that landscape, in 
catchments 𝐶𝐶𝐵𝐵 and 𝐶𝐶𝐶𝐶, does not correlate with that of the drainage basin of the modern-day JG 
(Figure 7.8d). Today, the mountains of DML prevent the ice from flowing directly towards the 
margin, while the thicker inland ice in the interior of the AIS prevents southwards flow. 

The present ice-sheet configuration likely causes only selective linear erosion in the deep 
valleys (Ross et al., 2012) connected to the Jutulstraumen Graben, where basal temperatures 
are probably above the pressure melting point (Pattyn, 2010). Elevated basal ice temperatures 
increase englacial attenuation, consistent with the fact that the locations where we are unable to 
detect a bed reflection all lie in the deepest parts of the deepest depressions with fastest-
flowing ice. 

 

7.5.5 Basal thermal regime 

Geothermal heat flow (GHF) at the base of the Antarctic Ice Sheet is a parameter which 
is subject to substantial uncertainty because it is difficult to measure in-situ. Consequently, 
geophysical models diverge greatly. Van Liefferinge et al. (2018) compare existing GHF 
datasets (M. An et al., 2015; Martos et al., 2017; Maule et al., 2005; Shapiro & Ritzwoller, 
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2004) to predict the probable distribution of basal ice that has been frozen over the last 1.5 
million years. Their modeled area includes the ice divides at the upstream part of the JG 
drainage basin. Based on the individual GHF data sets, their modeling reveals it to be likely 
that the ice base has reached the pressure melting point at least once over the last 1.5 million 
years. Moreover, it has been shown that measured GHF in eastern DML is locally much higher 
than predicted by geophysical methods (Talalay et al., 2020), consistent with evidence for 
temperate bed conditions from the recovery of refrozen subglacial water at the EPICA-DML 
drill site (Weikusat et al., 2017; Wilhelms et al., 2014). Modeling results and borehole 
observations indicate that large parts of the JG drainage basin’s ice bed are likely to be 
temperate. In combination with ice flow, this should lead to subglacial erosion. What remains 
open to question is exactly how temperate conditions affect processes at the glacier bed under 
slow flow velocities and near the ice divides. In view of the apparent preservation of fluvial 
landscapes in the basin, it can be suggested that erosion in such settings may be limited to 
subglacial fluvial action with relatively limited consequences for landscapes. 

7.5.6 Landscape erosion and preservation 

The bed morphology of the JG drainage system shows patterns of three successive and/or 
separate stages of landscape modification (Figure 7.9). We regionally extend our interpretation 
of the structures we have classified in our study and define the following interpretation for 
landscape erosion and preservation: (1) a preserved fluvial landscape shaped by fluvial erosion, 
minimal glacial erosion and preserved thereafter; (2) a preserved glacial landscape, which was 
more strongly modified by selective linear erosion at some time in the past compared to (1); 
and (3) an active glacial landscape, in which the erosion has been long-lived and is still 
ongoing. 

The glacial landscape close to the valley system of and further upstream (black and red 
outlines in Figure 7.9) was probably formed by a regional ice-cap glacier system during a 
period when Antarctica was influenced by a warmer climate than present (Holmlund & 
Näslund, 1994; Young et al., 2011). A former ice divide may have separated the two regions 
during this period (yellow dashed line in Figure 7.9). At some point, as ice coverage increased 
(Holmlund & Näslund, 1994), erosion terminated in the U-shaped valleys in the south and west 
(red dashed arrows in Figure 7.9), but continued further north where ice surface velocities are 
still fast today (black dashed arrows in Figure 7.9). The precondition of the initially large-scale 
graben likely created a positive feedback causing faster ice flow, more meltwater and, thus, 
enhanced erosion. In addition, at locations where the ice sheet grows beyond a critical size, we 
expect basal melting and the development of a subglacial water network (Creyts et al., 2014). 
In the study area, this might explain the increased erosion rates that locally formed 
exceptionally deep valleys. Erosion mechanisms, such as plucking and abrasion, are mainly 
controlled by basal sliding, which requires in turn a lubricated bed (Hallet, 1996). By contrast, 
refreezing of subglacial water in cold-based areas with a thinner ice thickness (Creyts et al., 
2014) is probably also a factor in the preservation of the fluvial landscape in the east. 

Jamieson et al. (2010) use an ice-sheet and erosion model to investigate the subglacial 
landscape evolution of Antarctica since the Oligocene (34 million years ago). These authors 
use three different stages for their simulations (see Table 1 in Jamieson et al. (2010)) where: (a) 
ice sheets grow and shrink at similar spatial scales to northern hemisphere Pleistocene ice 
sheets (34 - 14 million years before present); (b) cooling shifts the system towards 
development of a continental polar ice sheet (14 - 13.6 million years ago); and (c) the 
continental polar ice sheet stabilizes and subsequently experiences only minor changes (13.6 
million years ago to present). In order to establish a rough timing for the landscape evolution in 
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the JG drainage system, we compare the erosion rates modeled by Jamieson et al. (2010) with 
our landscape classification. For the comparison we mainly rely on the results shown in Figure 
6 in Jamieson et al. (2010). 

The model predicts that high erosion rates at the Jutulstraumen Graben developed at the 
end of stage (a) and persisted there ever since. We note that, at the beginning of stage (a), high 
erosion rates were restricted to the high-elevation areas of the DML mountains. The fluctuating 
regional ice caps may not have seen the development of a stable ice divide around the JG 
drainage basin like today’s. Instead, they may have drained via ice streams running both 
northwards through the Jutulstraumen Graben and towards the southwest. We find that 
modeled erosion rates in the lower-elevation regions (e.g., in the Jutulstraumen Graben and 
further upstream) must have been higher than in the highlands. This is consistent with evidence 
for reduced erosion in Zone b. We note that the erosion rates in our survey region during stages 
(b) and (c) correspond to those of today’s ice-dynamic setting. That is, constant high erosion 
rates are to be found only in the Jutulstraumen Graben. 

Considering the modeling of Jamieson et al. (2010), we can estimate that the bed in Zone 
b was most likely modified in the early stages of glaciation of Antarctica (34 - 14 million years 
ago) during ice coverage minima when erosion was most intense at high altitudes. By contrast, 
we consider the U-shaped valleys upstream of the main trunk of JG were formed during a cycle 
of greater ice extent in stage (a), while more and faster ice was streaming towards the 
southwest. Erosion in both these settings probably ceased with the onset of continental-scale 
glaciation of Antarctica in stage (b) 14 - 13.6 million years ago. Hence we conclude that the 
modeling results of Jamieson et al. (2010) are a plausible explanation for the morphological 
structures identified in our study. The improvement of landscape development models, such as 
the modeling of Jamieson et al. (2010) are important for the understanding of the past behavior 
of the AIS but require robust paleo-topographic reconstructions (Paxman et al., 2020). 

 

7.6 Summary and conclusions 

The landscape of Antarctica has been evolving for tens of millions to 100 million years. 
Since the colder climate in Antarctica around 14 million years ago fluvial erosion only played a 
minor role in the landscape modification (Sugden & Jamieson, 2018). The thick ice cover has 
protected the underlying landscape where the ice is stagnant and cold based. In our work, we 
demonstrated that previous fluvial and glacial activity can be preserved beneath thick ice 
masses in western DML, also highlighting the longevity of the local dynamic setting of ice 
flow. Their geomorphological characteristics reflect the processes and ice-dynamic setting 
under which they were created (Jamieson et al., 2014; Sugden & Jamieson, 2018), which can 
serve as constraints for modeling past ice dynamics (Rippin et al., 2014). 
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Figure 7.9: Summary of our landscape interpretation for the JG drainage system. The active glacial system (black 
dashed outline) is located in the immediate surroundings of the JG main trunk where the ice flow accelerates to 
join it. The preserved fluvial system (blue dashed outline) is located to the east and the preserved inactive glacial 
system (red dashed outline) to the west and south of the JG main trunk. The respective outlines do not represent 
physically fixed boundaries but instead areas of dominant landscape characteristics. Ice-flow velocity is indicated 
with contour lines in a 5 m a−1 interval. Hence the ice flow velocity of the large region south and east of the 5 m 
a−1 contour line is less than 5 m a−1. 

We extend the radar data inventory for central DML, and in particular for the immediate 
surroundings of the JG onset region to characterize the modification stages of the subglacial 
landscape. We use the existing bed topography data in combination with new high-resolution 
UWB radar data to analyze the morphology of the bed in the JG drainage system. For our 
analysis, we rely on the distribution of bed elevations (hypsometry), parametrizations of the 
roughness of the bed, estimates of subglacial valley types, and analyzes of their slopes and 
connectivity for characterization of a pre-glacial fluvial system. 

The glacial landscape in the JG drainage system can be divided into three different 
regimes: 

1. The area of contemporary high ice-flow velocities marking JG, which represents an 
alpine landscape that has been extensively modified by selective linear (glacial) erosion. 
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The deep U-shaped valleys in this area were probably initiated by fluvial erosion and 
subsequently modified by long-term glacial erosion. 

2. The area upstream of JG in the south and west of the drainage system, where fluvial 
valleys were modified by a short period of glacial erosion before ice drainage in them 
ceased. The resulting U-shaped valleys are relatively small in comparison to the large 
valleys in the vicinity of the main trunk of JG. This area is close to the present-day ice 
divide, and ice-flow velocities are consequently low (< 5 ma-1). 

3. The high-elevation region east of JG, where the ice is slowly flowing under the present 
ice-sheet configuration. The abundance of small-scale V- and U-shaped valleys indicates 
the activity of an ancient alpine fluvial network which has been only locally and slightly 
modified by glacial erosion. 

The transformation to the current ice-sheet configuration around 14 million years ago has 
limited basal erosion everywhere except in the direct vicinity of JG, where long-term ice-
stream activity has excavated several kilometers deep subglacial valleys. This applies in 
particular to the cold-based high-elevation area in the east, where the ice sheet is trapped 
between the DML mountains in the north and the much thicker ice further south, resulting in 
the preservation of the pre-glacial fluvial landscape at the ice-sheet base. The Jutulstraumen 
Graben is presently the only passage for ice to flow towards the ice-sheet margin. The ice-
dynamic setting must have been different to the present one to create the U-shaped valleys, 
which reach up almost to the ice divide in the southwest of the survey area. The high 
probability that the ice base of our survey region is at pressure melting point suggests a higher 
potential for erosion than if frozen to the bed. However, erosion in this area is limited as long 
as ice-flow velocities are low. The landscape evolution established in this study is in good 
agreement with modeled erosion rates in Antarctica over the last 34 million years by Jamieson 
et al. (2010). 
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7.8 Data availability 

Ice thickness data from the complete JURAS-2018 AWI UWB radar survey (Franke et 
al., 2020c) are available at https://doi.pangaea.de/10.1594/PANGAEA.911475. Ice surface 
velocities from Mouginot et al. (2019) are available at the National Snow and Ice Data Center 
(NSIDC), https://doi.org/10.7280/D10D4Z. The drainage system boundaries Mouginot et al. 
(2017a) can be obtained here: https://doi.org/10.5067/AXE4121732AD. The Landsat Image 
Mosaic of Antarctica (LIMA; Bindschadler et al. (2008)) can be downloaded at 
http://lima.usgs.gov. The BedMachine Antarctica V01 data set from Morlighem et al. (2020) is 
available at https://nsidc.org/data/nsidc-0756. The locations of Antarctic research facilities 
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https://www.npolar.no/quantarctica/). 
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8.1 Abstract 

Simulations of ice sheet evolution over glacial cycles require integration of observational 
constraints using ensemble studies with fast ice sheet models. These include physical 
parameterizations with uncertainties, for example, relating to grounding-line migration. More 
complete ice dynamic models are slow and have thus far only been applied for <1000 years, 
leaving many model parameters unconstrained. Here we apply a 3D thermomechanically 
coupled full-Stokes ice sheet model to the Ekström Ice Shelf embayment, East Antarctica, over 
a full glacial cycle (40 000 years). We test the model response to differing ocean bed properties 
that provide an envelope of potential ocean substrates seawards of today’s grounding line. The 
end-member scenarios include a hard, high-friction ocean bed and a soft, low-friction ocean 
bed. We find that predicted ice volumes differ by >50 % under almost equal forcing. 
Grounding-line positions differ by up to 49 km, show significant hysteresis, and migrate non-
steadily in both scenarios with long quiescent phases disrupted by leaps of rapid migration. The 
simulations quantify the evolution of two different ice sheet geometries (namely thick and slow 
vs. thin and fast), triggered by the variable grounding-line migration over the differing ocean 
beds. Our study extends the timescales of 3D full-Stokes by an order of magnitude compared 
to previous studies with the help of parallelization. The extended time frame for full-Stokes 
models is a first step towards better understanding other processes such as erosion and 
sediment redistribution in the ice shelf cavity impacting the entire catchment geometry. 

 

8.2 Introduction  

Shortcomings in the description of ice dynamics remain one of the limitations for 
projecting the evolution of the Greenland and Antarctic ice sheets (Pachauri et al., 2014). If 
current sea level rise rates continue unabated, up to 630 million people will be at annual flood 
risk by 2100 (Kulp & Strauss, 2019), making improved ice sheet model projections important 
to assess socioeconomic impact. Due to the high computational costs of full-Stokes (FS) 
models that solve the complete ice dynamical equations, current long-term (>1000 years) ice 
sheet simulations rely on simplifications to the ice dynamical equations. This choice is justified 
because it allows for ensemble modeling and tuning of unknown parameters using 
observations. There are two drawbacks to this approach. First, it is uncertain whether the 
transition zone between grounded and floating ice is adequately represented in existing long-
term simulations (Pattyn & Durand, 2013). Second, the omission of membrane and bridging-
stress gradients hampers disentangling the relative contributions of basal sliding and ice 
deformation to the column-averaged ice discharge (Bons et al., 2018; MacGregor et al., 2016). 
The former drawback is one of the main uncertainties in projecting the sea level contribution of 
contemporary ice sheets (Durand et al., 2009; Pattyn & Durand, 2013). The latter is a 
bottleneck for the inclusion of basal processes such as erosion and deposition of sediments 
which critically depend on the magnitude of basal sliding (Alley et al., 2019; Egholm et al., 
2011; Herman et al., 2011; Humphrey & Raymond, 1994; Yanites & Ehlers, 2016) and may 
govern the formation and decay of ice streams (Spagnolo et al., 2016). 

A number of simplified model variants of the full ice flow equations have been 
successfully applied to sea level rise reconstructions over timescales of >1000 years (Briggs et 
al., 2014; Golledge et al., 2012; Pollard et al., 2016). In order to reproduce past ice sheet 
geometries, paleo ice sheet models rely on observations that constrain the lateral as well as the 
vertical extent of the ice sheet (Bentley et al., 2014; Briggs et al., 2014; Golledge et al., 2014). 
Ice sheet extent is commonly inferred from marine sediment core data or geomorphological 
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data, ice sheet elevation from exposure dating, and changes in ice thickness from ice cores or 
ice rises (Bentley et al., 2010; Briggs et al., 2014; Golledge et al., 2013). Fast paleo ice sheet 
models employ ensemble simulations in which poorly known model parameters are tuned such 
that they match the constraints. This allows one to gauge the uncertainties regarding for 
example atmospheric and oceanic boundary conditions over glacial-cycle timescales (Albrecht 
et al., 2020; Briggs et al., 2014; Golledge et al., 2012; Pollard et al., 2016). Each ensemble 
member simulation is then evaluated against the constraints present at that particular time slice. 
To determine the goodness of the fit of individual ensemble members, modeling studies apply 
statistical methods ranging from weighted scoring schemes (Albrecht et al., 2020; Briggs et al., 
2014) to statistical emulators (Pollard et al., 2016). The rationale behind this tuning is that if 
the model matches the constraints poorly, then the model should be rejected. The risk involved 
is that the matching may overcompensate for the simplified model physics, leading to higher 
uncertainties in future predictions where model constraints are absent. Due to the high 
computational demands, in terms of both mesh resolution and the physics required to solve for 
a freely evolving grounding line (Favier et al., 2014; Gillet-Chaulet et al., 2012; Schannwell et 
al., 2019; Seddik et al., 2012), FS models up to now have been restricted to individual 
simulations and simulation lengths of <1000 years for real-world geometries. Therefore, there 
is a need to extend the applicability of regional FS ice sheet models to timescales longer than 
1000 years so that uncertainties due to physical approximations in the force balance can be 
quantified and reduced in the near future. 

For glacial-cycle simulations with an advance and a retreat phase, the particular 
challenge arises that the ice sheet advances and retreats over ocean beds where the bathymetry 
and its geological properties are often poorly known. Ensemble modeling studies have 
identified basal properties of ocean beds as a major source of uncertainty in ice dynamic 
models (Albrecht et al., 2020; Pollard et al., 2016; Pollard & DeConto, 2009; Whitehouse et 
al., 2017). This holds especially for drainage basins where such geological constraints are 
absent. Under contemporary ice sheets, estimating basal-friction parameters (e.g. basal friction 
between the ice sheet and the underlying substrate) is virtually impossible by direct 
measurements and can only be inferred indirectly on a continental scale by solving an 
optimization problem matching today’s surface velocities and/or ice thickness (Cornford et al., 
2015; Gillet-Chaulet et al., 2012; MacAyeal, 1993). Furthermore, the inferred basal-friction 
coefficient is often spatially heterogeneous and can vary by up to 5 orders of magnitude under 
the present-day Antarctic ice sheet (Cornford et al., 2015). To what extent this variability truly 
reflects variability in geology and/or hydrology or is falsely introduced by the approximations 
in the ice dynamical equations or omission of ice anisotropy is unknown.  

Here, we present the first regional-scale FS simulations investigating the effect of 
different ocean bed properties under contemporary ice shelves on ice sheet geometry over a 
glacial cycle. We do this by investigating end-member scenarios as opposed to ensemble 
modeling. This means we specify either very soft and slippery or very hard and sticky 
conditions under present-day ice shelves. The goal of the paper is hence twofold. First, we 
present methodological advances by extending the feasibility of regional FS ice sheet 
simulations by an order of magnitude using the open-source code Elmer/Ice (Gagliardini et al., 
2013). We do this with a highly parallelized numerical scheme allowing one to maintain a high 
mesh resolution (~1 km) and a freely evolving grounding line over glacial and interglacial 
timescales. Second, we present new scientific insights regarding the effect of different ocean 
bed properties seawards of today’s grounding line and quantify its impact on the evolution of 
the entire catchment. This is done for the Ekström Ice Shelf catchment, Dronning Maud Land, 
East Antarctica (Figure 8.1). 
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Figure 8.1: Overview of the Ekström Ice Shelf catchment with present-day grounding line (Bindschadler et al., 
2011) and model domain. Cyan square shows location of Neumayer Station III. Filled black circles indicate 
location of ice rises. Flow line (A–A’) is shown in Figure 8.10. Background is the MODIS Mosaic of Antarctica 
(Scambos et al., 2007). 

