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Abstract

This thesis utilises inverse and forward modelling of geophysical data to investigate the subgla-
cial geology and influences on geothermal heat flow in northern Victoria Land and in Wilkes
Subglacial Basin, a region of East Antarctica adjacent to the Transantarctic Mountains (TAM)
that is comprehensively covered by ice. The TAM separate the warmer lithosphere of the
Cretaceous-Tertiary West Antarctic Rift System and the colder and older provinces of East
Antarctica. Low velocity zones beneath the TAM imaged in recent seismological studies have
been interpreted as warm low-density mantle material, suggesting a strong contribution of
thermal support to the uplift of the TAM.

For the first of the three main studies that comprise this thesis (Chapter 2), | present new
Curie Point Depth (CPD) and geothermal heat flow (GHF) maps of the northern TAM and
adjacent Wilkes Subglacial Basin (WSB) based exclusively on high resolution magnetic air-
borne measurements. | find shallow CPD and high GHF beneath the northern TAM, reinforcing
the hypothesis of thermal support of the topography of the mountain range. Additionally, the
study demonstrates that limiting spectral analysis to areas with a high density of aeromag-
netic measurements increases the resolution of CPD estimates, revealing localised shallow
CPD and associated high heat flow. The recovered CPD and GHF estimates show a good
agreement to sparse in situ GHF measurements and the location of active volcanoes.
Subglacial geology influences geothermal heat flow. However, due to the lack of geological
information most GHF models do not account for a heterogeneous crust since direct geolo-
gical information in Antarctica is limited to ice-free regions along the coast, high mountain
ranges or isolated nunataks. Therefore, indirect methods are required to interpret subglacial
geology and heterogeneities in crustal properties. In Chapter 3 | present a 3D crustal model
of density and susceptibility distribution in WSB and TAM region based on joint inversion of
airborne gravity and magnetic data. This model reveals a large body located in the interior
of WSB interpreted as a batholithic structure, as well as a linear dense body at the margin
of the adjacent Terre Adélie Craton. Density and susceptibility relationships are used to in-
terpret petrophysical properties and permit the reconstruction of those crustal bodies. The
petrophysical relationships indicate that the postulated batholith is granitic in composition.
Emplacement of a large volume of granite batholiths can potentially elevate local geothermal
heat flow significantly. Finally, | present a new conceptual tectonic model for this region based
on the inversion results.

Chapter 4 addresses the validation of geophysical modelling to constrain hidden subglacial
geology. | present a new rock property catalogue containing density and susceptibility meas-
urements on 320 rock samples from northern Victoria Land. This catalogue is used to assess
the reliability of local and regional scale inverse results. | compare those measurements to the



inverted values. The close correspondence between inverted and measured rock properties
allows us to predict locations of rock types where currently such information is missing.

The presented studies in this thesis demonstrate that subglacial geology matter for geo-
thermal heat flow. Future heat flow models need to account for heterogeneities in subglacial
geology and crustal properties in terms of radiogenic heat production and thermal conductivity.
To obtain such information the broader geophysical community needs to increase their efforts
of imaging geology hidden beneath the ice in Antarctica. This thesis provides evidence that
joint inversion of gravity and magnetic airborne data is a powerful tool to infer subglacial
geology and crustal properties. Furthermore, this thesis provides a workflow that can be
followed for joint inversion studies in other areas of Antarctica where sufficient airborne data
exists.



Lay Summary

Antarctic is, for the western world, the most remote continent on planet Earth. Furthermore,
the harsh environmental conditions in Antarctica provide an additional obstacle for studying
this content. As a result, the geoscientific understanding of Antarctica is lagging behind most
other continents especially Europe, north America, or Australia. However, there is no reason to
believe that Antarctica is less complex from a geoscientific viewpoint than any other continent.
Moreover, Antarctica is covered by ice up to 4.5 km thick. This makes studying the geology
of the continent even more difficult because most of the geology (more than 99%) is hidden
beneath the ice. To overcome the obstacle of a thick ice sheet geophysical experiments and
measurements can be used to infer the sub ice geology and properties of the crust (Earths
thin outermost layer). To do so, physical quantities are measured and based on the measured
behaviour it is possible, indirectly, to draw conclusions on certain crustal properties. Typical
geophysical applications include measuring the gravitational field (measuring the acceleration
due to gravity [g]) to infer density distribution in the subsurface or measuring the magnetic
field to inferred susceptibility distributions. Other methods include measuring the delay travel
time between sending out electromagnetic waves and receiving backscatter energy of those
waves to infer the depth of the interface between ice and hard rock or measuring acoustic
(pressure) waves originating from earthquakes or from synthetic sources to infer, for example,
regions within the Earth where waves travel faster or slower depending on density and temper-
ature or to illuminate the interface between Earth’s crust and mantle (called the Mohorovici¢
discontinuity, or Moho) by measuring the offset in arrival times between pressure and shear
waves. Geophysical gravity and magnetic measurements can be carried out using a variety
of platforms from ground-based measurements through airborne based platforms such as
airplanes, helicopters, and UAVs to satellite mission. The rule of thumb for both gravity and
magnetic measurements is that the resolution decreases with increasing height above Earth
surface. Therefore, the best data is recovered by ground measurement. However, due to
the harsh environmental condition alluded to earlier, covering large areas with ground-based
surveys is extremely challenging. Satellite and airborne measurements provide a good spatial
coverage with the disadvantage of lower data resolution. We have established so far, that
subglacial and crustal properties can be revealed by geophysical methods. We therefore turn
our attention now to the justification why it is time critical to understand the subsurface (solid
Earth) in Antarctica. The solid Earth can influence the overlying ice sheet through the thermal
properties of the crust. Geothermal heat flow is a process in the solid Earth that describes
the heat transport from the interior of the Earth to the surface. However, radiogenic decay of
elements commonly concentrated in crustal rocks can elevate local heat flow and therefore
contribute to the melting at the base of the ice sheet and facilitate ice flow. Those processes



can contribute to the instability of the thick ice sheets and in last consequence contribute
to future sea level rise. To identify regions of potentially high geothermal heat flow as well as
predict heat flow values we first need to understand geology and crustal properties and crustal
heterogeneities in those regions. Additionally, understanding the solid Earth in Antarctica is
also crucial to understand the subglacial geology and its evolution through geological times
scales.

This thesis sets out to reveal properties of the solid Earth in part of Antarctica, to identify
crustal thermal structures, illuminate potential rock provinces and their potential emplacement
and evolution, as well as validate geophysical models with petrophysical measurements on
rock samples from Antarctica, thereby bridging geophysical modelling and geological observ-
ables in the subsequently presented chapters (chapter 2-4).

Chapter 2 uses airborne magnetic data to estimate the depth to the bottom of magnetised
material. Rocks lose their magnetic properties at the so-called Curie Temperature at 580 °C.
By finding the bottom of the magnetic source body you can assume you found the 580°C
isotherm, which can be used to infer knowledge about the thermal structure of the crust.
However, this approach usally assumes that the crust is a homogeneous body. In chapter 3 the
magnetic as well as gravity field, measured from airplanes, is used to reveal heterogeneities
in the crustal domain by inferring susceptibility and density distributions. Those distributions
are used to infer a tectonic sketch of the crustal evolution. Chapter 4 uses the previously es-
tablished density and susceptibility distribution together with a new rock catalogue containing
density and susceptibility measurements on Antarctic rock samples to validate a geophysical
model, thereby relating the geophysical model to geological observables.

vi
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Chapter 1

Introduction

Antarctica is covered by up to 4.5 km thick ice sheets (Fretwell et al., 2013; Morlighem et al.,
2020). Therefore, more than 99% of Antarctic geology is hidden (Burton-dohnson et al., 2020).
Direct geological information from rock outcrops is limited to ice free regions along the coast,
high mountain ranges or isolated nunataks (Cox et al., 2023; Thomson and Cooper, 1993),
while the origin of geological material transported by glaciers themselves is often ambiguous
(Figure 1.1).

1.1 Motivation

Understanding subglacial geology and crustal properties is not only crucial for better under-
standing of the geological evolution of Antarctica but also very important for modelling the
interaction between the solid Earth and the cryosphere, particularly through geothermal heat
flow (GHF), which links both domains (Burton-Johnson et al., 2020; Reading et al., 2022).
Petrophysical rock properties such as radiogenic heat production and thermal conductivity,
which are tightly linked to Antarctica’s geology, can influence local heat flow (Artemieva and
Mooney, 2001; Burton-Johnson et al., 2020; Hasterok and Chapman, 2011; Reading et al.,
2022). For instance GHF can influence the rheology of the ice as well as cause basal melting,
and both processes have the potential to facilitate enhanced ice flow, contributing to instability
of the ice sheet and global sea level rise (Larour et al., 2012; Llubes et al., 2006; Pittard et al.,
2016; Winsborrow et al., 2010). It has been demonstrated that a difference of 20 mW m~2 in
Antarctica can lead to an increase in basal melt rate from 6.7 to 18 km? yr~! (Llubes et al.,
2006). Furthermore, GHF remains poorly constrained in Antarctica and therefore it is common
practice in ice-sheet modelling to use a constant average or a long wavelength GHF field (low
spatial resolution) (McCormack et al., 2022). A sensitivity study in Aurora Subglacial Basin in
East Antarctica showed that meltwater estimates increase significantly in ice sheet models
with increased GHF resolution, concluding that ice sheet models with a mean or spatial
low resolution GHF model systematically underpredict melt water rates (McCormack et al.,
2022). Furthermore, the same study showed that GHF is potentially the dominating heat
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Figure 1.1: Rock outcrop and coastline data taken from GeoMap (Cox et al., 2023). Blue
square marks the regional focus of this thesis, which includes northern Victoria land, the
Transantarctic mountains, and Wilkes Subglacial Basin.

source where the ice sheet is flowing by sliding (defined where the surface speed is <300
m yr~!) (McCormack et al., 2022). To improve GHF predictions a better understanding of the
subglacial geology and lithospheric properties are required beforehand.
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1.1.1 Solid Earth

A wide range of geophysical methods is used to image subglacial geology and lithospheric
properties including active seismic experiments (Eisen et al., 2015), passive seismological
experiments (An et al., 2015; Hansen et al., 2016; Lloyd et al., 2020; Shen et al., 2018),
magnetotelluric (Wannamaker et al., 2017), radar (Fretwell et al., 2013; Morlighem et al.,
2020), gravity (Scheinert et al., 2016), magnetics (Golynsky et al., 2018), and GNSS (Global
navigation satellite system) data (Whitehouse et al., 2019). Ground based geophysical ob-
servations are challenging due to the remote location of Antarctica and the harsh environ-
mental conditions and therefore often require combined international logistical efforts for their
realisation. Therefore, survey coverage of ground based geophysical campaigns is limited
(Lloyd et al., 2020; Whitehouse et al., 2019). Gravity and magnetic data products from satellite
missions such as the GOCE (Gravity field and steady-state ocean circulation explorer) mission
from the European Space Agency (ESA) (Bouman et al., 2016), or the satellite magnetic
model LCS-1 based on the SWARM Satellite mission (Olsen et al., 2017), provide a full data
coverage of Antarctica except close to the South Pole due to the inclination of the satellite
orbit (Jordan et al., 2018). However, the resolution of the potential field signal decreases with
increasing distance between the source and sensor (1 /1% for gravity and 1/r* for magnetics
respectively, where r is the distance) (Blakely, 1996). Therefore, satellite data contain only
long wavelength information resulting in the lowest resolution for local crustal modelling,
whereas ground survey data contain the short wavelength content and therefore, provide the
best suitable data resolution for crustal model results. Airborne platforms such as airplanes,
helicopters and UAVs provide the possibility to mount gravity, magnetic, and radar systems
simultaneously for geophysical surveys. Airborne surveys are settled in between the two
end members (ground surveys and satellites), providing increased coverage while capturing
shorter wavelength content through the lower altitude compared to satellites (Ferraccioli et al.,
2009a; Golynsky et al., 2018; Jordan et al., 2013; Mieth et al., 2014; Mieth and Jokat, 2014;
Ruppel et al., 2018; Scheinert et al., 2016).

Gravity and magnetic maps provide a powerful tool to trace geological units and tectonic
processes such as suture zones, cratonic blocks, and rift margins, even correlating with
features on other continents that used to be contiguous within the Gondwana supercontinent
(Aitken et al., 2014; Ebbing et al., 2021; Finn et al., 2006; Goodge and Finn, 2010; Jordan
et al., 2022). However, it is when applying forward or inverse modelling techniques, where
density and susceptibility source bodies are placed with depths in the model domain to explain
the observed gravity and magnetic field, that we can draw quantitative conclusions about
the lithosphere and its properties, such as crustal thinning and rifting, sediment location and
thickness, crustal intrusion emplacement, and crustal architecture overall (Aitken et al. 2014;
Ferraccioli et al. 2011, 2009a; Frederick et al. 2016; Goodge and Finn 2010; Jordan et al.
2013, 2023; Losing et al. 2022; Bingham et al. 2012; Morales-Ocafa et al. 2023).

Additional crustal characteristics, which can be derived from potential field data include depth
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to the magnetic sources, for instance the bottom of the magnetised layer. This is linked to the
580°C Curie temperature (temperature at which crustal materials typically lose their magnetic
properties) (Telford et al., 1990) and therefore is a proxy for thermal boundaries in the mid
to lower crust, commonly referred to the Curie Point Depth (CPD), which can be used as a
proxy for GHF (Dziadek et al., 2021; Martos et al., 2017). CPD can also be used in magnetic
modelling to constrain the maximum depth of the modelled magnetic body. Furthermore,
the top of the magnetic layer can be inferred by magnetic data using, for example, Werner
deconvolution, Euler deconvolution, or Tilt Derivative applications. These methods can be
applied to identify, for example, the depth to basement of nonmagnetic sedimentary basins
(Aitken et al., 2014; Bingham et al., 2012; Ferraccioli et al., 2009a; Frederick et al., 2016;
Jordan et al., 2023). Moreover, the transition zone between crust and mantle, the so-called
Moho interface, can be estimated with a high accuracy by a single seismometer method called
receiver function analysis (Chaput et al. 2014; Finotello et al. 2011; Hansen et al. 2009, 2016).
Receiver functions provide a point measurement of the Moho discontinuity but due to the lack
of station coverage the Moho interface is spatially not well constrained by receiver functions.
Gravity inversion based on gravity data measured by satellites provides large spatial coverage
of Moho depth variation with the caveat of having higher uncertainties associated with them
compared to receiver functions (Pappa et al., 2019a). Since the Moho interface is a deep
lithospheric feature, which usually shows smooth variation, long wavelength satellite data are
sufficient to capture long wavelength variation in the Moho interface, while modelling shallower
and more rapid changing crustal structure require higher resolution data (short wavelength)
provided by ground or airplane-based measurements.

Recent internationally coordinated efforts to close gravity and magnetic airborne data gaps
in Antarctica combined with open access / data sharing agreements provide the possibility
of localised crustal and lithospheric studies with the best possible data coverage. Prominent
geophysical data compilations are the magnetic data compilation ADMAP-2 (Golynsky et al.,
2018) and the gravity data compilation AntGG (Scheinert et al., 2016), which build the found-
ation of the presented PhD thesis.

1.1.2 Heat flow

An important conceptual interface between the solid Earth and the cryosphere in Polar regions
is GHF (Burton-Johnson et al., 2020; Davies, 2013; Fahnestock et al., 2001; Reading et al.,
2022). Heat flow describes the transport of heat energy from the interior of the Earth to
the surface (Pollack et al., 1993; Turcotte and Schubert, 2014). Primordial heat remaining
from the formation of the Earth is not the only heat source contributing to GHF. A second
relevant heat source is radioactive decay of isotopes of heat producing elements such as
potassium, thorium, and uranium, which are concentrated in crustal rocks (Beardsmore and
Cull, 2001; Burton-Johnson et al., 2020; Lowrie, 2007; McDonough and s. Sun, 1995). Heat
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can be transported by either conduction or convection (Beardsmore and Cull, 2001; Turcotte
and Schubert, 2014). Conduction describes the heat transport from a warmer to a colder
region and therefore a spatial temperature variation is required, while convection describes
the motion of material (Turcotte and Schubert, 2014). For the continental crust and lithosphere
the dominating heat transport is conductive while convection is the dominant mechanism in
the deeper mantle (Turcotte and Schubert, 2014)

Heat transport can be described by Fourier’s law (Equation 1.1), which states that the heat
flux (q) at a point is proportional to the temperature gradient at the given point (Turcotte and
Schubert, 2014).

qg=—K— (1.1)

where x is thermal conductivity, y is coordinate of the direction of the temperature variation
and T temperature. The minus sign indicates that the heat flow is in the direction of decreasing
y (normally up for Earth) (Turcotte and Schubert, 2014). However, heat production is neglected
here. Incorporating a crustal radiogenic heat production which exponentially decreases with
depth yields equation (1.2) which provides the heat flux at any depth (Turcotte and Schubert,
2014).

q= _Qm_pHOhrei’T" (1.2)

Where H, is the surface radiogenic heat production rate per unit mass, 4, is a length scale for
the decrease in H with depth, g,, boundary condition on the heat flux at depth, here mantle
heat flux at the base of the lithosphere, p is the density of the material / slab (Turcotte and
Schubert, 2014). For in depth heat transfer discussion and full derivation of heat transfer
equations the reader to Turcotte and Schubert (2014, section 4.8, Continental Geotherms).

Rocks with a high concentration of heat producing elements such as potassium (K), thorium
(Th), and uranium (U) can significantly increase local GHF. Granites are rocks that can have
a high concentration of heat producing elements. Examples of granites with a high concen-
tration of heat producing elements, which elevate local GHF in Antarctica, include granites in
the Weddell Sea region (Leat et al., 2018) and southern Prydz Bay (Carson et al., 2014).
An additional example is the granitic batholith in south west England (Cornwall) where a

GHF anomaly of up to 138 mW m™2

is reported (Beamish and Busby, 2016). Therefore,
understanding subglacial geology and crustal properties in terms of petrophysical parameters
(density, thermal conductivity, and radioactive heat production) is crucial for heat flow estim-
ation. However, direct geological information is largely missing in Antarctica as discussed
above (Figure 1.1). Potential field modelling can provide estimates of density and suscept-
ibility distribution in the subsurface and help identify geological provinces. The density and

susceptibility relationship allows linking such provinces to rock types using measured dens-
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ity and susceptibility values on rock samples. Moreover, petrophysical datasets containing
density and susceptibility measurements, ideally on Antarctic rocks, are important to validate
geophysical models. Rock catalogues containing either density (Sanchez et al., 2021) or
susceptibility (Bozzo et al., 1992; Lanza and Tonarini, 1998; Ohneiser et al., 2015) values
exist for Antarctic rocks. However, density and susceptibility measurements on the same rock
sample are lacking in the literature. Such a rock catalogue would enable geophysical models
to be validated with greater confidence. Therefore, some authors (e.g. Lésing et al. 2022) use
a global rock catalogue or catalogues containing petrological properties on Australian rocks
(Barlow, 2004) or from the Indian Shield (Subrahmanyam et al., 1981).

1.1.3 Geological overview of nothern Victoria Land

Northern Victoria Land (NVL) is located at the Pacific end of the Transantarctic Mountains
(TAM) (Figure 1.2). The basement of the TAM consists of the western and inboard poly-
metamorphic and magmatic Wilson Terrane, the central volcanic and clastic Bowers Terrane,
and the eastern turbiditic Robertson Bay Terrane, which formed by accretionary processes
at the East Gondwana active continental margin during the late Ediacaran-early Palaeo-
zoic Ross Orogeny (e.g. Goodge 2020). The metamorphic basement of the Wilson Terrane
comprises low- to high-grade up to granulite-facies metamorphic rocks, involving, e.g., the
Wilson metamorphic and polymetamorphic complexes, the Berg Group or the Wilson Schists.
The metamorphic country rocks are intruded by the voluminous Granite Harbour Intrusive
(GHI) Complex, including the Antarctic Oates Coast granitoids. The majority of the plutonic
rocks consist of granitoids with subordinate intermediate to mafic varieties as well as some
ultramafics. The Bowers Terrane comprises very low- to low-grade metavolcanics and as-
sociated metavolcaniclastics, which formed in an island arc or fore-/back-arc tectonic setting
and grade into molasse-type clastic metasedimentary rocks (Bowers Supergroup, Figure 1.2).
The outboard Robertson Bay Terrane consists of mostly distal turbidites of the Robertson
Bay Group (Figure 1.2). The Wilson-Bowers terrane boundary is defined by the strongly
deformed Lanterman-Mariner Fault Zone in the Lanterman Range and along the western
margin of Mariner Glacier, whereas the Millen Schist Belt represents the boundary between
the Bowers and Robertson Bay terranes. Post-Ross geology is characterised by the mid-
Palaeozoic felsic Admiralty Igneous Complex comprising the Admiralty granitoids and the
Gallipoli volcanics. They are unconformably overlain by late Palaeozoic to early Jurassic
clastic Beacon Supergroup and sills and lavas of the Jurassic Ferrar Supergroup, i.e. Ferrar
Dolerite and Kirkpatrick Basalt including the volcaniclastic Exposure Hill-type deposits (e.g.
Ganovex Team and others 1987, Elliot et al. 2021. Youngest rocks in the region involve
Cenozoic alkaline to peralkaline magmatic rocks of the McMurdo Igneous Complex, related to
West Antarctic rifting, and glacial sediments.
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Figure 1.2: a) Bedrock topography of the Transantarctic Mountains and Wilkes Subglacial
Basin (WSB) from the Bedmachine model version 3 (Morlighem et al., 2020). Black lines
indicate faults based on (Cox et al., 2023). b) Geological map of northern Victoria Land and
Oates Land. Geological data taken from (Cox et al., 2023). Based on (Laufer et al., 2011;
Pertusati et al., 2016; Roland et al., 2002)

Most of Wilkes Subglacial Basin is below sea level (Figure 1.2a), making it one of the largest
regions grounded below sea level in East Antarctica (Morlighem et al., 2020). Due to this
geometry WSB is at potentially high risk of ice sheet retreat under a concept known as
Marine Ice Sheet Instability (MISI), which states that a groundling line is unstable when the ice-
sheet bed slopes downwards from the coast towards the interior. Under MISI, warm seawater
causing basal melting at the grounding line can induce ice-shelf thinning and a consequent
acceleration of the glacier, ultimately resulting in an inland retreat of the groundling line until
a stable bedrock configuration is reached (Mercer, 1978; Schoof, 2007)
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1.1.4 Research aim and objectives

We have established so far that subglacial geology and crustal properties are of interest in
Antarctica not only for the thermal regime but also to better understand the tectonic evolution
of the most remote continent on planet Earth. We have also seen that geophysical imaging, in
particular gravity and magnetic applications, are suitable for unravelling lithospheric structures
and properties on different scales, including rock provinces, boundaries such as the Moho
interface or thermal limits such as CPD to draw conclusions on the internal structure of the
Antarctic crust underlying the ice sheets. Open questions in Antarctic research are quantify-
ing heterogeneity in the lithosphere of Antarctica, understanding how thermal variations are
influenced by geological evolution and their contribution to the development of the modern
topography, how well inverted petrophysical parameters correspond to their measured coun-
terparts in the laboratory and how to link petrological information to geophysical models on
different scales. An omnipresent challenge in Antarctic research is data coverage and how to
deal with data gaps as well as varying data resolution, for example from flight line spacing of
airborne measurements, and choosing an adequate model resolution for the data resolution of
a given dataset in terms of wavelength content, and spatial coverage. This thesis tries to take
on those open questions in the following three research chapters (chapter 2 - 4) in the region
of northern Victoria Land (nVL) including the TAM as well as WSB in East Antarctica (Figure
1.1). The study area for all three research chapters was chosen, because 1) the region is, for
Antarctica, exceptionally well surveyed with airborne geophysical measurements. The main
survey of this area is the WISE-ISODYN survey flown in 2005 and 2006 by the British Antarctic
Survey with a line spacing of 10km and tighter (Jordan et al., 2013). IlI) Direct geological
information and rock samples exist in the TAM region. Ill) Seismological studies indicate that
the TAM are not in isostatic equilibrium but rather are potentially thermally supported (Hansen
et al., 2016), a hypothesis that can be evaluated using potential field data, and IV) WSB host
one of the largest marine-based sectors in East Antarctica reaching bedrock topography depth
of over 2 km below the sea level (Ferraccioli et al., 2009a; Jordan et al., 2013; Morlighem et al.,
2020). Sub sea level basins like WSB pose a potentially high, but poorly constrained risk for
future sea level rise, as they are more vulnerable to melting by warming of the surrounding
ocean. Such melting could potentially trigger mechanisms of unstable retreat (Pollard et al.,
2015; Schoof, 2007). Significant long-term contribution from the WSB region to future sea-
level rise is predicted (DeConto and Pollard, 2016; Stokes et al., 2022). Understanding WSB
is time critical in context of future sea level rise and the potential role East Antarctica will play
in the long term. For these reasons, nVL and WSB serves as an ideal study area to address
those open questions articulated above.
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1.2 Thesis structure

Chapter 2 addresses the thermal state of the TAM and WSB region by assessing CPD
estimation from magnetic spectra analysis of magnetic airborne measurements. Forward
calculation from CPD to subglacial heat flow shows an elevated thermal regime beneath
the TAM indicating that the TAM are thermally supported, a hypotheses which was previ-
ously formulated by seismological experiments (e.g. Hansen et al. 2016). Additionally, the
chapter investigates different aspects of CPD uncertainty, which are routinely overlooked in
the literature, such as the influence of window size and the chosen wavelength range im
the magnetic spectrum to estimate the CPD. Furthermore, suitable wavelengths of airborne
and satellite measurements and data coverage for robust CPD estimation are assessed and
recommendations are provided for not using satellite magnetic data, or at least only with
extreme caution.

