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Ome of the reasons that planetary astronomy is such a delight these days is
that it is possible to find out what’s really right. In the old days, you could
make any guess you liked, however improbable, about a planetary
environment, and there was little chance that anyone could ever prove you
wrong. Today, spacecraft hang like swords of Damocles over each hypothesis
spun by planetary theoreticians, and the theoreticians can be observed in a
curious amalgam of hope and fear as each new burst of spacecraft planetary
information comes winging in.

— Carl Sagan, The Cosmic Connection, 1973






RESUME La planete Vénus est couramment surnommeée "jumelle de la Terre" du fait
de leurs similarités en masse, taille, et distance au Soleil. Néanmoins, la planete est
rendue inhabitable par son atmosphére écrasante, qui induit un effet de serre respons-
able d'une température de surface de 470°C. De plus, la tectonique des plaques, princi-
pal moteur de la géologie terrestre, n’existe pas sur Vénus. Venus et la Terre ont donc
connu des histoires géologiques distinctes, pour des raisons encore incertaines. Afin de
contraindre 1’évolution géodynamique de Vénus et de comprendre pourquoi ces deux
planétes ont évoluées différemment, il est essentiel de bien connaitre leurs structure in-
terne. Malheureusement, la structure interne de Vénus est trés mal connue. Cette thése a
pour objectif de mieux estimer la structure interne de Vénus, afin d’obtenir de nouvelles
perspectives sur la géodynamique et 1’évolution thermique de la planéte. Pour ce faire,
j’ai étudié les anomalies gravitationnelles et la topographie de Vénus observées par la
sonde Magellan dans les années go, en utilisant des techniques d’analyse, des modeles
géophysiques, et des méthodes d’inversion de données sophistiquées.

Durant la premiere partie de ma thése, j’ai concentré mes études sur la structure
interne et les mécanismes de compensation topographique d'un type de formation
géologique spécifique a Vénus — les plateaux crustaux. Ces plateaux sont des régions
montagneuses de milliers de kilometres d’extension, qui présentent des anomalies grav-
itationnelles positives mais de magnitude discretes. En utilisant un modele de déforma-
tion élastique de la lithosphere, j’ai produit des données gravimétriques synthétiques
qui ont été comparées avec les observations faites par Magellan. Ces modeles sont princi-
palement sensibles aux variations d’épaisseur de la crofite, responsables de variations de
densité a I'intérieur de la planete; ainsi qu’a I'épaisseur élastique, qui contréle I’ampleur
de la déformation lithosphérique lorsqu’elle est soumise a des charges a la surface et en
subsurface. Mes résultats montrent que la topographie des plateaux est compensée par
I'épaississement de la crofite, et qu’elle est en grande partie cohérente avec un régime
de compensation isostatique d’Airy. De plus, 1'épaisseur moyenne de la crotite de ces
régions varie de 15 et 34km. Cependant, a cause de la déflection lithospherique, la
crotite peut atteindre plus de 40km de profondeur dans les régions ou la topographie
est plus élevée. Ces valeurs sont comparables a I'épaisseur de la crofite continentale ter-
restre. Enfin, en supposant que les plateaux sont en isostasie d"Airy, j’ai pu déduire que
I'épaisseur moyenne de la crotite de Vénus est d’environ 20 km.

Ensuite, j’ai concentré mes études sur les signaux gravimétriques et topographiques
aux grandes longueurs d’onde, qui sont associées a des écoulements dans le manteau.
Pour analyser ces signaux, j’ai utilisé un modele analytique de charges dynamiques, qui
suppose que la convection du manteau est déclenchée par des anomalies de densité dans
le manteau et est sensible a la structure de sa viscosité. En comparant a nouveau les mod-
eles avec les observations, j’ai pu obtenir de nouvelles informations sur les propriétés
géophysiques du manteau de Vénus. Le principal résultat de cette étude a été la décou-
verte d’une zone a faible viscosité dans le manteau supérieur. Cette zone est caractérisée
par une réduction de la viscosité de 5 a 15 fois par rapport au manteau sous-jacent. Elle
commence a la base de la lithosphere, a environ 80 km de profondeur, et mesure environ
325km d’épaisseur. Cette réduction de viscosité pourrait étre causée par la présence de
fusion partielle dans le manteau, comme cela a été proposé pour expliquer l'origine de
I'asthénosphere de la Terre. Cela soutiendrait I'interprétation selon laquelle Vénus est
un monde géologiquement actif, principalement régi par des processus magmatiques en
cours.

Mots clés Vénus - structure interne - gravimétrie



ABSTRACT Venus is commonly referred to as the twin planet of the Earth because of
their similarities in mass, size, and distance to the Sun. However, Venus is uninhabitable
due to its thick and toxic atmosphere, resulting in surface temperatures of 470°C caused
by greenhouse effects. In addition, plate tectonics, the driving mechanism of Earth’s ge-
ology, does not exist on Venus. These major differences show that the two planets went
through distinct geological histories, for reasons that are still not well understood. To
investigate Venus’s geodynamic evolution and evaluate why Venus and Earth became
so different, it is critical to have accurate constraints of the planet’s interior structure.
Yet, our knowledge of the interior of Venus is still very limited. In this context, the goal
of my thesis is to provide better estimates of the interior structure of Venus and use
these results to obtain insights about the geodynamics and thermal evolution of the
planet. To achieve this, I revisit the gravity and topography data obtained by the Mag-
ellan spacecraft in the 1990s adopting modern analysis techniques, geophysical models,
and inversion approaches.

The first project of my PhD focused on studying the interior structure of a specific
type of Venusian feature — the crustal plateaus. The plateaus are thousands of kilome-
ters wide highlands associated with positive, but low-magnitude, gravity anomalies.
In this study, I systematically compare the gravity observations of these regions with
the gravity signatures predicted by elastic deformation models of the lithosphere. These
models are mainly sensitive to the thickness of the crust, responsible for internal density
variations, and the elastic thickness, which determines the magnitude of lithospheric
deformation when submitted to loads on the surface and in the subsurface. My results
demonstrate that the topography of the plateaus are overall supported by thickening
of the crust and that they are mostly consistent with an Airy isostasy compensation
regime. Furthermore, the average crustal thickness of these highlands ranges from 15
to 34km but, but due to lithospheric deflection, it can reach depths exceeding 40 km
in areas with higher topography. These values are comparable to the crustal thickness
of continental regions on Earth. In addition, by assuming that the plateaus are in Airy
isostasy, I was able to infer that the average crustal thickness of Venus is about 20 km
thick.

Later on, I began investigating the long-wavelength gravity and topography signa-
tures of Venus, which are associated with flows in the mantle. To analyze these signals,
I employed the dynamic loading model, an analytical approach that models mantle
convection. This approach is mainly sensitive to the planet’s viscosity structure and
the distribution of mantle density anomalies. Once again comparing models with ob-
servations, I was able to get new insights about the geophysical properties of Venus’s
mantle. The main result of this study was the discovery of a low-viscosity zone in the
uppermost mantle. This zone is characterized by a viscosity reduction of 5 to 15 times
with respect to the underlying mantle. It starts at the base of the lithosphere, at roughly
80km depth, and has a thickness of about 325km. his viscosity reduction may be at-
tributed to the presence of partial melt in the mantle, as proposed for the origin of
Earth’s asthenosphere, supporting the interpretation that Venus is a geologically active
world predominantly governed by ongoing magmatic processes.

Keywords Venus - interior structure - gravity
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Part1

FROM GOD OF LOVE TO EVIL TWIN






UNVEILING VENUS

1.1 A PALE WHITE DOT: VENUS IN THE VISIBLE

As the second brightest object in the night sky, Venus’s emblematic
appearances during dusk or dawn turned the planet into a promi-
nent figure throughout human civilizations. Because of its proximity
to the Sun, Venus has an apparent discontinuous motion when ob-
served from the Earth, alternating between “evening star” and “morn-
ing star” periods which led several ancient cultures to assume these
were two distinct objects. For example, from the classic literary works
Iliad and Odyssey it appears that Homer (~ 8oo BC) was unaware
that the two stars were the same object. Centuries beforehand, how-
ever, around 1600 BC, the Babylonians had created tablets listing the
appearance of the first and last visible rising and setting of Venus
for over 20 years (Sachs et al., 1974). The tradition of making system-
atic observations, and even attempting to predict the appearance of
Venus in the sky, shows that the astronomy from Mesopotamia was in
several aspects more advanced than in Greece, at least until the Per-
sian invasion in 539 BC (Evans, 1998). In Babylonia, the planet was
associated with Ishtar, the powerful and complex Goddess of love,
fertility and war. Later, the Romans considered the planet sacred to
the goddess of love and beauty Venus, which led to the naming of
the planet as we know today. Venus is in fact the only planet named
after a female god. In addition, Venus was of great importance for
Mesoamerican civilizations, in particular the Mayans, who linked the
planet to the god of War Kukulcan. The Mayans were able to predict
its positions with exquisite precision and used the planet positions to
guide ritual activities and harvest seasons (e.g., Néjera and Castel-
lanos, 2020).

Passing beyond culturally focused studies of the sky, Venus became
also a central figure during the emergence of modern astronomy. In
late 1610, after publishing the treatise Sidereus nuncius — the first sci-
entific work presenting observations made with a telescope that in-
cluded the discovery of moons around Jupiter — Galileo makes yet an-
other set of groundbreaking observations, this time of Venus. Galileo
observed that Venus had phases similar to the Moon and on New
Year’s Day 1611 he wrote on a letter to Kepler the famous phrase
“The mother of love [Venus] imitates the shapes of Cynthia [Moon]”.
As argued by Galileo, the findings, which were later officially pub-
lished in Galilei et al. (1613) (recently translated to English in Galilei
et al., 2010), were incompatible with the Ptolemaic model and could



UNVEILING VENUS

only be explained by the heliocentric theory of Copernicus. In other
words, the observations of Galileo virtually proved that the Earth was
not the center of the universe. Thorough descriptions of these studies
and their historical contexts can be found in Gingerich (1982), Gin-
gerich (1984), and Palmieri (2001). Figure 1.1 presents a drawing by
Galileo the phases of Venus based on his observations.

Figure 1.1: Drawings by Galileo Galilei of Venus observations showing the
phases of the planet (Galilei, 1623). Retrieved from Istituto e
Museo di Storia della Scienza.

In 1761, while observing the Venus transit at the Saint Petersburg
Observatory, Mikhail Lomonosov noticed a bright ring around Venus
just before the contact with the solar disk. Lomonosov rightfully inter-
preted the luminescence as the refraction of sunlight through a thick
atmosphere (e.g., Marov, 2004). During the 18th and 19th centuries,
the increase in precision of position determination of celestial objects
and the advancements on the understanding of orbital dynamics al-
lowed for the estimation of the orbits and masses of the planets of the
Solar System planets (e.g., Verrier, 1872). By the end of the 19th cen-
tury, scientists had recognized that Venus and the Earth had similar
masses, sizes and distances to the Sun. However, because astronomy
was still limited to the visible domain, these few bulk properties were
essentially all that was known about Venus at the time, akin to our
knowledge of exoplanets today.

The lack of data allowed for imaginative scenarios of what was
happening below the thick atmosphere and global cloud layer of our
mysterious sister planet. Because the similarities with the Earth, until
the space age it was natural to assume that Venus was Earth-like, just
slightly hotter and cloudier. The picture that scientists and popular
culture had in mind was of tropical landscapes, covered by swamps,
rich fauna and possibly dinosaur-like creatures (see O'Rourke et al.,
2023, for a review).


https://brunelleschi.imss.fi.it/galileopalazzostrozzi/object/GalileoGalileiSaggiatore.html
https://brunelleschi.imss.fi.it/galileopalazzostrozzi/object/GalileoGalileiSaggiatore.html

1.2 THE SPACE AGE

1.2 THE SPACE AGE

Benefiting from the great technological advancements of the first half
of the 2oth century, the scenario of Venus science and exploration
started to change in the 1950s. The remarkable increase in our under-
standing of Venus around that time happened thanks to essentially
two points: the first was the establishment of radio astronomy, al-
lowing scientists for the first time to make observations that could
penetrate the Venus cloud layer and obtain data associated with the
planet’s surface. The second point was, of course, the start of space
exploration that led to the development of interplanetary spacecrafts
revolutionizing the domain of planetary sciences as a whole.

In 1956, Mayer et al. (1958) used the Naval Research Laboratory’s
~15 m-diameter antenna to observe for the first time radio emissions
coming from Venus. With the 3.15cm and 9.4 cm radiation data, these
workers inferred that the apparent black-body temperature of Venus
should be about 600 K. Many researchers were confident that the
emissions were coming from the surface and the high temperatures
were cause by a very efficient greenhouse effect (e.g., Sagan, 1960;
Barrett, 1961). On the other hand, part of the scientific community
was reluctant to believe that the surface of Venus could be so hot.
The main alternative explanation during the early 1960s was that an
ionized layer in the atmosphere could be responsible for these radio
emission (e.g., Jones, 1961), which would permit the surface to be
cool - and maybe inhabited.

It was in the context of the radio emission discussions that the
spacecraft Mariner 2 was sent to Venus by the National Aeronau-
tics and Space Administration (NASA) to perform a flyby. The mis-
sion had seven scientific instruments and was highly interdisciplinary
(Sonett, 1963). One of its instruments was a microwave radiometer,
which acquired several emission measurements, covering regions both
near the planet’s center and limb. The observed limb darkening effect
strongly supported the hot surface hypothesis (Barath et al., 1964) and
in the following years the portrayal of a hellish Venus consolidated
(Walker and Sagan, 1966; Sagan, 1967).

Mariner 2 was humanity’s first successful interplanetary mission
and a key achievement of the United States during the early stages
of the space race. In fact, throughout the Cold War, Venus was a pri-
mary target of exploration and staged many historical achievements.
An overview of the chronology of Venus space exploration is pre-
sented in Figure 1.2, where I show the number of mission to Venus
per decade and pinpoint some historical highlights. As we can see,
the exploration of Venus thrived in the context of the space race. From
the 1960s to the 1980s tens of missions were (tentatively) sent to the
planet and 21 of them were able to successfully acquire data and send
it back to Earth.

In the outreach
book”Cosmic
Connection” Carl
Sagan, who studied
Venus during his
PhD, discusses how
unconscious
psycological biases
probably influenced
the propositions of a
cool scenario for
Venus.
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In 1967, Venera 4, the first successful Soviet mission to Venus, made
the first is-situ measurements of another planet’s atmosphere and es-
timated that the atmosphere of Venus was composed of about 95%
CO,, further supporting the greenhouse effect hypothesis to explain
the observed high temperatures (Vakhnin, 1968). A few years later
Venera 7 successfully landed on Venus and took direct measurements
of the surface temperature, providing estimates of 747 & 20K (Av-
duevsky et al., 1971).

Number of missions

1960  Mariner 2 (1962)
Z First successtul flyby
to another planet

1970

1980

Venera 4 (1967)
First successful descent

Decade of launch
T

capsule and first direct
2000 i B Total Venera 7 (1970) P
. . ; ; measurements of
I Soviet Union First soft landing on  another planet
Bl United States | another planet atmosphere
2010 . Bl Europe Venera 9 (1975)
I Japan First photo taken from

the surface of another

Failure
B Success

2020

Figure 1.2: Historical overview of Venus space exploration. The bar plot shows in black the total
number of successful missions per decade that had Venus as a science target. The un-
derlying colored bars represent the contribution per country or space organization. The
hashed bars are failed missions while the fully colored bars represent successes. The
plot is based on the mission chronology information available at the NASA Space Science
Data Archive. Image (i) is part of a photo from 1961 showing president J. Kennedy (right),
Jet Propulsion Laboratory (JPL) Director Dr. W. Pickering (left), and NASA Administra-
tor James Webb (center back) with a model of the Mariner 2 spacecraft (retrieved from
the NASA image gallery). Image (ii)) shows the photo taken by the Venera g lander, the
first one taken from the surface of another planet (retrieved from Basilevsky and Head,
2003).

Venera 7 was just the beginning of a success story for the soviet
landers. After that, nine other probes managed the descent through
Venus’s atmosphere, reach the surface and transfer data back to Earth


https://nssdc.gsfc.nasa.gov/planetary/chronology_venus.html
https://nssdc.gsfc.nasa.gov/planetary/chronology_venus.html
https://www.nasa.gov/multimedia/imagegallery/image_feature_2342.html
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(see Abdrakhimov and Basilevsky, 2002, for a review). The legacy of
the soviet landers is invaluable — they comprise the totality of di-
rect surface measurements of Venus, which includes six panorama
photos taken from the surface of four different landing sites (e.g.,
Basilevsky and Head, 2003), bulk chemical composition of three land-
ing sites determined by X-ray fluorescence analysis (e.g., Surkov et
al., 1984; Surkov et al., 1986), and radioelement composition of five
landing sites obtained with gamma-ray spectroscopy (e.g., Surkov
et al., 1987). Figure 1.3 shows the landing sites of all Venus landers
along with the compositional constraints they obtained. The compo-
sition measurements show that Venus’s surface is characterized by
mafic rocks, probably basalts. In particular, the compositions found
by Venera 9, 10, 14 and Vega 1, 2 are quite similar to tholeiitic (mid-
ocean ridge or hotspot) basalts on Earth (e.g., Filiberto, 2014). On the
other hand, the high K,O concentration in Venera 13 indicates high-
potassium alkaline basalts, while the anomalously high concentration
of Th and U at Venera 8 suggests that Venus rocks can be magmati-
cally differentiated and potentially present silicic compositions (e.g.,
Shellnutt, 2019).

Several important accomplishments were also carried out in the
scope of remote sensing observations from orbit. In 1978, the Pio-
neer Venus Orbiter (PVO) was launched, corresponding to NASA’s
first Venusian orbiter. Performing science operations for 14 years, the
spacecraft was designed as a comprehensive mission composed of
12 science instruments that aimed to study the planet’s surface, at-
mosphere, and space environment (Colin, 1980). The spacecraft was
part of the Pioneer Venus Program which also included a multiprobe
mission design to perform in-situ investigations of the planet’s atmo-
sphere (Colin and Hall, 1977).

Among its many achievements, PVO mapped the entire planet with
a radar altimeter providing the first global topography map of Venus,
with a horizontal resolution of about 100 km (Pettengill et al., 1980).
Moreover, it allowed the first gravity model of Venus to be created
with a spatial resolution of roughly 2000km (Bills et al., 1987). The
datasets showed that, contrary to Earth, the long-wavelength grav-
ity and topography of Venus are very well correlated (Sjogren et al.,
1980; Bills et al.,, 1987) and that the planet does not present phys-
iographic features characteristic of plate tectonics (Masursky et al.,
1980; Phillips et al., 1981; Kaula and Phillips, 1981; Phillips, 1983).
Even though at that time some studies argued that the data resolution
was too coarse to discard the possibility of plate tectonics (Solomon
and Head, 1982), it was later confirmed that Venus geology is driven
by a distinct tectonic regime which is not yet well-understood, as
discussed later in this chapter. In addition, joint gravity and topogra-
phy investigations have shown that many Venusian high-topography
features are compensated at large depths indicating that they are dy-
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Figure 1.3: Overview of Venus missions landing sites and compositional
measurements of the surface. (a) Topography shaded relief map
in a Robinson projection showing all sites of successful landings
were taken. The white circles indicate the sites with measure-
ments of radioelements, the red crosses show the locations with
bulk mineralogical composition measurements, and the black
points indicate other landing sites. (b) Major element composi-
tion of Venusian surface rocks at three landing sites obtained
via X-ray fluorescent analysis. (c) Radioelements content of the
surface measured at five locations obtained via gamma-ray spec-
troscopy. The presented mineralogical data was retrieved from
Abdrakhimov and Basilevsky (2002).

namically supported by convective flows in the mantle (Phillips et al.,
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1981; Phillips and Malin, 1983; Kaula, 1984; Kiefer et al., 1986). These
regions were later recognized as volcanic rises (see Section 1.3 for
more details).

PVO has also searched for an intrinsic magnetic field and signs of
remnant magnetization on Venus, a task that had been already at-
tempted by several other probes such as Mariner 2 and Venera 4 (e. g.
Smith et al., 1965). Once again, no indications of a present or past in-
ternal magnetic field was found (e.g., Russell et al., 1980). Neverthe-
less, based on the detectability limits of PVO’s magnetometer, Phillips
and Russell (1987) were able to constrain that if Venus have a dynamo
today its magnetic moment would be at most 8.4 x 10'°Tm3, i.e,
107> of Earth’s magnetic moment. Because of the high surface tem-
peratures, the possibility of remnant crustal magnetization on Venus
was commonly understated. However, a recent study by O'Rourke
et al. (2019) showed that at least the ~10 upper kilometers of the
crust should be above the Curie temperature of magnetite and could
present remnant magnetization.

The orbiter missions Venera 15 and Venera 16 were twin space-
crafts designed to map the North Hemisphere of Venus. Equipped
with a synthetic aperture radar (SAR) antenna for imaging and a
radar altimeter to obtain topography data, the missions operated for
8 months, mapping about 25% of the planet’s surface from the north
pole down to about latitude 30°N (Rzhiga, 1987). The radar images
of unprecedented spatial resolution (about 1-2km) allowed for de-
tailed investigations of the surface geology (e.g., Barsukov et al,,
1986; Alexandrov et al., 1986; Basilevsky et al., 1987). For example,
Barsukov et al. (1986) observed that the volcanic plains were com-
monly covered by intriguing circular ring-like structures that they
named coronae.

A few years later, and marking the end of a prosperous era of Venus
exploration, NASA launched the Magellan spacecraft, which would
be the agency’s last mission to Venus for the following 40 years. Mag-
ellan orbited Venus for 4 years (1990-1994) obtaining high-resolution
SAR images and topography data, covering 98% of the surface, and
provided the best gravity model currently available for the planet.
The mission is of uttermost significance for Venus science. For over
30 years (and counting), its datasets have continuously contributed to
our understanding of the surface and interior properties of our sis-
ter planet. In fact, the studies made in the scope of this thesis have
used data from the mission. The main findings from Magellan are
described separately in Section 1.3.

It is important to mention that previous to the SAR imaging per-
formed from orbit powerful Earth-based radar telescopes, such as
Arecibo, Goldstone, and the Millstone Hill radars, allowed for impor-
tant surface observations of Venus. The firsts surface features detected
on the planet were found via the analysis of irregularities on the spec-
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At that point there
was no convention
to the naming of
regions on Venus,
while Goldstein used
greek letters to
identify features,
Jurgens chose to
name them after
important scientists
in the field of
eletromagnetism.
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tral and polarization signatures of the radar waves, which were inter-
preted as topographic features with surface roughness larger than
the radar wavelengths (Carpenter, 1966; Goldstein, 1965). In particu-
lar, Goldstein (1965) located two regions, which he named « and 3
(today referred to in the spelled-out forms Alpha and Beta). Using the
radar facility at the Arecibo Observatory, Jurgens (1970) found a new
anomalous radar feature that was named Maxwell. For these histori-
cal reasons, Alpha, Beta, and Maxwell are the only regions on Venus
that are not named after female figures, which later became the offi-
cial naming convention. Efforts to map Venus from Earth continued
in the following decades (e.g., Rogers and Ingalls, 1969; Campbell
et al., 1976; Campbell et al., 1989) and the more recent imaging cam-
paigns from Arecibo were able to obtain images with an impressive
resolution of about 1-2km (see Campbell and Campbell, 2022, for a
review).

Figure 1.4 shows observations of Venus’s surface made with the
Arecibo antenna via delay-Doppler imaging. The panels show ap-
proximately the same region on Venus mapped in 1976 and 2015. The
bright feature is the so-called Maxwell Montes discovered by Jurgens
(1970) which was later found to be the highest topographic feature
on the planet, rising almost 11km above the mean planetary radius
(Pettengill et al., 1980). The radar dark and smooth region to the west
of Maxwell is the Lakshmi Planum highland that seems to be covered
by lava flow deposits (e.g., Masursky et al., 1980). The two features
are part of Ishtar Terra, a continental-sized terrain located in the north
hemisphere, spanning the latitudes 55° to 80° and longitudes 50°W
to 60°E.

Precise measurements of the position of surface features through
time along with analyses of Doppler shifts during the radar observa-
tions also allowed for the firsts unequivocal estimations of the planet’s
rotation period (e.g., Pettengill et al., 1962; Goldstein, 1964; Carpenter,
1966; Shapiro, 1967). Surprisingly, these studies showed that Venus'’s
rotation is retrograde and extremely slow. The planet takes 243 days
to turn around its axis, being longer than it’s orbital period of 225
days. Different process could explain these observations. The peculiar-
ities of Venus’s spin properties in comparison to other terrestrial plan-
ets could be a result of several different processes at different stages
of the planet’s history. During planetary formation, the stochastic ac-
cretion of large bodies introduces substantial randomness to the spin
rate and orientation (e.g., Dones and Tremaine, 1993). In addition,
it has been shown that secular orbital perturbations can be responsi-
ble for large variations on the spin-axis orientation of planets (Laskar
and Robutel, 1993). In any case, it is fairly accepted that Venus’s atmo-
spheric tides play an important role on the planet’s spin properties
(e.g., Gold and Soter, 1969; Yoder, 1997; Correia and Laskar, 2001).
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Arecibo - 1976

Lakshmi
Planum

Figure 1.4: Earth-based observations of the Venus surface from the Arecibo
observatory based on delay-Doppler mapping. (a) Map from
Campbell et al. (1976) of relative back-scattered power with asso-
ciated spatial resolution of ~ 20 km. The image shows two main
features: the radar bright Maxwell Montes and the radar dark
Lakshmi Planum. (b) Map of approximately the same region as
(a) but with a spatial resolution of about 1-2km (retrieved from
Campbell and Campbell, 2022).

Even though this brief review mainly focused on surface and interior-
related observations, these missions also had key implications in our
understanding of Venus’s atmosphere. For example, measurements
by Pioneer Venus, Venera, and Vega provided is-situ information about
the vertical structure of the Venus clouds confirming that they are
mainly composed of sulfuric acid droplets (see, e. g., Titov et al., 2018,
for a review). The Pioneer Venus descent probe also found that the
planet’s atmosphere has a very high deuterium to hydrogen ratio,
about 100 times greater than Earth’s, indicating that the planet once
had more water (Donahue et al., 1982). The atmosphere was also the
main target of the two last missions sent to the planet: Venus Express
(2005-2014) by the European Space Agency (ESA) and the Japanese
spacecraft Akatsuki which was launched in 2010 and is the only mis-
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sion currently operating on the planet. Akatsuki’s main focus is to
investigate the dynamics of the atmosphere (Nakamura et al., 2011).
It has already provided new insights on the superrotation of the Venu-
sian atmosphere (e.g., Horinouchi et al., 2020) and the identification
of planetary-scale gravity waves that seem to remain relatively sta-
ble over regions of high surface topography (Fukuhara et al., 2017).
Venus express was a relatively quick and low-cost mission, being built
around the previous Mars Express spacecraft (Svedhem et al., 2007).
Yet, it was the basis of major scientific findings, including variations
of SO, content in the atmosphere which could be an indications of
volcanic outgassing (e.g., Marcq et al., 2012), transient high temper-
ature anomalies potentially caused by volcanic eruptions (Shalygin
et al., 2015), and new information about the surface composition of
the planet that will be further discuss in Chapter 2.

1.3 VENUS AS SEEN BY MAGELLAN

The Magellan mission (Saunders and Pettengill, 1991; Saunders et al.,
1992) orbited Venus for about 4 years and mapped 98% of the planet
with a synthetic aperture radar and a radar altimeter. The radar im-
ages provided a global view of the surface with unprecedented reso-
lution, of about about 150 m, and the altimeter was used to generate a
global topography map with resolution of roughly 15km (Rappaport
et al., 1999). The final science phases of Magellan were dedicated to
the radio tracking experiment that provided the best gravity model
available for the planet (Konopliv et al., 1999). The Magellan topog-
raphy and gravity datasets are the basis of my investigations. Hence,
I chose to described them in a dedicated chapter (Chapter 4), along
with an overview of the mission operations.

1.3.1 A guided tour through Venus surface features

From the topography data obtained by PVO, at the time of Magellan
it was already known that Venus and the Earth should be tectonically
different. Venus does not present an ocean/continent dichotomy, nor
linear structures resembling mid-ocean ridges. Instead, the topogra-
phy of Venus is quite smooth, most of the surface is covered by low-
lying plains. Yet, the planet presents several highland terrains formed
by intensive volcanic and/or tectonic processes. Below, I present a
brief characterization of different types Venusian features. Studies by,
e.g., Bindschadler et al. (1992b), Basilevsky and Head (2003), and Sm-
rekar et al. (1997) provide further details and analyses of individual
regions.

VOLCANIC PLAINS The plains (termed planitiae) are the predomi-
nant type of terrain on Venus, covering about 70-80% of the surface
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of the planet (e.g., Price et al., 1996; Basilevsky and Head, 2003). They
have relatively smooth surfaces associated with extensive flood-type
volcanism probably of basaltic composition (e.g., Guest et al., 1992).
In addition, they are associated with topographic lowlands and neg-
ative geoid anomalies. In fact, the lowest point on Venus, about 2km
below the mean planetary radius, occur in one of these regions, the
so-called Atalanta Planitia, centered on 65°N and 165°E. Geophysical
models based on gravity and topography data usually indicate that
the plains correspond to the regions of thin crust and negative den-
sity anomalies in the mantle, being commonly interpreted as regions
of mantle downwelling (Herrick and Phillips, 1992; Pauer et al., 2006;
James et al., 2013).

Tectonic deformation in these regions are typically presented in the
form of narrow, regular-spaced, and roughly linear ridges referred to
as wrinkle ridges. Their formation is attributed to moderate compres-
sional stresses likely associated with large-scale mantle convection
patterns (Solomon et al., 1992; Sandwell et al., 1997; Bilotti and Suppe,
1999). These plains are also characterized by the presence of a large
variety of volcanic landforms, including hundreds of tight clusters
of small volcanic edifices, generally less than 10 km in diameter, de-
nominated shield plains (Guest et al., 1992; Head et al., 1991; Head
et al., 1992). Examples of wrinkle ridges and shield plains on volcanic
plains are shown in Figure 1.5.

Figure 1.5: Magellan SAR images showing examples of features observed on the volcanic
plains of Venus. (a) Example of wrinkle ridges (retrieved from Bilotti and Suppe,
1999). (b) Shield plains composed of tens of small volcanic edifices with diameter
ranging from a few kilometers up to about 10 km (retrieved from Ivanov and
Head, 2011).

VOLCANIC RISES Several highlands on Venus, the so-called vol-
canic rises, are characterized by broad approximately dome-shaped
topographic swells with total elevation ranging from roughly 2 to
5km altitude and diameters of about 1000 km. They also present ex-
tensive volcanism and prominent positive gravity anomalies (up to
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hundreds of miligals®.) associated with large gravity to topography
ratios and deep apparent depth of compensation, as described in
Senske et al. (e.g., 1992), Grimm and Phillips (1992), Phillips (1994),
Stofan et al. (1995), and Smrekar et al. (1997). These studies pro-
posed that their topography is dynamically supported by deep ther-
mal anomalies, indicating the presence of hot, rising mantle plumes.
Dynamic loading models (Herrick and Phillips, 1992; Pauer et al,,
2006; James et al., 2013) and numerical simulations of whole-mantle
plumes (Kiefer and Hager, 1991; Nimmo and McKenzie, 1996; Solo-
matov and Moresi, 1996) have been used to predicted the gravity and
topography signatures of these regions, corroborating the interpreta-
tion that they are active hotspots.

The volcanic rises can present a variety of morphological features,
but they usually exhibit large shield volcanoes, rift zones, and coro-
nae. Taking the topographic, geophysical, and morphological charac-
teristics into account, Stofan et al. (1995) argued for the existence of
nine volcanic rises on Venus, which they also interpreted as being
mantle hotspots. A review containing detailed descriptions of each
individual rise can be found in Smrekar et al. (1997).

Figure 1.6: Venusian volcanic rises. (a) Perspective view of the large volcanic edifice (about
500 km diameter) Maat Mons located at 1°N and 195°E in the volcanic rise Atla
Regio. The image was built using Magellan SAR false-color mosaic combined
with topography data and has a vertical exaggeration of 10 times. (b) Magel-
lan SAR image of Beta Regio, located at approximately 29°N and 281°E. This
volcanic rise is crossed by a north-south rift called Devana Chasma. The two
radar-bright feature represent the large shield volcanoes Theia Mons (South-
ern) and Rhea Mons (Northern). Images retrieved from the NASA/JPL image
gallery.

CRUSTAL PLATEAUS The crustal plateaus, also referred to as high-
land plateaus or tessera plateaus, are Venusian highlands associated

1 miligals (mGal), named after Galileo, are commonly used units in gravity studies
and correspond to 107> ms~—?2
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with relatively flat-top and steep-sided topography. They have posi-
tive moderate gravity anomalies, on the order of tens of miligals, and
have been interpreted as regions of isostatic compensation by crustal
thickening (e.g., Smrekar and Phillips, 1991; Grimm, 1994; Simons et
al., 1997). From a morphology perspective, they are characterized by
extremely complex terrains, the so-called tessera, generally present-
ing fractures and ridges with different intersecting trends indicating
that they went through several tectonic events. Tessera morphologies
also appear in the form of smaller inliers that have been commonly
interpreted as remnants of collapsed plateaus (e.g., Romeo and Tur-
cotte, 2008). Global geological mapping of Venus indicate that tessera
regions are stratigraphically the oldest terrains on the planet (e.g.,
Price and Suppe, 1994; Basilevsky and Head, 1995; Ivanov and Head,
2011). Figure 1.7 shows a regional image of Ovda Regio plateau and
a close-up look within the same region showing tessera patterns in
detail.

Because of the complex geological history of the plateaus, their ori-
gin and evolution have been a topic of intense debate in the 1990s and
even today their formation process is poorly understood. The images
from Magellan allowed for the investigation of cross-cutting relation-
ships in these terrains. However, there are important disagreements
regarding the geological interpretation of this data. Some researchers
argued that extensional structures were the first to be formed in these
terrains and compression ridges were generated later (e.g.,, Hansen
and Willis, 1996; Hansen et al., 2000). These studies concluded that
the plateaus were formed by mantle upwellings, associated with the
observed extensive tectonics, followed by a regional subsidence that
generated the compressive patterns. Alternatively, Bindschadler et al.
(1992a), Gilmore et al. (1997), and others believed that the compres-
sional structures were the earliest to form leading to the interpre-
tation that the plateaus are the result of mantle downwellings with
associated crustal thickening. Another possibility is that the plateaus
represent regions that “survived” global resurfacing events (which I
will further discuss in the next section). In this case, they would corre-
spond to Venusian counterparts of Earth’s continents (Grimm, 1994;
Romeo and Turcotte, 2008). The crustal plateaus are the focus of one
of the studies from this thesis and, so, they will be further discussed
in Chapter 6.

CORONAE As presented in Head et al. (1992) and Crumpler et al.
(1997), Venus present a large variety of tectonic-volcanic features. Yet,
there is one type of structure that has been of distinguished scien-
tific interest: the coronae. Even though coronae were discovered prior
to Magellan (Barsukov et al., 1986), the mission revealed over 500 of
these unique features (Stofan et al., 2001) spread over the entire planet.
Magellan’s high-resolution images and topography data showed that

15
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Figure 1.7: Magellan SAR images showing examples of crustal pleteaus on Venus. (a) Mag-
ellan SAR image of Ovda Regio, Venus’s largest crustal plateau. It is located in
the equatorial region, centered at about 5°S and 80°E. (b) Region defined by
the black square in panel (a) showing in detail typical patterns found in tessera
terrains (retrieved from Ghent and Hansen, 1999).

these circular structures are systematically associated with annuli of
concentric fractures and ridges, while presenting a significant diver-
sity of sizes (ranging from about 100 to over 1000 km), morphologies,
and topographic shapes (see Stofan et al., 1997, for a review). More-
over, the coronae are not uniformly distributed on the surface, they
are usually associated with the volcanic rises and rift zones. Yet, they
can also occur as isolated features in the volcanic plains and are very
rare on crustal plateaus (Stofan et al., 1992). Figure 1.8 shows exam-
ples of coronae (a) in a chain of coronae with diameters of about
200 km along the Parga Chasma rift zone and (b) the Artemis corona,
the largest corona of Venus with approximately 2500 km diameter.
Based on their morphological properties, topographical shape, and
common correlation with volcanism, the formation of coronae have
been mostly attributed to small-scale mantle upwellings (Stofan et al.,
1992; Squyres et al., 1992) with possible delamination of the crust at
the rims (Smrekar and Stofan, 1997). This interpretation was further
supported by recent three-dimensional numerical modeling of small-
scale plumes (Gerya, 2014; Giilcher et al., 2020) and mantle convection
experiments with complex rheology fluids (Davaille et al., 2017). Stud-
ies by Schubert et al. (1994), Johnson (2003), Smrekar et al. (2003), and
Hoogenboom et al. (2004) have used gravity and topography data
to better understand the interior structure of coronae, even though
this type of analysis is challenging since the dimension of most coro-
nae are smaller or comparable to the resolution of Magellan’s gravity
model. Yet, gravity-topography spectral investigations (Johnson, 2003;
Smrekar et al., 2003; Hoogenboom et al., 2004) have shown that some
coronae are consistent with a dynamic source of compensation, indi-
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cating the presence of active mantle plumes, while others seems to be
compatible with an Airy isostasy regime, probably no longer active.