 

8.3 The Ekström catchment, Dronning Maud Land 

We have chosen the Ekström catchment for our study because it hosts the German 
overwinter station Neumayer III and is therefore particularly well constrained by geophysical 
and climatological observations and boundary datasets. Uncertainties in the contemporary ice 
sheet geometry are small because of previous dense airborne radar surveys (Fretwell et al., 
2013). Unlike many other ice shelves, the bathymetry in this area is known to an 
unprecedented extent from seismic-reflection surveying (E. C. Smith et al., 2020). This has 
been complemented with bathymetry modeling via gravity inversion from airborne gravity data 
to cover the whole cavity (Eisermann et al., 2020). In comparison to the Bedmap2 dataset 
(Fretwell et al., 2013), the updated cavity is up to 1000 m deeper. For our simulations, this 
difference is only relevant up to the point of the farthest grounding-line advance. We use the 
Eastern Dronning Maud Land (EDML) ice core (Graf et al., 2002) as a proxy for past 
temperature variations in the region. The location of the EDML ice core is about 700 km to the 
south-east of the modeling domain on the Antarctic plateau. The Ekström catchment also 
contains two ice rises (Drews et al., 2013; Schannwell et al., 2019) with ice flow centers 
independent from the main ice sheet. Ice rises archive the regional ice sheet history in their 
internal stratigraphy. Therefore, their stability or lack thereof provides indications about past 
ice flow changes in the area. Furthermore, while geological constraints about the retreat history 
since the Last Glacial Maximum (LGM) are still uncertain, there is evidence in this area from 
multiple geophysical observations (Kristoffersen et al., 2014) and geological signatures 
(Eisermann et al., 2020) about contrasting ocean bed properties. There is also growing 
evidence that the catchment is close to a steady state (Drews et al., 2013; Schannwell et al., 
2019) which we consider beneficial for our model initialization. While much recent research 
has focused on the fast-flowing outlet glaciers of Antarctica, we stress the importance of also 
studying catchments characterized by slower-moving ice (<300 myr-1), as they occupy ~90 % 
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of the contemporary Antarctic grounding line and account for 30 % of the total ice discharge 
(Bindschadler et al., 2011; Rignot et al., 2011). The results we obtain for the Ekström Ice Shelf 
catchment could therefore be relevant for many other catchments around Antarctica and hence 
the total budget. 

 

8.4 Model description 
8.4.1 Ice flow equations 

Ice flow is dominated by viscous forces which permits the dropping of the inertia and 
acceleration terms in the linear momentum equations. The Elmer/Ice ice sheet model 
(Gagliardini et al., 2013) solves the complete 3D equation for ice deformation. This results in 
the Stokes equations described by 

(1) ∇ ∗ 𝜎𝜎 =  −𝜌𝜌𝑚𝑚𝑔𝑔. 

Here, 𝜎𝜎 =  𝜏𝜏 − 𝑝𝑝Ι is the Cauchy stress tensor, 𝜏𝜏 is the deviatoric stress tensor, 𝑝𝑝 =
 −𝑡𝑡𝑡𝑡(𝜎𝜎)/3 is the isotropic pressure, Ι is the identity tensor, 𝑝𝑝𝑚𝑚 is the ice density, and g is the 
gravitational vector. Ice flow is assumed to be incompressible which simplifies mass 
conservation to 

(2) ∇ ∗ 𝑢𝑢 =  0, 

with u being the ice velocity vector. Here we model ice as an isotropic material. Its 
rheology is given by Glen’s flow law which relates the deviatoric stress tensor 𝜏𝜏 with the strain 
rate tensor 𝜖𝜖̇: 

(3) 𝜏𝜏 = 2𝜂𝜂𝜖𝜖̇, 

where the effective viscosity 𝜂𝜂 can be expressed as 

(4) 𝜂𝜂 =  1
2
𝐵𝐵𝜖𝜖𝑒𝑒 ̇

1−𝑚𝑚
𝑚𝑚

. 

In this equation, B is a viscosity parameter that depends on ice temperature relative to the 
pressure melting point computed through the Arrhenius law, n is Glen’s flow law parameter (n 
= 3), and the effective strain rate is defined as 𝜖𝜖�̇�𝑒2 = 𝑡𝑡𝑡𝑡(𝜖𝜖̇2)/2. 

8.4.2 Ice temperature 

The ice temperature is determined through the heat transfer equation (e.g., Gagliardini et 
al., 2013) which reads 

(5) 𝜌𝜌𝑚𝑚𝑐𝑐𝑣𝑣 �
∂Τ
ð𝑡𝑡

 +  𝑢𝑢 ∗ ∇T� =  ∇ ∗ (𝜅𝜅∇T) + 𝜖𝜖:𝜎𝜎̇  

where 𝑐𝑐𝑣𝑣 and 𝜅𝜅 are the specific heat of ice and the heat conductivity, respectively. The ∶ 
operator represents the colon product between two tensors. This last term of the equation 
represents strain heating. The ice temperature T is bounded by the pressure melting point 𝑇𝑇𝑚𝑚 so 
that 𝑇𝑇 ≤  𝑇𝑇𝑚𝑚. 
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8.4.3 Boundary conditions 
8.4.3.1 Ice temperature 

Our parameterization of surface temperature changes follows Ritz et al. (2001). We 
parameterize relative surface temperature changes to the present day as a function of relative 
surface elevation change with respect to present-day elevations and a spatially uniform surface 
temperature variation that is derived from the nearby EDML ice core (Graf et al., 2002). The 
surface temperature is then given by Eq. 11 of Ritz et al. (2001). 

(6) 𝑇𝑇𝑚𝑚 =  𝑇𝑇𝑚𝑚0 − 𝛾𝛾𝑚𝑚(𝑧𝑧𝑠𝑠0 − 𝑧𝑧𝑠𝑠) + ∆𝑇𝑇𝑐𝑐𝑐𝑐𝑚𝑚𝑚𝑚. 

Here, 𝑇𝑇𝑚𝑚 and 𝑇𝑇𝑚𝑚0 are the surface temperatures at the current time step and present day. 
The present-day temperature distribution is taken from Comiso (2000). 𝑧𝑧𝑠𝑠 and 𝑧𝑧𝑠𝑠0 are the 
surface elevations at the current time step and present day, and ∆𝑇𝑇𝑐𝑐𝑐𝑐𝑚𝑚𝑚𝑚 is the climatic forcing 
derived from the EDML ice core. As in Ritz et al. (2001), we apply a spatially constant lapse 
rate (𝛾𝛾𝑚𝑚) of 0.00914Km-1 (Table 8.1). 

At the grounded base of the ice sheet, where the ice is in contact with the subglacial 
topography, we prescribe the geothermal heat flux (Martos et al., 2017). This heat flux is time 
invariant. Ice temperature is set to the local pressure melting point for the boundary condition 
underneath the floating ice shelves. 

Parameter Symbol Value Unit 

Ice density 𝜌𝜌𝑚𝑚 917 kg m-3 

Ocean density 𝜌𝜌𝑤𝑤 1028 kg m-3 

Glen’s exponent 𝑖𝑖 3 - 

Gravity 𝑔𝑔 9.81 m s-2 

Atmospheric lapse rate 𝛾𝛾 0.00914 K m-1 

Tuning parameter SMB ∆𝑎𝑎 0.07 K-1 

Ocean salinity 𝑆𝑆0 35.0 PSU 

Heat capacity 𝑐𝑐𝑡𝑡𝑜𝑜  3974 J kg-1 ºC-1 

Latent heat of fusion 𝐿𝐿 3.35*10-4 J kg-1 

Tuning parameter BMB 𝐹𝐹𝑚𝑚𝑒𝑒𝑐𝑐𝑡𝑡 0.383*10-4 - 

Thermal exchange velocity 𝛾𝛾𝑇𝑇 1*10-5 m s-1 

Table 8.1: Numerical values of the parameters adopted for the simulations. 

8.4.3.2 Surface mass balance (SMB) and basal mass balance (BMB) 

A kinematic boundary condition determines the evolution of the upper and lower 
surfaces 𝑧𝑧𝑗𝑗: 

(7) 𝜕𝜕𝑧𝑧𝑗𝑗
𝜕𝜕𝑡𝑡

+ 𝑢𝑢𝑚𝑚
𝜕𝜕𝑧𝑧𝑗𝑗
𝜕𝜕𝑚𝑚

+ 𝑢𝑢𝑦𝑦
𝜕𝜕𝑧𝑧𝑗𝑗
𝜕𝜕𝑦𝑦

=  𝑢𝑢𝑧𝑧 + �̇�𝑎𝑗𝑗 

where �̇�𝑎𝑗𝑗 is the accumulation–ablation term and 𝑗𝑗 = (𝑏𝑏, 𝑠𝑠), with s being the upper surface 
and b being the lower surface (base) of the ice sheet. 
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For the surface mass balance (SMB) parameterization, we closely follow Ritz et al. 
(2001) again. We assume that no melt occurs in all our simulations. This is justified because 
SMB models simulate little melt in present-day conditions (Lenaerts et al., 2014) and these are 
the warmest years in our simulations. As for the surface temperature, our SMB 
parameterization uses a present-day distribution of the SMB (Lenaerts et al., 2014) as input. 
Variations in the SMB over time are then proportional to the exponential of the surface 
temperature variation (Ritz et al., 2001): 

(8) �̇�𝑎𝑠𝑠(𝑇𝑇𝑚𝑚) =  𝑎𝑎𝑠𝑠0(𝑇𝑇𝑚𝑚0)exp (∆𝑎𝑎(𝑇𝑇𝑚𝑚 − 𝑇𝑇𝑚𝑚0)), 

where 𝑎𝑎𝑠𝑠0 is the present-day SMB, 𝑎𝑎𝑠𝑠 is the SMB at the current time step, and the 
parameter ∆𝑎𝑎 = 0.07𝐾𝐾−1. This means that for a surface temperature drop of 10 K, the SMB is 
reduced by 50 % (Ritz et al., 2001).  

Sub-shelf melting underneath the floating ice shelves is based on the difference between 
the local freezing point of water under the ice shelves and the ocean temperature near the 
continental shelf break (Beckmann & Goosse, 2003). The freezing temperature (𝑇𝑇𝑓𝑓) is 
calculated through 

(9) 𝑇𝑇𝑓𝑓 = 0.0939 − 0.057𝑆𝑆𝑡𝑡 + 7.64 ∗ 10−4𝑧𝑧𝑏𝑏, 

where 𝑧𝑧𝑏𝑏 is the base of the ice shelf and 𝑆𝑆0 is the ocean salinity (Table 8.1). The basal 
melt rates (�̇�𝑎𝑏𝑏) are then computed by 

(10) �̇�𝑎𝑏𝑏 =  
 𝜌𝜌𝑤𝑤𝑐𝑐𝑝𝑝0𝛾𝛾𝑇𝑇𝐹𝐹𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚(𝑇𝑇𝑜𝑜−𝑇𝑇𝑓𝑓)2

𝐿𝐿𝜌𝜌𝑖𝑖
 

In this equation, 𝜌𝜌𝑤𝑤 is the density of water, 𝑐𝑐𝑡𝑡𝑜𝑜 is the specific capacity of the ocean 
mixed layer, 𝛾𝛾𝑇𝑇is the thermal exchange velocity, L is the latent heat capacity of ice, 𝐹𝐹𝑚𝑚𝑒𝑒𝑐𝑐𝑡𝑡 is a 
tuning parameter to match present-day melt rates, and 𝑇𝑇𝑂𝑂 is the ocean temperature (Table 8.1). 
The ocean temperature is initially set to -0.52 °C (Beckmann & Goosse, 2003). 𝐹𝐹𝑚𝑚𝑒𝑒𝑐𝑐𝑡𝑡 is chosen 
such that present-day basal melt rates do not exceed ~1.1 myr-1. This is in accordance with melt 
rates derived from satellite observations and mass conservation (Neckel et al., 2012). Applied 
variations in the ocean temperature are a damped (~40 %) and delayed (~3000 years) version 
of the climatic forcing for surface temperature ∆𝑇𝑇𝑐𝑐𝑐𝑐𝑚𝑚𝑚𝑚 (Bintanja et al., 2005). 

8.4.3.3 Basal sliding and sea level 

Where the ice is in contact with the subglacial topography a linear Weertman-type 
sliding law of the form 

(11)  𝜏𝜏𝑏𝑏=𝐶𝐶|𝑢𝑢𝑏𝑏|𝑚𝑚−1 𝑢𝑢𝑏𝑏 

is employed. Here 𝜏𝜏𝑏𝑏 is the basal traction, m is the basal-friction exponent which is set to 
1 in all simulations, and C is the basal-friction coefficient. A linear viscous sliding relation (m 
= 1) was chosen. Alternative and physically more realistic sliding relations exist (Joughin et al., 
2019), and the consequences of our choice of using a linear sliding relation on the results are 
discussed below (see Sect. 8.6.5). For the present-day grounded ice sheet, C is inferred by 
solving an inverse problem (see Sect. 8.4.4), and for the present-day ocean beds a uniform 
basal-friction coefficient of 10-5 and 10-1 MPam-1 yr is prescribed for the simulations of the soft 
(sediment-based) bed and hard (crystalline-rock-based) bed. Underneath the floating part of the 
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domain, basal traction is zero (𝜏𝜏𝑏𝑏 = 0), but hydrostatic sea pressure is prescribed. We initialize 
the present-day sea level to zero and apply sea level variations according to Lambeck et al. 
(2014). 

8.4.4 Model initialization 

The model is initialized to the present-day geometry using the commonly applied 
snapshot initialization in which the basal-traction coefficient C is inferred under the grounded 
ice sheet by matching observed surface velocities with modeled surface velocities. We take 
advantage of the quasi-steady state of the catchment and use the same optimization parameters 
as in Schannwell et al. (2019). Similar to Zhao et al. (2018), we employ a two-step 
initialization scheme. In the first iteration, the optimization problem is solved with an 
isothermal ice sheet with ice temperature set to -10 °C. The resulting velocity field is then used 
to solve the steady-state temperature equation before the optimization problem is solved again 
with the new temperature field. This type of temperature initialization approach provides 
similar results to a computationally more expensive temperature spin-up over several glacial 
cycles (Rückamp et al., 2018), as long as the system is close to a steady state. 

8.4.5 Mesh generation and refinement 

We initially create a 2D isotropic mesh with a nominal mesh resolution of ~6 km 
everywhere in the domain. To ensure that we simulate grounding-line dynamics at the level of 
required detail, we use the meshing software Mmg (http://www.mmgtools.org/, last access: 28 
February 2020) to locally refine the mesh down to ~1 km in the region of the present-day 
Ekström Ice Shelf (Figure 8.2) with areas away from the region of interest remaining at ~6 km 
resolution. The mesh is then vertically extruded using 10 layers, and the horizontal mesh size is 
kept constant throughout the simulations. The 3D mesh consists of ~200 000 nodes and 
therefore ~800 000 degrees of freedom. We are using stabilized P1P1 elements and an 
algorithm that deduces a mass-conserving nodal surface to avoid artificial mass loss 
(Gagliardini et al., 2013). 

 
Figure 8.2: Model domain of Elmer/Ice in 3D including numerical mesh of Ekström Ice Shelf catchment, East 
Antarctica, with ice velocity in the background. 
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8.4.6 Block-preconditioned ParStokes solver 

Because of the non-Newtonian rheology of ice and the dependence of viscosity on strain 
rates, the resulting Stokes equations are non-linear and have to be solved iteratively. In three 
dimensions the arising systems of linear equations become large (106 – 107 degrees of 
freedom) at a high mesh resolution. Standard iterative methods (Krylov subspace methods) in 
conjunction with algebraic preconditioners (e.g., incomplete lower–upper, ILU, 
decomposition) often do not converge for real-world geometries in glaciology. High aspect 
ratios of the finite elements and spatial viscosity variations of several orders of magnitudes 
strongly affect the accuracy and stability of the numerical solution (Malinen et al., 2012). This 
means that most glaciology applications with Elmer/Ice revert to using a direct method for 
solving the Stokes equations. While robust, direct solvers require large amounts of memory. In 
three dimensions their memory requirements increase with the square of the number of 
unknowns. Therefore, we use a stable parallel iterative solver (ParStokes) in our simulations 
that is implemented in Elmer/Ice but has so far been rarely used. ParStokes is based on block 
preconditioning (Malinen et al., 2012) that improves the solvability of the underlying saddle 
point problem through clustering of eigenvalues. As we will show below, the Krylov subspace 
methods now converge better and lead to improved scaling with more computer processing 
units (CPUs). 

8.4.7 Experimental design 

We demonstrate an FS simulation of ice sheet growth and decay over 40 000 years. 
During the first 20 000 years the atmospheric and oceanic forcing simulates the transition from 
an interglacial to a glacial period (henceforth called the advance phase). We then 
symmetrically reverse the climate forcing to simulate deglaciation (henceforth called the retreat 
phase). The symmetrical reversal of the model forcing enables investigation of hysteresis 
effects. The interglacial starting conditions are chosen with present-day properties and 
characteristics so that the best possible basal-friction coefficient beneath the grounded ice sheet 
can be found using today’s ice sheet geometry and surface velocities (Schannwell et al., 2019). 
The glacial conditions are chosen to resemble the Last Glacial Maximum for which we have 
good constraints for atmospheric forcing from the nearby EDML ice core. We consider two 
end-member basal property scenarios by prescribing either soft-ocean-bed conditions 
(mimicking sediment deposits) or hard-ocean-bed conditions (mimicking crystalline rock) 
under all present-day ice shelves in the modeling domain. The tested scenarios of basal-traction 
coefficients encompass what other ice sheet models have inferred (Cornford et al., 2015) for 
the grounded portion underneath the present-day Antarctic ice sheet (basal-traction coefficient 
ranging from 10-5 MPam-1 yr for sediments to 10-1 MPam-1 yr for crystalline bedrock). Those 
end-member values do not reflect a true range of sliding coefficients for a given sliding law but 
were derived as tuning parameters. Hence, they also account for some uncertainties in model 
parameters, forcings, and the physics of the applied ice sheet model. That is why we consider 
those values to be end members and regard simulated differences in ice volume and grounding-
line position as the maximum envelope of uncertainties resulting from different ocean bed 
properties. We perform the simulations (a) with the standard Elmer/Ice setup using the 
MUltifrontal Massively Parallel sparse direct Solver (MUMPS) for ice velocities and (b) using 
a stable iterative solver for ice velocities (see Sect. 8.4.6), resulting in a total of four 
simulations. We carried out the simulations on two different high-performance computing 
systems: the ZDV cluster and the SuperMUC-NG system. 
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8.5 Results 

The results can be divided into methodological advances and new scientific insights. In 
the following, we first present the technical improvements of the presented Elmer/Ice model 
setup in comparison to the “classic” setup employed in previous studies (Schannwell et al., 
2019). This is followed by the analysis of the performed model simulations in terms of ice flow 
behavior and an analysis of the role of the subglacial strata characteristics for advance and 
retreat dynamics. 