Chapter 3 is concerned with imaging crustal heterogeneities by using joint inversion of air-
borne gravity and magnetic data. The inversion model is constrained at the top by radar
estimation of the bedrock and at depth by the CPD from the previous chapter for the susceptib-
ility inversion, and by Moho depth estimation derived from gravity satellite data for the density
inversion. Inverted density and susceptibility distributions indicate a large-scale batholith intru-
sion in WSB. Based on the density—susceptibility relationship the batholith is speculated to be
of granitic composition. Moreover, the craton margin to the west of WSB is imaged and petro-
physically characterised. Based on the geophysical joint inversion model a tectonic evolution
sketch for WSB is developed. Furthermore, the implication for the cryosphere is discussed
in regions where a granitic batholith is present, which has typically a higher concentration
of heat producing elements, by linking the interpreted location of the batholith to subglacial
lakes. Lastly, advantages of jointly inverting both the gravity and magnetic field compared to
separately inverting both fields are emphasised.

Chapter 4 links geophysical inversion models on different scales with petrophysical measure-
ments and therefore, bridges geophysics and geology. To do so, 320 density and susceptibility
measurements, on the same Antarctic rock samples, are presented. The new petrophysical
rock catalogue is used to validate the inversion model from the previous chapter. Additionally,
a high-resolution magnetic only inversion based on a helicopter survey with a line spacing
of 500 m in the Mesa Range carried out by the German “Federal Institute for Geosciences
and Natural Resources” (BGR) is presented and also validated with the petrophysical rock
catalogue. Advantages and disadvantages of regional and local scale inversion resolution are
discussed as well as flight line spacing of airborne geophysical surveys. Incentive to fly gravity
surveys on comparable tight flight line spacing as high-resolution magnetic surveys is provided
by the density susceptibility relationship of the measured rock samples, which shows that rock
types can be discriminated with a higher confidence when also considering their density.
Finally, the thesis ends with a synthesis and conclusion chapter which also provides an outlook
of potential future work.



Chapter 2

Anomalously high heat flow regions
beneath the Transantarctic Mountains
and Wilkes Subglacial Basin in East
Antarctica inferred from Curie depth

2.1 Context

The following chapter uses spectral analysis after Tanaka et al. (1999) of airborne magnetic
data from the ADMAP-2 data compilation (Golynsky et al., 2018) to estimate the bottom of the
magnetic layer, the so-called Curie Point Depth (CPD). As rocks lose their magnetic properties
at the Curie temperature associated with the 580°C isotherm, CPD can be used as a proxy
for the thermal structure in crust. However, CPD can also be used as a boundary condition
for magnetic / susceptibility modelling as we will see later (Chapter 3 and 4) and therefore it is
crucial for this thesis to establish first the CPD and its associated uncertainties for the region.
Here, often overlooked sources of uncertainties are discussed, such as window size or the
potential biases introduced by picking the appropriate wavenumber range.

CPD can be used to forward calculate geothermal heat flow (Dziadek et al., 2021; Martos
et al., 2017) by assuming a simplified and homogeneous crust. Such a forward calculation is
performed in the following chapter as well. Validating heat flow maps is challenging due to the
lack of direct heat flow measurements. This chapter attempts to validate the heat flow map
against the sparse direct heat flow measurements and to thermal proxies in form of active
volcanoes as well as comparing the resulting heat flow map to other heat flow predictions
obtained through different methods and geophysical datasets.

10
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2.2 Author contribution

The work presented in this chapter has been published as: M. Lowe, B. Mather, C. Green, T.
A. Jordan, J. Ebbing and R. Larter (2023) Anomalously high heat flow regions beneath the
Transantarctic Mountains and Wilkes Subglacial Basin in East Antarctica inferred from Curie
depth. Journal of Geophysical Research: Solid Earth, 128(1), e2022JB025423.

conceptualised: M. Lowe; Data curation: M. Lowe; Formal analysis: M. Lowe, C. Green, T.
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2.3 Introduction

The evolution of both the Transantarctic Mountains (TAM) and Wilkes Subglacial Basin (Figure
2.1) as well as their coupling are not fully resolved, despite their crucial role in potential future
sea level rise (DeConto and Pollard, 2016; Ferraccioli et al., 2009a; Hansen et al., 2016;
Jordan et al., 2013; Paxman et al., 2019). TAM are the largest non-contractional mountain
range on Earth (Figure 2.1) and divide East Antarctica from the West Antarctic Rift System
(Morelli and Danesi, 2004; Robinson and Splettstoesser, 1986; Ten Brink and Stern, 1992).
The approximately 4000 km long and up to 400 km wide mountain range, with a peak elevation
of 4000 m (Morlighem et al., 2020), has a complex tectonic history with numerous proposed
uplift mechanisms. Uplift models include flexural uplift (Paxman et al., 2019; Ten Brink et al.,
1997; Wannamaker et al., 2017; Yamasaki et al., 2008), thermal mantle support (Brenn et al.,
2017; Lawrence et al., 2006; Smith and Drewry, 1984) as well as density variation and crustal
thickening (Bialas et al., 2007; Huerta, 2007). A local study investigating crustal structures
beneath the northern TAM based on receiver function data concluded that the crust beneath
the TAM is up to 46 km thick, which is significantly less than the 57 km required to support the
mountains isostatically (Hansen et al., 2016). They instead suggest broad flexure of the East
Antarctic lithosphere and uplift along the western edge as a result of lateral heat conduction
from the hotter West Antarctic mantle in line with the uplift model proposed by Stern and ten
Brink (1989), Ten Brink and Stern (1992), Ten Brink et al. (1997). Recent studies based on new
seismic tomography models (Brenn et al., 2017; Graw et al., 2016; Lloyd et al., 2020; Shen
et al., 2018; Wiens et al., 2023) show large low velocity zones beneath the northern TAM,
which are interpreted as warm and less dense mantle material. This observation suggests
that the warmer mantle beneath the highest topographic features in Northern Victoria Land
provides a strong contribution of thermal support to the uplift of this region (Wiens et al.,
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Figure 2.1: Bedrock topography of the Transantarctic Mountains and Wilkes Subglacial Basin
from BedMachine Antarctica version 2 (Morlighem et al., 2020). Black lines delimit more
deeply incised sub-basins within the wider Wilkes Subglacial Basin region. Yellow stars
indicate the location of recently active volcanoes. LG: Lillie Graben; RG: Rennick Graben;
EB: Eastern Basin; CB: Central Basin; WB: Western Basin; MSZ: Mertz Shear Zone; WSB:
Wilkes Subglacial Basin; TAM: Transantarctic Mountains; MtE: Mount Erebus; MtM: Mount
Melbourne; MtO: Mount Overlord.

2023).

Wilkes Subglacial Basin (WSB) located in the hinterland of the TAM, is a major below-sea-level
topographic feature, lying 2-3 km beneath the surface of the East Antarctic Ice Sheet (EAIS)
(Figure 2.1). WSB was first described from radar data in the 1970s (Drewry, 1976), stretches
approximately 1600 km from the George V Coast towards the South Pole, and comprises
one of the largest marine-based sectors of the EAIS (Ferraccioli et al. 2009a, 2009b). The
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bedrock elevation reaches depths of more than 2000 m below sea level within the locally
more deeply incised sub-basins (Ferraccioli et al., 2009a; Morlighem et al., 2020). WSB is
about 600 km wide close to the George V Coast (Ferraccioli et al., 2009b), decreasing to <100
km wide towards the South Pole (Studinger et al., 2004). The modern landscape formation
of WSB is interpreted as being associated with flexural process of the TAM uplift and glacial
erosion (Ferraccioli et al. 2009a; Jordan et al. 2013; Paxman et al. 2019, 2018). WSB is
bounded by the Terre Adélie Craton, west of the Mertz Shear Zone (Finn et al., 2006) and
by the TAM to the east. Direct information about the subglacial geology is limited to rock
exposure close to the coast. West of the Mertz Shear Zone > 2440 Ma paragneiss and
granitoids have been reported, while to the east ca. 500 Ma granites have been mapped
(Goodge and Fanning, 2010). Evidence exists for ~680 Ma rifted margin in the central TAM
(Goodge, 2020), and extensive Ross age (550-500 Ma) magmatism in the TAM (Lamarque
et al., 2018). The presence of Beacon Supergroup sedimentary strata intruded by rocks of the
Ferrar Large Igneous Province within WSB is interpreted from aeromagnetic measurements
(Ferraccioli et al., 2009a). Provenance studies also indicate the bedrock of WSB includes
Beacon Supergroup terrestrial sediments, rocks of the Ferrar Large Igneous Province, and
Early Palaeozoic terranes (Cook et al., 2017).

Basins below sea level like WSB pose a potentially high but poorly constrained risk for future
sea level rise, as they are more vulnerable to melting by warming of the surrounding ocean.
Such melting could potentially trigger mechanisms of unstable retreat (Pollard et al., 2015;
Schoof, 2007). A significant long-term contribution to future sea level rise has been predicted
from the WSB region over the next two centuries, associated with eventual retreat of the ice
sheet into northern WSB by the year 2500 (DeConto and Pollard, 2016; Stokes et al., 2022).
Geothermal heat flow (GHF) is identified as a crucial contribution from the solid Earth which
interacts with the cryosphere (Davies, 2013; Fahnestock et al., 2001). GHF influences the
rheology of the ice and can lead to basal melting, factors which can both facilitate enhanced
ice flow and consequently influence ice sheet stability (Larour et al., 2012; Llubes et al., 2006;
Pittard et al., 2016; Winsborrow et al., 2010). GHF is therefore a crucial parameter for mod-
elling ice sheets and future sea-level rise (Matsuoka et al., 2012; Pattyn, 2010; Pattyn et al.,
2016; Pittard et al., 2016; Van Liefferinge et al., 2018; Whitehouse et al., 2019; Winkelmann
et al., 2011). GHF also has the potential to shed light on the region’s long-term tectonic
evolution. Areas of elevated heat flow are often associated with regions of shallow warm
mantle, and provide a test for the hypothesis that incursion of warmer West Antarctic mantle
beneath the TAM provides thermal support to the mountain range, as suggested by Smith and
Drewry (1984) and Hansen et al. (2016)

Although in-situ GHF measurements would be very significant, they are almost non-existent
in WSB (Burton-Johnson et al., 2020). Consequently, GHF models are inferred from differ-
ent geophysical techniques. Those techniques can be subdivided into two broad categor-
ies: modelling of geophysical data and machine learning or statistical correlation. Modelling
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approaches include determining the depth of the 580°C isotherm from magnetic data and
subsequently calculating GHF from this isotherm (Martos et al., 2017) as well as calculating
GHF based on seismologically derived upper mantle temperature (An et al., 2015). Statistical
models include correlating seismic velocity structures in Antarctica to those in areas with
good constraints on GHF (Shen et al., 2020), machine learning techniques where the model
is trained in areas where the GHF is well understood (in-situ heat flow measurements exists)
(Lésing and Ebbing, 2021; Lésing et al., 2020) and statistical similarity of multiple datasets
which are compared to global GHF catalogues (Stal et al., 2021). The large-scale distinction
between East and West Antarctica is recognised in most GHF models (An et al., 2015; Lésing
and Ebbing, 2021; Martos et al., 2017; Shen et al., 2020; Stél et al., 2021). However, existing
continental scale GHF models for Antarctica show remarkable inconsistency on a more local
scale (Figure 2.2).

Magnetics Seismic Machine learning and
statistical analysis
Martos et al., 2017 Shen et al., 2020 Lésing and Ebbing, 2021
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Figure 2.2: Continent-wide GHF models derived from various geophysical approaches. a)
Magnetic derived GHF model (Martos et al., 2017). b) Seismological derived GHF model
(Shen et al., 2020). ¢c) GHF model derived from multiple data sets via machine learning (L&sing
and Ebbing, 2021). d) GHF map derived from satellite magnetic data (Purucker, 2013) an
update of Fox Maule et al. (2005). e) Seismologically inferred GHF model (An et al., 2015). f)
GHF estimates derived by statistical analyses of multiple data sets (Stal et al., 2021). Identical
colourmap used for Figure 2.2 (a-f).
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In this study, in contrast to previous attempts to estimate CPD and GHF in Antarctica from
spectral analysis of magnetic data, we use exclusively high resolution airborne magnetic data.
We show that this exclusive use of airborne data improves existing GHF models based on
CPD significantly in the TAM and WSB. We imaged elevated GHF beneath the northern-
most part of the TAM, which verifies independent seismological findings of proposed thermal
support for uplift in northern Victoria Land (Hansen et al., 2016; Lloyd et al., 2020; Wiens
et al., 2023). Furthermore, our study reveals elevated GHF in WSB Central Basin and Rennick
Graben which previous models were not able to image, which is consistent with an erosional
or rifted origin.

2.4 Data

The ADMAP-2 compilation includes 3.5 million line-km of aeromagnetic and marine magnetic
data in Antarctica and the Southern Ocean south of 60 °S (Golynsky et al., 2018). The gridded
ADMAP-2 product (Figure 2.3a) has a grid spacing of 1.5 km and its production included
correction for the International Geomagnetic Reference Field, diurnal effects, high-frequency
error correction, levelling, regional gridding, and merging of regional grids into a continent-
wide compilation (Golynsky et al., 2018).
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Figure 2.3: Airborne magnetic measurments. a) ADMAP-2 with a grid spacing of 1.5 km
(Golynsky et al., 2018) superimposed on Satellite Magnetic Anomaly Map from the LCS
1 model (Olsen et al., 2017). b) Selected recent ADMAP-2 magnetic data, re-gridded and
upward-continued to a constant height of 4 km. Black cross and black rectangle indicate the
centroid and extension of window 645 with a window size of 300 km. Identical colourmap used
for both panels.
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For this study only recent (~2000 - present) aeromagnetic data were selected from ADMAP-2
and a blanking distance of 15 km from flight lines was applied (Figure 2.3b). This was done for
two reasons: a) To ensure that only flight lines with high precision positioning tracing (GPS) are
used and b) interpolation between widely spaced flight line spacing is removed. Data were re-
interpolated onto a 1.5 by 1.5 km mesh using a minimum curvature technique. The resulting
magnetic grid was then upward continued to a constant height of 4 km above the ellipsoid
(Figure 2.3b), based on the flight elevation data available in the ADMAP-2 compilation (see
Appendix A.1).

2.5 Method

Magnetic materials typically lose their magnetisation (ability to induce a strong magnetic field)
with increasing temperature (Blakely, 1996; Langel and Hinze, 1998). For magnetite, thought
to be the most significant magnetic mineral in the crust, this so-called Curie temperature is
~580°C (Telford et al., 1990). The depth at which the crust reaches this temperature, and
most rocks lose their magnetic properties, is the Curie Point Depth (CPD) and defines the
Curie isotherm within the crust (Haggerty, 1978; Nufiez Demarco et al., 2020). Estimating the
depth of magnetic sources using the power spectrum of magnetic data was first established
as a method in 1970 (Spector and Grant, 1970). Since then, numerous methods have been
developed to estimate the bottom of all magnetic sources in an area, and hence the CPD.
Established methods to estimate the CPD include the centroid method (Treitel et al. 1971,
Bhattacharyya and Leu 1975a, Bhattacharyya and Leu 1975b, Blakely 1996, Okubo et al.
1985, Tanaka et al. 1999, Blakely 1996) spectral peak method (Blakely, 1996; Connard et al.,
1983) and fractal methods (Bansal and Dimri, 2005; Bansal et al., 2011; Bouligand et al.,
2009; Kumar et al., 2021; Li et al., 2019; Mather and Fullea, 2019; Maus and Dimri, 1995;
Maus et al., 1997; Salem et al., 2014; Todoeschuck et al., 1992); for a more detailed discus-
sion of these methods the reader is referred to Ravat et al. (2007) and Nufiez Demarco et al.
(2020).

In our study the centroid method after Tanaka et al. (1999) is used to calculate the CPD.
This approach assumes a random distribution of magnetic sources in the crust. The radially
averaged power spectrum was calculated using the python library Pycurious (Mather and
Delhaye, 2019).

The radially averaged power spectrum PA(|k|) is defined as:

Dar(|K|) = Ae K% (1 — g~ IKIZ=2)y2 (2.1)
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where A is a constant, k is the spatial wavenumber defined as k = 27” where A is the

wavelength, Z; is the top of the assumed magnetic source and Z;, is the bottom of the assumed
magnetic source and therefore Z;, — Z, describes the thickness of the magnetic source (Mather
and Delhaye, 2019; Tanaka et al., 1999).
For shorter wavelengths (generally less than twice the source thickness), this approximates
to:

In[®ar(|Kk|)2] = InB—|k|Z (2.2)
where B is constant (Mather and Delhaye, 2019; Tanaka et al., 1999).
Equation 2.1 can be rewritten, with Z0 as the centroid depth of the magnetic source (Mather
and Delhaye, 2019; Tanaka et al., 1999):

Oar(|x|)? = Ce K% (o IKl@~20) _ o=Ix|(Z=20)) (2.3)

where C is a constant.
For long wavelengths, where 2d is the magnetic source thickness we obtain equations 2.4
and 2.5 (Mather and Delhaye, 2019; Tanaka et al., 1999).

Dar(|K])2 = Ce 112 (oK) _ o= k(d)y & CoIKZ0p | (2.4)
1
"

1n”|(K"K|2) —=1nD — |K|Z (2.5)

The depth to the top (Z;) and centroid (Zy) of the magnetic source are recovered by fitting a

linear regression through the high-wavenumber and low-wavenumber part of the radially av-

1
Par(|x])2
I3

et al., 1999). With Z; and Z; the base of the magnetic source Z;, can be estimated applying
equation 2.6 (Mather and Delhaye, 2019; Tanaka et al., 1999)

eraged spectrum of In @7 (| K\)% and In in equation 2.2 and 2.5 respectively (Tanaka

Zy=20—(Z —2o) =220 - 74 (2.6)

A random magnetisation model was chosen over a fractal model firstly because recent CPD
studies in Antarctica and Greenland (Dziadek et al. 2021; Martos et al. 2017, 2018) have
used a random magnetisation model and we want to obtain results that can be compared
directly to previous studies. Secondly the subglacial geology in the area of the TAN and WSB
is largely unknown. A fractal magnetisation model introduces a fractal exponent parameter
B, which is related to geology (Bouligand et al., 2009). However, random magnetisation is
an endmember of the fractal magnetisation model with fractal parameter B = 1 (Bouligand
et al., 2009). For meaningful B values above 1 geological terrains need to be identified and
constrained. Adding an unconstrained fractal parameter adds complexity which is difficult to tie
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down since different geological terrains would require different  values. Fixing 8 to a constant
value as previous studies have done (e.g. Sobh et al. 2021) will not provide an advantage over
a random magnetisation model. A recent study illustrated the difficulty in estimating reliable 3
values and highlights the possibility that 3 is only valid in a limited bandwidth (Szwillus et al.,
2022). To limit the complexity and ambiguity a fractal model would introduce, combined with
ensuring comparability to previous Antarctic studies, we have chosen the standard approach
of assuming random magnetisation over a fractal model.

2.5.1 Data preparation and window size

The window size is an influential parameter in spectral methods because it ultimately determ-
ines the maximum wavelength which will be captured in the subgrid and therefore controls the
maximum depth that can be recovered (Nufez Demarco et al., 2020).

Various authors make conflicting suggestions regarding appropriate window sizes (Nunez De-
marco et al., 2020) ranging from 3 times the depth of the magnetic layer (Hussein et al., 2013)
to 10 times the recovered depth of the magnetic layer (Ravat et al., 2007). In contrast, Li et al.
(2017) use several window sizes, where the recovered depths are averaged into the final CPD
grid. Bouligand et al. (2009) use an iterative approach, where they expand the window around
a given grid point until a depth of the bottom of the magnetic layer Z, smaller than a tenth of
the window size is recovered. In this study, we test recovery of the CPD beneath the TAM and
WSB using analysis window sizes of 200 km by 200 km, 300 km by 300 km and 400 km by
400 km following the recommendation for a window size of 5 to 10 times the recovered CPD
(Ravat et al., 2007). We discuss the differences in absolute value, resolution and accuracy of
recovered CPD, and justify our choice of a 300 km preferred window size later (Section 2.7).
The Fourier transformation requires the windowed data to have no data gaps. However, Ant-
arctica is not fully covered by magnetic airborne surveys. Previous studies in Antarctica have
bypassed this problem by merging the airborne data with satellite magnetic data (Dziadek
et al.,, 2021; Martos et al., 2017). Satellite magnetic data for estimating CPD should be
used with caution because the analytical window functions as a high pass filter removing
all wavelengths longer than the window size. However, satellite derived magnetic models only
contain longer wavelengths, similar in length to the typical analysis window; for example the
satellite derived magnetic model MF7 (Maus et al., 2007) only contains wavelengths larger
than 300 km. It is therefore questionable whether merged satellite and airborne magnetic
data can provide a representative CPD estimation due to the limited wavelengths in the
power spectrum. This issue was recently discussed by Pappa and Ebbing (2023). In our
study the problem regarding data gaps within the airborne data is overcome by interpolation
of the airborne data to ensure only direct observations contribute to the spectral content
in the window. Subsequently, we estimate the data coverage of every window and discard
windows with less than 80% data coverage to ensure that the recovered CPD estimates are
not dominated by interpolation effects.
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It is common for spectral methods that the study area is subdivided into windows which have
a large overlap between them (Audet and Gosselin, 2019; Blakely, 1988; Bouligand et al.,
2009; Idarraga-Garcia and Vargas, 2018; Leseane et al., 2015; Okubo et al., 1985). The
overlap increases the number of depth estimates and is expected to increase resolution up
to a point, which allows the investigation of lateral variations in CPD through the study area.
The overlapping windows also allow smoothing of the more closely spaced CPD estimates
(see Appendix A.2). In this study we use a step size of 20 km between the analytic windows,
which results in a large overlap between the windows. A Hanning taper is applied to the
windowed subgrid in the space domain to remove edge discrepancies. No further modification,
corrections or filters have been applied to the magnetic grid and power spectrum in line with
recommendations from previous authors (Audet and Gosselin, 2019; Nufez Demarco et al.,
2020; Ravat et al., 2007).

Applying this approach, with a threshold of 80% data coverage, we obtain 2161 valid windows
for a window size of 200 km, 1933 windows for a window size of 300 km and 1685 windows
for the window size of 400 km. Our approach is limited to regions with relatively good airborne
data coverage and therefore cannot be applied to the entire Antarctic continent. A fixed
wavenumber range is used to estimate the CPD in each window. Z; is calculated in the
wavenumber range 0.006 - 0.033 |x|/(27) (167-30 km wavelength) and Z, is calculated in
range 0.04 - 0.2 |x|/(27) (25-5 km wavelength) respectively. The ideal wavenumber range for
Zy is defined as the first linear segment after the spectral peak in the low wavenumber part
of the power spectrum, while the ideal range for Z; is defined as the second linear segment
in the power spectrum. The linear regression (Figure 2.4) to estimate Z; and Z; is carried out
using the function curve fit from the python library SciPy learn (Virtanen et al., 2020). The
uncertainty of the fitted slope is calculated by estimating the standard deviations from the
covariance matrix by taking the square root of the diagonals (Equation 2.7) and propagating
the uncertainty (Equation. 2.8).