500 Km

%

Figure 1.8: Magelan SAR images showing examples of coronae observed on Venus. (a)
Chained cluster of coronae located at the Parga chasma rift. The radar-bright
area in the south-east correspond to the volcanic rise Themis Regio. The image
is centered at 32°S and 275°E, approximately. (b) Artemis, the largest corona on
Venus with ~ 2500 km diameter, centered at 35°S and 135°E. Images retrieved
from the NASA /JPL image gallery.

CRATER POPULATION AND RESURFACING SCENARIOS  When study-
ing the geology of the terrestrial planets, where radiometric dating of
rocks is generally not possible, the surface ages are derived from the
analysis of the impact cratering record. For a single planetary body,
one can investigate relative surface chronology based on the simple
but reasonable premise that the older a surface is, the more craters it
will accumulate. By taking advantage of the radiometric dating of lu-
nar rocks obtained during the Apollo missions and adopting a series
of scaling laws it is possible, in principle, to obtain first-order esti-
mates of the absolute age of any planetary surface based solely on
the size-frequency distribution of craters on its surface (see Neukum
et al., 2001, and references therein for details). Constraining the sur-
face ages provides fundamental information about the temporal and
spatial variations of a planet’s geological activity which, in turn, al-
lows for a better understanding of its geodynamical evolution.

With the images obtained by Magellan it was finally possible to
perform a comprehensive global analysis of Venus crater population
and the findings were quite surprising. Venus presents a total of just
~900 craters with diameters ranging from 1.5 to 270 km. Studies by
Schaber et al. (1992), Phillips et al. (1992), and McKinnon et al. (1997)
estimated that the mean surface of Venus is about 300 to 750 m.y. old.
More recent analyses, that made use of refined impactor populations
and scaling laws, have found moderately younger ages, ranging from
150 to 250 m..y. (Feuvre and Wieczorek, 2011; Bottke et al., 2016). These
constraints show that the intensity of geological activity on Venus
seems to be closer to that of the Earth than to smaller terrestrial plan-
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comp}llz isgioi'/r agd Strom et al., 1994), although, as discussed in Hauck et al. (1998), this
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planetary missions. distribution.

With the goal of explaining the observed characteristics of Venus'’s
crater population two end-member hypotheses emerged: equilibrium
and catastrophic resurfacing. Phillips et al. (1992) proposed that the
Venusian crater population could be explained by the equilibrium
between continuous crater production and removal. In this case, vol-
canic and tectonic processes happen regionally and in a stochastic
fashion at a rate that is comparable to the crater production. Alter-
natively, Strom et al. (1994) advocated that equilibrium resurfacing
was not able to satisfactorily account for the low number of lava
flooded craters. Instead, they argued that the observations could only
be explained by the occurrence of major global geological events that
ceased somewhat abruptly around 300 m.y. ago, followed by a great
reduction of volcanic and tectonic activity (Schaber et al., 1992; Strom
et al., 1994). In this scenario, commonly referred to as the catastrophic
resurfacing model, Venus would be in a geologically quiescent period
at present day. Hypotheses about the nature of this catastrophic pe-
riod include voluminous and world-wide volcanism that would have
buried all pre-existing craters (Schaber et al., 1992), or a combination
of volcanic and tectonic events possibly associated with global crustal
recycling (Strom et al., 1994).

On one hand, it is difficult to conceive geological events that are
capable of completely resurfacing Venus in a short time-scale. From
this perspective, the equilibrium model seems more realistic, partic-
ularly if we make a comparison with the Earth, where the geologi-
cal activity present a more steady-state character. On the other hand,
many researches considered that the catastrophic model was able to
better explain the observed crater population and so, this model be-
came quite popular. This perspective led to the somewhat disappoint-
ing conclusion that Venus is currently a geologically inactive planet.
However, new insights from observations and models have been in-
dicating that Venus could be more active than previously thought —
these latest views and their implications are presented in Chapter 2.
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Figure 1.9: Overview of Venus crater population. (a) Topography shaded re-
lief map showing all Venus craters from the database by Herrick
et al., 1997 (Robinson projection). The color and size of the cir-
cles represent the craters diameter in log-scale. Panels (a), (c),
(d) present examples of craters imaged by Magellan. (b) Partial
crater located in a rift zone at Beta Regio (location: 30°N and
285°E). (c) Mead multiring impact basin - the largest crater on
Venus (~ 270 km diameter), located at 12°N and 57°. (d) 73 km
dark-floored crater located at 16°N and 268°E (Wheatley crater)
and 26km fractured and embayed crater located at 18°N and
268°E (Baranamtarra crater).

It is not an understatement to say that the resurfacing of Venus
was one of the most polemic research topics of the Magellan era. To
obtain a more comprehensive review of this debate, with discussions
about the strengths and weaknesses of the two models, I recommend
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the chapter by Basilevsky et al. (1997). More recently, a review paper
on the resurfacing history of Venus has been put together by Herrick
et al. (2023).
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Our sister

planet was intensely explored from the 1960s to the 1990s

and, as discussed in Chapter 1, major scientific discoveries were made
in that period. However, with the end of the Magellan mission in 1994,
the focus of planetary exploration shifted elsewhere. Since Magellan,
there has been a critical lack of new data and funding dedicated to

the planet,

leading to a deceleration of Venus science advances. These

circumstances can be visualized if we look at the temporal evolution
of research papers associated with Venus, as shown in Figure 2.1.
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Evolution of the number of peer-reviewed publications related to
Venus and other planets from 1950 to 2022. (a) Total number of
peer-reviewed publications per year associated with Venus. The
dashed vertical lines correspond to the launch date of the mis-
sions PVO and Magellan. (b) Percentage of peer-reviewed publi-
cations associated with Venus, Mars or the Moon with respect to
total number of publication with at least one of the three bodies
in the title. The data was obtained in the astrophysics data sys-
tem and the query considered publications that have the planets
names in the title. The query terms adopted are Venus/Venusian,
Mars/Martian, or Moon /Lunar.

Figure 2.1 also highlights the importance of space missions in plan-
etary science. In the years following the launch of PVO and Magellan,
marked by the gray lines, the number of articles per year substantially
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increased. This property can also be seen in the trends for the Moon
and Mars in panel (b). During the Luna and Apollo programs, Lunar
studies dominated the field and gradually drop in the late 1970s. Dur-
ing the 1980s and early 1990s the three planets shared approximately
the same proportion of studies. From the 1990s onward, investigating
extraterrestrial life and habitability became the main focus of plan-
etary missions, particularly of NASA, which culminated in the “fol-
low the water” program targeting Mars. Meanwhile, within a decade,
from 1990 to 2000, the number of Venus-related papers dropped from
roughly 200 to 50 papers per year. In the past two decades Venus had
only 10% of the relative number of publications with respect to Mars
and the Moon.

Even though Venus’s science and exploration has stabilized at a low
rate since the Magellan era, it is far from a complete stop. Along with
the two successful missions Venus Express and Akatsuki that kept
the planet’s exploration alive (as discussed in Chapter 1), the last few
decades have been associated with technological advancements that
had major implications to scientific research in general. For example,
it is interesting to remember that, at the time of Magellan, NASA’s
Planetary Data System (PDS) used to give on-demand access to the
data products through the delivery of tapes and CD-ROMs (McMa-
hon, 1996). Today, anyone in the world with internet access can get the
Magellan datasets with a few clicks in the PDS website. Data analysis
also became simpler and faster with the development of modern and
commonly open access tools. Finally, the continuous development of
powerful computers has been allowing for impressive improvements
of numerical simulations, that are becoming increasingly more realis-
tic.

In this chapter, and for the remaining of this thesis, I will show that,
even with limited data, taking a fresh look at Venus with new models
and analyses techniques can still lead to significant scientific results.
Section 2.1 discusses the main paths for Venus geodynamic evolu-
tion that have been proposed based on models of mantle convection
and thermal evolution. Then, I will present some recent observational
evidence suggesting that Venus is probably more geologically active
than what was previously thought (Section 2.2). Finally, Section 2.3
presents a panorama of the current state of Venus interior structure
constraints.

2.1 THE GEODYNAMIC AND THERMAL EVOLUTION OF VENUS

Along with the Magellan mission, the 1990s were associated with
early developments of large-scale numerical models of mantle con-
vection (e.g., Schubert et al., 1990). The goal of these models is to
understand at what rate and via which mechanisms a planet loses
internal heat throughout its geological evolution. Essentially, this is
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done by performing models with a range of different physical proper-
ties and evaluating how well each model predicts observations, such
as gravity, topography, and surface geology. Naturally, with the new
datasets acquired by Magellan, researchers got highly motivated to
apply these geodynamic models to Venus and investigate the planet’s
possible thermal evolution paths and tectonic regimes. The investiga-
tions at that time were particularly interested in predicting the proper-
ties of Venus’s intriguing crater population and testing the proposed
resurfacing scenarios (see Section Section 1.3 for details). This section
presents the main ideas that have been proposed to describe Venus
geodynamics from the Magellan era until today. These different sce-
narios are illustrated in Figure 2.2 and are discussed below.

Plate tectonics, as we see on Earth, is a very efficient heat-loss mech-
anism. It is characterized by lithospheric recycling via the active sub-
duction of cold oceanic lithosphere slabs and is associated with effec-
tive resurfacing at a global scale (Figure 2.2a). However, the Magellan
observations have shown that Venus does not currently have Earth-
like plate tectonics . Yet, until today the mechanisms responsible for
the planet’s heat loss are not well-understood. Throughout the Magel-
lan era, Venus was overall considered to be in a so-called stagnant lid
convection regime, where the lithosphere is a single global plate that
is nearly immobile. In this framework, a few classes of heat transport
mechanisms were investigated (see Schubert et al., 1997, for a review).

One possibility could be that Venus is a typical stagnant lid planet,
as is presumed for Mars (e. g., Breuer and Moore, 2015; Tackley, 2023),
where the internal heat is lost via conduction through the lithosphere
(Figure 2.2b). However, Venus is expected to have a comparable inter-
nal heat production to the Earth and such a mechanism would be too
inefficient, invariably leading to widespread melting and volcanism
(Reese et al., 1999). Volcanism is, in fact, a considerably more efficient
way to extract heat from the mantle. The convective regime where
volcanism is responsible for most of the lithospheric heat transport
is referred to as the “heat pipe” regime (Figure 2.2¢). It is commonly
interpreted that this regime occurs at Io, a Galilean moon that has
hundreds of volcanoes and is extremely active due to tidal heating
(e.g., Moore, 2001; Moore and Webb, 2013). However, in the case
of Venus, this mechanism has some shortcomings. For example, the
large amount of volcanism necessary to cool the planet would form
a crust that is over 100 km thick (e.g., Armann and Tackley, 2012),
which is inconsistent with the observational constraints (Grimm, 1994;
Simons et al., 1997; James et al., 2013).

Another possibility could be that Venus once had some form of
plate tectonics. Either as in an Earth-like regime that transitioned
into a stagnant lid convection around 500Ma (Herrick, 1994; Solo-
matov and Moresi, 1996) or a regime where lithospheric recycling
happens episodically alternating with periods of limited geological
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(a) Mobile lid
=plate tectonics

Mercury
Moon
Mars

(d) Episodic lid (e) Plutonic-squishy lid

Figure 2.2: Schematic view of different tectonic regimes predicted by geodynamic thermal
evolution models The yellow region in the center of the planet represents the
core. As for the mantle, orange features represent upwelling plumes while green
features represent downwelling. The outer purple layer represents the crust,
where the darker is the tone, the younger (and less cratered) is the surface. The
illustrations are from Lourenc¢o and Rozel (2023).

activity, which is referred to as episodic-lid regime (e.g., Turcotte,
1993; Fowler and O'Brien, 1996). In this regime, the lithosphere trans-
ports heat predominantly through conduction for a certain period of
time. At that stage, the lithosphere goes through a thickening pro-
cess and, because the heat transport through the lid is inefficient, the
mantle temperature and its convective vigor increase. At a critical
moment the thick lithosphere becomes unstable triggering a global
subduction event. Then, new lithosphere is formed and the process
restarts. These different stages are illustrated in Figure 2.2d.
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The episodic lid regime is not only consistent with the catastrophic
resurfacing scenario, but recent thermal evolution simulations have
shown that it also results in more reasonable crustal thicknesses in
comparison to purely stagnant lid case (Armann and Tackley, 2012;
Rolf et al., 2018). The view that Venus has been through major, poten-
tially cyclic, tectonic regime variations and is currently in a quiescent
period became quite popular and, even today, is considered to be a
possible scenario for the geodynamic evolution of the planet. The dy-
namical processes that lead to the global surface mobilization events
and at which rate they occur are still topics of active research (Ar-
mann and Tackley, 2012; Noack et al., 2012; Gillmann and Tackley,
2014; Rolf et al., 2018; Karlsson et al., 2020; Weller and Kiefer, 2020).
In recent studies by Rozel et al. (2017), Lourengo et al. (2018), and
Lourenco et al. (2020), state-of-the-art geodynamic thermal evolution
models were used to comprehensively test the role of magmatic pro-
cesses in global tectonic regimes. In particular, they investigated the
case where magma is mostly emplaced intrusively in the lithosphere,
instead of being directly extract to the planet’s surface as in the heat
pipe regime. These studies have shown that the heat from magmatic  In practice, it is very
intrusions makes the lithosphere warm and soft. These weakening ef-  difficult to constrain
fects lead to regional-scale, but globally-spread, lithospheric delam- ;ZZZZZ‘; ';Ztl.os of
ination which, in turn, allows for sustained crustal recycling. Sur-

magmatism. Studies
prisingly, even without large-scale subduction events, the regional  focused on Earth

delamination processes are capable of efficiently cooling down the observations have
planet Lourengo et al. (2018). This new tectonic regime is referred to ];Oa l:’;ifl’li:gefor

as plutonic-squishy lid and is schematically represented in Figure 2.2. different git es. Yet, a
As shown in the illustration, in this regime the lithosphere is broken  20% eruption

into many small plates, separated by weak boundaries that were gen-  ¢fficiency could be

erated by the intrusive magmatism. viewed as common
to most magmatic

Even though it is still early to confirm that Venus is governed systems (White
by squishy-lid tectonics, the model presents several attributes that et al., 2006).
are consistent with Venus’s observations. Notably, the wide-spread
lithospheric delamination not only allows for an efficient heat loss,
but also leads to relatively thin crustal and lithospheric thicknesses,
which, as already mentioned, is consistent with geophysical constraints.

Moreover, the characteristics and distribution of magmatism and tec-
tonism associated with the “squishy” plates could convincingly be
responsible for efficient and randomly distributed resurfacing as pre-
dicted by the equilibrium resurfacing model. Most importantly, squishy-
lid tectonics points towards a currently more active Venus than what
has been suggested by episodic lid studies. As I discuss in the next
section, this scenario corroborates an increasing number of studies
that have been suggesting that Venus is, in fact, a geologically active
planet today.
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2.2 A NEW HOPE
2.2.1 Surface sneak peeks from Venus Express

One of the most poorly constrained geological properties of Venus
is its surface composition. Even though the composition data taken
from the Soviet landers are unarguably valuable, these almost 50-
years old measurements are not very detailed nor precise and only
investigated a few elements. More importantly, they do not provide
a global knowledge of the surface composition and how it correlates
with the planet’s geology. In the scope of planetary sciences, this kind
of investigation is typically done using orbital infrared spectroscopy
(e.g., Kramer et al., 2011; Ehlmann and Edwards, 2014; Namur and
Charlier, 2016) and orbital gamma ray spectroscopy citexx. However,
in the case of Venus these standard spectroscopy investigations are
not possible due the planet’s extreme atmospheric conditions. Hence,
it was a great surprise when, during a Venus flyby in 1991, the Galileo
mission found small atmospheric windows in the CO; spectrum at
around Tum (Carlson et al., 1991). This discovery indicated that re-
mote sensing investigations of Venus’s surface composition could be
possible even if limited (e.g., Hashimoto, 2003).

Motivated by this discovery, the Venus Express spacecraft was equip-
ped with a imaging spectrometer, named VIRTIS, that included a mid-
infrared channel capable of looking through the atmospheric win-
dows. Making use of the VIRTIS data, and with the development of
a complex processing pipeline to remove a range of atmospheric ef-
fects, the first surface infrared emissivity map of Venus was created
(Mueller et al., 2008). The map covers most of the southern hemi-
sphere of Venus and has provided several interesting insights about
the planet’s surface composition.

The early investigations of the emissivity data by Helbert et al.
(2008) and Mueller et al. (2008) were able to identify that young vol-
canic flows at Lada Terra, Themis Regio, and, Imdr Regio are associ-
ated with high emissivity anomalies. Notably, Imdr and Themis are
two volcanic rises interpreted to be active hotspots (e. g. Stofan et al.,
1995). The authors proposed that the anomalies could be either the re-
sult of differences in composition or an indication that the most recent
flows are relatively unweathered. A detailed study of these emissivity
anomalies was later performed by Smrekar et al. (2010) who favored
the surface weathering interpretation and estimated that the high-
emissivity lava flows should be younger than 2.5 My (Figure 2.3a).
More recently, laboratory analyses of olivine weathering rates have
shown that, under Venus’s extreme atmospheric conditions, chemi-
cal weathering alterations occur extremely quickly (Filiberto et al.,
2020). Their study proposed that flows associated with high emissiv-
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ity anomalies should be no more than several years old, indicating
that the planet is currently volcanically active.

The VIRTIS emissivity dataset also showed that the tessera regions
are overall correlated with lower than average surface emissivities
(Mueller et al., 2008). A similar conclusion was obtained by Hashimoto
et al. (2008) from the analysis of emissivity data obtained by the
Galileo spacecraft. Both Mueller et al. (2008) and Hashimoto et al.
(2008) proposed that this could be an indication that tessera are com-
posed of felsic rocks. These results support the hypothesis that tessera
regions, in particular the crustal plateaus, are ancient continent-like
regions that have survived resurfacing processes throughout Venus
geological history. Gilmore et al. (2015) further investigated the low
emissivity anomalies focusing the analysis on Alpha Regio which is
the largest tessera terrain mapped by the VIRTIS instrument (Fig-
ure 2.3b). Their study confirmed that the observed anomalies are as-
sociated with intrinsic properties of the terrain and proposed a few
possible explanations, including differences in grain sizes, weather-
ing environment, and a silica-rich composition, such as granitoids or
anorthosites.

Relative emissivit
o -

Figure 2.3: Magellan SAR images overlain by the surface emissivity ob-
tained by the VIRTIS spectrometer onboard of Venus Express.
The emissivity color scale is different for the two panels. (a) Map
of the high emissivity anomalies over the volcano Idunn Mons
at Imdr Regio, located at 215°E and 46°S. (b) Low emissivity
anomalies associated with the crustal plateau Alpha Regio. The
map is approximately centered at 25°S and 5°E. The images are
reproduced from (a) Gilmore et al. (2015) and (b) Smrekar et al.
(2010).
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2.2.2  Magellan data: the digging continues

In the 1990s, the catastrophic resurfacing model gained support be-
cause it could easily explain Venus’s crater population. Nevertheless,
in the past decade or so, perhaps propelled by the exciting results
from Venus Express, the view of a more active Venus has been get-
ting a lot of traction. After all, the surface of Venus shows clear in-
dications of substantial geological activity, including pervasive rift
zones covering about 8% of the total surface area (Price et al., 1996),
hundreds of corona structures (Stofan et al., 2001), and thousands of
volcanoes of all shapes and sizes (85 thousand to be exact, based on
the updated catalog by Hahn and Byrne, 2023). Therefore, it is dif-
ficult to picture that, for the last ~200 My, Venus has been a typical,
quiet stagnant lid planet. A key circumstance for this change in per-
spective is the substantial improvements in Monte Carlo resurfacing
models. In particular, studies by Bjonnes et al. (2012) and O'Rourke
et al. (2014) have shown that equilibrium resurfacing models can ad-
equately predict the Venusian crater population, including the low
number of modified craters.

Another important contribution is the growing number of stud-
ies that have been presenting evidence of current geological activ-
ity on the planet. Detailed analyses of stratigraphic relations of sev-
eral volcanic regions indicate that lava flows and tectonic activity are
geologically recent and probably occurred at most around tens of
millions of years ago (D’Incecco et al., 2017; D’Incecco et al., 2020;
Brossier et al., 2020; Brossier et al., 2021). Other interesting insights
have been obtained via thermomechanical modeling of coronae for-
mation by Giilcher et al. (2020) which indicated that dozens of these
features could be associated with currently active mantle plumes.
In addition, the stereo topography dataset create by Herrick et al.
(2012) allowed for analyses of the flexural signature of coronae and
steep-sided domes (O'Rourke and Smrekar, 2018; Russell and John-
son, 2021; Borrelli et al., 2021; Smrekar et al., 2023). These studies have
shown that coronae and the steep-sided domes located near coronae
typically present anomalously thin lithosphere which can be associ-
ated with high surface heat flows, strengthening the arguments for
present-day geological activity in these regions. Finally, earlier this
year, Herrick and Hensley (2023) found, for the first time, a direct
detection of volcanic activity. They observed a change in the shape
of a volcanic vent and plausibly a new lava flow by comparing SAR
images of the same region obtained 9 months apart by Magellan.

2.3 INTERIOR STRUCTURE CONSTRAINTS

Our knowledge about the interior of Venus is extremely limited. Es-
sentially, all available information is based on a few geophysical ob-
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servations: the moment of inertia, the love number k;, and the grav-
ity field of the planet. The first two quantities, which are associated
with the planet’s precession and tidal potential, respectively, can give
insights about the physical properties of the core and mantle. Alterna-
tively, the gravity field, which is controlled by the mass distribution
within the planet, can provide information about the interior struc-
ture of the crust and (mostly upper) mantle. The analysis of gravity
data is particularly powerful when coupled with topography and, by
making use of some reasonable assumptions, allows for the estima-
tion of a variety geophysical quantities, including the crustal thick-
ness, the lithosphere thickness, the distribution of density anomalies
in the mantle, and the viscosity structure of the mantle.

The moment of inertia of Venus was recently determined by Mar-
got et al. (2021) using 15 years of precise ground-based observations
of the planet’s precession rate. The study obtained constraints of
0.337 £0.024 (about 7% uncertainty) for the normalized moment of
inertia and confirmed that the planet has a high density core with
a radius of about 3000 to 4000 km. As for the tidal love number k,
, the currently most precise constraints are based on radio tracking
data from PVO and Magellan and were estimated by Konopliv and
Yoder (1996), who found a value of 0.295 4+ 0.066. k, indicates how
a planet deforms due to gravitational forces from other celestial ob-
jects and it is mostly controlled by the rheological properties of the
mantle, and the state and size of the core. The large uncertainties of
these parameters have overall prevented the estimation of fundamen-
tal interior properties of Venus. Recent interior structure investiga-
tions have shown that with the current estimates it is not possible to
obtain reliable constraints of Venus’s core size and state (Dumoulin
et al.,, 2017; Xiao et al., 2021; Shah et al., 2022; Saliby et al., 2023). In
fact, according to these studies, the core is consistent with being fully
liquid, having an inner solid core and an outer liquid core, and be-
ing completely solid. In addition, it is important to remark that the
core state of terrestrial planets is intrinsically related to the presence
of an internal dynamo and provides essential information about their
magnetic field history.

Several studies have attempted to provide estimates of Venus’s
crustal thickness once the gravity and topography datasets from Mag-
ellan were available. Figure 2.4 shows, in chronological order, exam-
ples of crustal thickness estimations from eight different studies at
three regions on Venus. At the time of Magellan, many investiga-
tions were made in the spatial domain by analyzing the ratio between
gravity and topography of different Venusian regions (Smrekar and
Phillips, 1991; Kuncinskas and Turcotte, 1994, Moore and Schubert,
1997). These studies obtained crustal thickness estimation of several
highlands by considering that the regions were in a Airy isostasy
regime, where the topography is compensated by crustal roots. Mean-
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while, localized spectral techniques started being applied to Venus
(Grimm, 1994; Phillips, 1994; Simons et al., 1997). This type of method
aims to analyze wavelength-dependent signatures of gravity and to-
pography at different regions. Spectral techniques have several advan-
tages over spatial ones. For example, it allows for the analysis of vari-
ations in the mode of compensation with respect to wavelength. In
addition, it can be used to investigate the contribution of lithospheric
flexure in the support of topography allowing for the determination
of both crustal thickness and the thickness of the elastic lithosphere.
More recent gravity-topography investigations have focused on the
construction of global maps of crustal thickness and/or elastic thick-
ness James et al., 2013; Jimenez-Diaz et al., 2015. Although these anal-
yses give important constraints on the crustal thickness variations
throughout the entire planet, they have the drawback of depending
on the choice of an average crustal thickness value which is, to some
extent, arbitrary.

T T T T T
Region
O Thetis
100 A Ovda |
E 4 S LJ‘& Tellus
@ 80 - \\\ ! ——>\'\ -
7} \ |
i \ I
g \ n i
4 SOy 0
:E 60+ SN 'l [ -
\\\yQ
E ‘ //b
© 40r ! e e
£ cof\mmmmmm T -
O e R L )
201 N ‘ 4
! ! ! ! !
1990 1995 2000 2005 2010 2015
Publication date
B Smrekar & Phillips (1991) Simons et al. (1997)
B Grimm (1994) Anderson & Smrekar (2006)
B Kuncinskas & Turcotte (1994) B James et al. (2013)
Moore & Schubert (1997) Jimenez-Diaz et al. (2015)

Figure 2.4: Examples of crustal thickness estimations of three crustal
plateaus on Venus, Thetis, Ovda, and Tellus. The estimations
are plotted in chronological order. The marker style indicates
the region investigated and its color indicates the associated
study. Blue shades are associated with spatial techniques, orange
shades represent spectral techniques, and green shades represent
global crustal thickness modeling results.

The geophysical properties of Venus’s mantle have been mostly
studied through the analysis of the long-wavelength (2 1000km)
gravity and topography signatures of the planet, which are believed
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to predominantly associated with convective flows in mantle. Numer-
ical and analytical modeling approaches have been adopted to inves-
tigate the mantle viscosity structure (Kiefer et al., 1986; Kiefer and
Hager, 1991; Herrick and Phillips, 1992; Nimmo and McKenzie, 1996;
Huang et al., 2013; Rolf et al.,, 2018). These studies concluded that
Venus’s viscosity profile was inconsistent with an “Earth-like” struc-
ture, where the upper mantle, going from the base of the lithosphere
down ~700 km depth, would correspond to a low viscosity zone. In-
stead, they found that an isoviscous mantle could better explain the
observed gravity and topography. In addition, Monte Carlo inver-
sions by Pauer et al., 2006 showed that the mantle viscosity increases
with depth. Plume modeling studies have also attempted to estimate
the lithosphere thickness of the planet. Some studies suggested that
the lithosphere of Venus should be 200400 km thick potentially pre-
senting lithospheric thinning on top of mantle plumes (Kuncinskas
and Turcotte, 1994; Solomatov and Moresi, 1996). Alternatively, inves-
tigations by Smrekar and Parmentier (1996), Nimmo and McKenzie
(1996), and Nimmo and McKenzie (1998) proposed that the planet
has a globally thinner lithosphere, with thicknesses of about 100 to
200 km.

The joint analysis of gravity and topography is the main focus of
the studies and will be thoroughly discussed throughout this thesis.
The focus of work presented here is to reassess many of these in-
terior structure estimations by adopting state-of-the-art geophysical
models, analysis techniques and inversion methods. In these analy-
ses, I was particularly careful in providing robust evaluations for the
uncertainties of the parameters estimations, which has been some-
what of overlooked in most previous works. The second part of this
manuscript, composed by chapters 3 to 5, sets the groundwork of my
investigations. It includes the definition of the main equations that
set the base for gravity investigations (Chapter 3), a description of
the gravity and topography datasets (Chapter 4), and a description
of geophysical models used Chapter 5. In Part III, I present the main
studies performed during my PhD, which includes new constraints
of the crustal thickness and elastic lithosphere thickness of crustal
plateaus (Chapter 6) and new insights on the viscosity structure of
Venus’s mantle (Chapter 7). The conclusions and some considerations
about ongoing and future work are presented in Part IV.
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Part I1

GRAVITY AND TOPOGRAPHY: DATA,
MODELS, AND ANALYSIS TECHNIQUES






SPECTRAL ANALYSIS ON THE SPHERE

Given the approximately spherical shapes of hte planets, quantities
such as gravity and topography are usually defined on the surface
of a sphere. In this context, it is convenient to analyze these quanti-
ties using spherical harmonics. Their use is particularly important for
smaller planets, such as Mars and the Moon, or large-scale structures
on bigger planets, such as Venus and Earth, since Cartesian methods
can introduce undesirable distortions and biases to the analysis (e.g.,
Audet, 2014). In this chapter, I present key concepts of spherical har-
monics (Section 3.1) and definitions used specifically in the context
of gravity field investigations (Section 3.2). In Section 3.3, I describe
techniques to localize the gravity and topography data that can be
used to perform regional geophysical investigations. Most of the con-
cepts presented here further discussed in review works such as Kaula
(1966), Phillips and Lambeck (1980), and Wieczorek (2015a).

3.1 SPHERICAL HARMONICS OVERVIEW

Spherical harmonics are the natural set of orthogonal basis functions
on the surface of the sphere. Their linear combinations allow to ex-
press f as

0 14
f6,0)=> >  frmYem(6,¢), (3.1)

{=0m=—¢

where Y, is the spherical harmonic function of degree { and order
m, f¢m is the corresponding spherical harmonic expansion coefficient,
and 0 and ¢ represent the position on the sphere in terms of planeto-
centric colatitude and longitude, respectively. The spherical harmonic
functions are composed of the product of trigonometric function in
longitude and Legendre functions in latitude. Their mathematical def-
inition is presented in Appendix A. Note that for real datasets the
infinite sum of eq. 3.1 is actually truncated based on the resolution
of the data. In fact, the spherical harmonic degrees are by definition
associated with an angular resolution and, given a mean planetary
radius R, they can be directly associated with a Cartesian wavelength
A using

271R
Ay ——— (3-2)
0e+1)

which is known as the Jeans relation.
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In order to easily visualize the spherical harmonic functions, one
can make use of the property that in the longitudinal direction they
have 2|m/| zero-crossing while the latitudinal direction is character-
ized by {—|m| zero-crossings. Hence, when m= 0 the function only
has variations with respect to the latitude and when { = |m| the varia-
tions are purely longitudinal. These two special cases are referred to
as zonal and sectoral functions, respectively, while all others cases are
called tesseral. In Figure 3.1(a), I present the spherical harmonic func-
tions for { < 4 and m > 0 while Figure 3.1(b) shows maps of the shape
of Mars built from spherical harmonic functions (eq. 3.1) for different
maximum spherical harmonic degrees (.. We can see that {max= 0
corresponds to the mean planetary radius of Mars, for {max= 2 the
dominating signal comes from the planet’s hydrostatic flattening due
to its rotation. When {,.x= 10 one can start distinguishing major ge-
ologic features, in particular the Tharsis Province, and for {max= 500
several features are clearly visible, including volcanoes, rift zones and
impact basins. These maps are based on the spherical harmonic coef-
ficients from the dataset MarsTopoz6oo (Wieczorek, 2015a).

In this work, I use real spherical harmonics and adopt the so-called
4m-normalization convention. Using the orthogonality properties of
the spherical harmonic functions (eq. A.4), eq. 3.1, and a generaliza-
tion of Parseval’s theorem, it can be shown that the total power of a
real function can be related to its spectral coefficients by

1 7T 27 5 . S
MLO Lome,«bn smededqazésff(e), (3:3)
where
i
See(l) = Z m (3-4)
m=—H~¢

is the power spectrum of the coefficients f¢,,. In a similar fashion, we
can define the cross-power spectrum of two function f and k as

[4
Sec) = Y femkem. (3.5)

m=—{
3.2 GRAVITY, POTENTIAL, AND ADMITTANCE
According to Newton’s universal law of gravitation, in a system with
two bodies with masses m and M (where M>>m) and positions r and

rg, the gravitational acceleration g of the particle of mass m reads:

—_com I te
g(r) = (;1\4'“%'3 (3.6)
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Figure 3.1: (a) Spherical harmonic functions for { < 4 and m > 0. The panels
in the first column corresponds to zonal functions while those in
the main diagonal are sectoral functions. (b) Mars’s shape built
from spherical harmonic functions for different maximum de-
gres {max in orthographic projection centered at 300° longitude.
The adopted colormap, as well as all colormaps used in this the-
sis, are from the scientific colomaps library by Crameri (2018).
For details on the importance of perceptually uniform colormaps

see Crameri et al. (2020)

where G is the gravitational constant. Given that g is associated with
a conservative force, we can also express this acceleration as the gra-
dient of a scalar potential:

g(r) = VLU

(3-7)
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The gravitational potential U associated with a body of mass distribu-
tion M= fv p(rg)dV’ can be defined as

U(r) = J Golrs) gy (3-8)
v r—r1g)

where V is the volume and p(rg) is the density distribution of the

body. Exterior to the body, the gravitational potential satisfies the so-

called Laplace equation

ViUu=0 (3.9)

where V? is the Laplacian operator. In spherical coordinates eq. 3.9
has the form
,0%U  _ au  ?%u au 1 2%u

2r— + +cot0—— +

T T T g2 do  sin20 92 G10)

A detailed development of the solution of this differential equation
can be found in the literature such as Kaula (1966) and Hofmann-
Wellenhof and Moritz (2006). In brief, the standard way of solving this
equation is by separating the variables as U(r,0,$) = F(r) ©(0) O ()
in eq. 3.10 and dividing it by FO®, which yields

! rzﬁJrzrﬁ 41 az—@+cot6@ +l¥az—®—o
FU or2 or) @ \ 902 20 ) " DsinZood:

(3.11)

The first term in eq. 3.11 is only dependent on the radial coordinate r,
hence it must have a constant value. Denoting the constant as ¢({+ 1)
we can write
2
5 0°F oF

T W+2ra—€(£+1)F(r) =0 (3.12)

which has solution of the form
F(r) = Art + Brt! (3-13)

where A and B are arbitrary constants. Since we are interested in the
case where the potential in free space vanishes at infinity, A must be
set to zero.

In a similar fashion, we can separate the angular component of eq.
3.11 into purely 0- and ¢-dependent parts and solve them individu-
ally. Then, it can be shown that the solution of the angular portion in
fact corresponds to the spherical harmonic functions Y, (6, ¢) where
¢ and m must be integers for physically meaningful solutions. Hence,
we can write the potential as

¢ 14
U =13 3 (7) wenYonl0.0) 614

=0 m=—



3.2 GRAVITY, POTENTIAL, AND ADMITTANCE

Given that the coefficient u¢,, have somewhat unpractical dimen-
sions, it is a convention within the geodesy and geophysical com-
munities to use a scaled version of eq. 3.14 in the form

00 L ¢
un =1y 3 (2 cinYento o) (3.15)

T
{=0m=—¢

where Cy;,, are dimensionless spherical harmonic coefficients of the
gravitational potential at a reference radius Ro.

Taking the first partial derivative with respect to r of eq. 3.15, we
obtain the radial component g of the gravitational acceleration:

GM &
9="12 Z
{=0m=—{¢

C o r ¢
(:) (L+1) ComYem (0, d). (3.16)

This calculation ignores the effect of the rotational potential and uses
the sign convention that the gravitational acceleration is positive in
the downward direction. In the context of geophysical investigations,
the Galileo (1 Gal= 1072 ms~?) is the standard unit used to quan-
tify gravity perturbations. The density structure in planetary interiors
usually causes gravity anomalies on the order of hundreds of miligals,
therefore it is conventional to use mGal units when presenting gravity
data.

The geoid is another important quantity in geodesy and geophysics.
It correspond to a surface that has a constant value of the potential,
i.e., an equipotential surface. The height N of an equipotential surface
above a sphere with radius Ry can be obtained by approximating the
potential U(R 4 N) using a Taylor series and equating this expression
to a constant value, commonly chosen to be the degree-0 term of the
potential. As discussed in Wieczorek (2015a, eqs. 20-24), for planets
with limited flattening such as Venus, using only up to the first-order
term of the Taylor series is usually a sufficient approximation. In this
scenario, we can define

dU(Ry) GM

= R (3.17)

U(Ryn +N) ~ U(Ry) +

Then, by approximating the first derivative of U to —GM/R%,, the
geoid is given by

00 14 ¢
NaRy) D <Ro> CemYem (6, ¢). (3.18)

R
=2 m——¢ VN

Note that the degree-1 term is set to zero which corresponds to the
scenario where the origin of the coordinate system is defined at the
center of mass of the body. Moreover, in this approximation, we ne-
glect the pseudopotential term associated with the centrifugal force
caused by the body’s rotation which primarily affects the degree-2.
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However, given the slow rotation of Venus, this term can generally be
neglected.