8.5.1 Comparison between direct Stokes solver (MUMPS) and ParStokes 

The ParStokes solver allows for a much better scaling of the required computation time 
with increasing numbers of CPUs (Figure 8.3). While there is no speed-up for the “classic” 
solver setup using the direct solver MUMPS, there is a linear speedup for the ParStokes solver 
up to ~700 CPUs before the rate of speed-up tapers off and vanishes for more than 1536 CPUs. 
This much better scaling behavior results in a total compute time for the iterative solver on the 
SuperMUC-NG system that is faster between a factor 3 and 6 in comparison to the MUMPS 
setup on the ZDV system. For our simulations, this means that the 40 000 year simulation now 
takes 23 d instead of 141 d for the hard-bed case, and 27 d instead of 94 d for the soft-bed case 
(Figure 8.4). This speed-up is in part due to using more CPUs in the ParStokes simulations. 
When comparing the absolute runtime of the scaling simulations, ParStokes provides faster 
computations for >168 CPUs. This means the minimum requirement for faster simulations with 
ParStokes is a supercomputer with more than 168 CPUs. The exact CPU number may however 
very well vary from system to system depending on the available hardware.  

We use predicted grounding-line position and ice thickness as metrics to compare the 
“classic” solver setup using MUMPS with the new solver ParStokes. We note however that we 
do not expect a perfect match between the two solver setups due to small differences in the 
finite-element formulation (e.g., stabilization method). When using the solver MUMPS, the 
stabilized method is used, while for the ParStokes solver we use bubble stabilization 
(Gagliardini et al., 2013). This results in slightly different systems that need to be solved. 
However, for both simulations, there is good agreement in terms of grounding-line position 
over time, with differences in grounded area never exceeding 5 % (Figure 8.5). Because the 
soft-bed simulation exhibits smaller-magnitude grounding-line motion over the simulation, 
agreement between the two solver setups is better, with differences well below 1 % for almost 
the entire simulation length. In the hard-bed simulation, where larger magnitudes of grounding 
line motion are predicted, the ParStokes solver’s grounding line is not as far advanced as the 
solver MUMPS grounding line (Figure 8.6). Moreover, at times of rapid grounding-line 
motion, the response of the grounding line in the ParStokes solver is delayed by up to ~3500 
years. This leads to differences in transient grounding-line positions (<5 %). However, 
grounding-line positions for the steady-state situation differ negligibly (<1.5 % difference). 
The predicted ice thickness differences are larger, particularly for the hard-bed run, where ice 
thickness change is larger overall. Locally these differences can be as large as ~460 m (<25 % 
of the ice thickness) in transient scenarios. They are most pronounced in periods of delayed 
grounding-line response. Once a stable grounding-line position has been reached, thickness 
differences are notably smaller (Figure 8.6 & Figure 8.7). Overall, the ParStokes solver 
provides comparable results to the solver MUMPS but is much superior in terms of the 
required computation time. Therefore, the remainder of the results section will be based on the 
ParStokes solver simulations. 
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Figure 8.3: Scaling behavior of iterative solver (ParStokes) and direct solver (MUMPS) for Elmer/Ice on the 
SuperMUC-NG supercomputer. Red square denotes number of CPUs selected for this study. 

 

 
Figure 8.4: Speed-up of iterative solver (ParStokes, green bars) in comparison to direct solver (MUMPS, gray 
bars) for the hard-bed cavity (a) and soft-bed cavity (b) simulations. Simulations were performed on two different 
high-performance computing systems (ZDV and SuperMUC-NG). 
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Figure 8.5: Differences in grounded area between the classic MUMPS and ParStokes solver setup for the soft-bed 
and hard-bed simulations. 

 

 
Figure 8.6: Differences in grounding-line position and ice thickness between the classic MUMPS and ParStokes 
solver setup for the hard-bed simulation at specific time slices. 
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Figure 8.7: Differences in grounding-line position and ice thickness between the classic MUMPS and ParStokes 
solver setup for the soft-bed simulation at specific time slices. 

8.5.2 Influence of bed hardness on ice sheet growth and decay 

As expected, the hard- and soft-bed simulations result in different ice sheet geometries. 
Quantitatively, both scenarios differ significantly in transient- and steady-state volumes (Fig. 
8), fluxes, and grounding-line positions (Figure 8.9 & Figure 8.10). The simulated hard-bed ice 
sheet is in many areas more than twice as thick as the soft-bed ice sheet, with maximum ice 
thickness differences between the hard and soft bed reaching 1036 m or 120 % (Figure 8.10). 
In more detail, the differences between these simulations are as follows. First, the hard-bed ice 
sheet results in a thick, slow, and large-volume ice sheet after 20 000 years at glacial 
conditions. During the advance phase, volume increases occur step-wise with three distinct 
periods of volume increases (Figure 8.8). These periods of volume increase in the region of 
interest are short (<2000 years) and are interrupted by longer periods of little ice volume 
change. At the glacial maximum, the volume increase in comparison to the interglacial is ~60 
%. During the first ~8000 years in the retreat phase, the hard-bed simulation continues to gain 
volume albeit at a slow rate. Following this period of volume gain, the ice sheet starts to lose 
volume. However, the rate of volume loss is small, such that after a full glacial cycle, the total 
ice volume is still ~47 % more of what it was at the beginning of the simulation.  

Second, unlike the hard-bed simulations, the soft-bed simulation leads to a thin, fast, and 
small-volume ice sheet at glacial conditions. During the advance phase, this simulation does 
not show a step-wise volume gain pattern. In fact, apart from an initial volume gain in the first 
1000 years of the advance phase (~10 %), there is very little volume change. This leads to a 
volume increase of merely ~8 % at the glacial maximum. The trend of little volume variations 
continues during the retreat phase, where in the first 10 000 years a volume increase of ~8 % 
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occurs, before the volume remains approximately constant for the remainder of the retreat 
phase. The entirely different ice sheet geometries for soft- and hard-bed simulations have 
consequences for the two ice rises present in the catchment (Figure 8.1). While both ice rises 
and their divide positions are very little affected by the soft-bed simulations, they are partly 
overrun in the hard-bed simulation such that their local ice flow center vanishes (see video 
supplement). 

 
Figure 8.8: Ice sheet evolution and model forcing for soft- and hard-bed simulations. (a) shows volume and 
grounded-area evolution normalized to present day. (b) shows corresponding mass balance fluxes, and (c) shows 
most important model forcings. Vertical stippled gray lines show time slices shown in Figure 8.6, Figure 8.7, 
Figure 8.9, Figure 8.10. 
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Figure 8.9: Differences in plane view of ice thickness and grounding-line positions between the hard- and soft-bed 
simulations at selected time slices. (a)–(d) show differences in the advance phase, and (e, f) show differences in 
the retreat phase. 

 

 
Figure 8.10: Difference in ice sheet geometry and grounding-line position along a flow line (𝐴𝐴 − 𝐴𝐴′ in Figure 8.1) 
for the soft- and hard-bed simulations. (a) – (d) show differences in the advance phase, and (e, f) show differences 
in the retreat phase. 
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8.5.3 Grounding line and ice sheet stability 

Steady grounding-line positions for both simulations are associated with periods of ice 
sheet stability (Figure 8.8). There are three distinct periods of grounding-line stability in the 
advance phase and one period of grounding-line stability in the retreat phase. All four of these 
periods are longer than 3000 years. Periods of grounding-line advance in comparison are 
characterized by short leaps taking no longer than 1000–2000 years (Figure 8.8). During the 
advance phase, differences in grounding-line positions between the hard-bed and soft-bed 
simulations gradually increase from 7 km after ~1500 years to over 37 km after 11600 years 
and finally to a maximum difference of 49 km at the glacial maximum (Figure 8.10). 
Grounding-line advance for the hard bed is more than twice as far (~110 % larger) than its soft-
bed counterpart in the advance phase. In the retreat phase, the soft-bed simulation shows higher 
grounding-line fidelity compared to the hard-bed simulation. The soft bed starts to exhibit 
grounding-line retreat after ~4000 years into the retreat phase, whereas the hard bed does not 
show grounding-line retreat for ~8000 years into the retreat phase. 

8.5.4 Hysteresis of ice sheet simulations 

Next, we compare the ice sheet geometries during a full glacial cycle in which 
atmospheric and oceanic forcing are essentially symmetrically reversed. There is a significant 
grounding-line advance in the first ~300 years in both simulations. In the following, hysteresis 
is analyzed with respect to this position, rather than to the start of the simulation. Only the 
hard-bed simulation shows significant hysteresis behavior, while the soft-bed simulation has 
negligible hysteresis (Figure 8.11). For the hard-bed simulation, the grounding line after a full 
glacial cycle is ~38 km further downstream of its initial position. This means that during the 
retreat phase, the grounding-line retreats only ~48 % in comparison to the simulated 
grounding-line advance during the retreat phase of the hard-bed simulation. 

 
Figure 8.11: Grounding-line migration along a flow line (A–A’ in Figure 8.1) for the soft- and hard-bed 
simulations for the advanced (solid lines) and retreat (dashed lines) phase. 
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8.6 Discussion 
8.6.1 Extending the feasibility timescales of full-Stokes models 

The inclusion of the iterative ParStokes solver results in a speed-up by a factor of 3 – 6 
compared to the direct solver. While grounding-line positions agree well between the two 
solver setups, during periods of rapid grounding-line migration, positions can differ by up to ~5 
%. We note, however, that we do not expect a perfect match between the two solver setups due 
to small differences in the finite-element formulation (e.g., stabilization method). Therefore, 
differences in grounding-line positions were expected between the solver setup, but they turn 
out to be small. The new setup now allows 3D full-Stokes ice sheet simulations on the regional 
scale over 40 000 years in under a month. We hereby maintain a mesh resolution (~1 km) that 
is finer than in most other paleo ice sheet simulations (Albrecht et al., 2020; Golledge et al., 
2014; Pollard & DeConto, 2009) albeit at a regional scale. However, while the time range is 
now significantly extended, our modeling approach only brackets the effect of ocean bed 
properties. As detailed below (Sect. 8.6.5), many other factors influencing ice sheet evolution, 
such as the applied BMB and SMB parameterizations and basal-sliding relation remain poorly 
constrained or are even excluded (e.g., glacial isostatic adjustment). Ensemble modeling 
(Albrecht et al., 2020; Briggs et al., 2014; Golledge et al., 2012; Golledge et al., 2014; Pollard 
et al., 2016) using simplified ice physics is better suited for this, because these models can 
more easily include other important model sub-systems (e.g. basal hydrology, basal sliding) 
and evaluate their respective uncertainties.  

Our efforts aim to include higher-order ice physics in paleo ice sheet simulations. The 
advantages of our FS simulations are as follows. By retaining all terms in the force balance, we 
have a solid physical representation of internal deformation and grounding-line dynamics over 
glacial timescales. This permits an improved quantification of the relative contributions from 
basal sliding and ice deformation to the column-averaged ice discharge, opening the door for a 
better understanding of basal processes such as erosion and deposition of sediments and the 
formation of ice streams. We are also able to quantify the effect of ocean bed properties on the 
grounded ice sheet as the backstress provided by the contrasting ocean bed properties is 
correctly transmitted upstream by our FS model. Grounding-line migration also needs to be 
interpreted in relation to observed bedforms. For example, the bedrock bump at 150 km in 
Figure 8.10 is interpreted as a potential overdeepening, carved out by the confluence of two 
paleo ice streams (E. C. Smith et al., 2020). Our study presents the numerical framework to test 
hypotheses such as this. Even though we are still not able to constrain our model with paleo 
observations due to the computation requirements, our study provides an important first step 
towards it. In addition, computing the full 3D ice velocity field from the linear momentum 
equations may help to include thus far unused paleo data as constraints. For example, radar 
isochrones for floating ice shelves could be incorporated more easily into the model tuning, 
because the FS approach does not apply a vertical average in these areas unlike ice models 
using a simplified force balance. We believe that ensemble modeling using simpler ice physics 
models and our approach of employing a complex ice physics model and investigating end-
member scenarios can both provide different new insights. Hence, both approaches should be 
pursued in future. This also holds for shallow-ice approximation–FS hybrid approaches 
(Ahlkrona et al., 2016) which can build on the results shown here. 

8.6.2 Influence of bed hardness on ice sheet growth and decay 

The completely different ice sheet geometries for the hard- and soft-bed simulations are a 
consequence of the different levels of basal friction provided by the hard and soft bed, 
respectively. The predicted differences between the hard-bed and soft-bed simulations 
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underline the high significance of a proper choice of basal properties used for ocean beds. The 
higher basal friction in the hard-bed case leads to elevated backstress and corresponding 
dynamical thickening of the inland ice sheet far upstream of the grounding line. Although the 
SMB and BMB forcings equally depend on the ice sheet geometry through the applied 
parameterizations, these effects are small compared to the dynamically induced ice thickening 
(Figure 8.9). This clearly shows that in the absence of other forcing mechanisms, ocean bed 
properties exert an important control on ice sheet growth and decay. 

The importance of ocean bed properties on ice sheet evolution has long been known 
(Albrecht et al., 2020; Pollard et al., 2016; Pollard & DeConto, 2009; Whitehouse et al., 2012; 
Whitehouse et al., 2017). Here we quantify upper and lower bounds of this effect for the first 
time on a regional scale with an FS model. Our results indicate that spatial changes in basal-
friction coefficients in the cavities are likely very important for ice sheet growth and decay 
behavior. This is relevant for the Ekström Ice Shelf embayment and probably most of 
Dronning Maud Land, as evidence from geophysical data shows that the ocean bed of the 
Ekström cavity consists at least partly of crystalline bedrock (Kristoffersen et al., 2014; E. C. 
Smith et al., 2020). This feature is more than 1000 km long. A new compilation and 
interpretation of airborne geophysics data by Eisermann et al. (2020) shows that the northern 
edge of a strong magnetic anomaly coincides with the location of the outcrop of the volcanic 
Explora Wedge (E. C. Smith et al., 2020), where subglacial material changes from ocean 
sediments to crystalline rock. This transition cross-cuts the Ekström Ice Shelf cavity from ENE 
to WSW over its full width. Based on our simulations, such crystalline outcrops under ice 
shelves will result in a thicker but slower ice sheet over the last glacial cycle, compared to a 
thin and fast ice sheet linked to soft ocean beds which are mostly assumed for areas that lie 
below the present-day sea level (Pollard et al., 2016; Pollard & DeConto, 2009; Whitehouse et 
al., 2017). Interestingly, today’s north-easternmost grounding line of Halfvarryggen ice rise 
coincides with this magnetic anomaly and the Explora Volcanic Wedge outcrop and thus likely 
with the presence of subglacial crystalline strata (Eisermann et al., 2020; E. C. Smith et al., 
2020). We can therefore hypothesize that the spatial variations in subglacial strata also 
influence the position of present-day grounding lines. Finally, the ramifications of 
heterogeneous ocean bed properties go beyond ice volume considerations. Different levels of 
basal traction strongly affect the magnitude of basal sliding. This in turn determines how much 
material is eroded underneath the ice sheet and transported across the grounding line. As 
erosion rates are commonly approximated as basal sliding to some power (Alley et al., 2019; 
Delaney & Adhikari, 2020; Herman et al., 2015), any differences in basal-sliding velocities are 
exacerbated when erosion volumes are computed. This uncertainty in eroded material produced 
has implications for how much sediment is available at the ice–bedrock interface and therefore 
if it is a hard- or soft-bed interface and its temporal variability. 

8.6.3 Grounding line and ice sheet stability 

The identified stable grounding-line positions are not controlled by a single specific 
forcing alone but are due to a combination of sea level forcing, basal traction of the ocean bed, 
and ocean bathymetry. Other forcing mechanisms such as the SMB and BMB are of secondary 
importance. However, the relative stability of grounding-line position (<7 km of grounding-
line retreat) in the last 9000 years of the retreat phase in both simulations coincides with the 
period of few sea level variations, leading us to conclude that at least for the retreat phase, sea 
level forcing is the most important model forcing. The earlier onset of grounding-line motion 
in the retreat phase for the soft bed can be attributed to the fact that ice discharge for the soft-
bed simulation is dominated by basal sliding and higher ice velocities. In comparison, in the 
hard-bed simulation ice discharge is dominated by internal deformation and almost no basal 
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sliding, resulting in a much thicker ice sheet. This means that more ice needs to be removed 
before the grounded ice can detach from its subglacial material and initiate grounding-line 
motion, thereby resulting in a much slower response time to changes in the model forcing. 
While our employed modeling approach makes it unlikely that the timings of our modeled 
stable grounding line positions are correct, they can still serve as rough spatial markers of areas 
where depositional landforms such as grounding-zone wedges or other geomorphological 
markers may be found. 