Osiope = \/ COVdiag (2.7)

— 2
GCPD - G'lope[Z,] (28)

We note that the estimated uncertainty is a formal error, which describes how well the linear
regression fits the radially averaged power for the predefined wavenumber range. The abso-
lute uncertainty of the CPD estimation may surpass this formal error (see Section 2.7.1).
CPD estimations, which are an approximation for the 580°C Curie isotherm, can be used as
a proxy for GHF. Where CPDs are shallow a higher GHF is expected and vice versa. A first
order approximation of GHF from CPD estimates can be inferred from Fourier’s Law (Equation
2.9) (NUunez Demarco et al., 2020; Turcotte and Schubert, 2014):
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Figure 2.4: Power spectrum from window 645; centroid location and extension of the window
are marked in Figure 2.3b. a) Power spectrum weighted by k to estimate Z;,. Red line
represents the fitted line through the low wavenumber part of the power spectrum. Green
rectangle illustrates zoom in range for b). b) Zoomed in power spectrum weighted by k.
c) Power spectrum to estimate Z;. Red line represents the fitted line through the high
wavenumber part of the power spectrum. Green rectangle illustrates zoom in range for d).
d) Zoomed in power spectrum.
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where Q is the heat flux at the bedrock interface, T. is the Curie temperature (580°C), Ts., face

(2.9)

is the surface temperature, Z, is the CPD and « is the thermal conductivity. Here, a thermal
conductivity of 2.5 WmK~! is used, which is the average thermal conductivity of igneous
rocks (Clauser and Huenges, 1995; Goes et al., 2020; Hasterok et al., 2018; Jennings et al.,
2019). Temperature at the bedrock surface (T, face) is set to 0°C in line with previous spectral
analysis studies in Antarctica (Dziadek et al., 2021; Martos et al., 2017). Assuming 0°C
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at the bedrock interface is sufficient since most of the bottom of the ice sheet has been
calculated to be at the pressure melting point around -2°C with a variation of a few °C,
which results in a “wet base” of the ice sheet (Pattyn, 2010). This assumption breaks for
areas with a cold (dry) ice-sheet base and areas with no ice cover. Over most of this region
annual mean surface temperatures are -20 to -50°C (Wang and Hou, 2009). We performed a
sensitivity test for the cold-based ice sheet and ice-free scenario assuming an annual surface
temperature of -30°C (Figure A.3). This effect would bias averaged heat flow by 4 mW m~2,
which is considerably less than the overall uncertainty estimated for the GHF (Figure 2.6 d-
f). Therefore, this effect is considered negligible. Using an ice surface temperature is also
problematic due to the potential for melting/freezing in the ice as well as fluid flow. Equation
2.9 is a strong simplification of the real world since it neglects spatial variation of thermal
conductivity caused by e.g., geology as well as any heat production in the area due to e.g.,
radiogenic heat production in crustal rocks. Those parameters are strongly influenced by the
composition of the present crustal rocks, which are poorly constrained in Antarctica due to
the thick overlying ice sheet (Burton-Johnson et al., 2020). Martos et al. (2017) accounted
for crustal heat production by using a constant value for the entire Antarctic continent, which
does not help the conversation on spatial GHF variation caused by heterogeneity within the
crust.

2.6 Results

The CPD estimates range between 15 and 35 km (Figure 2.5 a, c, e). As a reminder, from
equation 2.9 a low CPD value indicates a shallow Curie isotherm of 580°C and therefore
implies a higher heat flow and vice versa. A prominent shallow CPD province is present
beneath the TAM between -78° and -72° latitude for all three window size configurations. In
the area of Rennick Graben a linear shallow feature is visible in the 200 and 300 km windows
(Figure 2.5 a, c) but is much subdued in the 400 km window (Figure 2.5 e). Another linear
feature is observed in the Central Basin (Figure 2.5 a-c). Again, this feature is subdued in the
400 km window (Figure 2.5). West of the Central Basin, deeper CPD values are observed,
indicating an overall colder thermal structure. CPD estimates from the 200 km window have
a higher frequency in their spatial pattern compared to window size configurations of 300 km
and 400 km (Figure 2.5). With increasing window size, the range of recovered CPD decreases,
while the mean depths become deeper (Figure 2.5, Figure 2.7 a-c). Moreover, the estimated
uncertainties decrease with increasing window size (Figure 2.5 a,c,e). Linear transformation
of CPD to GHF maps (see Equation. 2.9) yielded estimates ranging from 38 to 110 mW m~2.
The spatial patterns in the GHF maps ( Figure 2.6 a,c,e) are identical to those observed in
the CPD map (Figure 2.5) due to the linear relationship between both maps. Again, the range
of GHF values decreases with increasing window size while the error decreases also with
increasing window size (Figure 2.6 a-f).
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Figure 2.5: Estimated CPD for Victoria Land and Wilkes Subglacial Basin. Left column
gives CPD estimates for different window sizes. Right column illustrates the corresponding
uncertainty. a) CPD based on a 200 by 200 km window. b) uncertainty for CPD estimates
based on a 200 by 200 km window. ¢) CPD estimates obtained with a 300 by 300 km window.
d) uncertainty for CPD estimates obtained with a 300 by 300km window. e) Calculated CPD
with a 400 by 400 km window. f) uncertainty for CPD estimates with a window size of 400 by
400km. LG: Lillie Graben; RG: Rennick Graben; EB: Eastern Basin; CB: Central Basin; WB:
Western Basin; WSB: Wilkes Subglacial Basin; TAM: Transantarctic Mountains; MtE: Mount
Erebus; MtM: Mount Melbourne; MtO: Mount Overlord. Identical colourmaps used for Figure
2.5a,c,eandFigure 2.5b, d, f.
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Figure 2.6: Estimated GHF for Victoria Land and Wilkes Subglacial Basin. Left column
gives GHF estimates for different window sizes. Left column illustrates the corresponding
uncertainty. a) GHF based on a 200 by 200 km window. b) Uncertainty for GHF estimates
based on a 200 by 200 km window. ¢) GHF estimates obtained with a 300 by 300 km window.
d) Uncertainty for GHF estimates obtained with a 300 by 300km window. e) Calculated GHF
with a 400 by 400 km window. f) Uncertainty based on GHF estimates with a window size
of 400 by 400km. LG: Lillie Graben; RG: Rennick Graben; EB: Eastern Basin, CB: Central
Basin; WB: Western Basin; WSB: Wilkes Subglacial Basin; TAM: Transantarctic Mountains;
MtE: Mount Erebus; MtM: Mount Melbourne; MtO: Mount Overlord. Identical colourmaps used
for Figure 2.6 a, ¢, e and Figure 2.6 b, d, f.
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2.7 Discussion

Results recovered from a window size of 300 km and 400 km are preferred for multiple
reasons. First, the recommendation for an optimal window size is 5 — 10 times the recovered
CPD (Ravat et al., 2007). (see section 2.5.1). The largest portion of recovered CPD across
all window sizes is between 25 and 30 km (Figure 2.7). Aiming for a window size which is 10
times the recovered CPD the preferred windows size must be larger than 250 km and thus the
300 km window size in our study is best suited to satisfy this recommendation. In addition, a
window size of 300 km recovers a larger number of valid CPD estimates for the study area in
comparison to the 400 km window size (Figure 2.7 a, c, e).
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Figure 2.7: Histogram of recovered CPD depth for different window sizes with a bin size of 1
km. a) CPD estimates recovered from 200 by 200 km windows. b) CPD estimates obtained
using 300 by 300 km windows. c) Recovered CPD based on 400 by 400 km windows.

The estimated error for the CPD estimates based on the fitting of the radially averaged power
spectrum decreases with increasing window size (Figure 2.5 b, d, f), which points in the
direction of missing low wavenumber content in the 200 km window, while larger window
sizes are stabilised due to capturing a wider bandwidth. Moreover, high frequency of spatial
variation in the CPD is observed in the 200 km window (Figure 2.5 a), while CPD from a
larger window size (Figure 2.5 c, e) shows less spatial variation. A large change between
the results obtained from a 200 to 300 km window is observed, although many key features
persist. A much smaller change is observed between the result obtained from a 300 and 400
km window, suggesting the recovered CPD values stabilise for windows larger than 200 km.
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Lastly, CPD resulting from a 300 km window displays spatial pattern, which are consistent with
geological and topographic features such as Rennick Graben and the Central Basin. Based
on the arguments above we prefer results obtained from a window size of 300 km.

CPD estimates are the result of the average Curie depth within the analysing window, although
a strong depth variation within the window may bias the estimation to deeper or shallower
values. Moho depth maps are a good control mechanism since Curie depths deeper than the
Moho interface would imply that the upper mantle is magnetic, which is not typically assumed
(e.g. Wasilewski et al. 1979), although this possibility has been suggested (Ferré et al., 2014).
CPD estimations of this study are above the Moho interface onshore with a few exceptions
near the edge of the magnetic data coverage (Figure 2.8). CPD estimates offshore in the Ross
Sea show isolated areas with deeper CPD estimates compared to the Moho map from Pappa
et al. (2019a).
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Figure 2.8: Comparison between CPD estimations and Moho depths. a) CPD estimates
recovered with a 300 km window size. b) Moho depth map inferred from satellite gravity
inversion (Pappa et al., 2019a). Yellow stars indicate the location of recent active volcanoes.
LG: Lillie Graben; RG: Rennick Graben; EB: Eastern Basin; CB: Central Basin; WB: Western
Basin; WSB: Wilkes Subglacial Basin; TAM: Transantarctic Mountains; MtE: Mount Erebus;
MtM: Mount Melbourne; MtO: Mount Overlord. Identical colourmap used for Figure 2.8 a and
b.

Recovered CPDs ranging from 15 to 35 km are not unusual compared to different regions
elsewhere on the globe. CPDs for the mid-Norwegian margin in the area of the Trendelag
Platform and Vering Basin are reported to range from 18 km to 20 km at the coast, around
12 km at the ocean continent transition zone and around 9 km beneath the oceanic plate
(Ebbing et al., 2009). CPDs beneath the British Isles are reported to range from 15 km to 45
km (Mather and Fullea, 2019). CPDs in southern Africa are reported to range from 8 to 15 km
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along the Okavango Rift Zone in Botswana and up to 50 km in the Kaapvaal Craton (Sobh
et al., 2021). Curie depths substantially shallower are reported for the West Antarctic Rift
System, reaching depths shallower than 10 km and up to extreme values of 4.8 km (Dziadek
et al., 2021). Such extreme shallow CPD values are highly unlikely in the cratonic region of
East Antarctica.

2.7.1 Uncertainty of CPD and GHF estimation

Uncertainty arising from fitting the slope of the predefined wavenumber range varies between
2 and 8 km throughout the study area (Figure 2.5 b, d, f), which translates to uncertainties
of 29 mW m~2 to 48.8 mW m~? for the GHF estimation (Figure 2.6 b, d, f). Uncertainty
associated with choosing inappropriate size and range of the wavenumbers to calculate Z;
and Z; can lead to significantly different CPD results of the order of multiple km (See Appendix
A.4). Uncertainty from the chosen window size is on the order of a few km (Figure 2.5). With
increasing window size, the average recovered depth increases, while fewer extreme CPD
values are recovered (Figure 2.5). Moreover, the composition of the magnetic material itself
induces uncertainty since the Curie temperature is not a universal 580°C for all minerals
(Blakely, 1988; Haggerty, 1978; Nunez Demarco et al., 2020). However, the effect of the
mineral composition is almost impossible to quantify. Lastly, the linear transformation of CPD
to GHF equation (2.9) does not consider heat production within the crust and assumes a
constant thermal conductivity, which is a strong simplification of the crustal properties.

It is important to consider these effects when using absolute values of GHF estimates derived
from bottom of the magnetic layer methods. However, many of the uncertainties discussed
above relate to the absolute value of the CPD across the study. This method therefore provides
a robust tool for imaging relative variation in CPD, but absolute values should be used with
more caution.

2.7.2 Comparison to in-situ GHF measurements and previous GHF models

The global GHF catalogue (Lucazeau, 2019) reports a few in situ measurements for the study
area (Figure 2.9). These measurements have been obtained using different techniques and
equipment. Measurements in our study area have been conducted from boreholes, sediment
and ice probes (Lucazeau, 2019). The measurements in the database are rated from A to
C based on the variation of heat with depths, and labelled Z where heat flow with depth is
not specified. A-rated GHF measurements (circles in Figure 2.9) are very sparse in the area.
The three southernmost (longitude from 163° to 165°, latitude from -77° to -77.7°) A-rated
measurements are conducted in boreholes and are consistent with our GHF estimates. A-
rated measurements offshore are aligned at the edge of a high heat flow pattern. However,
the negative heat flow pattern offshore arises from CPD estimates, which are below the
Moho interface and therefore are less trustworthy as discussed in section 2.7. B- and Z-rated
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GHF measurements are overall consistent with our GHF estimates. C-rated measurements
onshore (triangles Figure 2.9) are in strong disagreement with our findings. Previous GHF
models based on machine learning and multi statistical similarity analysis (Lésing and Ebbing,
2021; Stal et al., 2021) use in situ measurements in their approach. However, Stal et al. (2021)
only used A-rated GHF measurements, while L&sing and Ebbing (2021) did not discriminate
the measurements. We categorise the three borehole measurements taken beneath McMurdo
Ice Shelf (longitude from 163°to 165°, latitude from -77°to -77.7 °) to be the most trustworthy
and are more cautious in regard to measurements obtained using sediment and ice probes.
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Figure 2.9: In situ GHF measurements (Lucazeau, 2019) superimposed on GHF estimates
recovered based on an analytic window with a window size of 300 km. Circles represent
A-rated GHF measurements, boxes represent B-rated GHF measurements, regular triangles
represent C-rated GHF measurements and inverted triangles represent Z-rated (not specified)
GHF measurements. Yellow stars indicate the location of recent active volcanoes. LG: Lillie
Graben; RG: Rennick Graben; EB: Eastern Basin; CB: Central Basin; WB: Western Basin;
WSB: Wilkes Subglacial Basin; TAM: Transantarctic Mountains; MtE: Mount Erebus; MtM:
Mount Melbourne; MtO: Mount Overlord. Identical colourmap is applied to the GHF map and
the measured heat flow values. Identical colourmap used for Figure 2.6 (a, ¢, f).
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Difference-maps (Figure 2.10) between the GHF estimates based on a 300 by 300 km window
to previous studies (Figure 2.2) show moderate differences in the order of + 20 mW m—2
between most models with isolated areas with stronger disagreement + 50 mW m~—2 and
more. All models predict a lower GHF beneath the southern TAM and a higher heat flow
offshore. The seismic derived GHF estimates (An et al., 2015; Shen et al., 2020) show the
least disagreement together with the statistically derived model from (Stal et al., 2021) to GHF
estimates in this study.

Machine learning and
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Figure 2.10: Difference-maps between GHF estimates of this study obtained with a window
size of 300 by 300 km and existing continent wide GHF models shown in Figure 2.2. Blue
colours show lower GHF values in GHF estimates in this study, while red colours indicate
higher GHF estimates in this study. a) Difference in estimated GHF values compared to
Martos et al. (2017). b) Difference in estimated GHF values compared to Shen et al. (2020). ¢)
Difference in estimated GHF values compared to Lésing and Ebbing (2021). d) Difference in
estimated GHF values compared to Purucker (2013) an update of Fox Maule et al. (2005). e)
Difference in estimated GHF values compared to An et al. (2015). f) Difference in estimated
GHF values compared to Stal et al. (2021). LG: Lillie Graben; RG: Rennick Graben; EB:
Eastern Basin; CB: Central Basin; WB: Western Basin; WSB: Wilkes Subglacial Basin; TAM:
Transantarctic Mountains; MtE: Mount Erebus; MtM: Mount Melbourne; MtO: Mount Overlord.
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Those three models predict GHF values in the same order of magnitude with stronger dis-
agreements in Rennick Graben, Central Basin and southern TAM. The GHF model derived
from magnetically inferred CPD from Martos et al. (2017) shows a strong disagreement at
the divide to West Antarctica and a moderate disagreement in East Antarctica. The strong
disagreement might be due to the fact that Martos et al. (2017) applied different wavenumber
ranges to the power spectrum to estimate the CPD for windows in West and East Antarctica,
which systematically gives shallower CPD for West Antarctica and consequently results in
higher heat flow. GHF prediction based on a machine learning approach by Lésing and
Ebbing (2021) shows strong disagreement onshore beneath the southern TAM and offshore
in the Ross Sea. The much lower GHF predictions in the Lésing and Ebbing (2021) model
onshore beneath the TAM might be related to incorporating the three C-rated GHF in situ
measurements from the global GHF catalogue (Lucazeau, 2019). The large difference in the
Ross Sea to the Lésing and Ebbing (2021) model is located where our CPD estimates exceed
the Moho depth and therefore are less trustworthy. Figure 2.10 illustrates that our results
predict higher heat flow beneath the TAM extending westwards, while high heat flow values in
previous models are limited to the region closer to the coastline.

2.7.3 Geological origins and implications of geothermal anomalies.

estimates and the GHF predictions derived from them reveal elevated heat flow beneath the
northern TAM. Recently active volcanoes in the study area are: Mount Erebus, which is the
southernmost active volcano on Earth (Sims et al., 2021), Mount Melbourne, a quiescent
volcano, which is believed to have the potential to produce major explosive events (Gambino
et al., 2021), and Mount Overlord, which was active during the Eocene (Perinelli et al., 2017).
Those recently active volcanoes are consistent with the thermal anomaly pattern of this study
since each volcano is centrally located in areas of elevated heat flow (Figure 2.9).

The high in heat flow in the TAM region is in line with the idea of warmer West Antarctic mantle
beneath the TAM providing thermal support for the mountain range (as proposed by Hansen
et al. 2016) and the low velocity mantle imaged by recent seismic tomography models (Lloyd
et al., 2020; Wiens et al., 2023).

A linear high heat flow anomaly is observed in Rennick Graben. This high heat flow pattern
leaks into nearby Lillie Graben. The opening of Rennick Graben was previously linked to
mid Cretaceous (~ 100 Ma) rifting and interpreted as a failed rift arm (Fleming et al., 1993).
This idea is challenged by fission track data (40-50 Ma), which indicate that Rennick Graben
formed due to tectonic denudation (up to 5 km) combined with strike-slip deformation (Rossetti
et al., 2003). A receiver function profile perpendicular to Rennick Graben (Station BIO1 —
BI03) indicates shallow crustal thickness of 24 km (Agostinetti et al., 2004). Both mechanisms
combined, mid Cretaceous rifting and large amount of denudation, could explain elevated
heat flow in Rennick Graben as seen in our results. Alternatively, small crustal thicknesses
accompanied by a thin lithosphere can cause an elevation in heat flow. However, the thin
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crust imaged by receiver functions is not limited to Rennick Graben and would cause broader
high heat flow patterns in contrast to the narrow heat flow pattern imaged by our results.
Another linear geothermal feature is imaged in the Central Basin (Figure 2.6b). Competing
models of WSB’s origin have been proposed in the past, including continental rifting (Steed,
1983), which was partially supported by airborne geophysical data (Ferraccioli et al., 2001).
However, interpretation of recent aerogeophysical data has suggested further that a rifting
origin of the Central Basin is very unlikely (Ferraccioli et al., 2009a; Jordan et al., 2013).
Alternative models include flexural down-warp of WSB in response to Cenozoic rift-flank
uplift of the TAM caused by the neighbouring Ross Sea Rift (Stern and ten Brink, 1989; Ten
Brink et al., 1997). Similarly, a recent model proposes that WSB developed as a result of
flexural processes coupled with deep glacial erosion (Paxman et al., 2019). Both mechanisms,
continental Cenozoic rifting, even though unlikely, and large-scale erosion, can cause elevated
heat flow and might be connected to the high heat flow pattern observed in the Central Basin.
The similarity in amplitude and linear pattern of heat flow in Rennick Graben and the Central
Basin could be an indicator of a similar evolution mechanism. In the broader WSB area, except
for Rennick Graben and the Central Basin, the CPD and GHF maps show overall deeper and
lower values, respectively, and therefore indicate a much colder thermal structure.

The CPD and consequently GHF maps from this study have a higher spatial resolution than
previous continental scale GHF estimates inferred from magnetic data (Figure 2.2a, d), due
to a combination of smaller distance between evaluated windows (20 km) and using only
high-resolution airborne data without substituting satellite measurements. Consequently, the
spatial coverage of our approach is strongly limited to the region with a dense coverage of
airborne measurements; however, where results are obtained, we believe them to be more
robust.

2.8 Conclusion and future work

We have presented new CPD and GHF maps for the northern TAM and WSB area. Our
spectral analysis of magnetic data provides a significant improvement over prior GHF maps
of the region. We image elevated heat flow beneath the TAM, which extends further west than
previously mapped. We also resolve elevated heat flow features in Rennick Graben and WSB’s
Central Basin that have not been imaged before. However, the overall spatial coverage of this
analysis is limited by the extent of airborne surveys with close flight line spacing. Filling data
gaps with satellite magnetic data, as previous studies in Antarctica have done (Dziadek et al.,
2021; Martos et al., 2017) is not an effective solution due to the limited range of wavelengths
it provides for the analytic window (Pappa and Ebbing, 2023). Previous Antarctic CPD studies
have failed to report the centroid location of the analysed window, the power spectrum of the
analysed window, or the intercept and slope values for the linear regression, which makes
it impossible to directly reproduce them. We report for the first time all those parameters for
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a CPD study in Antarctica, which makes this study fully reproducible. We encourage CPD
studies in Antarctica to follow the guidance for reproducibility Nufiez Demarco et al. (2020).
The shallow CPD values estimated beneath Northern Victoria Land and the TAM provide
independent evidence favouring the hypothesis that warmer West Antarctic mantle provides
thermal support for this part of the TAM, as imaged by seismological studies (Hansen et al.,
2016; Lloyd et al., 2020; Wiens et al., 2023). High GHF values beneath the northern TAM and
West Antarctica are also consistent with the presence of recently active volcanoes including
Mount Erebus, Mount Melbourne and Mount Overlord.

Our GHF maps are a linear transformation from the CPD estimates and provide a good
estimate of relative variations of the thermal structure. However, due to the high uncertainty of
CPD estimates (section 2.7.1 and the simplified linear transformation to GHF (Equation 2.9)),
absolute GHF values derived from spectral methods should be used with caution.

Despite the many assumptions and lack of onshore heat flow control data, the CPD and
GHF results show convincing coherence and highlight interesting comparisons with known
geological features. The approach of using exclusively high-resolution airborne data should
be repeated in other areas of Antarctica with suitable magnetic data coverage to obtain relative
variation in CPD. Future studies examining variation of 8 values could provide a meaningful
tool for revealing subglacial geology in the area. Another, potentially more practical way could
be to combine magnetic data with gravity data in a mutual information inversion framework to
constrain subglacial geology and crustal boundaries like the depth to the bottom of magnetic
sources (Loésing et al., 2022).



Chapter 3

The 3D crustal structure of Wilkes
Subglacial Basin, East Antarctica,
using Variation of Information joint
inversion of gravity and magnetic
data

3.1 Context

The previous chapter has illustrated how CPD can be used as a proxy for heat flow. However,
this chapter also made it apparent that simplifying the crustal domain to a homogeneous
slab effectively with constant physical properties is a source of potentially high error. This is
especially the case because crustal heterogeneities in the form of crustal heat production
caused by radiogenic decay can contribute up to 40% to the heat flow budget (Artemieva and
Mooney, 2001; Haeger et al., 2019; Hasterok and Chapman, 2011). Therefore, the following
chapter focuses on heterogeneities in crustal properties and subglacial geology and assesses
their implications for the tectonic evolution of this region. To achieve this airborne gravity data
are added to the modelling approach, which adds more complexity compared to the single
data set approach pursued in chapter 2

3.2 Author contribution

The work presented in this chapter is under review for publication as: M. Lowe, T. A. Jordan,
M. Moorkamp, J. Ebbing, C. Green, M. L&sing, T. Riley and R. Larter (in review) Journal of
Geophysical Research: Solid Earth.

conceptualised: M. Lowe; Data curation: M. Lowe; Formal analysis: M. Lowe, T. A. Jordan;
Funding acquisition: R. Larter; Investigation: M. Lowe; Methodology: M. Lowe, M. Moorkamp,
T. A. Jordan, J. Ebbing, M. Lésing; Project Administration: R. Larter; Software: M. Lowe, M.
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Moorkamp; Supervision: T. A. Jordan, J. Ebbing, C. Green, R. Larter; Validation: M. Lowe,
T. A. Jordan, J. Ebbing, M. Moorkamp, C. Green, R. Larter; visualisation: M. Lowe; Writing
— original draft: M. Lowe; Writing — review & editing: M. Lowe, T. A. Jordan, J. Ebbing, M.
Moorkamp, T. Riley, C. Green, M. Lésing, R. Larter.

3.3 Introduction

Wilkes Subglacial Basin (WSB) lies between the Transantarctic Mountains (TAM) and Terre
Adélie Craton (Figure 3.1) and was first identified by radar data in the 1970s (Drewry, 1976).
WSB stretches ~ 1600 km from George V Coast towards the South Pole, while its width
decreases from ~ 600 km close to George V coast (Ferraccioli et al., 2009a) to < 100 km
towards the South Pole (Studinger et al., 2004). The subglacial geology in WSB and TAM
region is largely hidden beneath a 2-3 km thick ice sheet. Understanding the subglacial
geology and crustal properties is crucial to constrain the influence of the solid Earth on the
stability of the overlying ice sheet.