An important particularity of the radial gravity in comparison with
the potential and the geoid is the presence of the term ({+ 1) which
gives a greater importance to the higher-degree terms. This effect can
be seen in the Venus maps shown in Figure 3.2. The radial gravity
(a) tends to highlight the short-wavelength variations while the geoid
(b) has a smooth appearance. These maps make use of the Magellan
dataset MGNP180U (Konopliv et al., 1999) which are described in
detail in Chapter 4.

Radial gravity, mGal Geoid, m

~100 0 100 200 —-100 =50 0 50 100 150

Figure 3.2: Venus maps of (a) radial gravity and (b) geoid showing
Aphrodite Terra. Maps are in orthographic projection centered at
150° longitude based on the MGNP180U gravity solution (Kono-

pliv et al., 1999).

The studies presented in this thesis aim to explore the relation be-
tween the gravity field and the topography of Venus, either assuming
that the gravity signatures are associated with lithospheric deforma-
tions caused by the topography or assuming that gravity and topog-
raphy are expressions of the same geophysical processes in the planet
interior. These mechanisms are explored by making use of geophys-
ical models, as detailed in chapter Chapter 5. In this context, it is
useful to define quantities that allow for a quantitative evaluation of
this relation, such as the spectral admittance Z and correlation y. The
admittance is defined as the amplitude ratio between gravity and to-
pography per spherical harmonic degree

_ Shg (f)

2 = Shn(0)’

(3-.19)
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while the correlation y that characterizes the phase relation between
the two quantities is defined as

Shg(z)
Shh(e)sgg (E)

where Sy, is the power-spectrum of the topography coefficients hym,
Sg4g is the power-spectrum of the gravity coefficients, and Sy,4 is the
cross-spectrum between gravity and topography. When considering
the radial gravity, the admittance has units of mGalkm~"'. The cor-
relation, which is dimensionless, has its values bounded between —1
and 1. If y= 1, gravity and topography are perfectly correlated, while
v= —1 indicates that they are perfectly anticorrelated and y= 0 in-
dicates that they are uncorrelated. A third quantity that has been
broadly used is the so-called coherence, defined as y?. I usually pre-
fer using the correlation and not the coherence because the later loses
the sign information, even though anti-correlations are not typically
observed on Venus.

yit) = , (3.20)

3.3 LOCALIZED GRAVITY-TOPOGRAPHY ANALYSIS

The mathematical foundation I presented in the previous sections al-
lows us to investigate global properties of planets from the power
spectra of gravity and topography observations. However, planets —
and in this case Venus — have an important diversity of geological
provinces that have unique origins and evolutionary paths. Hence,
it is expected that the geophysical properties of the planet will vary
according to the region under investigation. Moreover, it is possible
that the dataset of interest has gaps that should be removed from the
investigation. In these scenarios, it is necessary to employ an anal-
ysis technique that allows us to extract information from data that
are localized to specific regions of interest. Some techniques analyze
such data using purely spatial domain approaches, whereas others
use more sophisticated spectral localization methods. Previous grav-
ity investigations of geologic features on Venus have used a variety of
localization methods, as discussed in Section 3.3.1. Yet, the spherical
spatio-spectral windowing technique used in the scope of this thesis,
summarized in Section 3.3.2, has not yet been applied to study the
planet.

3.3.1 Previous regional studies

During the Magellan era, many gravity studies used geoid-to-tography

ratios (GTRs) to investigate the interiors of various regions on Venus

(e.g., Smrekar and Phillips, 1991; Kuncinskas and Turcotte, 1994; Moore

and Schubert, 1997). GTRs provide, for a finite region, a single num-
ber that characterizes the best fitting linear relation between the geoid
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and topography. As a purely spatial method, this technique preserves
precise spatial information but loses all spectral information, making
it difficult to account for and subtract long-wavelength gravity sig-
nals that are comparable to or larger in size than the analysis region.
In addition, it is more difficult to validate the assumptions of the the-
oretical model and obtain quantitative model constraints, given that
geophysical models are usually wavelength-dependent, as shown in
Chapter 5.

Meanwhile, some of the first localized spectral admittance stud-
ies were performed for Venusian regions. In this type of analysis,
commonly referred to as spatio-spectral localization techniques, the
data are localized by employing windowing functions (also called
data tapers) that have a restricted bandwidth in the spectral domain.
These methods are subject to a trade-off between spatial and spec-
tral resolution. Due to this compromise and considering the gener-
ally low resolution of planetary gravity datasets, these methods are
usually restricted to large features. Particularly on Venus, localized
spectral analyses are restricted to regions with diameters of the order
of 1000 km or more.

The design of the window function is a key aspect to localized spec-
tral analyses because the spectral signature of the window contami-
nates the data spectrum, an effect known as spectral leakage. Since
this contamination is overall analogous to a convolution, as described
in section 3.3.2, the larger the spectral bandwidth of the window the
larger is the spectral leakage. The box-car function, which is one in
the region of interest and zero elsewhere, is the end-member scenario
of spectral leakage. Although being capable of perfectly suppressing
the signal outside the region of interest, this window has an infinite
bandwidth due to its sharp boundaries. This means that every local-
ized spectral estimate would be influenced by every degree of the
global spectrum. Therefore, for over half a century there have been
many endeavors to design windows that have well-constrained spec-
tral bandwidth (for a thorough review, see Percival and Walden, 1993).
In the scope of planetary sciences, given the nearly-spherical shape of
the large celestial bodies, most efforts have been towards the design of
windows in spherical coordinates (e.g. Simons et al., 1997; Wieczorek
and Simons, 2007; Audet, 2014).

On Venus, a variety of windowing techniques have already been
applied to investigate its gravity and topography. Grimm (1994) em-
ployed Hann window functions, Cartesian half-cosine shaped win-
dows that are able to attenuate spectral leakage, to investigate the
admittance signatures of Venusian crustal plateaus. Following this, Si-
mons et al. (1997) introduced a spherical wavelet-like analysis to per-
form admittance studies over various features on Venus. This wavelet
technique was later used in several investigations on the planet (e.g.
Smrekar et al., 2003; Hoogenboom et al., 2004; Anderson and Smrekar,
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2006). In this technique, the size of the analysis region is wavelength-
dependent, scaling with the size of the wavelet and the spatial-spectral
trade-off of the wavelets is analogous to the Heisenberg uncertainty
principle. In addition, Wavelet analysis in the Cartesian domain was
employed by Jimenez-Diaz et al. (2015) to investigate the lithospheric
structure of Venus. Audet (2014) used directional wavelets in both
Cartesian and spherical domains for estimating elastic lithosphere
thickness.

3.3.2  Localized spectral analysis on the sphere

In the studies undertaken in this thesis, the localization technique
introduced in a series of papers by Wieczorek and Simons (2005),
Simons et al. (2006), and Wieczorek and Simons (2007) is adopted.
The method consists of multiplying the gravity and topography data
by a fixed localization window and expanding the results in spherical
harmonics in order to retrieve the localized spectral estimate for a
specific region. The spatially localized version of a global function f
can be written as

F(0, ) =w(0, $)f(0, ) (3.21)

where J is the localized version of f and w is the localization window.
The main difference between this and the wavelet-based techniques
is that the window is fixed in size and geometry for all wavelengths.
This allows the analyst to ensure that all signals are from a single
geologic region of interest. The power-spectrum of J can be estimated
in the same manner as for the global function, using eq. 3.4.

The relation between the global power spectrum and the localized
one is quite complex for an arbitrary function. However, it can be
shown that, for the case where the spherical harmonics coefficients
of fy;m are zero-mean random variables, the expectation of the win-
dowed power spectrum (S5) is related to the global power spectrum
S by the following relation (see appendix B of Wieczorek and Simons
(2007) for the full development):

Wln z_'_]
(Sy(t stw > Seeli ]olo) (3.22)
i=[t—jl

where (...) represents the expectation operator, {yin is the spectral
bandwidth of the window, and C)mo is a Clebsch-Gordan coefficient.

The key outcome of eq. 3.22, for the purpose of the analyses pre-
sented here, is that (Sgg) is related to the power spectrum of the
global function f and window w by an operation reminiscent of a
convolution. Hence, it becomes clear that each degree { of the local-
ized power spectrum contains contributions from the global power
spectrum within the range {+{,i, and has uncorrelated points only
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every 20yin +1. Therefore, a large {in increases the smoothness of
the localized spectrum while further limiting the degree range we
can consider when doing the localized spectral analysis. By defin-
ing {4ata as the maximum spectral resolution of the data, the highest
reliable degree becomes {q,t,— {win as higher degrees would be con-
volved with coefficients of the function f that are unknown. Moreover,
{<fyin should also be neglected as these are dominated by signals
with wavelengths that are greater than the window size. Therefore, in
constructing the localization windows, (i, should be chosen small
enough to have enough data points to perform robust geophysical
data inversions.

In order to provide localization in both the spatial and spectral
domains, the windows designed by Wieczorek and Simons (2005) and
Wieczorek and Simons (2007) follow an optimization problem initially
developed in the Cartesian domain as proposed in a series of papers
during the 1960s by Slepian and colleagues (see Slepian, 1983, for a
review), for which the solutions are known as Slepian functions. One
way to present this problem is to find the windowing functions that
optimally concentrate their power within a region of interest for a
fixed and predefined spectral bandwidth £y,. Hence, if we define the
region of interest as a polar spherical cap with angular radius 06, our
problem consists in finding the functions that maximize the ratio

R0 [ w2 (8, ) sinBd6dd

T w2(0, ) sin 0d0d

(3-23)

where A is the so-called concentration factor that represents the qual-
ity of the spatial concentration. As shown in Wieczorek and Simons
(2005) and Wieczorek and Simons (2007), eq. 3.23 can be reduced to an
eigenvalue problem with solution consisting of a family of ({yin+1)?
orthogonal windows w' (eigenfunctions), each one associated with a
concentration factor A' (eigenvalue) that varies from zero to one and
monotonically decreases with taper number. Although the spherical
cap is originally built at the pole, standards algorithms can be used to
rotate them to an arbitrary position on the sphere, allowing for the in-
vestigation of any location on a planet. In some applications it might
be important to use localization windows with shapes different from
a spherical cap. This problem was studied by Simons and Dahlen
(2006a), who investigated the “polar gap” problem, and Simons et al.
(2006), who generalized the solution to arbitrary-shaped regions.

Figure 3.3 shows the first window function w° (i.e., the window
with highest concentration) based on a spherical cap with 6p= 16°
for three different spectral bandwidths. Panel (a) shows the power
spectra of the three windows and panel (b) a cross-section of the
corresponding windows in the spatial domain. This figure allow us
to clearly visualize the trade-off between the window spectral band-
width and the spatial concentration.
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Figure 3.3: (a) Power spectrum and (b) spatial cross-section of a localization
window w constructed using a spherical cap with 0p= 16°, in-
dicated by the gray lines, and varying spectral bandwidths. The
choice of the bandwidth has a direct impact on the spacial con-
centration of the window, associated with the trade-off between
spatial and spectral resolution.

Given that the solution is composed of multiple orthogonal win-
dows, it is possible to combine them to perform the localization pro-
cedure, a technique commonly referred to as a multitaper spectral
estimation (Thomson, 1982). There are several advantages of adopt-
ing multitapers over the use of any single window technique, such as
the spherical wavelets (Wieczorek and Simons, 2005; Wieczorek and
Simons, 2007). For example, the use of a single window always re-
sult in a heterogeneous coverage of the region of interest, as shown
in Figure 3.3(b), leading to an unbalanced representation of the local-
ized data in the spectral domain. Examples of localization windows
associated with a multitaper approach are shown in Figure 3.4. In
particular, the figure shows two-dimensional spatial renderings of the
nearly perfectly concentrated (A> 0.99) windowing functions based
on a spherical cap with 8p= 25°, as well as the combined power of
all the windows. The windows are constructed based on a spectral
bandwidth {,;,= 20 which results in a total of 8 windows with con-
centration above 99%.
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Figure 3.4: Spatial power distribution of orthogonal windowing functions
localized within a spherical cap with 8p= 25°, which is repre-
sented by the black circle in each panel, and with spectral band-
width {,in= 20. The windows shown correspond to a subset of
solutions with spatial concentration above 99%, which in this
case is composed of 8 windows. The bottom-right panels shows
the total combined power of the 8 windows.

The power-spectrum of a multitaper estimate for a number of N
well-concentrated orthogonal windows can be computed as:

N
SE0 =) anSTH () (3-24)
n=1

where a,, are weights assigned to each taper. The weights are usually
chosen to be uniform (1/N) or proportional to A,. Since in my inves-
tigations only the nearly perfectly concentrated tapers are used (A <
0.99), the difference between the two choices is negligible. Hence, for
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simplicity, I chose to use equal weights for all tapers in my multitaper
analyses.

Another useful property of the multitaper analysis is that it natu-
rally provides the uncertainties of the localized spectral estimations,
as discussed in detail by Wieczorek and Simons (2007). A rigorous
estimation of the variance of a multitaper estimate relies upon the
calculation of the covariance matrix between the individual window
functions. Nevertheless, given that the windows are somewhat uncor-
related, Wieczorek and Simons (2007) showed that for practical appli-
cations, it is commonly sufficient to use a simplified version where
the individual spectral estimates that contribute to the multitaper
spectrum are statistically independent and Gaussian-distributed. In
this case, the variance estimate reads:

(mt) PENEEERRA (n) mt) (1)
m ~ n—= n n _ m
var {9 (0)} ~ (1 e a%) n§_1 an (S5 (0 -SH @)

(3-25)

This estimate, however, has the tendency of underestimating the true
uncertainty.

Finally, it is important to emphasize that the use of multitapers
in the context of planetary sciences, and in particular on Venus, is
quite limited due to the low resolution of the gravity data. In order
to have a reasonable range of localized spectral estimates it is essen-
tial to minimize the window spectral bandwidth. Hence, for most
applications, gravity analyses are limited to the first, highest concen-
trated, window. Nevertheless, in some specific cases, as the studied
presented in Chapter 7, the use of multitapers is not only viable, but
particularly useful. Other studies that adopted multitaper techniques
include analyses of the lunar gravity field using the high-resolution
gravity model from the GRAIL mission (Besserer et al., 2014, Gong
et al., 2016; Goossens et al., 2020), and investigations of the crustal
remnant magnetic anomalies from the Moon (Wieczorek, 2018) and
Mars (Lewis and Simons, 2012).
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There is a wide range of geophysical datasets that can be used to
study planetary interiors. One of the most precise methods to obtain
information about the subsurface of a planet is through seismic data.
The extensive network of seismometers on Earth has allowed for the
comprehensive mapping of the planet’s interior, leading to the dis-
covery of crucial features such as the crust-mantle interface (known
as the Mohorovici¢ discontinuity), as well as the identification of the
outer liquid core and inner solid core. However, the same resources
are not available on other planets due to the high cost and technical
challenge of deploying seismic stations throughout the Solar System.
Nevertheless, seismometers deployed during the Apollo missions al-
lowed for the detection of moonquakes (e.g., Latham et al., 1971) and
from 2019 to 2022 marsquakes have been detected thanks to NASA’s
InSight lander (e.g., Giardini et al., 2020). These missions successfully
determined the core radius and crustal thickness of the two planets
(e.g., Lognonné et al., 2003; Garcia et al., 2011; Stdhler et al., 2021;
Knapmeyer-Endrun et al., 2021). Still, such type of data remains un-
available for most bodies, including Venus, and no planet besides
Earth have a substantial network that allows for a global mapping of
the interior. Hence, other geophysical measurements are essential in
the scope of planetary sciences.

Gravity and topography are relatively low-cost datasets that can be
acquired from orbit, providing a global view and allowing for analy-
ses of lateral variations of the planet’s internal properties. For Venus,
the highest resolution gravity and topography were obtained by the
Magellan spacecraft. In this chapter, I present the timeline and opera-
tions of Magellan (Section 4.1), followed by a detailed description of
the topography (Section 4.2) and gravity (Section 4.3) datasets.

4.1 MAGELLAN MISSION SUMMARY

The Magellan spacecraft was a NASA mission that orbited Venus
from 1990 to 1994 with the primary goal of globally mapping the
surface of the planet. A schematic overview of the mission is shown
in Figure 4.1. Magellan was launched from the Kennedy Space Center
on May 4, 1989. After a 15-month cruise phase, it successfully entered
in orbit around Venus on August 10, 1990. After arriving, some loss-
of-signal incidents delayed the science operations by several weeks
before commencing on September 15, 1990.
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May 1989 lLaunch (a)

Aug. 1990 9 Orbital insertion
Start science operations

Sept. 1990 20011 mappglg

Start extended mission

May 1991 ? Cycle 2: mapping

Jan. 1992 o Cycle 3: mapping

Sept. 1992 ¢ Cycle 4: gravity

May 1993 © Orbit cirularization

Aug. 1993 o Cycle 5: gravity

Spacecraft "tail-first" attitude

April 1994 ¢ Cycle 6: gravity

First orbit

(c)

Sept. 1994 I Birth of thesis author

Oct. 1994 ® End of mission

Figure 4.1: Overview of the Magellan mission operations. (a) Summary of
the mission’s timeline, indicating the start of the main mission
phases. (b) Magellan surface mapping orbit profile. The space-
craft had an elliptical orbit and surface mapping was performed
in the lower altitude portions. At higher altitudes, the spacecraft
was dedicated to playback the recorded data to Earth along with
a period of calibration of the spacecraft attitude with respect to
reference stars (modified from Saunders et al., 1992). (c) [llustra-
tion of the aerobraking maneuver used to circularize the orbit of
Magellan (modified from Lyons et al., 1995).

The Magellan payload had as its only science instrument a multi-
mode radar sensor that includes a high-gain antenna used for both
the SAR imaging and the telecommunications system, as well as a
horn antenna dedicated to acquire altimetry data. The high-gain an-
tenna was also used in a receiver-only mode to record the level of
radiometric power emitted by the surface of the planet. The sensor
operated in phases, cycling through the SAR, altimeter, and radiome-
ter modes.

The mission science operations were divided into six cycles, the
first half was focused on surface imaging and altimetry data acqui-
sition, while the last half was mainly dedicated to the gravity exper-
iment. Each cycle took 243 days, corresponding to the time that the
planet takes to turn once on its axis under the spacecraft orbit. Magel-
lan’s standard operations during the mapping cycles are schematized
in Figure 4.1(b). In this setting, Magellan pointed the radar sensor
to Venus’s surface acquiring longitudinal stripes of data during the
low altitude part of the orbit and then turned the instrument towards
Earth to playback the recorded data. Alternatively, during the gravity
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cycles the high-gain antenna was constantly sending radio signals to
the Earth in order to gather Doppler tracking data which used to pro-
duce the planet’s gravity field model, as detailed later in this chapter.

Magellan’s primary mission comprised only the first mapping cycle
covering 84% of Venus’s surface with the radar imager and altimeter,
successfully achieving the mission’s primary goal of mapping 70%
of the planet. The main objective of the second cycle was to fill in
the coverage gaps remaining from the first cycle. In particular, the
mapping period was slightly delayed to get a better coverage of the
south pole. After the third cycle, which focused on obtaining stereo-
images to generate higher resolution topography, the mapping efforts
came to an end with about 98% coverage of Venus’s surface.

Still in the initial elliptical orbit, Magellan did its first cycle devoted
to gravity science. However, since the altitude of the spacecraft is the
primary factor controlling gravity data resolution, this orbit limited
the high resolution gravity dataset to a +30° latitude band centered
on periapsis. Therefore, with the main motivation of improving the
resolution of the gravity data in a global scale, Magellan went thought
an orbit circularization phase. Because of insufficient propellant re-
sources, the spacecraft shrank its orbit by performing aerobraking
maneuvers, where the atmospheric drag is used to slow down the
satellite, as illustrated in Figure 4.1(c). This highly delicate and risky
maneuver, which, in fact, lacked normal operation safety margins,
was a historic first in the scope of planetary exploration. The techni-
cal details of this endeavor can be found in Lyons et al. (1995) and
Giorgini et al. (1995). Thanks to this maneuver, Magellan apoapsis
lowered from 8500 km to 540 km, allowing the spacecraft to acquire
gravity data in a quasi-circular orbit during cycles 5 and 6, which was
a game-changer for the resolution of Venus'’s gravity field particularly
for mid and high latitudes. Finally, on October 13, 1994 Magellan lost
contact with Earth after intentionally plunging into the Venusian at-
mosphere.

4.2 TOPOGRAPHY

The global-scale topography mapping of Venus relied on the radar
altimeter data collected in cycles 1-3 of the Magellan mission. The
basic principle of this instrument is to measure the spacecraft to sur-
face round trip time of a radar pulse which is then used to estimate
the distance between the spacecraft and the surface. The first topo-
graphic map from Magellan efforts was constructed by Ford and Pet-
tengill (1992) using data from the first cycle of the mission. Due to
poor knowledge of the gravity field of Venus during the first cycles,
the error of Magellan’s radial orbit reached several kilometers, di-
rectly affecting the uncertainties of the topography model. Years later,
Rappaport et al. (1999) reprocessed the altimetry data using the most
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recent gravity model at the time, which dramatically decreased the or-
bital errors to a maximum radial uncertainty of 90 m and an average
of 16m. The largest position error is the usual along-track, possessing
an average value of 200 m and causing north-south “stripes” pattern.

The Rappaport et al. (1999) topography model is based on over 4.2
million altimeter footprints from 3971 orbits. The footprint size varies
between 8 x 10 km at periapse and 19 x 30 km at the poles. The final
global gridded data has a pixel size of 5 x 5 km covering the entire
planet, with the exception of some small data gaps over 2.6% of the
surface. Wieczorek (2015a) made use of this grid, supplanted by data
from the Pioneer Venus and Venera 15/16 missions to fill in data
gaps, to create spherical harmonic coefficients up to degree 719 of
Venus topography. This data product, which is adopted in my stud-
ies, is named VenusTopoy19 and is publicly available in Wieczorek
(2015b). I note that a stereo-topography dataset created by Herrick
et al. (2012) is also available for about 20% of Venus’s surface. This
dataset has a spatial resolution of 1 to 2 km, corresponding to an or-
der of magnitude improvement with respect to the altimetry-derived
topography.

Figure 4.2(a) shows the topography map of Venus based on the
VenusTopoy19 dataset. As we can see, on Venus the relief is reason-
ably smooth, over 80% of the planet’s surface lies within 1km of the
mean planetary radius. The highest feature is Maxwell Montes lo-
cated at the center of Ishtar Terra, reaching over 10 km altitude. All
other highlands are associated with heights of about 6 km or less.

4.3 GRAVITY

While orbiting Venus, Magellan was subject to non-uniform gravi-
tational accelerations due to internal and surface variations of the
planet’s mass distributions. Because of these small accelerations, the
radio signals sent from Earth to the spacecraft and back to Earth
(two-way travel) were subject to Doppler shifts. By measuring these
Doppler shifts of Magellan, a technique called Doppler tracking, it is
possible to create a gravity model of the planet.

A detailed review on the different gravity models constructed for
Venus can be found in Sjogren et al. (1997). In this thesis, the MGNP18oU
model by Konopliv et al. (1999) is adopted, which is the most recent
and highest resolution Doppler tracking gravity solution for Venus.
Figure 4.2(b) shows the gridded form of this gravity solution. Com-
paring the topography and gravity maps, it is easy to see that the two
are well correlated - topographic highlands are associated with pos-
itive gravity anomalies while the lowlands correlated with negative
gravity anomalies.

The MGNP180U solution makes use of the gravity data obtained
by Magellan combined with the data acquired by the Pioneer Venus
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Figure 4.2: (a) Topography and (b) radial gravity disturbance maps of Venus
based on the VenusTopoy19 and MGNP180U spherical harmonic
models, respectively. The gravity map is built from the spherical
harmonic coefficients truncated at degree 75, which roughly cor-
respond to the average global resolution of the data (see text for
details). Both maps are in Robinson projection and are overlain
by a gradient image derived from the topographic model. Some
of the main Venusian features are labeled in the maps, the ones
in black correspond to highlands while the ones in white indicate
lowlands.

Orbiter and was constructed up to degree and order 180, which corre-
sponds to a resolution of 1° by 1°. Due to computational constraints
at the time, determining the gravity field up to degree 180 in a single
step was a overwhelming task even for the JPL supercomputer used
by Konopliv et al. To circumvent this issue, the authors decided break
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up the computation of the gravity spherical harmonic coefficients into
3 successive batches. The model was built up to degree and order 120
in the first step. The second step solved for the coefficients from de-
gree 116 to 155 only, while degrees 154 to 180 were solved in the third
step.

The estimation of a gravity model based on the Doppler tracking
data usually relies on the use of some a priori information which has
the purpose of assuring that the inversion is well-posed. In the case
of MGNP180U, the first and second steps of the model made use
of a spatially varying constraint that depends on the local strength
of the gravitational acceleration, while the third step is based on the
standard “Kaula rule”, where a power law is used to constrain the
gravity model (Kaula, 1966). As for the spatially varying technique,
the expected signal from the acceleration is computed globally using
the Kaula rule, while the uncertainty of the acceleration is spatially
mapped based on the covariance matrix and the partial derivatives of
the acceleration spherical harmonic coefficients. The degree at which
the amplitude of the acceleration signal crosses the estimated uncer-
tainty is know as the degree strength. This corresponds to the spher-
ical harmonic degree where the noise becomes more important than
the signal and it is an approximate estimation of the resolution of the
data.

Figure 4.3 shows the degree strength map from the MGNP180oU
model (adapted from Figure 3 from Konopliv et al., 1999). As we can
see, there is a strong spatial variation of the gravity data resolution,
which is to first order associated with variations of the spacecraft alti-
tude. Note that the largest degree strengths correlate with the orbit’s
periapsis at about 9° latitude. The minimum degree strength occurs
near Imdr Regio, around latitude —50° and longitude 180°, and is
associated with a data gap in Magellan cycles 5 and 6.

Using the spherical harmonic coefficients of the gravity and topog-
raphy models, one is also able to estimate their power spectra along
with the spectral admittance and correlation between them, as de-
fined by equations 3.4, 3.19, and 3.20, respectively. These quantities
are presented in Figure 4.4. Panel (a) shows the power spectra of
the topography, radial gravity and gravity error. As we can see, on a
global scale the model degree strength is around degree 70, which cor-
responds to a spatial resolution (half-wavelength) of approximately
270km, following the Jeans relation (eq. 3.2). In addition, the error
spectrum shows discontinuities at degrees 116 and 154 caused by the
three step solution procedure used in to build the MGNP180oU model.

The global admittance and correlation are shown in Figure4.4(b).
The admittance ranges from about 20 to 50 mGalkm™'for ¢< 80,
which is roughly the same range as Earths, but about 3 times lower
than what has been observed for smaller bodies, such as Mars and
the Moon. These differences show that on Mars and the Moon the
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120

Figure 4.3: Contours of the degree strength distribution of the MGNP180U gravity solution
overlaying the predicted gravity field. The contour values represent spherical
harmonic degrees. Map in cylindrical equidistant projection (Plate Carrée) cen-
ter at 60° longitude. Modified from Konopliv et al. (1999).

surface topographies generate larger gravity anomalies in compari-
son to Earth and Venus. A plausible explanation for these observa-
tions is that the larger planets have a weaker lithosphere, resulting in
a larger compensation of the topography and smaller gravity anoma-
lies (this attribute is further discussed in Section 5.1). Above degree
80, Venus’s admittance decreases linearly, likely an effect from a poor
determination of the gravity field in the short wavelength range. Fur-
thermore, Venus presents a high correlation for the long wavelength
range, particularly in comparison to the Earth. For 2 <{< 30, Venus
has an average correlation of about 0.84 while Earth’s correlation is
0.54, Mars’s is 0.74, and the Moon’s is 0.47 on average for the same de-
gree range. This is an indication that the long wavelength topography
and gravity of Venus are coupled and result from the same processes,
such as convective flows in the mantle (e.g., Phillips et al., 1981).
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Figure 4.4: (a) Power spectra of topography based on the VenusTopoyig
model, radial gravity and gravity error from the MGNP18oU
model. The error spectrum shows discontinuities at degrees 116
and 154 caused by the three step solution procedure. (b) Spectral
admittance and correlation between gravity and topography.



GEOPHYSICAL MODELS

The interpretation of gravity field observations is non-unique, mean-
ing that a variety of internal density anomaly distributions can ex-
plain equally well the observations. Yet, by making plausible geolog-
ical and physical assumptions about the interior structure, the inter-
pretation of the gravity data can become a unique problem. This set
of assumptions is built in terms of a geophysical model that depends
on a series of parameters, such as the crustal thickness or the viscosity
of the mantle. The values of these parameters will directly affect the
predicted gravity field and, by comparing the model predictions with
the observations, we can estimate these interior properties. The exer-
cise of inferring unknown model parameters based on observations
involves an extensive group of techniques that compose the domain
of data inversion theory.

This chapter is dedicated to detailing the geophysical models adopted
in the investigations presented in this thesis. In Section 5.1, I present
the elastic loading model I adopted to study the crust and lithosphere
of the crustal plateaus. In Section 5.2, I introduce the dynamic loading
model used to investigate Venus’s mantle. Lastly, Section 5.3 briefly
describes the inversion approaches relevant to my studies.

5.1 LITHOSPHERIC MODEL

The lithosphere is the outermost rheological layer of terrestrial plan-
ets. It is characterized by being a strong rigid layer in which heat
is transported inductively from the thermal boundary layer, defined
as the limit between the convective and conductive regimes, to the
planet’s surface. The strength of the lithosphere is in practice finite
and can present significant variations not only from one planet to the
other but also regionally and temporally within a single planet. The
lithospheric strength will affect the degree of compensation of the
topographic features which, in turn affects their associated gravity
signature. In this section, I present an approach to model the gravity
signature associated with the crust and lithospheric properties. I start
by formally introducing how to estimate the gravitational potential
from a surface density interface with arbitrary relief, followed by the
description of the flexural loading approach used to model the litho-
sphere. Then, I show how this model can also help us understand the
thermal conditions of the lithosphere.
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5.1.1  Gravity field from the relief of a density interface

To compute the gravitational potential coefficients C¢, (eq. 3.15) from
an observer position r of a body located at rg, with density distribu-
tion p(rg) we take advantage of well-knwon the identity:

! = ! i (%)e Pe(cos ), for v > rg (5.1)

r—rgl T =

where « is the angle subtended by the positional vectors. The Legen-
dre polynomials P¢(cos &) can be computed using the so-called Leg-
endre addition theorem

Pe(cosa) = 5 —— +1 Z Yem (8, $)Yem (0a, o). (5.2)

By inserting these two identities into eq. 3.8, it can be shown that the
potential coefficients may be computed as

1
Com = j o) Ve (0, b )V, (5.3)

MR{(2¢+1) Jv
which is a relation valid only in cases where the observation point r is
greater than the maximum radius of the body rg, given the inequality
from eq. 5.1 (see Wieczorek, 2015a, for details).

It is further possible — and particularly useful in the scope of geo-
physical studies — to compute the potential coefficients for the case
of a surface with relief t(0, ¢) referenced to a spherical interface of
radius Ry where the density contrast between T and R depends only
on latitude and longitude. As shown in Wieczorek and Phillips (1998),
in this case ,the potential coefficients can be defined as:

47R3 ei [, (t+4—3)

Com = M(2(+1) R“n' (0+3)

(5-4)

We can use this equation to compute the gravity signature from the
observed topographic relief of a planet. Given the usual lack of prior
knowledge, it is common to consider a constant value for the den-
sity contrast between the crustal rocks (for example, standard density
values of basalts) and the atmosphere (usually assumed to have negli-
gible density). The estimation of gravity from topography is a widely-
used approach with many applications and is commonly referred to
as the Bouguer correction.

Even though the sum in eq. 5.4 is finite, meaning it can be com-
puted exactly, the number of terms grows linearly with the spheri-
cal harmonic degree. However, since each succeeding term is smaller
than the previous, the sum can be truncated at a value nmax. The
choice of nmax depends on the resolution of the gravity model as
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well as on the amplitude of the relief. For Venus, when computing
gravity from topography, it is usually sufficient to limit the analysis
to Nmax = 1 given the overall smooth topography observed on the
planet. The use of higher-order terms is only necessary on Maxwell
Montes, which is the highest topographic feature of the planet. In this
case, an accurate gravity prediction is obtained with nmax = 3 (James
et al., 2013; Wieczorek, 2015a).

The version of eq. 5.4 that uses only the first-order term is referred
to as the “mass-sheet” approximation and reads:

_ 4mRZ(pT)em

Cfm— M(2€+]) . (55)

7

The higher-order terms are commonly called the “finite-amplitude
correction terms. Yet, since my investigations are directed to rela-
tively smooth-relief regions on Venus, it is reasonable to neglect the
finite-amplitude terms. Note that, for increasing ¢, the radial gravity
predicted using the mass-sheet approximation approaches the expres-
sion g= 27pGh, in the case where T is the topographic relief h associ-
ated with a constant density. This expression is known as the Bouguer
slab approximation.

when using the mass-sheet approximation to compute the radial
gravity (eq. 3.16), for increasing { the predicted gravity approaches
the expression g= 27pGh (in the case where T is the topographic
relief h associated with a constant density) which is known as the
Bouguer slab approximation.

5.1.2 The gravity signature of topographic support

For centuries, scientists have been investigating the possible mecha-
nisms responsible for the support of topographic features, which cor-
respond to non-hydrostatic deviations from the hydrostatic shapes of
planets. In fact, one of the most notorious debates in the geosciences
domain led to the development of two well-known models of isostatic
compensation, named Pratt and and Airy isostasy (Airy, 1855; Pratt,
1855).

In an isostatic regime, the topographic loads are supported buoy-
antl as the light crustal loads float on top of a denser yet weaker (i.e.
more viscous) mantle. In Airy’s model, the weight of topography is
balanced by crustal thickness variations such that crust-mantle ver-
tical columns always have the same total mass (Airy, 1855). In this
case, considering a Cartesian geometry, the relief of a crustal root h,
is related to the height of the surface h via the simple relation

Pc
hy =—h—— 6
T p pc (5 )

where p. is the density of the crust and p., is the density of the
mantle. As for Pratt isostasy, the equal-mass columns result from
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lateral variations of crustal density and there is no relief within the
crust-mantle interface (Pratt, 1855). I note, however, that the historical
“equal-mass” definitions for isostasy tends to overestimate the crustal
thickness for smaller bodies, where the crust is relatively thick with
respect to the radius. Hemingway and Matsuyama (2017) have shown
that, in order to accurately estimate crustal thicknesses of small bod-
ies, it is instead necessary to consider the “equal-pressures” model.

The assumption of an isostatic regime is commonly seen to be ad-
equate when considering broad topographic features and over long
time-scales. However, it is well known that elastic stresses within the
lithosphere play an important role in the support of topographic fea-
tures, especially in the short-wavelength range. In fact, the analysis of
the gravity signature associated with topographic relief is one of the
best ways of investigating the properties of a planet’s lithosphere, as
I will further discuss in this section.

For any of the support mechanisms just described, we can estimate
the spherical harmonic coefficients of the gravity field from the topog-
raphy coefficients hy,, via the general relation

gem = Qﬁmhem + Iem, (57)

where I¢;, is the part of the gravity signal not predicted by the model
and Q¢y is the model-dependent linear transfer function that ac-
counts for the mechanisms controlling the support of topography.
When [;, is uncorrelated with topography, which would be the case
if it was originated by measurement noise, the power spectrum of the
observed gravity field can be defined as

Sgg = Sgg + S (5.8)

where Sgg is the power spectrum resulting from the model and Sy;
is the power of the signal not predicted by the model. Note that the
presence of I, signals tends to increase the observed gravity power
spectrum, causing a decrease in the gravity-topography correlation
(eg. 3.20).

Even though eq. 5.7 is intrinsically a nonisotropic relation, the load-
ing model adopted here is built in terms of a transfer function Q, that
depends only on {. This is a practical approach because it allows us
to readily work with the power and cross-power spectra of the gravi-
tational field and topography. In this case, by multiplying both sides
of eq. 5.7 by h¢y, summing over all orders m, and computing the
expectation, we find that Q; corresponds to the spectral admittance
Z, assuming that Iy, is a zero-mean random variable. Furthermore,
if it is assumed that the gravity and topography should be perfectly
correlated, any correlation value below unity would represent noise
(either measurement noise or geologic signals not accounted for by
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the model) and the admittance uncertainty o would directly be re-
lated to the correlation as follows:

2 Sgg(0) 1—v(0)?
0° = Si:(f) T (5.9)

If we define Sgyq4/S11 as the “signal-to-noise ratio”, one can obtain a
direct relation between S44/S11 and the correlation by inserting eq.
5.8 into eq. 3.20. As presented in Wieczorek (2008), correlation values
of 0.0707 and 0.816 correspond to signal-to-noise ratios of 1 and 2,
respectively.