8.6.4 Hysteresis of ice sheet simulations 

We attribute the modeled grounding-line advance in the first ~300 years to the fact that 
our ice sheet geometry is not completely in a steady state after initialization. This is due to 
inconsistencies of the model forcing (e.g., BMB parameterization) in combination with 
boundary datasets (e.g., cavity topography). However, this does not affect our conclusions 
regarding ice sheet hysteresis. Our results highlight the importance of different ocean bed 
properties for the ice sheet’s hysteresis behavior. This underlines the dependence of the final 
ice sheet geometry on the model’s initial state over timescales of a glacial cycle or longer. 
While bedrock geometry has long been identified as a cause for hysteresis behavior in ice sheet 
models (Schoof, 2007) and remains an important indicator for future ice sheet vulnerability, 
our simulations show that in the absence of retrograde-sloping bedrock topography, varying 
ocean bed properties also have the potential to induce hysteresis. However, this result could 
also be caused by a combination of the non-uniqueness of the Stokes contact problem for non-
sliding beds and an under resolving of the grounding-line zone (Nowicki & Wingham, 2008). 
Despite very similar model forcing, our simulations result in a non-linear response of ice sheet 
evolution that is exclusively controlled by ocean bed properties, revealing an additional 
challenging problem for model simulations over at least one advance and retreat cycle (Gasson 
et al., 2016; Pollard & DeConto, 2009). This also means that the employed modeling 
framework will likely not result in the correct ice sheet geometry at the LGM due to non-linear 
feedback mechanisms such as the marine ice sheet instability (Durand et al., 2009; Schoof, 
2007), the height–mass balance feedback (Oerlemans, 2002), and remaining uncertainties 
regarding the subglacial topography. 

8.6.5 Model limitations 

The primary focus of the modeling framework was to extend the applicability of FS ice 
sheet models to glacial-cycle timescales. This means that simplifications were made to other 
model components that we list here. We regard each of these simplification as a future avenue 
to improve upon the presented results.  

The modeling approach presented here is tailored towards capturing ice and grounding-
line dynamics to a high accuracy at the cost of comparatively naive parameterizations for the 
SMB and BMB which can be improved in the future. Also, by approximating hard and soft 
ocean beds through a time- and space-invariant friction coefficient, we omit spatial gradients in 
the thickness, grain size, and cohesion of the ocean bed substrate. We therefore assume that 
properties of hard-bed and soft-bed areas at the start of the simulation remain constant 
throughout the simulation. This means areas in which little or enhanced basal sliding occurs in 
the modeling domain stay constant. 

At the underside of the grounded ice sheet, we use a linear Weertman sliding law that 
relates the basal shear stress to the basal-sliding velocity. In comparison to the non-linear 
Weertman sliding law, the linearized version has a tendency to reduce grounding-line fidelity 
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(Brondex et al., 2019; Schannwell et al., 2018). While this type of sliding law is still widely 
used (Brondex et al., 2019; Cornford et al., 2015; Nias et al., 2016; Ritz et al., 2015; 
Schannwell et al., 2018; Yu et al., 2017), pressure-limited sliding relations (Tsai et al., 2015) 
are becoming more popular in the modeling community. The difference between Weertman 
and pressure-limited relations is that the latter take effective pressure into account. This means 
that basal drag goes to zero near the grounding line and reduces to a plastic-sliding relation 
(Brondex et al., 2017). This results in the basal drag becoming independent of the sliding 
velocity. Most previous studies using pressure-limited relations confine areas of lower basal 
drag to within a few kilometers upstream of the grounding line (Brondex et al., 2019; 
Schannwell et al., 2018). There is however evidence from observations and modeling that areas 
of low basal drag can extend much farther inland (Joughin et al., 2019). Studies that have 
investigated the effect of the different sliding laws on grounding line retreat have found that the 
pressure-limited relations lead to enhanced grounding-line retreat (Brondex et al., 2019; 
Schannwell et al., 2018) in comparison to Weertman sliding laws. However, it is difficult to 
judge how much a pressure-limited sliding law would affect our results as up to now no study 
has investigated this effect over an advance and retreat cycle. 

Moreover, we have not considered glacial isostatic adjustment (GIA). Until recently, 
GIA was considered to be only important on timescales exceeding 1000 years. However, recent 
progress has revealed that due to lower than previously assumed mantle viscosities, response 
times of GIA to ice unloading can be as short as 5 years for certain sections in Antarctica 
(Barletta et al., 2018; Whitehouse et al., 2019). While present-day GIA rates for East 
Antarctica are relatively low (~1 mmyr-1) (Martin-Espanol et al., 2016) in comparison to 
regions of high mass loss in Antarctica, the effect over 20 000 years could amount to ~20 m of 
elevation drop for the subglacial topography. This number is small in comparison to, for 
example, sea level variations (~130 m) but may nevertheless result in a grounding-line position 
that is not as far advanced at the glacial maximum as presented in our simulations. 

 

8.7 Conclusions 

Our simulations unlock a new time dimension for the applicability of FS ice sheet 
models on the regional scale. Application of an iterative solver reduced computation times in 
comparison to previous simulations by ~80 % and extended the temporal range of FS 
simulations by a factor of 40 compared to previous studies. This provides an important step 
towards including higher-order physics in paleo ice sheet simulation and reduces uncertainties 
arising from approximations to the ice flow equations. Being able to simulate ice deformation 
to a high accuracy over glacial timescales also opens opportunities for a better understanding of 
a number of subglacial processes (e.g., basal erosion). 

We find ice volume differences of >50 % over a glacial cycle that are exclusively caused 
by differing ocean bed properties. The different ocean bed properties also result in different ice 
sheet growth and decay patterns with the thick and slow-flowing hard-bed simulation 
exhibiting strong hysteresis behavior. This is completely absent in the thin and fast-flowing 
soft-bed simulation. As recent geophysical observations (Eisermann et al., 2020; Gohl et al., 
2013; E. C. Smith et al., 2020) indicate a more heterogenous substrate distribution (sediments 
vs. crystalline bedrock) than previously thought, this could have important consequences for 
past stable ice sheet geometries and grounding-line positions as well as for the present and 
future response of the ice sheet’s grounding line to ocean warming. 
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9.1 Abstract 

Uncertainty about the structure of the Falkland Plateau Basin has long hindered 
understanding of tectonic evolution in southwest Gondwana. New aeromagnetic data from the 
basin reveal Jurassic-onset seafloor spreading by motion of a single newly-recognized plate, 
Skytrain, which also governed continental extension in the Weddell Sea Embayment and 
possibly further afield in Antarctica. The Skytrain plate resolves a nearly century-old 
controversy by requiring a South American setting for the Falkland Islands in Gondwana. The 
Skytrain plate’s later motion provides a unifying context for post-Cambrian wide-angle 
paleomagnetic rotation, Cretaceous uplift, and post-Permian oblique collision in the Ellsworth 
Mountains of Antarctica. Further north, the Skytrain plate’s margins built a continuous 
conjugate ocean to the Weddell Sea in the Falkland Plateau Basin and central Scotia Sea. This 
ocean rules out venerable correlation-based interpretations for a Pacific margin location and 
subsequent long-distance translation of the South Georgia microcontinent as the Drake Passage 
gateway opened. 

 

9.2 Introduction 

A region’s geological and tectonic evolution is most readily and reliably interpretable 
within the context of a self-consistent plate kinematic model. The lack of consensus on such a 
context for the modern regions that started as southwest Gondwana in Jurassic times stems 
from, and has sustained, uncertainties and controversies concerning the interpretations of 
regional geological correlations and large paleomagnetically-determined rock rotations from 
scattered outcrops at the margins of today’s South Atlantic Ocean, Weddell, and Scotia seas 
(Dalziel & Elliot, 1971; Du Toit, 1927; Eagles, 2016; Eagles & Jokat, 2014; Maldonado et al., 
2014). The associated uncertainties hinder attempts to better understand wider issues including 
the mechanisms of supercontinent breakup (Dalziel & Elliot, 1982; Eagles & Vaughan, 2009), 
and the roles of regional Toarcian magmatism and basin anoxia (Them et al., 2018), or 
Paleogene oceanic gateway development in Drake Passage (A. Carter et al., 2014; Eagles & 
Jokat, 2014), in global environmental and biotic change on geological timescales. 

 

9.3 Mobile continental blocks 

Three of the most widely discussed sets of regional correlations are those concerning the 
continental blocks of South Georgia, the Falkland Islands and the Ellsworth Mountains (Figure 
9.1). 

By the mid-1960s, long-known correlations of the Jurassic–mid Cretaceous rocks of the 
islands of South Georgia to those of Tierra del Fuego, which today are distant neighbors at 
opposite ends of the Scotia Sea (Figure 9.1a), came to be framed as records of the growth, 
filling, and subsequent tectonic closure of a late Jurassic back-arc basin (Dalziel & Elliot, 
1971; Winn Jr, 1978). Since then, the correlations have been considered strong enough to 
constrain the basin and the islands of South Georgia to a Jurassic location immediately east of 
Tierra del Fuego. This requires the islands to have later translated eastwards by 1600 km to 
their present location. Much of this translation has been attributed to the action of strike-slip 
faults embedded within the arc plate above an Oligo-Miocene aged subduction zone fringing 
the Scotia Sea, whose rollback governed an intricate pattern of synchronously-active back-arc 
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basins opening northwest-southeast in the west Scotia Sea, east–west in the East Scotia Sea, 
and north–south in the central Scotia Sea (Barker et al., 1991; A. Carter et al., 2014; 
Cunningham et al., 1995; Dalziel & Elliot, 1971). 

Motions of continental blocks bearing the Ellsworth Mountains and Falkland Islands 
(Figure 9.1) were first suggested in the mid-twentieth century on the basis of pioneering long-
distance geological correlation studies that built on comparative observations dating back to the 
infancy of the continental drift debate (Du Toit, 1927). Both were correlated 
sedimentologically and structurally to the Cape Fold Belt of South Africa and its neighbors in 
South America and Antarctica, the Sierra de la Ventana and the Pensacola and Transantarctic 
Mountains (Adie, 1952; Schopf, 1969). The correlations suggested the Permian–Triassic 
construction of a ~8000 km-long linear deformation belt, the Gondwanide Orogen, built by 
plate convergence at the subduction dominated paleo-Pacific margin of Gondwana (Fig. 1b). 
To restore the orogen so that its structures show a consistently continentward direction of 
tectonic transport requires the Falkland Islands to have rotated clockwise by 120° and drifted 
by 1000 km westwards prior to the opening of the South Atlantic (Adie, 1952), and the 
Ellsworth Mountains to have moved 800 km southwestwards and have rotated anticlockwise 
by 90° since Cambrian times (Schopf, 1969) as portrayed in Figure 9.1c. Paleomagnetic work 
on the Falkland Islands and Ellsworth Mountains has delivered evidence for large rock 
rotations consistent with these proposed motions (Grunow et al., 1987; Mitchell et al., 1986; 
Randall & Mac Niocaill, 2004; G. K. Taylor & Shaw, 1989; D. R. Watts & Bramall, 1981).  

Despite their long history, southwest Gondwana’s large block motions have all been 
questioned, and alternative but less kinematically-prescriptive regional correlation schemes 
have been suggested.  

South Georgia’s late Jurassic and early Cretaceous rocks and structures do not preserve 
strong signals of Oligo-Miocene volcanism and faulting in the subduction zone that is 
supposed to have accommodated its eastwards translation. Instead, the islands’ 
tectonostratigraphy has been recast in terms of an intra-Gondwanan Jurassic-onset continental 
extensional margin (Eagles, 2010a). Similarly, marine geophysical data from the neighboring 
central Scotia Sea do not strongly or unequivocally support the occurrence of north–south 
directed back-arc spreading that is supposed to have accompanied rollback of the Oligo-
Miocene trench. Instead, the central Scotia Sea has been presented as a fragment of the Jurassic 
and early Cretaceous ocean that accreted to the South Georgian margin (Eagles, 2010b). 

Both before and ever since their South African associations were emphasized, the 
Paleozoic rocks of the Falkland Islands have been alternatively correlated to those in the fill 
sequences of South American intracontinental basins (Du Toit, 1937; Ramos et al., 2017). The 
islands’ paleomagnetic rotations are only recorded reliably in a single-aged population of 
northeast-striking dykes. Whilst interpretable in terms of a large plate rotation having occurred 
very rapidly (Stone et al., 2009), this has also been related to tectonic deformation of the dykes 
synchronous with their intrusion (Hodgkinson, 2002) close to their present-day location in 
relation to South America. In contrast, the Ellsworth Mountains’ paleomagnetic history is more 
robustly interpretable in terms of plate motion because it has been repeatedly observed in 
multiple widely-distributed Cambrian lithologies and locations (Grunow et al., 1987; Randall 
& Mac Niocaill, 2004). Despite this, the mountains’ precise location in Gondwana remains a 
matter of controversy related to the absence of evidence for a pre-Gondwanide Paleozoic phase 
of deformation known from the Cape Fold Belt and Pensacola Mountains (Curtis, 2001; 
Grunow et al., 1987). 
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Figure 9.1: (a) Present-day plate tectonic context of the study region. Map and coastline data: Generic Mapping 
Tools (Wessel et al., 2019); active plate boundaries from a recent compilation (Bird, 2003). Pink arrow: proposed 
geological correlation-based translation path of South Georgia (SG), along the southern edge of the Falkland 
Plateau Basin (FPB). EM: Ellsworth Mountains; FI: Falkland Islands; OB: Outeniqua Basin; TdF: Tierra del 
Fuego; WSE: Weddell Sea Embayment. (b, c) Sketches of a geological correlation-based model (Dalziel & Elliot, 
1982) for the initial stages of continental breakup at the southwest margin of Gondwana between Triassic (top) 
and mid-Jurassic (bottom) times. Red line: Gondwanide Orogen comprising the Cape Fold Belt (CFB), Pensacola 
Mountains (PM), Sierra de la Ventana (SV) and Transantarctic Mountains (TAM). Black arrows represent large 
opposing-sense rotations of the Falkland Islands and Ellsworth Mountains. GF: Gastre Fault; MVB: Mesozoic 
Victoria Basin. 
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9.4 The Falkland Plateau Basin 

The Falkland Plateau is a submarine plateau that stretches 1200 km east of the Falkland 
Islands into the South Atlantic. Its southern edge has been proposed as the site of an Oligo-
Miocene subduction zone along which South Georgia moved eastwards from Tierra del Fuego. 
Further north within the plateau interior lies a 500 km-wide sedimentary basin, the Falkland 
Plateau Basin, which is proposed to have opened synchronously with the Weddell Sea 
Embayment to accommodate the rotations of both the Falklands and Ellsworth blocks (Figure 
9.1c); (Dalziel & Elliot, 1982; Dalziel et al., 2013; Eagles & Vaughan, 2009; Martin, 2007; 
Richards et al., 2013). Jurassic-aged reconstructions built to show the basin opening in 
response to these rotations require plate divergence within it to have been transformed 
westwards into southern Patagonia, causing several hundred kilometers of strike-slip motion 
along a prominent intracontinental fault, the Gastre Fault (Figure 9.1c); (Rapela & Pankhurst, 
1992). The action and existence of this fault in Jurassic times have not been proved in the field 
(Von Gosen & Loske, 2004), opening to question the large block rotations and the basin’s role 
in accommodating them. Understanding the structure and growth of the Falkland Plateau Basin 
in increased detail is thus crucial for evaluating the correlation-based block motions of South 
Georgia, the Falkland Islands, and the Ellsworth Mountains.  

Outcrop, drill-core, and dredge haul evidence from the Falkland Plateau Basin’s eastern, 
western and northern margins reveal the presence of Precambrian continental basement 
(Lorenzo & Mutter, 1988; Tarney, 1977). In the basin interior, however, reconnaissance-scale 
geophysical data were long unable to distinguish between the presence of extended continental 
crust underlain by a thick gabbroic underplate, and unusually thick oceanic crust (Barker, 
1999; Ewing et al., 1971; Kimbell & Richards, 2008). Recently, high-resolution seafloor 
seismic refraction data along the basin’s central parallel revealed the presence of 10–12 km-
thick crust of two layers underlying a thick infill between a pair of continent–ocean transition 
zones at the eastern and western margins (Schimschal & Jokat, 2018; Schimschal & Jokat, 
2019). The crystalline crust is devoid of the prominent reflections and very high velocities that 
tend to characterize underplated gabbro layers elsewhere in the world. The basin interior is thus 
now well-constrained as a product of igneous crustal growth. Despite this, the plate tectonic 
context of this growth and the basin’s later interactions with the growing Scotia Sea, and with 
them understanding of and confidence in the correlation-based rotations and translations of 
South Georgia, the Ellsworth Mountains, and Falkland Islands, remain unproved. One of the 
main reasons for this is the lack of reliable magnetic anomaly coverage of the basin, which 
could serve to identify the shapes and ages of magnetic reversal isochrons in its igneous floor. 

 

9.5 The AIRLAFONIA survey 

To help understand the Falkland Plateau Basin more clearly, the Alfred Wegener 
Institute flew AIRLAFONIA, an aerogeophysical survey of its interior, in November 2017 and 
November 2018. Both parts of the survey were flown with Polar 6, one of the Institute’s two 
Basler BT-67 aircraft, which are conversions of former Douglas C-47 Skytrain airframes. 
Magnetic intensity data were collected with a Scintrex Cs-3 cesium vapor magnetometer 
carried in a tail stinger. The data were compensated for aircraft effects in real time using the 
measurements of a three-component fluxgate magnetometer mounted in the tail fin. Gravity 
data were gathered using a Gravimetric Technology GT2A gravity meter system, and tied to 
the International Standard Gravity Network via the absolute measurement point in Stanley, 
Falkland Islands, using measurements made with a portable LaCoste and Romberg gravity 
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meter. AIRLAFONIA returned 25,185 line-kilometers of magnetic data along east–west and 
northeast-southwest oriented tracks designed to maximize coverage of the central part of the 
basin (Figure 9.2). The majority of the flight tracks over the Falkland Plateau Basin were 
completed in level flight at 2000 ft above the sea surface, with occasional segments at 1000 ft 
or 3000 ft to avoid icing risk in heavy cloud. The east–west tracks were spaced at ~12 km to 
aid the generation of a continuous grid with resolution suitable for the identification of 
magnetic reversal isochrons. The data were cleaned of spikes and diurnal variations using the 
readings of a temporary stationary magnetometer on East Falkland. A continuous grid was 
built using standard leveling techniques applied to the airborne data within Geosoft’s Oasis 
Montaj geophysical processing and analysis environment, and then extended towards the 
eastern and northern margins of the basin by leveling a further 39,000 km of marine and 
helicopter legacy data to the AIRLAFONIA dataset (Figure 9.3). Given the relatively small 
vertical separation of the marine and airborne data sets, and in order to retain detail, no vertical 
continuation was applied during leveling. 

