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Abstract

The Antarctic continent is almost entirely (~ 99 %) covered by a thick ice layer impeding
classical in-situ measurements. It hence remains one of the least geophysically known areas
on Earth. Little is known about the structure and the thermal and rheological properties of
its lithosphere. Since the state of the lithosphere is strongly linked to near-surface processes
such as ice dynamics or glacial isostatic adjustment (GIA) as well as the deeper, convecting
mantle, knowledge of those properties is crucially important when modeling the coupled
systems. This cumulative thesis consists of three published scientific papers that together
characterize the lithosphere of Antarctica in terms of strength, temperature, density, com-
position and upper crustal properties.

As a measure of strength, the effective elastic thickness T, was derived by cross-spectral
analysis of the gravity field with the adjusted topography. The fan wavelet technique was
employed to, for the first time, calculate variations of T, over the entire continent by means
of admittance and coherence analysis. The same gravity and topography data was then
combined with tomography models constrained by mineral physics equations in an iterative
inversion scheme to develop a 3D density, thermal and compositional model of the Antarctic
lithosphere and upper mantle. Seismic data on crustal structures was further employed to
create a new Moho and crustal density model. In order to investigate upper crustal struc-
tures and properties, corrections of the gravity effect of isostatic compensation of geological
loads were further applied to the isostatic gravity anomalies. The resulting so-called decom-
pensative gravity anomalies were translated into sediment distributions previously hidden
below the ice sheet.

A general division of the Antarctic lithosphere is confirmed by all parameters under study.
A transition is visible along the Transantarctic Mountains. Whether the mountain chain
belongs to West Antarctica (WANT) or East Antarctica (EANT) has been under question,
but especially the estimates of T, indicate a closer connection to WANT. Apart from this
general division, lithospheric fragmentation was discovered within EANT. Cratonic frag-
ments of Precambrian origin exhibiting high depletion, low temperatures and high T, were
detected in Dronning Maud Land, in Wilkes Land and close to the South Pole. The latter



two are likely part of the Mawson craton. Lithospheric weakening combined with an al-
most primitive upper mantle exists in the Lambert Graben and was probably the result of
rifting in the East Antarctic Rift System. The obtained decompensative gravity anomalies
correspond well to known sedimentary basins such as the Lambert Graben and the Filchner-
Ronne Ice shelf. They also suggest the presence of large sedimentary deposits that were
not ore only sparsely mapped previously. Therefore, this thesis provides a comprehensive
model of the lithosphere of Antarctica and a basis for further analysis of its coupling with
the deep mantle and surface processes. As such, the resulting model facilitates surface heat

flux modeling and estimates of upper mantle viscosity crucial for GIA modeling.



Kurzfassung

Geophysikalisch gesehen ist die Antarktis bis heute eines der am wenigsten bekannten Ge-
biete auf der Erde, da In-situ-Messungen durch die dicke Eiskappe, die 99 % des Kontinents
bedeckt, stark behindert werden. Uber die Struktur und die thermischen und rheologischen
Eigenschaften seiner Lithosphére ist daher wenig bekannt. Da der Zustand der Lithosphéare
stark mit oberflichennahen Prozessen und der Eisdynamik sowie dem tieferen, konvektieren-
den Mantel verbunden ist, ist die Kenntnis dieser Eigenschaften fiir die Modellierung der
gekoppelten Systeme von entscheidender Bedeutung. Diese kumulative These besteht aus
drei veroffentlichten wissenschaftlichen Arbeiten, die zusammen die Lithosphére der An-
tarktis in Bezug auf Starke, Temperatur, Dichte, Zusammensetzung und Eigenschaften der
oberen Kruste charakterisieren.

Als Ma#B fiir die Starke wird die effektive elastische Dicke T, durch Kreuzspektralanalyse
des Schwerefeldes mit der eingestellten Topographie abgeleitet. Die Fan-Wavelet-Technik
wurde verwendet, um Variationen von T, iiber den gesamten Kontinent mittels Admittanz-
und Koharenzanalyse zu berechnen. Die gleichen Schwerkraft- und Topographiedaten wur-
den dann mit Tomographiemodellen, verkniipft mit mineralphysikalische Gleichungen, in
einem iterativen Inversionsschema kombiniert, um ein 3D-Dichte-, Warme- und Zusam-
mensetzungsmodell der antarktischen Lithosphare und des oberen Mantels zu entwickeln.
Seismische Daten zu Krustenstrukturen wurden weiter verwendet, um ein neues Moho- und
Krustendichtemodell zu erstellen. Um die Strukturen und Eigenschaften der oberen Kruste
zu untersuchen, wurden dekompensierten Korrekturen an den isostatischen Anomalien des
Gravitationsfeldes vorgenommen. Diese dekompensierten Gravitationsanomalien wurden in
Sedimentverteilungen tibersetzt, die zuvor unter der Eisdecke verborgen waren.

Die allgemeine Unterteilung der antarktischen Lithosphare wird durch alle untersuchten
Parameter bestétigt. Ein Ubergang ist entlang des Transantarktischen Gebirges sichtbar.
Ob die Gebirgskette zur Westantarktis (WANT) oder zur Ostantarktis (EANT) gehort,
ist noch fraglich, aber insbesondere die T, Werte deuten auf eine engere Verbindung zu
WANT hin. Abgesehen von dieser allgemeinen Aufteilung wurde in EANT lithosphérische
Fragmentierung entdeckt. In Dronning Maud Land, in Wilkes Land und in der Nahe des



Studpols wurden kratonische Fragmente prakambrischen Ursprungs gefunden, die eine hohe
Verarmung an Eisen, niedrige Temperaturen und hohe T, aufweisen. Die beiden letzteren
sind wahrscheinlich Teil des Mawson-Kratons. Lithosphéarische Schwachung in Kombination
mit einem fast primitiven oberen Mantel existiert im Lambert-Graben und war wahrschein-
lich das Ergebnis von Rifting im Ostantarktischen Rift-System. Die erhaltenen Anoma-
lien der dekompensierten Gravitationsanomalie decken sich mit bekannten Sedimentbecken
wie dem Lambert-Graben und dem Filchner-Ronne-Eisschelfs. Sie deuten auch auf das
Vorhandensein grofler Sedimentablagerungen hin, die zuvor nicht oder nur spéarlich kartiert
wurden. Daher bietet diese Arbeit ein umfassendes Modell der Lithosphéare der Antarktis
und eine Grundlage fiir die weitere Analyse ihrer Kopplung mit den Prozessen im tiefen
Mantel und ander Oberflache. Das resultierende Modell ermdoglicht die Modellierung des
Oberflachenwarmestroms und die Schatzung der Viskositat des oberen Mantels, die fiir die
GIA-Modellierung entscheidend ist.



1 | Introduction

1.1. Motivation

Even today, Antarctica remains one of the least studied regions on Earth. Traditional in-situ
measurements are strongly hindered by its remoteness, harsh weather conditions and the
thick ice cap covering 99 % of the continent. Consequently, little is known about the ther-
mal and rheological properties of the Antarctic lithosphere, which controls to a large extent
the initiation and evolution of visco-elastic deformation processes such as glacial isostatic
adjustment (GIA). This, in turn, is crucial for monitoring the mass balance of the Antarctic
ice sheet. Additionally, it has been recently demonstrated for the Greenland ice shield, that
ice dynamics does not only depend on climate forcing but is strongly affected by heat flow
from the Earth’s interior (Petrunin et al., 2013b) and by the distribution and thickness of
sediments below ice streams (Smith et al., 2013). Hence, temperature distributions within
the lithosphere are not only important to model lithospheric dynamics, but are also of high
relevance when modeling ice behavior and potential consequences for the sea level.
Furthermore, the Antarctic continent held a key position in the Gondwana and Rodinia
supercontinents and their subsequent break-ups. Therefore, detailed knowledge of its litho-
spheric structure is necessary to fully understand the past and present state of the Earth
system through reconstruction of plate tectonics.

The rising number of satellite missions and improvements in their sensor technology in recent
years offers innovative possibilities to study previously not or only sparsely mapped regions
such as the interior of Antarctica. Hence, the main focus of this thesis will be the analysis of
the gravity field provided by satellite missions such as GRACE and GOCE, supplemented
by ground-based gravity measurements to increase local resolution and provide information
within the so-called polar gap, a region around the poles that cannot be covered by satel-
lites in a sun-synchronous orbit. Combination of the gravity data with other, independent
sources of data such as seismic reflection, refraction and receiver function data, surface
wave tomography, ice penetrating radar and other geophysical data allows to complement

and constrain each other, offering more detailed information than any single method could
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provide.

The aim of this thesis is to create a continent wide 3D model of the temperature, density,
composition and strength of the lithosphere as well as constraints of crustal structures for
Antarctica, integrating mainly satellite based gravity data, seismic tomography and other
geophysical data, such as seismic reflection, refraction and receiver function data and sur-
face wave tomography. This model produces the first continent-wide map of Antarctica in
terms of strength, composition and density. Previous work on T, only provides information
on local scales (Stern and ten Brink, 1989; Yamasaki et al., 2008; Ferraccioli et al., 2011) or
averages for the entire EANT and WANT regions (McKenzie et al., 2015). The composition
of the Antarctic lithosphere has been studied even less. Xenolith data has been used for
local composition analysis (e.g. Goodge, 2018; Jacobs et al., 2015). On larger scales, Kuge
and Fukao (2005) detect depleted continental lithosphere in EANT. The thermal state of
the lithosphere is better constrained. Several studies on surface heat flux have been con-
ducted (e.g. Martos et al., 2017; Shapiro and Ritzwoller, 2004; Maule et al., 2005) yielding
striking differences. The 3D temperature structure was estimated by An et al. (2015a)
using a similar mineral physics based approach without taking compositional changes into
account. The iterative combination of gravity and seismic analysis also provides the means
to not only estimate continent-wide density variations but also to distinguish between the
thermal or compositional origin of these variations. Upper crust structures and sediment
distribution in Antarctica are still largely unknown. Several local surveys exist (e.g. Bam-
ber et al., 2006; Wobbe et al., 2014; Frederick et al., 2016) that were recently collected in
a compilation (Baranov et al., 2018). However, large data gaps prevail. The analysis of
decompensative anomalies employed in this thesis offers new insights into the structure of

the upper crust on continental scales.

1.2. History and present state of Antarctica studies

The existence of a southern continent named Terra Australis Incognita had already been
theorized by Ptolemy in 150 AD, it wasn’t until 1820 however, that the continent was of-
ficially discovered by Fabian Gottlieb Thaddeus von Bellinghausen and Mikhail Lazarev
(Fogg, 1992, p. 36). In 1882 and 1883, the first International Polar Year was held by 12
nations as the first international collaboration to collect geophysical data in polar regions
(Naylor et al., 2008) but only included two expeditions south (Fogg, 1992, p. 105). Between
1897 and 1922, during the heroic age of Antarctica expeditions (Fogg, 1992, p. 128f), many

expeditions were designed to increase knowledge about Antarctica itself, characterized by
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limited technical resources putting to test personal, physical and mental capacities. It was
during this period, that Roald Amundsen and Robert Falcon Scott started their respective
expeditions to the South Pole with Amundsen reaching it on December 14th 1911. Scott
and his expedition arrived one month later, but, unlike Amundsen, took the time on their
return journey to take 16 kg of geologic samples of the Transantarctic Mountains - additional
weight that may have lead to their deaths in March 1912 during a blizzard. These samples,
along with samples collected by Scott and Shackleton during earlier expeditions through
the Transantarcrtic Mountains, however, later supported Alex Du Toit’s reconstructions of
a southern super continent in 1937 (Dalziel, 1992). A second International Polar Year was
held in 1932-1933, but due to the on-going recession, the plan to build a ring of stations
around the Antarctic was abandoned (Fogg, 1992, p. 169).

The outline of the Antarctic continent had been mapped by the beginning of the 20th cen-
tury, but information on ice thickness and sub-ice topography could only be studied in detail,
when larger scale seismic soundings became possible with improving transport systems for
heavy equipment (Fogg, 1992, p. 262ff). The first such sounding of the interior of the con-
tinent was conducted on the central plateau of Queen Maud Land between 1951 and 1952
and discovered ice thicknesses of 2.4 km and bedrock elevation to be a couple of 100 m above
or well below sea level (Robin, 1953, 1958). Due to the strong density contrast between
ice and bedrock, gravity surveys such as those made by the Trans-Antarctic Expedition in
1955-58 were intended to complement ice thickness determinations from other sources such
as seismic surveys, but required accurate determination of elevation that was proven diffi-
cult at the time (Fogg, 1992, p. 266ff). Yet, it was not until the International Geophysical
Year (IGY; 1957-1958) that seismic soundings became common. The IGY included studies
from a wide range of scientific fields such as glaciology, meteorology, geomagnetism, iono-
spheric physics, seismology and many others and expanded beyond the polar areas with all
data being freely available to scientists around the world (Naylor et al., 2008). During this
time, the number of stations rose from 20 to 48 with a summer population of around 5000
and a rise in winter population from 179 to 912 (Fogg, 1992, p. 147). It also sparked the
foundation of the Scientific Committee on Antarctic Research (SCAR) by twelve countries,
that was devoted to coordinate research in Antarctica. These countries signed the Antarctic
Treaty one year later, stating that all territorial claims to Antarctica were frozen, neither
accepted nor rejected, and peaceful use favoring scientific research with free exchange of
information was promoted (Fogg, 1992, p. 176ff).

Advancements in radar echo soundings greatly improved knowledge about ice thickness

and bedrock topography throughout the 1960s and 1970s. These soundings were also the
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first to find evidence of subglacial lakes, with the biggest and most prominent being lake
Vostok. The advent of satellites starting from the early 1970s provided data, accurate po-
sitioning and improved communication. However, early remote sensing missions did not
provide full coverage in the Antarctic. For example, in 1978 SEASAT provided altimetry
data only to 72°S. By 1965, substantial differences between East Antarctica (EANT) and
West Antarctica (WANT) were determined. Crustal thicknesses of ~ 40 km and bedrock to-
pography mostly above sea level were found in EANT, while bedrock topography in WANT
was found to be mostly below sea level with a thinner crust of ~ 30km with an abrupt
transition along the Transantarctic Mountains. This general structure is still valid today
(Fogg, 1992, p. 266ff). Clarkson (1983) first proposed a complex structure for WANT that
is composed of 5 main tectonic plates with some built from microplates. This proposition
was later supported by a British/US initiative including gravity and aeromagnetic surveys
(Fogg, 1992, p. 261).

In recent years, scientific interest in Antarctica is on the rise. In 1993, 849 articles were
published on the subject representing ~ 0.06 % of all SCI articles of that year. This num-
ber rose to 2328 publications representing ~ 0.17 % of all SCI articles in 2012. Increasing
cooperation is visible in the average number of authors per article which rose from 3.0 to
5.3 in the same time span (Ji et al., 2014) as well as in newly developing efforts to bun-
dle existing surveys to more comprehensive and consistent compilations in multiple disci-
plines of Antarctic research such as the Antarctic magnetic anomaly compilation (ADMAP)
(Golynsky et al., 2001) and BEDMAP, an ice thickness and subglacial topographic model of
Antarctica (Lythe et al., 2001). The BEDMAP Consortium represented the first attempt to
provide a continent-wide digital model of bedrock topography and ice thickness in Antarc-
tica. Both compilations received a recent update with ADMAP-2 (Golynsky et al., 2018)
and BEDMAP-2 (Fretwell et al., 2013). International collaboration culminated with the 4th
International Polar Year (IPY4) 2007-2008 with an estimated 50,000 researchers from over
60 nations working on 228 international projects. These projects included, among others,
extensive airborne geophysical surveys using geomagnetic, gravity and ice-penetrating radar
soundings, deep ice-core drilling and a substantial increase of geophysical observatories with
over 80 new GPS and/or continuous seismic stations (Krupnik et al., 2011).

The IPY4 advanced the study of Antarctica in many fields. The new seismic data signif-
icantly contribute to tomographic models both on global and regional scales. Advances in
surface wave tomography facilitated first continent-wide tomographic images (Danesi and
Morelli, 2001; Ritzwoller et al., 2001) despite large gaps in receiver distribution, but propa-
gation path density and resolution improved strongly with the new data (An et al., 2015b;
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Schaeffer and Lebedev, 2013). The resulting models underline the fundamental difference
between EANT and WANT with significantly lower velocities in WANT. Since seismic ve-
locity strongly depends on temperature, this indicates a hotter lithosphere and upper mantle
compared to EANT. In general, seismic studies have been used to infer surface heat flow in
Antarctica (Shapiro and Ritzwoller, 2004; An et al., 2015a), because direct measurements
are restricted to sparse deep borehole observations. Other studies rely on geomagnetic field
data through calculations of the so-called magnetic Moho based on satellite missions such
as CHAMP (Maule et al., 2005; Martos et al., 2017). These models however show striking
differences in magnitude and pattern revealing large uncertainties of the results. The res-
olution of the gravity field greatly improved with the recent satellite missions GOCE and
GRACE. With a maximum spatial resolution of spherical harmonics degree and order 280,
GOCE offers crucial information in the mid to long wavelength of the gravity field. Due
to its inclined orbit, it cannot cover the pole, leaving a polar gap of ~ 7°. With a higher
altitude, the polar gap for GRACE is less than 1°, yet provides a lower spatial resolution
(Klokoé¢nik et al., 2017). In order to fill the polar gap and increase resolution, the satel-
lite field models are often combined with ground-based observations (Forste et al., 2014).
Scheinert et al. (2016) compiled ground-based, air-borne and ship-borne gravity data into
a high resolution Antarctica-wide map covering 73% at a resolution of 10km. Knowledge
about crustal thickness has also greatly improved with the enhanced coverage of seismic
stations (e.g. An et al., 2015b; Baranov and Morelli, 2013) and gravity models (Block et al.,
2009) or combining both (Baranov and Morelli, 2013). However, large discrepancies in
crustal thickness still remain between the studies.

All the innovations and improvements mentioned above allow us to decipher crustal and
lithospheric structures hidden below the ice. Progress is constantly being made, showing
that also EANT is divided into distinct tectonic blocks (Ferraccioli et al., 2011; Aitken
et al., 2014; Jacobs et al., 2015; Ebbing et al., 2018, and many others). However, the exact

tectonic structure is still left unknown today and further research is indispensable.

1.3. Structure of this thesis

The lithospheric and upper crustal architecture of Antarctica is still not sufficiently discov-
ered. This thesis aims to take a step further in deciphering its structures and properties by
providing a comprehensive model of the lithosphere and upper crust. The following chap-
ters 4 to 6 encompass three independent studies in the form of peer-reviewed and published

manuscripts. The connections between the studies are detailed in context passages. In
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chapter 4, the effective elastic thickness T, a proxy for lithospheric strength, is calculated
based on the coherence and admittance between the residual gravity field and the topog-
raphy adjusted for density variations of ice, water and bedrock loads. Chapter 5 combines
gravity with tomographic data to estimate temperature, density and composition variations
of the lithosphere and upper mantle in an iterative approach. The third study in chap-
ter 6 utilizes decompensative gravity anomalies to decipher upper crustal structures and
infer sediment distributions hidden below the ice shield. Chapters 4 and 5 represent two
independent studies characterizing the thermo-mechanical state of the lithosphere, allowing
for comparison and cross-validation and building the basis for the calculations conducted
in chapter 6. Due to the nature of published articles, theoretic explanations have to be
kept short and concise and are often referred back to the publication the method originated
in. In chapter 2, certain aspects that were not or only briefly explained in the respective
theory section of chapters 4 through 6 are introduced or their explanation expanded. In
chaper 3, the construction of the free air gravity field from two independent models and
the corrections applied to it to obtain the residual (Bouguer) gravity field that is employed
throughout this thesis are detailed.

10



2 | Theory

Due to the cumulative nature of this thesis, the conducted studies are presented in the
form of published articles, causing theoretical explanations to be kept short and concise.
This chapter serves as a way to introduce theoretical aspects that have not explicitly been
stated in the respective theory sections of each article and to expand on the explanation of
only briefly mentioned aspects. Firstly, all three studies are based on the analysis of the
gravity field corrected for surface loads. The way that these corrections were obtained has
not been detailed in the articles, yet constitutes the basis for all calculations. Therefore, it
is explained in section 2.1. In section 4.3, the calculation of T, using the admittance and
the coherence between the Bouguer gravity field and the topography with the fan wavelet
method is described. This is complemented by section 2.2, which gives more details on the
wavelet transform applied to both fields in the T, calculations. In the study presented in
chapter 5, an iterative approach combines temperatures and thermally induced densities
obtained from seismic tomography with composition and composition induced densities
estimated through joint inversion of residual gravity and topography. Section 2.3 expands
on the mineral physics approach used in the temperature estimations that was kept very brief
in chapter 5, while section 2.4 introduces new information on sensitivity and regularization

of the joint inversion.

2.1. Gravity Modeling

In the course of this thesis, the main data source will be gravity disturbances, which is, in
geophysics, often referred to as the gravity anomaly. They are defined as the magnitude
of the gradient of the potential at a give point minus the magnitude of the gradient of the
normal potential at the same point, which distinguishes it from the actual gravity anomaly,
where the gradient of the normal potential on the Telluroid is subtracted (Barthelmes, 2013).
Thus, the advantage is, that the gravity disturbance can be directly defined at the gravity
observation point without the need of downward continuation (Hackney and Featherstone,

2003).