WSB forms one of the largest areas of bed topography below sea level in East Antarctica,
reaching depths of more than 2 km below sea level in the deeply incised sub-basins (Mor-
lighem et al., 2020) (Figure 3.1). Such sub-sea level basins pose a potentially high, but poorly
understood, risk for the stability of the East Antarctic Ice Sheet (EAIS) and, therefore, for future
sea level rise, as they are more vulnerable to melting by warming of the adjacent ocean. Such
melting could potentially trigger mechanisms of unstable retreat (Pollard et al., 2015; Schoof,
2007). Recent studies suggest a significant long-term contribution from the WSB region to
sea-level rise within the next two centuries accompanied by major retreat of the ice sheet in
the WSB region by the year 2500 (DeConto and Pollard, 2016; Stokes et al., 2022).

For WSB itself, competing models for its evolution have been proposed since its discovery
including a rift basin (Steed, 1983), extended terrane (Ferraccioli et al., 2001), as a basin ad-
jacent to the remnants of a collapsed plateau (Bialas et al., 2007), or as a flexural down-warp
of cratonic lithosphere as a consequence of the TAM uplift (Stern and ten Brink, 1989; Ten
Brink et al., 1997). However, the modern landscape formation of WSB is generally believed to
result from a combination of lithospheric flexure associated with the TAM uplift combined with
glacial erosion (Ferraccioli et al., 2009a; Jordan et al., 2013; Paxman et al., 2019).

The geology of WSB remains disputed as the occurrence of direct geological samples is
limited to ice free regions along the coast, or isolated nunataks, while the origin of geological
material transported to the coast by glaciers is often ambiguous. Adjacent to Mertz Shear
Zone (Figure 3.1), on the side of the Terre Adélie Craton, > 2440 Ma paragneiss and gran-
itoids are exposed, while on WSB side of the Mertz Shear Zone ca. 500 Ma granites have
been mapped (Finn et al., 1999). Aeromagnetic measurements in WSB have been used to
infer the presence of Beacon Supergroup sedimentary strata intruded by rocks of the Ferrar
Large Igneous Province (Ferraccioli et al., 2009a). Geological interpretations of the interior
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Figure 3.1: a) Bedrock topography of the Transantarctic Mountains and Wilkes Subglacial
Basin (WSB) from the BedMachine Antarctica version 3 (Morlighem et al., 2020). EB: Eastern
Basin; CB: Central Basin; WB: Western Basin; MSZ: Mertz Shear Zone. Black lines mark ice
grounding lines and ice shelf extents from the SCAR Antarctic Digital Database. Black lines
indicate faults based on Cox et al. (2023). b) Tectonic provinces. Geological information taken
from Cox et al. (2023), classification adapted from Estrada et al. (2016), Laufer et al. (2011),
Pertusati et al. (2016), and Roland et al. (2002).

of WSB are mainly derived from radar, gravity, and magnetic airborne measurements (e.g.
Jordan et al. 2013).

A prominent positive magnetic anomaly exists in the central WSB, the origin of which is hypo-
thesised to be either an intrusive arc associated with subduction (Ferraccioli et al., 2009a), or
associated with thinned crust attributed to continental rifting (Ferraccioli et al., 2001). Another
prominent feature is a positive linear gravity anomaly associated with the craton margin, which
was interpreted as up-thrusted crustal material along the craton flank (Studinger et al., 2004)
(Figure 3.2 a and b).

The adjacent TAM, a large non-contractional mountain range, separate the warmer litho-
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sphere of the Cretaceous-Cenozoic West Antarctic Rift System and the colder and older
provinces of East Antarctica (Morelli and Danesi, 2004; Robinson and Splettstoesser, 1986;
Ten Brink and Stern, 1992). Direct geological information is richer in the TAM compared to
WSB since more rock outcrops are present in the high mountain range.

The Neoproterozoic to early Palaeozoic Ross Orogen in Antarctica forms part of an active
Gondwana-margin convergent plate boundary stretching from present-day eastern Australia
to South America, but it is largely obscured by ice and younger sedimentary cover. Ross
Orogeny magmatism developed over a period of ca. 100 Myr (ca. 600 - 500 Ma; (Goodge
et al., 2024)), associated with multiple magmatic peaks (Paulsen et al., 2023), including the
Cambro-Ordovician Granite Harbour intrusive Complex. In Northern Victoria Land, adjacent to
our study area, the Ross Orogen is dominated by five geological terranes and units identified
in the TAM; they are from grid-west (geographic east) (see Figure 3.1) to grid-east (geographic
west) the Robertson Bay Terrane, the Millen Schist, the Bowers Terrane, the Wilson Terrane,
and Granite Harbour Igneous Complex (Figure 3.1 a and b). These terranes are all intruded
by doleritic sills of the Early Jurassic Ferrar large igneous province, and in places overlain
by the associated Kirkpatrick basaltic lavas (Estrada et al. 2016 and references therein).
Detrital zircon analysis from sedimentary rocks shows a decrease in likely depositional age
from the Wilson Terrane towards grid-west to the Robertson Bay group from >550 Ma to
<550 Ma (Estrada et al., 2016). The emplacement of the Granite Harbour Igneous Complex
corresponds to the younger ages seen in the detrital zircon populations (Estrada et al., 2016),
while the source for the older (>550 Ma) material remains speculative.

Radiogenic heat production is predicted to contribute up to 40% to the surface geothermal
heat flow (Artemieva and Mooney, 2001; Haeger et al., 2022; Hasterok and Chapman, 2011).
However, due to the lack of information on subglacial geology and crustal properties, incorpor-
ating accurate thermal crustal parameters, such as radiogenic heat production and thermal
conductivity, is challenging. Therefore, current geophysically-derived geothermal heat flow
(GHF) models commonly use global average values instead (Haeger et al., 2022; Lowe et al.,
2023; Lésing and Ebbing, 2021; Martos et al., 2017; Shen et al., 2020; Stal et al., 2021).
For more in depth discussion of current Antarctic geothermal heat flow models the reader is
referred to Reading et al. (2022) and Burton-Johnson et al. (2020).

The objectives of this study are to identify crustal structures, crustal geological provinces,
and intrusive bodies, constrain their dimensions in 3D, and to identify the Terre Adélie Craton
boundary. For this purpose, we conduct a joint inversion of gravity and magnetic data to obtain
petrological parameter distributions, specifically of density and susceptibility. The geophysical
inversion uses the joint inversion framework JIF3D (Moorkamp et al., 2011), which implements
the Variation of Information (V1) technique to introduce a coupling between the inverted density
and susceptibility sources (Lésing et al., 2022; Moorkamp, 2021,2). Subsequently, the ob-
tained density and susceptibility relationship of the inversion model is used to identify crustal
rock provinces and infer potential rock types. The geophysical and petrophysical interpretation
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of the inversion results is the basis for our tectonic evolution model. Although geophysical
mapping can give an indication of tectonic boundaries and 2D models give some insights into
the source bodies, the 3D architecture and properties of the crust are required to understand
the origins and implications of this key basin more fully. We therefore turn to joint inversion of
gravity and magnetic data to provide this information.

3.4 Data

This section describes the geophysical data and the boundary conditions used to obtain a
joint inversion model for 3D crustal density and susceptibility distribution.

3.4.1 Gravity data

Bouguer gravity anomaly data (Figure 3.2a) are taken from AntGG (Scheinert et al., 2016).
The Bouguer anomaly was calculated using a spherical prism approach with an integration
radius of 300 km using standard densities of 2670 kg m~ for rock, 917 kg m~3 for ice and
1025 kg m~3 for water (Scheinert et al., 2016). Where applied the Bouguer correction removes
the signatures of surface and subglacial topography, as well as the gravity signature associ-
ated with the observed ice sheet and ocean basins. The AntGG gravity compilation includes
airborne, terrestrial, and shipborne measurements, which are provided, after integration and
correction, as a grid of points with a spacing of 10 km. Data gaps in AntGG are filled in
with Bouguer gravity anomaly data from the Ganovex VIl — ltaliAntartide XV survey (Reitmayr
et al., 2003) and recent ground measurements conducted within the Italian National Program
for Antarctic Research activities (Zanutta et al., 2018) (Figure B.1). This data compilation,
including AntGG and additional ground data points, is re-gridded with a spacing of 10 km and
a blanking distance of 40 km using the minimum curvature gridding function in Oasis Montaj
[Seequent; Reading, England] (Smith and Wessel, 1990) to produce the Bouguer anomaly
grid of WSB and TAM region. The blanking distance is the maximum distance from a valid
point where values will be interpolated. Beyond this distance dummy values are returned. The
Bouguer anomaly grid is subsequently upward continued to a constant observation height
of 10 km above the geoid (Figure 3.2) using the Compudrape algorithm in Oasis Montaj
(Cordell, 1985). This method takes data collected at various levels and generates a series of
data slices using a standard fixed distance Fast Fourier Transformation continuation method
(Blakely, 1996). The new field, continued to a uniform level, is interpolated from the suite of
data slices. The Bouguer anomaly map shows a large negative signal in the TAM region,
where a crustal root is present beneath the mountain range (Baranov et al., 2021; Block
et al., 2009; Hansen et al., 2016; Pappa et al., 2019a). A prominent positive linear feature
exists in the Bouguer anomaly map following the grid-east edge of WSB and might indicate
the transition zone at the margin of the Terre Adélie Craton (Goodge and Finn, 2010). To
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remove the gravity contribution below the Moho interface the vertical gravity response from
the Antarctic continent-wide forward lithospheric model of Pappa et al. (2019b) was subtracted
(Figure B.2). This model contains a homogeneous crust, where density only increases with
depth due to the increasing pressure and a variable mantle. By subtracting this model, we
corrected for a variable mantle and Moho depth variation and therefore the resulting residuals
correspond to the crust. The lithospheric model is presented at 10 km observation height
and is the reason all input data are upward continued to this constant height. In the resulting
residual gravity map (Figure B.2) the large negative signal beneath the TAM is absent, while
the relative positive linear crustal structure is preserved. Furthermore, the mean value (92.5
mGal) of the residual gravity field is removed to shift the residual gravity field to a mean level
of 0 mGal (Figure 2b).
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Figure 3.2: a) Bouguer Anomaly compilation including AntGG data (Scheinert et al., 2016),
and regional gravity data (Reitmayr et al., 2003; Zanutta et al., 2018). b) Residual gravity
map obtained by subtracting the gravity response from the lithospheric model of Pappa et al.
(2019b) and then subtracting the mean value of the residual field. Both gravity grids have a
grid spacing of 10 km. Black line indicates location of cross section profile in Figure 3.8.

3.4.2 Magnetic data

3.5 million line-km of aeromagnetic and marine magnetic measurements in Antarctica and the
Southern Ocean are included in the ADMAP-2 magnetic data compilation (Golynsky et al.,
2018). The gridded ADMAP-2 product (Figure 3a) has a grid spacing of 1.5 km. Applied data
processing and corrections of the magnetic data include subtraction of the International Geo-
magnetic Reference Field, corrections for diurnal effects and high-frequency errors, levelling,
regional gridding, and merging of regional grids into a continent-wide compilation (Golynsky
et al., 2018). For the inversion, the magnetic line data from the ADMAP-2 compilation are
gridded with a grid spacing of 10 km to match the grid spacing of the gravity data (section
3.4.1).
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Figure 3.3: a) Magnetic anomaly grid from ADMAP-2 (Golynsky et al., 2018) with a grid
spacing of 1.5 km. b) Regridded ADMAP-2 magnetic data with a grid spacing of 10 km and
upward continued at a constant height of 10 km to match the resolution and upward-continued
height of the gravity compilation. Black line indicates location of cross section profile in Figure
3.8. Features F1-F5 relate to magnetic anomalies discussed in the main text.

Again, the gridding was performed using the minimum curvature gridding function with a

blanking distance of 10 km in Oasis Montaj. The magnetic grid is also upward continued

to a height of 10 km (Figure 3.3b) to be consistent with the gravity data using again the Com-

pudrape function within Oasis Montaj. The upward continuation of the magnetic data functions

as a lowpass filter, removing high frequency content, while broad magnetic anomalies are

preserved. The upward continuation of the magnetic data attenuates the short wavelengths.

The minimum wavelength of the upward continued data is approximately 20 km. The magnetic

anomaly grid shows a broad linear feature orientated grid-northwest — grid-southeast (Figure

3.3, F1) in the central part of WSB, the origin of which has been hypothesised to be a failed

rift or an arc-related intrusive body (Ferraccioli et al., 2009b; Ferraccioli and Bozzo, 2003).

Perpendicular to this feature a positive magnetic anomaly is visible (F2). A strong linear

anomaly exists grid-east to WSB towards the craton margin (F3), where the magnetic anomaly

rapidly increases to values of ~1500 nT compared to the dominating & 300 nT range in WSB

and TAM area. Smaller magnetic anomalies are observed offshore to the grid-west (F4) and

along Rennick Graben and Matusevich glacier region (F5).

3.4.3 Uncertainty of airborne data

The uncertainty of airborne gravity and magnetic measurements depends on several factors

such as the sensor, the processing or turbulence during the measurement campaign. The

input data are a compilation of multiple surveys with varying data uncertainty. The gravity

survey WISE-ISODYN, which is the dominant survey in the data compilation, has a reported

uncertainty of 2.8 mGal (Jordan et al., 2013). Error estimation of airborne magnetic data

004~

299~
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is assessed by crossovers of flight lines. However, crossovers are used to level the survey
itself, which eventually leads to a 0 nT offset at the crossovers. A conservative uncertainty
estimation of airborne magnetic data is in the order of magnitude of 5— 15 nT.

3.4.4 Moho depth and Curie depth

Moho depth estimates (Figure 3.4a) are taken from satellite gravity inversion (Pappa et al.,
2019a). The Moho interface is used as the bottom boundary condition for the density inversion.
Curie Point Depth (CPD) estimates (Figure 3.4.4) are taken from Chapter 2 (published as
Lowe et al. 2023 and used as a bottom boundary condition for the susceptibility inversion.
Below the CPD, often associated with the 580°C isotherm, ferrimagnetic materials lose their
ability to maintain a preferential orientation in the direction of the inducing, main field. There-
fore, the joint inversion of magnetic and gravity data needs to be limited to crustal depth above
the CPD. The CPD estimates from Chapter 2 have a 20 km grid spacing and are interpolated
on a 7.5 km grid, matching the cell size of the inversion mesh, by applying statistical kriging
using the python package PyKrig (Murphy et al., 2022), with a Gaussian variogram and a
nlags (Number of averaging bins for the semivariogram) value set to 20. After interpolation,
the CPD map shows some values deeper than the Moho depths from Pappa et al. (2019a) in
the offshore area and along the coast. A CPD below the Moho would indicate that the upper
mantle is magnetic and although this possibility has been suggested (Ferré et al., 2014), we
discard CPD values below the Moho boundary and in these areas use the Moho depth as the
magnetic boundary depth (Figure 3.4b).

Both CPD and Moho depth have associated uncertainties. The CPD dataset has reported
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uncertainties ranging between 2-6 km (Lowe et al., 2023), while the uncertainty for the Moho
depth ranges from roughly 5-8 km (Pappa et al., 2019a). Despite the uncertainty, it is beneficial
to use physically derived estimates as the bottom boundary condition, rather than arbitrarily
selected constant boundary depths.

3.5 Method

3.5.1 Joint inversion of gravity and magnetic data

Joint inversion of gravity and magnetic data is carried out in JIF3D (Moorkamp et al., 2011).
JIF3D is a 3D joint inversion framework for geophysical data sets including magnetotelluric,
seismic, magnetic data as well as scalar and tensor gravity data. JIF3D utilise a limited
memory quasi-Newton approach (Avdeev and Avdeeva, 2009) for optimisation. For a com-
plete mathematical description of the JIF3D inversion framework the reader is referred to
Moorkamp (2021, 2022) and Moorkamp et al. (2011).
Inverting simultaneously for crustal density and susceptibility distribution using gravity and
magnetic data in a joint inversion framework is well established (Bosch et al., 2006; Fre-
goso and Gallardo, 2009; Frey and Ebbing, 2020; Gallardo-Delgado et al., 2003; Guillen and
Menichetti, 1984; Shamsipour et al., 2012). However, joint inversion based on VI, which allows
the coupling of physical parameters, has only recently become popular in geophysical joint
inversion applications (Haber and Holtzman Gazit 2013; Lésing et al. 2022; Mandolesi and
Jones 2014; Moorkamp 2021, 2022) VI is related to the concept of mutual information (MI)
(Moorkamp et al., 2011). VI describes the amount of shared information contained in two
variables, meaning a low VI value indicates that both variables are dependent, while a high
VI value indicates that information about variable 1 does not reveal meaningful information
about variable 2 (Moorkamp 2021, 2022; Lsing et al. 2022; Mandolesi and Jones 2014). VI
is defined as:

VI(x,y) =2H(x,y) —H(x) —H(y) (3.1)

where H(x) = —Y,;p(x;)logp(x;) is the Shannon Entropy; p(x;) is the probability density
approximated by kernel methods (Mandolesi and Jones, 2014); H(x,y) is the joint entropy
while H(x) and H(y) are the marginal entropies (L&sing et al. 2022; Moorkamp 2021, 2022).
Vlis incorporated into the objective function ®;,;,, as:

ijuinl = (Dd,gmv + CI)d,mag + )VI (Dreg,p + A'Zq)reg,sus + l3CI>VI (32)

where @ ¢4, and @y 4, are the root-mean-square (RMS) misfit between observed and inver-
ted gravity and magnetic data; ®,., p and @, ;s are regularisation terms for the density and
susceptibility distribution, controlling the smoothness of the inverted model. A full description
of these terms can be found in Moorkamp (2021). ®y; is a coupling term which includes VI of
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recovered density and susceptibility and A represents the weighting factors of the individual
terms.

VI inversion has been successfully applied to magnetotelluric and seismic data (Mandolesi
and Jones, 2014), magnetotelluric and gravity data (Moorkamp 2021, 2022), and gravity and
magnetic data (L&sing et al., 2022). Lésing et al. (2022) demonstrated that VI inversion can
recover density and susceptibility distributions, if it is assumed that the gravity and magnetic
signals have an identical source, by performing VI inversion tests on synthetic data.

3.5.2 Inversion setup

The density and susceptibility inversion models are discretised into meshes with equal hori-
zontal cell sizes of 7.5 km. The vertical cell size is 1 km at the surface and increases with depth
by a factor 1.1 for each cell (Figure B.3). Increasing vertical cell size with depth is introduced
to account for decreasing resolution with increasing distance to the source in potential field
applications. A horizontal cell size of 7.5 km is chosen because the input gravity and magnetic
data have a grid spacing of 10 km (see section 3.4). A cell size of 7.5 km allows the inversion
to adjust on average more than one cell to fit the inversion data but is also not too small to
not represent the point spacing of the input data or introduce artifacts. Additionally, a padding
area of 20% around the study area is added to avoid edge effects. The resulting inversion
mesh contains 244 cells in the grid-east to grid-west direction, 140 cells in the grid-north
to grid-south direction and 21 cells in the z direction (above a maximum depth of 60 km
below sea level). To constrain the model geometry, the bedrock topography from BedMachine
Antarctica version 3 (Morlighem et al., 2020), CPD (Lowe et al., 2023), and Moho depths
(Pappa et al., 2019a) are used. CPD and Moho depth estimation have their own associated
uncertainties (see section 3.4.4). The vertical increase of cells in the inversion mesh is an
adaptation to account for those uncertainties. For example, at depths of the CPD of 24 km the
vertical cell resolution is ~3.5 km and at the Moho depth of 36.5 km the vertical resolution is
~4.6 km representing uncertainties within both data sets used as model boundary conditions.
Furthermore, competing Moho depth models for the study area (Baranov et al., 2021; Pappa
et al., 2019a) report different Moho depths but the differences are less than 8 km (Figure B.4),
which is of the order of magnitude of the uncertainties and the vertical cell resolution.

The aim of the VI inversion is to invert jointly the gravity and magnetic field for the density and
susceptibility of the crust. Only cells between the bedrock interface and the Moho interface
are allowed any variation during the inversion. However, rocks lose their magnetic properties
at the Curie temperature. Therefore, joint VI inversion for both density and susceptibility is
carried out only for cells between the bedrock interface and the CPD interface. Between the
CPD interface and the Moho interface density only inversion is carried out and susceptibility
is held at zero.

The input gravity field for the density inversion is corrected for masses below the Moho
interface by the Antarctic lithospheric model from Pappa et al. (2019b). All cells are set
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Table 3.1: Inversion parameters

Coupling 25,000 run 1 and 15,000 run 2
Regularisation Density and Susceptibility 10
Error Gravity [mGal] 2
Error Magnetics [nT] 15
Min. / Max Density [kg m ] 4 250
Min. / Max Susceptibility [SI] + 0.1
Magnetic Field strength [nT] 64981
Inclination [] -84.4
Declination [ 147.4
dens covmod (Maximum depth of density variation) Moho depth
sus covmod (Maximum depth of susceptibility variation) CPD depth
coupling validity (Maximum depth where coupling is assumed) CPD depth

to a starting value of 0 kg m—> for the density anomaly model and 0 Sl for the magnetic
susceptibility model and are iteratively updated during the VI inversion process where they fall
within the geometrically defined boundaries noted above.

The first inversion run is performed with a high coupling weight in order to enforce a tight
coupling between the inverted models. Subsequently, a second inversion run is carried out,
which uses the resulting density and susceptibility values from the first inversion run as
a starting model, but a lower coupling weight is applied. The rationale behind using two
different coupling weights is that a tighter coupling in the first inversion run favours geometrical
structures in both the density and susceptibility, while a second inversion run with a lower
coupling provides the inversion algorithm with more freedom to fit the observed gravity and
magnetic field better (Moorkamp, 2022). Coupling values were established by trial and error.
The inducing magnetic field strength (Earth’s normal field) is set to 64981 nT with a constant
inclination of -84.4 °and a declination of 147.4 °for the whole study area based on the definitive
magnetic reference field (DGRF) for a longitude of 155°and a latitude of -73°for the year 2005
(the year of the aerogeophysical survey WISE-ISODYN, the main survey in the study area).
Additional parameter settings of the inversion are given in table 3.1. Subsequently the rela-
tionship between the inverted relative densities and susceptibilities are used to characterise
3D crustal structures and to identify crustal units with similar relationships.



3.6. Results 43

3.6 Results

The VI inversion of gravity and magnetic data for WSB and TAM region is carried out in two
subsequent inversion runs with varying coupling factors of 25 000 for the first 100 iterations
(inversion result shown in appendix B.3) and 15 000 for subsequent 25 iterations, while all
other parameters are kept fixed as described in section (3.5.2) and table (3.1) The RMS
after the combined 125 iterations is 1.5 mGal for the gravity inversion and 0.7 nT for the
magnetic inversions (Figure 3.5a). VI increases sharply during the first inversion iterations,
then decreases until iteration 100. After the coupling is lowered at iteration 100, VI increases
instantaneously, and decreases in the subsequent iterations (Figure 3.5b). A high value of
VI means that susceptibility predictions from density and vice versa are more difficult. The
coupling factors are highly dataset specific. We run inversions with a range of coupling factors
and choose the highest one that allows the inversion to converge to a satisfactory data fit.
This produces the strongest coupled models that explain the data. As experience from other
studies and this example show, it is not necessary to find an exact value, values within a factor
of 2 or so produce very similar results (Franz et al., 2021; Lésing et al., 2022; Moorkamp,
2022). The RMS error decreases for the gravity and magnetic inversion sharply after the
transition from a coupling of 25000 to 15000. Although the amplitude of the decrease in RMS
error after lowering the coupling seems small, the long wavelength residual in the magnetic
inversion model decreases significantly in the residual maps (Figure 3.6f and Figure B.6). The
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Figure 3.5: a) RMS error between observed and inverted gravity (red) and magnetic (blue)
field for each inversion iteration. b) Evolution of VI. ¢) Gravity residual histogram between
observed and inverted gravity field. d) Magnetic residual between observed and inverted
magnetic field.

amplitude and distribution of anomalies within the gravity and magnetic field are reproduced
well by the inversion (Figure 3.6 a, b, ¢ and d). The end members of the residual between
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observed and inverted values are +37 and -18 mGal with a standard deviation of 3 mGal for
the gravity inversion and +341 and -65 nT with a standard deviation of 13 nT for the magnetic
inversion (Figure 3.5 ¢ and d). The difference maps between observed and inverted values
are shown in Figure 3.6e and 3.6f. Both residual maps show a good agreement between
observed and inverted gravity and magnetic field with low residuals for most of the study
area. The highest misfit amplitude in the gravity field is located in the area of the TAM, in
the grid-southwest part of the study area. Airborne surveys are sparse in this area resulting
in significant data gaps in the AntGG (Scheinert et al., 2016) compilation. Gravity ground
stations (Reitmayr et al., 2003; Zanutta et al., 2018) are used to fill the data gaps (Figure
B.1 b). A possible source of the higher amplitude in the misfit cluster in the TAM region could
be contributed by the low spatial coverage of the ground stations and the offset in frequency
content between the airborne and ground station data and could therefore be associated with
local effects.