 
Figure 9.2: AIRLAFONIA flight tracks returning magnetic anomaly data (heavy lines) over the Falkland Plateau 
Basin. Legacy ship and helicopter tracks are shown as lighter lines. Background image: present-day bathymetry 
(W. H. Smith & Sandwell, 1997). Map: Generic Mapping Tools (Wessel et al., 2019). 
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Figure 9.3: Potential field data and interpretation of the Falkland Plateau Basin. (a) Satellite-derived free-air 
gravity anomalies (Sandwell et al., 2014). FI: Falkland Islands; FPB: Falkland Plateau Basin; MEB: Maurice 
Ewing Bank. White disks: DSDP drill sites 330 and 511. 1a, 1b, etc.: Areas referred to in the text. Gray line and 
light gray transparency: seismically-imaged sills and lava flows at or in basement (Lorenzo & Mutter, 1988; 
Richards et al., 2013). Triangles: seismic refraction profile (Schimschal & Jokat, 2018; Schimschal & Jokat, 
2019). (b) New total field magnetic anomaly grid (see methods). Box shows the area of magnetic reversal 
isochrons presented in more detail in Figure 9.4. (c) Interpretations. COTZ: continent–ocean transition zone. 
North trending Valanginian dykes and North Falkland Basin (NFB) faults are related to South Atlantic opening 
(Richards et al., 2013; Stone et al., 2009). M22A, M25: interpreted Kimmeridgian-aged magnetic reversal 
isochrons. Upper Jurassic sediment thicknesses from seismic reflection data (Lorenzo & Mutter, 1988). CSS: pre-
Neogene location of late Jurassic oceanic crust of the central Scotia Sea. Maps a and b were built using Geosoft 
Oasis Montaj (https://www.seequent.com/products-solutions/geosoft-oasis-montaj/). Map c: new artwork created 
for this manuscript. 

https://www.seequent.com/products-solutions/geosoft-oasis-montaj/
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9.6 Results 
9.6.1 Structure of the Falkland Plateau Basin and its margins 

We interpret the tectonic evolution of the Falkland Plateau Basin with reference to five 
distinct areas of contrasting variability in our new magnetic anomaly grid, together with 
published free-air gravity anomalies derived from satellite radar altimeter data (Sandwell et al., 
2014); (Figure 9.3a, b). In Area 1a, southwest of Maurice Ewing Bank in the eastern half of the 
basin, the new magnetic anomaly data reveal a set of five narrow linear northwest-trending 
magnetic anomalies. The anomalies coincide with a regional gravity high (~300 mGal) whose 
breadth and smoothness do not support the presence of significant structural or topographic 
variability in the basement that might explain their presence. The association instead clearly 
reflects the production of oceanic crust at a mid-ocean ridge during a period of geomagnetic 
field polarity reversals. The magnetic reversal anomalies terminate in the west along a 
northeast-trending line that may express a fracture zone formed at a stationary offset feature, 
possibly a transform fault, on the mid-ocean ridge crest during its lifetime. 

Area 1b lies between the magnetic reversal anomalies and a single prominent positive 
magnetic anomaly lineation that coincides with a sinuous linear gravity high over gently 
southwest-dipping basement topography just 30 km seawards of the continental basement 
cored at DSDP Site 330 (Lorenzo & Mutter, 1988; Schimschal & Jokat, 2019; Tarney, 1977). 
Basement seismic velocity profiles indicate that extended continental crust continues in the 
basement between Site 330 and the gravity high (Schimschal & Jokat, 2019). The extended 
continental crust shows no evidence for large-scale extension-related magmatism in the form of 
seaward dipping reflectors in multiple seismic reflection profiles (Del Ben & Mallardi, 2004; 
Lorenzo & Mutter, 1988; Shipboard Scientific Party, 1999), or high-velocity lower crustal 
bodies in seismic refraction data (Schimschal & Jokat, 2019). This combination of 
characteristics is typical of a magma-poor continent–ocean transition zone (Whitmarsh et al., 
2001). The transition zone runs WNW along the southern margin of Maurice Ewing Bank and, 
beyond it, appears to be transected by the Falkland Escarpment, the South American wall of a 
Cretaceous-aged transform fault in the South Atlantic. The excised northern parts behind the 
African wall lie in the Outeniqua Basin (Figure 9.1a), south of South Africa (Baby et al., 2018; 
Parsiegla et al., 2009). 

The smooth gravity anomaly field continues into the western part of the basin interior. 
Here, in Area 2a, northwest-striking magnetic anomalies are considerably broader than those in 
the east (Figure 9.3b). The continuity of anomaly strike suggests that these magnetic anomalies 
express the action and products of a plate boundary with the same orientation as the mid-ocean 
ridge in the east. Area 2b, further south, shows northeast-trending features, also with long 
wavelengths. The broad anomalies of areas 2a and 2b coincide with a large province of flat to 
gently-dipping reflections from the deepest sedimentary fill of the basin, the top surface of the 
seismic basement, and within the uppermost basement, all of which have previously been 
related to the presence of nearly flat-lying sills and lava flows (Lorenzo & Mutter, 1988; 
Richards et al., 2013). These sills and flows comprise the upper igneous layer of the basin’s 
three-layered crust (Schimschal & Jokat, 2018; Schimschal & Jokat, 2019) and thus, most 
likely express its growth by magma transport to and subsequent flow at or near the surface. 
Flows like this are observable at the present day along the active divergent plate boundary in 
the Afar Triangle (Bridges et al., 2012). By analogy to that region, the northwest-striking plate 
boundary in the western half of the Falkland Plateau Basin was likely to have been divergent, 
and to have occupied a subaerial or shallow marine basin. Area 2c marks a small further area 
with a smooth magnetic anomaly field and low-angle basement seismic reflections that is likely 
to have formed in a similar setting further east. The change in dominant anomaly strike 



Manuscript VI – Geology, southwest Gondwana  135 

between areas 2a and 2b may reflect an increase in along-strike segmentation of the boundary 
with time. 

The transition between the shallow-to-subaerial divergent plate boundary in the west and 
the mid-ocean ridge in the east is marked by a ~100 km wide strip of spatially-disorganized 
low-amplitude magnetic anomalies, Area 3, across which the basin’s oldest sedimentary fill 
package thins eastwards (Lorenzo & Mutter, 1988). We interpret these observations in terms of 
an eastwards-plunging segment, or eastwards-downstepping segments, of the divergent plate 
boundary whose igneous activity occurred within and beneath a wedge of marine sediments, 
where intense hydrothermal alteration suppressed the formation of strong magnetic 
susceptibilities in the igneous rocks (Levi & Riddihough, 1986). 

The Falkland Plateau Basin gives way southwards to the Scotia Sea via a chain of 
bathymetric and gravity highs known as the North Scotia Ridge (Figure 9.3). The basin floor 
plunges southwards beneath a thick deformed sediment pile that makes up the ridge (Bry et al., 
2004), in the process forming a deep bathymetric trough. Magnetic anomalies over the trough 
and northern flank of the North Scotia Ridge (Area 4) are broad and subdued, consistent with 
increasing depth to the plunging basement, but otherwise retain a combination of northwest 
and northeast trends like those further north in the basin. These features are all consistent with 
downwards flexure of the basin floor in response to a history of near-orthogonal Miocene plate 
convergence, followed since Pliocene times by slight left-lateral shearing (Bry et al., 2004; 
Eagles & Jokat, 2014; Eagles et al., 2005; Pelayo & Wiens, 1989). The new data reveal no 
additional evidence in the trough for the products of a system of Eocene and younger east-
striking strike-slip faults that would be required to have accommodated South Georgia’s 1600 
km of eastwards translation along the southern edge of the basin (Cunningham et al., 1995). 
Together with the previous conclusions that there is also no evidence for such a system of 
faults further south in the floor of the Scotia Sea (Cunningham et al., 1995; Eagles & Jokat, 
2014), this tightly constrains the products of such a system, if it existed, to be deeply buried 
within the accretionary complex of the North Scotia Ridge. 

9.6.2 Age of the Falkland Plateau Basin 

The magnetic anomaly evidence for southwest-oriented plate divergence in the Falkland 
Plateau Basin terminates off the Falkland Islands at the basin’s southwest-striking continental 
margin (Area 5; Figure 9.3). The strong narrow positive magnetic anomalies and narrow (~80 
km) continental necking zone (de Lépinay et al., 2016; Schimschal & Jokat, 2018) at this 
margin are consistent with it having hosted a steep volcanically-active fault zone along which 
the divergent relative plate motion evident from the basin interior was transformed into right-
lateral lithospheric shearing. Onshore in the Falkland Islands, right-lateral transpression is also 
evident from structural studies (Curtis & Hyam, 1998) and microtextural analyzes of 
southwest-striking dolerite dykes (Hodgkinson, 2002). Anisotropy of the dyke rocks’ magnetic 
susceptibilities further suggests that the shearing occurred whilst they cooled after being 
intruded (Hodgkinson, 2002). Intrusion is dated to 182 Ma (Hole et al., 2016; Stone et al., 
2009), and thus places a Toarcian (Gradstein et al., 2012) upper bound on the timing of 
transform motion at the margin of, and plate divergence in, the Falkland Plateau Basin. 
Correlation of cored sediments from DSDP sites 330 and 511 to unfaulted near-basement 
regional reflectors in the basin interior constrains the latest possible onset of seafloor spreading 
in response to plate divergence to a period during Tithonian–Callovian times (145–166 Ma); 
(Del Ben & Mallardi, 2004; Ludwig, 1983; Shipboard Scientific Party, 1999). Under these 
constraints, a reasonable model likeness to the seafloor spreading anomalies can be achieved 
for the magnetic reversal isochron sequence M25–M22A (156–152 Ma/Kimmeridgian; Figure 
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9.4); (Gradstein et al., 2012). A short sequence of relatively incoherent linear magnetic 
anomalies lying to the northeast of the modeled anomalies in the Falkland Plateau Basin might 
express the presence of pre-156 Ma oceanic crust (Figure 9.4). The model divergence rate is 
fast (up to 60 km/Myr half-rate), but not unknown when compared to seafloor spreading in 
modern settings with comparable short young ridges (B. Taylor et al., 1996), and consistent 
with P-wave velocity evidence for melting in response to rapid mantle upwelling (Schimschal 
& Jokat, 2019). An alternative set of correlations would be possible for slightly slower 
spreading during the period 178–171 Ma (Toarcian; not illustrated) (Xu et al., 2018). We can 
rule out other middle and late Jurassic ages because their high-frequency magnetic reversals 
would require unfeasibly-fast half spreading rates (> 150 km/Myr) well in excess of the 
maximum known half rate (100 km/Myr) from the Miocene Cocos-Pacific plate boundary 
(Wilson, 1996). We favor the Kimmeridgian model for two reasons. First, it is more consistent 
with the ages of cored and seismically-imaged thermal subsidence strata in the basin. Second, 
the isochrons would mark northwestwards continuations of the more extensive set of 
Kimmeridgian to early Cretaceous-aged isochrons (M25-M1n) previously interpreted from the 
Central Scotia Sea, which would have lain immediately to the southeast of the Falkland Plateau 
Basin until the Cenozoic opening of Drake Passage (Figure 9.3c); (Eagles, 2010b). 

 
Figure 9.4: Synthetic magnetic anomaly model (red lines) of shipborne (dark blue) and AIRLAFONIA (light blue) 
profiles crossing linear reversal anomalies in Area 1a of the eastern Falkland Plateau Basin. All profiles projected 
along N45°E. Inset locates and names the profiles with respect to the magnetic anomaly grid of Figure 9.3b; the 
map was built using Geosoft Oasis Montaj. The profile data are detrended by applying a 90 km-long high-pass 
filter. BR: anomaly over basement ridge in the continent–ocean transition zone west of Maurice Ewing Bank 
(Schimschal & Jokat, 2019). 

9.6.3 A newly-recognized plate and its motion 

Outside the Falkland Plateau Basin, Kimmeridgian times also saw the action of two 
further lengths of mid-ocean ridge. These ridges formed today’s Riiser-Larsen Sea and 
Mozambique and Somali basins. Together, they accommodated the divergence of two large 
plates that was splitting Gondwana into eastern (bearing Antarctica, India and Australia) and 
western (bearing South America and Africa) parts at half spreading rates of 20–25 km/Myr 
(Müller & Jokat, 2019; Tuck-Martin et al., 2018). For the Falkland Plateau Basin to have 
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opened along the same plate boundary, half rates implied by its magnetic reversal isochrons 
would therefore need to have been half as fast as modeled in Figure 9.4 (Eagles & Vaughan, 
2009; Tuck-Martin et al., 2018). The divergence rate discrepancy thus reveals the action of a 
third plate. The right-lateral sense of shear (Curtis & Hyam, 1998; Hodgkinson, 2002) at and in 
the basin’s continental margin with the Falklands requires this plate to have lain on the 
southern flank of the divergent plate boundary, in what would have been the growing Weddell 
Sea. Starting in Kimmeridgian times, the plate boundary between the Falkland Plateau Basin 
and Weddell Sea was thus a divergent boundary between the West Gondwana plate in the north 
and a hitherto-unrecognized southern plate. We refer to this plate as ‘Skytrain’, after the 
Skytrain Ice Rise in its interior at the southern edge of the Weddell Sea Embayment (Figure 
9.5). 

The AIRLAFONIA data show how, in the process of diverging from the Skytrain plate, 
West Gondwana acquired a length of extended continental margin in the north of the Falkland 
Plateau Basin. A prominent (100°) left-handed bend at the western end of this margin segment 
marks its transition to a sheared continental margin segment off East Falkland (Figure 9.3c). 
The Skytrain-side conjugates to these margin segments are not immediately obvious further 
south. A conjugate to the Kimmeridgian-aged oceanic crust of the Falkland Plateau basin, in 
contrast, is easier to identify in the form of a package of northwest-trending magnetic anomaly 
lineations in the southwesternmost Weddell Sea (Figure 9.5). These anomalies are raised over 
sources situated in deep (~10 km below sea level) basement rocks and sampled on widely-
spaced and variably-oriented aeromagnetic profiles (Golynsky et al., 2018; LaBrecque & 
Ghidella, 1997). Despite their low resolution, they are unanimously interpreted as signatures of 
magnetic reversals during the growth of oceanic crust and, based on the age of exposed post-
rift strata in the neighboring Latady Basin, most likely date from Kimmeridgian times (Kovacs 
et al., 2002; LaBrecque & Ghidella, 1997; Willan & Hunter, 2005). With their low resolution 
as a caveat, they can be modeled as a set of Kimmeridgian isochrons similar to that in the 
Falkland Plateau Basin (Figure 9.5). Just to the north, in the western Weddell Sea, a set of 
NNE-trending anomalies is more controversial, interpreted either as the signals of magnetic 
susceptibility contrasts at fracture zones (LaBrecque & Ghidella, 1997), or as the record of a 
short-lived episode of east-directed early Cretaceous (~138–135 Ma) plate divergence (Kovacs 
et al., 2002). 

AIRLAFONIA thus delivers important new constraints for plate kinematic 
reconstructions in southwestern Gondwana: a distinctive pair of extended and sheared 
continental margin segments in the northern Falkland Plateau Basin, the location of conjugates 
to the set of magnetic isochrons previously known from the south-west Weddell Sea, and their 
Kimmeridgian date. Figure 9.6a shows a reconstruction of the new Falkland Plateau constraints 
into the Weddell Sea made using a recent set of rotation parameters that predate recognition of 
the Skytrain plate (Eagles, 2016). The sets of conjugate Kimmeridgian anomalies misalign by 
more than 45°. Figure 9.6b realigns the anomalies, coarsely correcting for much of the effect of 
the Skytrain plate’s motion and allowing for a clearer understanding of the conjugates to the 
continental margins of the Falkland Plateau Basin. The correction aligns the Falkland Plateau 
Basin’s sheared continental margin segment with the Charcot Anomaly, a prominent magnetic 
lineament that runs for 700 km parallel to the continental shelf west of Alexander Island 
(Figure 9.5). This shelf was most recently tectonically active as a subduction-affected 
continental margin in Paleogene and later times. The Charcot Anomaly is regarded as 
enigmatic in this context because of the lack of extensive Paleogene and younger volcanic and 
plutonic rocks (Eagles & Scott, 2014). Instead, on Charcot Island, which the anomaly crosses, 
deformed sedimentary rocks mark a continuation of the Permo-Carboniferous LeMay Group of 
Alexander Island (Bell, 1976; Kelly et al., 2001); (Figure 9.5). On Alexander Island itself, 
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these rocks are unconformably overlain by thick upper Jurassic sediments of the Fossil Bluff 
Group (Golynsky et al., 2018); (Figure 9.5), which were locally intruded by basaltic and 
rhyolitic lavas around the time of deposition (Macdonald et al., 1999). These relationships are 
the same as would be expected of a conjugate sheared continental margin to that off East 
Falkland, at which the Permo-Carboniferous Lafonia Group can be traced offshore beneath the 
late Jurassic sedimentary fill of the Falkland Plateau Basin with its sills and lava flows (Aldiss 
& Edwards, 1999; Richards et al., 2013; Stone et al., 2008). The source of the Charcot 
Anomaly and its conjugate offshore East Falkland may therefore be doleritic rocks intruded 
into and erupted at a magmatically-active late Jurassic transform plate boundary. 

 
Figure 9.5: Antarctic constraints on motion of the Skytrain plate. Left: ADMAP2 gridded total field magnetic 
anomalies (Golynsky et al., 2018) and some interpretations of them. Thick dashed red line surrounds the area 
interpreted to have been contained within the Skytrain Plate or affected by relative motions at any of its margins: 
AI: Alexander Island; CI: Charcot Island; FDA: Forrestal and Dufek anomalies; MS: Mount Sullivan; PGA: 
Pagano Granite Anomaly; SI: Skytrain Ice Rise; WSE: Weddell Sea Embayment. Semi-transparent fill: area of 
subdued magnetic anomaly field west of the Ellsworth Mountains. Map: Generic Mapping Tools (Wessel et al., 
2019). Upper-right inset: Profiles (a–g) over the older, more southerly, set of northwest-trending anomalies are 
modelable at low resolution using the same rates and timing of seafloor spreading as used in Figure 9.4. Lower 
right inset: distribution of sedimentary rocks in the Palmer Land, Alexander Island and Ellsworth Mountains 
region (Data via https://data.gns.cri.nz/ata_geoma p/index.html?). Map: QGIS v 3.14 
(https://qgis.org/en/site/forusers/download.html). 