11
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Figure 2.1.: Geometry of a rectangular prism (after Heck and Seitz, 2007)

The measured gravity field represents a combination of all Earth structures. Hence, if the
effect of a specific layer is to be determined, in this case of the lithosphere, the effect of other
known structures such as surface loads should be subtracted to reduce the non-uniqueness
of the gravity inversion. For Antarctica, the surface loads are composed of the ice and water
columns and topographic loads. Traditionally, the latter was corrected for using Bouguer
correction which approximates the topography to an infinite planar Bouguer slab, taking
into account the curvature of the Earth by reducing the slab to a spherical cap of the same
thickness within 1.5° around each point and further terrain correction (Nowell, 1999). This
might not always be a sufficiently accurate approximation of the complex shape of boundary
layers at the Earth’s surface. With increasing computational power, higher resolution terrain
and density models can be used to quantify the gravity effect of surface loads by dividing
the models into grid cells to calculate the effect of every cell on every point on the surface.
In the following chapters, the model is divided into right rectangular prisms of homogeneous
mass-density p as displayed in Fig. 2.1. Following Heck and Seitz (2007), the gravitational

potential of a prism can be described as

z2 Y2 T2
dx'dy'dz’
u(z,y, z) :Gp///f, (2.1)

21 Y1 1

12



2.1. Gravity Modeling

where GG is Newton’s constant of gravitation, x1, x2, y1, ¥2, 21 and z; are the coordinates
of the corners of the prism and [ is the euclidean distance between the computation point

P(z,y, z) and the center of the prism Q(z',v’, ')

I=V(@—2P2+y—y)P?+(z—2). (2:2)

The gradient of the potential in z-direction Vu = u,€, depends on the partial derivative of

u with respect to z which can be calculated through

z2 Y2 T2

z — 2dx' dy'd2’

21 Y1 1

which can be solved analytically:

2
Uy = G’OZZZ<_1)iﬂ+k X [(z — ;) In Y — Ui o+ Wigh

i=1 j=1 k=1 \/(Z —2)? + (z — 3;)?

r — T; —l—wijk

—u:)1n 2.4
+(y —yj) N(CETA ST (2.4)
—(z — z;,) arc an(x_xi)(y_yj)
( v arct (z — 2k)wijk
with
Wijk = \/(x — )2+ (y—y;)? + (2 — )2 (2.5)

The multiple In and arctan operations are associated with high computation cost. Since the
gravitational effect of surface loads decreases quickly with increasing distance, the prism
approach is only applied within 2° of the computation point. Outside of this radius, grid
cells are reshaped to wedge-shaped segments between two concentric cylinders (Fig. 2.2)
of identical center of mass and total mass. Uncertainties caused by the reshaping of the
grid cells were investigated and proven to be negligible in the past (Kaban et al., 1999).
The gradient of the potential of such a cell in cylindrical coordinates can be described by
equation 2.6 (see Watts, 2001):

z2 b2 12
rz
UZ(H,T,Z> —Gp///mdzdedr, (26)
z1 01 7r1
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2. Theory

Figure 2.2.: Geometry of a wedge-shaped segment between two concentric cylinders

with the analytic solution

uZ:G’pAG(\/rl+21+\/7“2+22—\/7’1+22—\/7“2+21) ) (2.7)

where 215 = (20 F €)%, 112 = (ro F %)2 and A0 = ﬁ—(’f, with dz, dy and dz being the

side-lengths of the original prism and 7y and zy being the distance from the computation

point to the center of the new cell in radial and vertical direction, respectively.

2.2. Fan wavelet method

The effective elastic thickness of the lithosphere T, is the central parameter of interest in the
first study (chapter 4) and serves as a proxy for the thermal and rheological properties of the
lithosphere. It can be calculated using the admittance and coherence between the observed
gravity field and the topography corrected for density differences between the different
surface loads which is explained in detail in section 4.3. Traditionally, these quantities were
determined in the spectral domain through Fourier transforms in a moving window or using
multitapers for two-dimensional results (McKenzie and Fairhead, 1997). Hereby, the choice
of the correct window size is crucially important: too small windows will not resolve long

wavelength information while too big windows cannot yield T, variation. This combined
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Figure 2.3.: Real part (top row) and imaginary part (bottom row) of the Morlet wavelet
exemplary for two different central wavenumbers |k|

with the bias introduced by multitaper, can produce unreliable T, estimates (Swain and
Kirby, 2003). Contrary to Fourier transforms yielding one power spectrum for an entire
grid, continuous wavelet transforms (CWT) provide a way to calculate spectra on every
grid point, allowing determination of coherence and admittance at each of those points
(Kirby and Swain, 2004).

The CWT of a 2D space domain signal ¢g(x) is calculated by

3(5,%,0) = F~ [(k)da (k)| (2.8)

where §(s,x, 0) are the wavelet coefficients, s and 6 are the scale and azimuth of the wavelet,
respectively, g(k) is the Fourier transform of the signal, @Z;Sg(k) is the Fourier transform of the
wavelet, k = (u,v) is the 2D wavenumber and F~' indicates inverse Fourier transform (Kirby
and Swain, 2011). For the study of isostatic processes, the resulting wavelet coefficients must
be isotropic to avoid rotational bias in the T, estimates and complex-valued to preserve

phase information (Kirby and Swain, 2011).
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2. Theory
The Morlet wavelet is a complex and anisotropic wavelet. In the space domain its form is
b(x) = eikoxg—Ix2/2 (2.9)

where ko = (|ko|cos, |ko|sinf) and |ko| is the central wavenumber (Kirby, 2005). An
example for a Morlet wavelet is shown in Fig. 2.3. The associated Fourier transform is
(Kirby, 2005)

'l;(X) _ e—[(u—|ko\Cos@)2+(v—|ko\sin€)2]/2 . (210)

Isotropy is realized through averaging over all azimuths. The name fan wavelet is derived
from the superposition of Morlet wavelets for different scales ranging from the Nyquist

frequency to the maximum dimension of the study area.

2.3. Upper mantle temperature determination

In the second study (chapter 5), tomographic velocities are used to infer upper mantle tem-
perature variations taking into account anharmonic and anelastic properties. This section
is an extension of chapter 5, section 3.2, providing more detail about the mineral physics
equations this approach is based upon.

In order to calculate temperature variations, it is necessary to determine synthetic velocities
for varying temperature, pressure and a given mantle composition that is varied for each
iteration (compare iterative scheme combining temperature and density estimation in chap-
ter 5, section 3.1). Those synthetic velocities matching closest to measured velocities are
identified and the respective temperatures picked for every grid point. As the upper mantle
composition, a peridotite consisting of four mineral phases with an ideal solid solution of Mg
and Fe end-member species with varying percentages is assumed: Olivine (Ol) with forsterite
and fayalite, orthopyroxene (OPX) with enstatite and ferrosilite, clinopyroxene (CPX) with
diopside and hedenbergite and garnet (Gt) with pyrope and almandine. For Gt, a third
Ca species (grossular) is assumed to comprise a constant proportion of 20%. The mantle
composition is varied between the two end-members described in Table 2.1 and following
Tesauro et al. (2014) according to the magnesium number Mg# (100 x Mg/(Mg + Fe))
estimates from the previous iteration. For the initial thermal model, a uniform primitive
mantle composition (Mg # =89) is assumed.

In order to estimate synthetic velocities, the shear modulus and density for every mineral
phase has to be calculated as a function of temperature and pressure using a mineral physics

approach (Stixrude and Lithgow-Bertelloni, 2005). The density for each mineral phase is
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2.3. Upper mantle temperature determination

Table 2.1.: Mineral fractions and Magnesium number Mg# (100 x Mg/(Mg + Fe)) for the
end-member compositions

Ol (%) OPX (%) CPX(%) Gt(%) Mg#
Primitve Mantle  58.5 15 11.5 15 89
Depleted Mantle  69.5 21 4 9.5 94

calculated by
pi = — (2.11)

where m is the molar mass and V' is the molar Volume. Following Stixrude and Lithgow-

Bertelloni (2005), the shear modulus for each mineral phase is given as

9
i =(1+ 2f)% po + (3KoGy — 5Go) f + (6KoGy — 24Ky — 14Go + éKoK(’))f2

(2.12)
Eaw(V,T) — Ew(V, To)

Tls v 5

where Gy and K| are the shear modulus and bulk modulus, respectively, with the subscript
0 indicating STP conditions at zero pressure Py and room temperature (Tp = 300K), G|,

and K|, are the respective pressure derivatives and f is defined as

2
11/ Vo\?
== — —1]. 2.1
r=31(%) ] (2.13)
FE}y, is the vibrational energy
InRT (%7 x3dx
Eq,(V,T) = —= e — 2.14

which can be calculated using the Debye model (Jackson and Rigden, 1996) with R being
the gas constant, n being the number of atoms per formula unit and 6 being the Debye

temperature
0 = 6y exp (M) : (2.15)
q

Here, 7 is the Griineisen parameter
\%4 q
= — 2.16
= () (2.16)
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2. Theory

Table 2.2.: Properties of mantle mineral phases used in this study

Mineral Species Formula Vo [em®/mol]  K,|GPa] K| BHK] v g GolGPa] Gy 1w
Olivine Forsterite Mg»Si0Oy4 43.6 129 4.2 809 0.99 2.1 81431Xp 14 24
Fayalite Fe,Si0y 46.29 619 1.06 3.6 1.1

OoPX Enstatite Mg,Si,015 125.35 109+20Xpe 7.0 810 0.67 7.8 T75+10Xp. 1.6 2.4
Ferrosilite Fey Si 012 131.88 680 0.67 7.8 1.1

CPX Diopside CagMgsSi,015 132.08 1054+12Xg,  6.241.9Xp 782 096 1.5 67+6Xg 1.7 1.6
Hedenbergite CagFesSiyOqs 135.73 702 093 1.5 1.6

Garnet Pyrope Mgz AlySiz0q 113.08 1714+15Xge 4.4 823 1.01 14 92+47Xg 14 1.0
Almanide  FesALSizO1s 115.43 742 110 1.4 2.2

Grossular CagAlySiz0q9 125.12 823 1.08 0.4 2.4

q its volume dependence which is assumed to be constant for each end-member (Stixrude

and Lithgow-Bertelloni, 2005) and 7 its shear strain derivative

s = 7150 (%) : (2.17)

The parameters used for these calculations for each end-member mineral phase are dis-
played in Table 2.2. The shear and bulk modulus and their pressure derivatives at STP
conditions are taken from Cammarano et al. (2003), all other parameters displayed in Table
2.2 are taken from Stixrude and Lithgow-Bertelloni (2005). For a given mantle composition,
the shear modulus and density of the individual phases are averaged using the volumetric

percentage \; using the Voigt-Reuss-Hill averaging in case of the shear modulus:

(p) = Z Aipi (2.18)

(1) = % [Z Ngti + (Z %) _1] | (2.19)

Subsequently, the anharmonic S-wave velocity can be calculated by

()
Us(anh) = 4/ —— (2.20)

Sant) p)
(Stixrude and Lithgow-Bertelloni, 2005). Apart from the anharmonic effects, anelastic ef-
fects affect seismic velocities increasingly for increasing temperatures. Therefore, anelastisity

has to be estimated to determine synthetic velocities for varying temperature and pressure

conditions. The factor describing anelasticity can be described as follows according to
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2.4. Joint inversion of gravity and residual topography

(Cammarano et al., 2003):

Q—l
VUs(anel) = 1— . 5 2.21
(snel) 2 tan (%) ( )
where () is the S-wave quality factor
H(P
Qs = Bwexp | a (P) , (2.22)
RT
——

g

B is the normalizing factor, w is the seismic frequency, a defines the frequency dependence
of the attenuation, H(P) is the activation enthalpy and ¢ is the dimensionless temperature
scaling factor. The values for B, a, g and w are taken from the anelasticity models from
Cammarano et al. (2003). Using the anelasticity parameter and the anharmonic velocity,

the synthetic velocity can be calculated as

Usyn = Us(anh) * Us(anel) - (223>

In order to finally estimate temperature variations from the input tomography models,
synthetic velocities for distinct temperatures between 25°C and 1800°C are calculated with
a 5°C spacing for pressures corresponding to the depths for which the seismic tomography
velocities (Umeas) have been estimated. Thus, T' for which |vsyn(T") — Umeas| i minimal is

determined in each grid cell.

2.4. Joint inversion of gravity and residual topography

Following the thermal modeling of the upper mantle, the residual gravity and residual
topography fields are jointly inverted to obtain a 3D density model that is mainly caused
by composition. This section complements chapter 5, section 3.3. Both fields depend on
density variation, but react to variations of size and depth of the anomaly in fundamentally
different ways (Kaban et al., 2015). This is shown in Fig. 2.4 for a single density anomaly in
two different depths for varying spherical harmonics degrees. The inversion scheme (Kaban
et al., 2015)

min{ [ Ap — gresll2 + kI Bp — trsll? + allp — pill®} (2.24)

including both the gravity and the topography field can resolve the 3D density structure

better than by inverting for the gravity field alone. Here, ¢, and t..s are the residual
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Figure 2.4.: Normalized gravity (solid line) and topography (broken line) kernels as a func-
tion of spherical harmonic degree for a single density anomaly in 75km (blue)
and 225km (red) depth, respectively. The topography kernel is multiplied with
-1 for better comparison with the gravity kernel

upper mantle gravity field and residual topography, respectively, k = 27Gp; is a scaling
coefficient normalizing the residual topography with respect to the gravity with p; being
the density of topography and A and B are integral operators converting densities p into
gravity and topography perturbations in the spherical harmonic domain (Forte and Peltier,
1991). These integral operators are defined distinctly for varying depth layers and spherical
degrees and an inverse solution can be calculated separately for each spherical coefficient
with a maximum spherical degree of 180, reducing computation time notably. The third
term in the inverse problem «a||p — pii|? describes regularization and is added to stabilize
the inversion, since the operators A and B have no continuous inverse (Kaban, 2011). The
regularization condition implies, that the density model should be close to a predefined
initial density variation pj,;. If no initial model exists py,; = 0, the density perturbations

should be minimal. The strength of the regularization is defined by the damping factor

a =27GhD,, (2.25)
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Figure 2.5.: Solution norm ||p|| plotted against the normalized damping factor with the ideal
value of D, picked at the point of maximum curvature

where h is the thickness of the elementary cells used in the inversion and D, is the normalized
damping factor (Kaban et al., 2015). D,, is assigned using the L-curve criterion. The solution
norm ||p|| is plotted against D, and the point of maximum curvature represents the optimal
solution (Fig. 2.5). Lower D, increases the noise level of the inversion while higher D,
introduces smearing. However, Kaban et al. (2015) have shown that the solution remains

stable for a wide range of D, and precise determination is not essential.
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3 | Initial gravity data

3.1. Free air gravity field

The free air gravity field used throughout this thesis is a combination of the models Eigen-
6C4 (Forste et al., 2014) and AntGG (Scheinert et al., 2016) (Figs. 3.1 a and b, respec-
tively). The Eigen-6C4 gravity disturbance dataset combines terrestrial and satellite data
from GRACE, GOCE and LAGEOS with a maximum resolution of 2190 spherical harmonics
degree and order. The actual resolution varies regionally and is controlled by the incorpo-
rated terrestrial data. For Antarctica, this is limited to a wavelength of around 200 km. The
AntGG model is a compilation of ground-based, airborne and ship-borne gravity anomaly
measurements over Antarctica and includes 13 million data points covering ~ 73% of the
continent at resolution of 10 km. Especially over EANT, this model contains large gaps in
data coverage distorting the long wavelength information. Therefore, we apply a Gaussian
filter with a cut-off wavelength of 240 km (wavelength at which the amplitude of the filter
is equal to half the maximum amplitude) before merging the fields resulting in a dominance
of the satellite based observations at wavelength above 250 km and of the terrestrial data
below wavelengths of 150 km with a gradual transition in between. The combined field is
shown in Fig. 3.1 c.

As indicated above, the AntGG compilation was done in terms of gravity anomaly while
the Eigen-6C4 gravity disturbance field is employed here. Forste et al. (2014) provide both
disturbance and anomaly fields. The difference between these fields mainly depends on
the geoid and can reach values of up to 20 mGal over Antarctica. The geoid, however, is
a long-wavelength feature and the short wavelength component of the difference between
anomaly and disturbance should be negligible. To test this hypotheses, the same gaussian
high-pass filter that was applied to the AntGG model is now applied to the differential
field, yielding values below 4+ 0.5 mGal over continental Antarctica, thus demonstrating the

negligible effects of small wavelengths.
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Figure 3.1.: Free air gravity field from a) Eigen-6C4 (Forste et al., 2014) and b) AntGG
(Scheinert et al., 2016) and c) the combined field. d) Difference between the
gravity anomaly and the gravity disturbance filtered with a Gaussian high-pass
filter with a cut-off wavelength (half-amplitude) of 240 km.

3.2. Bouguer gravity field

Starting from the free air gravity field, corrections for topographic, ice and water load are
calculated in order to obtain the residual or Bouguer gravity field. The first correction
estimates the gravitational effect of bedrock topography (provided by Fretwell et al., 2013)
variation from sea level with respect to a homogeneous reference model with a density of
Perust = 2.7 g/cm?. Depressions cause a negative gravity effect calculated with a density of

—perust While elevations above sea level are attributed a standard density of the uppermost
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Figure 3.2.: Gravity effect of a) the topographic variation with respect to the homogeneous
reference model, b) the water column with respect to the homogeneous reference
model and c) the ice load. d) Bouguer gravity field.

crust of piopo = 2.67g/cm?

. This correction is calculated for the continental area, while
variations of the bathymetry are incorporated in the water load correction. For the latter,
a distinction has been made for water columns on the continent and below ice shelves and
the ice free ocean. For the ocean, the boundaries of the water column are the bathymetry
(provided by Fretwell et al. (2013) south of 60°S and by (Schaffer et al., 2014) north of
60°S) and sea level, otherwise the boundaries are defined as bedrock topography and the
lower ice boundary, which was calculated by subtracting the ice thickness from the surface

elevation from Fretwell et al. (2013). To calculate the gravity deficit as compared to the
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homogeneous crustal model, the effective density of this load is estimated by pwater — Perust
with pyater = 1.03g/cm?® which is the standard density for salt water. The continental
freshwater detected at the current resolution is restricted to lake Vostok. Hence the error
on the gravity correction caused by assuming purely salt water is negligible. Lastly, the
total gravity effect of the ice load is calculated. The density of ice is temperature and
pressure dependent. Reasonable temperature variations in Antarctic glacial settings range
from -10 to -50°C (Price et al., 2002) translating to densities between picemin = 0.918 g/cm?
and pPicemax = 0.922g/ cm®. The uncertainties in the gravity field, calculated assuming the
extreme densities as a constant throughout the entire ice layer, are +0.35 mGal. They are
thus negligible and a constant density of pi. = 0.920g/cm?® is applied. The estimated cor-
rections for topography, water and ice (displayed in Fig. 3.2 panels a, b and ¢, respectively)
are subsequently subtracted from the free air gravity field and the final Bouguer field (Fig.
3.2 d) is obtained.
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4 | Variations of the effective elastic
thickness reveal tectonic
fragmentation of the Antarctic
lithosphere

Chapter abstract

To this day, little is known about thermal and rheological properties of the Antarctic litho-
sphere. We derive the effective elastic thickness 7, as a proxy for these parameters by
using ice thickness, bedrock topography and a combination of new satellite and high reso-
lution terrestrial gravity data. Cross-spectral analysis based on the fan wavelet technique
was employed to calculate T, variations by means of admittance and coherence techniques.
Our results confirm a clear tectonic division of Antarctica with predominantly high values
in East Antarctica (EANT) (7, ~ 60-80km) and low values in West Antarctica (WANT)
(T, ~ 5-20km). For the Transantarctic Mountains separating these provinces, we found
T, to be around 10km along the whole chain which is comparable to WANT. Apart from
this general division, we found fragmentation of the lithosphere within these provinces. Es-
pecially EANT doesn’t represent a single lithospheric block but shows strong variations of
Te. The highest values are found around the Aurora Subglacial Basin (7, ~ 90km) and in
Dronning Maud Land (7, ~ 80km). The minimum value of 7, within EANT (~ 15km)
is found in the Lambert Graben. Such a low value can be associated with active rifting in
the Permian-Triassic, strong localized erosion or possibly the effect of a Cenozoic mantle
plume. According to the coherence calculations, the weak zone extends to the Gamburtsev
Subglacial Mountains (GSM), showing a distinct decrease of T, to 25-30km. Thus, this
weak channel divides the previously mentioned strong blocks. However, the admittance
analysis gives relatively high values (T, ~ 70 km) for the GSM. Based on the analysis of the
wavelength-dependent admittance and coherence results and misfits for several principal
locations, we give some preference to the coherence based values. The admittance estima-
tions could also be significantly biased by internal density heterogeneity of the lithosphere,
as already discussed in several studies.

Published manuscript:

Chen, B., Haeger, C., Kaban, M. K., Petrunin, A. G. (2018). Variations of the effective
elastic thickness reveal tectonic fragmentation of the Antarctic lithosphere. Tectonophysics,
746. http://dx.doi.org/10.1016/j.tect0.2017.06.012.
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4.1. Introduction

4.1. Introduction

Knowledge of the thermal state and mechanical properties of the lithosphere is important
for many geophysical applications (Burov and Diament, 1995). The thermo-mechanical
structure of the lithosphere controls to a large extent the initiation and evolution of tec-
tonic deformation processes (e.g. Willett et al., 1985). These parameters are also required
to model vertical motions at the Earth’s surface, such as glacial isostatic adjustment (GIA),
which are of prime importance in monitoring the mass balance of the Antarctic ice sheet (e.g.
Ramillien et al., 2006). Furthermore, it has been recently demonstrated that the dynamical
behavior of the Greenland ice shield depends not only on the climate changes but is also
controlled to a large extent by the heat flow from the Earth interior (Petrunin et al., 2013b).
Therefore, this effect can also be important for Antarctica. To this day, Antarctica remains
one of the least studied and understood areas in the world. Due to its remoteness and
the thick ice sheet covering over 99% of its surface (Lythe et al., 2001), geophysical in-situ
measurements are still sparse over large parts of the continent. Heat flow measurements,
which are the only direct constraints on the thermal state of the lithosphere, are extremely
sparse in Antarctica, especially in the areas covered by the ice shield (e.g. Fisher et al.,
2015). The thermal structure of the lithosphere can also be evaluated based on seismic to-
mography models (Goes et al., 2000; Tesauro et al., 2015) and magnetic anomalies (Maule
et al., 2005). However, such models provide very low resolution for the Antarctic upper
mantle. Basically, they only show the difference between the relatively hot West Antarctica
(WANT) and the cold East Antarctica (EANT) with very thick lithosphere (Schaeffer and
Lebedev, 2013; Shapiro and Ritzwoller, 2004).