The largest misfits between the observed and inverted magnetic data are located around
prominent data gaps within WSB and the large data gap in grid-north, as well as in the gird-
east of the study area, where the amplitude of the observed magnetic anomaly increases
sharply from 300 nT to over 1500 nT. It is expected that the inversion algorithm struggles to
reproduce a rapid variation in the magnetic field of over 1200 nT since the inversion algorithm
favours smooth models. On the other hand, an error of 200 nT in a region with a field strength
of over 1500 nT is less dramatic than compared to the TAM and WSB region with amplitudes
of 300 nT. Additionally, a long wavelength feature exists in the magnetic residual map, which
we do not further address due to the low magnitude of 5 nT.
Density and susceptibility depth slices at 5.5 km, 11.9 km and 20.5 km depths are presented in
Figure 3.7. The linear grid northwest-grid southeast anomaly in the central WSB (IB1) appears
to be connected at depth with the neighbouring anomaly with a grid northeast - grid southwest
orientation (IB2), while both anomalies are separated at shallower depths.

The aim of the inversion is to find density and susceptibility distributions that are geometrically
connected and simultaneously can explain the observed gravity and magnetic field. The
underlying assumption is that a crustal rock has density and susceptibility values, which
influence simultaneously the gravity and magnetic field. A cross section along profile AB
(Figure 3.8 a-d) shows the similarities in the geometry of both petrophysical quantities. A
large-scale negative density anomaly is located centrally in profile AB (black dotted circle
in Figure 3.8b), while the susceptibility inversion model shows a high susceptibility anomaly
with identical geometry. Adjacent to this anomaly is another negative density anomaly (red
dotted circle in Figure 3.8b) but in this case the susceptibility values are also negative. This
illustrates that a common geometry of both quantities is inverted, but the relationship between
the density and susceptibility values is not linear. The cross section through the inverted
density and susceptibility model indicates that the source for the linear magnetic anomaly
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Figure 3.6: Visualisation of inversion results. a) Gravity inversion input data. b) Magnetic
inversion input data. c) Final inverted gravity field. d) Final inverted magnetic field. e)
Difference map between observed and inverted gravity fields (6a minus 6c¢). f) Difference
map between observed and inverted magnetic field (6b minus 6d).

in the central WSB is connected at depth to the neighbouring positive anomaly source with a
perpendicular orientation (Figure 3.8). These results illustrate the advantage of using a joint
inversion approach to obtain the density and susceptibility distribution (see appendix B.4.
Figure B.6 - B.9).
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Figure 3.7: Depth slices through the inverted density and susceptibility model. a) Inverted
density at 5.5km depth. b) Inverted susceptibility at 5.5 km depth. ¢) Inverted density at 11.9km
depth. d) Inverted susceptibility at 11.9 km depth. e) Inverted density at 20.5 km depth. f)
Inverted susceptibility at 20.5 km depth. Black line indicates location of cross section profile
in Figure 8. P1 and P2 indicate the polygons for extracting 3D distribution of density and
susceptibility bodies. IB: intrusive body; CM: craton margin.
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Location of profile AB is given in Figure 7. b) Cross-section of the inverted density model
along profile AB. ¢) Observed (black line) and inverted (red line) magnetic field along profile
AB. d) Cross-section of the inverted susceptibility model along profile AB. IB: intrusive body;
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3.6.1 Absence of sediment signature

The regional scale inversion results in WSB do not show any clear signatures of sedimentary
basins, such as broad regions of shallow low density material, lacking elevated magnetic
susceptibility even though previous large geophysical efforts have been undertaken to identify
sedimentary basins in the broader region of Wilkes Land (Aitken et al. 2023, 2014; Frederick
et al,, 2016). The absence of sediment basins in the inversion result might be due to a
combination of factors. 1) A sedimentary layer thicker than 1 km may be absent, as suggested
by previous magnetic depth to source and 2D gravity modelling in WSB (Aitken et al., 2014;
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Frederick et al., 2016). 2) Well indurated sandstones, such as the Beacon Supergroup strata,
can have densities hardly distinguishable to the surrounding crustal rocks. Measured densities
of Beacon strata in northern Victoria Land range from 2220 to 2610 kg m~3 (Barrett and Frog-
gatt, 1978), coming close to the crustal average of 2670 kg m 3 assumed in the model. The
close association of Beacon sandstones with intrusive Ferrar dolerites observed in outcrops
(Goodge and Fanning, 2010) may further mask the presence of a sedimentary basin, as the
intrusive rocks both increase the mean density and increase the apparent susceptibility of the
associated crustal volume. 3) The vertical inversion mesh resolution increases with depth and
at the depth of the upper crust the vertical cell size is ~1200 m while the horizontal resolution
is 7500 m. In order to recover a low-density sediment layer, the layer must fill the majority of
an inversion cell (1200 m times 7500 m times 7500 m). Evidence of sediment layers thicker
than 1200 m is currently lacking (see above).

3.6.2 Density and susceptibility relationship

A density and susceptibility cross plot illustrate the parameter relationship between both
quantities (Figure 3.9). The relative inverted densities range from -160 to 250 kg m—3, while
the inverted susceptibilities range from -0.06 to 0.9 Sl. However, the density and susceptibility
histograms indicate that the inverted density values are predominantly between + 50 kg m—3
and inverted susceptibility values are mostly between + 0.02 Sl. High relative density values
above 100 kg m~> are located exclusively offshore while large negative values below -100
kg m~3 are located as distinct clusters in the TAM and along the coast (Figure 3.10 a-b). High
relative susceptibility values above 0.025 Sl are located offshore and to a much larger extent
at the grid-eastern edge of WSB at the inferred craton margin (Figure 3.10 a-b). Furthermore,
strong negative relative susceptibility values below -0.03 Sl are limited to the craton margin
(Figure 3.10 a-b). To constrain the geometry and properties of particular sub-surface source
bodies we extracted the inverted density and susceptibility values within the polygons p1 and
p2 (polygon location shown in Figure 3.7 c-d) and subsequently used thresholding of the
susceptibility or density values to recover the approximate geometry of sources associated
with specific anomalies. The source for the prominent positive magnetic anomaly in the WSB
region is extracted by windowing the joint inversion output in this area for relative susceptibility
values larger than 0.003 SI. The volume of the extracted body amounts to ~286 000 km?.
The source for the linear high gravity anomaly on the grid-eastern flank of WSB was extracted
by windowing the joint inversion output in this area for relative density values larger than
10 kg m—3. The mean and standard deviation of the density and susceptibility relationship
within those two extracted prominent bodies are superimposed on the density—susceptibility
cross plot of the whole inversion model (Figure 3.10c). Both features cluster around distinct
areas in the cross plot and are easily distinguishable (Figure 3.10c). The Central WSB source
(IB1) has a mean relative density that is slightly negative (-13.1 kg m~3) and a mean relative
susceptibility that is moderately positive (0.012 Sl), while the mean relative density is positive
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Figure 3.9: Inverted density and susceptibility cross plot and density and susceptibility
histograms of the VI inversion model.

(32.1 kg m~?3), and the mean relative susceptibility is negative (-0.003 Sl) for the feature
along the craton margin (CM). The standard deviation for the susceptibility of the craton
margin feature is significantly larger compared to the intrusion signal (Figure 3.10c). The
standard deviation range of density and susceptibility for each body is subsequently used
to filter the entire inversion model to find the location of rocks with matching density and
susceptibility relationships across the study area (Figure 3.10d). The location of rocks with
matching susceptibility and density relationships reveals petrophysical similarities between
the central WSB magnetic anomaly (F1 in Figure 3.3) and the adjacent magnetic anomaly
that lies perpendicular to it (F2 in Figure 3.3), which potentially has the same origin (IB1, 1B2
in Figure 3.10d). The extent and volume of those 3D structures can be extracted from the
model (Figure3.11).
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relative inverted susceptibility values above 0.029 Sl (red dots) and low relative inverted
susceptibility values below -0.032 Sl (blue dots) superimposed on density and susceptibility
cross-plot of the entire inversion model. b) Spatial distribution of extreme density and
susceptibilities highlighted in a). ¢) Mean and standard deviation (error bars) of interpreted
intrusive body (olive green) and craton margin feature (pale blue) isolated using thresholding
of standard deviation of recovered values within p1 and p2 located in Figure. 3.7. All recovered
values falling within the recovered density/susceptibility ranges are colour coded accordingly
and superimposed on density and susceptibility cross-plot of the entire inversion model. d)
Location plot of density and susceptibility relationships within the standard deviation range
of the extracted bodies in Figure 3.7. Granite Harbour Intrusive Complex (red) taken from
GeoMAP (Cox et al., 2023). IB: intrusive body; CM: craton margin. Yellow star marks location
of Cookg, subglacial lake (Li et al., 2020; McMillan et al., 2013; Smith et al., 2009).
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Figure 3.11: 3D intrusion and craton margin bodies (white wireframe) superimposed on slices
through the 3D inverted susceptibility model. View looking grid north (approximately SSW
geographically) along the axis of WSB, with two interpreted intrusive bodies in the centre and
craton margin source body to the right. X, Y and Z axis in km. Z axis vertical exaggeration x5.

3.7 Interpretation and discussion

Our new inversion provides insights into the geometry and petrophysical properties of the
bodies beneath WSB. As a result of an inversion of geophysical data it is, by its nature,
non-unique. However, by combining magnetic and gravity data we have provided a more
constrained model, consistent with both datasets, compared to previous studies, which relied
on 2D models of either gravity or magnetic data in this region (Ferraccioli et al., 2009a; Jordan
et al., 2013). The recovered pattern of density and susceptibility is considered robust and
reveals more geologically reasonable structures compared to inverting for both quantities
independently (see supporting information) and, therefore, can provide improved insights
about the underlying geology. The uncertainty in boundary conditions (CPD and Moho depth)
might influence the recovered density and susceptibility values in terms of amplitude, but the
horizontal spatial distribution is less affected. Furthermore, the lack of external constraints
such as seismic receiver function, reflection-seismic or crustal-wave velocity data precludes
us from reducing the non-uniqueness of potential field data, meaning thickness remainsan
estimate. It is possible that the complex superposition of bodies of varying susceptibility and
density could also yield a very different structural model fitting the data equally well, but
without evidence for this, we believe our inversion output to be a reasonable starting point
for a discussion of the subglacial geology.
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3.7.1 Batholith location, age, and potential significance

One of the most obvious features of the inversion result is the identification of a large body with
elevated susceptibility and relatively low-density values (mean 13 kg m—3), which are confined
to a narrow range of 50 kg m~3 in the centre of WSB. We interpret this body as a large-scale
igneous batholith. Shifting the relative density values to absolute values by adding the average
crustal background density of 2670 kg m~3 indicates that the density of the extracted body in
the centre of WSB ranges from 2630 to 2680 kg m—3 combined with susceptibility values
moderately above the general values for the region. Shifting relative susceptibility values to
absolute values is more challenging compared to the density counterpart because i) no crustal
susceptibility background value exists ii) the inverted susceptibility includes remanent, the im-
pact of magnetisation which translates as relative susceptibility values which may be negative.
However, the susceptibility values from our inversion show a strong peak close to zero, which
we take as the crustal background, while relatively positive susceptibility values are taken
as an approximation of true rock susceptibility. The density and susceptibility relationship is in
accordance with the petrophysical relationship for granite rock samples from Australia (Barlow,
2004) and from the South Indian shield (Subrahmanyam et al., 1981) illustrated by L&sing
et al. (2022) (see also chapter 4). However, it should be noted that susceptibility ranges for
different lithologies overlap, and even within the same rock type there can be a large internal
variability (Lowe et al., 2024). Granodiorite and other granitoid composition (e.g. tonalite,
diorite) plutons fit comfortably within the susceptibility range as well. Susceptibility ranges
from granites of the Cambro-Ordovician Granite Harbour Intrusive Complex are reported to be
between 0.002 to 0.08 SI, while the majority of values are between 0.001 and 0.01 Sl (Bozzo
et al., 1992; Ohneiser et al., 2015). Significantly lower susceptibility values are reported for
Ordovician granitoids of northern Victoria Land (0.00668 Sl) (Bozzo et al., 1992; Lanza and
Tonarini, 1998). The mean susceptibility recovered for the central WSB body is 0.012 SI.
Although reasonable for a granite (Barlow, 2004; Maslanyj et al., 1991; Subrahmanyam et al.,
1981), it is above values often quoted for the Granite Harbour Intrusive Rocks (Bozzo et al.
1995, Bozzo et al. 1992, Goodge and Finn 2010, Ohneiser et al. 2015). We therefore suggest
that the central WSB body is distinct from the exposed GHI rocks.

The large-scale igneous batholith here (IB1) has an identical petrophysical signature in terms
of density and susceptibility as the neighbouring body labelled 1B2 in Figure 3.10d, which
is associated with the magnetic anomaly labelled F2 in Figure 3.3 a and b. The density and
susceptibility distribution along the profile AB (Figure 3.8 b and d) and the depth slices (Figure
3.7) indicate that these intrusive bodies (IB1 and IB2) may be connected at depth. The total
combined volume of the proposed batholith IB1 and IB2 is ~470 000 km?, which constitutes a
significant addition to the volume of the upper crust at the time of emplacement. However, this
estimation is likely an upper bound on the volume estimation since the base of any intrusion is
poorly resolved by gravity and magnetic methods, and constraints on crustal boundaries (CPD
and Moho depth) are uncertain, hence thickness estimations are likely to be exaggerated.
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Granites often form topographic highlands in glacial regions due to their relative resistance to
erosion compared to surrounding sediments, but this is not clearly seen in WSB. I1B1 is flanked
by a deep trough parallel to the inferred geological contact indicating geological control of
erosion on one flank, and that the intrusion may be at the ice bed interface in this area. In
many other areas the topography shows no clear change at the geological boundary of IB1 or
IB2, which may indicate the intrusive bodies remain at least partially buried.

The petrophysical signature of IB1 and IB2, in terms of jointly inverted density and sus-
ceptibility relationship is not present in the TAM region. This is perhaps surprising, since
granites from the Granite Harbour Igneous Complex are mapped and sampled by geological
surveys in this area (Cox et al., 2023). This suggests that the petrophysical signature of
the proposed batholithic is fundamentally different to the lithologies of the Granite Harbour
Intrusive Complex (Figure 10 d, red dots), which was emplaced during the later stages of the
Ross Orogeny (Estrada et al., 2016). We cannot know the age of emplacement of the IB1
and IB2 bodies and can only speculate that they may also be associated with magmatism
of the Ross Orogeny. However, their position, which is more proximal to the continental
interior, suggests that they may record an episode of older arc-related magmatism relative
to the Granite Harbour Igneous Complex, as arc systems often migrate outboard towards the
adjacent trench through time (Gianni and Lujan, 2021). We speculate that the batholith in
the central WSB was emplaced during an early phase of the Ross Orogeny and maybe the
source of the >550 Ma zircons in the Priestley Formation (Estrada et al., 2016) and also in
WSB basement adjacent to the Mertz Shear Zone, sampled as xenoliths in later ~ 500 Ma
granites (Lamarque et al., 2018).

The crustal-level intrusive bodies are interpreted as a batholith, and potentially reach depths of
20-25 km, which represents the maximum extent of batholiths reported worldwide, but is also
not unprecedented. As the Pacific Margin Anomaly (PMA) batholith in the central Antarctic
Peninsula is predicted to reach 20 km depth (Johnson, 1999). Further, Ducea (2001) and
Saleeby et al. (2003) determined the thickness of the Sierra Nevada batholith must have
been ~30-35 km prior to erosion. However, we acknowledge the inversion model is likely
to overestimate the source thickness of this body due to a combination of factors, including
loss of resolution with increasing distance between sensor and source for potential field data,
uncertainty in CPD and Moho depth estimation. A lack of independent crustal parameters
such as receiver functions, or active and passive seismic experiments limit the possibility to
validate the geophysical inversion. Therefore, the batholith might be thinner than predicted by
our regional scale joint inversion.

A batholithic intrusion, even if 5 to 10 km thinner, still represents a significant local crustal
feature, which would influence the geothermal heat flow of the region if it acted to concentrate
radiogenic elements. Even though the lack of direct geological samples and heat flow meas-
urements makes it challenging to quantify the extent of this impact, many granitic batholiths
are associated with elevated heat production, with global late Proterozoic granites typically
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higher in heat producing elements (U, Th, K) than Phanerozoic granites (Artemieva et al.,
2017). The batholith we have imaged is, therefore, likely to generate a locally elevated GHF
and this impact may be quite marked for this sector of East Antarctica where heat flow values
are rarely predicted to exceed ~ 60 mW m~2 (An et al., 2015; Haeger et al., 2022; Lowe et al.,
2023; Lésing and Ebbing, 2021; Martos et al., 2017; Purucker, 2013; Shen et al., 2020; Stal
et al., 2021). The scale of the heat flow anomaly is unknown but the batholith in our model is
of a similar size to the ~ 200km long Cornubian batholith in SW England, where heat flow of
up to 138 mW m~2 is reported (Beamish and Busby, 2016). This comparison illustrates the
magnitude of heat flow which is potentially underestimated in geophysical geothermal heat
flow models if the crustal domain is treated with global average values instead of accounting
for crustal heterogeneities which can be recovered from geophysical data.

3.7.2 Continental margin

The density and susceptibility relationship for the linear structure at the craton margin is more
ambiguous than for the proposed batholith structures, due to the larger standard deviation in
the susceptibility values. Similar density and susceptibility relationships are present offshore,
and onshore along the coast and in the TAM, but these areas may be lithologically and
tectonically distinct from the craton margin structure.

There are several potential tectonic models for the high density bodies recovered along the
inboard margin of WSB, which is interpreted to represent the margin of the Mawson Craton
(Goodge and Finn, 2010). One hypothesis is that the positive gravity anomaly is a slice of
up-thrusted crustal material loading the craton margin (Studinger et al., 2004). However, our
inversion modelling does not show the strongly asymmetric pattern of densities expected for a
flexural loaded margin, although we cannot rule out some degree of compressional reworking
of the former rifted margin during the Ross Orogeny. An alternative model is that the observed
gravity and magnetic anomalies are directly associated with processes occurring along the
rifted margin. Along strike, in the Glenelg River Complex of SE Australia, it is proposed
that slivers of ultramafic rocks associated with a magma-depleted hyperextended Rodinian
continental margin are present, which were reworked by later compressive orogenic forces
(Gibson et al., 2015). Although associated with similar margin parallel magnetic anomalies,
the amplitudes of the magnetic anomalies directly associated with the Australian ultra-mafic
rocks are often lower and more fragmented than observed in Antarctica. In addition, the inter-
preted Australian ultra-mafic rocks are not associated with a distinct positive gravity anomaly
as seen in WSB. If WSB margin does reflect the relics of a magma-poor margin, we propose
that it must be more intact than that in Australia to account for the very significant source
bodies recovered by the inversion. As an alternative, the linear craton margin feature may
be the signature of a former magmatic rifted continental margin where thick sequences of
seaward-dipping basalt horizons are often combined with mafic underplating (Direen and
Crawford, 2003). Both features require densities above 2700 kg m—3, in line with the inversion
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result. Additionally, both features host the potential of significant remnant magnetisation, as
suggested by the recovered negative relative susceptibility. We prefer a magmatic, rather than
an amagmatic margin model, given the scale and amplitude of the observed magnetic and
gravity anomalies. The presence of magmatic features associated with rifting would not be
unexpected given the location on the former cratonic margin, and is not incompatible with
magma-poor rifting interpreted on other parts of the margin (Gibson et al., 2015). Ultimately,
a more detailed geophysical study is required to definitively reveal the nature of the margin.

3.7.3 Conceptual tectonic model

Based on our preferred interpretation of the inversion outputs and the regional geological
context we propose a tentative geotectonic model for the evolution of WSB (Figure 3.12):
The first identified event is linked to continental breakup leading to the development of margin
parallel gravity and magnetic anomalies, which we attribute to a magmatic rifted margin
adjacent to the Mawson Craton with seaward-dipping basalt horizons and mafic underplating
(Figure 3.12 a). The age of breakup is uncertain, but evidence of rifting and passive margin
development along strike in the Central TAM suggests that this may have occurred around
670 Ma (Goodge, 2020; Goodge et al., 2002). Rifting would have been followed by the devel-
opment of a passive margin sequence and progressive subsidence (Figure 3.12 b).

Margin inversion and development of an ocean/continent subduction system and associated
continental margin arc, led to the emplacement of the large-scale batholithic intrusions, 1B1
and IB2 in the central WSB area (Figure 3.12 c). Potential reworking and back thrusting of
mafic components onto the craton margin may have also occurred at this time. The em-
placement age of this proposed phase of arc magmatism is uncertain, but we suggest it
predated the main phase of Ross Orogeny magmatism exposed as the Granite Harbour
Intrusive Complex in the TAM. As such, this earlier phase of magmatism could provide a local
source for >550 ma detrital zircons of otherwise unknown provenance (Estrada et al., 2016).
An early Ross Orogeny phase of magmatism has also been proposed in the central TAM,
with the earlier phase of magmatism generally being focused further inboard (Goodge, 2020;
Goodge et al., 2024). Although slightly younger than the detrital evidence, this central TAM
interpretation is consistent with our early Ross model for development of IB1 and IB2. Later
Ross magmatism led to the emplacement of the Granite Harbour Intrusive Complex ~500
Ma, further outboard from the craton margin, in the region of the present-day TAM (Figure
3.12d).



3.7. Interpretation and discussion

56

Seaward dipping

~ basalt horizons?
a) 670 Ma ¢

Magmatic

rifted
margin

Mafic A
Underplate?
b)
~650 Ma Passive margin
sediements
Compressional
C) ~600 Ma Back-arc reactivation?
sediments \l

Subduction
zone

Granite
Harbour.

e)

Present day
TAM WSB

WARS

Granite

W Magmatic

rift

margin

Figure 3.12: Conceptual tectonic evolution sketch: a) Rifting of Rodinia supercontinent and
development of magmatic margin. b) Passive margin development and sediment deposition.
c¢) Subduction zone development, emplacement of Central Batholith, reworking of passive
margin and potentially deposition of back-arc sediments. d) Subduction zone migrates further
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3.7.4 Cryosphere implication

GHF in Antarctica is understood to be an important solid Earth contribution to the cryosphere
(Livingstone et al., 2022; Reading et al., 2022; Siegert and Dowdeswell, 1996). GHF is the
dominant heat source close to the ice divides (Bell, 2008; Fahnestock et al., 2001; Siegert
and Dowdeswell, 1996), whilst away from the ice divides, horizontal ice deformation and
basal sliding become dominant. A causal link between subglacial lakes and high GHF has
previously been proposed by several authors (Fahnestock et al., 2001; Fisher et al., 2015).
A prominent active subglacial lake several tens to hundred metres deep called Cookg; close
to the ice divide (Li et al., 2020; McMillan et al., 2013; Smith et al., 2009) is located directly
above the modelled batholith IB1 (Figure 3.12d). Subglacial lake Cookg, experienced surface
subsidence of 70m between 2006 and 2008 (observed by CryoSat-2), which has been linked
to a discharge event. Following the lake discharge, it has been recharging at a rate of 5.6
+ 2.8 m yr~! (McMillan et al., 2013). It is notable that almost all recent GHF models (An
et al., 2015; Lowe et al., 2023; Martos et al., 2017; Shen et al., 2020; Stal et al., 2021),
with the exception of Ldsing and Ebbing (2021) predict a local minimum GHF in the lake
location above IB1 (Figure B.12). This is a consequence of all recent GHF models have in
common that they are simplifying the local crust to a set of constant petrophysical values or
neglect small-scale heterogeneity in the subglacial geology. It is possible, given the spatial
overlap, that the Cookg, lake could be induced by a thermal anomaly associated with the 1B1
batholith and high concentration of heat producing elements. This highlights the necessity of
GHF models to incorporate subglacial and crustal heterogeneities where data is available,
as also suggested in recent papers (Li and Aitken, 2024; Stal et al., 2024). It is important to
note that not all subglacial lakes can be correlated to regions of high GHF. Subglacial lakes
serve at best as a weak proxy for elevated heat flow since basal melt may have undergone
lateral transport to the accumulation region or even refreeze during transport. However, it is
notable that in the case of Cookg, a subglacial lake up to several hundred metres deep is
located above the batholith IB1, which is likely to elevate the local heat flow. It is important to
stress that the proposed batholith in this study is a geological interpretation based on airborne
geophysical data and classifying this structure based on inverted petrophysical relationship as
a granite-like rock type is somewhat speculative. Coupling this consideration with the poorly
constrained heat flow models, the existence of the lake cannot be tied to the intrusive rock
body with certainty and emphasises important questions that future studies should consider
for studying solid earth and cryosphere interactions.
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3.8 Conclusions and Future Work

have presented a density and susceptibility distribution model for Wilkes Subglacial Basin
and the Transantarctic Mountains using joint inversion of gravity and magnetic data based on
VI coupling. This model provides insight into the heterogeneity of the 3D crustal structure in
WSB and TAM region and allows preliminary quantification of the volume of crustal provinces,
which should be considered in future lithospheric scale thermal studies. The inversion model
images a large body of slightly low density and moderately positive susceptibility values
in the central WSB, which we interpret as a large-scale batholith. Based on the inverted
petrophysical properties the batholith is interpreted to be granitic in composition, but it is not
currently possible to further constrain the specific lithology. The density and susceptibility
relationship and cross-section of the inversion model indicates that this structure is connected
to the adjacent low density moderate susceptibility body, which potentially has the same
origin but nearly perpendicular orientation. If so, the volume of the total granitic intrusive body
increases to ~470 000 km?, which is a considerable addition to the volume of the upper crust
at the time of emplacement and has the potential to have a significant impact on the local
heat flow due to the likely concentration of radiogenic heat producing elements. However, the
thickness of the batholith and the volume depends upon the boundary conditions, especially
the CPD, with significant uncertainties and therefore the thickness and volume may represent
an overestimate. Despite the absence of direct heat production and heat flow measurements,
comparisons with well-studied granite intrusion provinces in the Weddell Sea (Leat et al.,
2018), southern Prydz Bay (Carson et al., 2014), SW England (Beamish and Busby, 2016)
and worldwide (Artemieva et al., 2017) emphasise the influence that local crustal structures
such as granitic intrusive bodies can have on the local heat flow budget.