5.1.3 Loading a thin elastic shell

Here, I describe the flexural model of the lithosphere as presented
in Broquet and Wieczorek (2019), which allows for the placement of
loads both on the surface and in the subsurface, providing some small
improvements upon previous loading models developed for Mars by
McGovern et al. (2002), Belleguic et al. (2005), Beuthe et al. (2012), and
Grott and Wieczorek (2012).

The model considers that the lithosphere behaves as a thin elastic
shell that overlies a fluid interior. The main assumptions and theoreti-
cal development of thin elastic shells is presented in Kraus (1967) and
explored in the context of topographic loads on elastic lithospheres by
Turcotte et al. (1981), with further developments presented in Beuthe
(2008). This formulation establishes the relation between the pressure
of loads acting on the elastic lithosphere to the vertical deflection of
the surface. The amount of deflection is controlled by the flexural
rigidity D of the lithosphere, which depends on the Poisson’s ratio v,
Young’s modulus E, and the elastic thickness T, as follows:

ETS

D= 20 -2 (5.10)

The equation that governs the shell deflection w in the presence of a
load q reads (Kraus, 1967):

[D(V2+2)3 —2D(V? +2)? + ET.RZ(V? +2)] w(0, ¢)
= —Re(VZ+1-v)q(8,¢), (5.11)

where R, is the radius of the elastic shell, here taken as Re=R—T./2.
Expressing the load and deflection in spherical harmonics coefficients,
q¢m and wym, and using the identity of the Laplacian in the spectral
domain for functions defined in the surface of a sphere

V2Yem = —LL+1)Yem (5.12)
we can rewrite equation 5.11 in linear form as

Wem = &eqem, (5.13)
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where

RA(E+1)—1+]

&= "D 20 1 ET.R2n

(5-14)

is a wavelength-dependent parameter that contains the elastic prop-
erties of the shell and n = (({ + 1) — 2. Note that the loading q is
defined as positive when directed downwards while the deflection w
is positive when directed upwards

It is then necessary to compute the net load q acting on the litho-
sphere. q is defined as the difference between the vertical gravita-
tional force per unit area acting on the lithosphere q, and the hydro-
static pressure at the base of the lithosphere from the fluid mantle q,.
As shown by Belleguic et al. (2005), the gravitational force per unit
area can be written as

1 rUirn) 5

da :_RZJ p(rrerd))T dur (515)
U(ry)

where TN (0, @) = R+h (0, ¢) is the surface and 1 (6, ) = R—T +w(6, d)

represents the thickness of the lithosphere with

Te ifTe =T,
T, = e 1le ¢ (5.16)
T ifTe < T,

with T, indicating the thickness of the crust. Then, by numerically ap-
proximating the integral in eq. 5.15 and taking qn = pmU(r1) where
pm is the density of the mantle, the net load can be expressed as

1 N
4 =da—dn="p7 ) o)1} [Ulrj11) = U(ry)] —pmlU(r1), (5.17)
j=1

where N represents the total number lithospheric layers character-
ized by density interfaces and p(rj) indicates the density difference
between radii r; and 7j,.1. Moreover, p(rj), 15, U(r;), and U(rj4.1) de-
pend implicitly on 0 and ¢.

This general relation can be interpreted and rewritten for specific
scenarios of surface loading or subsurface loading. Surface loads can
be the result of extrusive volcanism or topographic highs generated
by tectonic processes, while subsurface loads will be modeled either
as a low-density layer in the mantle, such as from a buoyant mantle
plume, or a high density layer within the crust, which could corre-
spond to dense magmatic intrusions. Below, I outline the main steps
and assumptions used to derive the surface loading transfer function
as presented in Broquet and Wieczorek (2019). Then, I provide the
main equations used to compute subsurface loads and how the two
contributions can then be combined.



5.1 LITHOSPHERIC MODEL 63

SURFACES LOADS The first step is to expand the latitude- and
longitude-dependent variables into spherical harmonics such that each
spherical harmonic coefficient can be treated individually. Hence, q,
U, h, and w become q¢m, Ugm, hem, and wem. The model is built
in terms of three layers: the mantle, the crust, and the loads, each
one associated with a specific and constant density with values rep-
resented by pm, pc, and py, respectively. Meanwhile, the density of
the atmosphere is set to 0 kgm—3. The interfaces between the rocky
layers are assumed to deflect by the same amount w¢y,. The model
also assumes that rj=Re=R. Finally, given that the lithosphere deflec-
tion w is small with respect to the planetary radius, one can make
use of the first-order Taylor series approximation Ugm (v + wem) =
Ugm (1) — g(r)wem and express eq. 5.17 as

dem = 9oAP1Wem + gm ApcWem + go PL hem
- Apcuem(R - Tc) - pcuﬂm(R)/ (518)

where go and g, are the radial gravity acceleration at the surface g(R)
and at the crust-mantle boundary g(R—T.) respectively, Apy = p. —p1,
and Ap. = pm — pc. The first two terms of eq. 5.18 are associated with
the deflection of the lithosphere which, in turn, deflects the crust-
mantle boundary. The third term account for the “extra” weight of
the load itself which is the mass that occupies the region between
the mean planetary radius and the topographic relief. The two last
terms are associated with “self-gravity” effects, i.e., they represent
changes to the gravitational potential induced by the topography and
deflection.

Considering the contributions of the three density interfaces and
making use of the mass-sheet approximation (eq. 5.5), it is straight-
forward to compute the potential spherical harmonic coefficients of
the potential U¢y,, where Uy, = %Cem. Defining that (i) at the
surface relief T¢;, = hem, Rt=R, and p¢m =p1, (i) at the load-crust
interface T¢;m =Wem, Rt=R, and p¢my = Apy, (iii) at the crust-mantle
interface Tg;m =Wem, Rt= R—T¢, pem = Apc and that this interface
has to be downward continued to R — T, and (iv) making use of the
identity 4G = 3go/pR, where p is the planet’s bulk density, one
obtains

390

UR) = 520+ 1)

R 042
C
pthem + Aprwem + Ape <R> Wom | -

(5.19)
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An analogous rational can be used to estimate the potential at the
crust-mantle boundary, which yields

390
UR—Te) = p(2L+1)
R—Tc\* R—T,
X [(PlhtszrApre,m) ( 2 ) + Apc (RC) me] .

(5.20)

Inserting egs. 5.18, 5.19, and 5.20 into eq. 5.13, after some algebra,
one can draw a linear relation between the deflection and the topog-
raphy as follows

pLCfg
— 21
Wem Ape ms (5-21)

where Cj represents the amount of compensation of the surface to-
pography and is defined as

£
3 R—T,¢
1= sz [pC+ApC ( R ) ]
ci = (5.22)
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Finally, the relationship between the radial gravity coefficients g¢m
and the surface topography h¢, can be expressed as

Qpe+1)

Jtm = R hfm/ (523)

where Qj is the degree dependent transfer function given by

N2
1R (R T°> ] (5.24)

CT (204 1) Ape R

Although this model allows for a density interface between the sur-
face load and crust, given the lack of knowledge on the composition
of the Venusian crust and to reduce the number of parameters in the
model, I will assume for the remaining of the thesis that the two have
the same density p.. Figure 5.1 presents how the modeled spectral
admittance, which corresponds to Qj (¢ + 1)/R, varies with respect to
the elastic thickness T,, the crustal thickness T., and the crustal den-
sity pc. These models assume a mantle density of pr, =3300kgm ™3,
a Young’s modulus of E = 100 GPa, and a Poisson ratio of v = 0.25,
which are constants adopted throughout this work. The chosen val-
ues are based on what has been measured for terrestrial rocks (e.g.,

Hyndman and Drury, 1976; Turcotte and Schubert, 2002) and are
consistent with what has been used in previous studies of Venus. I
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further remark that, even though other planets such as Mars are prob-
ably associated with higher upper mantle densities due to a high iron
content, Venus is expected to be much more Earth-like as indicated
by surface composition constraints obtained by soviet landers (Fig-
ure 1.3).
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Figure 5.1: Theoretical admittances spectra for a surface loading model. The
black curves in the three plots are generated using the same elas-
tic thickness of 15km, crustal thickness of 15 km, and crustal
density of 2800 kgm™3. (a) Varying elastic thickness, with T, =
15km and p. = 2800 kgm—3. (b) Varying the crustal thickness,
with Te = 15 km and p. = 2800kgm 3. (c) Varying crustal den-
sity, with Te = 15 km and T, = 15 km. The dark gray vertical line
indicated the global resolution of the MGNP180oU gravity model
based on Magellan data (Konopliv et al., 1999). Modified from
Maia and Wieczorek (2022), Supplemental information (SI).

Figure 5.1 shows that, for the current gravity data resolution avail-
able for Venus ({g,ta< 70), the model is not very sensitive to the elas-
tic thickness when it has relative small values, as expected for Venus.
Moreover, in this degree range, the model is also relatively insensitive
to crustal density. With higher-resolution gravity models it would
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probably be possible to explore lateral variations of Venus’s crustal
density and better assess the contribution of lithospheric strength in
the support of short-wavelength topography on the planet.

SUBSURFACE LOADS The rationale behind the development of the
internal loads equations are quite similar to the one just demonstrated
for the surface loads and so I chose to only present the final equations
used in the model. However, for those interested in a step-by-step
explanation, I recommend the thesis of Broquet (2020). The equations
presented below can also be found in Grott and Wieczorek (2012) and
Broquet and Wieczorek (2019).

For the internal loading scenario we assume that the loads are con-
centrated within a thin mass-sheet defined as \7,, = dp¢mdr, where
dpem is the density contrast of the loads with respect to the surround-
ings and dr is the thickness of the mass-sheet. The deflection caused
by these loads reads

z

w%m = _C% m (5-25)
Pm
with
0+2
m . 3 R—z R—z
ch{%omzem[pc () a0 ( Rw)z]}
Ci = , (5.26)
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where P/ = <R%R> _ (RETC) _ AP;J , zy, represents the depth

of the mass-sheet, and
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Equivalent to the surface loading scenario, the predicted radial
gravity coefficients can be computed as

Q7(L+1) W7
z L A m
Jem = R o0 ' (5.27)

with QF representing the transfer function defined as

<R—Z¢>Z+Z_CZPC_C2APC <R_TC>€+2 .
zy “om ‘om \ R

(5.28)

3gOpc
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Figure 5.2 presents illustrations of the surface and subsurface load-
ing scenarios and their gravitational signatures. Panels (a) and (b)
show the surface loading model for elastic thicknesses of 300 and 15
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km, respectively. We can see a considerable difference in the grav-
ity for these two cases, with a more rigid lithosphere being associ-
ated with a stronger signal, while for a flexible lithosphere the longer
wavelengths are nearly completely compensated and the gravity sig-
nals are related to the uncompensated shorter-wavelength relief. Note
that for decreasing T., the load approaches an isostatic support state.
In fact, if T. = Okm, the model is equivalent to the Airy isostasy
model with the “equal-pressures” formulation (Hemingway and Mat-
suyama, 2017). Panel (c) shows the effect of a internal load with neg-
ative (buoyant) density anomalies, while (d) illustrates the flexure
caused by high-density subsurface loads at the base of the crust. In
all examples we can clearly see that gravity and topography are per-
fectly correlated. In fact, the model is designed in such a way that
the global spectral correlation is always equal to 1 or —1 (perfectly
correlated or anti-correlated).

COMBINED LOADs The final step of our model is to combine the
loading contributions from both surface and subsurface. Following
Grott and Wieczorek (2012), the loads are assumed to be in phase,
which is a valid assumption when the correlation is high. Defining
the surface load as 1V§,,, = pi1(h¢m — Wem), the ratio between the two
loads is f,,,, = W§,,/W7,- In order to have a bounded loading ratio L,
the ratio f,, can be reparameterized as

fe
Lym = T 2
that can vary between —1 and 1. In this parameterization, L = 0 rep-
resents the presence of surface loads only, while L = —T and L = 1

correspond respectively to pure bottom-loading with low-density and
high-density mass-sheets. For simplicity, the loading ratio will be as-
sumed isotropic and independent of wavelength, i.e. Ly = L.

Finally, the predicted radial gravity coefficients g/ from the com-
bination of the two loads can be written as

gte = QU™ (em + Wyn) (5.30)
where
Qi +Qig (1+45:C1)f
1-Cre (142G ) f
Lastly, I remark that this loading model differs somewhat from the
model of Forsyth (1985) that was previously applied to Venus (e.g.,
Phillips, 1994, Hoogenboom et al., 2005). The fundamental difference
between the two models concerns how subsurface loads are treated.
In Forsyth (1985), the subsurface loads are assumed to be on aver-

age uncorrelated with the surface loads, whereas, in the model pre-
sented here, the loads are assumed to be perfectly correlated. Though

Qffex = (5.31)
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Figure 5.2: Schematic view of the adopted flexural model, showing the to-
pography profile h(0, ¢) and associated deflection w(6, ). The
corresponding radial gravity signal g(6, ¢) is represented by the
blue curve at the top of each subplot. Panel (a) shows the case
of surface loads with Te=300 km while (b) represents surface
loading with Te=15 km. Panel (c) displays the subsurface load-
ing scenario in which the topography is supported by a buoyant
layer in the mantle, represented by the thin layer at 150 km depth,
with light colors indicating a negative density anomaly. Panel (d)
exemplifies the case of a high-density layer, such as intrusions,
represented by the thin layer at the base of the crust with dark
colors indicating positive density anomalies. Panels (c) and (d)
have a 15 km elastic thickness and the vertical scale of both sur-
face relief and the crust-mantle interface are doubled for visual
purposes. All profiles measure approximately 4000 km across.
The models have a crustal thickness of 30 km, crustal and load
densities of 2800 kgm~3and a mantle density of 3300 kgm~—3.
Figure from Maia and Wieczorek (2022).

Forsyth acknowledged that tectonic and volcanic processes would
likely favor the formation of correlated loads, it was argued that ero-
sion of the continental crust on Earth could act to decorrelate surface
and subsurface loads. Since there is little to no erosion occurring on
Venus today, the assumption of uncorrelated loads for this planet is
thus questionable. Regardless, it is important to emphasize that the
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differences between the two models become less prominent as the
elastic thickness decreases, and that the two models are in fact iden-
tical for the case of Airy isostasy (i.e., T = Okm). A second differ-
ence is that, in Forsyth’s original approach, the subsurface load was
determined from the observed gravity field. Hence, the modeled ad-
mittance function exactly fits the observed admittance. Their analysis
instead focused on interpreting the correlation function.

5.1.4 From elastic thickness to lithospheric thermal properties

The elastic shell formulation provides a simplified mathematical rep-
resentation of the lithosphere. On one hand, it enables a linear treat-
ment of lithospheric loading, allowing for geophysical inversions. On
the other hand, this formulation neglects significant modes of litho-
spheric deformation associated with viscous and plastic rheologies.
The more realistic definition of the lithosphere, composed of a plastic-
elastic-viscous rheology, is known as the mechanical lithosphere. Con-
veniently, it is possible to determine the mechanical lithosphere from
the elastic lithosphere via a moment-matching technique, as intro-
duced by McNutt (1984). In addition, because the mechanical thick-
ness directly depends on the temperature with depth, it can be use
to estimate the thermal gradient of the lithosphere. Hence, in the ab-
sence of direct heat flow measurements, elastic thickness estimations
are one of the few quantities that can help constrain the thermal evo-
lution of the planet through space and time. It is important to remark
that these estimations are associated with thermal properties of when
the lithosphere under the topographic feature was hottest and that
the flexural signature “freezes” at that state. Therefore, since planets
tend to cool with time, it is generally reasonable to assume that these
estimations correspond to the thermal state during the formation of
the region, although lithospheric reheating can trigger the process of
thermal rejuvenation (McNutt, 1984; Albert and Phillips, 2000).

The main idea behind McNutt’s method is that the bending mo-
ment M must be balanced by the stress differences within the vertical
profile of the flexed lithospheric plate, independent of its rheology.
I.e., an elastic plate and a more complex mechanical plate must sup-
port identical bending moments for a given curvature. In mathemati-
cal terms, this relation reads

M= J Ac(z)(z—zn)dz, (5.32)
0

where Ao represents the differential stress, z is the depth, and z,

corresponds to the depth of the neutral axis where Ao = 0. In practice,

the integral can be stopped at the depth where Ao is equal or close

to zero. This equation provides a quantitative relation between the

mechanical and elastic lithosphere since both plates should have the
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same bending moment. It is then possible to estimate the mechanical
lithosphere thickness T, from Te.

The variation of the differential stress with depth, commonly re-
ferred to as yield strength envelope, is represented in Figure 5.3 for
both (a) elastic lithosphere and (b) mechanical lithosphere. In the elas-
tic plate model the differential stresses vary linearly from the surface
down to the T, reaching maxima and minima at z = 0 and z = Te in
the case where the plate bending is concave downward. In this sce-
nario, it is straight-forward to integrate the differential stress, and the
bending moment reads

KET?
20—v) (5:33)

M =
which is simply the product between the plate curvature K with the
rigidity eq. 5.10. Even though K can vary spatially, using the maxi-
mum curvature for the elastic to mechanical plate conversion gener-
ally yields reliable results, as shown by Mueller and Phillips (1995).
In this work, the maximum curvature is computed by taking the sec-
ond derivative of the modeled lithospheric deflection w and not from
actual observations. Hence, the curvature depends upon the validity
of the model assumptions.
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Figure 5.3: Differential stress with respect to depth for a lithosphere plate
bent concave downward, i.e., with tensional stresses at the top
and compressional stresses at the bottom of the plate. (a) Elastic
plate model for Te= 30km and K= 10=7m~'. (b) Estimated me-
chanical yield stress enveloped considering brittle failure near
the surface, an elastic core and, viscous flow near the base of
the lithosphere, considering a strain rate of 107 '®s~" and dry
diabase rheology.
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The mechanical plate is more complex and accounts for different
rheological contributions. The uppermost colder lithosphere is con-
trolled by brittle failure (i.e., faulting), the lower and hotter litho-
sphere is associated with viscous stresses and, in its middle, the plate
behaves elastically, as shown in Figure 5.3(b). The brittle behavior
was experimentally studied by Byerlee (1968), who found that the
frictional resistance of rocks are mostly insensitive to temperature,
strain rate, and rock composition. Based on the empirical laws from
the works of Byerlee (1968) and Jaeger and Cook (1976), Mueller and
Phillips (1995) derived expressions to estimate minimum differential
stress necessary to cause brittle failure. For a tension regime, the dif-
ferential stress is defined as

0.7860, if 6, < 529.9MPa
Ao = , (5:34)
56.7MPa + 0.6795,, if 6, > 529.9MPa
while in compression it reads
—3.685, if 6, > 113.2MPa
Ao = / (5.35)
—176.6MPa —2.125, if 5, < 113.2MPa

where G, is the effective vertical stress (i. e., lithostatic overburden).

Viscous stresses control the rheology of the bottom part of the litho-
sphere and depend on the mechanical properties of the rocks, strain
rate ¢, and temperature T. The flow law that governs ductile deforma-
tion is defined as (e.g., McNutt, 1984):

.\ 1/n
Ao(z) = (;\) exp <nfR(".Ig“(z)> , (5.36)

where the activation energy Q, the exponent n, and the pre-exponential
factor A are rock-dependent rheological parameters that are experi-
mentally defined, and R is the gas constant. As shown in eq. 5.36 and
Figure 5.3(b), at the base of the lithosphere the yield strength drops
towards zero exponentially with depth. In practice, however, the base
of the plate is limited by a threshold bounding stress. The choice of
the bounding stress value is somewhat arbitrary. However, for val-
ues smaller than 100 MPa, the impact is small given the exponential
dependency on temperature. Following McNutt (1984), I consider a
bounding stress value of 50 MPa. The depth where this bounding
stress is reached defines the thickness of the mechanical lithosphere.
Moreover, because of the dependence of eq. 5.36 on temperature, it
is possible to compute the associated temperature at this depth. As-
suming that there are no heat sources on the lithosphere, the thermal
gradient within the lithosphere is linear and reads:

dI' T(z=Tn)—T(z=0)
o= T : (5.37)
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From dT/dz, it is straight-forward to estimate the heat flow F at the
surface as

dT
F=k—, 38
e (5-38)

with k representing the thermal conductivity of the lithosphere.

5.2 DYNAMIC LOADING MODEL

Almost a century ago, Pekeris (1935) presented a mathematical rela-
tion between the magnitude of thermal anomalies in the mantle and
the direction of convective flows for a self-gravitating sphere. This
pioneering study presented estimations of gravity signals generated
by mantle flow processes. It showed that high temperature anomalies
cause rising currents which deform upwards the planetary surface
and all interfaces down to the core-mantle boundary. Hence, grav-
ity anomalies associated to mantle convection have two contributions
of opposite directions. A high temperature perturbation is associated
with thermal expansion and low density anomalies, which causes a
negative gravity anomaly. Meanwhile, the upward deflections of the
surface and internal boundaries produce a positive gravity anomaly.
In fact, Pekeris estimated that, for an isoviscous mantle, the uplift re-
sulting from a negative density anomaly would have a positive grav-
ity signature. An analogous but opposite effect is generated by low
temperature perturbations. This was the earliest demonstration of the
importance of dynamically (or actively) maintained topography of
planetary surfaces.

In the late 1970s, travel-time tomography techniques were first ap-
plied to seismic studies (e.g., Aki et al., 1977) and, in the following
decade, they started being used in a global scale to determine lat-
eral seismic velocity in Earth’s mantle (e. g., Dziewonski, 1984). Seis-
mic velocities can be used as a proxy for thermal density anomalies,
enabling the estimation of the global distribution of density hetero-
geneities in the Earth’s mantle. Motivated by the new data constraints
and following the concepts presented by Pekeris (1935), a series of
papers introduced a viscosity-dependent dynamic loading model to
quantify the relation between density anomalies within Earth’s man-
tle and long-wavelength gravity and topography signatures (Ricard
et al., 1984; Richards and Hager, 1984, Hager et al., 1985; Hager and
Clayton, 1989). This model is outlined in the next part.

5.2.1 Governing equations, model assumptions, and the propagator matrix
solution

This modeling approach has a series of simplifications and assump-
tions which allow for an analytical tractability of the problem. The
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mantle is modeled as as a self-gravitating, incompressible, Newto-
nian fluid. Moreover, it assumes spherical symmetry, i.e. it is only
sensitive to radial variations of mantle viscosity. The fluid flow fol-
lows the equations of the Stokes flow which assumes that viscous
forces dominates the flow dynamics and inertial forces are neglected.
This is a reasonable approximation for mantle flow since mantle vis-
cosities are large, in the order of 1020 Pas. In the Stokes flow case, the
equations of motion are a linearized version of the full Navier-Stokes
equations and can be written as:

V-t+pg=0 (5:39)

where T is the stress tensor, p the density, and g the gravitational
acceleration.

The Stokes equations include the equation for the conservation of
mass, which is commonly written in the form of the continuity equa-
tion. For an incompressible fluid it reads:

V-v=0 (5.40)

where v is the velocity vector.

The explicit form of these equation in spherical coordinates along
with the definition of the stress tensor T for a Newtonian fluid can
be found in egs. 4.1 to 4.10 of Hager and Clayton (1989). Further-
more, by rewriting the equations in terms of spherical harmonics and
taking advantage of the spherical symmetry of the problem, Hager
and Clayton (1989) show that the radial dependence of the flow can
be written as ordinary differential equation for each spherical har-
monic and solved analytically using the propagator matrix technique.
I reproduce here key parts of the development, following the 4 x 4
propagator system terminology presented in James et al. (2013) while
seizing the opportunity to correct some typographical errors from
that work.

By considering only radial dependency, assuming constant viscos-
ity within a spherical shell, and defining a new variable w = In(r/R),
where R is the mean planetary radius, the Stokes flow can be written
as a system of ordinary differential equations:

du(r)
dw

=A-u(r) +b(r). (5.41)

The variable vector u(r) includes the velocities (radial vy, (r) and
tangential v?m(r)) and stresses (radial Tj;, and shear deviatoric stress
179 ) as a function of the radial position r. It reads:

¢ 42
[tor (1) + p(T)g(r)Nem ()] /M0 5-42

Tym (T)7/M0
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where 1y is the reference viscosity, g is the radial gravity (positive
when directed downwards), p is the local density, Ny, is the gravi-
tational potential perturbation, and the term pgN,, is an additional
“gravitational pressure” to the normal stress component. Note that
u(r) depends on spherical harmonic degree and order, but we are
dropping the subscripts for simplicity. The same is true for b(r). The
matrix A, which is a function of the viscosity n of an isoviscous shell
and spherical harmonic degree, is defined as:

-2 L 0 0
—1 1 0
A— no/m (5.43)
12n/m0 —6Ln/Mo 1 L

—6n/mo 22L—1m/Mmoe -1 -2

where L = {({ 4 1). The matrix A is by definition isotropic, in that it
does not depend on the spherical harmonic angular order. The den-
sity anomalies dp¢m (1) responsible for driving the convective flow in
the system are included in the vector b(r), which reads

0

0
b(r) = . (5.44)
T g r25p0m (1)/mo >4

0

Considering a single shell of constant viscosity, the solution of eq.
5.41, after reversing the variable change, is

u(r) = exp[A(In(r/R) —In(ro/R))Iu(ro)

N Jo expA(In(r/R) ~In(e/R)Ib(e)de

N
=P(r,mo)u(ro) + J P(r,e)b(e)de,
To
where u(ro) represents the starting vector and P(r, ro) is the so-called
propagator matrix that propagates the solution from r¢ to r. A useful
property of the propagator matrix formulation is that the solution vec-
tor propagated through a series of n-layers with different viscosities
is simply the product of the matrices of the individual layers:

P(T’, TO) = P(T/ Th—1 ) . P(TTL—]/TTL—Z) e P(T],TO), (546)

which allows for a straight-forward adaptation of the solution shown
in eq. 5.45 to a multi-layer viscosity structure. Furthermore, like the
matrix A, the propagator matrix is also isotropic.

In addition, we can simplify our problem by discretizing the con-
tinuous mass-anomalies dp¢, (1) into surface mass-sheets ¢, of the
form

ri+e/2

Vi = J P Spem (T)dr. (5.47)
Ti—€
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Similarly to the density anomaly mass-sheets used in the flexural
model, these discretized layers have units of kg m~—2. Then, we are
able to rewrite eq. 5.45 as

n

u(r) =P(r,To)u(ro) + ) P(r,mi)bs, (5.48)
i=1
where

0
0

b, = _ : (5.49)

grTid /Mo

0

5.2.2  The Venusian case: boundary conditions and some simplifications

Looking at our problem in the framework of mantle convection on
Venus, the starting point vop becomes the core radius R. and the solu-
tion is propagated through mantle layers of varying viscosity until the
planetary surface R. The size of Venus’s core is unfortunately poorly
constrained due to the limited geophysical data available. Moment
of inertia factor (MOI) estimations indicate a core radius within the
range of 30004000 km (Margot et al., 2021). For this study, I picked
the core radius of R¢ = 3225 km. This value was theoretically esti-
mated by Aitta (2012) and considers Venus’s mass and size to pro-
vide a scaled-down version of Earth’s interior model, known as Pre-
liminary Reference Earth Model (PREM). The model by Aitta (2012)
results in a moment of inertia factor of MOI = 0.338 which is consis-
tent with the Margot et al. (2021) estimations of MOI = 0.337 £ 0.024.
The mantle and core densities adopted are also from Aitta (2012).

To compute the model solutions, it is necessary to define bound-
ary conditions at the surface and at the core-mantle boundary (CMB).
We assume a free-slip boundary between the core, considered as an
inviscid fluid, and the overlying mantle, which requires a zero radial
velocity and zero shear stress. At the surface, as will be discussed in
Chapter 7, I explore both free-slip and no-slip scenarios. In the case
of a no-slip boundary condition both radial and tangential velocities
become zero at the boundary. This scenario can be interpreted as the
presence of a stagnant lid that does not participate in the convective
flow. As for the free-slip case, the fluid can freely flow in the tangen-
tial direction, which is a proxy for a mobile-lid type of regime where
the surface is coupled and flows along with the mantle.

For Venus, it is, or course, not possible to estimate the distribu-
tion of density anomalies in the mantle using tomography models
as is done for the Earth. Therefore, to not have a underdetermined
problem, we assume that the density anomalies are concentrated on
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a single shell at radius Ry,. The use of a single density anomaly layer
has been applied to Venus in several studies, including Herrick and
Phillips (1992) and James et al. (2013). However, studies such as Kiefer
et al. (1986) and Pauer et al. (2006) have chosen a different parameteri-
zation, where the density anomalies are assumed constant with depth
throughout Venus mantle. A practical advantage of this approach is
that the lack of depth-dependency removes the necessity of Ry,, hence,
there is one parameter less to take into account.

From a geophysical perspective, one can debate about which of
these assumptions is more realistic. It is reasonable to assume for
Venus that most gravity signals from dynamic loading are associated
with hot mantle plumes and cold downwellings, where the anoma-
lous hot and cold materials generate negative and positive density
anomalies, respectively. Classic plume modeling studies show that
most of the plume material tend to spread laterally under the litho-
sphere and only a thin conduit connects the plume head to the deep
mantle e.g., Kiefer and Hager, 1991; Nimmo and McKenzie, 1996.
This view was used by Herrick and Phillips (1992) to favor a mass-
sheet scenario, since the density anomalies would be mostly concen-
trated in a thin depth range. On the other hand, Pauer et al. (2006)
draws a comparison to Earth’s mantle density patterns arguing that
plumes and subducted slabs penetrate the mantle more or less ver-
tically, indicating that a depth-independent distribution of density
anomalies should be a reasonable first approximation. Yet, the pres-
ence of subducted slabs on Venus today is unlikely, even if the planet
has been through a mobile-lid regime in the past. This is indicated
by the difficulty to reproduce the small center of mass and center of
figure offset considering recent (less than 1 Ga) surface mobilization
events in thermal evolution simulations (King, 2018). Nonetheless, as
discussed in Chapter 7, both scenarios are considered in my investi-
gations.

Taking into account the assumptions just described, in the case
where the surface is modeled as a no-slip boundary and the density
anomalies are parameterized as a mass-sheet we can rewrite eq. 5.48
as

0
O —
d d =
_png(heﬁl - Neﬁl) —qom
i (¥ (5.50)
0 0
no.,0
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The four unknowns of this system of equations are the surface dis-
placement caused by mantle flow (i. e., the dynamic topography) h?z? ,
the core-mantle boundary displacement C¢y,, the shear stress at the

surface T§,  (R), and the tangential velocity at the core-mantle bound-

ary v§ (Re). The term N‘Zﬁl representing the dynamic geoid exterior
to the body is computed as combined contribution from the density
anomalies and boundary displacements, as follows:

0+2 +2
dyn 4nGR dyn Rlp Rc
NI 2R R — Ape | — e
{m 9R(2€+1) PmNyi, + R 1b€m+ Pe R fm

(5.51)

Along with the free variables, egs. 5.50 and 5.51 include the density
of the upper mantle p,,, the density contrast between the core and
the mantle Ape, and the gravitational accelerations ggr, gy, and ge at
radii R, Ry, and Re, respectively. The density values are taken from
the interior model of Aitta (2012), where p,;, = 3300 kg m—3(same as
used for the flexural model) and Ape = 4050 kgm 3. The gravity
within the mantle gy, is computed considering a sphere with linearly
increasing density from surface to CMB.

Following the approach of James et al. (2013), we include to the
surface boundary condition a flexural bottom loading term ¢, that
follows the thin elastic shell theory as presented in Section 5.1. This
term adds an elastic strength to the surface boundary that opposes
the displacement induced by mantle flow. Making use of eq. 5.13, fm
can be written as

qem = E]'eh?’}:il (552)
where &; is defined in eq. 5.14 and the flexural displacement is de-
fined as the dynamic topography. However, for low elastic thickness
values, as expected for Venus, the elastic lithosphere thickness have
negligible impact on the model. This property will be further dis-
cussed in the next section.

Taking a closer look into eq. 5.50, one might notice that the refer-
ence viscosity 1o only affects the estimated velocity and it does not
influence the dynamic topography and geoid, which are the predicted
observables. Therefore, our analyses are not sensitive to the absolute
viscosity of the mantle but only to relative variations of viscosity, con-
tained in the propagator matrices.

5.2.3 Kernel functions

A key property of eq. 5.50 is its linearity with respect to the density
anomaly distribution. Exploring this attribute and following the stan-
dard use of response function to tidal loading with Love numbers,
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Richards and Hager (1984) chose to built the dynamic loading prob-
lem in terms of normalized response functions, also known as kernels.
Instead of focusing on particular density distribution for each solu-
tion, the final response can be computed by convolving the kernels
functions with a given density distribution.

The kernel functions are computed by adopting Vo = 1 and solv-
ing eq. 5.50 degree by degree. We can re-arrange this isotropic version
of eq. 5.50 and plug in eq.5.52 and eq. 5.51 to write the system of equa-
tions more explicitly as

P(R,Re) 1 Vem(Re)

: R 4nG Re\ 2 _
+ <P13(R,R@) ge £ _5; ———=PmR <e> ) ApeCom

R B2+ R
(5-53)
4G 1\ -
+ 043 <pm9 - ﬁpfnR + &> hem — 0i4Tem
- Ry gy 4nG Ry 2
— _'Pl3 R, R 11) 6 R W
(R Ry) == 357 Pm < R )

where the superscripts on P indicate the appropriates row (i = 1,4)
and column, and dij is the Kronecker delta (8i; = 1 for i = j, other-
wise di; = 0), and the overbar refers to the solution parameters for a
unit load.

Following the terminology of previous works (e.g., James et al,,
2013), one can define the geoid kernel Ny, the surface displacement
(i.e., topography) kernel H; and the admittance kernel Z,F , which are
purely degree-dependent, as

N¢ = m = (5-54)
m

He = Ry = - (5-55)

2y = = (5-56)

where hy,, is obtained by solving the four linear equations in eq. 5.53,
and Ny, is obtained by substituting the solution parameters into
eq. 5.51. In addition, we can compute alternative gravity-related ker-
nels, such as the radial gravity kernel G, and the associated admit-
tance kernel Z; as follows

GM(L+1
%:=Ne:$) (5.57)
S
e = H, (5-58)

which will be preferably used in my investigations. I adopt radial
gravity instead of the geoid because the associated admittance loses
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the red-spectrum trait allowing for a more balanced visualization of
the model over all spherical harmonic degrees. Nevertheless, I remark
that if the data uncertainties are properly taken into account in the
analysis, there should not be a significant discrepancies in the results
for different gravity components.

SINGLE MASS-SHEET DENSITY ANOMALIES In this scenario, the
density anomalies are assumed to be entirely concentrated within
a single thin mass-sheet ¢, (Herrick and Phillips, 1992; James et
al., 2013). Then, the dynamic gravity gi}: and topography hfny? are
estimated by simply multiplying the kernel function with the mass-
sheet spherical harmonic coefficients:

d

Jom = Gebem (5.59)
d

Mo = Hebem. (5.60)

An illustration of the dynamic loading model for the single mass-
sheet case is presented in Figure 5.4. The figure shows the predicted
surface displacement and gravity anomalies for three mantle viscos-
ity structures for a mass-sheet placed at 200 km depth. On the right,
I present the predicted spectral admittance for the three models. For
comparison, the prediction from a subsurface flexural loading model
is also shown. As we can see, the addition of viscosity jumps (i.e.,
upper mantle having a reduced viscosity with respect to the lower
mantle) tend to damp the surface displacement reducing the associ-
ated gravity anomaly. Moving to the spectral domain, the impact of
the viscosity structure is quite complex, but, overall, the presence of
a low viscosity upper mantle tend to decrease the admittance. Com-
paring the viscous flow model with the flexural model, we see that
the elastic model has a roughly similar admittance as the isoviscous
model for {< 10. However, for larger degrees the flexural model pre-
dicts considerably larger admittance values, for example, for {= 40
there is a 20 mGal km ™ difference between the flexural and the iso-
viscous model.

CONSTANT DENSITY ANOMALY WITH DEPTH Another possibil-
ity is to assume that the mantle density anomalies do not vary with
depth (e.g., Kiefer et al., 1986; Pauer et al., 2006). Given that the
density anomalies are approximated as thin mass-sheets with units
of kgm~2 (eq. 5.47), we approximate a uniform volumetric density
anomaly with depth using a series of mass-sheets whose magnitudes
are adjusted to account for geometric effects.