Only few studies were conducted to study the lithospheric structure in the internal areas
of Antarctica. Seismic studies for example have been hindered by the sparsity of stations
and very low intracontinental seismicity (Reading, 2007), yet improvements in surface wave
studies provide S-velocity maps both on global (Schaeffer and Lebedev, 2013) and conti-
nental scales (An et al., 2015b). The latter also present information on Moho depth from
their surface wave tomography as well as from a compilation of previous seismic studies. An
Antarctic-wide collection of gravity data has been presented by Scheinert et al. (2016). All
of these studies image very well the difference between the younger WANT and the older
EANT, while smaller structures within the East Antarctic Craton remain unresolved.
Alternatively, there exists an integrative parameter, namely the effective elastic thickness
of the lithosphere (7), which directly relates to the thermal state and rigidity of the litho-

sphere and can be used as their proxy. T, is the thickness of an idealized elastic plate that
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would bend as the lithosphere under the same applied loads and can be used to quantify
the lithospheric strength (Burov and Diament, 1995). This parameter can be determined
based on cross-spectral analysis of the gravity field and surface topography by applying
various methods (Forsyth, 1985; Watts, 2001). Only a limited number of studies on T, have
been conducted in Antarctica, which still provide very inconsistent estimates of this param-
eter. Based on old and sparse data sets, Stern and ten Brink (1989) have already found
indications for a transition from weak lithosphere in West Antarctica (WANT) to stronger
lithosphere in East Antarctica (EANT) underneath the Transantarctic Mountains (TAM).
ten Brink et al. (1997) analyzed a 312-km-long traverse in the hinterland of the TAM and
fitted the topography and gravity with a 85-km-thick elastic plate. Furthermore, Yamasaki
et al. (2008) studied T, by looking at the half-wavelength of the TAM and determined a
very high value of this parameter (~ 100 km). Ferraccioli et al. (2011) calculated variations
of T, in the Gamburtsev province in East Antarctica and found that 7T, varies from 30 km to
more than 70 km in the central part. Recent satellite missions provide us with homogeneous
gravity models on global scales (Forste et al., 2014), including areas where no other data
are available. These data can be supplemented by detailed terrestrial and airborne gravity
measurements, which have been strongly expanded during the last decade (Scheinert et al.,
2016). Furthermore, Fretwell et al. (2013) collected data from various methods to compile
improved grids of ice thickness, surface and bedrock elevation within Bedmap2, providing
clearer images of the surface loading of the Antarctic continent. On the basis of these
models, cross-spectral analysis of topography and gravity data can be used to determine
T,. McKenzie et al. (2015) have made estimates of T, for Antarctica based on these data.
However, they are limited to a comparison between East and West Antarctica. Also, the
obtained values (21 km and 5 km, correspondingly) are unusually low for continental areas.
In this study, we determine variations of the effective elastic thickness over the Antarctic
continent by using modern methods based on a fan wavelet technique for the cross-spectral
analysis of the gravity data and the topography adjusted for variations of the bedrock topog-
raphy and ice thickness (Kirby and Swain, 2011, 2004). We determine both admittance and
coherence of the Bouguer gravity anomalies and topography. A comparison of these results
allows to resolve reliable features of the T, pattern and compare them with the Antarctic

tectonics and dynamic behavior of the ice shield.
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4.2. Tectonic setting of Antarctica

Antarctica is almost entirely covered by thick ice caps with a maximum thickness of nearly
4500 m (Fig. 4.1). Large parts of its bedrock topography lie below sea level (Fretwell et al.,
2013). At large scales, it can be divided into two main tectonic provinces: The stable Pre-
cambrian shield of East Antarctica and West Antarctica, an amalgamation of thinner and
hotter Cenozoic crustal micro-blocks (Dalziel and Elliot, 1982). EANT can be divided into
several subglacial orogens and rifts. The largest structure is a subglacial plateau spanning
0°-100°E with its highest elevations in the Gamburtsev Subglacial Mountains and Dronning
Maud Land (Fretwell et al., 2013). Enderby Land is characterized by only slightly less to-
pography, yet previous studies of crustal thickness (e.g. O’'Donnell and Nyblade, 2014) show
it to reach similar values as the Basin structures of Wilkes and Aurora Subglacial Basins.
The latter is a topographic depression lying up to 1 km below sea level, that may have been
formed by erosion (Close et al., 2007). The Prince Charles Mountains are characterized
by intraplate deformation and igneous intrusions caused by the collision of East and West
Gondwanaland (565-500 Ma) (Veevers, 2007). The plateau is interrupted by a late Mesozoic
transtensional basin that holds Antarctica’s largest glacier, the Lambert Glacier (Reading,
2006).

WANT is a complex of several younger (mostly Jurassic and Cretaceous) microcontinental
blocks that have moved independently from each other and from EANT until their amal-
gamation in the Cenozoic (Veevers, 2012). The most notable western Antarctic feature is
the West Antarctic Rift System (WARS), a 750-1000 km wide crustal rift structure that
mostly lies below sea level. Extension took place in two distinct phases: a prolonged period
of broadly distributed extension in the Cretaceous and a phase of more focused extension
in the Paleogene (Huerta and Harry, 2007). It is bordered by Mary Byrd Land, a region
characterized by intraplate volcanism (Hole and LeMasurier, 1994).

EANT and WANT are separated by the Transantarctic Mountains (TAM), a 3500 km long
and 200km wide mountain chain with elevations of up to 4500m (Morelli and Danesi,
2004). The TAM are the largest non-contractional mountains in the world (ten Brink et al.,
1997) and their exact formation remains controversial. Three main uplift mechanisms have
been suggested in the past: 1) Thermally driven uplift due to high temperatures at shal-
low depths (e.g. Smith and Drewry, 1984) possibly related to mantle plume activity (e.g.
Behrendt, 1999); 2) Mechanically driven uplift caused by flexure and uplift of a broken
plate edge (e.g. ten Brink and Stern, 1992); 3) The TAM were suggested to be the remain-

ing margin of a Mesozoic West Antarctic plateau that collapsed (e.g. Huerta and Harry,
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4. Variations of the effective elastic thickness

20004
1000-
0_
-1000-
-2000-
2000 -1000 0 1000 2000 [km] 2000 -1000 O 1000 2000[km]
a) - b) .
8765432101 2 3kn 0 05 1 15 2 25 3 35 4 45kn]

Figure 4.1.: (a) Bedrock topography of Antarctica (Fretwell et al., 2013) and bathymetry of
the surrounding ocean (Schaffer et al., 2014). Key tectonic units: AP, Antarc-
tic Peninsula; ASB, Aurora Subglacial Basin; DML, Dronning Maud Land; EL,
Enderby Land; EWL, Ellsworth Land; FRIS, Filchner-Ronne Ice Shelf; GSM,
Gamburtsev Subglacial Mountains; LG, Lambert Glacier; MBL, Marie Byrd
Land; PCM, Prince Charles Mountains; RIS, Ross Ice Shelf; VH, Vostok High-
lands; VL, Victoria Land; WARS, West Antarctic Rift System; WSB, Wilkes
Subglacial Basin. (b) Ice thickness.

2007). Recently, van Wijk et al. (2008) proposed a new, rifting related model for the for-
mation of the TAM. Since Antarctica occupied a central position in Gondwana prior to its
breakup in the late Mesozoic, the Antarctic plate is bordered by eight different plates. The
plate boundaries almost entirely consist of mid-ocean ridges (Torsvik et al., 2010) creating
deviatoric stresses that eventually cause the onset of rifting near the border of East and
West Antarctica. The West Antarctic Rift System develops in the weak crust of WANT
while the stronger EANT craton remains unaffected. Rifting causes crustal material from
the central rift zone to be transported towards its margins, its eastern margin being charac-
terized by much higher (cratonic) strength. Hence, the crustal material accumulates at the
boundary causing thickening and uplift of the crust. The van Wijk model also predicts the
formation of a surface depression adjacent to the mountain chain that might correspond to
the Wilkes Subglacial Basin. In this case, the Wilkes Subglacial Basin would be a flexural

basin without crustal thinning.
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4.3. Method

In order to estimate the effective elastic thickness, the lithosphere is commonly modelled as
a thin elastic plate overlying a fluid substratum. It is bending under various types of loads,
producing the gravity anomalies that we observe at the surface. The amount of the plate
deflection primarily depends on an integrative parameter, namely the flexural rigidity D,

which is related to the effective elastic thickness (7.) as
D = ET?/[12(1 — ¢%)] (4.1)

where E is the Young’s modulus (100 GPa) and o is the Poisson’s ratio (0.25). Analysis of
the relationship and correlation (admittance or coherence, correspondingly) between the ob-
served adjusted topography (topography, water, ice and, to some extent, density variations
in the upper crust) and gravity anomalies in the spectral domain could provide potential
information on the isostatic compensation of the lithosphere and give a measure of its me-
chanical properties (e.g. Audet and Mareschal, 2007; Watts, 2001).

The admittance method was first developed by Dorman and Lewis (1970), subsequently it
was applied and improved in many studies (e.g. Banks et al., 1977; Forsyth, 1985; Mckenzie
and Bowin, 1976; Watts, 1978). A major development was contributed by Forsyth (1985)
who combined the effects of surface and subsurface loading into the admittance method, and
developed the coherence technique for T, estimations. Currently, the admittance and coher-
ence methods are widely used to estimate T, of the lithosphere (e.g. Audet and Biirgmann,
2011; Chen et al., 2015a,b; McKenzie et al., 2015; Pérez-Gussinyé and Watts, 2005; Watts,
2001). In this study, we apply both Bouguer admittance and coherence methods to estimate
variations of T, over Antarctica.

A number of different techniques have been used to calculate the spectrum of gravity and
topography for admittance and coherence. The two extensively used ones are multitapers
(McKenzie and Fairhead, 1997; Pérez-Gussinyé et al., 2004, 2009; Simons et al., 2000) and
wavelets (Kirby and Swain, 2004, 2011; Stark, 2003). The multitaper technique was devel-
oped by Thomson (1982). It deals with spectral leakage well and has a good performance
at short wavelengths, but its efficiency is restricted by the window size (Kirby, 2014). The
wavelet technique was introduced in flexural studies by Stark (2003) and Kirby and Swain
(2004). Due to the wavelets’ localization and variable spatial and wavenumber resolution,
this method permits to locate T patterns with different wavelength, avoiding the restric-
tions due to the size of the computing window (Kirby, 2014). Furthermore, Kirby and Swain

(2011) adjusted the central wavenumber of the Morlet wavelet to recover T, variations with
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4. Variations of the effective elastic thickness

variable spatial resolution. The fan wavelet technique (Kirby and Swain, 2011, 2004) is
applied to calculate the gravity and topography auto-spectra and the cross-spectrum in this

study.

4.3.1. Calculation of admittance with the fan wavelet method

The admittance (k) is the transfer function that relates the observed gravity anomaly and

topography in the wavenumber domain (Dorman and Lewis, 1970),
B(k) = Q) H(k) (42

where B(k) and H (k) are the spectral representations of the Bouguer gravity anomalies
and topography, k is the two-dimensional wavenumber.

In practice, the calculated admittance is averaged in some wavelength interval to supress
the effect of noise. In the wavelet method, the admittance for Bouguer gravity anomaly and
topography is defined as (Kirby and Swain, 2008):

Re [(BgH o)) (4.3)

QObS(s’ X) N <st9H;<x9>9

where B and H are the wavelet transforms of the Bouguer gravity and topography, re-
spectively; Re[] represents the real part. s and 6 are the scale and azimuth of the Morlet
wavelet, * indicates complex conjugation; (), represents the averaging over azimuth. The
wavelet admittance is a function of position x and wavelet scale s, which is related to an
equivalent 1D Fourier wavenumber (|k|) by the relation |k| = |ko|/s, where |ko| is the cen-
tral wavenumber of the Morlet wavelet (Kirby and Swain, 2011).

This parameter |ko| controls the spatial resolution of the T, variations. The lowermost num-
ber provides better spatial resolution, but the result could be biased by noise. By increasing
|ko|, we can supress the effect of noise, however the resolution is decreasing. Therefore, it is
necessary to choose a reasonable compromise. We use four values of the central wavenumber
|ko| given by Kirby and Swain (2011), 2.668, 3.081, 3.773 and 5.336, which correspond to
the Morlet wavelets with the first sidelobes 1/16, 1/8, 1/4 and 1/2 of the central amplitude
correspondingly. Since the wavelet transform is performed at a series of scales (s), the wave-
length interval is determined by the choice of scales. Here we choose the scales spanning
a dyadic grid from the Nyquist wavelength to the maximum dimension of the study area
(Kirby, 2005; Kirby and Swain, 2011).

To model the admittance for specific values of T, a two-layer crustal model with both
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4.3. Method

surface and subsurface loads is constructed under the assumption that the initial loading
processes are statistically independent (Forsyth, 1985). Both the subsurface load and the
compensation interface are assumed to be at the Moho depth (z,,), which corresponds to
the Crust1.0 model (Laske and Masters, 2013). The combined-loading predicted Bouguer
admittance is given by Kirby (2014):

Qure(5,x) = prkr + peks f2r?

(4.4)

where f is the ratio of the internal load to the surface load, defined by (Forsyth, 1985; Kirby
and Swain, 2011)

(W21
r2([H )y
r = (pe — pt)/(Pm — pe), pe and py, are the crustal (2800kg/m?) and mantle (3300 kg/m?)

densities, respectively; pr is the density of the overlying fluid, ps = 0 for the continent or pr =

f2(s,x) = (4.5)

1030 kg/ m? for the ocean; pir, b, up and kg are the wavenumber-dependent coefficients that
relate the initial surface and subsurface loads and the observed Bouguer gravity anomaly

and topography (Kirby and Swain, 2011),

O
kg = _<pm - pc)/q)
kT:1_<pc_pf>/q)
HB = 271-GY(pm - pc)[l - (pm - pc)/(I)]e—u(\Zm )

pr = 27G(pm — pe)|—(pe — pr)/ @]kl
® = DK[*/g+ pm — pr

where W; and H; are the fan wavelet transforms of the initial surface and subsurface loads,
respectively; ¢ is the gravitational acceleration (9.8 m/s?); G is the gravitational constant
(6.67 e " m3kg's7?); 2, is the Moho depth.

4.3.2. Calculation of coherence with the fan wavelet method

The coherence is a measure of the phase relationship between the gravity anomalies and
topography. Using the wavelet cross-spectrum of these fields and the auto-spectra of to-

pography and gravity averaged over azimuth, the observed wavelet coherence is given by
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4. Variations of the effective elastic thickness

(Kirby and Swain, 2011, 2006)

(Re [(BygHixg)o))’

sx0"" sx6

BSXGB:X9>9 <st9H:x9>9 ’

Vobs (8, %) = < (4.7)
where we use the square of the real part of the coherency after Kirby and Swain (2009, 2011),
and still name it “coherence” for simplicity. When the Bouguer gravity and topography
are uncorrelated, the phases of the cross-spectra are randomly distributed and averaging
cancels their coherence, whereas when the Bouguer gravity and topography are correlated,
the averaging yields a high coherence (Audet and Mareschal, 2007; Kirby, 2014).

In the coherence and admittance methods, we assume that the gravity and topography are
a result of flexural compensation of surface and subsurface loads. ” Gravitational noise” may
occur, which is that part of the observed gravity filed not considered in the model (McKenzie,
2003; Kirby and Swain, 2009). For Antarctica, the “gravitational noise” may stem from the
correlated internal loads without topographic expression (e.g. Kirby and Swain, 2009). In
addition, the unrecovered surface topography after the removal of Quaternary ice loads
(Pérez-Gussinyé et al., 2004) may also be a potential source of noise in the coherence and
admittance analysis.

Reliability of the estimates with the coherence method can be evaluated by calculating the
normalized squared imaginary part (NSIP) of the free air coherency (F;I) (Kirby and Swain,
2009):

G.  H* — Im [T§])?
Pp(s,x) = —Comtlode g2 _ (mile]) (48)
<Gsx0G:x9>92 <st9H:x0>92 |FF|

where G, is the wavelet transform of the free air gravity anomalies; Im[| represents the
imaginary part. As suggested by Kirby and Swain (2009), the coherence (and consequently
T.) may be biased by “gravitational noise”, when the maximum value f;l around the
Bouguer transition wavelength exceeds 0.5. The Bouguer transition wavelength corresponds
to an often-sharp rollover from 1 to 0 in a coherence curve, and is strongly dependent on
the magnitude of T, (Kirby, 2014).

Similar to the admittance method, the same two-layer crustal model with both surface and
subsurface loads is employed to model the predicted coherence. Using the assumption of
uncorrelated loading (Forsyth, 1985), the predicted coherence can be determined as (Kirby
and Swain, 2011):

(prkr + MBka27"2)2

i+ ppf2r?) (Kt + kg f2r?)

Yore(5,%) = ( (4.9)
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4.4. Initial data

The observed admittance or coherence are compared with the model predictions for a range
of T, values. T, is obtained by minimizing the root-mean-square difference between the
observations and model predictions at each grid node of the study area. In order to suppress
the increased effect of noise at short wavelengths, the misfit (¢) is weighted by the inverse

of the equivalent Fourier wavenumber (Kirby and Swain, 2006, 2008), and is calculated

through
2
e — ZZ 1 %bs (Ikl; )] /1k[; ’ (4.10)
S 1/[k[?

where N is the number of the equivalent wavenumber.

4.4. Initial data

The free air gravity disturbances were obtained combining the models Eigen-6C4 (Forste
et al., 2014) and AntGG (Scheinert et al., 2016). The Eigen-6C4 dataset combines terrestrial
and satellite (GRACE, GOCE and LAGEOS) data to a global grid with a resolution of up
to 2190 spherical harmonics degree/order. However, actual horizontal resolution of this
data set depends on the used terrestrial data, which for Antarctica doesn’t exceed 200 km,
therefore limiting it to the satellite only solution. AntGG is a compilation of ground-based,
airborne and shipborne gravity anomaly measurements over Antarctica providing short
wavelength gravity information not present in the satellite data. It consists of 13 million
data points covering ~ 73% of the continent at 10 km resolution. However, this data set
contains many gaps causing its long-wavelength part to be biased. Therefore, we combine
it with the satellite based gravity maps. Above the wavelength 250 km, chiefly the satellite
model is used, below 150 km, the data from AntGG are employed with gradual transition
within this wavelength interval.

In order to obtain the Bouguer gravity anomalies (Fig. 4.2a), we remove the gravity effect of
the topography, ice and water columns from the free air gravity disturbances. Information
on surface elevation, bed elevation and ice thickness up to 60°S were provided by Bedmap?2
(Fretwell et al., 2013), bathymetry north of 60°S is taken from the global bathymetry grids
from RTopo-2 (Schaffer et al., 2014). The gravity effect is calculated within a 222.4km (2°)
radius around each point. All spherical effects are taken into account in the calculations
(Kaban et al., 2016a). The reference density of the upper crust is p, = 2670kg/m” and
the density of water is p, = 1030 kg/ m®. Since the density of ice is temperature-pressure
dependent, and ice temperatures vary strongly with depth within the ice shield, we tested the

influence of these variations on the gravity effect. Within reasonable temperature variations
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Figure 4.2.: (a) Bouguer gravity anomalies. (b) Adjusted topography combining variations
of the bedrock elevation, ice and water.

in Antarctic glacial settings of ~ -10 to -50°C (Price et al., 2002), we found the gravity
variation to be negligible (+0.35 x 1075 m/ 82) thus assuming from here on out the constant
average ice density p; = 920 kg/m?’. Based on these values, we have also calculated the
adjusted topography (H) by compressing the ice and water columns to the standard density
of the crust:
H=hy+ 20, + %hi (4.11)
t

Pt
where hy, is the bedrock topography, hy, and h; are the heights of the water and ice, respec-
tively.
All data grids were produced using Polar Stereographic Projection (Snyder, 1987) based on
the WGS84 ellipsoid with true scale at 71°S with a grid size of 10 by 10 km. The calculated
adjusted topography is shown in Fig. 4.2b.

4.5. Results

Variations of T, of the Antarctic lithosphere were estimated using the fan wavelet method
to determine the admittance and coherence of the Bouguer gravity anomalies and adjusted
topography. As described above, we have used four values of the central wavenumber |kg,
2.668, 3.081, 3.773 and 5.336.
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4.5.1. Spatial variations of T, by coherence inversion
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Figure 4.3.: Variations of T, obtained with the coherence method. Four different values of
the central wavenumber of the Morlet wavelet |ko| are considered: (a) 2.668,
(b) 3.081, (c) 3.773 and (d) 5.336. The hatched patterns show the areas, where
the maximum value of the normalized squared imaginary part of the free air
coherency (Eqs. 4.7) is larger than 0.5 and the results might be biased. The
white stars show locations, for which the calculation results are demonstrated.
Abbreviations as in Figure 4.1.

Variations of the effective elastic thickness computed with the coherence method for different
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4. Variations of the effective elastic thickness
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Figure 4.4.: Lower (a) and upper (b) boundaries of the T, estimation with the coherence
method for |ko| = 3.773. These values correspond to the misfit € = 1.05¢,
(Watts et al., 2006). Abbreviations as in Figure 4.1.

values of the central wavenumber of the Morlet wavelet |kq| are shown in Fig. 4.3. All figures
are consistent. One of the dominant features is the division of Antarctica along TAM. West
Antarctica including TAM is chiefly characterized by a very weak lithosphere, while to the
east, high values of T, are prevalent excluding the area around the Lambert Graben (LG).
Later on, we discuss specific patterns of these variations. The maximum spatial resolution
of the obtained map corresponds to the minimum central wavenumber of the Morlet wavelet
|ko| = 2.668. However, the patterns of this map are unstable, so a lot of the small anomalies
likely represent artefacts because the lower |kq| wavelets indicate greater uncertainty on the
T, estimation (Kirby and Swain, 2011). This is also confirmed by a relatively wide area,
where the parameter F;I > 0.5 and the results are unreliable (Fig. 4.3a). In contrast,
the maximum |kqo| = 5.336 provides a stable and smooth map, but amplitudes of the main
anomalies are damped and some of them disappear (Fig. 4.3d). The two intermediate values
give a reasonable compromise (Fig. 4.3b-c). Possible uncertainty of the T, estimations is
assessed based on the misfit curve. Following Watts et al. (2006) we determine lower and
upper limits of T, for the misfit, which exceeds the minimum by 5% (¢ = 1.05€x,). The
upper and lower values for |kg| = 3.773 are shown in Fig. 4.4.