 

https://data.gns.cri.nz/ata_geoma%20p/index.html
https://qgis.org/en/site/forusers/download.html
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Figure 9.6: Coarse corrections to a previous regional reconstruction for newly-recognized effects of Skytrain plate 
motion. (a) The extended continental margin segment of Maurice Ewing Bank (MEB) and neighboring East 
Falkland sheared margin segment (EFSM), and Kimmeridgian magnetic reversal isochrons of the Falkland Plateau 
(all in green, M25 labelled) are rotated using a full-fit rotation based on a previous (Eagles, 2016) study of 
seafloor spreading data from the Weddell Sea. (b) Effects of correcting for the 45° misfit between the Falkland 
Plateau Basin isochrons and their conjugates in the southwestern Weddell Sea (purple lines). Alexander Island and 
the Charcot Anomaly are shown in their locations prior to Neogene opening of George VI Sound. AI: Alexander 
Island; EPLSZ: Eastern Palmer Land Shear Zone; MS: Mount Sullivan. Rotations completed using authors’ own 
software. Maps: Generic Mapping Tools (Wessel et al., 2019). 

In Figure 9.6b, rotation of the extended continental margin of the northern Falkland 
Plateau Basin aligns it parallel to the continental shelf edge in the southwestern Weddell Sea, 
and its westwards projection along the northern stretch of the Eastern Palmer Land Shear Zone. 
Here, the shear zone runs parallel to the sharp neck in the Antarctic Peninsula that marks the 
boundary of its broad southern segment, Palmer Land, with the narrower northern Graham 
Land segment. Exposed at Mount Sullivan (Figure 9.5 & Figure 9.6), this part of the Eastern 
Palmer Land Shear Zone is a major early- (Storey et al., 1996) or mid-Cretaceous (Vaughan et 
al., 2002b) convergent shear zone whose action produced a set of mylonitic deformation zones 
in an early Jurassic extension-related granitoid pluton (Vaughan et al., 2002b; Vaughan et al., 
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2002a). These relationships support an interpretation of the northern section of the shear zone 
as marking a tectonically-inverted segment of pre-Kimmeridgian extended continental margin 
on the Skytrain plate. 

Based on the interpretation of Figure 9.6b, the Skytrain plate’s motion with respect to 
West Gondwana seems to have shaped the growth of the Falkland Plateau Basin, central Scotia 
Sea, southern Weddell Sea, and an area of extended continental margin that once lay north of 
the Eastern Palmer Land Shear Zone but has been tectonically shortened. Figure 9.7 describes 
our use of the new constraints from these areas within a model for motion of the Skytrain plate 
relative to the West Gondwana plate. The model is built by searching for a set of rotation poles 
that provide simultaneous visually-acceptable fits of (i) the conjugate extended continental 
margin segments (Figure 9.3 & Figure 9.5) to one another, (ii) the conjugate sheared 
continental margin segments (Figure 9.3 & Figure 9.5) to one another, (iii) the conjugate 
Kimmeridgian magnetic isochrons (Figure 9.3 & Figure 9.5) to one another, (iv) the 
orientations of the sheared margin segments to synthetic flowline segments drawn along small 
circles about the rotation poles, (v) the orientations and lengths of fracture zone traces, 
interpreted from gravity and magnetic anomalies, in the floors of the Falkland Plateau Basin 
(Figure 9.3) and southern Weddell Sea (LaBrecque & Ghidella, 1997; Sandwell et al., 2014); 
(Figure 9.5) to synthetic flowline segments, and (vi) the spacing of magnetic reversal isochrons 
M19 and M523 in the central Scotia Sea, with their locations adjusted for the opening of Drake 
Passage (Eagles & Jokat, 2014). The greater (by > 4 km) depth to source and very sparse 
coverage of reliable magnetic track lines in the southern Weddell Sea (Golynsky et al., 2018; 
LaBrecque & Ghidella, 1997) left us unable to identify a detailed set of conjugate magnetic 
reversal isochrons to those of the central Scotia Sea for the modeling. Table 9.1 lists the model 
rotations together with a set of Skytrain–East Gondwana rotations calculated for mutually-
constrained chrons by addition in the regional plate circuit (Eagles & König, 2008; Eagles & 
Vaughan, 2009; Pérez-Díaz & Eagles, 2014; Royer et al., 2006; Tuck-Martin et al., 2018). 

Chron Age [Ma] Latitude Longitude Angle Target plate Method 
C34o 126 72.6ºS 90.1ºW 47.9º WGON 

(SAM) 
Circuit closed with Skytrain plate (Eagles & 
König, 2008) 

M5 131 69.0ºS 94.7ºW 44.3º WGON 
(SAM) 

See Figure 9.7 

M19 146 51.6ºS 112.6ºW 27.6º WGON See Figure 9.7 
M22A 152 37.6ºS 118.7ºW 22.6º WGON See Figure 9.7 
M25 156 19.4ºS 121.3ºW 20.7º WGON See Figure 9.7 
FIT ~180 4.6ºS 121.4ºW 20.6º WGON See Figure 9.7 
C34o 126 73.0ºN 149.0ºE 0.0º EGON Circuit closed with Skytrain plate (Eagles & 

König, 2008; Pérez-Díaz & Eagles, 2014; 
Royer et al., 2006) 

M5 131 73.0ºN 149.0ºE 7.9º EGON Circuit completion with Skytrain (Eagles & 
König, 2008; Pérez-Díaz & Eagles, 2014; 
Royer et al., 2006) 

M19 146 78.7ºN 117.8ºE 31.5º EGON Circuit completion with Skytrain (Pérez-
Díaz & Eagles, 2014; Royer et al., 2006; 
Tuck-Martin et al., 2018) 

M25 156 79.8ºN 137.3ºE 45.8º EGON Circuit completion with Skytrain (Pérez-
Díaz & Eagles, 2014; Royer et al., 2006; 
Tuck-Martin et al., 2018) 

FIT ~180 78.3ºN 122.7ºE 53.2º EGON Circuit completion with Skytrain (Pérez-
Díaz & Eagles, 2014; Royer et al., 2006; 
Tuck-Martin et al., 2018) 

Table 9.1: Euler finite rotation parameters for reconstruction of the Skytrain plate with respect to the west 
Gondwana (WGON) and East Gondwana (EGON) plates. 
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Figure 9.7: (a) Joint flowline-isochron visual-fit modeling for Skytrain-West Gondwana plate motion. (i)–(vi) 
refer to six sources of constraint used for visual fit modeling, as described in the text. West Gondwana-side 
constraints from the Falkland Plateau Basin and pre-Drake Passage-located central Scotia Sea are shown in dark 
green (EFSM: East Falkland sheared margin segment; MEB: Maurice Ewing Bank). Light green features in the 
Weddell Sea and Palmer Land are Falkland Plateau constraints after rotation by the labelled parameters (cf. Table 
9.1) into coincidence with their Skytrain-side targets. Skytrain-side constraints from the Weddell Sea and Palmer 
Land (see also Figure 9.5 & Figure 9.6) are shown in purple. S: Mount Sullivan, in the Eastern Palmer Land Shear 
Zone. Orange lines are model flowline segments that track the motion of fixed points on the Skytrain-West 
Gondwana divergent plate boundary in the period until C34o (126 Ma). CSS conj.: approximate area of the 
southern Weddell Sea expected to host the conjugate seafloor to the central Scotia Sea. (b) Model motion of points 
on the Skytrain-East Gondwana plate boundary with respect to the interior of the Skytrain plate during mid-
Jurassic and early Cretaceous times. Brown areas: outcrop. Blue dashed lines: margins of interpreted rifts in the 
Weddell Sea Embayment (Jokat & Herter, 2016; Jordan et al., 2017), FR Filchner Rift. Heavy blue fill: magnetic 
anomalies associated with Dufek Massif and Pagano Nunatak intrusions. Light blue fill: area of subdued magnetic 
response (cf. Figure 9.5). All rotations completed using authors’ own software. Maps: Generic Mapping Tools 
(Wessel et al., 2019). 

The end of the Skytrain plate’s independent motion would have seen the mid-ocean ridge 
in the Weddell Sea begin to accommodate divergence of the South American/West Gondwana 
plate from the East Antarctic/East Gondwana plate. Explicit closure of the regional plate circuit 
shows that this was certainly the case by 84 Ma (Nankivell, 1997). A lower-resolution test has 
shown the circuit may already have been closed at 126 Ma, chron C34o (Eagles, 2016). This 
earlier date is also consistent with the absence of evidence for a mid-to-late Cretaceous aged 
East Gondwana-Skytrain plate boundary transecting the oceanic lithosphere of the Weddell 
Sea. Based on this, we force our regional plate model circuit to close without any Skytrain 
plate motion beginning at 126 Ma (Table 9.1), and so restrict our interpretation of the plate’s 
role in regional tectonics to early Cretaceous and Jurassic times. 

The model for Skytrain-West Gondwana motion features relatively smooth northeast-
southwest oriented plate divergence (Figure 9.7a). Its largest uncertainty is in the stage 
between chrons M22A and M19, over which its constraints change from two-sided fitting of 
conjugate isochrons in the Weddell Sea and Falkland Plateau Basin to a one-sided seafloor 
spreading record in the central Scotia Sea whose original location and orientation within the 
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West Gondwana plate we can only coarsely estimate based on a model for the opening of 
Drake Passage (Eagles & Jokat, 2014). This uncertainty propagates into the Skytrain-East 
Gondwana model, to which the M19 rotation imparts prominent bends and reversals that may 
consequently be artefactual. The distinct bend at chron M25, in contrast, is a robust feature 
because it sums into the model from clearly-defined bends in fracture zone orientations in the 
Southwest Indian Ocean (Tuck-Martin et al., 2018). Prior to M25, motion of the East 
Gondwana plate with respect to the Skytrain plate is directed close to south in the east of the 
Weddell Sea Embayment, but towards the west in the region of the Ellsworth Mountains 
(Figure 9.7b). After M25, despite the uncertainty stemming from the estimated location and 
orientation of the central Scotia Sea prior to Drake Passage opening, it is clear that Skytrain-
East Gondwana motion was defined by stage poles that were located near Coats Land. The 
field of relative motion accommodated within the East Gondwana and Skytrain plates’ shared 
boundaries is strongly curved because of its proximity to those poles. It requires a spatially 
complex pattern of accommodation. Broadly, this complexity is characterized by north–south 
oriented convergence in the area south and west of Coats Land and, further north, northeast-
southwest oriented conservative and, later, southeast-northwest divergent motions. 

The southern parts of the Skytrain plate’s boundaries with the West and East Gondwana 
plates would initially have been located in continental crust that was unusually thick and warm 
as a consequence of many millions of years of plate convergence at the paleo-Pacific margin of 
Gondwana. Strain would have accumulated slowly, as plate motion estimated from the 
rotations averages around 7 mm/yr. These conditions are likely to have manifested themselves 
in the development of broad and unstable plate boundary zones. This is consistent with the 
interpreted presence of a complex of buried rifts beneath the Weddell Sea Embayment (Figure 
9.7b); (Jordan et al., 2017). Further north and east, relative plate motion was faster and the 
lithosphere older and cooler. Here, the Skytrain plate’s boundaries were localized and 
generated the oceanic floor of what is now the southern Weddell Sea. 

9.6.4 Regional tectonic history with the Skytrain plate 

Figure 9.8a shows a regional reconstruction to the early Jurassic time (~180 Ma) when 
the Skytrain plate started to move independently. It is built using the “FIT” rotation parameters 
of Table 9.1. The reconstruction presents the Charcot and East Falkland sheared margin 
segments, and the extended margin segments of southern Maurice Ewing Bank and 
southwestern Weddell Sea as near-fitting conjugates. South Georgia is shown as a conjugate to 
part of the Weddell Sea margin a little further east, requiring it after 180 Ma to have spent a 
short period on the Skytrain plate, in order to open the present-day north–south gap between it 
and Maurice Ewing Bank. The early Jurassic location of Graham Land is not directly 
constrained by the Skytrain plate concept. We have shown Graham Land in a location at the 
active margin of Gondwana and suggest that it may at this time have formed part of the 
Skytrain plate. 

Intrusion of dykes (Hodgkinson, 2002; Stone et al., 2009; Stone et al., 2008) into the 
right-lateral transform zone on the Falkland Islands, eruption of back-arc basalts (Riley et al., 
2020) into the northern Latady Basin, and intrusion of the Mount Sullivan and related 
granitoids (Riley et al., 2017), date the onset of the Skytrain plate’s motion with respect to 
West Gondwana to around 182–177 Ma (Toarcian). Synchronous activity on the Skytrain-East 
Gondwana plate boundary may have accompanied the intrusion of gabbros at the Dufek Massif 
and Forrestal Range (Burgess et al., 2015), and S-type granites at the Martin, Nash and Pirrit 
Hills, and Pagano Nunatak (Leat et al., 2018). Previous studies, using remote sensing data, 
have conflictingly interpreted mid-to-late Jurassic right lateral shearing at the Support Force 
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Lineament neighboring the Dufek intrusion (Ferris et al., 1998), but left-lateral shearing in a 
broad region north of Pagano Nunatak (Jordan et al., 2013). We note that the elongated 
magnetic anomalies associated with the Dufek gabbro and Pagano granite are both rotated 5–
20° clockwise away from the direction of mid-Jurassic model shearing (Figure 9.7b), 
consistent with their intrusion into gentle releasing bends in a right-lateral shear zone. The 
Skytrain-East Gondwana and Skytrain-West Gondwana boundaries would have met with the 
East Gondwana-West Gondwana plate boundary at a triple junction somewhere in what is now 
the northeastern Weddell Sea Embayment off Coats Land. 

Figure 9.8b shows a late Jurassic reconstruction for the time around 156 Ma (chron 
M25). By this time, seafloor spreading was well established on the Skytrain-West Gondwana 
plate boundary in the southern Weddell Sea and Falkland Plateau Basin. This time is also 
around that of the onset of oceanic crustal accretion in the Rocas Verdes Basin, which is today 
known only from ophiolitic remnants in Tierra del Fuego and the southern Patagonian Andes 
(Dalziel et al., 1974; Eagles, 2016). The basin may have opened along a western reach of the 
Skytrain-West Gondwana plate boundary that was abandoned again by around 141 Ma (Stern 
et al., 1992). A large underlap further south in the reconstruction illustrates the Skytrain-East 
Gondwana rotations’ requirement for post-156 Ma plate convergence in the region south and 
west of the stage pole in Coats Land. Near the Ellsworth Mountains, the timing and orientation 
of this convergence (Figure 9.7b) is consistent with structural evidence for a post-Permian 
phase of oblique right-lateral collision that has previously been attributed to the Permian–
Triassic Gondwanide Orogeny (Curtis, 2001; Dalziel & Elliot, 1982; Schopf, 1969); (Figure 
9.1). An alternative, or additional, attribution to much later convergence of the Skytrain and 
East Gondwana plates would also explain why low temperature geochronological data from the 
mountains reveal an episode of uplift and denudation that was underway at 141 Ma and 
continued well into the early Cretaceous, long after the end of extensional rifting at the margin 
of the Weddell Sea to which it was previously attributed (Eagles, 2016; König & Jokat, 2006). 
In such a revised interpretation, the uplift would accompany crustal thickening and the 
development of a late Jurassic to early Cretaceous transpressional to obliquely-convergent fold 
and thrust belt. An enigmatic 250–350 km-wide zone of subdued magnetic anomalies over the 
region of thick ice west of the Ellsworth Mountains (Golynsky et al., 2018); (Figure 9.5 & 
Figure 9.7b) may express the thick non-volcanic upper crust comprised of this fold and thrust 
belt. 

Figure 9.8c shows a reconstruction to early Cretaceous times around 126 Ma (chron 
C34o). We consider this to be the latest possible time for independent motion of the Skytrain 
plate. The plate boundaries it depicts around the Skytrain plate are in the process of being 
abandoned as sites of tectonic activity. With this, the fragment of oceanic crust in what is now 
the central Scotia Sea, which had previously accreted at the Skytrain-West Gondwana plate 
boundary, is in the process of being incorporated into those parts of the West Gondwana plate 
that were by now moving independently as the South American plate (Eagles, 2010b). The 
underlap west of the Ellsworth Mountains is fully closed; collision there had ended. We note 
that the period and sense of closure in the western parts of the underlap both broadly match 
some interpretations of transpressional activity on the Eastern Palmer Land Shear Zone (Storey 
et al., 1996). Based on this, we suggest tentatively in Figure 9.7b that, at least in the southern 
part of the shear zone, transpression might have occurred within the Skytrain-East Gondwana 
plate boundary zone at a time when ongoing convergence had caused it to become very broad. 
This interpretation resolves recently-identified difficulties in reconciling paleomagnetic data 
from the Antarctic Peninsula with the notion of the Palmer Land Event as a product of later 
(mid-Cretaceous; 107–103 Ma) accretion of far-travelled terranes (Burton-Johnson & Riley, 
2015). This does not rule out the possibility that the mid-Cretaceous dates might record a 
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second, post-Skytrain, phase of activity on the Eastern Palmer Land Shear Zone during the 
amalgamation of Graham Land, which paleomagnetic data (Longshaw & Griffiths, 1983) 
suggest is unlikely to have rotated as part of the Skytrain plate, with Palmer Land. In the 
southern Weddell Sea, the extensional eastern end of the East Gondwana-Skytrain plate 
boundary (Figure 9.7b) has recently been abandoned to form the fossil Weddell Rift parallel to 
the Coats Land coast (Jokat & Herter, 2016). 

 

9.7 Discussion 
9.7.1 One plate and multiple orogens; not one orogen and multiple plates 

The Skytrain plate’s late Jurassic to early Cretaceous collisional rotation, about a nearby 
Euler pole with respect to East Gondwana, gives rise to ~55° of anticlockwise rotation of 
features borne within the body of the plate. A coarse uncertainty estimate of ±5° on this value 
can be made based on the range of acceptable visual alignments of the East Falkland and 
Charcot Island conjugate magnetic anomalies. In comparison, the Ellsworth Mountains’ 
Cambrian geomagnetic pole is rotated anticlockwise by 85 ± 16° (α95) away from its 
Gondwanan counterpart (Randall & Mac Niocaill, 2004). Within these combined uncertainties, 
up to ninety percent of the Ellsworth Mountains’ paleomagnetic rotation can be explained by 
Jurassic-early Cretaceous motion of the Skytrain plate. If the Skytrain plate concept is to be 
accepted in this sense, however, then it becomes necessary to revisit the virtual geomagnetic 
poles determined in two Jurassic granites from Pagano Nunatak and Nash Hills (Grunow et al., 
1987), both of which lie only 15° away from their East Antarctic counterpart. This is also 
procedurally necessary in view of the fact that those poles were determined in the absence of 
paleo-horizontal control from the granites. 