The mass of a spherical shell of thickness ér = ;41 —r; and density
dp is given by

47t

Msp = ?6p(ri3+1 —Tf), (5.61)
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whereas the mass of a sheet density in the middle of this shell with
radius vy = (ri41 +713)/21is

(5.62)

2
Tip1 +Ti
2

M¢:4mp<

Equating Ms, and My, gives the following relation between 1 and
dp:

3(ris1 +1i)?
0p = ——=—35 V. (5.63)
4(Ti3+1 - Tis)
The predicted gravity for a series of sheet masses that are distributed
uniformly within the mantle is given by

N
geym™ = Z Ge(ri) Wi (1), (5.64)

where i = 1 corresponds to the core-mantle boundary and i = N
corresponds to the maximum radius of the uppermost mass sheet,
respectively. A similar equation exists for the dynamic topography.
By assuming that dp¢, is constant with depth, eqs 5.63 and 5.64 yield
—13)

4(r3
l+] i 5. (5.65)

dyn _ N7 G(ry) 8
Z Ti) 00y
Jem Z o m3 (r1+1 +71i)

As N increases and 6T becomes smaller, the better will be the approx-
imation of a constant density anomaly with depth. In this work, I use
18 layers, each being separated in depth by 150 km, with the upper-
most mass sheet being placed at 100 km depth.

The load depth and the radial viscosity profile are the main at-
tributes I will investigate. Nevertheless, our model also depend on
other parameters, which I choose to fix in order to limit the parame-
ter space and because they represent minor contributions to the mod-
eled gravity and topography. To get an idea of the impact of some of
these parameters, Figure 5.5 shows how sensitive the model is to the
elastic thickness and the mantle density. For the elastic thickness, we
see that when T, < 50 km, which are values expected for Venus, this
parameter has a negligible impact on the model. Hence, for simplicity
I chose to use Te = 0 km. Alternatively, changes in the mantle density
tend to vertically shift the admittance. Increasing the density by 100
kgm™3 increases the admittance by about 2 mGalkm~'on average
for the plotted degree range.

5.2.4 The lateral variation of mantle density anomalies

In order to compute the predicted gravity and topography from the
kernel functions, it is necessary to know the spherical harmonic coef-
ficients of the mass-sheet density anomalies, as indicated in egs. 5.59
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Figure 5.4: Schematic view of the dynamic loading model showing (on the left panel) the
boundary displacements, including the surface topography and the associated
gravity signal caused by a negative mass-sheet density anomaly. The sketch
shows the gravity perturbations for three different mantle viscosity structures
along with the gravity predicted by the subsurface flexural model (Section 5.1).
The right panel shows the corresponding modeled admittance of the 4 model

predictions.

and 5.60. However, we do not know the density anomaly distribu-
tion in Venus’s mantle. Thus, we have to estimate this distribution
from the data. Following the approach of Pauer et al. (2006), each
coefficient V¢ ¢m is computed such that it minimizes the difference
of gravity and topography observations with respect to the predicted
values. For each spherical harmonic coefficient, the misfit function is
constructed as

d
Mem = (932 — g97™)% + Ag(h¢%s — ™2, (5.66)

where A is a scaling factor that imposes equally weighted contribu-
tions from gravity and topography to the misfit. It is defined as

A = T (9??3)2. (5.67)
e (ng5)°
After plugging in egs. 5.59 and 5.60 into eq. 5.66, we can solve
OMgm/0Pem = 0, which yields
OMgm

o =200 (g¢m — WemSe) + 2AcHe (s — emHe) = 0. (5.68)
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Figure 5.5: Admittance kernel sensitivity to the (a) elastic thickness T, (b)
the mantle density pm, (c) core radius Re, and (d) core-mantle
density contrast Appe. The kernels have an isoviscous mantle
and the density mass-sheet is set at 200 km depth.

Re-arranging eq. 5.68, we can compute the density anomaly coeffi-
cients V¢, associated with the minimum misfit as

He hobs Ae + G gobs
Yem = ——13 fn. (569)
(He)" A+ (Se)
An analogous equation can be derived for the case of density anoma-
lies that are continuous with depth.

5.3 DATA INVERSION

The models presented in this chapter are able to predict gravity and
topography. These predictions depend on a series of geophysical pa-
rameters, such as the crustal thickness and the elastic lithosphere
thickness (e.g. Figure 5.1) or the mantle viscosity e (e.g. Figure 5.4).
By quantitatively comparing the modeled gravity and topography for
a range of model parameters with the observations, it is possible to
estimate the subset of values that can that can explain the observa-
tions well, providing constraints on the interior structure of the inves-
tigated body. Retrieving unknown physical properties from observa-
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tional data, making use of a parameterized physical model is referred
to as an inverse problem. This work does not provide a detailed sum-
mary of inversion problem theory, which is a vast field of research
with several thorough reviews available, notably the book by Taran-
tola (2005). Instead, I will focus on a more practical description of the
inversion approaches used in the scope of this thesis.

5.3.1 The goodness-of-fit criteria

A key part of an inversion problem is to provide a quantitative mea-
surement of how well a model with a given set of parameters explains
(i.e., fits) the data. Such a measurement is usually defined via a so-
called misfit function (e. g. Mosegaard and Tarantola, 1995; Tarantola,
2005). The choice of the misfit function will mainly depend on proper-
ties of the data, including the probability distribution of uncertainties,
the possibility of correlation between data points, and the presence of
outliers.

In the majority of the geophysical problems, observations can be
represented by a vector d°®® whose uncertainties follow a Gaussian
distribution described by a covariance matrix C. In this case, the
goodness-of-fit can be computed as:

S(@) — (dobs o dpred(@))T Ci] (dobs o dpred(@))’ (570)

where dP™ is the vector of model prediction for a given set of param-
eters @. If the data points are independent, the covariance matrix can
be reduced to C = 621, where o2 is the vector of data uncertainties
and I is the identity matrix. Then, eq. 5.70 reduces to

x o ae)
s@) =) = X (5.71)

i=1 i

where N represents the number of data points. Eq. 5.71 is commonly
referred to as chi-square fitting.

Another simple and widely used function to assess the goodness-
of-fit is the root mean square error (RMSE) which represents the stan-
dard deviation of the residuals between model predictions and obser-
vations and is mathematically defined as:

N
_ | obs pred 2 —
S©) =\ Z1 [d — d™@)]” = RMSE. (5.72)

Note that egs. 5.71 and 5.72 are quite similar, with the main differ-
ence being that the chi-square weighs each data point with respect to
its uncertainty while in the RMSE all points have the same contribu-
tion. Hence, the larger is the variation within data uncertainties, the
larger is the difference between the misfits predicted by chi-square
and RMSE.
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5.3.2 Exploring the parameter space

Defining how the sets of model parameters to be tested by the goodness-
of-fit criteria are drawn within the parameter space is another critical
factor of the inversion procedure. The most simple solution is to sys-
tematically cover the parameter space with a grid search, which en-
sures that the entire space has been investigated. However, due to the
large cost in computation time, this method can in practice only be
used in problems with few free parameters. On the other hand, large-
dimensional parameter spaces tend to be terribly empty, i.e., only a
narrow region is able to well-explain the observations. Hence, scan-
ning through the entire space is inefficient and commonly prohibitive
for problems with a large number of dimensions, and other methods
should be considered.

A popular class of sampling methods are the Monte Carlo methods,
in which sample solutions are drawn randomly from a given proba-
bilistic distribution. The most straight-forward approach would be
to simply pick samples randomly from a uniform distribution, how-
ever, this would be as ineffective as the a grid search approach. In-
stead, the most popular Monte Carlo sampling methods are built in
such way that the computational efforts focus on sampling relevant
regions of the parameter space. This is usually done via probabilis-
tic approaches, notably using Bayes’s theorem, which compose the
class of Bayesian inference techniques. A comparison between a grid
search and a Bayesian inference sampling approach is shown in Fig-
ure 5.6. In this two-dimensional illustration, the two examples have
the same number of samples. The Bayesian approach samples the
high-probability region with much more detail.

In essence, when using Bayesian inference methods, one is inter-
ested in assessing the posterior probability P(©,,) of a vector of pa-
rameters © associated with a model m given a set of observations
d°"s. The posterior can be computed using the Bayes rule, which, in
the context of parameter inference, is commonly written as:

L£(O,) (O
p©,) = O O] (573)
where £(0©,,) is the likelihood of the data given the model parameters,
generally defined as

L(©,,) =exp [—;S(@)] . (5.74)

In addition, @(®,,) represents the prior probability assigned to the
parameter set and contains the a priori information about the param-
eters. Finally, X is the evidence (also called marginal likelihood) and
corresponds to the integral of the data likelihood over the entire pa-
rameter space Qg as follows:

5% — J £(©,)®(©)de. (5.75)
Qe
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Figure 5.6: Schematic representation of different sampling approaches for a
two-dimensional parameter space. (a) Simple grid search where
the parameter space is systematically explored with fixed step
sizes. (b) Bayesian approach where sampling is built in such way
that prioritize regions of high probability. In particular, this panel
illustrates the nested sampling method, where samples are ran-
domly drawn from nested shells of increasing likelihood.

The evidence can also be thought of as a normalization constant since
it normalizes the numerator part of eq. 5.73, making P a “proper”
probability distribution that ingrates to unity. In practice, however,
because this integral is difficult to compute, many techniques sample
proportionally to the posterior distribution instead of sampling from
the actual posterior distribution. This is, for example, the case of
the Markov Chain Monte Carlo (MCMC), probably the most popular
Bayesian inference method of the astronomy and geophysics commu-
nities (e. g. Foreman-Mackey et al., 2013).

In MCMC, the samples are drawn via a Monte Carlo (i.e., ran-
dom) walk. In addition, because each step depends solely on the pre-
vious step (referred to as a memoryless sampler), it is also a Markov
chain. One of the most well-known MCMC method is the Metropolis-
Hastings algorithm, developed by Metropolis et al. (1953) and further
improved by Hastings (1970). Detailed explanations on MCMC and
the Metropolis-Hastings algorithm can be found in many reviews and
text books, including Mackay (2003) and Tarantola (2005).

The basic idea of the Metropolis-Hastings method is that the accep-
tance of a proposed step in the random walk is evaluated based on a
probabilistic rule. The proposed step taken from a position © to po-
sition ©’ is drawn from a candidate-generating distribution, named
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transitional distribution g, which is commonly a multi-dimensional
Gaussian centered at ®'. The acceptance of this new position is done
by evaluating the ratio « = %. If « > 1 the new position
is accepted, otherwise, it randomly decides if the step is taken with
a probability «. If the new position is not accepted, the walker re-
mains at position @. The possibility of moving even if ®' has a lower
probability is important because it helps avoiding the sampler to get
trapped in local maxima. Over the decades, researchers worked on
small modifications to the Metroplis-Hastings to improve the algo-
rithm’s performance (e.g.,, Goodman and Weare, 2010). Several of
them have been made available via open source codes, such as the
EMCEE Python package (Foreman-Mackey et al., 2013).

Although powerful and well-established, MCMC have some impor-
tant shortcomings. MCMC is able to provide the posterior distribu-
tion associated with a given model and parameter space, however, it
does not estimate the associated evidence XK. The evidence is a useful
value as it allows for a quantitative comparison across models with
different assumption and free parameters via the Bayes factor, which
is the ratio between the evidences of two different models (e.g., Kass
and Raftery, 1995). Another issue of MCMC is that the method has
difficulties to estimate more complex posteriors, notably widely sep-
arate multimodal distributions, because the sampling procedure is
characterized by subsequent steps being usually close together in the
parameter space. In this context, other Bayesian inference methods
have been developed with the goal of addressing these shortcomings,
such as the nested sampling technique (Skilling, 2006) which is the
Bayesian method adopted in this thesis. Here, I made use of the pub-
lic and open-source Python package pynEsTY developed by Speagle
(2020).

Instead of directly sampling from the posterior, nested sampling
focuses on estimating the evidence. The evidence, however, is a com-
plicated integral over the entire multidimensional parameter space, as
defined by eq. 5.75. The idea behind nested sampling is to break down
this complex problem into many simpler ones which is achieved by
sampling from a uniform distribution within nested shells. These
shells are defined by iso-likelihood bounds, where the bounding like-
lihood values must systematically increase, thus reducing the avail-
able sampling region in the parameter space over time. A schematic
view of samples distribution drawn from nested sampling is shown
in Figure 5.6. In addition, since the shells can easily be disjoint, the
method deals very naturally with multimodal posterior distributions.

In practice, because of the difficulty of dealing with a multidimen-
sional parameter space, the method makes use of a new variable,
the prior mass X, which allows eq. 5.75 to be rewritten as a one-
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dimensional integral. By defining the prior mass element as dX =@ (0)d©,
we have that

X(B) = ®(0)d(®) (5.76)

JL(G‘))?&
which represents the prior fraction where the likelihood is above a
given threshold 3. In the case of a normalized prior, this function
decreases from 1 (when B = 0) to 0 (when B = maximum likelihood).
Then, we can define the inverse function £(X), such that £L(X(B)) = B,
that can be interpreted as the iso-likelihood contours determining the
boundary of X, and write

1
X= J L(X)dX (5.77)
0

which is the integration that is numerically performed by the nested
sampling algorithm.

The basic algorithm consists in drawing N particles (usually in the
order of hundreds) from the prior, called “live points”. At each itera-
tion, the likelihood of each point is computed and the sample ©; with
lowest likelihood becomes a “dead point”, the new likelihood thresh-
old becomes 3 =£;, and a new live point is drawn from within the
shell where £> 3. In the case where the prior is a uniform distribu-
tion, statistical argumentation can be used to show that, on average,
the constrained prior mass shrinks geometrically with step number
and the prior mass associated with the most recently dead points
reads (e.g., Skilling, 2006; Speagle, 2020)

In X; ~ —‘iNﬁ. (5.78)

Then, making use of a set of ] dead points, the evidence can be nu-
merically computed using

J
K~ Y LilXior—Xi) (5.79)

and the posterior probability can be directly estimated as

P(O;) = W (5.80)

The algorithm iterates until the remaining evidence AKX to be esti-
mated is less than a certain value, such as 1%. Even though AX; is
virtually unknown one can consider the approximate upper bound
AK; ~LmaxXi, with Lmax corresponding to the highest likelihood
value among the live points. A last important point is that the model
is constructed in a way where the prior must be always a normalized
uniform distribution. This means that, in order to use a general dis-
tribution, it is necessary to apply a prior transform. In many cases,
this transform is simple to derive, but increases in complexity if the
different parameters are conditionally related.






Part III

NEW INSIGHTS INTO THE INTERIOR OF
VENUS






THE LITHOSPHERE OF CRUSTAL PLATEAUS

This chapter presents the results of the first project of my PhD, which
consisted in investigating the interior of some of the geologically com-
plex and ancient highlands of Venus, the so-called crustal plateaus.
This study focused on providing rigorous estimates of the crustal-
and elastic lithosphere thickness and on testing the hypothesis of
Airy isostasy support at these regions, assumed in many previous
investigations. Most of what is presented here is reproduced from
the peer-reviewed article “Lithospheric Structure of Venusian Crustal
Plateaus” by Maia and Wieczorek (2022). Though I was the lead inves-
tigator in this work, I will use the first-person plural in the following
chapter to highlight the contributions of my co-authors. The outline
of the chapter is as follows. Section 6.1 introduces the different inter-
pretations for the origin of the plateaus and presents a review of the
previous gravity studies that investigated their interior structure. A
summary of the analysis and inversion procedure along with a de-
scription of the results is presented in Section 6.2. In Section 6.3, we
compare the results with previous studies and discuss the implica-
tions of my estimations regarding the compensation mechanism and
the thermal evolution of plateaus. The conclusions are presented in
Section 6.4.

6.1 INTRODUCTION

Crustal plateaus, also called plateau highlands, are prominent geo-
logic features on Venus, with roughly circular planforms and diame-
ters ranging from 1500 to 2500 km. They present a steep-sided topog-
raphy reaching 2 to 4 km of altitude above the surrounding plains,
with the highest elevations generally closer to the margins. The sur-
face of the plateaus is dominated by tessera terrains, that are char-
acterized by complex tectonic fabrics which indicate multiple stages
of deformation recording both extensional and contractional events
(e.g., Bindschadler et al., 1992a; Hansen and Willis, 1996). These ter-
rains, which can also be found as low-lying patches within the plains
called inliers, cover roughly 8% of the surface of Venus and are strati-
graphically the oldest surfaces on the planet (Ivanov and Head, 1996).
Given their relative older age, crustal plateaus have recorded a sig-
nificant fraction of Venus’ geologic history. Thus, investigating their
structure and formation mechanism is crucial to decipher the early
tectonic and geodynamic processes of the planet.
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The origin of crustal plateaus is still a matter of debate. It is well es-
tablished that the high topography observed is associated with thick-
ening of the crust, however, which processes caused this thickening
are not quite understood. The high-resolution full-coverage radar im-
agery from the Magellan mission resulted in the first detailed geolog-
ical maps of these regions. Different interpretations of their tectonic
evolution developed into the “hotspot-coldspot controversy” (Phillips
and Hansen, 1994), a debate that carried throughout the 1990s. A first
class of models considered upwelling and assumed that the crust was
initially uplifted by a mantle plume and thickened by magmatic ac-
cretion due to plume-related partial melting, followed by cooling and
subsidence (e.g., Phillips and Hansen, 1998; Ghent and Hansen, 1999;
Hansen et al., 2000). The opposing scenario proposed that crustal
plateaus are regions of downwelling related to coldspots in the man-
tle (e.g., Bindschadler and Head, 1991; Bindschadler et al., 1992b;
Gilmore and Head, 2000). In this case, the crustal thickening is caused
by horizontal shortening related to compressional stresses. However,
Kidder and Phillips (1996) have shown that the formation of plateaus
through subsolidus crustal thickening over downwellings would re-
quire an excessively long time scale (from 1 to 4 billion years). On the
other hand, the upwelling model has difficulties to accommodate the
pervasive contractional tectonics observed at these regions.

An alternative interpretation related to large asteroid impacts was
later proposed by Hansen (2006) for the origin of the crustal plateaus.
In this scenario, the collisions of large bolides onto the surface of
Venus are able to partially melt the crust and upper mantle, gener-
ating huge lava ponds. The high relief in this model is supported
by a depleted upper mantle residuum which is more buoyant and
stronger than adjacent undepleted mantle. This model, however, has
difficulties to explain the significant amount of shortening near the
plateau margins (Romeo and Turcotte, 2008). Later, Romeo and Tur-
cotte (2008) and Romeo and Capote (2011) suggested an alternative
scenario where the crustal plateaus formed under similar conditions
as the continental crust on Earth. According to this hypothesis, plateaus
and tessera inliers represent buoyant areas of felsic composition with
respect to the surroundings, which survived a putative global litho-
spheric foundering event around 500 Ma ago (e.g., Turcotte, 1993;
Turcotte et al., 1999; Weller and Kiefer, 2020). The intense tectonic
activity related to this event would contribute to building up the
plateaus by compression. Consistent with this hypothesis, thermal
emissivity data indicate that crustal plateaus could be associated with
a more felsic composition, analogous to the composition of continen-
tal crust (Hashimoto et al., 2008; Gilmore et al., 2015).

The earliests investigations using gravity data on Venus showed
that crustal plateaus are associated with small positive gravity anoma-
lies and low gravity to topography ratios. The volcanic rises, such as
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Atla and Beta regiones, in contrast are associated with high gravity
anomalies and high gravity-topography ratios (Smrekar and Phillips,
1991; Bindschadler et al., 1992b; Grimm, 1994, Kuncinskas and Tur-
cotte, 1994; Moore and Schubert, 1997; Simons et al., 1994; Simons et
al., 1997). These studies led to the widely accepted interpretation that
the topography of the crustal plateaus is isostatically compensated by
thick crustal roots. Consequently, most investigations of gravity and
topography in the Magellan era considered an Airy isostasy regime
in order to estimate the crustal thickness of the plateaus. For this pur-
pose, Smrekar and Phillips (1991), Kuncinskas and Turcotte (1994),
and Moore and Schubert (1997) adopted spatial analysis techniques
(geoid-to-topography ratios). Meanwhile, Grimm (1994) and Simons
et al. (1994) and Simons et al. (1997) investigated localized spectral ad-
mittances, which are wavelength-dependent gravity-topography ra-
tios, making use of early developed spatio-spectral localization tech-
niques. It is important to emphasize that none of these works made
use of the most recent gravity model from Konopliv et al. (1999)
which is the highest-resolution model publicly available today (see
Sjogren et al., 1997, for a review). Moreover, many of these studies
did not try to quantify the flexural strength of the lithosphere, and in-
stead simply assumed an isostatic regime, where the lithosphere has
zero strength. Simons et al. (1997) performed preliminary tests on the
elastic support of the topography of Venusian features making use of
a top-loading flexural model and concluded that the crustal plateaus
are generally consistent with elastic thicknesses lower than 20 km.
The few recent gravity studies on Venus have mostly focused on
constructing global crustal thickness and elastic thickness maps. An-
derson and Smrekar (2006) systematically computed localized spec-
tral admittances across the planet using the wavelet technique intro-
duced by Simons et al. (1997) and divided them into spectral classes.
Crustal thickness and elastic thicknesses were estimated for each spec-
tral class considering top, bottom and “hot-spot” loading models.
James et al. (2013) investigated the crustal thickness of Venus us-
ing spatial domain geoid-to-topography ratios and created a global
model considering crustal thickness variations and dynamic compen-
sation at depth arising from the mantle. Global maps of elastic thick-
ness variations for the Moon, Mars, and Venus were presented by
Audet (2014) using a spherical wavelet analysis and a flexural load-
ing model of the lithosphere. A crustal thickness map based on the
modeling technique introduced by Wieczorek and Phillips (1998) was
constructed by Jimenez-Diaz et al. (2015). These authors then used
wavelet transforms to perform localized spectral analyses in order to
provide elastic thickness estimations considering a lithospheric model
with surface and subsurface loads and using the crustal thickness val-
ues previously estimated. In addition, several gravity studies have
focused on coronae, which are circular volcano-tectonic structures
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uniquely present on Venus, adopting top and bottom loading flexural
models to investigate their crustal and elastic thicknesses (Smrekar et
al., 2003; Hoogenboom et al., 2004; Hoogenboom et al., 2005).

Since the time of the pioneering studies of the Magellan era, sev-
eral advances have been made in the techniques that are used to an-
alyze the gravity signal arising from the lithosphere. These include
improved spatio-spectral localization techniques, notably the spher-
ical multitaper spectral estimation developed by Wieczorek and Si-
mons (2005) and Wieczorek and Simons (2007), Simons et al. (2006),
and Simons and Dahlen (2006b) that is adopted in our study. A de-
tailed analysis comparing several methods of spectral localization can
be found in Dahlen and Simons (2008). Moreover, theoretical load-
ing models of the lithosphere that consider both surface and subsur-
face loads have been developed (McGovern et al., 2002; Belleguic et
al., 2005; Grott and Wieczorek, 2012; Broquet and Wieczorek, 2019).
Lastly, there are improved gravity and topography models (Konopliv
et al.,, 1999; Rappaport et al., 1999; Wieczorek, 2015a) that were not
available for many of the earliests studies. For these reasons, in this
study, we reassess the compensation state of the highland plateaus,
and attempt to place constraints on their average crustal thickness
and elastic thickness. We make use of a flexural loading model and a
localized spectral admittance modeling technique employed in many
recent studies of Mars (Belleguic et al., 2005; Wieczorek, 2008; Grott
and Wieczorek, 2012; Beuthe et al.,, 2012; Broquet and Wieczorek,
2019) and presented in Chapter 5 of this thesis. We investigate six
Venusian crustal plateaus, namely Thetis, Ovda, Western Ovda, Al-
pha, Tellus and Phoebe regiones, which are indicated in Figure 4.2.
We note that although Phoebe Regio was sometimes described as a
crustal plateau (e.g., Phillips and Hansen, 1994; Nunes et al., 2004) it
has also been defined as a transition between plateaus and volcanic
rises (e.g., Phillips and Hansen, 1998; Kiefer and Peterson, 2003) since
it presents some geophysical and structural features consistent with
both types of features.

6.2 CONSTRAINING THE INTERIOR STRUCTURE OF THE PLATEAUS

In the first part of this section, the modeling and inversion procedures
are described in detail for Alpha Regio. Following this, we summarize
the inversion results for the other five investigated crustal plateaus:
Ovda, Western Ovda, Thetis, Tellus and Phoebe regiones. We note
that the only major tessera region that has not been included in our
analysis is Fortuna Tessera, located in the eastern part of Ishtar Terra.
The observed localized correlation in this region is low, mostly lower
than the adopted threshold of 0.71 and always lower than 0.75. It
is not obvious if this attribute is due to uncorrelated gravity signals
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coming from the deep crust and mantle or poor data quality in the
region.

6.2.1  Case Study: Alpha Regio

Alpha Regio is a ~1300 km wide radar-bright crustal plateau located
at latitude 25°S and longitude 2°E. This isolated plateau is character-
ized by tessera terrain and steep-sized topography, standing on aver-
age 1 km above the surrounding volcanic plains. Immediately south
of Alpha is located the 330 km diameter Eve Corona that marks the 0°
meridian of Venus. Detailed geologic descriptions of Alpha Regio can
be found in Bindschadler et al. (1992a) and Bender et al. (2000). Fig-
ure 6.1 shows the topography and radial gravity at this region where
we can see positive gravity anomalies related to the high topography
of the plateau. Though some of the gravity anomalies are clearly cor-
related with the high-standing topography, we note that there exist
gravity anomalies of similar amplitude exterior to this plateau that
are not strongly correlated with geologic features.

The first step in our analysis is to compute the localized observed
spectral admittance and correlation, which is done by applying the
windowing function as described in Section 3.3. We chose the window
size to encompass the entire feature while avoiding gravitational and
topographic signals exterior to the plateau. We used a window with
angular radius of 6p= 16°, corresponding to a diameter of 3380 km,
which results in a spectral bandwidth of (i, = 16 given that a 99%
concentration factor is adopted.

The windowing procedure is applied to both the data and the geo-
physical model that will be used to predict the observations. We
adopt the surface and subsurface loading model presented in Bro-
quet and Wieczorek (2019) and described in Section 5.1. The model
can be schematically defined as

QE = Qe (el Ter TC/ PL, PcsPm, I—/ ZI])/ RlOC/ E/ V). (61)

where Qg represents the linear transfer function between gravity and
topography. The investigation will consider three free parameters: the
elastic thickness T, the crustal thickness T. and the load ratio be-
tween surface and subsurface loads L. When performing a localized
analysis, one should use the local radius Ry instead of the mean plan-
etary radius and the observed gravity field must be downward contin-
ued to Ry, before computing the localized admittance and correlation.
At Alpha, the average radius corresponds to 6051.86 km, which is
very close to the planetary average of 6051.88 km. Although it would
be useful to estimate the crustal density of the highland plateaus, the
low resolution of the available gravity field data prevents the reliable
determination of this parameter. Hence, we chose to use p. = 2800
kgm~3, which is representative of oceanic basalts (e.g., Hyndman
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—20 0
Topography, km Radial Gravity, mGal

Figure 6.1: (a) Topography from VenusTopo719 and (b) radial free-air grav-
ity anomaly from MGNP180U after truncating spherical har-
monic degrees above 100 at Alpha Regio. The circles correspond
to the limits of the adopted localization window, with 8y= 16°
corresponding to a diameter of 3,380 km. The adopted projec-
tion for both maps is Lambert azimuthal equal-area. Figure from
Maia and Wieczorek (2022).

and Drury, 1976). All remaining parameters are fixed in order to limit
the parameter space. The adopted values are shown in Table 6.1. As
discussed in Section 5.1, the choice of these values is overall based on
what is known for terrestrial rocks.

We proceed by defining the range of spherical harmonic degrees
that will be used to perform the model fitting. The upper limit is de-
termined by the resolution of the data at Alpha ({4.t,), which we take
to be the degree strength from the map of Konopliv et al. (1999). For
Alpha, the degree strength is 75. Since each degree has contributions
from +{yi, we avoid the inclusion of noise-dominated data in our
analysis by removing all degrees above {q,t,—{win, resulting in a up-
per limit of degree 59 for the region. We also ignored all degrees in
the localized spectra that were less than (i, because these are domi-
nated by signals with wavelengths that are greater than the window
size and because these degrees typically have extremely high vari-
ances (Wieczorek and Simons, 2007). Though we never analyze data
outside of this degree range, we sometimes avoid degrees where the
correlation is smaller than 0.71, corresponding to a signal-to-noise
ratio less than 1 (see Section 5.1.2).

The localized admittance, correlation, and the investigated degree
range for Alpha Regio are shown in Figure 6.2. The correlation is high
between degrees 40 to 59 with implied signal-to-noise ratios greater
than 1, which was the range we initially chose to perform the inver-
sion. The drop in correlation that starts at degrees above 60 is likely
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Table 6.1: Parameter values consider in our inversions.

Parameter Value
Elastic thickness T, 0 to 75 km
Crustal thickness T. 1 to 100 km
Load ratio L —0.8t0 0.8
Mantle density pr, 3300 kgm—3
Crustal density p. 2800 kgm 3

Load density py 2800 kgm~—3

Load depth z,, 150 (L < 0) or 15 (L > 0) km
Young’s modulus E 100 GPa

Poisson’s ratio v 0.25

due to the strong influence of noise in the data while the mild drop
around degree 30 is probably caused by true geologic signals that
are not correlated with the topography. Regardless, we noticed that
the degree range between 23-40 provided a very good fit to our best-
fitting theoretical model. Thus, in order to increase the degrees of free-
dom and robustness of the inversion, we included these data points in
the investigation resulting in an expanded degree range from 23 to 59,
as shown in Figure 6.2. Moreover, although the degrees 17-20 have a
high correlation and could in principle be used in the modelling, we
found that these degrees never satisfactorily fit our best-fitting theo-
retical model. In all likelihood, the high admittances for { < 20 are
the result of processes occurring deep in the mantle (e.g., Pauer et al.,
2006).

In order to determine the best-fitting model parameters and un-
certainties, we make use of an exhaustive grid-search of the parame-
ter space. We systematically varied crustal thickness, elastic thickness
and load ratio to generate modeled admittances and compared them
to the observed admittance over the selected degree range. The model
misfit is defined as the root mean square error:

‘] emax

RMSE(TCI Ter L) = N Z [Zobs(e) - Zpred(er TC/ Te/ L)] 2 (62)
0=Llomin
where Z,; is the localized observed admittance, Zpreq is the localized
admittance predicted by the model, and N is the number of degrees
adopted in the summation. The best fitting curve for Alpha is shown
in Figure 6.2. Once the entire misfit function is computed, we are
able to determine the accepted range of investigated parameters by
the use of a maximum allowable misfit threshold. Here, we use a 1-
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Figure 6.2: Observed localized spectral admittance (left axis) and correlation
(right axis) at Alpha Regio. The points in red represent the spher-
ical harmonic degrees used in our inversion. Gray lines show
the theoretical investigation limits {in and {g,ta—{win. The green
curve shows the best-fitting admittance, which corresponds to
Tc = 15 km, Te = 20 km and L = 0. Figure from Maia and
Wieczorek (2022).

standard-deviation criterion based on the average uncertainty of the
observed localized admittance

4
‘I max
Oloc = N Z 0'120C(€) (63)
=Lmin

with of _(¢) representing the localized version of o2, defined by eq.
5.9 . This criterion has been commonly used in Martian studies (Wiec-
zorek, 2008; Grott and Wieczorek, 2012; Broquet and Wieczorek, 2019).
In previous gravity studies on Venus, other workers have chosen
more flexible, but arbitrary, criteria, such as 1.5 times the minimum
RMSE (e.g., Smrekar et al., 2003; Hoogenboom et al., 2004). Other ap-
proaches for defining a maximum allowable misfit are discussed in
Broquet and Wieczorek (2019).

In Figure 6.3, we plot various representations of the misfit func-
tions for Alpha Regio. The three upper plots display 1-dimensional
minimum misfit curves for the crustal thickness, elastic thickness, and
load ratio. Looking at the dark blue curve (which is for our full in-
version that includes both surface and subsurface loads), in the left
plot we find that the crustal thickness is only constrained to be less
than 21 km. In the center plot, we find that the elastic thickness is
constrained to lie between 9 and 24 km. In the right plot, the load
ratio misfits shows that this parameter is essentially constrained to
the presence of surface loads only (L = 0) or small positive loads,
indicating a potential small dense crustal intrusion, where L = 0 is
associated with the best-fitting value.
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Given that the load ratio is consistent with being zero, we decided
to test two simpler scenarios: one having only surface loads (T, and Te
as free parameters) and a second that is in an Airy isostasy regime (T
being the only free parameter). The misfit curves for the first scenario
(L= 0) is overplotted in the upper two figures in light blue. We find
that, when subsurface loads are neglected, it does not affect the upper
limit for the crustal thickness, and that we are able to obtain a firm
lower bound on the crust thickness of g km. Similarly, for the elastic
thickness, we find that this does not affect our upper bound of 24
km, but that it slightly reduces the range of the lower bound to 12
km. The case where we assume Airy isostasy is plotted in cyan in the
upper left plot. Here, we find that the best fitting model has a misfit
that is greater than our cutoff value. This implies that the assumption
of Airy isostasy is not appropriate for this region, and that, if this
was assumed, the crustal thickness would be biased towards larger
values.

In the three bottom plots, we show the minimum misfit as a func-
tion of two variables, which allows us to evaluate correlations and
trade-offs between parameters. The misfit plot considering crustal
and elastic thicknesses (left panel) is the most complex, presenting
several local minima and degeneracies. However, there is the expected
trend of decreasing elastic thickness with increasing crustal thickness
which is related to the attenuation of the compensating signal from
the crustal roots. In the middle panel, we can see that there is a trade-
off between elastic thickness and the load ratio, where the addition of
positive loads decreases the elastic thickness. Regarding the relation
between crustal thickness and load ratio (right panel), the addition of
positive loads allows for moderately lower crustal thickness. In this
situation, the addition of slightly denser material within the crust es-
sentially counterbalances the reduction of crustal material associated
to a thinner crust. On the other hand, the addition of small buoyant
loads in the mantle leads to crustal thickness values lower than 10
km.

In summary, when subsurface loads are allowed, our best fitting
values as well as lower and upper 1-sigma limits of the inversion
parameters are the following: L = 0(—0.02,0.14), T. = 20(9,24) km
and T. = 15(1,21) km. The setting with surface loads only results in
Te = 20(12,24) km and T. = 15(9,21) km. Overall, these two mod-
els result in very similar parameter estimation. The most remarkable
difference is that, when subsurface loads are not considered, lower
and upper bounds are obtained for the crustal thickness, whereas
when subsurface loads are considered, only an upper bound is pos-
sible. Finally, for the Airy isostasy regime, there are no crustal thick-
ness values that result in acceptable fits for Alpha Regio, the lowest
RMSE value is given by T, = 24km, which is higher than the val-
ues that consider elastic support. We should remark that we do not
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Figure 6.3: One-dimensional (upper) and two dimensional (lower) misfits between model
and observation at Alpha Regio as a function of the crustal thickness, elastic
thickness, and load ratio. The 1-dimensional misfit plots show the minimum
misfits for three different loading scenarios, where the dark blue curves repre-
sent the case where surface and subsurface loads are allowed (3 free parameters),
the lighter blue curves shows the case where only surface loads are present (i.e.,
L = 0), and the cyan curve in the upper left plot indicates an Airy isostasy
regime scenario (T = 0). The 2-dimensional plots in the bottom row display
the minimum misfits in terms of two free parameters for our full model with
subsurface loads. All two-dimensional plots share the same color scale and the
one-dimensional plots share the same x axis as the underlying two-dimensional
plot. Figure from Maia and Wieczorek (2022).

investigate the possibility of topographic support by Pratt isostasy,
i.e. by lateral variations of crustal density between the plateaus and
the volcanic plains. In fact, our analysis approach is not well-suited
to investigate this compensation regime, since the use of localization
windows suppresses most of the signal coming from the plains. In
any case, it is unlikely that the entirety of the plateaus are purely
Pratt compensated since this would imply portions to have have ex-
tremely low densities. For example, given that the plateaus can reach
up to 4 km altitude, assuming that the crustal thickness at the mean
planetary radius is of 20 km and that the volcanic plains have a den-
sity of 2800 kg m~3, the highest elevations of the plateaus would
have a density of 2300 kg m~3, which is considerably lower than the
density of quartz. Moreover, previous studies that compared the two
isostatic support mechanisms at crustal plateaus tended to favor Airy
over Pratt isostasy (Kuncinskas and Turcotte, 1994).

In order to limit the parameter space of our inversions, several
model parameters were fixed to constant values, as indicated on Table
6.1. One of these parameters is the crustal density, here assumed to be
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2800 kg m~3 which is consistent with basaltic rocks on Earth. How-
ever, new studies of the emissivity signature of Alpha Regio suggest
that the composition of this plateau could be more felsic than the sur-
rounding plains (Gilmore et al., 2015). Therefore, we also performed
inversions considering a crustal density of 2650 kg m~3, which is a
standard value for the density of terrestrial granites. The main effect
of this modification was an overall increase of 2 km in the estimated
crustal thickness values for all investigated regions. Moreover, chang-
ing the depths of the internal loads also has a minor effect on the
inversion results. For example, increasing the load depths to 30 and
300 km for the positive and negative loads, respectively, had over-
all no impact on the elastic thickness estimations and increased the
upper limit of accepted crustal thickness values by a few kilometers.