Examining the density and susceptibility relationships, we have determined that the batho-
lith has a different petrophysical signature to the Granite Harbour Intrusive Complex of the
Transantarctic Mountains. Based on our findings, the tectonic evolution of WSB may there-
fore include two distinct intrusion events, first emplacement of the batholith followed by the
emplacement of the Granite Harbour Intrusive Complex. The batholith emplacement age is
uncertain and may represent an episode of magmatism associated with the early stages of
the Ross Orogeny (c. 600 Ma) or could potentially be associated with rift-margin processes
in the interval, 650 — 670 Ma (Goodge et al., 2012) This could potentially provide a more
proximal source for the Neoproterozoic clasts described from metaconglomerates of southern
Victoria Land (Cooper et al., 2011)

The margin of the Mawson craton is identified by the inversion in the form of a positive linear
gravity anomaly grid-east of WSB. We suggest these signatures reflect a passive continental
margin with thick seaward-dipping basalt horizons and mafic underplating. However, altern-
ative models of up-thrusted crustal material at the craton edge, or reworking of ultramafic
material from a magma-poor rifted margin cannot be ruled out based on the geophysical
inversion model. Scenarios combining some of these endmember models are also possible.
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This study highlights the crustal heterogeneities on a regional scale in East Antarctica and
provides evidence that by using a set of constant global average petrophysical values for
the crustal domain in geophysical geothermal heat flow models is a simplification that might
underestimate the contribution of geothermal heat flow beneath the ice sheets. Despite the
many challenges, next generation geophysical heat flow models are required to consider
crustal heterogeneities to increase the understanding of the contribution from the solid earth
to the cryosphere and ultimately the stability of the ice sheet. Therefore, further geophysical,
and geological research on the Antarctic subglacial geology is necessary to understand the
thermal state of the most remote continent on Earth.



Chapter 4

Comparing geophysical inversion and
petrophysical measurements for
northern Victoria Land, Antarctica

4.1 Context

The previous chapter has illustrated the effectiveness of jointly inverting the gravity and mag-
netic fields to obtain a density and susceptibility distribution and its usefulness for a) revealing
crustal heterogeneities and b) draw conclusions on the potential origin and geological evol-
ution of such heterogeneity. However, little effort has been undertaken in this thesis so far
to validate inverted density and susceptibility relationships with petrophysical measurements
and thereby to bridge the geophysical models with geological observables. This chapter
closes this gap by establishing a new petrophysical rock catalogue containing 320 density
and susceptibility measurements on rock samples from the TAM region in northern Victoria
Land. The new rock catalogue is used to validate the geophysical inversion model from
the previous chapter. Furthermore, a local high-resolution inversion with 250 m cell size,
incorporating additional high resolution aeromagnetic data, is presented and compared to the
7.5 km cell size inversion from the previous chapter. Both inversions are compared against the
petrophysical measurements. The advantages of both the local and regional inversion scale
are discussed as well as their sensitivities towards geological bodies.

4.2 Author contribution

The work presented in this chapter has been published as: M. Lowe, T. A. Jordan, J. Ebbing,
N. Koglin, A. Ruppel, M. Moorkamp, A Laufer, C. Green, J. Liebsch, M. Ginga, R. Larter(2024)
Comparing geophysical inversion and petrophysical measurements for northern Victoria Land,
Antarctica Geophysical Journal International, ggae272.

60



4.2. Author contribution 61

M. Lowe (conceptualised, Data curation, Formal analysis, Investigation, Methodology, Soft-
ware, Validation, visualisation, Writing —original draft, Writing —review & editing); T. A. Jordan
(conceptualised, Formal analysis, Funding acquisition, Investigation, Methodology, Project
administration, Supervision, Validation, visualisation, Writing —review & editing); J. Ebbing
(conceptualised, Data curation, Formal analysis, Investigation, Methodology, Supervision, Val-
idation, visualisation, Writing —review & editing); N. Koglin (Data curation, Formal analysis,
Investigation, Validation, Writing —review & editing); Antonia Ruppel (Data curation, Formal
analysis, Investigation, Validation, Writing —review & editing); M. Moorkamp (conceptualised,
Formal analysis, Investigation, Methodology, Software, Validation, visualisation, Writing —re-
view & editing); A. Laufer (Formal analysis, Investigation, Validation, visualisation, Writing
—review & editing); C. Green (conceptualised, Formal analysis, Investigation, Methodology,
Supervision, visualisation, Writing —review & editing); J. Liebsch (Data curation, Formal ana-
lysis, Writing —review & editing); M. Ginga (Data curation, Formal analysis, Writing —review
& editing) and R. Larter (conceptualised, Formal analysis, Funding acquisition, Investigation,
Methodology, Project administration, Supervision, Validation, visualisation, Writing —review &
editing).

4.3 Introduction

One of the largest current challenges for Antarctic solid Earth research in Antarctica is reliable
imaging of subglacial geology and crustal properties. The overwhelming majority of Antarc-
tica’s geology is hidden beneath thick ice sheets limiting direct geological information to ice
free regions at the coast, high mountain ranges and isolated nunataks. Geological structures
and sub-ice solid Earth properties are therefore inferred most commonly from geophysical
approaches: i,e., airborne gravity, magnetic and radar measurements (e.g. Aitken et al. 2014;
Ferraccioli et al. 2011; Gibson et al. 2015; Goodge and Finn 2010; Jordan et al. 2013, 2022,
2023; Mieth et al. 2014; Mieth and Jokat 2014; Riedel et al. 2012; Ruppel et al. 2018). A major
caveat for all such aerogeophysically-derived interpretations is that the degree of complexity
which can be inferred depends on the flight line spacing and altitude of the airborne surveys.
High resolution surveys with tight flight line spacing (< 500m) are rare in Antarctica and, where
conducted, are usually limited to magnetic measurements over local (10s of km) surveys (e.g.
Ghirotto et al. 2023; Damaske et al., 2014; Wilson et al. 2007).

Complementary to geophysical crustal forward modelling, magnetic-only and joint inversions
of gravity and magnetic data have been successfully applied to different environments and
scales to image crustal properties in terms of density and susceptibility distribution beneath
the Antarctic Ice Sheet (e.g. Jordan et al. 2023; Lésing et al. 2022; Morales-Ocana et al. 2023).
A remaining challenge is to directly link geological information with geophysical models. Petro-
physical rock properties, namely susceptibility and density, allow linking of these observations
and cross-validation of hypotheses arising from geological or geophysical interpretation.
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Remaining open questions are how well inverted petrophysical parameters correspond to
laboratory derived petrophysical parameters measured on Antarctic rock samples, whether
it is possible to separate and classify subglacial rock types based on inverted petrophys-
ical properties, and what the possible limitations are. The lack of linkage between Antarctic
geophysical models and petrological data arises from a lack of density and susceptibility
measurements on the same rock samples in the literature, such that Antarctic models have
conventionally been validated against catalogues of global rock properties or rock samples
from Australia (e.g. Ldsing et al. 2022).

To answer these questions, we present a petrophysical catalogue containing 320 measure-
ments of susceptibility and density values. The measurements are performed on rock samples
from northern Victoria Land (nVL), which are archived by the German Federal Institute for
Geosciences and Natural Resources (BGR) from over 40 years of expeditions to nVL. Addi-
tionally, we present a new high resolution local susceptibility inversion of the Mesa Range area
in nVL (Figure 4.1) based on a helicopter magnetic survey with a 500 m line spacing conduc-
ted by BGR in the 2009-2010 Antarctic season (Damaske et al., 2014). Gravity measurements
on a comparable resolution do not exist for the local study area. Instead, we further consider
the results in the context of the inverted susceptibility and crustal density distribution model
introduced in Chapter 3. This model is based on a joint inversion of gravity and magnetic
airborne data, which accommodates the gravity resolution and therefore adds an additional
dimension that fully utilises the advantages of joint inversion of potential fields, albeit with a
coarser grid resolution.

4.3.1 Regional Geology

NVL is located at the Pacific end of the Transantarctic Mountains (TAM), one of the largest
non-collisional mountain chains worldwide (Figure 4.1). The basement formed by accretionary
processes at the East Gondwana active continental margin during the late Ediacaran - early
Palaeozoic Ross Orogeny (e.g. Goodge 2020). Geologically the TAM consist of the western
and inboard polymetamorphic and magmatic Wilson Terrane, the central volcanic and clastic
Bowers Terrane, and the eastern turbiditic Robertson Bay Terrane. The metamorphic base-
ment of the Wilson Terrane comprises low- to high-grade (up to granulite-facies) metamorphic
rocks, for example the Wilson metamorphic and polymetamorphic complexes, the Berg Group
or the Wilson Schists, as indicated in Figure 4.1. The metamorphic country rocks are intruded
by the voluminous Granite Harbour Intrusive (GHI) Complex (here also including the anatectic
Oates Coast granitoids listed in Figure 4.2). The majority of the plutonic rocks consist of
granitoids with subordinate intermediate to mafic varieties as well as some ultramafics. The
Bowers Terrane comprises very low- to low-grade metavolcanics and associated metavol-
caniclastics, which formed in an island arc or fore-/back-arc tectonic setting and grade into
molasse-type clastic metasedimentary rocks (Bowers Supergroup, Figure 4.1 and 4.2). The



4.3. Introduction 63

outboard Robertson Bay Terrane consists of mostly distal turbidites of the Robertson Bay
Group deposited furthest from the continent interior (Figure 4.1 and 4.2). The Wilson-Bowers
Terrane boundary is defined by the strongly deformed Lanterman-Mariner Fault Zone in the
Lanterman Range and along the western margin of Mariner Glacier, whereas the Millen Schist
Belt represents the boundary between the Bowers and Robertson Bay terranes. Post-Ross
geology is characterised by the mid-Palaeozoic felsic Admiralty Igneous Complex comprising
the Admiralty granitoids and the Gallipoli volcanics. They are unconformably overlain by late
Palaeozoic to early Jurassic clastic Beacon Supergroup and sills and lavas of the Juras-
sic Ferrar Supergroup, i.e. Ferrar Dolerite and Kirkpatrick Basalt including the volcaniclastic
Exposure Hill-type deposits (e.g. Ganovex Team and others 1987; Elliot et al. 2021).The
youngest rocks in the region comprise Cenozoic alkaline to peralkaline magmatic rocks of the
McMurdo Igneous Complex, related to West Antarctic rifting, and glacial sediments (Giordano
et al., 2012; Kyle, 1990; Kyle and Cole, 1974; Rossetti et al., 2000).
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Figure 4.1: Geological map of northern Victoria Land and Oates Land. Geological data taken
from L&ufer et al. (2011), Pertusati et al. (2016), Roland et al. (2002). Inset shows study
location (red box) in Antarctic context. Mesa Range marked as black rectangle in the main
panel
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4.4 Method: Petrophysical measurement and inversion

We conducted susceptibility and density measurements on 320 rock samples from nVL.
248 rock samples stored in the National Polar Sample Archive (NAPA) in Berlin-Spandau,
Germany and 72 samples stored at the BGR in Hannover, Germany. The samples were pre-
classified on the basis of geological formation and rock types by the sample collectors during
the GANOVEX field activities.

Susceptibilities of the rock samples were measured using a handheld KAPPAMETER KM-
7 (Pocket Magnetic Susceptibility Meter). For each rock sample eight repeat measurements
were performed on different flat and, if possible, fresh surfaces. Density was measured by
weighing the dry sample and dividing this by the volume. The volume of the sample was
determined by suspending it from a string in a water container, allowing it to achieve equi-
librium. The string offsets the difference of gravitational and buoyancy forces acting on the
sample. Consequently, the buoyancy force acting on the sample can be quantified using a
scale positioned at the base of the container. Density is then calculated using the density of
water, the weight of the dry sample and the weight of displaced water (Equation 4.1).

Densityp = WeightroaDensityarer (4.1)
WejghtdisplacedWater

Inversion of magnetic data alone is carried out using the open-source scientific code JIF3D.
The joint inversion model, based on the Variation of Information (VI) approach, also carried
out in JIF3D, is discussed in depth in (Chapter 3). The theoretical background is given in
detail in Moorkamp (2021, 2022) and Moorkamp et al. (2011). Therefore, we restrict the
description here to the description of the objective function and its regularisation parameters.
The objective function for the joint inversion ®,;,;, as described in Chapter 3, has five terms
equation (4.2). Two misfit terms represent the difference between the gravity and magnetic
field responses of the model and the observed fields. Two regularisation parameters relate
to the two petrophysical quantities (density and susceptibility). JIF3D uses a finite difference
approximation to the spatial gradient for regularisation, meaning differences in values between
adjacent cells are penalised. Therefore, a higher regularisation value leads to a smoother
model with less variation. A full description of the regularisation parameter can be found in
Moorkamp (2021). The last term is the VI parameter, which enforces a coupling between both
physical quantities (L6ésing et al. 2022; Moorkamp 2021, 2022, Moorkamp et al. 2011).

cI)joint = q)d,gmv + (I)tl,mag + Afl CI)reg,p + A‘Zq)reg,sus + l3(I)VI (42)

where @y ¢, and P, ., are the root-mean-Square (RMS) misfit between observed and
inverted gravity and magnetic data respectively, @, p and ®,,, s are regularisation paramet-
ers, and ®y; is the coupling term based on the VI approach (Lésing et al. 2022; Moorkamp
2021, 2022).
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Table 4.1: Inversion parameters. Inclination and declination are calculated for the for the
midpoint and the acquisition date of the survey using DGRF calculator implemented in Oasis
Montaj (Geosoft)

Regularisation Density and Susceptibility 10
Error Magnetics [nT] 10
Min. / Max Susceptibility [SI] +0.1
Magnetic Field strength [nT] 64411
Inclination [Rad] -1.4566
Declination [Rad] 2.2756
Maximum depth of susceptibility variation CPD
Observation height Flight elevation

For the local magnetic inversion over the Mesa Range, we use the joint inversion algorithm
described above but with the coupling weights and all terms associated with the gravity data
set to zero. The subsurface was discretised into a mesh with a horizontal cell size of 250
m and a vertical cell size of 100 m at the surface, which increased by a constant factor of
1.1 for each layer with depth to account for decreasing resolution of potential field data with
depth and to limit the computational load (Figure B.3). This results in a vertical thickness of
the uppermost cell layer of 100 m, while the layer beneath has a thickness of 110 m and
so on. The deepest layer of cells has a thickness of 3400 m at a model depth of 32701
m. This approach prevents the inversion from producing high frequency structures at depth,
which cannot be resolved by the measured input data. For the upper boundary surface,
bedrock information from BedMachine Antarctica (Morlighem et al., 2020) was used (Figure
3.1), while for the lower boundary surface, Curie Point Depth (CPD) estimates from Lowe
et al. (2023) [Chapter 2 in this thesis] are used (Figure 3.4.4). The Curie Point describes
the Curie temperature of around 580°C, the temperature at which minerals that dominate
the magnetic characteristics of crustal rocks lose their magnetic properties (Blakely, 1996;
Haggerty, 1978; Nufiez Demarco et al., 2020; Telford et al., 1990). Moreover, the inversion
meshes are extended laterally with a 20% buffer around the target area to reduce edge
effects. The regularisation for the susceptibility is set to a value of 10. The appendix provides
alternative runs with varying regularisation values Figure C.2 and C.3. Further parameters for
the local inversion are given in Table 4.1. The regional joint inversion model (Chapter 3) is
based on airborne gravity and magnetic data (Golynsky et al., 2018; Reitmayr et al., 2003;
Scheinert et al., 2016; Zanutta et al., 2018) (Figure 3.3 and 3.2). The joint inversion model
is also confined to the upper boundary condition defined by bedrock topography data from
BedMachine Antarctica (Morlighem et al., 2020), while the boundary condition for the base
of the model differs. For the susceptibility model the CPD (Figure 3.4 b) (Lowe et al., 2023)
(Chapter 2) are used again as boundary condition while Moho depths (Figure 3.4 a) (Pappa
et al., 2019a) are used for the density model.
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4.5 Results

4.5.1 Laboratory-measured susceptibility and density values

In general, metamorphic and sedimentary rocks exhibit low susceptibility, while higher sus-
ceptibilities were measured for plutonic and volcanic rocks (Figure 4.2c, 4.2e, 4.3a and 4.3c).
Susceptibility measurements of granitoids from the GHI Complex (Figure 4.3a) show a low
mean and median value but include some outliers with high susceptibility values. Outliers are
defined as >1.5 times the interquartile ranges. It is worthwhile to point out that the location
of the rock samples shows a bias towards the GANOVEX focus (Figure 4.2a and 4.2b).
This bias occurs because only rock samples from the GANOVEX field surveys are stored
in those two rock archives. Regardless, geological formations from across the whole of nVL
are represented.

Gabbro from the Oates Coast Granites and GHI Complex followed by Kirkpatrick Basalt
(KPB) and Ferrar Dolerites (FD) show the largest measured susceptibility ranges (ignoring
outliers) (Figure 4.3a and 4.3 c). Density measurements show larger variation across the
formations (Figure 4.3b). Distinct clusters of density values are evident for the FD, KPB, and
GHI Complex, which are the dominant geological formations in the Mesa Range area (Figure
4.3b). This difference is even stronger when considering the dominant rock types for each
formation: dolerites for the FD (mean 2.88 g cm >, basalt for the KPB (mean 2.75 gcm ™
(excluding the lighter tuff samples) and granites for GHI Complex (mean 2.6 gcm™3). The
differences in susceptibility are more nuanced between KPB and FD with a mean value of
0.006 Sl for FD and 0.0069 Sl for KPB, while the median shows a larger difference with values
of 0.003 Sl for FD and 0.005 Sl for KPB (Figure 4.3a and 4.3c). Granites exhibit significantly
lower mean and median susceptibility values (mean: 0.002 S| median: 8.12e-05 Sl) compared
to basalts and dolerites (Figure 3c).

The FD, KPB, and GHI Complex show significant outliers in both susceptibility and density.
These large ranges of overlapping density and susceptibility values including outliers high-
lights a need for caution when attributing characteristic density and susceptibility values to
specific rock types (Figure 4.3). Nevertheless, the combination of susceptibility and density
measurements on the same rock samples decreases the uncertainty in clustering rocks based
on those petrophysical properties. Our new density measurements are broadly in line with
previous density measurements on rock samples from nVL (e.g. Barrett and Froggatt 1978),
while the susceptibility measurements for the GHI Complex are broadly in line with previously
reported susceptibility values (Bozzo et al. 1992, 1995)
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Figure 4.2: Petrophysical measurement on Antarctic rock samples. a) Histogram of measured
rock samples and location plot classified by geological formation. b) Histogram of measured
rock samples and location plot classified by rock type. ¢) Susceptibility and density cross plot
of measured rock samples classified by geological formation. d) Zoomed in cross plot to low
susceptibility range indicated in c. e) Susceptibility and density cross plot of measured rock
samples classified by rock type. f) Zoomed in cross plot to low susceptibility range indicated

ine.
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Figure 4.3: Statistics of measured rock samples. a) Boxplot of susceptibility measurements
sorted by geological formation. b) Boxplot of density measurements sorted by geological
formation. c) Boxplot of susceptibility measurements sorted by rock type. d) Boxplot of density
meassurments sorted by rock type. Outliers defined as >1.5 times the inner quartile ranges.

4.5.2 Comparison of the petrophysical measurements to literature values

Density and susceptibility measurements are important for validating geophysical models.
Both petrophysical quantities are reported in the literature for Antarctic rock samples, but are
typically reported separately (e.g. Bozzo et al. 1992, 1995; Maslanyj et al. 1991; Sanchez
et al. 2021). Due to the lack of Antarctic rock outcrops petrophysical measurements on rock
samples from Australia (Barlow, 2004) and the Indian shield (Subrahmanyam et al., 1981)
have previously been used to validate geophysical models (e.g. Lésing et al. 2022). Selected
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rock types of the petrophysical catalogue from this study are therefore compared to existing
literature values to test the validity of this assumption. An obstacle confounding the compar-
ison of our measurements to previously reported values from the literature is that often the
petrophysical measurements have only been reported as a mean value, and only sometimes
with a standard deviation, for the dataset. Therefore, we plot the reported mean values and,
where possible, the standard deviation on top of the boxplots of our petrophysical catalogue
(Figure 4.4 and 4.5). An exception is the Antarctic-wide PetroChron dataset (Sanchez et al.,
2021), which is a full dataset. Therefore, it is possible to plot boxplots for the PetroChron
dataset as well, which allows the best possible comparison between both datasets (Figure
4.5).

Suscepitibility values measured in this study and literature values are overall in good agree-
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Figure 4.4: Susceptibility measurements compared to literature values. Susceptibility meas-
urements from this study presented as boxplots. Mean susceptibility mean measurements on
Antarctic rocks displayed as stars (Maslanyj et al., 1991), cross (Bozzo et al., 1992), hexagon
(Bozzo et al., 1995), and x (Ohneiser et al., 2015). Mean susceptibility measurements on
rocks from the Indian shield as Rhombus (Subrahmanyam et al., 1981).

ment. Some reported mean values for granites, GHI, amphibolite and FD from the literature fit
the mean values of this study. However, there are exceptions to this observation. Most prom-
inent, perhaps, are the mean suscepitibilities reported for gabbro from the Antarctic Peninsula.
The mean values are significantly higher and even outside the maximum of the box plot for
the nVL rock samples from this study. Some of the mean susceptibilities reported for granite
rock samples from the Antarctic Peninsula and the Indian Shield also show significant high
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susceptibilities outside the boxplot for nVL and are only matched by outliers from nVL. Similar
behaviour is observed for amphibolite and gneiss. Overall, susceptibility measurements on
rock samples from nVL (Bozzo et al., 1995,9; Ohneiser et al., 2015) seem to agree best with
our measurements conducted on rock samples from nVL (Figure 4.4). This shows that there
is a geographical variation that subsequently illustrates the need for caution if rock catalogues
including rock samples from geographically distant locations even from other continents, are
used for validation.

Mean densities from this study are in strong agreement with density estimations on Antarctic
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Figure 4.5: Density measurements from this study compared to literature values. Density
estimation from this study and PetroChron (Sanchez et al., 2021) displayed as box plots.
Mean density estimation on rock samples from Indian Shield (Subrahmanyam et al., 1981) are
displayed as yellow dots. The displayed errors bars illustrate the reported standard deviation.

rock samples from the PetroChron dataset (Sanchez et al., 2021) (Figure 4.5). A discrepancy
between the two datasets is evident for basaltic rocks. Overall, the density range for basalt
from PetroChron is tighter. However, the minima and maxima for both datasets defined by
their boxplots overlap, especially when considering the outliers for the PetroChron dataset.
The outliers might indicate geographically clustered samples, which seems to align with the
measurements from nVL rock samples from this study. A second mismatch between the two
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datasets is observed for syenite rocks. Here PetroChron seems to be in an agreement with
measurements on rock samples from the Indian Shield, while measurements from this study
report lower densities. It is worthwhile to point out that in this study only 6 measurements
have been conducted on syenite (Figure 4.2b), which might not be statistically significant.