In order to discuss reliability of the results, we analyze the coherence and other parameters

calculated in eight points (Fig. 4.3c) for several key features of Antarctica. The graphs
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Figure 4.5.: Coherence and misfit for eight locations in Antarctica (Fig. 4.3c) for |ko|
3.773. Left graphs show coherence depending on the wavelength. Points with
uncertainties represent observations, solid line — predicted (model) values, and
dashed line — the parameter NSIP (Egs. 4.8). Right graphs show misfit de-
pending on T,. The lower and upper boundaries corresponding to the misfit
€ = 1.05€,;, are shown in parentheses. Abbreviations as in Figure 4.1.

showing the observed and predicted coherence with other parameters of the calculations are
shown in Fig. 4.5. The maximum T, = 92km is found for ASB. This value corresponds to a
drop of the coherence at the wavelength 800-900 km. The misfit demonstrates a pronounced
minimum, which supports that the result is reliable. Below 200 km, the parameter NSIP
quickly increases with decreasing wavelength. Therefore, the quality of the initial data is
limited to this wavelength (ca. 100km in the spatial domain). Similar results are obtained
for DML, which represents another area with high 7, = 79km. In contrast, for GSM in
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4. Variations of the effective elastic thickness

the center of Antarctica we obtain a relative low T, = 26 km. Moreover, this is likely the
maximum value corresponding to the first decrease of the observed coherence, since the
misfit is weighted by the inverse of the equivalent Fourier wave number. This is clearly
demonstrated by the misfit curve, which is almost flat below 26 km up to zero. This proves
that the lithosphere is relatively weak in the area of GSM compared to DML and ASB. The
weakest lithosphere in East Antarctica is found in the area of LG (7, = 15km). This value
is very well determined, in particularly due to the high quality data, which is demonstrated
by near zero NSIP until the wavelength ~ 50 km.

One of the new findings is the low value of T, (9-11km), which is determined for TAM. The
quality of the data is not as good as in the previous cases, but the range of acceptable T,
values (approximately from 0 to 25km) indicates that this structure is really characterized
by a relatively weak lithosphere. Consequently, also the fits between observed and predicted
coherence values are not as clear as in other locations, since the fitted decrease is slightly
steeper than the overall decrease for both examples. Yet, the fitted curve still remains within
the observation uncertainties in almost all points. These results are consistent for the whole
TAM chain. Therefore, TAM can be linked to the weak lithosphere of West Antarctica.
The last one is chiefly characterized by T, < 15km, as demonstrated for the West Antarctic
rift system (7, = 6 km, Fig. 4.5). The only exclusion is the area of the Ross Ice Shelf (RIS),
for which relatively high values of T, = 20 — 40 km are obtained. As it is visible from Fig.
4.5-RIS, the abrupt decrease of the coherence at the wavelength ~ 300 km indicates that

this result is trustworthy.

4.5.2. Spatial variations of 7, by admittance inversion

Variations of T, computed with the admittance method are shown in Fig. 4.6. In general,
they are consistent with the coherence results. We also observe a clear difference between
the western and eastern parts of Antarctica and TAM are also linked to the weak litho-
sphere of WANT. However, there exist several principal differences, for example, GSM are
characterized by high values of T, similar to DML and ASB. The upper and lower values of
Te, which are determined based on the misfit curves for |ko| = 3.773, are shown in Fig. 4.7.
We analyze the calculated admittance for the same eight locations as for the coherence re-
sults. The observed and predicted admittance with the misfit for eight selected points (Fig.
4.6¢) are shown in Fig. 4.8. It is clear from these graphs as well as from the comparison
of the lower and upper limits of T, (Figs. 4.4 and 4.7) that the admittance determinations
of T, are more uncertain than corresponding estimates with the coherence method. Com-

parison of Figs. 4.5 and 4.8 reveals that the Bouguer coherence inversion provides a better
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Figure 4.6.: Variations of T, obtained with the admittance method. Four different values of
the central wavenumber of the Morlet wavelet |ko| are considered: (a) 2.668,
(b) 3.081, (c) 3.773 and (d) 5.336. The white stars show locations, for which

the calculation results are demonstrated. Abbreviations as in Figure 4.1.

fit between the observations and predictions. In fact, a good fit of the observed and pre-
dicted admittance is obtained for two locations only (TAM-2 and WARS). As pointed out
by Forsyth (1985) and Kirby and Swain (2008), the admittance estimates of T, are highly
sensitive to the internal load (unknown crust and mantle density anomalies) compared to

the coherence estimations; and the first ones frequently overestimate T..
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Figure 4.7.: Lower (a) and upper (b) boundaries of the T, estimation with the admittance
method for |ko| = 3.773. These values correspond to the misfit € = 1.05€,
(Watts et al., 2006). Abbreviations as in Figure 4.1.

However, in most cases the admittance results agree with the 7, estimations obtained with
the coherence method. Both ASB and DML regions are characterized by very high T, ev-
idencing for a very strong lithosphere. In contrast, T, values for WARS are generally very
low. For the TAM we obtain different values for two locations (23km and 10km). However,
in both cases, the misfit between the observed and predicted values has no clear minimum.
Therefore, any value within the interval from Okm to 35km would almost equally fit the
observations. The high T, for GSM is based on the very long wavelengths (> 1000 km)
and doesn’t fit the observed values at the mid and short wavelengths. The long wavelength
signal in this area is likely biased by extraneous factors, which is visible in the normalized
squared imaginary part (NSIP) of the free air coherency (Fig. 4.5). For LG, the obtained
value (T, = 40km) is relatively high. However, the misfit curve is nearly flat from 0km to

approximately 60 km implying that T, may be equal to any value within this interval.

4.6. Discussion

In the discussion we chiefly refer to the results obtained with the coherence method since
they better fit to the observed values and are less uncertain.

Analysis of the variations of the effective elastic thickness within the Antarctic continent
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Figure 4.8.: Admittance and misfit for eight locations in Antarctica (Fig. 4.6¢) for |ko| =
3.773. Left graphs show admittance depending on the wavelength. Points with
uncertainties represent observations, solid line — predicted (model) values. Right
graphs show misfit depending on T,. The lower and upper boundaries corre-
sponding to the misfit € = 1.05¢,,;, are shown in parentheses. Abbreviations as
in Figure 4.1.

reveals a clear distinction between strong lithosphere in the east and weak lithosphere in

the west, correlating well with the position of the East Antarctic Craton and the thinner,

hotter West Antarctic terrains. Major geological features of East Antarctica formed in the

Precambrian with a tectonic reactivation during the Paleozoic and early Mesozoic (Boger,

2011). Consequently, it is chiefly characterized by thick cold lithosphere with relatively high

values of T, and presumably low heat flow values (e.g. Shapiro and Ritzwoller, 2004). In
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Figure 4.9.: (a) Variations of T;, obtained by the coherence method for a central wavenumber
of the Morlet wavelet |ko| = 3.773. Dashed lines represent the locations of the
profiles shown in Fig. 4.10. (b) Tomography model SL2013-2.1 (Schaeffer and
Lebedev, 2013) of S-velocities at a depth of 100 km. Abbreviations as in Figure
4.1.

contrast, West Antarctica is dominated by relatively young terrains formed and developed
in the Mesozoic and Early-Mid Cenozoic. The large scale features in our 7, map generally
correlate well with seismic tomography studies, which imaged low S-velocities in WANT and
high velocities in EANT at a depth of 100 km according to the model SL.2013-2.1 (Schaeffer
and Lebedev, 2013) (Fig. 4.9b). Apart from the general distinction, the SL2013-2.1 model
only shows little structure and we should take care not to over interpret these small scale
features. A study of McKenzie et al. (2015) examining average T, for EANT and WANT
using admittance calculations also gives a clear distinction between these provinces. Yet
their values (21 km and 5 km respectively) are substantially lower than our findings. There
might be several reasons for these discrepancies. First, we use the gravity model, which
includes high resolution terrestrial observations. Second, in our method, the load ratio is
wavenumber-dependent, which is determined by the load deconvolution process (Lowry and
Smith, 1994) from the observed gravity and topography data. In contrast, McKenzie et al.
(2015) used an analytical formula for the model admittance with a uniform load ratio to fit
the observed admittance. Third, the misfit curve for EANT calculated by McKenzie et al.

(2015) has no clear minimum and any value of 7, exceeding ~ 17 km would provide an al-
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Figure 4.10.: Profiles across Antarctica showing the Effective Elastic Thickness T, deter-
mined by the coherence analysis (red), surface elevation (blue) and bedrock

elevation (brown). Locations are shown in Fig. 4.9. Abbreviations as in Figure
4.1.

most equal fit to the observed admittance. Therefore, the observed value of 21 km does not
represent an exact estimate, but a lower bound for 7. On the other hand, our results based
on the coherence analysis well correspond globally to the T, estimates for similar tectonic
provinces (e.g. Audet and Biirgmann, 2011; Tesauro et al., 2012).

As previously mentioned, EANT and WANT are separated by the Transantarctic Moun-
tains. In a previous study, ten Brink et al. (1997) derived an effective elastic thickness
of 70km for the TAM based on the analysis of a very limited area, thus attributing the
mountain side to Eastern Antarctica with its thick and strong lithosphere. Our results re-
veal a very weak lithosphere with 7, about 10 km, which characterizes the whole mountain
chain. This suggests that the TAM are located on the western side of the margin between
EANT and WANT, supporting the theory of van Wijk et al. (2008) that formation and
further uplift of the TAM is connected to the tectonic history of the West Antarctic rift
system (WARS) starting at the Late Cretaceous with an active uplift phase at the Mid-Late
Cenozoic. At the first stage (about 100 Ma) the entire area of the WARS was subjected to
uniform extension. During the second stage in the Late Paleogene, the distributed extension
has localized within a narrow zone close to the TAM (Huerta and Harry, 2007) that was
accompanied by volcanic activity and initiation of the main stage of the TAM uplift. Our
results support this scenario in general (Figs. 4.9 and 4.10), however one should note, that
the T, map reflects only present-day thermo-mechanical state of the lithosphere and can
provide an additional knowledge on tectonic history only indirectly. The Wilkes Subglacial
Basin (WSB) in the hinterland of the TAM exhibits a transition between WANT and EANT
with a gradual increase of T, (Fig. 4.10a).

According to our results, East Antarctica (EANT) doesn’t represent a homogeneous litho-
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4. Variations of the effective elastic thickness

spheric block, but is clearly divided into several parts (Fig. 4.9a) and thus offers insight into
the lithospheric structure of EANT that has not been imaged in the past, e.g. by seismic
tomography (compare Fig. 4.9). The strongest lithosphere with 7, up to 90km is found
between 90°E and 130°E around the Aurora subglacial basin (ASB) (Fig. 4.9). Tectonic
and geological reconstructions suggest that the ASB basement consists of Mesoproterozoic
to Archean rocks of the Mawson and Crohn Craton that sutured in the late Mesoproterozoic
and remained comparably unaffected by tectonic processes since then (Boger, 2011). Several
studies identified Terre Adélie Land just east of the ASB as the nucleus of Antarctica (e.g.
Fanning et al., 1988; Flottmann and Oliver, 1994). Hence, the ASB and surrounding are
formed of very old, cold and dense lithosphere explaining the sub-sea-level topography, fast
seismic velocities and high lithospheric strength (Fig. 4.9). Another block characterized by
high T, which is only slightly lower than in the ASB, is represented by the Central Dronning
Maud Land (DML) (Figs. 4.9-4.10). According to Boger (2011), this is also an Archean
fragment of the Kaapvaal Craton of southern Africa that collided with central Antarctica
in the Cambrian.

The strong nuclei associated with the DML and ASB are divided by a zone of relatively low
T, as demonstrated by the results based on the coherence analysis (Figs. 4.3, 4.9 and 4.10).
The minimum 7, within EANT (~ 15km) is found in the area of the Lambert Graben (LG).
LG is described as a failed rift system that formed during the Carboniferous to Cretaceous
(Harrowfield et al., 2005; Lisker et al., 2003; Powell et al., 1988) that holds the Lambert
Glacier (Reading, 2006). The presence of the glacier also caused strong localized erosion
(> 2km) since the Oligocene (Thomson et al., 2013). The low values of T, might be also
explained by possible passing of a Cenozoic mantle plume below the LG and GSM (Sleep,
2006) causing the LG valley incision. Both explanations would be consistent with our ob-
servations, yet a distinction between them cannot be given by our results at this time, but
would require further study. The anomalously low values of T, in the LG correlate well with
high ice velocities within the area (Rignot et al., 2011) that might assume interconnection
between the T,, heat flow, and ice dynamics. The results obtained for the Gamburtsev
Subglacial Mountains (GSM) are controversial. According to the coherence analysis, T, is
reduced to 25-30 km compared to the DML and ASB (Fig. 4.9). As already mentioned, this
result seems to be reliable because the normalized squared imaginary part (NSIP) of the
free air coherency is close to zero in the whole wavelength interval used for determination
of T, for GSM with the coherence method (A < 1500 km, Fig. 4.5). Consequently, the Free-
air coherence in the GSM is among the highest observed in the continent because the ice

shield prevented significant erosion during the last 30 Ma, as already reported by Paxman
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et al. (2016). Furthermore, the decrease in coherence fitted for 7, = 26km (Fig. 4.5) is
the drop with the maximum wavelength, therefore, this is the highest possible value of T¢.
This result is close to the result of Paxman et al. (2016), who calculated free air admittance
and Bouguer coherence suggesting very low 7T, of 0-1km and 5-14 km, respectively. We also
observe a relative minimum of vg in this area at a depth of 100 km as demonstrated by the
model of Schaeffer and Lebedev (2013) (Fig. 4.9b), hinting at possibly anomalous litho-
sphere in the larger GSM area. Sleep (2006) suggested a presence of a plume head beneath
the GSM and Vostok highlands, which reheated and weakened the lithosphere in this region
and caused an uplift of the GSM explaining our observations of reduced T,. Recently, a
bifurcation of the rift bounding the GSM that would weaken the lithosphere and thus lower
T., was also suggested by Phillips and Léufer (2009).

On the other hand, the admittance analysis gives relatively high values of T, (~70km) for
the GSM, although the model admittance fits the observations at the long wavelengths only
(A > 700 km, Fig. 4.8). This agrees with the result of Ferraccioli et al. (2011), who obtained
approximately the same value based on the shape of the Moho, which is determined from
the gravity data. It should be noted that this result, as well as our admittance analysis,
could be seriously biased by the density heterogeneity of the crust and upper mantle, which
is not taken into account in both studies. Actually, for measuring of elastic deformations one
should determine horizontal gradients of the Moho, which are not well-constrained, even by
seismic studies. Yet, we cannot completely reject the admittance model, although we give
some preference to the result based on the coherence analysis determining reduced T, for
the GSM. To further clarify the thermo-mechanical state of the GSM lithosphere, a closer

study of the region possibly with other, independent methods is necessary.

4.7. Conclusions

We used bedrock topography, ice thickness and a combination of new satellite and high
resolution terrestrial gravity data to determine variations of the effective elastic thickness
over the Antarctic continent. Both admittance and coherence were derived using mod-
ern cross-spectral analysis methods based on the fan wavelet technique. Analysis of the
wavelength-dependent admittance and coherence results and other parameters for several
principal locations has shown that the coherence based values are more reliable for the
problem at hand and thus form the basis for interpretations in this study.

Generally, Antarctica’s division into two distinct tectonic provinces is also seen in the litho-

spheric rigidity. While T, is mostly high in the cratonic area of East Antarctica, West
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Antarctica is characterized by much lower values. The Transantarctic Mountains separate
these domains, but if they form part of EANT or WANT remains somewhat enigmatic. We
determined low T, with values around 10 km for the entire mountain chain similar to what
can be found in the entire western Antarctic domain. We thus suggest that the TAM are
part of WANT.

Apart from the general distinction between EANT and WANT, we were also able to resolve
smaller scale fragmentation within these blocks. Especially East Antarctica is not homo-
geneous in lithospheric strength as previously thought, but shows strong variations of T,
for different provinces. The highest effective elastic thickness can be found in the Aurora
Subglacial Basin with surroundings (T, ~ 90 km). Slightly lower values of T, ~ 70 — 80 km
can be found in Dronning Maud Land. We interpreted this as a sign for very old, cold
and strong lithosphere, which is also supported by tectonic and geological reconstructions
(Boger, 2011). The weakest lithosphere (7, ~ 15km) within EANT appears in the Lambert
Graben (LG). Such an anomalously low value, compared to the mean for EANT, might be
explained by a combination of several factors such as primary tectonic weakness inherited
from the Permian-Triassic active rifting phase of the LG (Harrowfield et al., 2005), strong
localized erosion (> 2km) along the LG since the Oligocene (Thomson et al., 2013), and
possible influence of a Cenozoic mantle plume (Sleep, 2006).

According to the coherence based results, the weak zone extends from the LG towards the
Gamburtsev Subglacial Mountains. The effective elastic thickness of the GSM has been
the subject of discussion (e.g. Ferraccioli et al., 2011; Paxman et al., 2016). The results
based on the coherence analysis indicate that the effective elastic thickness is reduced to
T, ~ 26 km and support the assumption of low lithospheric strength within the GSM area.
Anticipated heating by a mantle plume might be the cause of the lithospheric weakening
(Sleep, 2006). On the other hand, the admittance results for the GSM give T, ~ 70km,
which is not remarkably different from the ASB and DML. We suppose that the admit-
tance results might be substantially biased by density variations within the lithosphere and
therefore give some preference to the coherence analysis, which evidences for the reduced
effective elastic thickness of the lithosphere.

The West Antarctic lithosphere is characterized generally by very low values of T, (5-20 km),
which agrees with the tectonic history of WANT. Since the Late Cretaceous the entire area
of WANT has been affected by complex tectonic processes associated with late fragmenta-
tion of Gondwana, the WARS formation and accompanying magmatism. Local variations
of T, (e.g. such as a relative maximum in the Ross Ice Shelf) likely correspond to ancient

and more strong terrains initially forming WANT (e.g. Mukasa and Dalziel, 2000).
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4.7. Conclusions

Therefore, our T, models present new insight into the lithospheric structure of Antarctica,
because it shows lateral heterogeneity of the lithosphere that has not been provided pre-
viously by other (chiefly seismic tomography) methods. Instead of a comparably uniform
strong cratonic lithosphere in EANT, our study reveals lithospheric fragmentation with both
methods employed here. However, the exact extend and origin of this low T, region within
EANT remains somewhat unclear and would require further studying based on independent

geophysical methods like for example thermo-mechanical modeling of the lithosphere.
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Context

In order to comprehend the link between lithosphere and near-surface dynamics, a thorough
understanding of the solid Earth is vital. The variation of the effective elastic thickness that
was estimated in the previous chapter (chapter 4) allows to infer information on the thermo-
mechanical state of the lithosphere. For Greenland, Petrunin et al. (2013b) have shown that
the lithospheric heat flow is a crucial factor for dynamical ice shield modeling. Yet, quan-
tification of temperatures and distinction from other factors influencing the effective elastic
thickness is necessary to estimate the sub-glacial surface heat flux. A better image of the
thermal state of the lithosphere can be obtained by employing seismic tomography (chap-
ter 5). Seismic velocities depend to a large extent on temperature, therefore they can be
used to estimate temperature variations (Tesauro et al., 2014) and thermal density varia-
tion through mineral physics equations (Stixrude and Lithgow-Bertelloni, 2005). Through
the iterative combination of the temperature modeling with a joint inversion of gravity and
residual topography, it is possible to determine the density distributions within the litho-
sphere. Additionally, this approach allows to determine whether density variations originate
from either thermal or compositional changes. A composition model in terms of the mag-
nesium number Mg # is also provided from the iterative scheme and used for temperature
estimate corrections.

In the first study (chapter 4), both coherence and admittance of the gravity field and the
residual topography were used to estimate T, variations over Antarctica. This approach
yielded comparable results for large scale structures. On smaller scales however, differences
become visible. Both models predict lithospheric fragmentation through weakening within
EANT. The position, however, is shifted between the two models. Depletion in heavy el-
ements such as iron is an indication for aged lithosphere, while lower Mg # can signal
rejuvenation of the crust and lithosphere. The latter can be accompanied by structural
weakening, creating a potential link between depletion and strength analysis. Hence, the
composition model as well as the temperature model obtained in the second study (chapter
5) will help to ascertain the validity of both T, models. With the same input gravity field,

chapters 4 and 5 share a common data source, but analyze it in distinctly different ways.
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4. Variations of the effective elastic thickness

Consequently, they represent two independent studies that complement and cross-validate
each other in better characterizing the Antarctic lithosphere in terms of flexural rigidity,

temperature, density and composition.
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using an integrative approach combining gravity, topography, tomography data with min-
eral physics constraints and seismic data on crustal structures. The latter is used to create a
new Moho and crustal density model. Temperature and thermal density variations are esti-
mated based on S-wave velocities from two independent tomography models (SL2013sv and
AN1-S). Results of the Antarctic continent show the well-known distinction between East
and West Antarctica in temperature and density to a depth of about 200 km. Incorporating
compositional variations in the temperature calculations increases temperatures in depleted
regions by up to 150°C, giving improved insights into thermal structures. The thickness of
the lithospheric root also varies strongly between these regions, with values below 100 km
in the west and above 200 km in the east. Regions with negative compositional density
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Abstract We create a 3-D density, temperature, and composition model of the Antarctic lithosphere
using an integrative approach combining gravity, topography, and tomography data with mineral physics
constraints and seismic data on crustal structures. The latter is used to create a new Moho and crustal density
model. Temperature and thermal density variations are estimated based on S wave velocities from two
independent tomography models (SL2013sv and AN1-S). Results of the Antarctic continent show the
well-known distinction between East and West Antarctica in temperature and density to a depth of about
200 km. Incorporating compositional variations in the temperature calculations increases temperatures in
depleted regions by up to 150 °C, giving improved insights into thermal structures. The thickness of the
lithospheric root also varies strongly between these regions, with values below 100 km in the west and above
200 km in the east. Regions with negative compositional density variations (<—0.040 g/cm? at 100 km), high
depletion (Mg # > 91.5), and low temperatures (<800 °C; central Dronning Maud Land, along the east flank
of the Transantarctic Mountains) are interpreted as Precambrian cratonic fragments. Nearly undepleted
lithosphere is found in the Lambert Graben and the Aurora Subglacial Basin and is attributed to Mesozoic
rifting activity that has caused lithospheric rejuvenation.

Plain Language Summary Antarctica remains one of the least studied areas on Earth, because
large ice masses and climate conditions strongly hinder measurements. It plays an important role in
global phenomena such as sea level change. In order to understand and predict these processes, we need
knowledge about the heat coming from the Earth's interior. It has been recently recognized that the thermal
state of the lithosphere, the rigid outer shell of the Earth, plays an important role in controlling dynamics of
the ice shield and, thus, global sea level changes. Therefore, we create a model of the lithosphere describing
the variation in temperature, density, and composition. Before, such models were created by using some
single data set (usually seismic tomography). We employ a new integrative approach, combining several data
sets to create a comprehensive 3-D model of the Antarctic lithosphere. Combination of various data sets
gives more robust models than when using a single approach. Our results of the Antarctic continent show
strong differences between East and West Antarctica in temperature and density to a depth of about 200 km.
Regions with negative compositional density variations and low temperatures are identified within East
Antarctica and are interpreted as being substantially older than the surrounding continent.