Sensitivity analyses were also performed regarding the size of the
localization window and the admittance spectral range used for the
inversions, since the choice of these parameters is somewhat subjec-
tive. We did inversions considering a window that was 30% larger
and also changed the investigated degree range to 40-59, which cor-
responds to the degrees with the highest spectral correlations (Figure
6.2). The change in the degree range had only a small impact on the
values of the estimated parameters. The best-fitting values and uncer-
tainties obtained varied within a range of 15% with respect to the re-
sults presented above. Increasing the size of the localization window
had a somewhat larger effect, in which the best fitting crustal thick-
ness estimations for the top-loading model changed from 15km to
21 km, corresponding to a 40% increase. This shift is probably caused
by the large gravity signal of the surroundings of Alpha that are unre-
lated to the plateau itself. These sensitivity tests were performed in all
studied plateaus and, as for Alpha Regio, most results varied within
a range of 15% relative to the results presented in the text. In all tests
we found that the results were consistent with those presented in the
text within their respective uncertainties.

6.2.2 Crustal Plateaus

Following the same procedures as presented for Alpha Regio, we es-
timated the crustal thickness, elastic thickness, and load ratio values
for the other five crustal plateaus of our study: Ovda, Western Ovda,
Thetis, Tellus and Phoebe regiones. Information on the degree range
and localization window parameters used for each region is provided
in Table 6.2. In Figure 6.4, we present the topography and gravity
maps for each of the five plateaus, where the circles represent the
sizes of the localization windows we used. In the right column of the
figure, we show the localized spectral admittance and correlation, and
the best fitting theoretical model of the admittance for each region,
similar as shown previously in Figure 6.2 for Alpha Regio. Because
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of the geological complexity of the crustal plateaus, their admittance
and correlation spectra are also complex. The correlation is generally
not uniform across the entire degree range, and the best fitting model
does not adequately fit the observations over the entire investigation
range {ywin < { < lgata — fwin represented by the vertical lines on the
plots.

Table 6.2: Position, localization window parameters (angular radius 6y, di-
ameter D, and spectral bandwidth {,), and spherical harmonic
degree range used in the inversion for the six investigated regions.

Coordinates ~ Window parameters

Region Degree range
lat(®) lon(®) 60 (°) D (km) &win
Ovda —4.0  90.0 22 4647 11 30-39 & 60-73
Thetis —-5.0 125.0 14 2957 18 23-45
W.Ovda —40 650 20 4225 12 3340 & 6571
Alpha —265 2.0 16 3380 16 23-59
Tellus 380 381.0 17 3591 15 3549
Phoebe  —10.0 281.0 16 3380 16 17-51

A common aspect to all five regions is a substantial drop in the
localized admittance and correlation spectra around degrees 50, in
the case of Ovda and Western Ovda, or 60 for Tellus, Thetis and
Phoebe regiones, corresponding to wavelengths of 760 km and 630
km respectively. We systematically disregard those degrees in our
analysis where the correlations fall below 0.71, which corresponds
to signal-to-noise ratios less than unity. The cause of these reductions
in correlation, which are also accompanied by a drop in the admit-
tance, is not immediately obvious. One possibility is that these are a
result of deficiencies in the gravity model that originate from noise
and uneven radio tracking coverage. Alternatively, it is possible that
these drops in correlation could be real geophysical signals that are
plausibly related to processes in the upper mantle, or to processes
related to crustal delamination. Lithospheric delamination related to
compressive tectonics and crustal thickening was proposed by Romeo
and Turcotte (2008) to explain the formation of crustal plateaus and
is also predicted by numerical models of coronae formation (Giilcher
et al., 2020). In addition to the degree range with low correlations
near 50-60, we note that our model also can not account for the ob-
served admittances for degrees less than about 30 for Western Ovda,
Ovda and Tellus regiones. In contrast to the degrees near 50-60, these
lower degrees are associated with relatively high correlations, and cor-
respond to wavelengths greater than 1300 km, which are comparable
to the size of the plateaus. We suspect that this long wavelength sig-
nal is related to processes in the upper mantle that are not adequately
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accounted for by our loading model that uses a single loading ratio
for all spherical harmonic degrees. Since our model was unable to
properly fit these components they were removed from the analysis.
In the following paragraphs, we present the crustal thickness, elas-
tic thickness, and load ratio estimations for the five regions. Similar
to our analysis of Alpha Regio, these results consider three loading
scenarios: both surface and subsurface loads, surface loads only, and
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a purely Airy isostasy regime. The misfit curves for each plateau are
presented in Figure 6.5 and the estimated parameters are summarized
in Table 6.3.
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Figure 6.5: One-dimensional misfit plots for the crustal thickness (left), elas-
tic thickness (center), and load ratio (right) for (from top to
bottom) Ovda, Thetis, W. Ovda, Tellus, and Phoebe. Dark blue
curves correspond to the case where both surface and subsur-
face loads are considered, light blue curves correspond to the sce-
nario where only surface loads are included and the cyan curves
correspond to the case of Airy isostasy. Figure from Maia and
Wieczorek (2022).

THETIS AND OVDA REGIONES. Thetis, Ovda and, Western Ovda
are adjacent to each other and comprise the western part of Aphrodite
Terra. Thetis and Ovda are the two highest crustal plateaus, with the
latter reaching over 4 km altitude with respect to the surrounding
plains. For these two regions, the simple Airy isostasy model yields
a satisfactory fit to the data, resulting in crustal thickness estimations
of 34(32,36) km and 33(31, 35) km, respectively (values in parentheses
here represent the +-1-sigma limits). If we consider elastic support
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of surface loads only, the 1-sigma upper limit of the crustal thick-
ness does not change, but the lower limit decreases, allowing a larger
range of values than the simple Airy case. For this case, the crustal
thickness of Ovda is T, = 30(24,35)km and T, = 24(12,36) km at
Thetis. Similar to what was found for Alpha Regio, when subsurface
loads are included, it is only possible to obtain an upper bound for
the crustal thickness. (In fact, this is the case for all analyzed regions.)
For this scenario, the crustal thickness of Ovda is constrained to be
less than 35km with a best-fit of T, = 30km while for Thetis the
crustal thickness is constrained to be less than 36 km with a best-fit
of T. = 13km.

Regarding the elastic thickness, the scenarios of surface loads only
and both surface and subsurface loads provide similar results. These
two loading scenarios only allow for an upper bound of this param-
eter. In the case of Thetis, we find that T, < 33 km for the surface
loading model and Te < 35 km when subsurface loads are allowed,
whereas for Ovda, the upper limits are considerably smaller. In this re-
gion, the top-loading scenario results in T, < 15 km and the inclusion
of subsurface loads results in T < 19 km. The range of accepted load
ratio values is similar for both regions, where L = 0.00(—0.04, 0.14) for
Ovda and L = 0.12(—0.06,0.14) for Thetis. Although the best-fitting
load ratio is somewhat different for the two regions, in Figure 6.5, we
can see that the range of acceptable values is similar.

WESTERN OVDA REGIO. Of the five regions discussed in this sec-
tion, Western Ovda is the region that presented the most difficulties
to fit the Airy isostasy and surface-loading only models. In Figure
6.5, we see that in these two cases the minimum misfit values are
close to the threshold limit with both resulting in a crustal thickness
of T. = 21 km. When subsurface loads are allowed, we can only de-
fine an upper limit for the crustal thicknesses of 21km. As for the
elastic thickness, with the top-loading model we obtain T < 4km,
and the addition of subsurface loads increases the upper limit to
12km. In terms of the load ratio, we estimated L = —0.02(—0.04,0.14)
where we see that small amounts of buoyant material in the mantle
(—0.04 < L < —0.02) are clearly associated with the best fitting mod-
els, which is unusual among the plateaus in this study. Nevertheless,
dense crustal intrusions with loading ratios greater than zero are also
possible over a limited range.

It has been suggested that Western Ovda Regio is in fact not a typi-
cal crustal plateau, and that it instead represents a transition between
the plateaus and tessera inliers (e.g. Nunes et al., 2004). Its topogra-
phy is characterized by a ~2km high semicircular rim with a low re-
lief interior that is largely embayed by volcanic plains. In particular, a
200 km diameter corona is located in the volcanic plains of its interior.
In addition, W. Ovda has the lowest gravity signal among all crustal
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plateaus, and even has a negative anomaly in the center. The fact that
our model is parameterized in terms of the topography and W. Ovda
is fully collapsed at the center could explain why our surface-loading
model does not work well in this region. This is exacerbated by the
fact that the localization window we use has higher amplitudes in
the center, where the low elevations are located. We note that in our
analysis of Ovda and W. Ovda regiones we made use of two sepa-
rated degree ranges to perform the inversion. We chose to invert for
both ranges simultaneously since in the case where the two ranges
were investigated separately we obtained consistent results but with
uncertainties that were up to two times larger.

TELLUS REGIO. Tellus Regio is an isolated crustal plateau located
in the north hemisphere of Venus. The inversion results at Tellus are
very similar to the estimations for Ovda and Thetis. When assum-
ing Airy isostasy we obtain crustal thickness estimations of T, =
30(28,33) km. When including only surface loads the 1-sigma upper
limit remains unchanged but the lower limit decreases from 28 km
to 17 km. Finally, in the case where subsurface loads are allowed, we
were only able to obtain an upper bound on the crustal thickness of
33 km. The elastic thickness is constrained to be less than 25 km when
only surface loads are considered, and less than 28 km when both
surface and subsurface loads are considered. Similar to the previous
analyses, load ratios ranging from —0.06 to 0.14 are accepted.

PHOEBE REGIO. Phoebe Regio presents the most distinct results
in comparison to the other studied plateaus. Although the region
has been previously defined as a crustal plateau (e.g. Phillips and
Hansen, 1994; Nunes et al., 2004) it presents some important differ-
ences, and has been characterized as a hybrid between plateaus and
volcanic rises (e.g. Phillips and Hansen, 1998; Kiefer and Peterson,
2003). In terms of tectonic features, Phoebe presents a unique struc-
tural fabric in which ribbon terrains, typical in other plateaus, are not
present (Phillips and Hansen, 1998). In addition, Phoebe is connected
to the volcanic rise Beta Regio by an extensive rift system called De-
vana Chasma. Previous geophysical studies (e.g., Simons et al., 1997;
Kiefer and Peterson, 2003) have also shown that the gravity signal at
Phoebe is somewhat in-between volcanic rises and crustal plateaus,
probably being partially supported by a mantle plume. Of the re-
gions in this analysis, Phoebe contains the highest values of the ad-
mittance, with values increasing from 30mGalkm~' at low degrees
to 60mGalkm ™' at high degrees. The highest admittances are about
two times larger than those of the other plateaus in our study.

The three investigated scenarios provide acceptable fits for Phoebe
Regio. When Airy isostasy is considered the crustal thickness is 79(75, 84)
km, whereas when surface loads are considered, the range of values
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Table 6.3: Summary of results for the six studied plateaus. L # 0 corresponds to the scenario
where surface and subsurface loads are allowed, L = 0 has only surface loads and
Te = 0 represents the Airy isostasy case. The values in parentheses indicate the 10
limits. In cases where the limits are not present, no acceptable fits were found, with
the value shown corresponding to the best-fitting value.

Te (km) Te (km) L

Region

L0 L=0 Te=0 L0 L=0 L0
Ovda 30(1-35) 30(24-35) 33(31-35) 10(0-19) 10(0-15)  0.00(-0.04-0.14)

Thetis 13(1-36) 24(12-36) 34(32-36) 17(0-35) 24(0-33) 0.12(-0.06-0.14)
W.Ovda 11(1—21) 21(20-22) 21 4(0-12) 2(0—4) -0.02(-0.04—0.14)
Alpha 15(1—21)  15(9-21) 24 20(9-24) 20(12—24) 0.00(-0.02—0.14)
Tellus 18(1-33) 30(17-33) 30(28-33) 10(0—28) 2(0-25)  -0.02(-0.06—0.14)
Phoebe  10(1-84) 78(68-84) 79(75-84) 26(0—39) 9(0—25) -0.14(-0.18-0.14)

increases slightly to 78(68, 84) km. We note that these values are about
two to three times higher than the values found in other plateaus.
Nevertheless, when subsurface loads are considered, all values for
the crustal thickness less than 84 km are allowed. The elastic thick-
ness is found to be less than 25 km when surface loads are consid-
ered, and less than 39 km with both surface and subsurface loads are
considered. As for the loading ratio L, we note that Phoebe allows
for considerable subsurface loads. Whereas the other regions in this
study possess negative values down to —0.06, for Phoebe, it increases
downward to —0.18. Though we cannot distinguish between surface
and subsurface loads, our study corroborates the interpretation that
Phoebe is potentially associated with a much more important mantle
plume or buoyant layer than the other crustal plateaus.

6.3 DISCUSSION
6.3.1  The Crustal Thickness of the Highland Plateaus

Several studies have used gravity and topography data to investigate
the Venusian crustal plateaus. Most of them, notably in the Magel-
lan Era, studied the crustal thickness of these features, making use
of spatial techniques and assuming that they were isostatically com-
pensated (Smrekar and Phillips, 1991; Kuncinskas and Turcotte, 1994;
Moore and Schubert, 1997). The crustal thickness of the highland
plateaus was also investigated in some of the earliest developments
of localized spectral admittance analyses (Grimm, 1994; Simons et
al., 1997). Anderson and Smrekar (2006) created spectral classes from
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localized spectral admittances to estimate the crustal thickness and
elastic thickness across the planet. James et al. (2013) developed a
global compensation model separating the effects from shallow com-
pensation, related to crustal thickness variations, and dynamic com-
pensation mechanisms associated with mass anomalies in the man-
tle. From this model, the authors were able to construct a global
crustal thickness map assuming a mean crustal thickness of 15 km.
Finally, Jimenez-Diaz et al. (2015) made use of the crustal thickness
modeling introduced by Wieczorek and Phillips (1998) to generate a
crustal thickness map of Venus assuming an average crustal thickness
of 25 km. In contrast, our study made use of three loading scenarios,
with different levels of complexity, to investigate the crustal and litho-
spheric structure and the possible compensation mechanisms of the
crustal plateaus.

Our investigation showed that using an Airy isostasy regime to
study the crustal plateaus, which has been done in many previous
works, is in most cases a valid approximation to fit the admittance
within uncertainties, with the exception of Alpha Regio, where some
flexural rigidity is necessary to properly fit the data. We added a level
of complexity to our model by assuming that surface loads are sup-
ported elastically by the lithosphere, i.e. the elastic thickness can be
different from zero. From this, we were able to confirm that the elastic
thicknesses associated with the crustal plateaus are low, with a best-
fitting average of approximately 15 km among all regions. Consider-
ing the uncertainties, we found that most regions are consistent with
Te = 0 km, with the exception of Alpha Regio where we obtained a
lower bound of T, = 12 km. Moreover, we found upper bound values
of no more than 35 km.

The final level of complexity in our study was to assume that the
surface relief is a combination of surface loads and support from ei-
ther a buoyant mantle layer or a high density intrusion within the
crust. We found that the best-fitting load ratio is equal to zero or
has small positive values for most regions, indicating a possibility
for small amounts of dense intrusions in the crust. Considering the
uncertainties, a small negative loading ratio up to about —0.05 is per-
mitted for Ovda, Thetis and W. Ovda, and Tellus regiones. The only
exception is Phoebe Regio, where L can go as low as —0.18 with a best-
fitting value of —0.14. To obtain a more physically meaningful estima-
tion we can convert L to the ratio of subsurface to surface loads, f (see
eq. 5.29). We find that Phoebe may have a buoyant mantle load that
is about 12% (up to 15%) of the surface load while in other regions
the fraction is constrained to a maximum of 4%. Overall, our results
show that the interior structure of the plateaus is well-described by
the inclusion of surface loads only with a small, arguably negligible,
contribution of flexural support, which is consistent with the interpre-
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tation that the geological processes responsible for their formation are
no longer taking place.

Considering the three loading scenarios just described, Figure 6.6
presents our crustal thickness estimations for the six studied plateaus.
The figure also includes crustal thickness estimates from the previous
studies mentioned above. Looking at our crustal thickness estima-
tions, we can see that for Ovda, Thetis, W. Ovda, Tellus, and Alpha
the obtained results are quite similar, with best-fitting values rang-
ing from 15 to 30 km in the surface-loading scenario and from 11
to 30 km when internal loads are included. In addition, in these re-
gions the different loading scenarios do not have a major impact on
the results. Overall, the most important difference between the three
loading scenarios is the accepted range of values. As one would ex-
pect, decreasing the number of free parameters reduces the uncer-
tainties of the estimations. Assuming an Airy isostasy regime results
in good fits for most regions with very low uncertainties of roughly
+2 km. When only surface loads are allowed we found acceptable
crustal thickness values for every region and all estimations include
a lower bound. For this case, the crustal thicknesses were found to
be uncertain by about +6 km. Lastly, when including both surface
and subsurface loads, we note that we were able to obtain only an
upper bound on the crustal thickness. When comparing the three sce-
narios, we note that the crustal thicknesses obtained when assuming
Airy isostasy can be slightly larger than that of the other two tech-
niques, with best-fitting values up to 10 km larger with respect to the
surface-loading scenario.

Phoebe Regio is the only region where our crustal thickness es-
timates are different than the other crustal plateaus. When internal
loads are not included the permitted crustal thickness values range
from 68 to 84 km, which corresponds to roughly three times the thick-
ness found for the other regions. However, when subsurface loads are
present, the uncertainties are increased dramatically. Even though the
upper bound in this case is comparable to the other two models, we
do not find a firm lower limit for the crustal thickness. The best fitting
value is 10 km, which is about 70 km lower than for the Airy and sur-
face loading models, is more consistent with the crustal thicknesses
obtained for the other plateaus.

Comparing our estimations with the previous studies, we find that,
in general, the more recent investigations present a good agreement
with the values we have obtained. On the other hand, many investiga-
tions done in the 1990s present considerably higher values, ranging
from twice to three times what we find. This discrepancy between
the earliests and latest studies probably arises from the combination
of several factors, but we expect that the main contributor for the ob-
served differences are related to differences in methodology. Many
early studies assumed that the plateaus were isostatically compen-
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Figure 6.6: Crustal thickness estimates for the crustal plateaus of Venus. The
values in green represent our results considering the three inves-
tigated compensation scenarios: Airy isostasy (+), surface load-
ing (x), and surface-subsurface loading (x). The dots correspond
to estimates from previous studies. Dark and light blue are asso-
ciated with the use of spatial analyses methods, dark and light
orange correspond to localized spectral analyses and grays rep-
resent global crustal thickness modeling. Figure from Maia and
Wieczorek (2022).

sated, which can bias the crustal thickness estimations towards larger
values. However, even when comparing our Airy isostasy estimation
with previous ones, an important discrepancy persists, particularly
for the studies that made use of spatial techniques. Therefore, it is
likely that the use of different analysis techniques has a major impact
on the estimations. With our approach, we were able to select only the
portion of the spectrum where the correlation between gravity and
topography is high. On the other hand, in space domain approaches,
it is not possible to do this selection since this type of analysis col-
lapses the wavelength-dependent gravity-topography ratio into a sin-
gle value. The inclusion of gravity signals from uncorrelated sources
or from long-wavelength mantle signals could be part of the cause of
the bias of their crustal thickness estimations. It is also important to
remark that our study presents important improvements in compar-
ison to most previous studies regarding the uncertainty analysis. In
fact, several prior studies did not provide any uncertainties for their
estimations.
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A second possible source for the observed discrepancy is the use
of different datasets. The early gravity studies relied on gravity mod-
els with substantially lower resolutions than the MGNP18oU model
used in this work (which was published in 1999). Particularly, Sm-
rekar and Phillips (1991) only had access to a gravity model from
the Pioneer Venus mission, while the other studies done in the 1990s
used a variety of preliminary gravity models with maximum resolu-
tions ranging from spherical harmonic degree 60 to 120, depending
on the publication year. A historical review about these early gravity
models of Venus can be found in Sjogren et al. (1997).

Up until this point, we have reported crustal thickness estimations

that correspond to the average crustal thickness of each region (weighted

by the amplitude of the localization window). However, it is also in-
teresting to investigate the local variations of crustal thickness within
each region. In order to do so, we employ the best-fitting elastic
thickness and crustal thickness estimates obtained using the surface-
loading scenario (Table 6.3). With these values, we then estimate the
lateral variations in deflection of the lithosphere (i.e., w in Figure
5.2). From this global map of the crust-mantle interface, we then esti-
mate the average crustal thickness of the analysis region (weighted by
the localization window) and compare with the value T, that we ob-
tained from our admittance analysis. Finally, we modify the average
depth of the interface w (i.e., the degree-0 spherical harmonic term)
such that the predicted value is the same value as from our analysis.
The resulting crustal thickness maps, based on the best-fitting crustal
thickness and elastic thickness values, are shown in Figure 6.7. These
maps show that, due to the crustal roots, crustal material can reach
depths much larger than the regional average. Particularly at Ovda,
the highest plateau, the crustal thickness can reach up to 54 km when
accounting for the uncertainties of the analysis parameters.

We emphasize two aspects concerning our crustal thickness models
presented in Figure 6.7. First, even though these are computed using
spherical harmonic coefficients of the deflection of the crust-mantle
interface, the model is only valid locally within the analysis region.
Second, our analysis differs from the more common technique where
the relief of the crustal mantle interface is inverted in order to satisfy
the observed gravity field (e.g. Wieczorek and Phillips, 1998; James
et al., 2013; Jimenez-Diaz et al., 2015). In particular, in our model,
the relief along the crust mantle interface is predicted from a flexure
model that satisfies the admittance over a limited range of spherical
harmonic degrees.

From the regional average crustal thickness T at each plateaus, we
are also able to estimate the crustal thicknesses at the mean planetary
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Figure 6.7: Predicted local crustal thickness variations of the six studied
crustal plateaus. These maps make use of the surface topogra-
phy, the best fitting crustal thickness, and the predicted flexure
of the crust-mantle interface for the best-fitting elastic thickness
at each region for the surface-loading model. The adopted pro-
jection for these maps is Lambert azimuthal equal-area. Figure
from Maia and Wieczorek (2022).

elevation, Tp. Given that the crustal plateaus are overall consistent
with being in Airy isostasy, we can use the following relation:

Te =To +hw (1 + L) (6.4)
Pm — Pc

where h,, is the window-weighted average elevation of the analy-
sis region with respect to the mean planetary radius. Disregarding
the anomalous T, estimation of Phoebe Regio, we find that the aver-
age thickness of the crust, Ty, is 22 km on average. Of course, this
approach assumes that the crustal density is constant. In Table 6.4
we provide, for all studied plateaus, the regional average topography
weighted by the localization window, the implied mean crustal thick-
nesses Tp and the maximum depths reached by crustal materials. We
note that Tp can also be derived surface-loading scenario from the
degree-o term of each crustal thickness map (Figure 6.7). In this case,
for the best-fitting crustal thicknesses and elastic thickness values, the
average To is 17 km.
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Table 6.4: Local crustal thickness estimations. h,, is the window-weighted
average topography, which is used to compute the crustal thick-
nesses at the mean planetary elevation Ty (shown in the third col-
umn) assuming Airy isostasy compensation. Ty values are esti-
mated by applying eq. 6.4 to the fourth column of Table 6.3. Trnax
represents the maximum crustal depths reached by crustal mate-
rials under the highland plateaus. The values in parentheses in-
dicate the estimations based on the elastic thickness and crustal
thickness 10 limits.

Region  h,, (km) To (km) Tmax (km)

Ovda 1.95 22 47(41-53)
Thetis 217 21 35(22-48)
W.Ovda 073 16 39(39-40)
Alpha 0.23 22 23(17-30)
Tellus 0.01 29 40(26-43)
Phoebe 0.78 74 89(77-95)

6.3.2 Heat Flow at the Crustal Plateaus

The elastic thickness is strongly related to the thermal state of the
lithosphere and, in the absence of direct heat flow measurements, it
is one of the few quantities that can help constrain the thermal evo-
lution of the planet. It is important to remark that these estimations
are associated with the lithospheric thermal properties during the
formation of plateaus and do not necessarily correspond to their cur-
rent, probably colder, thermal state (Albert and Phillips, 2000). The
estimation of the heat flow from the elastic thickness is based on the
method introduced by McNutt (1984) and comprehensively described
in Section 5.1.4. In brief, the method is based on the premise that the
bending moment of our modeled elastic plate, which depends on the
flexural rigidity and the curvature of the plate (eq. 5.33), equates the
bending moment of a more realistic rheology model, referred to as
mechanical plate, where the stresses are governed by brittle failure
near the surface and viscous stresses in the lower lithosphere (egs.
5.34—5.36). Because the viscous flow law depends on the temperature,
it is possible to estimate the lithosphere thermal gradient (eq. 5.37)
and the associated surface heat flow by assuming a thermal conduc-
tivity k for a given mechanical lithosphere thickness T, (eq. 5.38).
We adopt k =2 W m~" K~! as it is a typical value for terrestrial
basalts (e.g., Clifford and Fanale, 1985; Clauser and Huenges, 1995).
We note, however, that the thermal conductivity of rocks strongly
depends on many parameters such as porosity, fluid content, compo-
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sition, and temperature. Previous studies that investigated the litho-
spheric heat flow on Venus considered a large variety of thermal con-
ductivity values, ranging form 2 W m~" K~ (Bjonnes et al., 2021) to
4 W m~! K-! (O'Rourke and Korenaga, 2015), and it is important
to take this into account when comparing results from different stud-
ies. Moreover, in order to compute the elastic bending moment, we
adopt the maximum curvature found at each region for each set of
model parameters as advocated by Mueller and Phillips (1995). The
maximum curvature is computed by taking the second derivative of
the modeled lithospheric deflection w. We remark that the curvature
values are derived from flexural models and not actual observations.
Hence, the curvature depends upon the validity of the model assump-
tions.

The stress laws adopted to calculate the mechanical thickness de-
pend on the strain rate and the mineralogical composition of the litho-
sphere. As discussed in Brown and Grimm (1997), during the forma-
tion of tessera terrains, craters were being destroyed faster than they
were forming, indicating a high strain rate, likely around 1071 s~ 1,
which is the value picked for our investigation. Concerning the com-
position, we consider a dry diabase rheology for the crust and a dry
olivine rheology for the mantle, making use of the same flow law pa-
rameters as in Resor et al. (2021). Since new studies suggest a felsic
rheology for the crustal plateaus (Gilmore et al., 2015), we also per-
formed heat flow estimations considering an anorthite (plagioclase)
rheology for the crust. We found that this change in rheology had a
minor impact on the heat flow estimations, corresponding to a maxi-
mum increase of 3 mW m™2 with respect to the diabase rheology.

We estimate the best-fit heat flow associated with the best-fit elas-
tic thickness for the six plateaus, and the associated uncertainties
are computed using the 1-sigma uncertainties of the elastic thickness.
Given that T, = 0 km corresponds to an infinite thermal gradient, we
were unable to compute an upper bound of the heat flow for most
regions. In Table 6.5, we summarize the curvature, mechanical thick-
ness, thermal gradient, and heat flow estimations that we obtained.
As expected, the mechanical thickness estimations are always larger
than the associated elastic thicknesses, ranging from 1.5 to 2 times
their values. The best-fitting thermal gradients and heat flows vary
considerably among the plateaus, ranging from 8 to 100°C km~"' and
16 to 200 mW m 2. This difference is less striking when we look
into the lower limits, where the thermal gradient varies from 7 to
10°Ckm~" and the heat flow from 12 to 20 mW m~2. The only ex-
ception is for W. Ovda Regio, having lower bounds of 45°C km~' for
the temperature gradient and 90 mW m~2 for the heat flow.

Overall, our heat flow estimations have very large uncertainties,
mostly only being constrained to be larger than about 15 mW m~2.
Therefore, the interpretability of these results is quite limited. Alpha
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Table 6.5: Heat flow and related quantities for the crustal plateaus of Venus. K is the
maximum plate curvature, Ty, is the mechanical lithosphere thickness,
dT/dz is the temperature gradient, and F is the surface heat flow. The
values in parentheses represent the 1o limits of each estimation.

Region KA0~"m™") Tn(km) dT/dz(CCkm~') F(mW m?)

Ovda  5.35(4.99-5.56) 16(0-30) 16(11-) 31(21-)
Thetis  3.9(3.19-5.23)  39(0-48) 8(7-) 16(13-)
W.Ovda 5.2(5.19-5.21)  3(0-6) 92(45-) 184(89-)
Alpha  2.2(2.04-245) 27(18-32) 12(10-19) 24(20-37)
Tellus  3.08(2.23-3.08)  3(0-35) 102(10-) 203(18-)
Phoebe  3.75(2.94-3.83)  13(0-38) 20(7-) 39(13-)

Regio, however, is an exception because it is the only region where we
found a lower bound for the elastic thickness that constrains the heat
flow within the range 20-37 mW m 2. For the purposes of discussion,
we will assume that this range is representative of the other highland
plateaus, and then compare these estimations to those obtained using
independent techniques. In order to perform a consistent comparison,
we rescaled all heat flow estimations to use the same thermal conduc-
tivity as in this study.

Global thermal evolution models and previous elastic thickness
investigations suggest that the current average or “ambient” heat
flow on Venus is around 10-30 mW m 2 (Solomatov and Moresi,
1996; Phillips et al., 1997; O'Rourke and Korenaga, 2015). Further-
more, hydrocode modeling of the Mead impact basin formation from
Bjonnes et al. (2021) constrained the temperature gradient to be 6 to
14°Ckm~', corresponding to a heat flow of 12-28 mW m~ 2. This lat-
ter result was proposed to be independent of location and representa-
tive of the past 300 Myr to 1 Gyr. Gravity and topography studies of
Venusian volcanic rises, including Atla, Bell and FEistla regiones, lead
to heat flows estimations of 21 to 35 mW m~—2 (Phillips et al., 1997),
which are very similar to our results for Alpha Regio. In addition,
flexural studies based on topography data indicate that coronae are
associated with major heat flow anomalies, reaching up to ~100 mW
m 2 (O'Rourke and Smrekar, 2018; Russell and Johnson, 2021), while
steep-sided domes are associated with regional heat flows of 40 mW
m 2 (Borrelli et al., 2021).

Our heat flow estimates generally overlap with the predicted present-
day global average values. Nevertheless, our estimates are on the high
end of these predictions, and are more similar to those obtained for
the volcanic rises. It is possible that the plateaus were associated with
higher heat flows at the time of their formation. At least for Alpha
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Regio, we find that the excess heat flow with respect to the estimated
global average is about 10 mW m~2. For comparison, this 10 mW m~—2
excess heat flow is consistent with estimations of excess heat flow as-
sociated with hotspots on slow moving plates on Earth (e.g., Sleep,
1990). Furthermore, orogenic belts on Earth’s continental crust have
also been associated with surprisingly low elastic thicknesses (lower
than 20 km) and high heat flows (e.g. McNutt et al., 1988; Burov et
al., 1990) which compares favorably with the values we found for the
crustal plateaus. The cause of these anomalously low elastic thick-
nesses in continental regions is not fully understood, but data inver-
sion and finite-element modeling studies indicate that decoupling of
the strong upper crust and upper mantle probably is an important
contributor (McNutt et al., 1988; Burov and Diament, 1995; Brown
and Phillips, 2000). In fact, we also observed crust-mantle decoupling
in the estimated yield-stress envelopes of some crustal plateaus in a
few cases. The possibility of crust-mantle decoupling on Venus has
been previously discussed in Buck (1992), Azuma et al. (2014), and
Ghail (2015).

Regarding previous heat flow estimations of crustal plateaus, Brown
and Grimm (1997) and Resor et al. (2021) were able to constrain the
heat flow associated with the formation of folds in tessera terrains
based on geodynamic modeling of tessera deformation. In short, they
estimated the depth of the brittle-ductile transition based on the dom-
inant wavelength of regularly spaced contractional ridges and the
crustal rheology. These investigations showed that the folds observed
in these regions are associated with thermal gradients of roughly 20—
25°Ckm~", corresponding to heat flows of 40-50 mW m~', for a
diabase rheology. For a felsic rheology, Resor et al. (2021) estimated
that thermal gradients would be approximately twice as high, with
heat flows ranging from 90 to 100 mW m~'. These estimated heat
flows are considerably higher than what we obtained for Alpha Re-
gio, but are nevertheless compatible within the uncertainties of the
other crustal plateaus.

6.3.3 Insights on the Thermal and Geological Evolution of the Crustal
Plateaus

Crust-constituent minerals may undergo solid-state phase transitions
or melt when they reach certain pressure-temperature conditions. These
phase transitions affect the density of the host materials, and may af-
fect the dynamics of the crust and underlying mantle. In Figure 6.8
we plot the conditions where the main phase transitions associated
with a basalt system take place. Plot (a) shows the depth-temperature
relationship for basalt phase transitions to granulite, eclogite, and the
onset of melting. In panel (b), we plot the depths at which the eclog-
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ite phase transition and melting occur for as a function of the thermal
gradient, which is assume to be linear across the lithosphere

Heat flow, mW m 2
20 40 60 80 100
T T T T
D
| | | | ]
I I I I
Eclogitization Melting
| = Max crustal thickness |
Alpha
E W.Ovda—
4 Tellus
= Thetis
-‘6-4 Ovda
Q — —
A
"\, Eclogite | |
1
@ I I \\‘ I i | (b) ! I I I
107g0 800 1000 1200 %7 10 20 30 40 50

Temperature, °C Thermal gradient, °C km™'

Thermal gradients Heat flow estimations
--- 5°Ckm™!

-=- 10°C km ™!

25°C km ™!
45°C km™!

++ Global average Fold modeling, diabase
++ Fold modeling, felsic

=+ Other plateaus (lower bound)

Alpha Regio

Figure 6.8: (a) Phase transitions in the basalt system as a function of depth and temperature.

The phase transitions, solidus and liquidus are adapted from Hess and Head (1990)
and dashed curves represent temperature profiles with constant temperature gra-
dients from 5 to 45°C/km. (b) Depth range of eclogitization (brown) and melting
(orange) as a function of the thermal gradient and corresponding heat flow. The
horizontal lines correspond to the maximum depths reached by crustal materials
at each plateau given the 1o limits of average crustal thickness and elastic thick-
ness. These maximum depths consider lithospheric flexure and are hence greater
than the average values reported in the main text. The arrows above the plot corre-
spond to different heat flow estimations associated with the crustal plateaus. The
estimate we obtained for Alpha Regio is shown in green, whereas the gray arrow
corresponds to the average lower bound for the other plateaus. The blue and purple
arrows represent estimations from geodynamical modeling of fold formation for
a diabase rheology (Brown and Grimm, 1997; Resor et al., 2021) and felsic rheol-
ogy (Resor et al., 2021), respectively. The black arrow corresponds to global average
estimations.Figure from Maia and Wieczorek (2022).

For low thermal gradients (< 10°C km~") basaltic compositions

transitions into granulite at depths ranging from 30-40 km which in
turn transition into eclogite when a depth of 50-80 km is reached.
These transitions are mainly driven by the production of garnet from
plagioclase present in the basaltic rocks. Granulite corresponds to
a phase where only part of plagioclase has been transformed into
garnet, i.e., both minerals are still on the system, while in the eclog-
ite phase all plagioclase has transformed into garnet. Meanwhile, in
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an environment subject to higher thermal gradients, roughly above
10°Ckm~" (or 20 mW m™"), partial melting of the material occurs
before the eclogite phase transition is reached. For reasonable depth
ranges, the solidus corresponds to temperatures somewhere between
1000 to 1200°C.

Combining the local crustal thickness estimations (Figure 6.7) with
the heat flow estimations (section 6.3.2), we are able to investigate
whether basal melting of the crust or the formation of eclogite could
have occurred at the base of the plateaus. These conditions are visual-
ized in Figure 6.8(b) where we show the maximum crustal thickness
of each region and several heat flow estimations associated with these
regions. Making use of model present-day global average estimations
(e.g., Solomatov and Moresi, 1996; Phillips et al., 1997; O’Rourke and
Korenaga, 2015; Bjonnes et al., 2021) we adopt ~10-28 mW m~! as
a reasonable range of the current surface heat flow of Venus. Con-
sidering this range, represented by the black arrow, we find that the
eclogite phase transition could be reached at the base of the two high-
est plateaus, Ovda and Thetis. In particular, we do not expect the
eclogite phase transition to be reached in the other plateaus Tellus, W.
Ovda, and Alpha regiones, nor for any of the plateaus if the heat flow
there is greater than about 20 mW m 2.