In contrast, the 120° of apparent polar wander determined on ~182 Ma dykes in the 
Falkland Islands is not consistent with a rigid plate rotation. It can instead be more plausibly 
understood as a signal of sub-plate-scale rock rotations occurring on a transform segment of the 
Skytrain–West Gondwana boundary within cooling dyke rocks undergoing active right-lateral 
shear deformation (Hodgkinson, 2002) and/or, at slightly larger scale, between pairs of right-
lateral strike-slip faults in the same boundary zone (Freund, 1974; Wells & Heller, 1988). 
These interpretations confine the Falkland Islands to the western margin of the Falkland 
Plateau Basin during and prior to its opening, requiring their nearest regional correlative rocks 
to be located in Patagonia. Patagonia has long and repeatedly been suggested as an alternative 
to southern African for regionally correlating the geology of the Falkland Islands (Du Toit, 
1937; Ramos et al., 2017). 

The recognition of local late Jurassic and early Cretaceous-aged transpressional orogens 
at the margins of the Syktrain plate strongly questions whether it is necessary to regard the 
Falkland Islands and Ellsworth Mountains as displaced stretches of the Permian–Triassic 
Gondwanide orogenic belt, which lay considerably further inboard in Gondwana (Figure 9.8a). 
The regional correlations on which reconstructions of the Gondwanide Orogen are predicated 
can be viewed not as a consequence of the orogen’s assumed original continuity or linearity, 
but instead less prescriptively and more robustly as a consequence of the prior existence of a 
set of large and stratigraphically very similar intracratonic basins within Gondwana (Linol et 
al., 2016). Any pair of Mesozoic or younger fold belts affecting the interiors of one or more of 
these basins would be expected to expose correlatable Paleozoic stratigraphies, without the 
correlations defining the fold belts’ original relative locations at a level of precision much 
better than the basins’ diameters. 
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Figure 9.8: Regional tectonic reconstructions featuring the Skytrain plate at (a) its onset around 180 Ma (FIT), (b) 
156 Ma (M25), and (c) its incorporation into the East Antarctic plate around 126 Ma (C34o). B: back-arc basalts 
of northern Latady Basin; C: Charcot Anomaly; CL: Coats Land; CSS: central Scotia Sea; D: Dufek Massif; E: 
southern part of Eastern Palmer Land Shear Zone; EM: Ellsworth Mountains; ES: East Falkland sheared margin 
magnetic anomaly; GL: Graham Land; M: Maurice Ewing Bank; P: Pagano granite; RVB: Rocas Verdes Basin; 
SG: South Georgia; WF: southern Weddell Sea and Falkland Plateau basins; WR: Weddell Rift. Toothed lines: 
subduction zones; double lines: mid-ocean ridges and continental extensional basins; single lines with arrows: 
collision zones, unadorned single lines: transform plate boundaries. Rotations completed using authors’ own 
software. Maps: Generic Mapping Tools (Wessel et al., 2019). All plate outlines used are included as ASCII files 
in Supplement 1. 



 146 

9.7.2 South Georgia and the conjugate to the Weddell Sea 

Quantitative plate kinematic reconstructions of the Scotia Sea can only explain around 
half of South Georgia’s proposed translation to its present location from a Jurassic back-arc 
basin in Tierra del Fuego (Cunningham et al., 1995; Eagles, 2010b; Eagles et al., 2005). This 
difficulty prompted a reinterpretation of South Georgia’s main stratigraphic elements, which 
are widespread in southwest Gondwana, as features of a Jurassic–early Cretaceous extended 
continental margin developed over a region of mantle left anomalously fertile by metasomatic 
alteration during earlier prolonged low-angle subduction (Eagles, 2010b). Subsequently, 
however, U–Pb age distributions in detrital zircon populations for South Georgia and Tierra del 
Fuego were shown to display comparable middle Jurassic and late Albian peaks, which were 
taken to reassert the Mesozoic back-arc interpretation (A. Carter et al., 2014). 

Figure 9.9 shows a reconstruction of gridded magnetic anomalies to a time when the 
Mesozoic back-arc interpretation requires South Georgia not yet to have parted from Tierra del 
Fuego (A. Carter et al., 2014) and the oceanic basins of the west Scotia Sea and east East 
Scotia Sea were yet to form. The reconstruction shows that the Jurassic igneous crust and 
continent–ocean transition of the Falkland Plateau Basin were contiguous with those of the 
central Scotia Sea and South Georgia (Eagles, 2010b). The reconstructions in Figure 9.8 
present this as a consequence of their formation along the Skytrain-West Gondwana plate 
boundary in late Jurassic and early Cretaceous times. The reconstructed Falkland Plateau and 
central Scotia basins constitute a 600 km-wide barrier of thick oceanic lithosphere across South 
Georgia’s supposed path away from Tierra del Fuego in the Mesozoic back-arc interpretation 
of their origin. To sustain that interpretation, the South Georgia block must be envisaged to 
have ploughed through the barrier, requiring an implausible pair of closely-spaced subduction–
transform edge propagation faults both north and south of a short (200 km-long) subduction 
zone at its leading eastern edge. Adding to this implausibility, as shown above, these two 
propagation faults and all their products must be hidden beneath the accretionary complex of 
the North Scotia Ridge. 

To avoid this implausibility, the distribution of U–Pb dates on detrital zircon grains from 
South Georgia (A. Carter et al., 2014) would need to be interpretable in terms of the extended 
continental margin scenario. For this, we note (Figure 9.9b) that both the mid-Jurassic and late 
Albian peaks are relatable to in situ volcanic and plutonic rocks in South Georgia that can be 
understood in terms of breakup-related volcanism at the extended margin and to post-breakup 
explosive volcanic activity that was also responsible for the Annenkov Island formation 
(Tanner & Rex, 1979); there is no obligation for a location close to the sources of the zircons 
that delivered similar-aged peaks in Tierra del Fuego (Barbeau et al., 2009). More 
prescriptively, the prominent Permian peak in the samples from South Georgia, which lacks 
any Permian outcrop of its own, fails to correlate closely with its 20 Myr-older counterpart in 
Tierra del Fuego. Instead, its age structure is almost identical to that of the population of U–Pb 
zircon ages from widespread ash layers of the Ecca group in the Karoo basin in South Africa 
(Fildani et al., 2009), which lies in the immediate hinterland of South Georgia in the extended 
margin interpretation (e.g. Figure 9.8c). 
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Figure 9.9: (a) Detailed reconstruction (Eagles & Jokat, 2014) for a time prior to opening of the oceanic basins in 
the west and east Scotia Sea, made using magnetic anomaly grids from AIRLAFONIA (Figure 9.3b) and from the 
Scotia Sea (Eagles et al., 2005). For the regional context, see Figure 9.8c. Coastlines of South Georgia (SG), the 
Falkland Islands (FI), and present-day South America are included for orientation. The Kimmeridgian magnetic 
reversal isochrons in the Falkland Plateau Basin (A) are contiguous with a set of late Jurassic to early Cretaceous 
isochrons in the central Scotia Sea (B), forming a lithospheric barrier to eastwards translation of South Georgia 
from an alternative proposed location at this time (C), in a Mesozoic-aged back-arc basin off Tierra del Fuego 
(TdF). (b) U–Pb zircon age distributions from South Georgia (A. Carter et al., 2014), Tierra del Fuego (Barbeau et 
al., 2009), and the Ecca Formation (Fildani et al., 2009) in South Africa, which would have lain immediately north 
of the Falkland Escarpment prior to 140 Ma. Grid rotations and map: Generic Mapping Tools (Wessel et al., 
2019). 

 

9.8 Summary 

A new magnetic anomaly data set from the Falkland Plateau Basin proves long-distance 
geological correlations to South Georgia, the Falkland Islands and Ellsworth Mountains to 
have been of little value in leading the construction of plate kinematic models of continental 
breakup in southwest Gondwana and the growth of the Scotia Sea. Instead of previous 
correlation-based schemes involving large rotations and long-distance translations of small 
continental blocks, the new data reveal the action of a previously-unrecognized plate, the 
Skytrain plate, starting at the active margin of southwest Gondwana in Jurassic times. The 
Skytrain plate and its motions provide a transformative and unifying context for a wide range 
of previously-disparate geological and geophysical observations in the Falkland Islands, Scotia 
and Weddell seas, Weddell Sea Embayment and Ellsworth Land regions. 
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10 Conclusion 

In the following, an overview is given on how the preceding manuscripts have helped in 
answering research questions from chapter 2.1.  

In this thesis, bathymetric modeling via gravity inversion is successfully implemented for 
several ice shelves of DML in East Antarctica. These specifically include the Ekström, Atka, 
Jelbart, Fimbul, and Vigrid ice shelves (Eisermann et al., 2020) in chapter 4, the Borchgrevink 
and Roi Baudouin ice shelves (Eisermann et al., 2021) in chapter 5, and the Nivl Ice Shelf 
(Eisermann et al., in prep.) in chapter 6. In a region of low seismic reflection data availability, 
these newly generated bathymetric models pose a significant addition to the state of knowledge 
regarding subglacial bathymetry. They provide an improved base for future oceanic models 
that aim towards an assessment of water mass and heat exchange into the cavities and 
subsequent basal melt rates. Errors of the bathymetric models presented here are estimated 
conservatively to range from ±165 m to ±225 m, and are dominated by gravimeter accuracy 
and geological uncertainty. The addition of more direct depth references may help to reduce 
these estimates by weakening the effects of geological uncertainty on the modeling procedure. 
The largest effects will be seen for ice shelves where no direct constraints are currently 
available (Eisermann et al., 2021). Despite their large error envelopes, the bathymetric models 
represent crucial first-order observations in DML. Examining the modeled bathymetric patterns 
gives insight into past, present and future ice shelf stability, as well as the regions’ glacial 
history.  

Several recurring bathymetric patterns are observed beneath the ice shelves of DML. As 
shown by Eisermann et al. (2020), Eisermann et al. (2021), and Eisermann et al. (in prep.), 
deep troughs cross the shelves between the grounding lines and seaward bathymetric sills 
perched on the continental shelf break. These sills are shallow enough to exert significant 
control on whether and when an ice shelf base might become exposed to warm waters from the 
open ocean (e.g., Warm Deep Water, Hattermann et al. (2014)). The sills are perforated by 
narrow, slightly deeper, gateways at which first signs of future warm water incursions might be 
expected to be measurable. Currently, many of the ice shelves in DML are protected from 
Warm Deep Water intrusion by their sills (Eisermann et al., in prep.; Eisermann et al., 2020), 
while others are prone to its ingress (Eisermann et al., 2021). An accurate assessment of ice 
shelf stability in this region is of utmost importance: ranging from the Riiser-Larsen Ice Shelf 
in the west to the Roi Baudouin Ice Shelf in the east, the ice shelves of DML buttress ice sheets 
with an ice mass of more than 1,200,000 Gt above sea level, corresponding to a potential rise 
in global sea level by about 3.33 m (Eisermann et al., in prep.).  

The bathymetric models beneath two of the ice shelves have raised particular interest 
regarding past, present and future ice shelf stability. Both the Jelbart Ice Shelf and the central 
Borchgrevink ice shelves show areas of shallow bathymetry beneath their center (Eisermann et 
al., 2021; Eisermann et al., 2020). These shallow areas might have formerly acted as pinning 
points that further buttressed the related ice sheets in the past, limiting ice drainage to rates 
slower than observed today. The genesis of this bathymetric pattern and other recurring 
patterns described above can be explained by glaciodynamic and geomorphological processes. 

Both Grobe and Mackensen (1992) and Hillenbrand et al. (2014) have postulated that the 
grounding lines in coastal DML are likely to have migrated out to the continental shelf during 
the Last Glacial Maximum. The manuscripts in this thesis have attributed recurring patterns in 
bathymetric models to glacial erosion and deposition patterns consistent with such a history. 
The near-ubiquity of prominent bathymetric sills at the continental shelf edges in DML speaks 
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for their formation as terminal moraines at the time of most recent maximum grounding line 
advance (Eisermann et al., in prep.; Eisermann et al., 2021; Eisermann et al., 2020). The former 
pinning points beneath the Jelbart and central Borchgrevink ice shelves are skirted on both 
sides by active ice streams, suggesting they also likely formed as depositional bodies 
(Eisermann et al., in prep.; Eisermann et al., 2021; Eisermann et al., 2020). Between the current 
grounding lines and seaward bathymetric sills, all of the ice shelf cavities feature deep basal 
troughs whose courses mimic present-day main ice flows across the ice shelves, suggesting 
that the troughs likely originated by glacial erosion beneath the grounded ice during the Last 
Glacial Maximum (Eisermann et al., in prep.). The modeled troughs beneath the ice shelves are 
often interrupted by bathymetric highs that trend parallel to the continental shelf and 
orthogonal to the current ice flow. These are interpreted as products of retreat and advance 
phases of the grounding line over recent glacial cycle/s (Eisermann et al., in prep.; Eisermann 
et al., 2021; Eisermann et al., 2020). 

While subglacial bathymetric models can be used to make assumptions about grounding 
line migration over the most recent glacial cycle/s, they are much less useful for interpretations 
of long-term landscape development in DML. A longer-term interpretation for the period since 
34 Ma is presented by Franke et al. (2021), on the basis of subglacial landscape analysis in the 
Jutulstraumen Glacier catchment, which feeds the Fimbul Ice Shelf. The alpine landscape prior 
to the start of glaciation with mostly fluvial erosion patterns is either partially or largely 
overprinted by glacial erosion in some areas, but preserved in others. The strength of past and 
present ice flow in these areas is deemed responsible for preserving or modifying these 
differing landscapes. It is, however, important to distinguish between glacially eroded valleys 
and pre-existing graben structures of tectonic origin. The Jutulstraumen Graben is thought to 
have originated by tectonic processes related to Gondwana breakup (see Franke et al. (2021) 
and references therein), and only subsequently came to accommodate and be modified by large 
glaciers that exploited its orientation for their seaward passage (Franke et al., 2021). 

The regional geological setting supplies necessary boundary conditions for all of the 
studies presented in this thesis. The generation of bathymetric models is based on the inversion 
of gravity anomaly data. These anomalies are caused not only by topographic interfaces, but 
also by geological contrasts that give rise to significant mass distributions. Since a valid 
representation of subglacial bathymetry is desired, geological variability has to be accounted 
for. This can be achieved in various ways (Eisermann et al., 2021; Eisermann et al., 2020), all 
of which require a sound knowledge of the regional geology.  

Finally, the initial idea of Schannwell et al. (2020) to simulate ice sheet geometry over a 
full glacial cycle using differing ocean bed properties profited from new insights into the 
geology underlying the Ekström Ice Shelf. Seismic data has shown outcrops of crystalline 
basement, implying a hard seabed, in the south and sediments, implying a soft seabed, in the 
north of the ice shelf (Kristoffersen et al., 2014; E. C. Smith et al., 2020). The gravity-derived 
bathymetry from Eisermann et al. (2020) enables these properties to be extrapolated with 
confidence over a wider area than possible with the seismic data alone. Schannwell et al. 
(2020) demonstrate a strong dependence of ice sheet evolution on these contrasting seabed 
properties.   
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11 Outlook 

Over time, bathymetric modeling via gravity inversion has become an established 
method to investigate seafloor topography beneath ice shelves (Cochran & Bell, 2012; Tinto & 
Bell, 2011; Tinto et al., 2019) and has proven to be of great value in the coastal area of DML 
and as a key method in this doctoral thesis (Eisermann et al., in prep.; Eisermann et al., 2021; 
Eisermann et al., 2020). Given the relatively large error envelope of bathymetric models 
derived from gravity inversion in unconstrained regions and the significance of modeled 
bathymetric sills close to or coinciding with the narrow continental shelf of DML, it is 
imperative to further investigate these crucial regions. Detailed investigation of bathymetric sill 
depths could entail further seismic measurements on the ice shelves in question, but also 
investigations with autonomous underwater vehicles. 

Interest from the scientific community and especially oceanic modelers in these 
bathymetric models has been unexpectedly high and the updated bathymetric models beneath 
the ice shelves of DML will achieve their full potential by implementation in oceanic modeling 
studies. The University of Tromsø is currently working on a regional model of the Weddell 
Gyre, making use of the bathymetric models presented in this dissertation (T. Hattermann, 
pers. comm.).  

Based on the positive results of this thesis, a follow-up project has been approved starting 
in December 2021 at the AWI, where colleagues and I will have the chance to investigate the 
bathymetry and ice-ocean interactions beneath the ice shelves west of the study area of this 
thesis. This includes the Filchner-Ronne Ice Shelf and the Riiser-Larsen Ice Shelf (Figure 
11.1). Bathymetric models will be developed based on future airborne geophysical expeditions, 
where the same approach as described in this thesis will be applied. However, the upcoming 
project’s dimension is greater. The size of ice shelves investigated in this thesis varies between 
about 2,000 km2 for the Atka Ice Shelf and about 41,000 km2 for the Fimbul Ice Shelf, while 
the size of the Riiser-Larsen ice Shelf amounts to about 43,500 km2 and the Filchner-Ronne Ice 
Shelf, the second largest ice shelf of Antarctica, to about 440,000 km2 (Rignot et al., 2013).  

Numerous studies have examined the ice-ocean interactions beneath the Filchner-Ronne 
Ice Shelf by means of oceanic modeling (e.g., Hazel and Stewart (2020); Hellmer et al. 
(2012)). However, these models are based on an incomplete record of the subglacial 
topography. Although there are plentiful resources for depth references beneath the Filchner-
Ronne Ice Shelf (Fretwell et al., 2013; Morlighem et al., 2020), large parts of the ice shelves’ 
cavity are still unexplored. Due to the sheer size of the Filchner-Ronne Ice Shelf (25 % larger 
than Germany) a reasonable airborne data coverage resulting in a consistent bathymetric model 
will only be feasible with a multi-year airborne campaign spanning three to five seasons. 