1. Introduction

Density, temperature, and compositional variations in the uppermost mantle are important factors in
determining the dynamics of the lithosphere. Therefore, in order to fully understand these dynamic
processes, it is crucial to determine the location, magnitude, and origin of their heterogeneities. Also, as
recently shown for Greenland, the heat flux from the lithosphere strongly affects ice dynamics (Petrunin,
Rogozhina, et al., 2013). Hence, lithospheric temperature and heat flux estimates are important when
modeling changes in the ice mass balance, glacial isostatic adjustment, and sea level changes caused by these
processes. For Antarctica, our region of interest, information about the composition and temperature fields
of the upper mantle is sparse. Geophysical in situ measurements are hindered by the logistical challenges
presented by the thick ice sheet. Several studies estimate surface heat flux of Antarctica, including Maule
et al. (2005) and Shapiro and Ritzwoller (2004) who used calculations of the thickness of the magnetic crust
(Curie depth) and global surface wave tomography data, respectively. Later, An et al. (2015a) used their
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tomography model and a similar mineral physics approach to estimate temperatures in the upper mantle, as
well as surface heat flux, but without considering compositional variations. The results of these studies are
very controversial. While Maule et al. (2005) predict comparably uniform heat flux throughout Antarctica
with local maxima along the shoulder of the West Antarctic Rift System, and in Victoria Land, An et al.
(2015a) and Shapiro and Ritzwoller (2004) find a clear distinction between East Antarctica (EANT) and
West Antarctica (WANT) and attribute low heat flux to the shoulder of the West Antarctic Rift System.
These studies differ strongly in the distribution of local variations and in amplitude, though, with Shapiro
and Ritzwoller (2004) predicting much lower values and homogeneous variations in EANT. Radiogenic heat
production is another important aspect to consider, when predicting heat flow. Yet high uncertainties are
still linked to the distribution of radiogenic elements in the Antarctic crust (e.g., Burton-Johnson et al.,
2017).

Even less is known about the compositional variations in the Antarctic upper mantle. Kuge and Fukao
(2005) examined S and P velocity variations using broadband seismograms recorded at several stations
within EANT and explained these with the presence of depleted continental lithosphere meaning high
concentrations of olivine and a high magnesium number (Mg # = 100 Mg/(Mg + Fe)). On small scales,
composition analysis has been conducted using xenolith data from rock exposure and glacier outlets (e.g.,
Goodge, 2018; Jacobs et al., 2015; Owada et al., 2013). Yet no continent-wide model of compositional varia-
tions exists to date for Antarctica.

Whereas existing thermal models of the Antarctic lithosphere have been calculated from a single type of
data, such as satellite magnetics (Maule et al., 2005) or seismic tomography (An et al., 2015b; Shapiro &
Ritzwoller, 2004), the joint analysis of several data sets can provide a more reliable model of temperature
and compositional variations in the lithosphere (e.g., Ebbing et al., 2016; Kaban et al., 2015; Mooney &
Kaban, 2010; Pappa et al., 2018). One effective method of analysis is the joint interpretation of seismic, grav-
ity, and topographic data. Seismic velocity and density depend on temperature variations and composition of
the upper mantle material but in fundamentally different ways (e.g., Cammarano et al., 2003; Stixrude &
Lithgow-Bertelloni, 2005; Tesauro et al., 2014). This makes it possible to constrain both compositional and
temperature variations within the lithosphere. Here we apply an integrative approach of Kaban et al.
(2014) and Tesauro et al. (2014) to jointly analyze seismic tomography and gravity data to obtain a 3-D com-
positional, density, and temperature model of the Antarctic upper mantle. Since the choice of the tomogra-
phy model may affect the calculated temperatures (e.g., Tesauro et al., 2014), we employ two independent
tomography models (An et al., 2015b; Schaeffer & Lebedev, 2013) and compare the results obtained.

2. Tectonic Setting of Antarctica

About 99% of Antarctica is covered by an ice sheet that reaches a thickness maximum of 4,500 m (Figure 1b).
Beneath the ice, the continent can be divided into EANT and WANT, two regions characterized by very dif-
ferent tectonics. While EANT is a stable Precambrian craton with a thick and relatively cold lithosphere, the
lithosphere in WANT is thinner and hotter (Danesi & Morelli, 2001). WANT consists of several crustal
microblocks that amalgamated in the Cenozoic and have undergone late-Cenozoic crustal extension
(Dalziel & Elliot, 1982).

On smaller scales, both regions can be divided into subglacial orogens, basins, and rifts with the exact struc-
ture being under constant study (e.g., Ferraccioli et al., 2016). Figure 1a shows the bedrock topography with
the names of the most relevant structures. The largest structure in EANT spans 0°-100°E and consists of a
subglacial plateau that is interrupted by the Lambert Graben, a Mesozoic failed rift system that holds
Antarctica's largest glacier, called Lambert Glacier (Harrowfield et al., 2005; Lisker et al., 2003; Powell
et al., 1988). The highest elevations can be found in the Gamburtsev Subglacial Mountains (2,400 m) and
Dronning Maud Land (2,500 m). The latter is a key region to understanding the amalgamation of
Gondwana, because of its central location in the supercontinent. In the west, the Archean Grunehogna cra-
ton is bordered by the Mesoproterozoic Maud Belt. Adjacent to this craton, the Tonian Oceanic Arc Super
Terrane represents juvenile Neoproterozoic remnants of the Mozambique Ocean (Jacobs et al., 2015). The
southern margins of this region have still an enigmatic origin, but Jacobs et al. (2017) argue that it is bounded
by a yet unidentified, possibly cratonic, tectonic feature. The most notable depressions within EANT are the
Wilkes and the Aurora Subglacial Basins that lie up to 1 km below sea level. Recently, Chen et al. (2017) have
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Figure 1. (a) Bedrock topography of Antarctica (Fretwell et al., 2013) and bathymetry of the surrounding ocean (Schaffer et al., 2014). Key tectonic units:
AP = Antarctic Peninsula, ASB = Aurora Subglacial Basin, DML = Dronning Maud Land, GSM = Gamburtsev Subglacial Mountains, LG = Lambert Glacier,
MBL = Marie Byrd Land, RIS = Ross Ice Shelf, TOAST = Tonian Oceanic Arc Super Terrane, VL = Victoria Land, WARS = West Antarctic Rift System,

WSB = Wilkes Subglacial Basin. (b) Ice thickness (Fretwell et al., 2013).

shown that also the lithosphere of the East Antarctic shield is not as uniform as previously thought but is
fragmented by the Lambert Graben.

Most of the West Antarctic lithospheric blocks are of Jurassic-Cretaceous age and moved independently
prior to their amalgamation with EANT in the Cenozoic (Veevers, 2007). WANT is mostly characterized
by sub-sea level bedrock topography with some areas of higher elevations like the Antarctic Peninsula or
Marie Byrd Land, a region of intraplate volcanism (Hole & LeMasurier, 1994). Bordering Marie Byrd
Land is the West Antarctic Rift System, a 750-1,000-km, largely aseismic rift system (O'Donnell &
Nyblade, 2014) that had two distinct phases of extension: a prolonged period of diffuse extension in the
Cretaceous and a period of extension focused in the Victoria Land Basin in the Paleogene (Huerta &
Harry, 2007).

With a length of 3,500 m, a width of 200 km, and elevations of up to 4,500 m, the Transantarctic Mountains
(TAM) are the largest noncontractional mountains in the world, meaning that the uplift was not caused by
subduction or contraction (Morelli & Danesi, 2004; ten Brink & Stern, 1992) and mark the border of EANT
and WANT. The tectonic process for their formation is debated and several uplift mechanisms have been
proposed, including thermal uplift (e.g. Behrendt, 1999), mechanical uplift caused by a broken plate edge
(e.g. ten Brink & Stern, 1992), or postrifting uplift (van Wijk et al., 2008).

3. Method
3.1. Modeling Concept

Since both composition and temperature variations can cause density variations, the distinction between
these mechanisms has been the subject of multiple studies, both on the global (e.g., Deschamps et al.,
2002; Simmons et al., 2009) and continental (e.g., Godey et al., 2004; Khan et al., 2013) scale. Many studies
calculate thermal and compositional variations from seismic data alone, making the distinction difficult. To
overcome this limitation, we apply a new technique developed by Kaban et al. (2014) that jointly inverts for
seismic tomography, residual topography, and gravity data to simultaneously estimate temperature and
composition in an iterative approach (Figure 2). We start by correcting the gravity field using available geo-
physical information, including topography, Moho depth, crustal densities, and deep density variations to
obtain the residual mantle gravity field. Further, we correct the topography using the same fields to obtain
the residual topography. Both fields are caused by subsurface density anomalies but respond to these
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Figure 2. Schematic workflow of the iterative technique applied in this study.

anomalies in a fundamentally different way, thus allowing the inversion for density variations and their
depths, more reliably than if only one observation was used. Using these density variations, new
compositional models can be calculated. The initial thermal model was calculated using the mineral
physics approach presented by Stixrude and Lithgow-Bertelloni (2005) assuming a uniform primitive
mantle composition in the first step and then using the newly calculated composition model in the
subsequent steps. Density variations related to the temperature variations are calculated and used to
correct the density field for the next iteration. This scheme continues until the density changes between
iterations are within 1% of the value and convergence is reached.

3.2. Thermal Modeling

To estimate temperature variations within the upper mantle, we calculate synthetic velocities taking into
account anharmonic and anelastic properties. We assume a peridotite consisting of four mineral phases with
an ideal solid solution of Mg and Fe end-member species with varying percentages: Olivine (Ol) with forster-
ite and fayalite, orthopyroxene (OPX) with enstatite and ferrosilite, clinopyroxene (CPX) with diopside and
hedenbergite, and garnet (Gt) with pyrope and almandine. For Gt, a third Ca species (grossular) is consid-
ered to comprise a constant proportion of 20%. The mantle composition is varied between two end-members
following Tesauro et al. (2014): A primitive mantle with Ol 58.5%, OPX 15%, CPX 11.5%, Gt 15%, and a mag-
nesium number Mg # (100 X Mg/(Mg + Fe)) of 89 and a depleted mantle with Ol 69.5%, OPX 21%, CPX 4%,
Gt 5.5%, and Mg # 94. For the initial thermal model, a uniform primitive mantle composition is assumed.

In order to estimate synthetic shear wave velocities, the shear modulus and density for every mineral phase
has to be calculated as a function of temperature and pressure using a mineral physics approach (Stixrude &
Lithgow-Bertelloni, 2005). The parameters used for these calculations for each end-member mineral phase
are taken from Cammarano et al. (2003) and Stixrude and Lithgow-Bertelloni (2005). For a given mantle
composition, the shear modulus and density of the individual phases are averaged, and the anharmonic S
wave velocity is calculated by
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Apart from the anharmonic effects, anelasticity also has to be estimated to determine synthetic velocities for
varying temperature and pressure conditions. The synthetic S wave velocity can be described as
(Cammarano et al., 2003)

v |1 @
Vsyn = Vg(anh) 2tan (ﬂ) )
2

where Qs is the S wave quality factor and a defines the frequency dependence of the attenuation. These fac-
tors describe anelasticity. The values for a as well as those necessary to calculate Qg are taken from model Q4
from Cammarano et al. (2003). In order to finally estimate temperature variations from the input tomogra-
phy models, we calculate synthetic velocity for distinct temperatures between 25 and 1,800 °C with a 5 °C
spacing and for pressures corresponding to the depths for which the seismic tomography velocities (Vimeas)
have been estimated. Thus, we determine T for which [Vgyn(T) — Vineaslis minimal in each grid cell.

3.3. Joint Inversion of the Residual Gravity Field and Topography Using an Initial Seismic
Tomography Model

The inversion procedure employs minimization of the residual mantle gravity anomalies and residual topo-
graphy constrained by the initial density model of the upper mantle based on seismic tomography. Both
fields are induced by density variations in the mantle, but their amplitudes have distinct dependencies on
depth and size of the density anomalies (Kaban et al., 2015). Therefore, inversion of both fields provides a
better resolution of the 3-D structure that would not be possible if a single physical parameter (the residual
gravity or residual topography) were interpreted. The objective function, which should be minimized, is
defined as the following (Kaban et al., 2015):

min {[|Ap—g,c||> + kl|Bo—tres|* + allo—pinil*}, ©)

where A and B are the integral operators converting densities to gravitational and topographic perturbations,
respectively, k = 27Gp is the factor normalizing topography with respect to gravity, and the third term repre-
sents a regularization condition, which requires that the final density variations should be close to the initial
model or shall be minimized if such a model is not available (pi,; = 0). This is an Occam-type inversion, and
the strength of stabilization of the solution is controlled by the damping factor c.

The inversion is done in the spherical harmonic domain, where it can be made separately for each
degree/order set of the coefficients, which significantly reduces computational problems. In this way, it is
also possible to take into account dynamic effects in the viscous mantle with the use of a “kernel” technique
(e.g., Forte & Peltier, 1991). This approach requires a global distribution of all parameters; therefore, the
models of Antarctica have been embedded in the global ones as described below. The impact of mantle den-
sity variations is estimated by taking into account dynamic effects, for which purposes we use a predefined
radial viscosity distribution, which is based on mineral physics constraints and geodynamic models
(Steinberger & Calderwood, 2006). Viscosity variations in the upper mantle can be significant, especially
between EANT and WANT. The potential effect of plausible viscosity changes on the inversion results has
been tested (e.g., Kaban et al., 2015, supporting information), and it has been demonstrated that it is rela-
tively insignificant since topography kernels for long wavelengths are close to 1 in the uppermost mantle.
Additionally, this effect has been evaluated with the code ProSpher (Petrunin, Kaban, et al., 2013), which
can cope with high lateral viscosity variations.

Density variations are determined for seven layers starting from the depth of 15 km and down to 300 km
(from 50 to 300 km with a step of 50 km). The density best represents the middle point of each layer. The
bottom of the model should be below the deepest lithospheric keels (<240 km, e.g., Kuge & Fukao, 2005),
which are the main target of the present study. The uppermost layer with the central depth of 15 km is
included to account for two possible uncertainties: (1) the crustal density and (2) the Moho depth in
WANT and offshore, where it is relatively shallow. As well, we assume that the inverted densities for the
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50-km layer can be partially related to Moho uncertainties in EANT. A joint inversion of the residual topo-
graphy and gravity provides the ability to locate depth of density anomalies; therefore, starting from the
depth of 100 km, the calculated density variations are insignificantly influenced by the crustal uncertainties
(Kaban et al., 2015). The relative damping factor o has been chosen based on numerical tests and corre-
sponds to the point in which the calculated density perturbations start to increase rapidly while decreasing
a. The results show only a small effect when the damping factor is changed by a factor of 2 in either direction
from this point (Kaban et al., 2015).

Numerical tests showed that the method successively reproduces density variations. This method works
even when density anomalies are not present in the initial model, as demonstrated by numerical tests
(Kaban et al., 2015) and in the study of Asia and Western Pacific for the subduction zone beneath the
Ryukyu and Marianna arcs, which is not resolved by the initial tomography model (Kaban et al., 2016b).
However, in this case the amplitude of density variations might be reduced by up to 30-40% due to damping.
Additional details and numerical tests that prove reliability of the inversion method can be found in Kaban
et al. (2015).

3.4. Update of the Compositional Model

In the previous step, the inversion of residual gravity and residual topography yields density variations
caused by compositional variations. In cratonic EANT, we assume that these variations are caused by deple-
tion in heavy elements (iron), hence increasing the magnesium number Mg #. For quantification, we follow
Tesauro et al., 2014, and calculate the density change that compensates a 0.1 increase in Mg #
Ap = —0.0016 g/cm®. Using this factor, we calculate the new Mg # in every grid point. In order to determine
the new mineral fractions, we assume a linear variation between the two end-member compositions defined
in section 3.2 in both mineral fractions and magnesium number Mg # of the bulk rock and pick the mineral
fractions associated with the new Mg #. The minimal change in depletion is defined as a 0.1 increase in Mg #.
Smaller density decreases, or positive values, are not compensated, and thus, the initial primitive composi-
tion assumed remains unchanged.

4. Initial Data
4.1. Tomography Models

The seismic velocity structure of Antarctica has been imaged using surface wave tomography at both global
(SL2013sv; Schaeffer & Lebedev, 2013) and regional (AN1-S; An et al., 2015b) scales. For the SL2013sv data
set, a total of three-fourth million broadband seismograms at a period range of 11-450 s were analyzed to
create a global triangular grid with roughly 280-km horizontal spacing for 14 layers of depths between 56
and 720 km. Several resolution tests were conducted, and for Antarctica, columnar perturbations of
+300 m/s with a width of 6.6° were well resolved at 80-km depth. At 260-km depth, these features could still
be resolved but showed some smearing. Beneath Antarctica, the model mainly shows the division of the con-
tinent into the two regions, EANT and WANT, but also shows some local reduction of S wave velocity, such
as that observed around the Gamburtsev Subglacial Mountains (Figure 3b), and maximum velocities along
the eastern flank of the TAM and in central Dronning Maud Land. The general division is also clearly visible
in the AN1-S model (Figure 3a), but small scale variations as well as amplitudes vary notably in comparison.
At 100-km depth, amplitudes for the SL2013sv model vary between vy = 4.73 km/s in EANT and
Vs = 4.15 km/s in WANT. While the maximum value in EANT, located at the Lambert Graben, is similar
for the AN1-S model (vs = 4.78 km/s), velocities in WANT are much lower and reach anomalous minimal
values of v¢ = 3.94 km/s. For this model, which only covers Antarctica, a total of 10,000 Rayleigh wave
fundamental-mode dispersion curves registered at 122 broadband seismic stations were used to create a grid
with horizontal spacing of 120 km and 51 depth layers. The thickness of these layers varies from 2.5 km
down to a depth of 20 km and a thickness of 25 km between 250 km and the maximum depth of 325 km.
The horizontal resolution length varies with direction and depth between 150 km in 50-km depth and
500 km in 200-km depth for continental Antarctica. In this study, both tomography models are converted
to temperature, allowing a better distinction between valid structures and artifacts caused by the
inversion process.
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Figure 3. Horizontal cross sections through the seismic velocity models of (a) AN1-S (An et al., 2015b) and (b) SL2013sv (Schaeffer & Lebedev, 2013) at a depth of

100 km.

4.2. Model of the Crust

The lateral density variations in the Earth's crust induce very strong gravity variations that may mask upper
mantle effects. Therefore, it is crucial to remove this crustal effect from the observed gravity field. The Moho
discontinuity is an interface with one of the strongest density contrast within the lithosphere (Rabbel et al.,
2013). Hence, accurate knowledge of the depth of this discontinuity is most important when modeling grav-
ity fields. Existing Moho maps in Antarctica either contain large gaps in coverage (e.g., AN1 Moho; An et al.,
2015b; Baranov & Morelli, 2013), are not well constrained seismically, or exhibit nonnegligible deviations
from seismic measurements of Moho depths (e.g., AN1 Crust; An et al., 2015b; Laske & Masters, 2013).
Therefore, we combine existing models to create a new and improved map of Moho depths for the
Antarctic continent.

We built this new map using a compilation of all existing Moho depths from receiver function, reflection,
and refraction measurements (AN1 Moho, An et al., 2015b; Janik et al., 2014; Lamarque et al., 2015; circles
in Figure 4a). Interpolation is carried out within a 150-km radius around these data points applying a
remove-compute-restore technique suggested by Stolk et al. (2013). Large gaps remain especially in EANT
in Dronning Maud Land and between 90° and 150°E. These gaps are filled in with the AN1-Crust model
from seismic surface wave tomography (An et al., 2015b). The resulting final Moho map (Figure 4a) shows
the distinction between EANT and WANT with a minimum in the West Antarctic Rift System, while the
Transantarctic Mountains are characterized by shallow to intermediate Moho. The deepest Moho can be
found around the Gamburtsev Subglacial Mountains and in northern Dronning Maud Land.

In order to determine the mantle gravity field, the effect of the crust has to be removed from the observed
gravity field. To date, no density model of the crystalline crust exists for Antarctica on a continental scale.
Therefore, we create a new, first-order model of lateral density variation within the crust. We start by calcu-
lating the depth-average crustal S wave velocity using the AN1-S (An et al., 2015b) model from the bedrock
topography down to the Moho depth as determined in the previous step. Subsequently, we compile v,/vg
ratios measured over Antarctica (Bayer et al., 2009; Finotello et al., 2011; Kanao & Shibutani, 2012;
Kumar et al., 2014; Miyamachi et al., 2003) and calculate an average value of <vp /vg>av = 1.77 for the
Antarctic continent to convert from average crustal v to v,,. In the final step, we employ the nonlinear con-
version method by Christensen and Mooney (1995) to obtain crustal density from the lateral P wave velocity
variation. Density perturbations were computed relative to a 1-D reference model, which is the same as that
employed in previous studies for North America, Eurasia, and Middle East (Kaban et al., 2014, 2016a,
2016b). The results are shown in Figure 4b.
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Figure 4. (a) Map of the Moho depth with superimposed determinations from refraction, reflection, and receiver function data (circles) (An et al., 2015b; Janik
et al., 2014; Lamarque et al., 2015). (b) Average density perturbations of the crystalline crust.

It should be noted that the constructed crustal model is just a first approximation and is used as a starting
point to reduce the ambiguity of the inverse problem. As described above, the inversion scheme includes
the option to correct for its uncertainties.

4.3. Gravity Model

The initial gravity data set is a combination of the Eigen-6¢4 (Forste et al., 2014) and the AntGG (Scheinert
et al., 2016) model (Figure 5a). The former combines terrestrial and satellite data from GRACE, GOCE, and
LAGEOS with a maximum resolution of 2,190 spherical harmonics degree and order. The actual resolution
varies regionally and depends chiefly on the incorporated terrestrial data, thus limiting it to around 200 km
in Antarctica for this model. The latter is a compilation of ground-based, shipborne, and airborne gravity
anomaly measurements and includes 13 million data points, covering 73% of the Antarctic continent at
10 km resolution. It adds new and improved short wavelength structures to the Eigen-6c4 data set but is
biased on longer wavelengths because of large gaps especially over EANT. Therefore, for our initial free
air gravity model, the Eigen-6c4 data are used for wavelengths of 4 > 250 km and the AntGG data for
A <150 km with a gradual transition for 150 km < 4 < 250 km. As it was mentioned above, maximal hori-
zontal resolution of the employed crustal model is about 110-150 km; therefore, the ground observations
only marginally improve the satellite based model.