Furthermore, density measurements on rock samples from the Indian Shield show overall a
good agreement with measurements from this study and from PetroChron. Nevertheless, the
densities of rocks from the Indian Shield are systematically higher compared to the Antarctic
rock samples. This systematic shift might be related to geographical circumstances.
Comparisons between density and susceptibility measurements on rock samples from nVL to
rock samples from both the Antarctic Peninsula and Indian Shield indicate that geographical
variability can be important (Figure 4.4 and 4.5). This highlights the need for caution if such
measurements are used to validate geophysical models. Geophysical joint inversion models
report density and susceptibility relationships as cross plots (Chapter 3 and Lésing et al.
2022). However, if the density and susceptibility measurements have not been conducted on
the same rock sample, then cross plots of density and susceptibility measurements might
be inadequate to validate geophysical inversion models. Mean and standard deviations of
density and susceptibility measurements on Australian rocks are simultaneously reported by
Barlow (2004). This dataset allows a cross plot comparison between measurements on nVL
rock samples, from this study and Australian rock samples. All rock types show a systematic
shift to higher mean susceptibility values for Australian rocks (Figure 4.6).Similarly, the mean
density values are systematically higher for Australian rocks. This shift reinforces the idea of
significant geographical variability in petrophysical characteristics in such datasets, especially,
when considering the good agreement between density estimation for Antarctic rocks from the
PetroChron (Sanchez et al., 2021) dataset and this study.

Therefore, rock samples geographically closely located should always be given preference
before employing global rock catalogues or rock samples from neighbouring continents to
validate geophysical inversion models. Moreover, this section illustrates that for meaningful
comparison it is crucial to have access to the full petrophysical dataset (Figure 4.5) instead of
relying on reported mean values and standard deviations. The internal variability of measure-
ments for a certain rock type is not captured by mean values, while the boxplot comparison
(Figure 4.5) between density estimation from this study and PetroChron (Sanchez et al., 2021)
provide a higher confidence in the comparison and illustrate the internal variability for a given
rock type.
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Figure 4.6: Density and susceptibility cross plot compared to published values from Australia
(Barlow, 2004). Measurements from this study are plotted as circles, measurements from
Barlow (2004) as crosses. Standard deviation for both datasets is displayed as error bars.

4.6 Regional joint inversion of magnetic and gravity data

Regional scale VI inversion of magnetic and residual gravity airborne data (Figure 3.2 and
3.3),which was corrected for gravity contribution from the mantle and below using the (Pappa
et al., 2019b) model with a cell size of 7.5 km in nVL and WSB was carried out and previously
described in (Chapter 3). We used geological classification polygons provided by GeoMap
(Cox et al., 2023) to sample the susceptibility and density values at a depth slice of 2 km
below sea level (Figure 4.7a and b) from the inversion model at the locations of specific
outcropping rock types. The depth of 2 km was chosen, so that the density and susceptibility
values sampled lie within the crust rather than in the domain of the ice sheet, where the
inversion cells were set to 0 kg m—> and 0 Sl and excluded from the inversion, but also shallow
enough that those cells likely correspond to geological classification from GeoMap (Cox et al.,
2023) at the surface.

Here we sample the GHI Complex (Figure 4.8a) at a depth slice of 2 km below sea level and
plot the petrological relationship between susceptibility and density as red dots (Figure 4.8b)
together with laboratory susceptibility (mean susceptibility of eight repeat measurements)
and density measurements on GHI Complex rock samples conducted at NAPA and BGR as
blue dots (Figure 4.8b).The inverted susceptibilities are relative values. Therefore, we have
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Figure 4.7: Inverted density and susceptiblity distribution of regional scale joint inversion
model (Chapter 3). a) Inverted relative density at 2 km depth. b) Inverted relative susceptibility
at 2 km depth. Inverted crustal density and susceptibility distribution from regional scale VI
inversion with a horizontal cell resolution of 7.5 km (Chapter 3).

shifted the inverted values by 0.008 Sl. The value, by which the inverted susceptibilities
were shifted was chosen so that the inverted low susceptibility cluster plots around the 0
value and therefore resembles the range of measured susceptibilities more closely. Most
of the measured and inverted susceptibilities are low values with occasional outliers. The
amplitude ranges of outliers from the measured and inverted values approximately match one
another. The points with error bars marked in Figure 4.8b represent the means of measured
and inverted values, while the error bars represent the standard deviations of the respective
datasets. The inverted relative density values were shifted to absolute values by adding the
background density value of 2670 kg m—>. Measured densities of the GHI Complex samples
show a larger range than recovered by the VI inversion, but the measured and inverted mean
values are located close to one other. However, the density range of the inversion is much
narrower compared to the measured density range and does not reproduce the measured
high densities above 2900 kg m—> (Figure 4.8b).

Subdividing the rock samples from the GHI Complex into rock types reveals some lithologies
which are poorly fitted and some that are better fitted by the inversion (Figure 4.8d). Meas-
ured rock types that fall in the inversion density range are granites, granodiorites, gneiss,
and diorites, while denser rock types that are not well represented by the inversion include
hornblendite, ultrabasites and gabbro. The poor representation of the denser rock types by
the inversion can be explained by considering the 7.5 km cell size used in this regional
inversion. A cell in the inversion mesh represents an average density and susceptibility value
of all rock types present in the volume of the cell. In order to reproduce a cell with a density
of 3200 kg m~ representing densities of hornblendite, the hornblendite needs to fill the full
volume of a 7.5 by 7.5 km lateral cell. However, high density lithologies are not dominant in the
continental crust. Furthermore, hornblendite rocks have densities that are typically associated
with density values commonly found in the mantle. The lesson here is that cells of the size
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Figure 4.8: Validating regional scale joint inversion model. a) GHI Complex polygons from
GeoMap (Cox et al., 2023). b) Inverted (red) and measured (blue) susceptibility and density
crossplot for GHI Complex (here the susceptibility values describe the mean value of eight
repeat measurements). Datapoints with error bars represent the mean datapoints of inverted
and measured datasets, while the error bars represent the standard deviation of each dataset.
c) Locations of rock samples within the GHI Complex coloured by rock type superimposed on
GHI Complex polygon from GeoMap (Cox et al., 2023). d) Measured susceptibility and density
crossplot for the GHI Complex, coloured by rock type and superimposed on GHI Complex
inverted susceptibility and density crossplot (grey).

used in a regional scale inversion cannot reproduce local small scale geological variation. A
regional inversion represents rather large-scale crustal variations and can only reproduce the
density/susceptibility of the dominant crustal rocks (average value of all rocks within a given
cell). Furthermore, fine scale geological features are often limited to finite depth intervals. For
example, individual outcropping Sills usually do not exceed thicknesses of ~200 m and 900 m
for the Ferrar and the KPB, respectively (Elliot and Fleming 2018, 2008). A regional inversion
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with vertical cell size of 1 km (reasonable representation of airborne data with 10 km flight line
spacing) is unable to resolve the vertical dimensions of such features and will overestimate
the thickness. To resolve features like the FD with a 200 m vertical extent, higher resolution
airborne data is required.

4.7 High resolution local single magnetic inversion

Magnetic-only inversion is applied to a local helicopter high-resolution magnetic survey of
the Mesa Range in nVL, East Antarctica (Figure 4.9a). The survey was conducted by the
BGR in January 2010 (Damaske et al., 2014) with a flight line spacing of 500 m and was
flown in draped mode with a ground clearance of about 500 m. The aim of the survey was
to determine if prominent circular magnetic anomalies visible in earlier magnetic surveys with
wider line spacing are the signals of a feeder dyke complex. Joint inversion is not carried
out because only long wavelength airborne gravity data exists in the target area based on
three flight lines (Jordan et al., 2013), which does not contain comparable short wavelength
content to the magnetic dataset. Jointly inverting potential field data with a strong discrepancy
in wavelength content does not produce meaningful results.

The topography of the target area includes flat-topped mesas as well as deep valleys covered
by the overriding Rennick and Aeronaut glaciers (Damaske et al., 2014). GeoMap (Cox et al.,
2023) shows three dominant geological formations present in the target area, which are KPB,
confined to the Mesa topography, FD and the GHI Complex (Figure 4.9b, c). The magnetic
forward calculated response (Figure 4.9b) of the 3D inverted susceptibility model and the
observed magnetic field (Figure 4.9a) match closely (Figure 4.9c). The mean misfit between
the observed and inverted magnetic field is 0.9 nT with a standard deviation of 12 nT. The
maximum misfit is 551 nT and the minimum misfit is -130 nT. Areas of significant misfits are
limited to a region where the magnetic field rapidly increases locally from + 200 nT to over
1000 nT, in the area of the Mesa Range topography. The misfit arises from a combination
of inversion resolution (250 m cell size) and because the inversion favours smooth models
compared to steep gradients in the observed magnetic field. The 3D inversion shows that
the dominant magnetic bodies are limited to the volcanic topographic features consisting of
KPB. Our inversion indicates these basalts are restricted to high topography and are unlikely
to reach depths below sea level, giving a maximum thickness of 2 km, but probably less
(Figure 4.9d and 4.9¢). The strong susceptibility signals caused by KPB overlying the Beacon
sediments and crustal basement appear to spread into the underlying crustal basement and
the Beacon sediment deposits (Figure 4.9d and 4.9¢). Inverting jointly with gravity data of
matching resolution could help to focus the source bodies and reduce the vertical smearing
of the anomalies. This spreading effect lets the susceptibility source bodies appear to reach
thicknesses of 2 km while the source body with the highest susceptibilities is limited to thick-
nesses of less than 1 km. Geological evidence exists that the thickness of KPB is limited to a
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Figure 4.9: Magnetic data and inversion results over the Mesa Range. a) Observed magnetic
field. b) Inverted magnetic field. c) Misfit between a and b. d and e) Cross-Section through
inverted susceptibility distribution along profile lines indicated in a and b.

maximum of 900 m in nVL (Elliot and Fleming 2018, 2008).

We do not see evidence for a feeder dyke complex in our high-resolution 3D susceptibility
inversion, due to the absence of deeper magnetic bodies in the Mesa Range area. This result
is in line with previous 2D modelling from Damaske et al. (2014) who did not find feeder
dykes for the basalt sheets either but identified circular-shaped anomalies visible in an earlier
aerogeophysical survey as artefacts due to wider line spacings. Furthermore, both results are
in line with the absence of geological evidence for feeder dykes, dyke swarms, or vents in
nVL. The pathways of magma emplacement are currently unknown (e.g. Elliot et al. 2021,
Elliot and Fleming 2018).

A secondary prominent magnetic signature in the area is visible with a lower magnitude
(Figure 4.9d). This signature also correlates closely with the topography but does not coincide
with the highest topographic peaks. Those magnetic bodies match with the areas in which
there are outcrops classified as FD (Figure 4.10b and c) based on GeoMap (Cox et al., 2023).
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These dolerite sills intruded into the surrounding sedimentary Beacon Supergroup (Ferraccioli
et al., 2009a). FD and KPB can be separated based on the inverted susceptibility intensity and
based on the correlation with topographic highs displayed in cross section view (Figure 4.9d).
We can also use the inverted susceptibility distribution to separate the three dominant geolo-
gical units namely KPB, FD and GHI Complex. Figure 4.10a shows the inverted susceptibility
distribution sampled for each geological unit in the Mesa Range at a depth of 1.8 km above
sea level using the GeoMap (Cox et al., 2023). In addition to the histogram of the inverted
susceptibility for each rock type, kernel density estimates (KDE) are plotted to illustrate the
bulk susceptibility distribution for each rock type. The area beneath each KDE curve is 1
and therefore illustrates that KBP has a larger distribution compared to FD and GHI which
are confined to finite ranges (Figure 4.10 a). The rock classification polygons are shown in
Figure 4.10b. The 1.8 km depth slice was chosen so that near surface susceptibility values
are extracted, which relate to surface geological classifications based on GeoMap (Cox et al.,
2023) and the main units are well represented in the model (within the crustal domain). The
large range of inverted KPB susceptibilities partly overlaps with the inverted susceptibility
range of the FD (Figure 4.10a). However, the inverted susceptibilities from the KPB unit
extend to higher values (0.019 — 0.08 Sl), while the inverted susceptibilities of the FD are
concentrated at medium values. The medium susceptibility range is populated by all three
geological units, while the low susceptibility range is dominated by FD and GHI Complex. The
inverted susceptibilities are in line with laboratory measurements on rock samples from nVL
(Figure 4.2 and 4.3).

Based on the susceptibility distribution we filter the inversion model for two susceptibility
ranges which we attribute to KPB and FD (Figure 4.10 a). Susceptibility values above 0.019
S| match very well with the KPB locations from GeoMap (Cox et al., 2023) (Figure 4.10 c) and
the laboratory measured susceptibility (Figure 4.10 d). The intermediate ranges correspond
to the dominant FD susceptibility distribution from 0.0047 to 0.018 and match well with the
locations of FD from GeoMap (Cox et al., 2023) (Figure 4.10c). Even though the FD and GHI
Complex overlap strongly in the low susceptibility range, the chosen susceptibility range for
FD shows a good fit with classified rock outcrops from GeoMap (Cox et al., 2023) and a sharp
boundary between FD and GHI Complex is observed in the inversion results (dotted yellow
lines in Figure 4.10 c). From the geophysical inversion model, based on the FD susceptibility
range, we can identify locations with high likelihood of FD occurrence where geological map-
ping is missing, marked as “F” in Figure 4.10b and 4.10c. Figure 4.10d shows density and
susceptibility measurements on rock the three main rock units from Mesa Range. The cross
plot of the measured values indicates that those rock types can be better differentiated using
both density and susceptibility instead of only the susceptibility. Therefore, highlighting that
geophysical studies, which aim to reveal subglacial geology, will benefit from high resolution
airborne gravity surveys. Linking susceptibility values from Antarctic rock samples with forward
or inverse models is rare in the literature, due to the limited number of measurements on
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Figure 4.10: Validating local magnetic inversion in the Mesa Range. a) Inverted susceptibility
distribution of geological units sampled against GeoMap (Cox et al., 2023) polygons at a depth
of 1.8 km above the sea level. Area beneath each kernel density estimation (KDE) curve adds
up to 1. b) GeoMap (Cox et al., 2023) classification superimposed on susceptibility depth
slice from high-resolution magnetic data inversion at 1.8 km above sea level. Additionally,
locations of rock samples are marked. Areas where the depth slice is above the bedrock
appear white. Black lines indicate faults after (Cox et al., 2023) c) Location plot of susceptibility
values wihin predefined susceptibility ranges for each lithology shown in a. Yellow dotted lines
are interpreted lithological boundaries between Ferrar and GHI Complex. “F” indicates region
of high probability of FD rocks buried beneath the ice. d) Density susceptibility crossplot of
measured rock types present in the Mesa Range. .

Antarctic rock samples, but such efforts have been made before (e.g. Maslanyj et al. 1991,
Bozzo et al. 1992, 1995). Histogram distributions of measured and inverted susceptibilities for
the Mesa Range highlight that the susceptibility ranges are well represented (Figure 4.11).
However, although end-member values are similar, the peak accumulations of measured and
inverted susceptibilities for FD are offset (Figure 4.11). The broad range of susceptibilities for
the KPB is also recovered by measurements, but it is apparent that higher susceptibilities
are required by the inversion model for the KPD to fit the observed magnetic field than
were recovered from the rock sample measurements (Figure 4.11). In both cases, it is worth
remembering that the sample size from the inversion is significantly larger than the rock
sample size presented in this study.
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Figure 4.11: Comparison of measured and inverted susceptibility for a) KPB b) FD and c¢)
GHI Complex.

Density measurements on the same rock samples as the susceptibility measurements indic-
ated that FD (average 2877 kg m ), KPB (average 2747 kg m—3) and GHI Complex (average
2603 kg m—>) can be distinguished by density. Discrimination of rock units like KPB, FD and
GHI Complex could be significantly improved by using density inversions and measurements
(Figure 4.10 d). However, as discussed before, gravity measurements with similar resolution
to that of the Mesa Range magnetic survey are currently missing in Antarctica. Regardless,
the laboratory density measurements indicate the high potential of using joint density and
susceptibility inversion of ultra-high-resolution gravity and magnetic data to reveal subglacial
geology in the future.

It is apparent from the laboratory petrological measurements and the inversion models that
the geological units have high internal variability. Therefore, there is a strong incentive for
crustal Antarctic models to use the sparse existing rock samples / rock outcrop data to validate
geophysical models with local geological information rather than relying on rock property
catalogues consisting of global or Australian rock samples (Section 4.5.2), and to solve or
incorporate the internal variability into geophysical crustal models.
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4.8 Conclusion and future work

We have demonstrated that our new petrological measurements on 320 rock samples can
help to interpret geophysical models on both regional and local scales in nVL. VI inversion
can reproduce the susceptibility distribution on a regional scale, but the inverted density distri-
bution has the caveat that only the average density value is reproduced for each cell, meaning
that only the dominant lithology (average physical properties) can be recovered. Additionally,
comparison between this petrophysical rock catalogue and literature values shows that sig-
nificant geographical variability can be observed. This finding highlights that rock samples
geographically close to the study area should always be prioritised before using petrophysical
catalogues including global rock samples. If more general petrophysical catalogues are used
to validate geophysical models, caution is required to not overinterpret results since local
variability might not be reflected.

Additionally, we demonstrate that high resolution 3D susceptibility inversion on a local scale
with a mesh cell size of 250 m is capable of identifying KPB and constraining the depth extent
of those magnetic bodies to a thickness of less than 2 km. KPB and FD can be reliably
discriminated by the susceptibility inversion. The predicted location based on susceptibility
ranges matches well with geological classification from GeoMap (Cox et al., 2023) and allows
us to predict locations with a high probability of FD in ice-covered areas and where geological
mapping is missing.

Furthermore, no evidence is visible in the high resolution 3D magnetic inversion for the pres-
ence of feeder dykes in the Mesa Range in nVL, due to the absence of deeper magnetic
bodies as previously concluded by magnetic anomaly map interpretation combined with 2D
profile modelling by (Damaske et al., 2014).

Separating the FD and the GHI Complex using inverted susceptibility is more challenging
due to their overlapping susceptibility range in the low value domain. Density measurements
show that all three dominating geological units present in the Mesa Range (KPB, FD and GHI
Complex) show distinct density clusters. FD and GHI Complex could be separated by inverted
densities and the uncertainty of the discrimination between KPB, and FD would be further
reduced by utilising inverted densities. However, this would require high resolution gravity
surveys (with less than 1 km flight line spacing and high-resolution along line) that can resolve
suitable short wavelength anomalies. Such surveys are currently missing in Antarctica. This
study highlights the high potential of joint inversion of high-resolution gravity and magnetic
data in combination with local petrological catalogues to reveal fine scale subglacial geological
structures. It also shows the potential of this approach to relate geological and geophysical
models on a local scale in regions where a high density or susceptibility contrast is expected
to occur due to strong lithological changes. Furthermore, this study illustrates how high-
resolution airborne gravity surveys would enable more reliable discrimination of different rock
types and provides motivation to consider ways to incorporate internal variability of density
and susceptibility of geological units in geophysical crustal forward or inverse models.



Chapter 5

Synthesis, conclusions, and
directions for future work

Solid Earth properties are crucial for understanding the evolution of Antarctica on geological
time scales. The solid Earth interacts with the overlying ice sheets. Making Solid Earth im-
portant for understanding of cryospheric processes too. However, the solid Earth in Antarctica
is poorly constrained in regions where ice sheets are present. Especially, the heterogeneity of
the crust and lithosphere with depth remains unresolved. The overarching aim of this thesis,
which links together all three research chapters, was to image the solid Earth beneath the
thick ice sheet and capture the variability of crustal properties using geophysical applications
and datasets with a strong focus on airborne gravity and magnetic data. Further unifying
objectives across the three research chapters were data coverage, dealing with data gaps,
choosing appropriate model resolution for the wavelength content of airborne data and flight
line spacing, and quantifying uncertainties and limitations of the geophysical forward and
inverse modelling approaches.

More precise research questions addressed in chapter 2 are estimating variability of CPD
in nVL and WSB, investigating the robustness of the estimated CPD and quantifying their
uncertainties. Further aims were to examine the appropriate magnetic wavelengths for this
approach, and most importantly, perhaps, to predict the GHF based on CPD and consider its
implications for the thermal regime and isostatic equilibrium beneath the TAM.

Chapter 3 aims to resolve the question of crustal heterogeneities in nVL and WSB by applying
joint inversion of airborne gravity and magnetic data. In doing so it also demonstrates the ad-
vantage of using joint inversion compared to separate single inversion of gravity and magnetic
data. Moreover, the study demonstrates how inverted density and susceptibility distribution
can help characterise, for example, intrusive bodies by examining the relationship between
both inverted quantities, and how geophysical inverse modelling can guide geological and
tectonic evolution models. Lastly, the study illustrates the influence crustal heterogeneities
might have on the cryosphere by comparing intrusion location with the location of subglacial
lakes.

Chapter 4 addresses perhaps one of the most important questions in geophysical and solid
Earth research, which is validating geophysical models on different scales by linking them to
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geological observables using petrophysical measurements.

The thesis structure is governed by addressing the research questions above. It is crucial
to establish at the beginning the CPD in chapter 2 based on only magnetic airborne meas-
urements. This chapter also assesses the uncertainty of the CPD estimation and the im-
plication of CPD for GHF, assuming a simplified homogeneous crust. Chapter 3 builds upon
the previous chapter by using the established CPD as a boundary condition for the inverse
modelling of the crustal heterogeneities, and also by utilizing gravity airborne data in addition
to the airborne magnetic data. The increased sophistication of the modelling approach should
increase confidence in the result by not relying on a single geophysical observable. Chapter
4 completes the research chapters by validating the joint inversion model from the previous
chapter. This is achieved by providing new petrophysical measurements on Antarctic rock
samples and linking them to geophysical inverse models on different scales. Therefore, each
chapter builds on the previous ones to form a coherent thesis.

5.1 Advances made in this thesis

The most important advancement, perhaps, in chapter 2 is to demonstrate that the TAM are
thermally supported, instead of being in isostatic equilibrium, using an independent geophys-
ical method to the previous methods proposing this hypothesis (e.g. Hansen et al. 2016).
Further important findings in this chapter are assessing additional sources of uncertainties
beside the commonly used slope misfit between the linear regression of the straight segments
of the magnetic spectra, such as window sizes, variation of wavelength range of the magnetic
spectra, and the impossible to quantify source of uncertainty due to variations in geochemical
composition. All those additional sources lead to larger uncertainty than usually reported (e.g.
Dziadek et al. 2021, Martos et al. 2017. The generally larger uncertainty casts doubt on
how robust forward calculated GHF based on CPD really is, especially because any crustal
variability is also neglected. Regardless, CPD remains a suitable data product for identifying
regions of elevated or decreased thermal structure, can supplement multi geophysical data
assessment and is a suitable boundary condition for susceptibility modelling. However, exact
heat flow predictions purely based on CPD should be used with extreme caution. CPD should
rather be treated as a proxy for heat flow which can provide a broad regional overview of the
thermal structure.

Moreover, chapter 2 demonstrates the importance of choosing adequate wavelengths for the
chosen window size. The chosen window functions as a high pass filter meaning that no
wavelengths longer than the given window size can be present in the magnetic spectra. This
limits the usage of satellite measurements and is a potential source of misuse of the method.
For example using a window size of 200km and merging satellite data for areas were airborne
data is missing with the MF7 magnetic satellite model, which contains wavelengths above
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300km, results in a physically meaningless data compilation since no wavelengths larger
than 200km can be present as done by authors on a West Antarctic study (Dziadek et al.,
2021). With advancements of the SWARM satellite mission operated by the European Space
Agency the newest magnetic satellite model LCS-1 contains wavelengths of 200km and longer
(Olsen et al., 2017). Therefore, satellite data are not by default unusable, but caution is
required when relying on satellite and the chosen window size needs to be large enough
to recover reasonable results. Where possible airborne data should be given preference. The
way CPD results are often reported in Antarctic studies is also flawed, since the locations of
the windows, the magnetic spectra, and the linear regression parameter, which are required
to reproduce the study, are not reported, as pointed out by Nufiez Demarco et al. (2020). This
chapter provided for the first time in Antarctic research all window locations, magnetic spectra,
the slope and intercept point which allows the linear regression on the associated magnetic
spectra to be plotted, as well as the complete python code, making it the first CPD publication
which is fully reproducible and transparent. This hopefully serves as blueprint to the Antarctic
community on how to report CPD studies in the future.