Another pitfall for oceanic models of the Weddell Sea is the complete lack of knowledge 
regarding the Riiser-Larsen Ice Shelf system. The clockwise Weddell Gyre transports water 
along and beneath the Riiser-Larsen ice shelf for ~700 km before it reaches the calving front of 
the Filchner-Ronne shelf. At this point, nothing is known in detail about how bathymetry and 
water mass exchange beneath the Riiser-Larsen ice shelf during this transport might 
precondition oceanographic inputs to the Filchner-Ronne cavity. A one-year campaign to 
expand the state of knowledge for the Riiser-Larsen Ice Shelf, RIISERBATHY, is planned for 
the austral summer of 2021/2022. 
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Figure 11.1: Weddell Sea with selected ice shelves surrounding it. Ice surface is implemented from Howat et al. 
(2019) and seafloor depth from Arndt et al. (2013) sampled to 5 km. Focus of the postdoctoral project will be the 
Filchner-Ronne Ice Shelf, Stancomb-Wills Ice Shelf (SWIS), Brunt Ice Shelf (BIS) and Riiser-Larsen Ice Shelf 
(RLIS). Named ice shelves here buttress ice sheets with a sea level equivalent of about 14.5 m. Calving fronts and 
grounding lines are incorporated after Mouginot et al. (2017a). 

It will be based out of Neumayer III, AWI’s year-round Antarctic research station, with 
flight lines planned across the Riiser-Larsen Ice Shelf. The campaign has already been 
postponed twice before, due to internal reasons in the austral summer of 2019/2020 and 
pandemic-related issues in 2020/2021. A preliminary flight plan for RIISERBATHY is 
depicted in Figure 11.2a. At survey speed, the polar aircraft Polar 5 and Polar 6 can travel as 
far as 1500 km. If a campaign is conducted from one base, the overall range of these aircraft is 
limited to 750 km. This restricted mobility does not hinder the survey across the Riiser-Larsen 
Ice Shelf based out of Neumayer III; the entire survey area is within reach. 

Figure 11.2b shows one of many possible ways to survey the Filchner-Ronne Ice Shelf. 
Here, three research stations are utilized as an example to cover the entirety of the ice shelf 
system. Furthermore, it is assumed that individual campaigns are based out of one base (either 
Sky Blu, Belgrano II or Union Glacier Camp). Theoretically, a majority of the survey area is 
even within reach of Belgrano II and Union Glacier Camp alone, but it does favor the line 
planning if more research stations are at hand. The survey would gain even more in efficiency 
if more than one research station can be approached within one individual campaign, if only for 
refueling. Thus, one E-W transect could be flown uninterrupted across the entire Filchner-
Ronne Ice Shelf and then followed up with a W-E transect on the same day. 
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Figure 11.2: Upcoming airborne campaigns across ice shelves located in the Weddell Sea. A preliminary flight 
plan across the Riiser-Larsen ice Shelf in (a) and a possible flight plan across the Filchner-Ronne Ice Shelf in (b). 
While (a) shows specific plans for the upcoming RIISERBATHY campaign, planned for the austral summer of 
2021/2022, (b) shows one possibility of many to survey the Filchner-Ronne system. Flight line spacing across 
both areas in these flight plans is 10 km. This spacing should be densified with more survey time at hand. Survey 
time with survey velocity of 260 km/h in hours: (a) violet: 60 hours; (b) green: 130 hours; blue: 100 hours; red: 
100 hours. 

The upcoming project, including the aerogeophysical investigations of the Riiser-Larsen 
and Filchner-Ronne ice shelves and the delivery of fundamental bathymetric datasets, 
represents a keystone for interdisciplinary collaboration between (aero)geophysics, 
oceanography, glaciology and geology. It will undoubtedly increase our knowledge about ice-
ocean-geosphere interactions in Antarctica, about ice shelf and ice sheet stability, and about the 
geological controls on them all, determined by the region’s role in Gondwana breakup and the 
opening of the Weddell Sea Embayment.  
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12 Appendix A - Supporting information manuscript I  

Supporting Information S1 shows the sea level equivalent of ice in the catchment area of 
the Ekström, Atka, Jelbart, Fimbul and Vigrid ice shelves (Figure 12.1). 

Materials and methods for bathymetry modeling are outlined in more detail in 
Supporting Information S2. This includes description of gravimetric, magnetic and ice 
thickness radar data acquisition, as well as the 3D modeling of gravity data for bathymetry 
beneath the ice shelves. A detailed error estimation of models is given in the end. 

12.1 Supporting information S1: Catchment area in western Dronning Maud Land 

 
Figure 12.1: Ice divides (red), grounding lines and calving fronts (black) of ice shelves in western Dronning Maud 
Land after Mouginot et al. (2017a). Beige: grounded ice outside the wDML catchments; white: ice shelves; blue: 
ocean. The gridded data set shows the height of the ice column above sea level, whose loss as water to the ocean 
would contribute to a rise in sea level. These thicknesses are inferred from AWI radar data (Riedel et al., 2012) 
and ice surface elevation from Howat et al. (2019). The catchment area is 260,000 km2 and the mass of the ice 
held above sea level is 341,000 Gt. The sea level equivalent of this mass is ~0.95 m. 

 

12.2 Supporting information S2: Materials and methods 

Ice thickness radar data 

The radar system uses two short backfire antennae and operates with a 150 MHz signal 
burst with durations of 60 or 600 ns. To calculate ice thicknesses, a perpendicular radar wave 
propagation is assumed and ice thicknesses are determined with the average radar wave 
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propagation speed in ice of 1.68∗108 m/s. A firn correction is applied to account for higher 
velocities within the upper layer of an ice sheet (Blindow, 1994). For the determination of ice 
thicknesses an error estimate of ±20 m is defined; this estimate includes the user variability in 
picking reflectors and inaccuracies of 0.5 % concerning propagation speed. The calculated ice 
thicknesses are subtracted from the Reference Elevation Model of Antarctica (REMA) of 
Howat et al. (2019), to determine the base ice position. Ice thicknesses from VISA campaigns 
are incorporated from Riedel et al. (2012). 

Magnetic data 

Airborne campaigns across Dronning Maud Land included magnetic data acquisition 
using Scintrex Cs-2 (VISA campaigns); (Riedel et al., 2013) and Scintrex Cs-3 (GEA 
campaign) cesium magnetometers. A base station magnetometer was used to subtract the 
diurnal variations of the magnetic field and generated a consistent grid using tie-line leveling 
techniques (Figure 4.2d). The mean error at line-intersections during VISA campaigns is 8.8 
nT with a standard deviation of 7.3 nT (Riedel et al., 2013). The GEA campaign has a mean 
error of 0.2 nT above the Ekström and Atka ice shelves with a standard deviation of 7.4 nT. 

Gravity data 

Gravity data sets handled in this paper were acquired with two different gravimeters. The 
airborne gravimeter GT-2A (S/N 012) was implemented during the GEA campaign that 
covered the Ekström, Atka and part of the Jelbart Ice Shelf. The GT-2A system is decoupled 
from aircraft motion noise by a shock mount and GPS- and gyro-assisted adaptive orientation 
systems. The sampling rate is 2 Hz. A spatial resolution of 3.5 km is achieved with a GPS filter 
length of 100 s and a flight speed of 70 m/s.  

A ZLS Ultrasys modified LaCoste & Romberg Air/Sea gravimeter (S/N 56) was used 
during the VISA campaigns across the Jelbart, Fimbul and Vigrid ice shelves. It was affixed 
using gimbal locks and recorded gravity data with a lower sampling rate of 1 Hz. A GPS filter 
length of 180 s combined with flight speeds of 70 m/s results in a spatial resolution of 6.3 km 
(Riedel et al., 2012). A repeatability experiment flown in 2014 shows that the RMS error in 
estimated gravity free air anomalies with the GT-2A system is 0.52 mGal (Figure 12.2). The 
ZLS Ultrasys gravity meter is more limited, with an RMS error of 4.3 mGal and a standard 
deviation of 5.2 mGal on crossover analysis of the VISA dataset (Riedel et al., 2012). The 
differing data quality implies contrasting bathymetry model uncertainties. 

General processing steps of gravity data included cutting flight lines into straight 
segments; removing turns (both meters) and significant changes in altitude (ZLS meter) to 
eradicate artificial gravity anomalies. The measured gravity anomaly data are corrected for 
aircraft motion effects using differential (GT-2A meter) and precise-point-positioning (ZLS 
meter) processed GNSS data, for latitude, instrument drift, and flight level to obtain the free air 
anomaly (FAA, Figure 4.2 & Figure 4.3). FAA data above the Jelbart Ice Shelf are compiled 
from both campaigns, using the GEA flight lines as tie-lines to level the VISA dataset in a 
statistical leveling process.  

Bathymetry Modeling 

The presented bathymetry models are based on iteratively matching model gravity 
responses to the observed gravity data. The gravity responses are to theoretical ice, water, rock 
and subsurface bodies that are designed on the basis of independently-observed constraints 
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from ice thickness radar data, shipborne bathymetry along the calving fronts, and seismic 
reflection data beneath Ekström and Fimbul from E. C. Smith et al. (2020) and Nøst (2004), 
respectively. The gravity anomaly inversions use a 3D modeling approach implementing 
methods introduced by Parker (1973). 

Where available, reference points beneath the ice shelves extracted from seismic data 
sets, swath bathymetry and ice thickness radar data in grounded areas are used to generate very 
coarse starting assumptions about the expected wavelengths and orientations in sub-ice 
bathymetry. The gravity data are then filtered to discard features that do not match these 
assumptions on the assumption that they are primarily of non-bathymetric (i.e., geological) 
origin.  

In this way, we prepared FAA data for the Ekström and Atka ice shelves using a high-
pass filter of 70 km and directional filtering using a cosine function to suppress wavelengths 
trending N45°E, the strike of seaward-dipping basalt bodies developed across Ekström and 
identified in seismic reflection data by Kristoffersen et al. (2014). The directional filtering 
improves the overall resemblance of gravity data to bathymetric data known from sparse 
seismic profiles (Figure 4.2b & c). 

Gravity anomaly data over the Fimbul and Vigrid ice shelves were band-pass filtered 
with a lower flank of 6 km and a high flank of 150 km (Figure 4.3d). The filter was 
directionally isotropic. The 6 km short cutoff was designed to suppress short-wavelength 
artefacts induced by aircraft motion in the ZLS data set, whose highest resolution is nominally 
at 6 -7 km (Riedel et al., 2012). Compiled free air anomaly data above the Jelbart Ice Shelf are 
similarly band-pass filtered with a lower flank of 6 km and a high flank of 100 km (Figure 
4.3b), reflecting the mixture of gravity meters used during the VISA and GEA campaigns. No 
distinct geological strike angle can be inferred beneath the Jelbart or Fimbul ice shelves, and 
therefore no directional filters are applied.  

GM-SYS 3D Research of Seequent’s Geosoft Oasis montaj is used to generate the 
bathymetry models. Positions of ice surface and ice base in the modeled area are extracted 
from RES data. The bathymetry is known at constrained points through seismic (Nøst, 2004; E. 
C. Smith et al., 2020), multibeam and radar data in grounded areas (Figure 4.1b, Figure 4.2c & 
Figure 4.3e). We have assigned a model base of -10 km and constant densities of 915 and 1030 
kg/m3 for ice and water, respectively. A DC shift to the gravity anomaly data is applied using 
these constraints with a typical density value for the upper crust of 2670 kg/m3. The remaining 
gravity residuals are used to calculate varying crustal densities at constraints, which are 
subsequently interpolated across the whole model area (Figure 12.3). This approach appears 
reasonable where constraints are not further apart than 15 km. Using only every other reference 
point beneath the Fimbul Ice Shelf during bathymetry modeling (roughly equaling 30 km 
distance), resulted in uncertainties of up to ±100 m at reference points not considered during 
the modeling process. In areas with sparse or no constraints (south and east of Fimbul, Jelbart 
and Vigrid ice shelves) density values are extrapolated using similarities in magnetic signatures 
of constrained areas: Jurassic intrusions inferred from magnetic data correlate quite well with 
relatively high densities in constrained areas (Figure 12.3). Nonmagnetic areas with magnetic 
anomalies around 0 nT show similar densities in constrained areas as well. The density models 
work well within the context of forward modeling the bathymetries, but should not build the 
basis for a geological interpretation. A DC shift, directional and high-pass filters applied to the 
gravity data certainly eradicated sub-surface structures that are not represented in these density 
models. The main emphasis was to locate relative density changes within this area to allow fur 
a successful modeling process. 
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Estimated errors for the generated bathymetry models stem from instrumental 
inaccuracies and uncertainties within the modeling process. Gravity data quality, ice thickness 
estimation errors, unconstrained geological variations and the difference from observed to 
calculated gravity anomalies are considered and result in error envelopes of ±175 m for the 
Ekström and Atka ice shelves, ±225 m for the Jelbart Ice Shelf and ±210 m for the Fimbul and 
Vigrid ice shelves. The following section considers the error envelope in more detail. 

Error estimation of 3D Models 

The error envelope in generated bathymetry models arises from instrumental 
inaccuracies in data acquisition, limitations during data processing and uncertainties within the 
modeling process. Different data qualities suggest there should be contrasting error estimates 
for the Ekström and Atka ice shelves (GT-2A), the Jelbart Ice Shelf (compilation of GT-2A 
and ZLS data), and Fimbul and Vigrid ice shelves (ZLS Ultrasys system). Crossover errors 
give an indication of the meters’ performance under Antarctic field conditions. Riedel et al. 
(2012) showed a standard deviation (SD) at intersections of 5.2 mGal in the gravity data 
acquired with the ZLS Ultrasys system. For the GEA survey in 2015/2016 covering Ekström 
and Atka ice shelves, the standard deviation at intersections amounts to 2.4 mGal. The gravity 
data above the Jelbart Ice Shelf is a compilation of both data sets and owns a standard 
deviation of 5.8 mGal. A higher standard deviation compared to the VISA dataset is most 
likely due to differing along-track resolutions of the two meters, resulting in higher crossover 
errors, especially in regions with a high gravity gradient.  

Along-track resolution and line spacing are great indicators on how good the inversion 
can be at best, when compared to the actual bathymetry. Cross-track interpolation might induce 
gridding artefacts impairing generated bathymetry models and along-track resolution highly 
depends on acquisition parameters. Since the along track-resolution of GEA gravity data and 
VISA data are 3.5 km and 6.3 km with line spacings of 2 - 5 km and 5 - 10 km, respectively, 
the final bathymetry model will be supplied with a resolution of 5 x 5 km grid cells as a 
representation on how good the generated bathymetry model can be. 

Errors in ice thicknesses estimated from radio echo sounding data are ±20 m. These 
errors occur at points used for calibration of the gravity models and thus their effects have the 
potential to propagate widely within the resulting bathymetric models. The density contrast 
between ice and water (115 kg/m3) is significantly lower than the density contrast between 
water and the mean density of rock (1640 kg/m3) so that, by careful choice of an equal mixture 
of calibration points in both grounded and free-floating ice, RES-based ice thickness errors 
translate to about ±10 m uncertainty in the final bathymetry model. 

Further model uncertainties may arise from unrecognized geological variations. We 
relied on magnetic data to make assumptions about geologic variations and take account of 
them, but some variability is certain to persist. We account for this in our error envelope by 
assuming the presence of residual density contrasts of ±100 kg/m3 compared to the generated 
density model. Changing densities by this factor in areas with various depths led to mean 
gravity residuals of 9 mGal.  

The availability of seismic reference points improves the reliability of bathymetric 
models significantly. E. C. Smith et al. (2020) estimate errors of about ±35 m in their 
seismically-determined bathymetry beneath the Ekström Ice Shelf. Nøst (2004) estimated an 
envelope of ±70 m for the bedrock elevation beneath the Fimbul Ice Shelf. Only the stations of 
seismic point reflection data are used, where a clear ice base and seabed has been identified to 
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limit inaccuracies inflicted in these seismic references. While modeling, depth reference points 
are limited to move within their corresponding error envelopes.  

It can be argued that the water-seabed interface is the biggest contribution to model 
inaccuracies due to its relatively high density contrast of 1640 kg/m3 (assuming a mean 
bedrock density of 2670 kg/m3) compared to a low density contrast at the ice-water interface 
(115 kg/m3). A Bouguer slab calculation using the density contrast of the water-seabed 
interface is performed after combining the following uncertainties.  

The standard deviations of gravity residuals (Figure 12.4) between the calculated and 
observed gravity anomalies across the ice shelves (2 mGal for Ekström and Atka; 3 mgal for 
Jelbart, Fimbul and Vigrid) are smaller than the crossover errors (2.4 mGal at the Ekström and 
Atka ice shelves, 5.8 mGal at the Jelbart and 5.2 mGal at Fimbul and Vigrid ice shelves). The 
standard deviations at crossovers can thus be taken as the most conservative estimates of likely 
error in the gravity data and added to the expected errors due to unconstrained densities (9 
mGal). Based on the Bouguer slab method, and after combination with the RES-based ice 
thickness uncertainties, the models are thus likely to be uncertain within ±175 m beneath the 
Ekström and Atka ice shelves, ±225 m beneath the Jelbart Ice Shelf and ±210 m beneath the 
Fimbul and Vigrid ice shelves. 

 
Figure 12.2: Repeatability experiment with the GT-2A gravimeter setup flown in 2014 close to Bremerhaven, 
Germany. One profile with a length of about 35 km is flown six times and resulted in an average RMS error value 
of 0.52 mGal. 
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Figure 12.3: Densities inferred during 3D modeling for (a) Jelbart, (b) Ekström and Atka ice shelves and (c) 
Fimbul and Vigrid ice shelves, showing a high correlation to the magnetic data (Golynsky et al., 2018; Mieth & 
Jokat, 2014) in (d). Jurassic intrusions in (d) can be correlated quite well to higher densities in the density models 
(a-c). The seaward dipping basalts beneath the Ekström Ice Shelf (labeled ‘SDR’ here and depicted in high-
resolution magnetic data in Figure 4.2d) are not reflected in the density map, due to their suppression by the 
directional pre-processing filter. 
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Figure 12.4: Gravity residuals between observed and modeled gravity data for (a) Jelbart, (b) Ekström and Atka 
and (c) Fimbul and Vigrid ice shelves. Short-wavelength fluctuations of gravity residuals across the areas of 
grounded ice sheets can be explained by the differing resolutions between ice thickness radar data and gravity 
data. 
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