In order to obtain the residual mantle gravity field, we subsequently removed the effects of topography,
water and ice columns, density variations in the crust, and Moho variations (Figure 5b). The anomalous
effect of these layers was computed relative to the same 1-D reference model as used in section 4.2. This
makes it possible to directly compare the results obtained for different continents. The reference model con-
sists of two layers (0-15 km with the density of 2.7 g/cm® and 15-40 km of 2.94 g/cm®), underlain by the
upper mantle with the density of 3.35 g/m>. Although this model is continental, it is isostatically balanced
with the normal oceanic lithosphere of 180 Ma age (Kaban & Schwintzer, 2001). Therefore, the total gravity
effect of all crustal layers down to the Moho will be the same when employing both reference models (ocea-
nic and continental), as demonstrated by a smooth transition from the continental to the oceanic part
(Figure 5b). Basically, plausible changes of the 1-D reference model only lead to a constant shift of the com-
puted residual anomalies (Mooney & Kaban, 2010), which is not considered in this study.

The effect of each layer has been computed using a 3-D scheme on a spherical Earth as a sum of all tesseroids
limited by geographical coordinates (in this case 1° X 1°) and upper/lower boundaries of the layer. A detailed
description of this technique can be found in Kaban et al. (2016a). It has been demonstrated before (e.g.,
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Figure 5. (a) Free air gravity anomalies and (b) Bouguer gravity anomalies. (c) Residual mantle gravity anomalies obtained after removal of the crustal gravity
effects and the effect of deep density heterogeneities (below 325 km) from the observed data. (d) Residual topography calculated for a reference density of
2.67 g/cm3. Zero level corresponds to the reference density model.

Kaban et al., 2004) that the effect of distant zones may produce very significant trends over continental-wide
structures. Therefore, when calculating the effects of each crustal layer, we consider its variations for the
whole Earth. Also, the inversion scheme based on spherical harmonic decomposition requires global
coverage for all parameters. For these purposes, the crustal model of Antarctica has been embedded into a
global one in the same way as it was previously done for North America (Kaban et al., 2014) and for Asia
(Kaban et al., 2016b). For these purposes, we used the Crust1.0 model (Laske & Masters, 2013), which was
improved in several regions (chiefly Eurasia, Australia, and North America) based on recent studies.
Although the global model is not well defined in many regions, this is not important for remote areas since
they produce only regional trends in limited areas comparable to Antarctica (Kaban et al., 2004).

Information on surface elevation, bedrock topography, and ice thickness are provided by Bedmap2 (Fretwell
et al., 2013), bathymetry south of 60°S by RTopo-2 (Schaffer et al., 2014). We calculate the gravity effect of
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each load according to Kaban et al. (2016a). The densities used in these calculations are p,, = 1.03 g/cm3 for
the water column and p, = 2.67 g/cm® as the reference density for the upper crust. For the ice column, we
chose a constant average density of p; = 0.92 g/cm?® according to Chen et al. (2017). Subsequently, we sub-
tract the gravity effect caused by lateral variations in Moho depth, which causes the most significant changes
and the gravity effect caused by the density variations within the crust as observed in our crustal model. The
corrections for the residual topography are calculated analogously. In addition, we remove the effect of deep
mantle density heterogeneities below 325 km based on global dynamic models (Kaban et al., 2015). The
effect of the glacial-isostatic adjustment can also affect the residual gravity anomaly. To remove it, we
employed a long-wavelength part of the isostatic anomalies calculated by Kaban et al. (2004). In
Antarctica these anomalies clearly show a minimum associated with the noncompensated depression after
partial deglaciation. The residual gravity field and residual topography are shown in Figures 5c¢ and 5d.
These anomalies are negatively correlated since the original density anomalies oppositely affect the residual
gravity and residual topography. For example, any positive density anomaly produces an increase of the
gravity field while the effect on the residual topography is negative since it sinks the whole lithospheric
column downward.

Mooney and Kaban (2010) discuss in detail the potential errors of the residual mantle gravity anomalies and
residual topography. They concluded that in areas well covered by seismic determinations the total uncer-
tainty combining all factors is about 40 mGal for the gravity field and 0.35 km for the residual topography.
In areas with poor seismic coverage, these uncertainties increase to about 75 mGal and 0.65 km, correspond-
ingly (Mooney & Kaban, 2010). However, these estimates cannot be directly used for Antarctica. First of all,
we do not have a reliable model of the thickness and density of the subglacial sediments, which effect may
amount to —100 mGal or even more. Second, uncertainties of the receiver function and tomography results,
which are largely used in the crustal model of Antarctica, are not defined and likely exceed the uncertainties
of models derived from seismic refraction and reflection profiles, data that form the basis for crustal models
in other continents. Therefore, we consider the initial crustal model as an approximation, and this model
will be improved in the inversion of the residual fields.

Generally, the amplitudes of the residual mantle gravity anomalies are not significant over Antarctica com-
pared to other continents such as North America (Kaban et al., 2014) and Eurasia (Kaban et al., 2016b) and
are dominated by medium to low negative anomalies (—100 to —170 mGal). Only limited areas in WANT
show stronger anomalies than in north Victoria Land (<—300mGal). In EANT, negative gravity features
have lower amplitudes (up to —170mGal) and are limited to the area between 30°E and 120°E and to north-
ern Dronning Maud Land. This demonstrates that generally composition and temperature induced density
variations are well balanced considering their integral effect through the depth. In contrast, southern
Dronning Maud Land is characterized by very high gravity variations (up to 190 mGal), as well as the adja-
cent Filchner-Ronne Ice-shelf (up to 250 mGal). The last region of high gravity variation with values reach-
ing 130 mGal is located in the Wilkes Subglacial Basin. The ring of high gravity values around the shores of
EANT is likely related to the transition from continental to oceanic lithosphere. It can also be related to
insufficient resolution of the crustal model; in particular, a sharp decrease of the Moho depth and an
increase of the crustal density off the border of Antarctica would reduce these positive anomalies.

5. Results
5.1. Temperature

The initial temperature distribution closely reflects the input velocity models. We calculate temperatures for
depth slices between 50 and 300 km to obtain two independent thermal models with a spacing of 50 km.
Representative depth slices for 100, 150, and 200 km are shown in Figure 6. In the first iteration based on
a uniform primitive composition, both the SL2013 (Figures 6a-6¢) and the AN1-S (Figures 6g and 6h) mod-
els show a clear distinction between EANT and WANT with temperatures generally over 1,100 °C in WANT
at a depth of 100 km for SL2013 and over 1200 °C for AN1-S with maximum values of approximately 1,330
and 1,400 °C, respectively. Both models attribute significantly lower temperatures to EANT yet show strong
differences in small scale structures and amplitudes. During the iterative process, compositional variations
are determined within EANT, and their influence on the temperature model is calculated. Convergence is
reached in the third iteration, and the resulting temperature distributions are shown in Figures 6d-6f for
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Figure 6. Temperature variations estimated for 100 (first column), 150 (second column), and 200 km (third column). Panels (a)-(f) are estimated on the basis of the
SL2013 model, with panels (a)-(c) representing results from the first iteration and (d)-(f) representing the third and final iteration. Panels (g)—(1) are based on the

AN1-S model in the first (panels (g)-(i)) and final (panels (j)-(1)) iteration.
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the SL2013 and Figures 6j-6l for the An1-S model. For both models, adding compositional variations does
not change the size and distribution of anomalies but elevates temperatures in depleted areas by up to
150 °C. From here on out, we will only examine the models calculated in the final iteration.

In the temperature model derived from SL2013, the majority of EANT is characterized by temperatures
below 900 °C for depths of 100 and 150 km. The coldest zones can be found around the South Pole with
values below 610 °C, in central Dronning Maud Land (780 °C), and along the eastern flank of the
Transantarctic Mountains (690 °C) for the same depths. The TAM themselves are characterized by a transi-
tion from very high temperatures (around 1,300 °C at 100 km) in the west to those aforementioned low tem-
peratures in the east in all depth layers under investigation. A local maximum of 1,050 °C is present around
the Gamburtsev Subglacial Mountains. At depths of 200 km and below, the temperatures are generally
higher and the anomalies smoother, but the general division of the continent is still present and the litho-
spheric root extends to a depth of roughly 250 km in EANT.

In comparison, the model based on AN1-S is generally characterized by lower temperatures with most of
EANT not exceeding 800 °C at 100-km depth. Anomalously low temperatures (<300 °C) are located in the
Wilkes Subglacial Basin and inland and offshore Enderby Land. The Aurora Subglacial Basin exhibits tem-
peratures below 500 °C. Like in the SL2013 model, we find local minima just east of the South Pole and in
Dronning Maud Land, but those anomalies are shifted in comparison and show more fragmentation. At
150- and 200-km depth, the cold structures are shifted more and more toward central Antarctica with the
strongest anomalies in the Aurora Subglacial Basin around the South Pole with anomalous values below
600 °C at 200 km. Additionally, temperatures in the western Transantarctic Mountains even decrease with
increasing depth (1,200 °C at 100 km and 940 °C at 200 km), which is probably caused by a strong local
increase in velocity in the tomography model that cannot be explained by pressure increase due to
depth alone.

When estimating uncertainties in the conversion of seismic velocities to temperatures, several factors have to
be taken into account that might vary on a regional scale (Kaban et al., 2014). The choice of the composi-
tional model can cause errors in temperature as high as 200 °C in the presence of high depletion (Lee,
2003). An error in S wave velocity of 0.05 km/s in the input model will cause temperature variations of up
to 150 °C in cold cratons (Tesauro et al., 2012). In hot areas, the effect of this uncertainty is diminished, while
the effects due to the uncertainties in anelasticity increase. The uncertainties of the elastic parameters are
dominated by those of the temperature derivatives, translating into errors in temperature of 70 °C above
300 km (Tesauro et al., 2010). At temperatures over 900 °C, the uncertainty in the attenuation model can also
cause errors of about 100 °C in the final model (Jackson et al., 2002). Conversely, our analysis clearly demon-
strated that a choice of the tomography model is much more critical for estimation of mantle temperatures
than the uncertainty due to the conversion from seismic velocities to temperatures.

5.2. Density

We jointly invert the residual gravity field and the residual topography to obtain the 3-D density distribution
of the Antarctic upper mantle. Gravity field variations are more sensitive to changes in composition and
depletion while seismic velocities exhibit stronger dependencies to temperature. Iteratively combining these
results with the seismic tomography with the gravity based estimates allows to distinguish between
temperature-induced versus composition-induced density changes. The abovementioned inversion has been
conducted for seven depth layers: in addition to the six depth slices already discussed for temperature varia-
tions, the uppermost layer centered at 15 km contains errors within the assumed crustal model. The layer
centered at 50 km also includes potential corrections of the initial Moho model. Same as for temperature var-
iations, representative horizontal slices at depths of 100, 150, and 200 km are shown in Figure 7 for the
SL2013 model and in Figure 8 for the AN1-S model. For the former, two vertical cross sections are displayed
in Figure 9.

Figures 7a-7c and 8a-8c depict the density changes caused by temperature variation for the SL2013 and the
ANI1-S model, respectively. The thermal density variation resembles closely the temperature variations
obtained in the previous step with low temperatures causing high densities and vice versa. For 100 km,
the thermal density variation ranges from —0.034 to 0.029 g/cm® and from —0.038 to 0.085 g/cm? for the
SL2013 and AN1-S models, respectively. For the former, the maximum offset of extreme values decreases
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Figure 7. Density variations estimated for 100 (first column), 150 (second column), and 200 km (third column) based on the SL2013 tomography model. Panels
(a)-(c) show thermal, (d)-(f) compositional, and (g)-(i) total density variations as obtained in the final iteration.

monotonously with increasing depth to —0.016 to 0.025 g/cm? in 200 km, while the latter exhibits minimal
values for 150 km (—0.031-0.044 g/cm®) and a subsequent increase to —0.035 to 0.061 g/cm? in 200 km.

Just like the temperature and thermal density variations, composition-induced density variations
(Figures 7d-7f and Figures 8d-8f ) show a clear division between EANT with lower and WANT with higher
densities. The values lie relatively constant for different depths and models between —0.048 + 0.005 and
0.025 + 0.002 g/cm?, but local structures of anomalies differ between the two models. If corrections derived
from SL2013 are used in the inversion process, the lowest densities are found in Dronning Maud Land and
along the eastern flank of the Transantarctic Mountains. With corrections from AN1-S, the minimum in
Dronning Maud Land still exists but is significantly weaker in comparison and further weakens with depth.
The minimum along the flanks of the TAM is shifted further toward central EANT with the lowest values in
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Figure 8. Density variations estimated for 100 (first column), 150 (second column), and 200 km (third column) based on the AN1-S tomography model. Panels
(a)-(c) show thermal, (d)-(f) compositional, and (g)-(i) total density variations as obtained in the final iteration.

the Aurora Subglacial Basin. Variations on smaller scales are likely artifacts caused by the conversion into
spherical harmonics during the inversion process and are dependent on the maximum degree and order
used in the process. To limit the occurrence of artifacts but still retain a reasonable resolution, a
maximum value of 120 degree and order was chosen.

Adding up both fields yields the total density variation within Antarctica (Figures 7g-7i and Figures 8g-8i).
In the first model, the density distribution in 100-km depth spanning between —0.034 and 0.029 g/cm®
resemble closely that of the residual gravity and the residual topography, indicating that density variations
located in the uppermost mantle control these fields to a large extent. The distinction between EANT and
WANT is reflected in the total density variations, as well, but is fading when density contrasts decrease at
200 km (—0.016-0.025 g/cm®) and beyond. Over the majority of Antarctica, thermal density variations
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Figure 9. Bedrock topography (top) with location of two cross sections through the density variations calculated based on the SL2013sv model. First row = surface
(blue) and bedrock (brown) topography, second row = thermal density variations, third row = compositional density variation, fourth row = total density
variations, WSB = Wilkes Subglacial Basin; DML = Dronning Maud Land; GSM = Gamburtsev Subglacial Mountains; FRIS = Filchner-Ronne Ice Shelf;

LG = Lambert Graben.

dominate in the total field, causing generally high density in EANT and low density in WANT. Only the
strong minima in compositional density in Dronning Maud Land and close to the Pole are clearly reflected
in the total field at a depth of 100 km. The model based on AN1-S is also strongly dominated by thermal den-
sity variations, especially at 100 (—0.037-0.067 g/cm®) and 200 km (—0.036-0.38 g/cm®) where anomalously
low temperatures and hence high thermal density variations are estimated. A clear distinction between
EANT and WANT is only visible at 100-km depth.

The cross sections (Figure 9) give a better idea about the depth extents of both thermal and compositional
density variations. Within EANT, high thermal density features (> 0.026 g/cm®) extend to depths between
200 and 250 km, while no such structures are visible for WANT, indicating significantly lower depth of
the lithospheric root (<100 km). The roots of the (low) compositional density structures in EANT reach even
deeper and are still visible below 250 km in Dronning Maud Land, central Antarctica, and in the Wilkes
Subglacial Basin.

5.3. Composition

During the iterative process, we calculate not only temperature and density variations but also changes in
composition in terms of Mg # for cratonic EANT. The resulting depletion variations for the above introduced
representative depth slices are shown in Figure 10 based on the SL2013 model (panels a-c) and on the AN1-S
model (panels d-f). The former exhibits strongest depletion in central Dronning Maud Land with up to Mg
# = 92 in 100-km depth with another local maximum around the South Pole (Mg # = 91.3). Another highly
depleted area can be found along the eastern flank of the Transantarctic Mountains with Mg # = 91.6 at
200 km. The Lambert Graben and Gamburtsev Subglacial Mountains as well as the Aurora Subglacial
Basin on the other hand exhibit low to no depletion and preserve almost primitive mantle composition.
These structures become increasingly clear with increasing depth. The model based on AN1-S shows similar
yet weaker structures in Dronning Maud Land and around the South Pole. Maximum depletion can be found
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Figure 10. Depletion variations in terms of Mg # (100 x Mg/(Mg + Fe)) estimated for 100 (first column), 150 (second column), and 200 km (third column) based on
the SL2013 tomography model (panels (a)-(c)) and on AN1-S model (panels (d)—(f)) as obtained in the final iteration.

in the central Aurora Subglacial Basin (Mg # = 91.9), though. In the vicinity of the Lambert Graben, an
almost undepleted area is present but seems to be less distinct and shifted further toward Enderby Land
in comparison with the SL2013 model. In contrast to the SL2013sv model, no such minimum exists
around the Aurora Subglacial Basin.

6. Discussion

The joint inversion of gravity and tomography data allows us to get new insight into the lithospheric struc-
tures of Antarctica. The choice of the seismic tomography model used in the inversion strongly affects the
results obtained in the iterative scheme. Both tomographic models used in this study stem from surface wave
tomography but yield quite different amplitudes and local structures, likely caused by different data and
inversion techniques. Especially at 200 km and below, the AN1-S model exhibits very high velocities in
EANT, translating into temperatures that are far below the temperatures estimated for comparable cratonic
regions derived from xenolith data (e.g., Griffin et al., 2004; Hasterok & Chapman, 2011), and can explain the
differences with the model SL2013sv. In some regions like the western TAM, temperatures estimated using
the AN1-S model even decrease with increasing depth. Furthermore, it causes the total density variations to
be strongly dominated by thermal variations possibly masking compositional changes. Therefore, we con-
clude that the AN1-S model is not well suited for our study and the discussion will be focused on the analysis
of the results obtained using the SL2013sv model.

WANT is characterized by very low variations in compositional density (<+0.015 g/cm?), indicating that the
negative variations in residual gravity are chiefly induced by a hot upper mantle present in this region. In
EANT, however, the negative residual density anomalies can no longer be explained by thermal variations
alone. Here negative compositional density variations are necessary to explain the gravity observations, indi-
cating high depletion in iron. Positive compositional density variations without equivalent expression in
seismic velocity present in WANT can be explained by the presence of eclogite, which can cause an

HAEGER ET AL.

16

71



5. 3D density, thermal and compositional model

Geochemistry, Geophysics, Geosystems 10.1029/2018GC008033

increase of the density from 3.3 to up to 3.5 g/cm’ (e.g., Kurtz & Garland, 1976) while being seismically indis-
tinguishable from peridotite. This hypothesis has been suggested by Tesauro et al. (2014) to explain the posi-
tive anomalies in the off-cratonic areas and is supported by petrological studies that found eclogite
originated from the Ross orogeny in Northern Victoria Land (Godard & Palmeri, 2013, and Melchiorre
et al.,, 2011), corresponding very well with the local maximum in compositional density in our study.
Similar conditions can be argued for other continental sutures within WANT, yet no xenolith data exist in
these regions to date due to poor exposure. EANT and WANT also differ strongly in lithospheric thickness.
While WANT is characterized by lithospheric thickness well below 100 km, the thermal lithospheric root in
EANT reaches values of >200 km.

Within EANT, several regions are characterized by both low temperatures and strongly negative composi-
tional density variations, namely along the eastern flank of the Transantarctic Mountains with the strongest
anomalies in the Wilkes Subglacial Basin and close to the South Pole and in central Dronning Maud Land,
indicating the presence of Archean to Paleoproterozoic cratonic blocs. The Mawson craton located in Wilkes
Land (Boger, 2011; Leitchenkov et al., 2016) is of such Archean to Paleoproterozoic origin and coincides well
with the anomaly in the Wilkes Subglacial Basin. Based on xenolith data from the Miller Range, Boger (2011)
further suggests a continuation of the Mawson Craton into EANT with a distinct fragment of Archean to
Paleoproterozoic basement around the Nimrod Group, coinciding with the second abovementioned anom-
aly. Dronning Maud Land is a region of key importance when studying the formation and subsequent break-
up of Gondwana as it played a central role in this process. Recent studies (e.g., Jacobs et al., 2015, 2017;
Ruppel et al., 2018) found evidence that large parts of this region are characterized by juvenile early
Mesoproterozoic to Neoproterozoic terranes that form part of the Tonian Oceanic Arc Super Terrane.
These authors also suggest the presence of an unidentified terrane or craton. Since we find a structure with
low temperature, negative compositional density, and high depletion there, we argue that this unidentified
terrane is of Precambrian age. In these regions, compositional density variations also suggest a much deeper
lithospheric root of over 250 km.

The Lambert Graben is characterized by low compositional density variation (<+0.01 g/cm?), low to no
depletion in terms of Fe, and slightly elevated temperatures at shallow depth compared to its surroundings.
Hence, rejuvenation of the lithospheric mantle must have taken place during the rifting process in this failed
rift system. Two distinct phases of denudation have been suggested for the Lambert Graben (e.g., Lisker
et al., 2003), one in the late Paleozoic coincident with the onset of rifting and one in the Cretaceous, that
could account for such rejuvenation. The Aurora Subglacial Basin is characterized by similar conditions
in the models based on SL2013sv but contains the strongest differences to the models based on AN1-S, which
found negative compositional density anomalies and high depletion in its southernmost part. Boger (2011)
interprets this region to be of Mesoproterozoic age. Additionally, the region is characterized by several large
suture zones with the Indo-Australo-Antarctic Suture and the Aurora Fault being the largest and lying
directly within the region of low depletion. They both represent tectonic boundaries that played a major role
in the assembly and break-up of supercontinent Rodinia in Proterozoic times (Aitken et al., 2014, 2016).
Paleozoic to Mesozoic reactivation possibly linked to the rifting activity in the East Antarctic Rift System
(Aitken et al., 2014; Cianfarra & Maggi, 2017; Ferraccioli et al., 2011) may have caused further rejuvenation
of this terrane, hence, supporting the results obtained using the SL2013sv model.

7. Conclusion

We combine gravity and seismic tomography data in an iterative inversion scheme to create a 3-D model of
the Antarctic lithosphere that quantifies temperature, density, and compositional variations. The residual
gravity and topography models were estimated using a new model of lateral density variations within the
crust and an improved map of Moho depth variation, both created in this study. Temperature variations
were calculated using a regional (AN1-S) and a global (SL2013sv) tomography model. We conclude that
the choice of tomography model has a significant role when estimating lithospheric temperatures.
Anomalously low velocities in WANT as well as anomalously high velocities in cratonic EANT at 200 km
and below when using the AN1-S model leading to unrealistic temperature variations indicate a preference
to the results obtained using SL2013sv for interpretation. Incorporating compositional changes into the tem-
perature calculations raised the final temperatures by up to 150 °C.
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A clear distinction between EANT and WANT is visible in all parameters that have been investigated in this
study. In WANT, the lithospheric root is very shallow (<100 km), and density variations predominantly stem
from high upper mantle temperatures. Existing positive compositional density variations, for example, in
Northern Victoria Land, are argued to be caused by the presence of eclogite. In EANT, both thermal and
compositional density variations suggest a much deeper lithospheric root (>200 km). Furthermore, tempera-
ture variations alone are not sufficient to explain the residual gravity and topography variations and negative
compositional density variations caused by high depletion in iron are required.