One important property of eclogite is that its density (~3500 kg
m~3) is considerably higher than basalt and likely higher than the
underlying mantle, which would enable these materials to delami-
nate and sink into the mantle. Therefore, it is conceivable that de-
lamination processes are potentially taking place in these regions,
or that they occurred throughout their evolution. In fact, delamina-
tion could possibly explain the correlation and admittance decrease
around spherical harmonic degrees 50-60 observed in several regions
(see Figure 6.4). Moreover, as a result of delamination, the depth of
the eclogite transition could potentially correspond to the maximum
expected crustal thickness of the planet. Because of this, estimations
of depths of the crust-mantle interface considerably greater than 70
km should be examined with suspicion, such as with the highest val-
ues (given the uncertainties) we obtain for Phoebe Regio.

The heat flows associated with the formation of the plateaus were
likely higher than the present global average heat flow, as shown in
Figure 6.8(b). The green arrow indicates our heat flow estimation for
Alpha Regio, which corresponds to the period of load emplacement
in the region. The estimations based on fold modeling (Brown and
Grimm, 1997; Resor et al., 2021) are shown in blue and purple for dry
diabase and dry felsic rheologies, respectively. Though the present
day globally-averaged heat flow is probably not sufficient to cause
melting in the crustal plateaus, the heat flows were probably substan-
tially higher when the plateaus were forming (as obtained from our
results and those of fold formation). Crustal materials that reached
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40 km depth or more would have likely gone through some degree
of melting. Considering the heat flow constraints from the formation
of folds, the melting of crustal materials would have happened at
shallow depths, of about 25 km for diabase and 15 km for more fel-
sic compositions. We note that the heat flow estimations based on
fold modeling strongly depend on the rheology law used (Brown and
Grimm, 1997), appearing to be more sensitive to this parameter than
the method by McNutt (1984) used in our study. Hence, in the case
of the fold modeling approach, we need better constraints on the the
composition and volatile content in these regions in order to estimate
the inferred heat flow. We also remark that these phase transitions
are based on a basaltic system and more felsic systems would tend
to melt at even lower temperatures than those shown in Figure 6.8.
Nevertheless, these results already indicate that magmatic processes
may have played an important role in the early formation of many
crustal plateaus.

The substantial difference between heat flow estimations based on
fold modeling and our estimation for Alpha Regio is somewhat puz-
zling. Nevertheless, even if we consider that the rheological flow laws
used are correct, there are several factors that could help explain this
discrepancy. Since the formation of folds is associated with higher
heat flows, it is plausible that these features developed early in the
plateau formation history when the crust was considerably thinner
than the current observations. In fact, the limited amount of volcan-
ism in these plateaus could indicate that the crustal thickness was
around 20 km or less at that time. We also remark that the heat
flow estimations from fold formation are associated with a single fold
wavelength that are not necessarily responsible for the entire thicken-
ing process of the plateaus.

It is also possible that some of our assumptions regarding the heat
flow estimations might be oversimplified. For example, our investiga-
tion, as well as the fold wavelength modeling studies, assumed that
the thermal gradient is constant across the lithosphere and neglected
the presence of radiogenic heat sources in the crust. However, radio-
genic elemental concentrations on the surface of Venus, as were mea-
sured by the Soviet landers (Surkov et al., 1987), are consistent with
moderately radiogenic basaltic rocks found on Earth and should con-
tribute for the surface heat flow (see Ruiz et al., 2019; Karimi and
Dombard, 2020, for a discussion). Hence the heat flow near the sur-
face, where the folds formed, should be higher than the global crustal
average. Finally, several studies have also discussed the possibility
that the wavelength of tectonic features may not be controlled by the
depth of the brittle-ductile transition and could, for example, be as-
sociated with intracrustal layering (Montési and Zuber, 2002; Ghent
et al., 2005; Romeo and Capote, 2011). Therefore, the observed wave-
length might not be purely dependent on the thermal properties of
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the crust. On the other hand, our simple loading model does not
take into account uncorrelated loads and in-plane forces which could
could impact the heat flow estimations (e.g., Mueller and Phillips,
1995) given that compressive tectonics probably played an important
role in the construction of the crustal plateaus. Nevertheless, stud-
ies conducted on orogenic regions on Earth found a good agreement
between admittance spectra estimates of the elastic thickness and esti-
mations using more complex forward modeling (McNutt et al., 1988).

6.4 CONCLUSION

We have performed localized admittance modeling at six Venusian
crustal plateaus using the spatio-spectral localization technique from
Wieczorek and Simons (2005) and Wieczorek and Simons (2007). By
testing different compensation scenarios, we were able to confirm that
most of these features are consistent with being in an Airy isostasy
regime. Some extent of flexural support is also accepted given that
we found an average upper bound for the elastic thickness of ap-
proximately 30 km. The addition of subsurface loads does not have a
major influence on the elastic thickness and crustal thickness estima-
tions for most regions. The average crustal thickness of the plateaus
is constrained between about 15 to 34 km, but because of lithospheric
deflection the crustal materials can, in several cases, reach down to
more than 40 km depth. These values are comparable to the crustal
thickness of the continents on Earth. In addition, we were able to es-
timate that the average crustal thickness of the planet is 22 km when
assuming an Airy isostasy, whereas for the surface-loading scenario
we found a global average thickness of 17 km. The main discrepancy
we found regarding crustal thickness estimations is associated with
Phoebe Regio. In this region, when internal loads are not taken into
account, we find anomalously high crustal thicknesses that are about
3 times larger than the other plateaus. Only when subsurface loads
were added did we find crustal thicknesses that were consistent with
the other regions. This indicates that Phoebe is in a different compen-
sation regime compared to other plateaus, being partially supported
by a buoyant layer in the mantle.

The elastic thickness and crustal thickness estimations provide some
insights on the thermal evolution of the crustal plateaus. Adopting
the method introduced by McNutt (1984), we used the elastic thick-
ness to calculate the heat flow during the period of load emplacement.
We then compared these results with other heat flow estimations,
such as fold wavelength modeling studies (Brown and Grimm, 1997;
Resor et al., 2021), and evaluated the possibility of phase transitions
and melting at the base of plateaus during their geologic evolution.
These analyses indicate that the crustal plateaus formed under higher
heat flow conditions compared to the estimate current global average.
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Melting of deep crustal materials may have happened during the for-
mation of the plateaus, and in some places eclogite may have formed
in the deepest crust when the heat flow was lower, potentially leading
to crustal delamination and to the recycling of crustal materials into
the mantle.

It is clear that a better understanding of the formation of the plateaus
will be obtained with new data, including a better gravity model,
composition-related measurements of the surface and higher resolu-
tion imaging. For example, if the plateaus are indeed felsic, as ther-
mal emission data possibly indicates (Gilmore et al., 2015), it would
reinforce the hypothesis that they are analogous to the continents on
Earth. In this context, being able to estimate their bulk crustal density,
using gravity techniques applied to the Moon and Mars (e.g., Wiec-
zorek et al., 2013; Broquet and Wieczorek, 2019), would be extremely
valuable. With the currently available gravity data, however, this is
not possible. Fortunately, a better gravity model is one of the many
datasets that will be obtained by the two planned Venus orbital mis-
sions VERITAS (Smrekar et al., 2021) and EnVision (Widemann et al.,
2020) which should have a high enough resolution for constraining
the crustal density of plateaus. Undoubtedly, these missions will play
fundamental roles towards a better comprehension of the complex
geological history of our twin planet.
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THE MANTLE VISCOSITY STRUCTURE OF VENUS

This chapter presents an analysis of the long-wavelength gravity and
topography of Venus which are interpreted as expressions of convec-
tive flows in the mantle. In this study, I was able to provide new in-
sights into the geophysical properties of the Venusian mantle, particu-
larly of its viscosity structure. The results presented here are based on
the article “The Mantle Viscosity Structure of Venus” by Maia, Wiec-
zorek and Plesa, accepted for publication at Geophysical Research
Letters. The chapter structure is the following: Section 7.1 reviews
previous studies that investigated the dynamic signature of Venus
gravity and topography and the previous attemps to estimate the
planet’s mantle viscosity. Section 7.2 details the data analysis and in-
version and Section 7.3 describes the estimated mantle viscosity struc-
ture. A comprehensive sensitivity analysis is presented in Section 7.4.
The implications of our results are discussed in Section 7.5 and the
conclusions and outlook of the study are presented in Section 7.6.

7.1 INTRODUCTION

The combined investigation of gravity and topography is one of the
most powerful methods to study the interior structure of planets.
Some of the earliest gravity investigations of Venus, making use of
data from the Pioneer Venus Orbiter, have shown that the planet has
unique geophysical characteristics. Unlike the Earth, Venus presents
a strong correlation between gravity and topography at long wave-
lengths (Sjogren et al., 1980). In addition, Phillips et al. (1981) and
Phillips and Malin (1983) showed that several Venus highlands were
compensated at large depths, leading to the interpretation that these
features are supported by deep sources in the mantle. Throughout the
1980s, a series of works led to the development of a well-established
dynamic loading model capable of predicting the gravity and topog-
raphy for a given mantle density distribution and radial viscosity pro-
file (Richards and Hager, 1984; Ricard et al., 1984; Hager and Clayton,
1989). Using this model, Kiefer et al. (1986) quantitatively showed
that the long-wavelength topography of Venus was consistent with
support from mantle convection on a global scale and could not be
explained by Airy or Pratt isostatic compensation models.

The advent of the Magellan mission in the 1990s, which obtained
higher resolution gravity and topography data of Venus, motivated
several investigations of the planet’s interior. For example, Kiefer and
Hager (1991), Solomatov and Moresi (1996), and Nimmo and McKen-
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zie (1996) modeled the gravitational signature of plumes originating
from the core-mantle boundary, corroborating the interpretation that
the volcanic rises on Venus are active hotspots (e.g., Stofan et al., 1995;
Smrekar et al., 2010). The model by Hager and Clayton (1989) contin-
ued to be used for constraining the distribution of density anomalies
in Venus’s mantle (Herrick and Phillips, 1992; Kiefer and Peterson,
2003; James et al., 2013). These investigations showed that the Venu-
sian lowlands, referred to as volcanic plains, were associated with pos-
itive density anomalies in the mantle, while the volcanic rises corre-
sponded to negative density anomalies, being commonly interpreted
as zones of large-scale mantle downwellings and upwellings, respec-
tively. Meanwhile, regional gravity and topography analyses showed
that several Venusian highlands, mostly the plateaus associated with
tessera terrains, were compensated shallowly by crustal thickness
variations in contrast to the volcanic rises that have important sup-
port from mantle sources (Smrekar and Phillips, 1991; Grimm, 1994;
Simons et al., 1997; Maia and Wieczorek, 2022).

Several studies have tested the impact of radial mantle viscosity
variations on the predicted gravity and topography of Venus, either
adopting a dynamic loading model (Kiefer et al., 1986; Herrick and
Phillips, 1992; Pauer et al., 2006; Steinberger et al., 2010) or making
use of 3D thermal evolution models (Huang et al., 2013; Rolf et al,,
2018). The vast majority of these studies focused their investigation
on the possibility of a viscosity jump at a depth analogous to the
660 km phase transition on Earth, which corresponds to about 730 km
on Venus (Armann and Tackley, 2012), and found that the existence
of such feature was inconsistent with the gravity and topography
observations. Alternatively, Pauer et al. (2006) made use of a Monte
Carlo inversion approach along with the dynamic loading model to
estimate the viscosity structure of Venus. Their study showed that
Venus’s mantle is consistent with a viscosity profile gradually increas-
ing with depth, and that it could have a thin low viscosity channel
in the upper mantle. The moment of inertia and k, Love number of
Venus could be used to investigate the viscosity profile as well, but
they are not known with sufficiently accuracy to well-constrain rela-
tive variations with depth (see Figure 6 of Saliby et al., 2023).

In this work, we use state-of-the-art inversion methods and data
analysis techniques to constrain the mantle viscosity structure of Venus.
We adopt the multitaper spatio-spectral localization method by Wiec-
zorek and Simons (2007) to remove shallowly compensated regions
from the analysis. The viscosity estimations are done via a Bayesian
inference approach (Speagle, 2020), allowing for an efficient explo-
ration of the parameter space and statistical interpretation of the re-
sults. To test the robustness of our estimations, we investigate a vari-
ety of assumptions concerning boundary conditions and the density
variations within the mantle. In particular, we investigate scenarios
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where the density anomalies are concentrated within a single thin
mass-sheet at a specific depth (e.g., Herrick and Phillips, 1992) or
where they are uniformly distributed with depth in the mantle (e.g.,
Pauer et al., 2006). Ultimately, our study aims to contribute to a bet-
ter understanding of Venus’s geodynamics and tectonic regime (e.g.,
Rolf et al., 2022) by robustly estimating geophysical mantle proper-
ties, and to elucidate how the geologic histories of Earth and Venus
diverged.

7.2 LOCALIZED BAYESIAN INVERSION

Based on the dynamical loading model described in Section 5.2 we
aim to infer geophysical properties of Venus’s mantle, notably its vis-
cosity structure. To do so, we make use of the VenusTopoy19 topog-
raphy model (Wieczorek, 2015a) and the MGNP18oU gravity solu-
tion (Konopliv et al., 1999), both derived from final Magellan mission
datasets (see Chapter 4 for details).

Although mantle flows play an important role in the long wave-
length gravity and topography (e.g., Phillips and Malin, 1983; Kiefer
et al., 1986), the planet has major highlands, as in Ishtar Terra and
Western Aphrodite Terra, that are mainly supported by crustal thick-
ness variations (e.g., Kucinskas et al., 1996; Simons et al., 1997; Maia
and Wieczorek, 2022). These shallowly compensated regions are in-
consistent with the assumptions of the global dynamic loading model
and, thus, should be removed from the analysis. In fact, Pauer et al.
(2006) found that the worst predictions from their inversions were
for the highlands of Ishtar Terra and Ovda Regio. They attempted to
remove these signals by applying a binary mask to the gravity and to-
pography followed by computing a localized power spectrum. How-
ever, binary masking procedures have well known spectral leakage
problems (e.g., Wieczorek and Simons, 2005).

In order to more rigorously remove the gravity and topography sig-
nal associated with the compensated highlands, we make use of the
multitaper technique as developed by Simons et al. (2006) and Wiec-
zorek and Simons (2007), which uses optimally designed windowing
functions for a specified spherical harmonic bandwidth. We chose to
use windows with a spectral bandwidth of (i, = 3, which corre-
sponds to a total of 9 windows with power concentration above 99%.
With these parameters we obtain a reasonable spatial concentration,
while keeping a small spectral bandwidth that maximizes the number
of uncorrelated spherical harmonic degrees used in our analysis. The
main equations related to the localization procedure are presented in
Section 3.3.

The results of the multitaper localization are shown in Figure 7.1.
The map in panel (a) shows the total power of the g localization ta-
pers summed in the space domain with the target localization region
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outlined by the white contour. In panel (b), we present the global
and localized spectral admittance and correlation of gravity and to-
pography. The localization leads to an increase in the admittance of
about 30% over the entire spectrum, which is caused by the exclu-
sion of highland regions that have high topography and low gravity.
The correlation also has a significant increase in the long-wavelength
range due to the data localization, for (< 40 the average correlation
increases from 0.81 to 0.89.
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Figure 7.1: Spatio-spectral multitaper localization that excludes Ishtar Terra
and Western Aphrodite Terra on Venus. (a) Total power of the 9
tapers used in the localization procedure overlain by a shaded
relief map in a Robinson projection. The gray contours indicate
50% and 10% of total power from the localization tapers while
the white contours outline the regions of interest to be excluded
from the analysis. (b) Global and localized spectral admittances
(blue curves) and correlations (orange curves).
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We can then use the localized spectra of gravity and topography
along with localized spectra predicted by the dynamic loading model
to invert for the mantle viscosity structure, modeled in terms of constant-
viscosity layers. One important aspect of the model is that the pre-
dicted gravity and topography are only sensitive to relative viscosity
variations, i.e. the absolute viscosity cannot be constrained. When con-
sidering the case where the mantle density anomalies are modeled
as a single mass-sheet (egs. 5.59 and 5.60), the depth of the density
anomaly is taken as a free parameter. The model further depends on
other parameters such as the core radius, the core-mantle density con-
trast, and the average elastic lithosphere thickness, which are fixed in
this study and given in Table 7.1. The core-related parameters are
from Aitta (2012) and based on the Venus-scaled preliminary refer-
ence Earth model. The values adopted are consistent with moment
of inertia estimates (Margot et al., 2021) and other interior modeling
studies (Dumoulin et al., 2017) of Venus. In addition, the elastic thick-
ness is set to zero. As discussed in Section 5.2 and shown in Figure 5.5
the choice of these parameters have negligible impact in our results.

Table 7.1: Values of the model parameters fixed in our inversions.

Parameter Symbol Value  Unit
Elastic thickness Te 0 km
Young’s modulus E 100 GPa
Poisson’s ratio v 0.25 -
Upper mantle density Pm 3300 kg m 3

Core-mantle density contrast Apme 4050 kgm—3

Core radius Re 3250 km

To statistically evaluate the uncertainties of our model estimations,
and considering the relatively large number of free parameters in
our problem, we opted for a Bayesian sampling technique, which
provides the posterior probability of each parameter. We made use
of the DYNESTY package, a Python implementation of the dynamic
nested sampling method (Speagle, 2020). Nested sampling estimates
the marginal likelihood and the posterior distribution by sampling
within nested shells of increasing likelihood. One of the main ad-
vantages of nested sampling over the popular Markov Chain Monte
Carlo method is its effectiveness in sampling from complex multi-
modal distributions.

The posterior probability distribution calculated by the Bayesian in-
version depends on the prior probability, which is based on a priori
knowledge about the parameters, and the likelihood function, that



128 THE MANTLE VISCOSITY STRUCTURE OF VENUS

Table 7.2: Ranges and probability distributions of model priors.

Parameter Symbol Range Distribution
Depth layer 1 dy 10 to 250 km uniform
Depth layer 2 ds dz + 150 to 2450km  uniform
Depth layer 3 ds d3 + 150 to 2600km  uniform
Depth mass-sheet dy, d7 + 10 to 700 km uniform

Viscosity contrast layer 2 log;,(n2/m1) —4to0
Viscosity contrast layer 3 log;,(n3/m2) —3to3

Viscosity contrast layer 4 log,,(n4/m3) —3to3

log-uniform
log-uniform

log-uniform

represents an estimation of the misfit between the observations and
model predictions (see Section 5.3 for details). Given the lack of fur-
ther information about our parameters, we consider that the priors
follow uniform distributions within a broad ranges of values, as spec-
ified in Table 7.2.

The (log-)likelihood function is defined as

log (L th +Xg(0) +x2(0) (7.1)
with
obs(py __ dyn pyy2
xn(0) = (Shh(ﬂ)gﬁ(se;m (©)
Xolt) = (Szzswg(sg‘%“wnz
obs () _ zdym
X0 = EE O oY,

where Sy (€) and Sgq4({) are the localized power spectra of topogra-
phy and gravity, respectively, and Z({) is the localized spectral admit-
tance. The superscript “obs’” indicates quantities associated with ob-
servables while ”dyn correspond to predictions from our dynamic
loading model. Gﬁ, crg, and O'Z are the data uncertainties of the lo-
calized topography, gravity, and admittance respectively, which are
directly derived from the localization procedure (eq. 3.25). Our likeli-
hood function only accounts for uncorrelated data points of the local-
ized spectra {,,, which correspond to degrees separated by 2¢,,in, + 1
(see Section 3.3 for details). The minimum degree considered in our
inversion is {min = 4 to exclude all wavelengths that are larger than
the window size. As for the upper limit, we considered the maximum
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degree at which dynamic loading is expected to dominate the gravity
and topography, which is estimated to be between degree 27 (James
et al., 2013) and 40 (Pauer et al., 2006). Considering this range and
because we only use independent data points, we chose (. = 32 for
our nominal inversions.

The localized observed spectra of gravity, topography, and admit-
tance along with their estimated uncertainties are presented in Fig-
ure 7.2. The figure also shows representative models predicted by the
inversion, in particular the model of highest likelihood and a degree-
by-degree average of 100 models randomly sampled from the poste-
rior probability distribution.
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Figure 7.2: Localized observed (a) admittance Z°%, (b) gravity 53%5, and (c) topography S95°

spectra used in the inversions are shown in black along with their uncertemtles
presented in gray. The dashed blue curves correspond to the best-fit model from
the so-called nominal inversion (see Section 7.3 for details). The orange curves cor-
respond to the average of 100 models randomly sampled from the posterior distri-
bution of the same inversion. Dashed vertical lines indicate the sherical harmonic
degree range used in the inversions.

7.3 MANTLE VISCOSITY ESTIMATIONS

Even though we performed inversions for a wide range of scenar-
ios (see Section 7.4 for a discussion), we chose to focus our analy-
sis on the three cases that presented the largest variations in the re-
sults. The so-called nominal case has a no-slip boundary condition
at the surface and its density anomaly distribution is parameterized
as a single mass-sheet. The free-slip case differs from the nominal by
having a free-slip boundary at the surface that allows for tangential
movement of the surface, while the dp-constant case has a constant
density anomaly with depth in the mantle instead of a single mass-
sheet along with a no-slip boundary at the surface. For these three
inversions the number of constant-viscosity layers was set to 4. Each
layer was specified by its viscosity 1; and the depth to the bottom of
the layer d;. Since our model is only sensitive to the relative viscosity
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Table 7.3: Summary of inversion results for three model scenarios: Nominal, Free-slip and 6p-
constant (see main text for details). All models have 4 viscosity layers, where d; corre-
sponds to layer depths and log;,(ni1/M1) corresponds to viscosity increases (positive
values) or decreases (negative values) from one layer to the other. For each inversion
we show the median, the 16t percentile (qi4), and the 84th percentile (qg4) of the
posterior distributions.

Parameter Nominal Free-slip dp-constant
median qis qss4 median qis qss median qig  qss
log,,(n2/m1) -21 34 07 18 34 09 20 34 06
log;,(M3/M2) 0.8 0.7 1.1 0.8 0.7 1.1 1.0 0.8 1.3
log,,(Ma/m3) 0.1 =20 13 —0.7 =23 04 0.8 0.8 09
d;y [km] 81 34 142 67 27 142 95 39 153
dy [km] 322 276 406 326 245 411 385 347 423
d3 [km] 1561 1021 2247 1725 879 2346 1409 1294 1551
dy, [km] 238 206 358 329 270 448 - - -

variations, we set 17 = 1. Assuming that the core radius is known,
the viscosity structure is therefore defined by 6 free parameters. The
nominal and free-slip scenarios have the mass-sheet depth d,, as an
additional free parameter. Given the lack of information about our pa-
rameters, we considered for our priors a uniform distribution for the
depth-related parameters and a log-uniform distribution for the vis-
cosities. The only strong prior we set was to consider that the viscosity
of the uppermost lithospheric layer was greater than the underlying
layer (i.e., log;,(n2/n1) < 0), similar to (Pauer et al., 2006). Such an
assumption is a natural feature of temperature-dependent rheological
models (e.g., Breuer and Moore, 2015).

Figure 7.3 presents the posterior probability distribution of each
free parameter for our three scenarios. The upper four panels show
the depths of the first three viscosity layers and depth of the mass-
sheet. In the bottom part, the panels correspond to the viscosity ratios
of the second, third, and fourth layers with respect to the overlying
layer. Positive ratios indicate an increase in viscosity with respect to
the layer above while negative ratios indicate a decrease in viscosity.
All parameter estimations are detailed in Table 7.3. Other inversion
results are discussed in Section 7.4.

Our results show that all scenarios consistently prefer shallow depths
for the thickness of the first lithospheric layer, with values less than
about 200 km (Figure 7.3a). In contrast, the viscosity decrease to the
second underlying layer is relatively unconstrained and reflects pri-
marily our prior (Figure 7.3e). The difficulty to constrain the change
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Figure 7.3: Marginalized probability densities of the model parameters for a 4-layer
model with nominal, free-slip, and uniform load distribution scenarios
(0p-const.). Panels (a)—(c) correspond to the depth of the first three lay-
ers (the fourth layer corresponds to the core-mantle interface) while (d)
indicates the depth of the mass-sheet density anomaly. The viscosity
constraints are shown in panels (e)—(g) and are presented in terms of
viscosity ratios with respect to the layer above. Panel (h) illustrates the
definition of each free parameter of the model. The limits of the y-axes

differ for each of the marginalized probability plots.

in viscosity between these two layers is due to the small thickness of
the top layer. The viscosity interface between the second and third
layer is the best constrained from our inversions (panels 7.3b and
7.3f). All three model scenarios indicate that the third layer increases
in viscosity by about one order of magnitude at a depth of about
245—-435km for the three loading scenarios, with median values for
the mass-sheet depth of 239 km for the nominal case and 329 km
for the free-slip case. The change in viscosity between the third and
fourth layers is quite variable and differs in all three loading scenar-
ios (panels 7.3¢ and 7.3g). For the nominal case, both the layer depth
and viscosity are poorly constrained, although the solutions prefer
depths larger than 1000 km. The free-slip case tends to prefer larger
depths, rejects large increases in viscosity for the last layer, and has a
peak corresponding to the case where the viscosity of the two layers
is the same. The 6p-constant model, on the other hand, has a well-
constrained viscosity increase of about 10 times at 1300 to 1550km
depth.
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In Figure 7.4 the viscosity profiles for all solutions are shown via
2-dimensional posterior distributions for our three loading scenarios.
Since one of the best constrained aspect of our model is the increase
in viscosity between the second and third layer, for a better visual-
ization, we scaled our viscosity profiles such that the viscosity of the
second layer was 1. The solid curves in these figures represent the log-
arithmic mean viscosity at each depth. The upper mantle structure is
similar for the three scenarios, with a consistent viscosity increase oc-
curring between the second and third layers. As for the lower mantle,
the loading scenarios that use a single mass-sheet (Figure 7.4a and
7.4b) are consistent with an isoviscous structure, although some of
the solutions suggest a basal low-viscosity layer above the core. As
for the dp-constant model (Figure 7.4c), we see a second viscosity
jump at about 1400 km depth.
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Figure 7.4: Posterior distribution of mantle viscosity structure for the (a)
nominal, (b) free-slip, and (c) dp-constant loading scenarios.
Solid curves indicate the viscosity logarithmic mean for each
depth. All viscosity profiles are referenced to the viscosity of the
second layer. In panels (a) and (b), the dark gray rectangles indi-
cate the 16" and 84" percentiles for the d, estimations, while
the black horizontal lines show the median value. For clarity, the
low viscosity zone is indicated only on panel (c).

7.4 MODEL SENSITIVITY ANALYSIS

The dynamic loading model used in this study depends on a large
number of geophysical properties (see Table 7.1) and, from an inver-
sion point of view, it is not possible to take all of them as free param-
eters. In this study, we focus on estimating the density anomaly dis-
tribution and the viscosity profile of the mantle, which are the quanti-
ties the model is most sensitive (Figure 5.4). Yet, we performed a wide
range of sensitivity analyses to test the robustness of our results. As
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previously discussed, parameters such as the elastic thickness, man-
tle density, core radius, and core density have negligible impact in
the model and we chose to fix them based on values estimated by
previous studies what is known for Earth.

Nevertheless, along with parameters for internal properties, our
inversions are associated with several other settings that we should
evaluate further. For example, our investigation is done using the
radial gravity component. Yet, several previous studies have used the
geoid to perform this type of analysis. In addition, as shown in eq.
7.1, we must define the degree range used to compute the model
misfits — which has same level of arbitrariness. Another important
aspect of our inversions is that we have to define a fixed number of
viscosity layers, which is not an obvious choice. Hence, it is necessary
to make sure that changing the number of layers does not affect the
constrained viscosity profile.

Figure 7.5 and Figure 7.6 present results for a range of inversion
scenarios, showing the main conclusions of our study — in particular
the presence of a low viscosity zone — do not change. However, we can
see that performing an inversion up to spherical harmonic degree 40
is associated with lower likelihood values, likely indicating that at this
degree the data already have non-negligible contributions of other
compensation sources. Figure 7.5 also displays the results for a global
inversion (i.e., the case where the data localization is not applied).
This leads to shallower mantle load depths (176 km on average) and
worse fits in comparison to the localized inversions.

7.5 DISCUSSION
7.5.1 Low Viscosity Zone in the upper Mantle

Our inversions indicate the presence of a low viscosity zone (LVZ)
beneath the lithosphere, having a viscosity of roughly 10 times lower
than the underlying mantle. Its thickness is about 150 to 300 km, start-
ing at the base of the lithosphere down to a depth of 268 to 435 km.
This low viscosity zone can be interpreted as an asthenosphere-like
layer. The asthenosphere of the Earth is a mechanically weak layer
starting beneath the lithosphere down to the top of the transition
zone at about ~400 km. It is considered to be a key ingredient for
plate tectonics (e.g., Rolf et al.,, 2022) and its existence has been
supported by several geophysical methods. On Earth, the region is
characterized by high electrical conductivity, low seismic wave veloc-
ities, and strong seismic attenuation (e.g.,, Shankland et al., 1981).
In oceanic regions, seismological observations have shown that the
lithosphere-asthenosphere boundary occurs sharply at about 70 km
depth, while for the continental upper mantle the seismic signature
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Figure 7.5: Probability density distribution of the model parameters for 5
test cases: geoid uses observed and modeled geoid instead of ra-
dial gravity, {max = 25 and {max = 40 define { = 25 and { = 40
as the maximum spherical harmonic degree used in the inver-
sion respectively, and global is associated with a global inversion,
i.e., it does not apply the multitaper localization to the data and
model. As reference we also added the results of the nominal in-
version scenario. Panels (a)-(g) are the same as displayed in Fig-
ure 2 of the main text, while panel (h) shows the log-likelihood
distribution of the the different inversions, as defined in eq. 7.1.

of the lithosphere-asthenosphere boundary is weaker and deeper, at
about 200 km depth (Karato, 2012).

Gravity investigations considering postglacial rebound and/or dy-
namic loading models commonly indicate that the asthenosphere is
also characterized by low viscosities, although the published con-
straints present some discrepancies (King, 2016; Richards and Lenardic,
2018, see reviews by). Estimations of the LVZ are associated with re-
ductions in viscosity of one to three orders of magnitude with respect
to the underlying mantle. Moreover, some studies indicate that the
LVZ is fully contained within the asthenosphere (Hager and Clayton,
1989; Forte and Mitrovica, 2001) while others suggest that the zone
comprises the entire upper mantle (King and Masters, 1992; Liu and
Zhong, 2016). Alternatively, Mitrovica and Forte (2004) have found a
low viscosity asthenosphere along with a thin low-viscosity channel
below the 660 km transition.

Many factors can be responsible for the discussed inconsistencies.
For example, it is well-known that in gravity studies there is a strong
trade-off between the thickness and viscosity of the LVZ (Richards
and Lenardic, 2018). Another issue is that the gravity studies have
difficulties in accounting for lateral viscosity variations. This is par-
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Figure 77.6: Posterior distribution of mantle viscosity structure for (a) 5-layer
viscosity model, (b) 3-layer viscosity model, (c) 3-layer viscosity
model without an imposed high viscosity lid. All viscosity pro-
files are referenced to the viscosity of the second layer. The dark
gray rectangles indicate the 16™ and 84™ percentiles for the d,
estimations, while the black horizontal lines show the median
value.

ticularly problematic for the Earth since there are fundamental differ-
ences between the upper mantle structure of continental and oceanic
regions (Cadek and Fleitout, 2003) and also because cold subducted
slabs often have higher viscosities than the surrounding mantle. On
the other hand, it has been shown that the effects of the lateral varia-
tions in viscosity are limited for very long wavelengths, with spheri-
cal harmonic degrees lower than 10. This led several studies to restrict
their analysis to this range, which has the unfortunate drawback of
decreasing the model sensitivity to shallow layers. Yet, Venus does
not have plate tectonics and large-scale subducted slabs are unlikely
to exist. In fact, recent studies have suggested that crustal recycling
on Venus occurs via regional-scale delamination scattered through-
out the planet (e.g., Smrekar and Stofan, 1997; Giilcher et al., 2020;
Davaille et al., 2017; Lourengo et al., 2020). Hence, we expect lateral
variations in viscosity to be less important on Venus. In principle, this
should allow us to analyse smaller wavelengths in comparison to ter-
restrial studies and yield a better vertical resolution in our inversions.

In the case of Venus, gravity and topography studies in the past
have mostly argued against the existence of a LVZ in the upper man-
tle (e.g., Nimmo and McKenzie, 1998). However, most of those stud-
ies did not perform inversions and limited the analysis to a few mod-
els representative of Earth-like scenarios (e.g., Kiefer et al., 1986;
Kiefer and Hager, 1991; Herrick and Phillips, 1992; Steinberger et al.,
2010). Moreover, gravity investigations performed up to 1992 used
data from the Pioneer Venus mission, whose resolution is limited to
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degree 18. From a different perspective, studies by Huang et al. (2013)
and Rolf et al. (2018) estimated geoid anomalies for Venus from three-
dimensional mantle convection models. They showed that the pres-
ence of a thick LVZ, ranging from the base of the lithosphere down
to the ringwoodite to bridgmanite phase transition at 730km depth,
was inconsistent with the observations. These results are in agree-
ment with our study given that the inversions also disfavor such a
prominent LVZ. In addition, Monte Carlo inversions performed by
Pauer et al. (2006) showed that many models were consistent with
the presence of a thinner LVZ with a thickness of a couple hundred
of kilometers, which is in line with our results.

The origin of such a low viscosity layer on Venus is arguable. As
a starting point, we may draw a parallel with the Earth and evaluate
the mechanisms that have been proposed to explain the existence of
its asthenosphere. However, this is a heavily debated topic with sev-
eral proposed hypotheses. Some studies proposed that the astheno-
sphere results from the presence of small amounts of partial melts in
the upper mantle (Anderson and Spetzler, 1970; Chantel et al., 2016;
Debayle et al., 2020), while others consider that the region is better
explained by a subsolidus regime associated with rheological weak-
ening of mantle rocks under temperatures that are close to the solidus
(Karato, 2012; Takei, 2017). For the latter hypothesis, it has been sug-
gested that dissolved water in olivine could effectively reduce the
mineral’s viscosity (Hirth and Kohlstedt, 1996). Alternatively, Hua et
al. (2023) have proposed that the asthenosphere is associated with
partial melting, however, they argue that the melt does not primarily
controls the layer’s low viscosity. In addition, low viscosities in the
uppermost mantle could be caused by the predominance of disloca-
tion creep, with larger depths being dominated by diffusion creep
with higher viscosities (Van Den Berg and Yuen, 1996; Semple and
Lenardic, 2021). Finally, viscosity interfaces in the mantle are com-
monly linked to mineral phase transitions (Meade and Jeanloz, 1990).

On Venus, even though the surface and atmosphere are dry, the
water content of its interior is unknown. Although Venus and the
Earth should probably have accreted similar amounts of volatiles (e.g.,
O’Brien et al., 2018), we are still trying to quantify the abundance of
these volatiles in Venus’s interior (e.g.,, Way and Genio, 2020; Gill-
mann et al., 2020; Gillmann et al., 2022). On the other hand, the ex-
istence of partial melt in Venus’s mantle seems plausible, given the
indications that the planet is still volcanically active, particularly in
regions associated with active mantle plumes (e.g., Mueller et al,,
2008; Smrekar et al., 2010; Shalygin et al., 2015; Giilcher et al., 2020;
Herrick and Hensley, 2023). Moreover, recent studies have shown that
large amounts of magmatic intrusions could play a primary role in
the lithospheric mobility and recycling on Venus, representing an ef-
ficient mechanism for heat loss (Lourenco et al., 2020; Smrekar et al.,
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2023; Tian et al., 2023). Lastly, tomography investigations by Debayle
et al. (2020) indicate that hotspots regions on Earth are associated
with high melt content in the upper mantle. Particularly, partial melt
is observed down to 250km in Hawaii and 300km under the east
African rifts.

Following the well-established empirical relation between melt frac-
tion ¢ and relative viscosity reduction 1, defined as

Nr = exp(—a@), (7.2)

with « being an experimentally defined constant, it is possible to es-
timate the amount of partial melt associated with the predicted LVZ
(e.g., Hirth and Kohlstedt, 2003). Considering a basalt-eclogite sys-
tem, « is constrained between about 25 and 30 for diffusion creep
resulting in a melt fraction of about 5 to 11%, while for dislocation
creep « =~ 30 to 45 which corresponds to 3 to 9% of melt. These ex-
perimental constraints are valid for both dry and wet basalt compo-
sitions. Meanwhile, more recent experiments have shown that very
small interconnected fractions of melt can have a significant impact
on the viscosity (Takei and Holtzman, 2009; Holtzman, 2016), leading
Holtzman (2016) to establish a new empirical law that reads

Nr = exp [~ —In(x ) erf(@/@c)] (7-3)

where @, is the critical melt fraction and x,, is the viscosity reduction
factor. These factor are associated with the geometry and connectiv-
ity of the grains and are determined experimentally. Because these
experiments are still in early stages of development their values are
still poorly constrained. Yet, taking x,. = 5 and @. = 10~ as esti-
mated by Takei and Holtzman (2009), the Venusian LVZ constraints
would be consistent with less than 1% melt fraction. Figure 7.7 shows
curves associating viscosity and melt for the two laws just described
(egs. 7.2 and 7.3). Finally, we note that the low viscosity zone and the
possibly associated partial melt is not necessarily uniform through-
out the planet. In fact, considering that the largest gravity and topog-
raphy signatures come from the volcanic rises it is likely that their
signatures dominate our analysis and that our results are mostly rep-
resentative of these regions.