Advances presented in chapter 3 towards the inverse modelling approach are the introduction
of boundary conditions to build a model with realistic and physically meaningful boundaries.
The presented inversion approach builds upon previous work from Lésing et al. (2022), which
provided a proof of concept of Variation of Information joint inversion of gravity and magnetic
data in East Antarctica. However, the previous study used a constant model box, which in
theory allows density and susceptibility values to be placed in the air, ice domain or in the
case of susceptibilities in the lower crust, below the CPD, where rocks can be expected to
have lost their magnetic properties due to exceeding the 580°C Curie Temperature. There-
fore, chapter 3 advances the ideas developed by Lésing et al. (2022) and refines the model
setup by introducing the bedrock topography as a top boundary and introducing two separate
bottom boundaries, the CPD and Moho depth for the susceptibility and density inversion
respectively. Joint inversion of gravity and magnetic data itself is not well established in the
Antarctic literature even though some publications exist (e.g. Ldsing et al. 2022, Morales-
Ocana et al. 2022). Hopefully, advances in the model setup presented in this chapter and the
corresponding publication will enhance the confidence of the community in the methodology
and facilitate future usage of joint inversion applications in Antarctica where adequate data
coverage exists. Scientific advances include the identification of an intrusive structure in the
interior of WSB, based on the inverted density and susceptibility relationship. This structure
is interpreted as a granite-like batholith, which might have been emplaced before the Ross
Orogeny. This is consistent with a geological hypothesis articulated independently by Goodge
(2020) and Goodge et al. (2024). The chapter also suggested that the cryosphere, in particular
the location of subglacial lakes might be taken into consideration for validating the location of
granite-like intrusions, which commonly have a high concentration of heat producing elements,
leading to locally elevated heat flow. However, this particular link between subglacial lakes and
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a geophysically inferred intrusion is rather weak due to all the associated uncertainties and
underlying assumptions. More work is needed to establish subglacial lakes as a proxy for the
underlying subglacial geology.

Chapter 4 has advanced the validation of geophysical models using petrophysical measure-
ments. Linking geology and geophysics on different scales through petrophysical character-
istics. To do so 320 new, paired density and susceptibility measurements on rock samples
from Antarctica were made. This constitutes a significant advances for validating geophysical
models. Previously there was a prominent gap in the Antarctic literature regarding density
and susceptibly values measured on the same rock samples. Susceptibility and density cata-
logues exist for Antarctic rock samples e.g., for susceptibility (Bozzo et al., 1992; Lanza and
Tonarini, 1998; Ohneiser et al., 2015), and for density (Sanchez et al., 2021). However, paired
measurements have not been performed on the same rock samples.

Therefore, robust density-susceptibility cross plots could not be generated until now. Although
there may be lots of density and susceptibility measurements, unless they are conducted on
the same rock sample it is not really viable to make a cross plot, or to do any statistics on
it with confidance, or to assess if there are patterns within a rock type. Previously, authors
(e.g. Losing et al. 2022) have used petrophysical catalogues containing rocks from Australia
(Barlow, 2004) and the Indian Shield (Subrahmanyam et al., 1981). | recoomend that the new
rock catalogue will be picked up by the community and used to validate future geophysical
models. It would also form a good basis for future work where paired density and susceptibility
measurements are taken to improve the ability to constrain future geophysical models Further-
more, advantages and disadvantages of modelling crustal properties on different scales are
highlighted. Geophysical modelling based on high resolution magnetic surveys with flight line
spacing of 500 m or below can facilitate constraining subglacial geology on a scale which is
compatible with geological surveying, while regional scale modelling based on airborne meas-
urements in the order of 10 km flight line spacing will facilitate covering spatially large areas,
which robustly images large crustal structure while fine, geological survey scale features are
impossible to detect due to the lack of short wavelength content and model resolution. The
petrophysical data provide a strong motivation to fly high resolution gravity surveys with a
comparable flight line spacing to high resolution magnetic surveys, which would help to resolve
the source bodies in inversion applications and would allow rock types hidden beneath the
ice to be discriminated with a higher confidence. Such high-resolution gravity surveys have
not been possible hitherto but with recent advances in downsizing gravity sensor and UAV
technology high resolution gravity surveys should become a reality in the near future (Jordan
and Robinson, 2024).
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5.2 Directions for future work

Future work directions, which are easily achievable based on the presented thesis, include
applying CPD estimation based purely on airborne data to areas in Antarctica with sufficient
airborne magnetic coverage. They also include applying joint inversion of gravity and magnetic
data to various other regions in Antarctica on different scales suitable for different questions
regarding the crustal architecture in Antarctica. For example in West Antarctica including
Thwaites Glacier and Pine Island Glacier or in East Antarctica including Dronning Maud Land,
South Pole region, Recovery region and Gamburtsev Subglacial Mountains. Furthermore,
the petrophysical measurement of Antarctic rocks could be carried out more systematically,
including rocks outside the TAM, to provide more petrophysical data from a variety of rock
types and thus a more statistically relevant picture of internal variability of different rock types.
Broader directions of future research include the advancement of the inversion algorithms.
One possibility is that during the joint inversion of gravity and magnetic data the inversion is
only allowed to draw from predefined density and susceptibility relationship ranges of rock
types that are suspected to be present. Therefore, solving simultaneously for rock province
as well as explaining the obsevered potential fields iteratively during the joint inversion. Ad-
ditionally, the internal variability of geological units could be incorporated into the inversion
application. An obvious future step is to incorporate crustal heterogeneities obtained through
a joint inversion into lithospheric scale models. Lithospheric scale models utilise mainly long
wavelength gravity data measurements from gravity satellite missions in order to be sensitive
to deeper lithospheric or even sub lithospheric structures used to solve for density and temper-
ature distribution (Haeger et al. 2019, Pappa et al. 2019b). The model by Pappa et al. (2019b)
treats the crustal domain with a constant set of parameters in terms of densities, thermal
conductivity and heat production. A straightforward advancement would be to incorporate a
heterogenous density distribution in the crust resulting from a crustal joint inversion. However,
this might be only an incremental advance, since the thermal conductivity and heat production
values would still have to be based on global average values. Measuring thermal conductivity
and radiogenic heat production in addition to the susceptibility and density measurements
could close the current gap in available petrophysical information and improve the next gen-
eration of lithospheric scale models. Regardless of the lack of petrophysical measurements,
a combined crustal and lithospheric (sub crustal) model could still be useful to estimate the
influence of a large-scale batholith intrusion by applying typical thermal conductivity and heat
production values found in intrusive rocks, thereby providing an end member estimate to
the contribution to the cryosphere. Merging crustal and mantle scale models based on both
satellite and airborne potential field measurements and petrophysical information, additionally
incorporating seismological information, for example seismic travel times from tomography
models, could provide a cross disciplinary approach to solve for the thermal state of the litho-
sphere and provide robust GHF estimation in Antarctica. Moreover, studies utilizing synthetic
GHF variation already illustrate the necessity of robust GHF estimates (McCormack et al.,
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2022). Therefore, future projects that aim to resolve GHF in Antarctica should undertake the
effort of incorporating GHF estimation into ice sheet models to prove the importance of correct
GHF estimation and to illustrate the influence the solid Earth potentially has on the cryosphere.
| want to end this thesis by a generalised statement that the solid Earth in Antarctica is
far from being well resolved and that there is enough work for generations of geophysicists
and geologists to come. Even though more airborne data are always desirable, which could
close the remaining data gaps in Antarctica or provide high resolution through tighter flight
line spacing, the amount of existing airborne data compiled in data compilations such as
AntGG (Scheinert et al., 2016) and ADMAP-2 (Golynsky et al., 2018) is already breathtaking.
Application of advancements in modelling approaches utilizing these legacy data has the
potential to illuminate solid Earth structures and therefore deepen our understanding of the
Antarctic geology and its evolution. This thesis is a testimony to this statement since the
thesis is entirely built upon legacy data which was mostly collected before | had even entered
a university.



Appendix A

Supplementary information for
Chapter 2

This appendix chapter provides information on the upward continuation of the magnetic data
in section (A.1), the effect of step sizes between the windows (Section (A.2), a sensitivity test
of a dry ice sheet base scenario and ice-free scenario (Section (A.3), and an illustration of the
effect of varying wavenumber range on the CDP estimation (Section (A.4).

A.1 Upward continuation

The selected magnetic data from ADMAP-2 (Golynsky et al., 2018) (Figure A.1) was upward
continued using the Compudrape extension of Geosoft. In order to perform the upward con-
tinuation of the magnetic data an elevation grid is required containing the flight height of the
magnetic measurements (Figure A.1b). This elevation grid was produced by gridding the flight
heights reported in the ADMAP-2 database. The magnetic data was then upward continued to
a constant elevation of 4000 m, which corresponds to the highest flight altitude of the magnetic
surveys.
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Figure A.1: a) flight lines of selected ADMAP-2 data superimposed on ADMAP-2 magnetic
data. b) flight height grid for upward continuation.

A.2 Shifting windows

The spacing between the windows in which the radially averaged power spectrum is calcu-
lated has a considerable influence on the high frequency variation within the CPD map and
consequently the GHF map. A larger window spacing will result in a smoother map of CDP
and GHF estimates. This effect is illustrated in Figure A.2. Here, window spacing of 50 km
(Figure A.2a) is compared to a window spacing of 20 km (Figure A.2b). Both estimates are
based on a window size of 300 km. The GHF map inferred from a 50 km window spacing is
considerably smoother. Nevertheless, the main GHF features are present in both maps
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Figure A.2: a) GHF estimates based on a window spacing of 50 km b) GHF estimates based
on a window spacing of 20 km. LG, Lillie Graben; RG, Rennick Graben; EB, Eastern Basin,
CB, Central Basin; WB, Western Basin; WBS, Wilkes Subglacial Basin; TAM, Transantarctic
Mountains; MtE: Mount Erebus; MtM: Mount Melbourne; MtO: Mount Overlord

A.3 Dry base ice sheet and ice-free scenario

Surface temperatures are assumed to be 0°C in equation 2.8. This assumption assumes
a wet base of the ice sheet close to the pressure melting point of -2°C 4+ a few degrees.
However, temperatures are significantly lower if the base of the ice sheet is dry, or no ice
cover is present. In such scenarios the ice surface temperature is closer to the annual mean
temperature. We performed a sensitivity test for a dry base scenario assuming a surface
temperature of -30 degrees. The difference between a wet and dry base scenario is between
3 and 6 ’:‘n—vf which is below the uncertainty of GHF inferred from Curie depth points (CPD)
(Figure A.3).
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Figure A.3: a) GHF estimates with a surface temperature of -30°C for an ice sheet with a dry
base or ice-free scenario. b) Difference between GHF estimates using ice surface temperature
of -30°C representing dry base of the ice sheet and ice-free scenario and bedrock surface
temperature of 0°C representing an ice sheet with a wet base.

A.4 Wavenumber variation

Selecting the correct wavenumber range to estimate Zy and Z, is crucial for the estimation of
the bottom of magnetic source which is interpreted as the CPD. Varying the low wavenumber
range (long wavelength content) can change the result for Zy by several km (Figures A.4 —
A.13). Including or excluding one data point in the low wavenumber part of the power spectrum
results in a variation of Z; estimation of a few km (Figure A.4 b-d, A.6b-d, A.8 b-d, A.10 b-d,
A.12 b-d). Equation 2.6 (main manuscript) states that Z, is multiplied by two. Therefore, the
uncertainty which originates from a poorly selected wavenumber range for Z, is magnified.
The low wavenumber content between the different windows does not vary significantly in
our study and hence a suitable wavenumber range for Zy can be identified and selected by
inspecting power spectra from different windows (Figures A.4, A.6, A.8, A.10, A.12). The high
wavenumber content differs strongly for different windows in our study (Figures A.5, A.7, A.9,
A.11, A.13). However, the influence of different wavenumber ranges has only a little effect on
the Z; estimation (Figures A.5 b-d, A.7 b-d, A.9 b-d, A.11 b-d, A.13 b-d). Including or excluding
a large portion of data points to estimate Z, results only in a variation of roughly 300 meters
(Figure A.12 b-d). In contrast to Zj the Z; value is not multiplied in equation 2.6 and is therefore
overall, less dominant than the Z; value to estimate the CDP. Using a constant wavenumber
range for all windows in an automated process is robust because i) the low wavenumber
range to estimate Z, is very stable, and a suitable wavenumber range can be selected and
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i) the strong variation in the high wavenumber range is negligible since choosing a wrong
wavenumber range (Figures A.5, A.7, A.9, A.11, A.13) results in a variation of the CPD below
the formal uncertainty. In other words, the method is not sensitive to variation in a sub km

scale.
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Figure A.4: Power spectrum from window 645 with a window size of 300 km. Blue dots power
spectrum data points. Black dots indicate data points used for the linear regression. Red line
linear fit to estimate Zy a) Window location and extent superimposed on magnetic data. b)
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Figure A.7: Power spectrum from window 1730 with a window size of 300 km. Blue dots

power spectrum data points. Black dots indicate data points used for the linear regression.

Red line linear fit to estimate Z;. a) Window location and extent superimposed on magnetic
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Figure A.11: Power spectrum from window 1856 with a window size of 200 km. Blue dots
power spectrum data points. Black dots indicate data points used for the linear regression.
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Figure A.12: Power spectrum from window 3001 with a window size of 300 km. Blue dots
power spectrum data points. Black dots indicate data points used for the linear regression.
Red line linear fit to estimate Zy a) Window location and extent superimposed on magnetic
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Figure A.13: Power spectrum from window 3001 with a window size of 300 km. Blue dots
power spectrum data points. Black dots indicate data points used for the linear regression.
Red line linear fit to estimate Z;. a) Window location and extent superimposed on magnetic
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Appendix B

Supplementary information for
Chapter 3

This appendix chapter provides information on the compilation of the gravity data, upward
continuation of the gravity data and the correction to the gravity data to obtain a residual gravity
field associated with crustal masses (Section B.1 including Figure B.1 — B.2). lllustration of the
inversion setup including boundary conditions (Section B.2 including Figure B.3 - B.4). Fur-
thermore, results of VI inversion run1 with a coupling factor of 25000 are presented (Section
B.3 including Figure B.6 - B.9) as well as gravity only and magnetic only inversion in contrast
to the joint inversion of gravity and magnetic data using a Variation of Information algorithm
(Section B.4 including Figure B.10 - B.12). Additionally, subglacial lakes superimposed on
recent geothermal heat flow models (GHF) are presented (Section B.5 including Figure B.12)

B.1 Gravity compilation

The main gravity dataset used in this study (chapter 3), is the Bouguer anomaly grid (Figure
B.1 a) with a grid spacing of 10 km taken from AntGG (Scheinert et al., 2016). Additional
Bouguer anomaly data (Figure B.1) are taken from Ganovex VIl — ItaliAntartide XV survey
(Reitmayr et al., 2003) and recent ground station measurements conducted within the Italian
National Program for Antarctic Research activities (Zanutta et al., 2018). To fill the AntGG data
gaps in the Transantarctic Mountains we masked the additional data from (Reitmayr et al.,
2003; Zanutta et al., 2018) to regions where no data is available from AntGG (Figure B.1c).
Subsequently both datasets were gridded together using the minimum curvature gridding
function implemented in Oasis Montaj with a grid spacing of 10 km and a blanking distance of
40 km. The resulting gravity compilation grid was then upward continued to a constant station
height of 10 km using the Compudrape function in Oasis Monta,.
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Figure B.1: a) Bouguer anomaly map taken from AntGG (Scheinert et al., 2016). B) Bouguer
anomaly measurements from (Reitmayr et al., 2003; Zanutta et al., 2018). c) Masked Bouguer
anomaly data to fill data gaps in AntGG. d) combined Bouguer anomaly compilation grid of
both databases. e) Upward continued Bouguer anomaly compilation to a constant height of
10 km. Colourmap identical for all subfigures.

The upward continued gravity compilation (Figure B.2 a) was corrected for variable mantle
densities by subtracting lithospheric scale model by (Pappa et al., 2019b) (Figure B.2 b). The
resulting residual gravity grid (Figure B.2 ¢) was additionally corrected by subtracting the mean
value of the residual gravity field (92.5mGal) to shift the mean residual gravity field to 0 mGal
level (Figure B.2 d).
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Figure B.2: a) Bouguer anomaly compilation containing data from Reitmayr et al. (2003),
Scheinert et al. (2016), Zanutta et al. (2018). b) gz component from lithospheric scale model
by (Pappa et al., 2019b). ¢) Residual map obtained by subtracting the grid shown in Figure
B.2b from the one shown in Figure B.2a. d) Residual map obtained by subtracting the mean
value of Figure B.2c.

B.2 Inversion set up

Vertical cell size of the inversion mesh increases by a factor of 1.1 for each cell row starting
from 1 km vertical cell extent. Cell resolution is illustrated in Figure B.3b and B.3 c. Joint
inversion is carried out from topography down to the Curie Point Depth and gravity inversion
is carried out down to the Moho depth (Figure B.3 b-c). Yellow cells are illustrated as active
cells while purple cells are not allowed to vary during the inversion. Vertical cell increase is
incorporated to recognise uncertainties of CPD and Moho depth estimation. At the depth of
the crustal mantle interface the vertical cell size is around 5km. The error of Moho depth
estimation is in the same order of magnitude. The Moho depth is taken from Pappa et al.
(2019a). Additional crustal disagreement between Moho models (Baranov et al., 2021; Pappa
et al., 2019a) usually do not exceed ~8 km (Figure B.4 c). The crustal thickness would also
only influence long wavelength features.
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Figure B.3: Inversion mesh a) profile location superimposed on bedrock topography from
BedMachine (Morlighem et al., 2020). Red line indicates faults after GeoMap (Cox et al.,
2023). b) active cell (yellow) and inactive cell (purple) during magnetic inversion. Red line
indicates the bedrock topography (Morlighem et al., 2020). Teal line indicates the CPD (Lowe
et al., 2023). c) active cell (yellow) and inactive cell (purple) during gravity inversion. Red line
indicates the bedrock topography (Morlighem et al., 2020). Blue line indicates the Moho depth
(Pappa et al., 2019a).
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Figure B.4: a) Moho depth from (Pappa et al., 2019a) b) Moho depth from (Baranov et al.,
2021) c) Difference in results between Figure B.4 a and B.4 b.

B.3 Vlinversion result after inversion set up with 25000 coupling
factors

Inversion results including inversion statistics (Figure B.5), resulting inversion maps (Figure
B.6), residual maps (Figure B.6 e, f), and density and susceptibility relationship cross plot
(Figure B.7) are presented for a first inversion run (run 1). Run 1 obtains a satisfactory RMS
error between the observed and inverted potential fields of 1.6 mGal and 0.8 nT (Figure B.5).
The end members of the residual between observed and inverted values are + 36.7 and -
18.7 mGal with a standard deviation of 3.1 mGal for the gravity inversion and for the magnetic
inversion +343.9 and -64.1 nT with a standard deviation of 14.2 nT. The residual map between
the observed and inverted magnetic field (Figure B.6f) shows a long wavelength trend which
is reduced by a subsequent second inversion run with a looser coupling factor of 15000.
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Figure B.5: a) Root mean square (RMS) error between observed and inverted gravity (red)
and magnetic (blue) field for each gravity and magnetic only inversion iteration for single
inversion run (run1) with a coupling factor of 25000. b) Gravity residual histogram between
observed and inverted gravity field based on single inversion run (runi) with a coupling
factor of 25000. c) Magnetic residual between observed and inverted magnetic field for single
inversion run (run1) with a coupling factor of 25000.

Additionally, the density and susceptibility relationship cross plot for inversion run1 is strongly
scattered (Figure B.7). A subsequent inversion run with a looser coupling factor of 15000
results in a more continuous density-susceptibility distribution in the model.

B.4 Density and Susceptibility only inversion vs VI inversion

Gravity only and magnetics only inversion has been performed with the identical inversion set
up as the joint inversion to illustrate the improvement that coupling of density and susceptibility
through incorporating Variation of Information (VI) in the objective function provides. Statistics
of gravity or magnetic data only inversion show that both inversions converge faster compared
to the VI inversion with simlar residual histograms between observed and inverted fields
(Figure B.8).

Gravity and magnetic only inversions reproduce the observed gravity and magnetic field to
a satisfactory degree (Figure B.9). Surprisingly, the long wavelength trend in the residual
magnetic inversion is more prominent than for the VI inversion.
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Figure B.6: Inversion result maps for a single inversion run (run1) with a set coupling factor
of 25000. a) Gravity input data. b) Magnetic input data. c) Inverted gravity field. d) Inverted
magnetic field. e) Difference map between observed and inverted gravity fields (Figure B.6a
minus Figure B.6c). Difference map between observed and inverted magnetic field (Figure
B.6b minus Figure B.6d).

A cross-section through the individually inverted density and susceptibility distribution (Figure
B.10) at the identical position as the cross-section (Figure 3.8) in the chapter (3) shows that
the gravity and magnetic only inversions reproduce anomalies in the same location. However,
those anomalies are much more spheroidal diffuse anomalies, while the anomalies produced
by the VI inversion (Figure 3.8 b, d) are more focused and appear to resolve more geologically
realistic shapes. The large scale anomaly with negative density and postive susceptibilty
values in the profile centre (black dotted oval) is pushed to deeper depths in the VI inversion
model (Figure 8 b, d) compared to the gravity and magnetic only inversion (Figure B.10).
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Figure B.7: Inverted density and susceptibilty cross plot and density and susceptibility
histogram of the first VI inversion run (run1) with a coupling factor of 25000.

Additionally, the inverted density and susceptibility relationship is much more diffuse (Figure
B.11) compared to the VI inversion, almost certainly due to the spheroidal diffuse anomalies
in the subsurface, which are inferred by the gravity and magnetic only inversions.
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Figure B.8: a) Root mean square (RMS) error between observed and inverted gravity (red)
and magnetic (blue) field for each gravity and magnetic only inversion iteration. b) Gravity
residual histogram between observed and gravity inverted gravity field based on gravity only
inversion. ¢) Magnetic residual between observed and inverted magnetic field based on
magnetic only inversion.

B.5 Subglacial lake

Subglacial lakes from the inventory by Livingstone et al. (2022) in WSB region superimposed
on current GHF (Figure B.12) shows no clear correlation between heat flow models and the
location of subglacial lakes. Location of Cookr, subglacial lake is highlighted as yellow star.
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Figure B.9: Gravity input data for gravity only inversion. b) Magnetic input data for magnetic
only inversion. ¢) Final inverted gravity field. d) Final inverted magnetic field. e) Difference
map between observed and inverted gravity fields based on gravity only inversion (Figure B.9
a minus Figure B.9 c). Difference map between observed and inverted magnetic field based
on magnetic only inversion (Figure B.9 b minus Figure B.9 d).
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(red line) magnetic field along profle AB from the magnetics-only inversion. Cross section of
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Figure B.12: Location of Cookpg, subglacial lake given as yellow star. Location of all
other subglacial lakes from Livingstone et al. (2022) are given as red dots. All lakes are
superimposed on recent GHF models. a) (An et al., 2015). b) (Martos et al., 2017). c) (Lésing
and Ebbing, 2021). d) (Shen et al., 2020). e) (Lowe et al., 2023). f) (Stél et al., 2021).



Appendix C

Supplementary information for
Chapter 4

This appendix chapter provides information of the inversion mesh setup. It also provides
information on the boundary condition data used for the local inversion in the Mesa Range
as well as alternative inversion runs with varing regularisation values

C.1 Inversion mesh set up

The local inversion mesh set up increases vertically with increasing depth by a constant factor
of 1.1 for each layer of cells. Furthermore, the horizontal cell size is incrementally increased
outside the study area. The upper model boundary is constraint by the bedrock topography
from Morlighem et al. (2020). The bottom of the model is constraint by CPD from Lowe et al.
(2023).
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Figure C.1: Local inversion model setup in the Mesa Range region. a) Bedrock topography
from BedMachine (Morlighem et al., 2020). b) Curie Point Depths (CPD) from (Lowe et al.,

2023).

c) cross plot through inversion model set up. Cells between bedrock and CPD are

allowed to vary during the inversion, marked as yellow cells. Purple coloured cells represent
air and cells below the CPD, which are not allowed to vary during the inversion. Cells increase
vertically with depth and horizontal within the padding area.

C.2

Inversion runs with varing regularisation values
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Figure C.2: Inverted susceptibility distribution based on different inversion runs with varying
regularisation parameters. Profile location given in Figure C.4. Regularisation values influ-
ences any inversion. In this study (chapter 4) we have chosen a very low regularisation value
of 10. With increasing regularisation parameter, the misfit between observed and inverted
field increases. The inversion, with a regularisation value of 100 produces a susceptibility
distribution, which is in the same susceptibility range as the inversion with a regularisation of
10. However, this inversion recovers deeper structures, which are inconsistent with geological
information and the standard deviation is slightly larger. Regularisation parameter values
above 1000 do not reproduce the amplitude of the observed magnetic field anymore.
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Figure C.3: Inverted susceptibility distribution based on different inversion runs with varying
regularisation parameters. Profile location given in Figure C.4. Regularisation values influ-
ences any inversion. In this study (chapter 4) we have chosen a very low regularisation value
of 10. With increasing regularisation parameter, the misfit between observed and inverted
field increases. The inversion, with a regularisation value of 100 produces a susceptibility
distribution, which is in the same susceptibility range as the inversion with a regularisation of
10. However, this inversion recovers deeper structures, which are inconsistent with geological
information and the standard deviation is slightly larger. Regularisation parameter values

above 1000 do not reproduce the amplitude of the observed magnetic field anymore.
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