Several key regions in EANT are characterized by negative, compositional-induced density variations, indi-
cating high depletion in iron and low temperatures. In Dronning Maud Land, recent studies (e.g., Jacobs
et al., 2015, 2017) infer that the rejuvenated Tonian Oceanic Arc Super Terrane was terminated against an
unidentified, possibly cratonic fragment that coincides well with one of the abovementioned regions
(T < 800 °C, p < —0.045 g/cm>, Mg # = 92), thus supporting their interpretation. The Mawson Craton in
the Wilkes Subglacial Basin is characterized by similar conditions (T < 650 °C, p < —0.041 g/cm®, Mg
# = 91.6) and could possibly be linked to a low temperature and high depletion zone (also likely of cratonic
origin) close to the South Pole (T < 550 °C, p < —0.04 g/cm®, Mg # = 91.6).

Undepleted lithosphere is located in the Lambert Graben and in the Aurora Subglacial Basin. The former is a
part of the East Antarctic Rift System (Ferraccioli et al., 2011), and its rejuvenation likely took place during
the rifting process that might be as recent as the Cretaceous (Lisker et al., 2003). The process of rifting could
be linked to the reactivation of the Indo-Australo-Antarctic Suture and the Aurora Fault, two major suture
zones within the Aurora Subglacial Basin, thus explaining the low depletion as being due to the rejuvenation
of the lithosphere in this region.
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Context

In the previous two studies, the characterization of the Antarctic lithosphere was primarily
based on gravitiy field analysis which yields highly non-unique solutions. Therefore, in order
to obtain reliable results, effect separation is crucial. A priori information is employed to
correct the total gravity field for known structures and loads. Aiming to retrieve information
from the upper mantle gravity field, influences of the deep mantle, the crust and surface
loads have to be deducted. For the crustal correction, sediment deposits are a crucial factor
to consider, as their low density can lead to errors in the residual gravity field if no sufficient
correction is applied. However, due to the thick ice cover impeding direct measurements,
accurate knowledge about sediment thickness and distribution are still sparse for Antarc-
tica, causing large uncertainties in the determinations made previously.

Sediment distribution is also essential when modeling ice dynamics. It affects the geother-
mal heat flux estimated from a lithospheric thermal model because of changes in thermal
conductivity compared to the crystalline crust and additional radiogenic heat production
(e.g. Della Vedova and Von Herzen, 1987). Such a model can be calculated from the results
of the second study (chapter 5). It also has direct implications on ice streaming. Geophys-
ical studies have shown, that the presence of subglacial sediments facilitates ice flow and
influences the onset of streaming (e.g., Smith et al., 2013).

Decompensative gravity anomalies can offer insight into upper crustal structures includ-
ing sediment distribution in case of local compensation (Zorin et al., 1985; Cordell et al.,
1991). The first study (chapter 4) however shows, that the effective elastic thickness varies
strongly over Antarctica indicating changes from local to regional compensation. Kaban
et al. (2016a) expanded the method to consider varying T, over the study region. There-
fore, the variations of T, obtained in this first study represent crucial input data for the
determination of upper crustal structures using decompensative gravity anomalies. The
Moho serves as the compensation level in calculating the isostatic gravity, which is the basis
for the decompensative anomaly calculation. Hence, we employ the Moho depth determina-
tions calculated in the second study (chapter 5) to improve the decompensative corrections.

Based on the results of the previous two studies, we estimate sediment deposits below the
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ice shield from decompensative gravity anomalies over the Antarctic continent in the third
study. These (qualitative) estimates will help to assess and reduce the uncertainties caused

by upper crustal structures and sediments in future studies.
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6 | Decompensative gravity anomalies
reveal the structure of the upper
crust of Antarctica

Chapter abstract

As Antarctica is almost entirely covered by thick ice shields impeding in-situ measurements,
information about upper crustal structures and sedimentary basins is still sparse and the
analysis of the gravity anomalies offers new insights. Isostatic gravity anomalies are often
used to investigate upper crust structures. However, compensating masses significantly
reduce the gravity effect of unknown sedimentary and upper crustal structures. To separate
these effects, we apply so-called decompensative corrections to the isostatic anomalies for the
Antarctic continent, which reach values of up to £70 mGal. The obtained decompensative
anomalies well correspond to the known sedimentary basins, such as in the areas of the
Filchner-Ronne Ice Shelf and Lambert Graben, and also suggest the existence of other large
sedimentary deposits both in West and East Antarctica, which are not or only sparsely
mapped by existing seismic surveys, e.g. in coastal Dronning Maud Land and Enderby Land.
A dipole-like structure exists at the Transantarctic Mountains and the Wilkes Subglacial
Basin, suggesting the presence of isostatic disturbances linked to the dynamic uplift of
the Transantarctic Mountains and thick sedimentary accumulations in the east. Extended
positive anomalies in East Antarctica are likely related to the old and dense cratonic crust as
well as to isostatic disturbances caused by the transition from local to regional compensation
around the Lambert Graben.

Published manuscript:

Haeger, C. and Kaban, M. K. (2019). Decompensative gravity anomalies reveal the struc-
ture of the upper crust of Antarctica. Pure and Applied Geophysics.
http://dx.doi.org/10.1007/s00024-019-02212-5
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6.1. Introduction

In recent years, big efforts have been made to unveil the structure of the Antarctic crust and
lithosphere using a variety of geophysical measurements. However, in-situ measurements
are strongly hindered by the ice shield covering 99% of the continent with thicknesses of up
to 4.5km (Fig. 6.1b). Hence, knowledge of upper crustal structures and sediment distribu-
tion is still limited, especially in central Antarctica. In particular, thickness and properties
of sediments also impact ice dynamics by influencing basal controls and likely facilitating
the onset of streaming flow (Smith et al., 2013). Therefore, several studies about sediment
distribution were conducted below ice streams (e.g. Bamber et al., 2006; Bell et al., 1998).
Significant amounts of sediments were also discovered below ice shelves with up to 8 km
in the Ross Ice Shelf (e.g. Trey et al., 1999; Wobbe et al., 2014) or up to 14km in the
Filchner-Ronne Ice Shelf (e.g. Hiibscher et al., 1996; Leitchenkov and Kudryavtzev, 1997),
in the Wilkes Subglacial Basin (up to 7km, Frederick et al., 2016) and in the Adventure
Trench (~ 10km Ferraccioli et al., 2001) using mainly gravity, magnetic and seismic data.
Aitken et al. (2014) used gravity signals and depth to magnetic basement to detect several
sediment basins within Wilkes Land. Global information about sediment thickness are avail-
able from CRUST1.0 (Laske and Masters, 2013), however, data coverage over Antarctica is
sparse. Baranov et al. (2018) compiled existing surveys to create an Antarctica-wide map
of sediment thickness but were still faced with large gaps in data in the continental interior
that they filled by using a numerical interpolation scheme involving bedrock topography
information (Fretwell et al., 2013).

Gravity anomalies have been used successfully before for investigation of density structures
of the upper crust in other continents. Commonly, the isostatic anomalies of the gravity field
are employed for these purposes since the effect of deep density variations can be effectively
reduced from the observed field by applying the isostatic correction (e.g. Simpson et al.,
1986; Blakely, 1995). The isostatic anomalies are computed by subtracting the effect of the
deep density variations from the Bouguer gravity anomalies, i.e. associated with Moho un-
dulations that balance the topography load according to an expected isostatic compensation
model (e.g. Simpson et al., 1986). If the principal parameters of the compensating scheme,
chiefly the depth of the compensation and the effective elastic thickness of the lithosphere,
are chosen correctly, the local and mid-wave components of the residual isostatic anomalies
should reflect the density structure of the upper crust. The long-wavelength anomalies,
which reflect the effects of the mantle convection and glacial-isostatic adjustment, can be

easily filtered out from the residual field (Kaban et al., 2004). The isostatic anomalies
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were often used for investigations of sedimentary basins all over the World, e.g. in Nevada
(Jachens and Moring, 1990), the Los Angeles Basin (Langenheim and Jachens, 1996) and
Barents Sea (Ebbing et al., 2007). In Antarctica, the isostatic gravity anomalies constrained
with other geophysical data sets such as aeromagnetic measurements have been analyzed
to infer thickness of sediments across the Wilkes Subglacial Basin (Frederick et al., 2016).
Unfortunately, the isostatic anomalies don’t reveal the full effect of the upper crust hetero-
geneity. These structures are also isostatically compensated (locally or regionally); therefore,
the gravity effect is substantially reduced by the opposing effect of the compensating masses,
especially for wide sedimentary basins (Cordell et al., 1991). To refine the gravity field in-
duced by the upper crust heterogeneity, a decompensative correction has been suggested
by Zorin et al. (1985) and Cordell et al. (1991), which should be applied to the isostatic
anomalies. The decompensative gravity anomalies were then employed for study of the den-
sity structure of the upper crust in the New Madrid seismic zone and Missouri gravity low
(Hildenbrand et al., 1996), the Rio Grande rift (Cordell et al., 1991; Wilson et al., 2005) and
sedimentary basins in South Siberia and Mongolia (e.g. Zorin et al., 1993). Recently, the
decompensative gravity anomalies were calculated to study the structure of the upper crust
of the Arabian plate and surroundings (Kaban et al., 2017). As was demonstrated in the
last paper, the decompensative anomalies are very sensitive to the actual isostatic model
and especially to the effective elastic thickness (75) of the lithosphere. Variations of T, have
been recently determined for the whole Antarctic continent using the new high resolution
data on bedrock topography, ice thickness and on the gravity field based on recent satellite
missions and available terrestrial observations (Chen et al., 2018). Furthermore, new Moho
models, which are also required for accurate determination of the isostatic and decompen-
sative corrections, have appeared in the last years (An et al., 2015b; Baranov et al., 2018;
Haeger et al., 2019). These results provide a solid basis for computation of the isostatic and
decompensative anomalies for Antarctica.

In the present study, we calculate the decompensative gravity anomalies for the whole
Antarctic continent and use them to investigate the structure of the upper crust and par-
ticularly for determination of the sediments thickness in the basins, which are still hidden

under the ice shield.
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Figure 6.1.: (a) Bedrock topography of Antarctica (Fretwell et al., 2013) and bathymetry
of the surrounding ocean (Schaffer et al., 2014). Key tectonic units: AP -
Antarctic Peninsula, ASB - Aurora Subglacial Basin, DML - Dronning Maud
Land, EL — Enderby Land, FRIS - Filchner-Ronne Ice Shelf, GSM - Gamburtsev
Subglacial Mountains, LG - Lambert Glacier, RIS - Ross Ice Shelf, TOAST -
Tonian Oceanic Arc Super Terrane, WARS - West Antarctic Rift System, WSB
- Wilkes Subglacial Basin and (b) ice thickness (Fretwell et al., 2013)

6.2. Tectonic settings of Antarctica and initial data

6.2.1. Tectonic settings

Antarctica can be divided in two tectonically very different regions: East Antarctica (EANT)
is of mostly Precambrian cratonic origin with a thick and cold lithosphere, while West
Antarctica (WANT) consists of several crustal micro-blocs that only reached its present day
shape in the Cenozoic and is characterized by notably thinner and hotter lithosphere (Danesi
and Morelli, 2001; Haeger et al., 2019). The two regions are divided by the Transantarctic
Mountains, a 3500 km long and 200 km wide mountain chain with elevations of up to 4500 m
(Fretwell et al., 2013). While they were not uplifted by subduction or contraction (Morelli
and Danesi, 2004; ten Brink and Stern, 1992), the exact uplift mechanism is still debated
(e.g. Behrendt, 1999; ten Brink and Stern, 1992; van Wijk et al., 2008). EANT consists
of several subglacial orogens, basins and rifts. A big plateau spans 0°-100°E and includes

Dronning Maud Land, which held a key position in Gondwana formation and break-up. It
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includes the Archean Grunehogna craton and the juvenile Neoproterozoic remnants of the
Mozambique Ocean called the Tonian Oceanic Arc Super Terrane (Jacobs et al., 2015). The
plateau is interrupted by the Lambert Graben, a Mesozoic failed rift system (Lisker et al.,
2003) filled by a glacier that is suggested to hold large amounts of sediments (Baranov et al.,
2018). With elevations of over 1 km below sea level, the Wilkes Subglacial Basin is one of the
most notable basin structures in EANT. In comparison, most of WANT exhibits bedrock
topography below sea level, with the most important feature being the West Antarctic Rift
System, a 750-1000 km long, mostly aseismic rift system (O’Donnell and Nyblade, 2014).
The bedrock topography with superimposed names of tectonic key regions is displayed in
Fig. 6.1a.

6.2.2. Initial data

In order to obtain the free air gravity field, we combine the EIGEN-6C4 model (Forste
et al., 2014), containing terrestrial and satellite data from GRACE, GOCE, and LAGEOS
with the purely terrestrial AntGG model (Scheinert et al., 2016). The maximum resolution
for EIGEN-6C4 is 2190 spherical harmonics degree and order, but actual resolution varies
locally depending on the ground data included in the gravity field model. For Antarctica,
this limits the resolution to approximately 200 km (Chen et al., 2018). The AntGG model is
a compilation of 13 million data points from ground-based, shipborne, and airborne gravity
surveys covering 73% of Antarctica at a resolution of 10 km. Therefore, each model provides
reliable data at different wavelengths: we employ the Eigen-6C4 model for A > 250 km,
since it lacks high resolution information but provides continent-wide coverage on long
wavelengths and the AntGG model for A < 150 km, since it offers high resolution information
with large gaps in coverage distorting long wavelength signals (Chen et al., 2018; Haeger
et al., 2019). A gradual transition is employed for 150 km < A < 250 km.

Subsequently, we calculate the Bouguer gravity field displayed in Fig. 6.2a by removing the
effect of topography and of the ice and water columns. The gravity effect of each load was
calculated according to (Kaban et al., 2016a) using the reference densities p, = 1.03 g/ cm®
for water, p, = 2.67g/ cm® for the topography and a constant ice density of pi=0.92g/ cm”
(Chen et al., 2018) within a 2° (222.4km) radius around each grid point. We further
calculate the adjusted topography t.q; displayed in Fig. 6.2b by compressing the ice and
water columns to py:

tagy = by + 22t + 2t (6.1)

Pt Pt
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Figure 6.2.: (a) Full Bouguer gravity anomalies and (b) adjusted topography calculated
with respect to the reference density for the uppermost crust of 2.67 g/cm?.
(c) Map of the Moho depth with superimposed determinations from refraction,
reflection, and receiver function data (circles) (An et al., 2015b; Janik et al.,
2014; Lamarque et al., 2015). (d) Variations of T, obtained using the coherence
method with a central wavenumber of the Morlet wavelet of 3.773 (Chen et al.,

2018)

where ¢}, is the bedrock topography and ¢, and ¢; are the thickness of the water and ice

column, respectively. The extent of each load was determined using surface elevation, ice
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thickness and bedrock topography south of 60°S from Bedmap2 (Fretwell et al., 2013) and
bathymetry from RTopo-2 (Schaffer et al., 2014) north of 60°S. Initial resolution of the
Bedmap?2 grids varies with location between 1 and 5km, which was adjusted to a constant
10 km grid spacing in the calculations.

The calculation of the decompensative gravity anomaly requires information on the Moho
depth (Fig. 6.2c) and effective elastic thickness variation 7, (Fig. 6.2d). We use the map
of Moho depth variation by Haeger et al. (2019). They interpolate Moho depths from
receiver function, reflection and refraction measurements within a 150 km radius and fill
the remaining gaps using Moho depth constraints from surface wave tomography. The T,
variations used in this study (Chen et al., 2018) were calculated based on the coherence
of Bouguer gravity and topography adjusted for variations of bedrock topography and ice
thickness using cross-spectral analysis methods employing the fan wavelet technique (Kirby
and Swain, 2004, 2011).

6.3. Decompensative gravity anomalies

6.3.1. Isostatic gravity anomalies

In the first stage, the isostatic gravity anomalies have been determined for Antarctica and
surrounding areas. In the spectral domain, the isostatic correction can be formulated as the
following (Kaban et al., 2016a):

Agic(kxa ky) = Gis(kxa ky) ' tadj<kxa ky) = _27TGpC ’ eXp(_k ’ M) ' tadj(kxa ky) ) (62)

where k = ,/(kZ + k2) is the wavenumber, k, = 27/A\ and ky, = 27/A,, G is the grav-
itational constant, M is the Moho depth, which is chiefly associated with the isostatic
compensation depth, t,q; is the adjusted topography and p is its density. The factor C
characterizes the amount of the isostatic compensation depending on the wavelength and
effective elastic thickness of the lithosphere (e.g. Turcotte and Schubert, 1982):

C = Apg/(K'D + Apg) (6.3)

where D = ET3/[12(1 — v?)] is the flexural rigidity of the lithosphere, T, is the effective
elastic thickness of the lithosphere, E is the Young modulus, v is the Poisson ratio, Ap is
the average difference of the density of topography and the upper mantle material, and g is

the gravitational acceleration.
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The Eq. 6.2 cannot be used directly for calculation of the isostatic correction in the spectral
domain in case of variable T,. Therefore, a convolution of the adjusted topography with
specific Green’s functions depending on M and 7T, is employed as suggested by Braitenberg
et al. (2002), Wienecke and Braitenberg (2007) and Dill et al. (2015) for modeling of the
lithosphere deformations under external load. It has been demonstrated in the above papers
that this method is sufficiently accurate to describe a response of the elastic lithosphere to
the external load. The isostatic correction and isostatic anomalies (Ag;) are calculated as

follows:

1250 km
Agi(zo, o) = Agu(wo, yo) + f f71250km tadj (o + 2,90 +y) - Gis(w, y)drdy

. (6.4)
Gis(x,y) =F 1(Gis(kxv ky))

where F~! is the inverse Fourier transform, Gj is the Green’s function, which depends on
M and T., Agy(x,y) are the Bouguer gravity anomalies.

These anomalies still reflect the effect of the glacial isostatic adjustment and of the dynamic
topography associated with the mantle convection. It has been demonstrated that this ef-
fect is dominated at the long-wavelengths chiefly exceeding 3000 km (Kaban et al., 1999,
2004). At the same time, the effect of the upper crust density variations in the isostatic
anomalies anomalies is limited to the wavelengths 1000-1500 km, which are determined by
the maximum value of T, (~ 70 km, e.g. Audet and Biirgmann, 2011; Tesauro et al., 2012).
Therefore, to reduce the effect of mantle dynamics and GIA, we have applied a Gauss type
filter on the sphere with the boundary wavelength (0.5 amplitude) equal to 2500 km (Kaban
et al., 1999). To avoid the “edge” effects, the isostatic anomalies for Antarctica have been
embedded in the global model of Kaban et al. (2004).

The isostatic anomalies of the gravity field (Fig. 6.3a) are dominated by small-scale struc-
tures. Along the Transantarctic Mountains, a dipole-like structure is visible with positive
values along the western flank and negative values towards the east. The most notable
negative features are located in northern Dronning Maud Land with up to -90 mGal. A ring
of positive gravity anomalies is located around the coast of EANT and is likely related to
the transition from continental to oceanic lithosphere that is not sufficiently resolved in the

crustal input model.
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Figure 6.3.: (a) Isostatic anomalies of the gravity field and (b) decompensative gravity
corrections

6.3.2. Decompensative anomalies of the gravity field
Following Kaban et al. (2017), the decompensative correction (Agg.) can be formulated in

the spectral domain as the following:

1
exp(k-M)/C —1

Agac(ky, ky) = - Agi(ky, ky) (6.5)
where Ag; stands for the isostatic anomalies and other terms remain as in Eq. 6.2. This
equation is based on formulations of Zorin et al. (1985) and Cordell et al. (1991), which are
extended for the case of elastic support (Kaban et al., 2017). It is clear from this equation
that the decompensative correction exponentially increases with increasing wavelength and
approaches infinity. It has been suggested to apply a high-pass filter to reduce the cor-
rection above some boundary wavelength (Ag) (Cordell et al., 1991). The long-wavelength
component is already excluded from the isostatic anomalies in Fig. 6.3a, however, the de-
compensative correction can still be overestimated as demonstrated in Kaban et al. (2017).
Following their argumentation, a high-pass filter starting from the wavelength 1500 km with
a gradual decrease towards longer wavelengths has been applied to Eq. 6.5.

The decompensative correction is calculated using the same Green’s functions technique as
for the isostatic anomalies (Egs. 6.4) and is displayed in Fig. 6.3b and exhibits larger scale

features compared to the isostatic anomalies. The most notable negative decompensative
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Figure 6.4.: Decompensative gravity anomalies

corrections are located in Enderby Land (-75mGal), in the Lambert Graben (-64mGal),
the Filchner-Ronne Ice Shelf (-60 mGal), and the West Antarctic Rift System (-50 mGal).
A similar dipole structure as in the isostatic anomalies is visible along the Transantarctic
Mountains and in the Wilkes Subglacial Basin with positive values of up to 80 mGal in the
west and negative values of up to -62 mGal in the east. Positive corrections are also located
in the Antarctic Peninsular and around the Lambert Graben minimum (up to 47 and 52

mGal, respectively). The final decompensative gravity anomalies are calculated through
Aga = Agi + Agqc (6.6)

and are shown in Fig. 6.4. The main negative anomalies can be found in northern Dron-
ning Maud Land (-120mGal), in Enderby Land (-143mGal), in the Lambert Graben (-
110mGal), the Filchner-Ronne Ice Shelf (-80mGal) and the West Antarctic Rift System
(-73mGal). Another negative anomaly (-110mGal), interrupted by a narrow, elongated,
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positive anomaly in the Northern Basin (80 mGal), exists around the Wilkes Subglacial
Basin and forms a dipole-like structure along the Transantarctic Mountains with the west-
ern flank exhibiting positive decompensative anomalies (138 mGal). This positive feature
continues along the Transantarctic Mountains towards the Antarctic Peninsula. The Lam-
bert Graben exhibits strong negative anomalies of up to -110 mGal while the surrounding

region is characterized by positive values of up to 104 mGal.

6.4. Discussion

The decompensative gravity anomalies can help us understand the structure of the upper-
most crust of Antarctica where direct measurements are still rare. An important if not
the most important factor causing negative anomalies is the presence of sediments. Since
knowledge about their distribution over Antarctica is still limited, no correction involving
sediment has been applied in the initial processing. We calculate the thickness of sediments
by assuming that negative decompensative anomalies are purely caused by sediments. This
assumption is not valid all over the study area, therefore our results might be overestimated
in some places. As well, some basins may be characterized by high density; in this case,
the actual thickness could be higher than predicted. As density within sedimentary basins
increases with depth in different ways for different basins and tectonic background, it would
be ideal, if density-depth relations for each individual basin were used. However, these
data don’t exist for Antarctica and therefore standard density-depth curves for continental
and oceanic basins (Mooney and Kaban, 2010) are used in the calculations. The resulting
uncertainties in sediment thickness estimates depend strongly on the thickness of the sedi-
mentary basin. Assuming that the uncertainties associated with average density variations
within a basin reach up to £0.05g/cm? and a decompensative gravity anomaly of -40 mGal,
the density uncertainties translate into thickness uncertainties of up to +1km. It should
also be noted, that not every sedimentary basins may be detectible using this approach.
As mentioned above, old cratonic sediment basins can be characterized by very dense sedi-
ments that are almost indistinguishable from the crystalline crust using gravity data, which
has been shown for e.g. the Illinois and the Michigan Basin (Mooney and Kaban, 2010).
Additional compaction might be caused by the ice load over the majority of the Antarctic
continent. Potential influence of this effect on the estimated thickness has been investigated
by shifting the original density-depth curves. Where the ice is grounded, the ice thickness
was converted into equivalent sediment thickness with respect to the average density of

the first 1.5km of sediments (peq = 2.34g/cm®) and the density-depth curves were shifted
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accordingly. The density-depth curves for the oceanic domain and for the continental one
with the compacting effect of the ice load for 0, 1.5, 3 and 4.5km are plotted in Fig. 6.5.

The decompensative anomalies (Fig. 6.4) don’t contain the long-wavelength component and
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Figure 6.5.: Variation of sediment density with depth for oceanic and continental settings

(Mooney and Kaban, 2010) with the compacting effect of grounded ice loads of
0, 1.5, 3 and 4.5 km thickness

their average is equal to zero. However, the actual effect of the upper crust relative to a
standard reference density of 2.7 ¢/cm? should be negative (e.g. Mooney and Kaban, 2010;
Kaban et al., 2014). Density variations in the crystalline crust relative to this value are close
to zero on the average (Christensen and Mooney, 1995), while density of sediments is gen-
erally lower. Therefore, for estimation of the sediment thickness we should shift downward
the field in Fig. 6.4 by some constant level. It is hardly possible to determine it from the
existing data, however, estimates for other continents demonstrate that the average gravity
effect of the upper crust is quite stable. It is equal to -17.5 mGal for North America (Kaban
et al., 2014) and -14.6 mGal for Australia (Tesauro et al., 2018), for which continents very
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Figure 6.6.: Sediment thickness calculated from the decompensative gravity anomalies (top
row). A correction of the upper crust for the decompensative gravity anomalies
of -14.6 mGal is considered in the bottom row. Left column: sediment thickness
calculations without ice load. Right column: sediment thickness considering
compaction caused by ice loads.

detailed models of the sedimentary cover are available. For Antarctica we use the lowest
value assuming that sedimentation is partially restricted due to glaciation and sediments
might be more compressed under the additional ice load. This value is anyway arbitrary
and possible uncertainty might reach £3 —4 mGal translating into uncertainties in sediment
thickness of up to £0.9km for sediment basins of 5km depth. For the deeper sedimentary
basins this uncertainty increases, but the effect of the density uncertainty is much larger

anyway. This is taken into account in the interpretation of the results.
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The resulting sediment thickness estimated straight from the decompensative gravity anoma-
ly and considering the -14.6 mGal shift, both with and without considering compaction
caused by the ice shield are shown in Fig. 6.6. The maximum sediment thickness is limited
to 16 km, because the density of deeper sediments would be indistinguishable from crys-
talline rocks. Adding the corrections for the ice load and for the reduced gravity effect of
the upper crust in the presence of sediments only changes the amplitude, not the distribu-
tion of sediment deposits, with both effects increasing the thickness. Despite the uncertainty
in the upper crustal correction, we will discuss the sediment thicknesses obtained including
both corrections from this point forward. Therefore, and because calculations of the actual
thickness strongly depend on the chosen density-depth relationship which is still unknown
for Antarctic sediment basins, we emphasize that all discussions of the results should be
done qualitatively instead of quantitatively.

The most notable feature is the dipole like structure around the Transantarctic Mountains.
The western flank is characterized by high decompensative anomalies while the eastern re-
gion as well as the western margin of the adjacent Wilkes Subglacial Basin exhibit very
low values. This could be caused by local isostatic disturbances originated from extension
forces of prior rifting in the West Antarctic Rift System or from dynamic uplift of the
Transantarctic Mountains of possibly thermal origin as suggested by several previous stud-
ies (e.g. Behrendt, 1999; Smith and Drewry, 1984; ten Brink and Stern, 1992). Lawrence
et al. (2006) state that uplift of the Transantarctic Mountains can be explained by con-
ductive heating between cold EANT and warm WANT alone along the entire mountain
chain also explaining the positive decompensative anomaly values along the continuation of
the Transantarctic Mountains. They also state, that this uplift was asymmetrical causing
erosion of younger sediments on the coastward side, exposing denser basement rock and
older sediments. This together with the large sediment dispositions in the southern Wilkes
Subglacial Basin suggested by Frederick et al. (2016) can also cause the negative decom-
pensative anomalies we observe. However, even though we confirm the presence of large
sediment deposits, attributing these negative variations purely to sediments as done in our
calculations leading to thicknesses of up to 16 km likely represents an overestimation of the
sediment thickness. This value can be reduced if the sediments have lower density than sug-
gested. The western Wilkes Subglacial Basin exhibits low sedimentation (Frederick et al.,
2016) and high decompensative anomaly values which is likely related to denser basement
rocks. Adjacent, further sediment infill is detected. The border of this feature coincides
with the Adventure Trench that has been shown to have ~ 10 km sediment infill (Ferraccioli
et al., 2001), but is not limited to the trench.
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Negative decompensative gravity anomalies suggesting the presence of significant sediment
accumulations are also found in the West Antarctic Rift System with a maximum infill at
the transition to the Ross Ice Shelf and a continuation in the western Ross Sea. Sediment
infill of the Rift System has been documented by several studies in the past (e.g. Bara-
nov et al., 2018; Laske and Masters, 2013), supporting our interpretation. Anandakrishnan
et al. (1998) estimated a sediment layer of 2.8 km under an ice stream (roughly 82°S, 121°E)
agreeing well with our estimates of ~ 2.5km. While the above mentioned studies mapped a
relatively constant sediment infill of 2-3 km along most of the West Antarctic Rift System,
the newly found thick sediment cover at the ice shelf transition offers new insight into vari-
ation in sediment thickness along the Rift System. Wobbe et al. (2014) found evidence of
a thick sediment layer of up to 8 km under most of the Ross Ice Shelf. This sediment layer
continues in the Ross Sea with major infill in the Victoria Land Basin, the Central Trough
and the Eastern Basin (Behrendt et al., 1991; Trey et al., 1999). We only map sediment infill
in the western Ross Ice Shelf and in the Eastern Basin, with the positive decompensative
anomaly attributed to Transantarctic Mountain uplift described above masking potential
sediments in the eastern ice shelf region and in the other two sediment basins in the Ross
Sea. Trey et al. (1999) also predict high density upper crust below the sediment basins,
further equalizing the gravity effect of low density sediments. Lindeque et al. (2016) further
determined sediment thicknesses along a seismic profile in the Amundsen Sea Basin and
found maximum thicknesses of almost 4km around 145°W, corresponding well with the
location of a maximum in sediment infill in our determinations.

The other large Antarctic ice shelf, the Filchner-Ronne Ice Shelf is also characterized by low
decompensative gravity anomalies that translate into sediment thicknesses of over 15km.
Two seismic profiles crossing the Filchner-Ronne Ice shelf were conducted in the past
(Hiibscher et al., 1996; Leitchenkov and Kudryavtzev, 1997), independently determining
sediment layers of up to 13 and 15 km, respectively, agreeing well with our determinations.
High sediment infill is expected in the Lambert Graben when converting the low com-
pensative gravity anomalies to sediment deposits, which is confirmed by previous studies
(Harrowfield et al., 2005; Holdgate et al., 2005). However, thickness determinations only
exist offshore in the Prydz Bay (Stagg et al., 2004). Their sediment thickness determina-
tions of 5-8km lie well below our estimates of up to 13km, suggesting an overestimation
in both the Prydz Bay and the Lambert Graben. A ring of high decompensative gravity
anomalies surrounds the Lambert Graben, possibly caused by older, denser upper crustal
rocks. Furthermore, Chen et al. (2018) predict notable lithospheric weakening in the graben

structure compared to higher effective elastic thickness estimates in the surroundings. This
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transition from local to regional compensation might cause disturbances of the isostatic
equilibrium insufficiently corrected for in the initial calculations, reflecting in the above de-
scribed anomaly structures.

Dronning Maud Land is chiefly governed by negative decompensative gravity anomalies that
can be explained by sediment deposits. The largest sediment accumulations are predicted
in coastal Dronning Maud Land in the vicinity of the Grunehogna craton and the Tonian
Oceanic Arc Super Terrane and in northern Enderby Land. The coverage of studies analyz-
ing sediments in this region is still sparse, making direct comparison difficult. Curtis and
Riley (2003) and Krynauw et al. (1994) found evidence of sediment deposits when inves-
tigating the Grunehogna nunataks, however no geophysical estimate of sediment thickness
or density has been conducted. Gupta et al. (2017) studied the subsurface below Maitri
station (70.76°S, 11.73°E) at the northern edge of the decompensative anomaly minimum
estimating a sediment layer of 1.5km. This supports our interpretation of the feature as
a sediment basin of possibly marine origin, as the Tonian Oceanic Arc Super Terrane is
proposed to be a remnant of the Mozambique Ocean (Jacobs et al., 2015). Further south,
we find thinner sediment deposits underlying parts of the Recovery Glacier and the Bailey
Ice Stream. In the vicinity, Bamber et al. (2006) detected sediment deposits of ~ 3km

underlying the Slessor Tributary North using aeromagnetic measurements.

6.5. Conclusions

Here, we present a continent wide study of the decompensative gravity anomaly over Antarc-
tica revealing upper crustal structures. Isostatic gravity anomalies are widely used for this
purpose; they are however still reduced by deep compensating masses. The decompensative
correction over Antarctica reaches values of up to £70 mGal. Hence, neglecting this effect
might lead to misinterpretation of upper crustal structures. Large positive decompensative
gravity anomalies are located around a minimum in the Lambert Graben, which are prob-
ably caused by higher density, old crystalline crust combined with isostatic disturbances
induced by the transition from regional to local compensation as suggested by analyzing
effective elastic thickness variations in this region (Chen et al., 2018).

Negative anomalies are translated into sediment thickness, which is still largely unknown for
Antarctica due to the thick ice shield covering the majority of the continent, taking into ac-
count the compacting effect of these ice loads on sediment density. The resulting sediment
thicknesses are subject to large uncertainties caused by unknown density-depth relation-

ships for the individual basins and the unknown reducing gravity effect of the upper crust.
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Therefore, they should be understood as qualitative instead of quantitative estimates.

We confirm the presence of major sediment basins in the Filchner-Ronne Ice Shelf, the
northern Wilkes Subglacial Basin and the Lambert Graben. Further sedimentary deposits
that were previously not or only partially mapped are detected in both EANT and WANT.
Thus, we find maximum sediment infill of the West Antarctic Rift System at the transi-
tion from the continent to the Ross Ice Shelf and thick sediment basins along the coast of
Dronning Maud Land and Enderby Land. Additionally, sediments are found underlying
major ice streams of the East Antarctic Ice Shield like the Recovery Glacier, which might
have played an important role in ice stream formation and dynamics. Known sedimentary
deposits such as in the Ross Sea are not mapped in this study but were masked by positive
decompensative gravity anomalies caused by local isostatic disturbances due to the dynamic

(possibly thermally driven, Lawrence et al., 2006), uplift of the Transantarctic Mountains.

95






7 | Conclusion and Outlook

The main focus of this thesis is to characterize the structures and properties of the Antarctic
lithosphere in terms of strength, temperature, density and composition based on the inte-
gration of various geophysical data. High resolution gravity disturbances combined from
satellite and ground-based observations are the main data source throughout the three con-
secutive studies this thesis consists of. In the first study, spectral parameters, namely the
coherence and admittance of the gravity field and the topography corrected for the differ-
ences in density of ice, water and bedrock loads are calculated to determine, for the first
time, a map of effective elastic thickness variations of the entire Antarctic continent. In
the second study, temperature, density and composition variations of the Antarctic upper
mantle are estimated. In order to retrieve corrections of the crustal gravity field, the Moho
depth is recovered from seismic reflection, refraction and receiver functions combined with
surface wave tomography and a first order model of crustal densities is determined. Iter-
atively combining seismic tomography converted into temperature variation using mineral
physics equations with a joint inversion of residual gravity and residual topography data
allows to not only estimate total density variations but also to distinguish between thermal
and composition induced density. Composition in terms of iron content of the minerals is
also obtained and used to correct the temperature estimates for the next iteration. During
the first two studies, corrections of the gravity field for upper crustal structures such as
sedimentary loads could not be conducted properly due to the sparseness of direct measure-
ments of sediment thickness and density, causing uncertainties in the calculations. Hence,
the third study employs decompensative gravity anomalies to decipher upper crustal struc-
tures, notably the distribution of low density sediments relying on the results of the previous
studies. Since large uncertainties due to, for example, unknown density depth relations for
the specific sediment basins are present in the estimates, the results provide a qualitative
rather than quantitative distribution of sediment accumulations.

The distinction between West and East Antarctica has been well documented in the past
(compare section 1.2). All lithospheric parameters studied here support this assumption.
In EANT, the lithosphere is found to be cold, thick and of high density, resulting in gen-
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erally high values of T,. High depletion also affirms the Precambrian age compared to the
notably younger WANT that only reached its current position and shape in the Cenozoic.
The lithosphere of WANT is characterized by low T,, indicating high temperatures and
a thin lithosphere, which is corroborated by the calculated Moho thicknesses and direct
temperature estimates. Low variations in compositional density (< +0.015g/cm?) indicate,
that the negative residual gravity variations present here are chiefly induced by a hot upper
mantle. The Transantarctic Mountains mark the border and transition between EANT and
WANT. It is still not clear whether they should be attributed to EANT or WANT. Since
they are characterized by low T, along the entire mountain chain and by high temperatures
and thermal as well as total density, a connection to WANT seems likely. The dipole in the
decompensative gravity anomalies along the TAM could be caused by isostatic disturbances
related to dynamic uplift of the TAM and extension forces of prior rifting in the West
Antarcitc Rift System. Significant sediment infill was detected in the WARS, confirming
previous studies (e.g. Baranov et al., 2018; Laske and Masters, 2013) but providing more
detail on the distribution within the rift system, with a local maximum at the transition to
the Ross Ice Shelf. Sedimentation continues into the Ross see, but is partially masked by
the TAM anomaly. Large sediment deposits are also detected in the other big Antarctic ice
shelf, the Filchner-Ronne Ice Shelf.

Apart from the general distinction between west and east, additional lithospheric struc-
tures within EANT have been discovered. Along the Lambert Graben that might be part
of a bigger East Antarctic rift system (Ferraccioli et al., 2011) severe lithospheric weaken-
ing has been detected with a drop of T, of over 50 km compared to the surrounding area.
This agrees well with the composition analysis. The almost undepleted lithosphere is likely
caused by rejuvenation during the rifting process that might have been as recent as the Cre-
taceous (Lisker et al., 2003). Low decompensative gravity anomalies associated with high
sediment infill are found in the rift, while the surroundings exhibit very high decompen-
sative anomalies. Likely causes are the presence of old and dense crystalline crust combined
with isostatic disturbances induced by the abrupt change in lithospheric strength. Low T,
is further predicted around the Gamburtsev Subglacial Mountains, agreeing well with the
high temperatures estimates in this area, which could potentially be caused by a mantle
plume (Sleep, 2006). This correlation between the results of the different studies support
the preference given to the T, determinations obtained using the coherence method. The
estimates based on the admittance locate this low T, structure in Enderby Land instead,
finding higher T, in the graben.

Dronning Maud Land is characterized by high T,, correlating with low temperature, high
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depletion and negative compositional density that can be interpreted as an Archean to Pa-
leoproterozoic craton. In the vicinity of this cratonic structure, recent studies (Jacobs et al.,
2015, 2017; Ruppel et al., 2018) found evidence of juvenile early Mesoproterozoic to Neopro-
terozoic terrains that are proposed to be remnants of the Mozambique Ocean called Tonian
Oceanic Arc Super Terrane. In this area, depletion is reduced, supporting the assumed
younger age. T, is reduced as well. Further, sediment deposition, that could hence be of
oceanic origin when following the previously mentioned authors argumentation, has been
detected. Similar cratonic structures are detected close to the South Pole and in Wilkes
Land. The Archean to Paleoproterozoic Mawson craton is located in Wilkes Land (e.g.
Boger, 2011), with a proposed continuation into EANT with a distinct fragment around the
Nimrod Group, coinciding with the anomalies. Furthermore, sediment deposits are found
underlying major east Antarctic ice streams (e.g. the Recovery Glacier), which might have
had a significant influence on the onset and speed of ice streaming.

The highest values of T, within Antarctica are consistently located between around 90°E
and 130°E based on both coherence and admittance analysis. At the same time, a local
maximum of composition induced density exists that was translated into almost primitive
mantle composition that gets more distinct with increasing depth (>150km). This mini-
mum in depletion coincides with the Indo-Australo-Antarctic Suture and was interpreted
as rejuvenation caused by Paleo- to Mesozoic reactivation linked to rifting in the Fast
Antarctic Rift System (e.g. Aitken et al., 2014). This would indicate structural weakening
opposing high T.. However, T, is most sensitive to the upper part of the lithosphere (until
100-125 km), while rejuvenation of the mantle dominates at greater depths. A shifted de-
pleted cratonic root as observed for North America (Kaban et al., 2015) could potentially
explain such observations. Additionally, the Precambrian suture event could have caused
eclogitisation, increasing the density without increasing the Mg # which might have led to
an underestimation of depletion. Still, further research is required to provide a solid expla-
nation.

This thesis presents a comprehensive model of the structure and properties of the litho-
sphere of Antarctica. Lithospheric strength as well as a 3D model of temperature, density
and composition variations was obtained for the entire continent. In addition, upper crustal
structures such as sediment distributions were determined. However, the system Earth does
not consists of static independent layers, but represents a complex system of interacting dy-
namic sub-systems. Solid understanding of each of these layers is required to understand the
dynamic processes linking them to each other. Therefore, the lithospheric model provided

in this thesis represents an indispensable foundation for analyzing the link of the lithosphere
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with near-surface processes. Particularly the density and viscosity variation in the litho-
sphere strongly influences visco-elastic processes such as glacial isostatic adjustment. GIA
is closely interconnected with changes in ice dynamics, which is, in turn, influenced by the
thermal state of the lithosphere and the nature of the upper crust. Recent studies (e.g.
Kaban et al., 2015) have further shown interconnection between the lithosphere and the
convecting mantle.

Traditionally, models of mantle convection are conducted without taking into account the
lithosphere as more than a thin-sheet approximation. At the same time, lithospheric mod-
eling usually does not consider mantle currents. However, mantle convection plays a key
role in plate tectonics and interacts with the base of the lithosphere, with basal drag and
dynamic topography caused by mantle flow altering the stress field distribution. Against
conventional belief, even cratonic structures were shown to be affected (Kaban et al., 2015).
Therefore, a dynamic model of the lithosphere-upper mantle system should be constructed,
providing mantle flow velocities, heat transfer in the upper mantle and stresses at the base
of the lithosphere using the code ProSpher3D (Petrunin et al., 2013a). As input param-
eters, this code requires the density distribution of the lithosphere and the upper mantle,
3D viscosity variations and a rheological model of the lithosphere. The first and the last
parameter can be directly obtained from the results of this thesis. 3D viscosity variations
can be calculated based on the presented thermal model with mineral physics constraints
(Paulson et al., 2005).

Geothermal heat flux strongly influences ice temperature, viscosity and water content, which
in turn determines the deformation response of the ice under stresses applied by the over-
lying ice column. Hence, higher ice temperatures cause higher ice flow speeds. Geothermal
heat flux combined with basal friction heating additionally affects the thermal state at the
base of the ice sheet. If the pressure melting point is reached, basal melting water further
lubricates the ice base and higher sliding velocities are reached (e.g. Goeller et al., 2013). If
the ice freezes to the underlying substrate, no sliding occurs and ice flow is purely caused by
internal deformation. Therefore, high quality maps of geothermal heat flux are crucial when
monitoring ice dynamics, the shape and the mass balance of the Antarctic Ice Sheet. Since
direct measurements are sparse because of the large ice thicknesses, other solid earth models
are necessary to estimate the heat flux. The thermal model of the lithosphere constructed
in this thesis combined with the heat transfer calculated using ProSpher3D and constrained
with magnetic determinations of the Curie depth will provide the basis for geothermal heat
flux determination.

Since the dynamic behavior of the ice shield depends on both the geothermal heat flux
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and climate forcing, a coupled model connecting the solid earth with the ice shield and the
atmosphere is necessary to describe ice dynamics. Such a model has been developed for
Greenland (Petrunin et al., 2013b; Rogozhina et al., 2016), providing heat flow at the base
of the ice sheet, temperature distribution within the ice and ice flow velocities. Verification
with measured ice flow velocities validate the accuracy of the results. This method can be
applied to Antarctica based on the solid Earth parameters presented in this thesis to improve
knowledge on the ice dynamics in Antarctica. Therefore, the findings of this thesis are not
only important to fully characterize the structure and state of the lithosphere in Antarctica,

but also provide the basis for further research in various aspects of this enigmatic continent.
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Figure A.1.: Non-fitted residuals after the final iteration of the gravity field using (a) the
SL2013sv model and (b) the ANI-S model and of the residual topography
calculated for a reference density of 2.67 g/cm?, using (c¢) the SL2013sv model
and (d) the AN1-S model
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