7.5.2  Mantle Loads Parameterization

Due to the lack of information regarding the density heterogeneities
of the Venusian mantle we were required to make some simplifica-
tions to this regard. To assess the importance of these assumptions,
we investigate further the two density anomaly parameterizations
previously used in the Venus literature: a single thin mass-sheet (Fig-
ure 7.4a and 7.4b) and the depth-uniform loading (Figure 7.4c). Her-
rick and Phillips (1992) argued that, since plumes likely dominate the
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Figure 7.7: Relation between melt fraction and viscosity reduction. Solid
black curves represent the melt-viscosity well-established em-
pirical law presented in Hirth and Kohlstedt (2003) considering
a basalt-eclogite diffusion creep rheology (x ~ 25 to 30). The
dashed black line represents a more recent melt-viscosity law by
Holtzman (2016) that takes into account the role of very small
fractions of melt in a well-connected network. For this curve, we
adopt xo, = 5 and @, = 10~* as estimated by Takei and Holtz-
man (2009). The orange horizontal lines indicate the amount of
melt associated with our low viscosity zone constraints, corre-
sponding to viscosity reduction of 5 to 16 times (represented
by the gray area). The exponential law by Hirth and Kohlstedt
(2003) indicates a melt fraction of 5% to 11% while the newer
melt-viscosity law indicates smaller quantities, from 0.05% to 4%.

density anomaly distribution on Venus, most of the anomalies should
be concentrated in a relatively thin and horizontally-spread layer as-
sociated with the plume head. In this scenario, a single mass-sheet pa-
rameterization would be more appropriate. On the other hand, Pauer
et al. (2006), made a comparison to Earth’s mantle density patterns,
arguing that plumes and subducted slabs penetrate the mantle more
or less vertically, indicating that a depth-independent distribution of
density anomalies should be a reasonable first approximation.
Although the two different assumptions concerning the depth de-
pendence of the density anomalies are opposing end-member scenar-
ios, in practice we found that they do not substantially affect our
results, in particular for the prediction of a low viscosity zone in the
upper mantle. More significant differences, however, were obtained
for the deep mantle. The single mass-sheet scenarios (Figure 7.4a and
7.4b) tend to accept a wide range of solutions for the fourth viscosity
layer, with a large number of models consistent with an isoviscous
mantle below the low viscosity zone. Moreover, about 35% of mod-
els present a viscosity decrease of over one order of magnitude from
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layer 3 to 4, which would correspond to a basal low viscosity zone.
If confirmed, these regions could be compared to large low-shear ve-
locity provinces on the Earth (e.g., French and Romanowicz, 2015)
or indicate partial melting (O'Rourke, 2020). In contrast, the depth-
independent case (Figure 7.4c) requires an increase in viscosity in the
mid mantle between the third and fourth layers. Interestingly, a com-
parable viscosity jump has been suggested for the Earth by several dy-
namic loading investigations (e.g., Forte and Peltier, 1991; Rudolph
et al., 2015; Rudolph et al., 2020). These studies indicate an increase in
viscosity at depths of about 800 to 1200 km, roughly corresponding to
960 to 1330 km on Venus, while we obtained a range of about 1300 to
1550 km. In any case, our results should motivate future studies to ex-
plore more realistic density anomaly distributions in Venus based on
mantle convection simulations, or by using a more complex statistical
distribution of mass anomalies as in Steinberger et al. (2010).

The predicted density anomaly distribution estimated for the nom-
inal loading model with the largest likelihood is shown in Figure 7.8.
As expected, at large volcanic rises, such as Atla and Beta Regiones,
we observe negative density anomalies, associated with positive buoy-
ancy and commonly interpreted as regions of mantle upwellings,
hotspots and active volcanism (e.g., Kiefer and Hager, 1991; Stofan
et al., 1995; Smrekar et al., 2010; James et al., 2013). These anoma-
lies are generally also correlated with regions of high heat flow (Sm-
rekar et al., 2023) and with regions where coronae could be still active
(Giilcher et al., 2020). Alternatively, positive density anomalies corre-
late with volcanic plains which can interpreted as regions of mantle
downwellings. These results are consistent with the density anomaly
distributions found in previous studies (Herrick and Phillips, 1992;
Pauer et al., 2006; James et al., 2013). Moreover, we note that the differ-
ent loading scenarios investigated here have comparable density dis-
tribution patterns, although for the dp-constant case the shorter wave-
lengths present relatively higher amplitudes (Herrick and Phillips,

1992).
7.6 CONCLUSIONS

Our study used a Bayesian approach to investigate the mantle vis-
cosity structure of Venus. We made use of a dynamic loading model
to predict the planet’s long-wavelength gravity and topography and
compared these predictions to the observations. Using a range of
model scenarios, we consistently found that Venus presents a low vis-
cosity zone in the uppermost mantle, a layer that could be interpreted
as an Earth-like asthenosphere, potentially originated from partial
melt in the upper mantle. This interpretation corroborates previous
studies that propose that Venus is currently an active volcanic world
(e.g., Smrekar et al., 2010; Herrick and Hensley, 2023; Giilcher et al.,
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Figure 7.8: Distribution of mantle density anomalies associated with the best
fitting model for the nominal loading scenario. In this model, a
single mass-sheet is located at 223 km depth. Negative density
anomalies correlate with volcanic rises while volcanic plains are
associated with positive anomalies. For reference, some major
geologic features are labeled. Text with an orange background
indicates volcanic rises, while a blue text background indicates
planitias. Cross-hatched regions of Ovda Regio and Ishtar Terra
should be ignored as they were excluded from our localized spec-
tral analysis.

2020; Rolf et al., 2022). Moreover, our inversions disfavor a viscosity
jump associated with the phase transition at ~ 700 km depth.

One aspect that merits further investigation is how more realis-
tic distributions of density anomalies in the mantle would affect the
predicted viscosity profile. For example, one could use geodynamic
simulations to estimate the density distribution based on tempera-
ture anomalies predicted by these models. Finally, improvements on
deep interior constraints for Venus could be achieved by coupling dy-
namic loading to tidal deformation investigations. In particular, an
integrated analysis would allow for an assessment of the absolute
mantle viscosity profile.
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8.1 OVERVIEW

Over the past three years, I have investigated the gravity and topog-
raphy of Venus with the goal of better understanding the planet’s
interior structure. By applying modern spatio-spectral localization
techniques to past datasets and by performing inversions adopting
analytical flexural- and dynamic-loading models, I derived important
geophysical parameters of the planet. In particular, I presented robust
estimates for the crustal and elastic thickness of the crustal plateaus
and new insights about the viscosity structure of Venus’s mantle.
Corroborating previous interpretations, my results show that the
topography of most plateaus is predominantly supported by crustal
thickening. The elastic thickness was constrained to be less than 35 km
with a best-fitting average of 15km, confirming that these regions
are consistent with a regime close to Airy isostasy. The elastic thick-
ness constraints were used to estimate the lithospheric thermal gradi-
ent, which suggests that the formation of plateaus probably occurred
under higher temperature conditions than the current global aver-
age. The crustal thickness of the plateaus on average range from 15
to 34 km, however, the crustal roots can reach down to more than
40km depth. These estimations indicate that the crustal thicknesses
of these highlands are similar to that of Earth’s continental crust. In
addition, assuming that the plateaus are in Airy isostasy, the plains
surrounding the plateaus are estimate to have a crustal thickness of
about 20 km. Considering that the volcanic plains have a smooth to-
pography and correspond to ~70% of the surface of Venus, this value
represents a fair estimate of the planet’s average crustal thickness.
By analyzing the long-wavelength gravity and topography of Venus
as expressions of mantle convection, I was able to obtain new con-
straints on the viscosity structure of the planet. The main result from
this study was the identification of a low viscosity zone in the upper-
most mantle. The zone starts directly below the lithosphere at about
100 km depth and is roughly 235 km thick. It is further characterized
by a viscosity reduction of 5—15 times with respect to the underly-
ing mantle. Drawing a parallel with the Earth, the low viscosity zone
was interpreted as a Venusian version of the asthenosphere. At this
point, I tend to favor the hypothesis that the reduced viscosity is asso-
ciated with partial melting, supporting the interpretation that Venus
is a geologically active world predominantly governed by ongoing
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magmatic processes. Yet, their are other possible explanations should
be further investigated.

Table 8.1 presents a comparison between interior properties of the
terrestrial planets. Venus, as the Earth, has a relatively thin litho-
sphere, indicating that the interior of the planet is still hot and con-
ceivably active. In addition, the crusts of Venus and Earth make up a
similar volume fraction of the silicate portion of the planet, suggest-
ing that the two planets might produce and recycle crustal materials
at similar rates. Hence, overall, the results presented here show that
Venus's internal structure is significantly more similar to Earth’s than
to the other terrestrial planets of the solar system and are consistent
with the increasingly more accepted interpretations that Venus is a
geologically active world today (e.g. Smrekar et al., 2010; Giilcher et
al., 2020; Herrick and Hensley, 2023). On the other hand, the geologi-
cal evolution of Venus has been quite different from that of the Earth.
This divergent evolutionary path, however, is poorly understood and
several fundamental question remain unanswered. For how long has
Venus been this hellish planet? Was the current crushing atmosphere
emplaced by recent geological events? Or did it develop early in the
planet’s history? Did Venus ever have liquid water on its surface?
How does Venus lose its heat and how does this influence the planet’s
thermal evolution?

With these questions in mind, the next areas of my research will
focus on the implications of the interior structure constraints for the
geodynamics and thermal evolution of Venus. In sections 8.2 and 8.3,
I outline ongoing studies which represent first steps towards this goal.
At the same time, groundbreaking improvements in our understand-
ing of Venus imperatively depend on the acquisition of higher-quality
data by new missions to the planet. Section 8.4 is dedicated to the
future of Venus exploration and how it will help us investigate the
interior structure and evolution of our twin planet.

8.2 PHASE TRANSITIONS OF THE VENUSIAN CRUST:
IMPLICATIONS FOR INTERIOR STRUCTURE AND DYNAMICS

In Chapter 6, I have briefly discussed thermodynamical processes that
could occur at large crustal depths under the crustal plateaus due to
high pressures and temperatures. Essentially, for small lithospheric
thermal gradients (< 10K km "), basaltic crustal materials can transi-
tion into eclogite. This transition generates a negative buoyancy of the
crust and can lead to crustal delamination. Alternatively, for higher
thermal gradients, the crust typically starts to melt before the for-
mation of eclogite. These processes have a significant impact on the
bulk properties of Venus’s crust and have major implications for the
geodynamics of the planet. However, the precise conditions for their
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Table 8.1: Comparison of crustal and lithospheric properties of the terrestrial
planets. The table presents estimated average values of the crustal
thickness, the volume of the crust with respect to the total silicate
volume of the planet (crust+mantle), and the thermal lithosphere
thickness. The total silicate volume was computed as the differ-
ence between the total volume and the core volume. Uncertainties
can be found in the original studies listed below the table.

Planet Crustal thick. Crust silicate vol.  Lithosphere thick.

Earth ((:): '4601;21 17 ((:): z@%ﬁ
Venus 20km 1% 100 km
Mars 57 km 6% 500 km
Mercury 35km 10% -
Moon 38km 6% 700 km

Earth — Crustal thickness and core radius: Turcotte and Schubert (2002), Lithosphere
thickness: Karato (2012). O=oceanic, C=continental.

Venus — This thesis.

Mars — Crustal thickness: Wieczorek et al. (2022), lithosphere thickness: Khan et al.
(2021), core radius: Stahler et al. (2021).

Mercury — Crustal thickness: Watters et al. (2021), core radius: Hauck et al. (2013).
Moon — Crustal thickness; Wieczorek et al. (2013), lithosphere thickness: Gagnepain-
Beyneix et al. (2006), core radius: Garcia et al. (2011).

occurrence and the characteristics of the generated products still need
to be comprehensively investigated.

The goal of this study is to perform a robust analysis of these ther-
modynamical processes under Venus conditions. The resulting min-
eral phases depend on several geological and geophysical properties
of the system besides the crustal thickness, including the thermal gra-
dient of the lithosphere, the presence of volatiles, and, of course, the
composition of the crust. As discussed in earlier chapters, the crust
of Venus is primary composed of basalts (e.g., Abdrakhimov and
Basilevsky, 2002), although low emissivity anomalies indicate that
tessera regions could perhaps have a felsic composition (Gilmore
et al., 2015). The volatile content of the crust is poorly constrained.
Yet, the high surface temperatures are probably more consistent with
dry materials. In addition, according to lithospheric-scale numerical
modeling, strong dry rheologies are necessary to develop rifts under
Venus temperature conditions (Regorda et al., 2023). Hence, this anal-
ysis is, for now, focused on dry compositions. Temperature gradient
estimates for Venus have only been obtained indirectly, mostly from
elastic thickness constraints (e.g. O’'Rourke and Smrekar, 2018; Bor-
relli et al., 2021; Maia and Wieczorek, 2022; Smrekar et al., 2023). A
compilation of these results is shown in Figure 8.1.
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Features such as coronae and rifts are commonly associated with
high temperature gradients, with median values of 13 and 19, respec-
tively (O’Rourke and Smrekar, 2018; Smrekar et al., 2023). According
to Smrekar et al. (2023), the large values suggest that these regions
are associated with anomously high heat flows linked to ongoing
geologic activity. The plateaus are also associated with high tempera-
ture gradients, of about 14 Kkm~'. However, a discussed in Chapter
6, these estimates are probably not representative of present-day con-
ditions. The steep-sided domes, investigated by Borrelli et al., 2021,
typically have more moderate temperature gradients. These authors
make a distinction between the domes near coronae, that tend to have
high temperatures, and the more isolated ones. For the later group,
the median thermal gradient is 8Kkm™!, which is more inline with
temperature gradients predicted by thermal evolution models (e.g.
O’Rourke and Korenaga, 2015).

—60° 0°  60° 120° 180°

—180° -120°

OO

10 20 30 40 50
Thermal gradient, K km™
Type of feature Type of study
® Coronae A Volcanic rises © Topography
@ Steep-sided domes M Crustal plateaus ©® Admittance

 Rifts

Figure 8.1: Estimations of thermal gradients from elastic thickness con-
straints for several features on Venus. The type of feature is in-
dicated by the marker shape. Elastic thickness estimations based
on admittance have markers with white contours while studies
that analyzed topographic flexure have black contours. The map
is presented in a Robinson projection. The elastic thickness esti-
mates are from the following studies. Coronae: O'Rourke and
Smrekar (2018) and Smrekar et al. (2023), steep-sided domes:
Borrelli et al. (2021), Volcanic rises: Phillips (1994), and Crustal
plateaus: Maia and Wieczorek (2022).

Making use of the thermodynamic calculation package Perple_X
(Connolly, 2005) and the database by Holland et al. (2018), we es-
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timate the phase assemblages, solidus, and density for a range of
crustal compositions. We consider the basalt composition measured
by the Vega 2 lander (Figure 1.3), average basaltic andesites (Schmidt
and Jagoutz, 2017), andesites (Grove et al., 2004), and Earth’s upper
continental crust (Rudnick and Gao, 2003). Figure 8.2 shows the effect
of phase transition on the density of these compositions with respect
to pressure for thermal gradients of (a) 5 Kkm~', (b) 10Kkm™', and
(c) 1I5Kkm~".

For all compositions, the density starts increasing when feldspar
starts being transformed into garnet+pyroxene, and restabilizes when
there in no more feldspar in the system. The depth at which the
transitions is initiated is about 20 km shallower for basalts than for
the more evolved compositions, however, their dependence on tem-
perature is minor. Alternatively, the solidus is weakly dependent on
composition. For a thermal gradient of 10Kkm ™!, melting starts at
about 70 km depth, while 15Kkm~' gradients generate melts at 40—
50km depth. In the case of even higher thermal gradients, larger
than 20 Kkm ™!, there would be extensive melting at about 20-30 km
depth. The density strongly depends on composition, both before and
after phase transitions. Interestingly, the metamorphosed crust only
becomes denser than the mantle for basaltic compositions.

These results have significant impact on the possibility of crustal
delamination in regions with large crustal thicknesses, such as the
plateaus. In the case of low thermal gradients, negative buoyancy and
possible delamination can only occur for basaltic compositions. In the
case of more silicic rocks, the eclogite phase transition does not limit
the thickness of the crust. If thermal gradients are in the range of
about 10 to 15 Kkm™', regions with thick crusts generate melts of
felsic or intermediate compositions, depending on the original rock
composition and the amount of melt produced. Hence, intermediate
to felsic crust production in the deepest roots of crustal plateaus on
Venus is likely, but this material would not be recycled via delamina-
tion. On the other hand, If melts are extracted, residues are denser
than the mantle and can be recycled (delaminated). Finally, regions
associated with very high thermal gradients, which can be the case
for coronae and rifts at present day, are plausibly associated with
crustal melting and should have crusts thinner than about 20 km.

8.3 COUPLING GEODYNAMIC SIMULATIONS TO GEOPHYSICAL OB-
SERVATIONS
This section presents
Global geodynamic models allow for the prediction of interior struc- early stages of a
ture properties and how they evolve through time as the planet cools study by Maia,
down. As opposed to the analytical dynamic loading approach used =~ Plesa, and
. . . . Wieczorek, started
so far in this thesis, the numerical models can account for a lot of com- during a visiting
plexity, including melting and non-linear mantle rheologies, such as period at the DLR,
Berlin.
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Figure 8.2: Impact of phase changes in the density for different rock compo-

sitions and different temperature gradients. The orange shades
represent the composition of typical crustal rocks, either Venus
basalts (measurements from Vega 2) or representative composi-
tions of evolved terrestrial rocks. The green curve represents an
Earth-like mantle composition. The dashed lines indicate that
the rock is partially melted. The subplots correspond to differ-
ent temperature gradient of (a) 5Kkm™', (b) 10Kkm~"', and (c)
15Kkm~'. Courtesy of M. Collinet.
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diffusion and dislocation creep. My plan for this project is to pair the
numerical models to the analytical ones in order to add some com-
plexity to the problem while still being able to perform inversions.

In this scenario, I have recently started working with such geody-
namic models, in particular with the mantle convection code Gaia
(Huttig and Stemmer, 2008). The first step of this study was to use
the average viscosity profiles predicted by the thermal evolution mod-
els and estimate the associated gravity and topography using the
dynamic loading model by Hager and Clayton (1989). Making use
of two-dimensional stagnant-lid models, I have investigated different
parameters that affect the viscosity profile, including the mantle refer-
ence viscosity 1o, the addition of viscosity jumps, and the activation
volume V,, a theology parameter that controls how much the viscos-
ity increases with depth. The viscosity dependency on pressure and
temperature follows the so-called Arrhenius equation:

Eq PV,
n =mnoexp (Clmpa> (8.1)
m

where E is the activation energy, p is the pressure, Ty, is the tempera-
ture of the convecting fluid, and R is the universal gas constant. Note
that I am only considering the case of diffusion creep rheology. For
simplicity, in this section I focus the analysis on the activation volume
and all models presented have 1y = 102" Pas and Eq = 375k] mol~".
More details on mantle rheology laws and geodynamic modeling in
general can be found in several review works, such as Schubert et al.
(2004), Breuer and Moore (2015), and Gerya (2019).

Figure 8.3 shows the resulting viscosities and estimated spectral
admittances from some of the performed models. Panel (a) presents
an example of the structure of temperature anomalies in the man-
tle at the final state of the planet’s thermal evolution (4.5Gy), con-
sidering an activation volume of 6 x 10~°m3 /mol. Panel (b) shows
the laterally averaged radial viscosity profile of the model presented
in panel (a) in brown, as well as viscosity profiles for models with
Vo = 12 x 1079 m3/mol (orange curve) and with the addition of a
viscosity jump (dark red curve). For this preliminary study, I con-
sidered only a viscosity jump of one order of magnitude placed at
300 km depth, following the constraints obtained in Chapter 7. Panel
(c) shows the discretized versions of the profiles from (b), which are
then used in the dynamic loading model to compute the associated
gravity and topography. Panel (d) presents the modeled spectral ad-
mittance based on the three viscosity profiles. As we can see, larger
activation volumes, which cause a larger increase in viscosity with
depth, tend to vertically shift the admittance towards higher values,
while the addition of a viscosity jump mostly impacts the shape of
the curve.

Interestingly, the final radial temperature profiles of these stagnant
lid models are roughly the same for a fixed reference viscosity, i.e.,
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Figure 8.3: Geodynamic models of Venus. (a) Mantle temperature anomalies

from a two-dimensional geodynamic model of Venus’s thermal
evolution at its final state (4.5 Gy). The model adopts a reference
viscosity of 102! Pas and activation volume of 6 x 10-® m3 /mol.
(b) Radial profiles of horizontally averaged viscosities of the
model presented in (a), along with the viscosity profiles for mod-
els with Vg = 12 x 107 m3/mol and with the addition of a
viscosity jump. (c) Discretized versions of viscosity profiles from
(b) which are used to compute dynamic gravity and topography.
(d) Predicted spectral admittances associated with the viscosity
profiles from (c), considering that the density anomalies are con-
centrated in a thin mass-sheet placed at 250 km depth (see Sec-
tion 5.2 for details on the dynamic loading model).

they are independent of the activation volume or the addition of vis-
cosity jumps. This property is illustrated in Figure 8.4, where the tem-
perature profiles (Panel a) and viscosity profiles (Panel b) are shown
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for six different models with varying activation energies and with
the addition of a viscosity jump at 300 km depth. Hence, as shown in

Panel (c),

we can apply eq. 8.1 to the temperature profiles with the

appropriate rheology parameters and reproduce the viscosity profiles
from the models fairly well. This attribute is very useful from the per-
spective of geophysical inversions, since it shows that it is not neces-
sary to run a full thermal evolution model to estimate each viscosity
profile. Instead, one is able to compute mantle viscosity structures
based on a single temperature profile by simply applying eq. 8.1.

O S— —
® © =
T "1"|
I
500 1t ' 1k /) §
1 1
1 \!
1000 it ! 1L ll _
g h | [
=4 I 'I !
N 1 |
£ 1500 4t | NN §
Q 1 I 1
: ' [
2000 4 F : 1] 0| -
1 I 1
: N
2500 1t ! NS _
I I 1
' I
| | | /] | |
300560 2000 3000 4000 1020 1023 1020 105

Figure 8.4:
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Average temperature and viscosity radial profiles from thermal evolution
models at 4.5 Gy for various activation volumes and the addition of a viscos-
ity jump at 300 km depth. (a) Horizontally-averaged temperature profiles,
(b) horizontally-averaged viscosity profiles, (c) viscosity profiles estimated
from the temperature profiles from panel (a) using eq. 8.1. For comparison,
the original average viscosity profiles are also plotted in (c) in light gray.

Figure 8.5 shows viscosity profiles based on the temperature pro-
file from Figure 8.4a considering a broad range of activation volume
values, varying from 0 to 15 x 107®m?/mol, and considering struc-
tures with (panel b) and without (panel a) viscosity jumps. Panel (c)
and (d) show the estimated spectral admittances based on the viscos-
ity profiles shown in panels (a) and (b) respectively. The activation
volume and the addition of viscosity jumps have significant impact
on the admittance models. Viscosity profiles that include the viscosity
jump tend to better predict the observed admittance, in particular for
activation volumes from about 6 x 1076 to 8 x 10~°m3 /mol.
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Figure 8.5: Predicted admittance based on viscosity profiles with a large
range of activation volumes. (a) Temperature- and pressure-
dependent radial viscosity profiles (eq. 8.1) with activation vol-
ume varying from 0 to 15 x 10~°m3/mol. (b) Same as (a)but
after increasing the viscosity by a factor of 10 at 300 km depth.
Panel (c) shows the predicted spectral admittance based on the
viscosity profiles from (a) while panel (d) shows the admittances
based on the profiles from (b). The black curve and the gray area
correspond to the observed localized admittance and uncertainty,
respectively. The admittances are modeled considering a single
mass-sheet placed at 250 km depth.

These results are promising as they indicate that the gravity and to-
pography signatures can be used to constrain rheologic properties of
the mantle. Next, I plan to further test the sensitivity of the dynami-
cal loading model to other rheologic parameters and start performing
inversions using these pressure- and temperature-dependent viscos-
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ity profiles. Finally, I would like to explore different approaches to
parameterize the distribution of density anomalies in the mantle, be-
yond the mass-sheet and the continuous distribution scenarios pre-
sented in Chapter 7. In particular, I plan to test the method adopted
by Steinberger (2002) and Steinberger et al. (2010), which randomly
samples the spherical harmonic coefficients of the mantle density
anomalies from a distribution that dependents on the power spec-
trum of seismic tomography constraints. However, along with testing
the tomography constraints, I would also adopt the density distribu-
tions predicted by thermal evolution models.

8.4 THE DECADE OF VENUS

In June 2021, NASA made its latest discovery class mission announce-
ment. At that time, there were four mission concepts competing for se-
lection, two of them targeting Venus: an orbital mission called Venus
Emissivity, Radio Science, INSAR, Topography And Spectroscopy (VER-
ITAS), which will study the surface and interior of the planet, and
the Deep Atmosphere Venus Investigation of Noble gases, Chemistry,
and Imaging (DAVINCI) mission, focusing on in situ atmospheric in-
vestigations. Expectations were high — as we well know, NASA'’s last
mission to Venus had been launched over 30 years before. Both VER-
ITAS and DAVINCI had already been turned down in the discovery
class selection round in 2017 and “We need better data” became a
traditional motto of conference talks about Venus.

Hence, it was with great excitement and surprise that the commu-
nity received the news that both Venus missions had been selected
in 2021. Even more surprising was the announcement by ESA one
week later confirming that its fifth medium-class mission would be
the Venus orbiter EnVision. With these three missions scheduled to
launch between 2029 and 2031, the 2030s are already being referred
to as “the decade of Venus”.

The DAVINCI mission, scheduled for launch in 2029, will perform
two Venus flybys in 2030 to obtain context observations of Venus’s
atmosphere and cloud deck dynamics, followed by the atmospheric
entry of a descent sphere in 2031, which will focus on performing in
situ measurements of the atmosphere above Alpha Regio. With four
atmosphere-dedicated instruments, the descent sphere will operate
for about one hour, taking measurements from 70 km altitude down
to the surface and providing a comprehensive dataset of chemical and
isotopic composition of Venus’s atmosphere. In addition, the probe is
equipped with a near-infrared descent imager that will obtain im-
ages of Alpha tessera terrains with a resolution ranging from about
200mpixel ! to less than 1mpixel ™! as it approaches the surface.
This data set will be used to create a high-resolution digital elevation
model and will provide insights into the composition of tessera. De-
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tails on DAVINCI's instruments, operations, and science objectives
can be found in Garvin et al. (2022).

The VERITAS mission (Smrekar et al., 2022) will obtain global cov-
erage of SAR imaging and altimetry data with unprecedented reso-
lution. The topography dataset will have a horizontal resolution of
250m, up to 100 times higher than what was obtained by Magellan,
and the SAR images will have a resolution of 30 m pixel !, about 10
times larger than Magellan’s resolution. In addition, the instrument
will perform repeat-pass interferometry in target areas with 2cm
precision, allowing for a direct detection of geological activity. The
spacecraft will further carry an infrared emissivity mapper (VEM)
developed over the heritage of VIRTIS (Venus Express) but with a
significant increase in the signal-to-noise ratio and a total of six spec-
tral bands instead of one. The new emissivity data, which will cover
about 70% of the planet, will dramatically improve our knowledge
about Venus’s surface composition (Dyar et al., 2020).

EnVision is an ESA-led orbital mission designed to holistically in-
vestigate the planet using 5 scientific instruments. Three spectrom-
eters that compose the VenSpec suite (Helbert et al., 2019): a UV
spectrometer focused on studying sulfur species and cloud dynam-
ics (VenSpec-U), an infrared spectrometer that will investigate com-
position anomalies in the atmosphere potentially related to the vol-
canic activity (VenSpec-H), and the VenSpec-M, a sibling instrument
of VEM, which will focus on mapping the surface composition. The
spacecraft also carries a ground penetrating radar that should be able
to map the subsurface down to a few hundreds of meters (Bruzzone
et al., 2020), and a synthetic aperture radar that will provide imaging
and altimetry data. As opposed to VERITAS, EnVision will have a
focused observation strategy, with a mapping coverage that will vary
from place to place. For example, SAR imaging will cover 30% of the
planet with 30 m resolution and 2% of the planet with 10 m resolution
(Widemann et al., 2022).

Lastly, both VERITAS and EnVision will perform radio tracking ex-
periments, greatly improving Venus’s gravity solution. These datasets
are over-due. Even though Magellan provided one of the highest, if
not the highest, resolution gravity model of its time in the context of
planetary sciences, today, Venus has one of the lowest-quality grav-
ity datasets among the terrestrial planets. VERITAS and EnVision
will provide models with average degree strength of about 130, corre-
sponding to a spatial resolution of ~145km. Yet, the spatial variation
of the degree strength for the two missions is considerably different
due to their distinct orbital settings. The circular orbit of VERITAS
in the gravity phase helps limiting the spatial variability of the data
resolution (Mazarico et al., 2023). On the other hand, EnVision has an
elliptical polar orbit with altitude ranging between 220 and 515 km
resulting in slightly larger degree strength variation primarily in the
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latitude direction (Rosenblatt et al., 2021). Yet, EnVision should get a
somewhat better resolution near the north pole. Moreover, both mis-
sions will dramatically improve the constraints of the tidal love num-
ber k;, the tidal phase lag, and the moment of inertia factor (Cascioli
et al., 2021; Rosenblatt et al., 2021).

These new datasets will be of utmost importance for our under-
standing of Venus geodynamic evolution and its differences from the
Earth. The high-resolution gravity data will allow for more precise es-
timations of the crustal and elastic lithosphere thickness all over the
planet at much finer scale than what is possible with Magellan data.
Hence, we will be able to better characterize the spatial and poten-
tially temporal variations of Venus’s surface heat flow and heat loss
mechanisms, notably by coupling the geophysical constraints to ther-
mal evolution models. Furthermore, it will likely be possible to de-
termine the bulk density of the crust and how it varies from place to
place. This type of analysis would be remarkably useful to investigate
if the crustal plateaus indeed have a felsic composition. In addition,
with the precise tidal-related constraints obtained by the two mis-
sions, we will finally probe the deep interior of Venus. This data will
allow for an accurate determination of the state and size of Venus’s
core, as well the composition and the absolute viscosity of the man-
tle (Dumoulin et al., 2017). In particular, it would be interesting to
jointly investigate the tidal deformation and the dynamic loading sig-
natures of gravity and topography to comprehensively characterize
the geophysical properties of Venus’s mantle. Undoubtedly, the new
missions will play fundamental roles towards a better understanding
of the complex geological history of our twin planet. "We need better
data" — we will soon have it!
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REAL SPHERICAL HARMONICS AND LEGENDRE
FUNCTIONS

When dealing with gravitational and geodesic applications the real
spherical harmonics are generally used to represent functions on the
sphere. They are defined as

Yo (8, d) = {Pem(cos 0)cosm¢p, ifm=0 (A1)

Pgjm(cos 0) sin|m|d, if m <0

where Py, is the associated Legendre function. The normalized Leg-
endre functions are given by

P 1) = V2= Som) B0F )| (g o Pem (k) (A2)

with §; being the Kronecker delta function and P, the standard
associated Legendre function

1 2\m/2 d trm 2 14
Pem(i) = 30 (1 =18)™* (1) (2= (A3)

A useful property of the spherical harmonic functions is their or-
thogonality over both { and m. In the case of the 4m-normalization
convention, it reads:

Je o Yem (0, $)Yerm(6, ) sin0d0dd = 47d¢¢ S pmm- (A.g)

Then, the spherical harmonic coefficients f¢,, of an arbitrary func-
tion f can be computed as

fom = 471Je,q> (0, d)Yem (0, d)sin0dOdd. (A.5)

This equation can be obtained by multiplying equation 3.1 by Yg/m
and integrating over all space. A similar relation can be found in the
case of the spatially localized function J (see Section 3.3 for details):

1

Fem = J (0, dIw(0, d)Yem (0, d) sin0dOdd. (A.6)
47t 0,p
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ACRONYMS

CMB core-mantle boundary.

DAVINCI Deep Atmosphere Venus Investigation of Noble gases, Chem-
istry, and Imaging.

ESA European Space Agency.

GTR geoid-to-tography ratio.

JPL Jet Propulsion Laboratory.

LVZ low viscosity zone.

MCMC Markov Chain Monte Carlo.

NASA National Aeronautics and Space Administration.

PDS Planetary Data System.

PVO Pioneer Venus Orbiter.

RMSE root mean square error.

SAR synthetic aperture radar.

SI Supplemental information.

VERITAS Venus Emissivity, Radio Science, INSAR, Topography And
Spectroscopy.
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SYMBOLS

f Arbitrary square-integrable function.

Y¢m Spherical harminc function.

{ Spherical harmonic degree.

m Spherical harmonic order.

fem Spherical harmonics coefficents of an arbitrary function f.

0 Colatitude on the sphere.

¢ Longitude on the sphere.

R Mean planetary radius.

A Wavelength in Cartesian domain.

{max Maximum spherical harmonic degree.

S Power-spectrum of a function (if indices are repeated) or cross-
spectrum between two functions (if indices are different).

m Mass of secondary body.

M Mass of primary body / planet’s mass.

r Position vector of the secondary body or “observer”.

rg Position vector of the primary body or “observation target”.

g Gravitational acceleration vector.

G Gravitational constant = 6.6743 - 10~ m3kg~'s~2.

U Gravitational potential.

V Volume.

p(rg) Density distribution of a a body.

V2 Laplacian operator.

T Radial coordinate.

C¢m Gravity spherical harmonic coefficents.

Ro Reference radius of the gravitational potential coefficients.

g Radial component of the gravitational acceleration.

N Geoid.

Z Spectral admittance.

Y Spectral correlation.

h Topography.

J Localized version of an arbitrary function f.

w Localizarion window.

lwin Spectral bandwidth of localization window.

l4ata Maximum spectral resolution of the data.

0o Angular radius of spherical cap localization window.

A Spatial concentration factor of a spatio-spectral localization win-
dow.

T Arbitrary relief associated with a density interface.

R Radius of an interface with arbitrary relief T.

h¢m Topography spherical harmonic coefficients.

Iem Part of the gravity signal not predicted by the model.
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Q¢ Transfer fuction betwdeen gravity and topography (model-dependent).

02 Data uncertainty or variance.

D Flexural rigidity of the lithosphere.

v Poisson’s ratio.

E Young’s modulus.

Te Elastic lithosphere thickness.

w Lithospheric deflection.

q Lithospheric load (placed on the surface or in the subsurface).

Re Radius of the elastic lithosphere.

T, Crustal thickness.

pm Mantle density near the crust-mantle boundary.

pc Crust density.

p1 Surface load density.

go Gravity at the surface.

gm Gravity at the crust-mantle boundary.

p Bulk planetary density.

zy, Depth of thz mass-sheet density anomaly.

L Bounded ratio between surface and subsurface loads.

gflex Radial gravity predicted from the surface and subsurface loading
model.

Tm Mechanical lithosphere thickness.

K Lithospheic plate curvature.

¢ Strain rate.

T Temperature.

R Gas constant.

dT/dz Lithosphere thermal gradient.

F Surface heat flow.

k Thermal conductivity.

Mo Reference mantle viscosity.

n Viscosity.

P¢m Mass-sheet density anomaly.

H¢ Topography dynamic kernel.

G Radial gravity dynamic kernel.

Z¢ Admittance dynamic kernel.

ggﬁl Radial gravity predicted from the dynamic loading model.

hng Topography predicted from the dynamic loading model.

d°bs Observations vector.

drd Model prediction vector.

© Set of model parameters.

P Posterior probability.

£ Likelhood function.

@ Prior probability.

K Model evidence / marginal probability.



	Title and Jury
	Resumé
	Abstract
	Acknowledgements
	Contents
	List of Figures
	List of Tables
	From God of Love to Evil Twin
	1 Unveiling Venus
	1.1 A pale white dot: Venus in the visible
	1.2 The space age
	1.3 Venus as seen by Magellan
	1.3.1 A guided tour through Venus surface features


	2 De-stagnating Venus
	2.1 The geodynamic and thermal evolution of Venus
	2.2 A new hope
	2.2.1 Surface sneak peeks from Venus Express
	2.2.2 Magellan data: the digging continues

	2.3 Interior structure constraints


	Gravity and Topography
	3 Spectral analysis on the Sphere
	3.1 Spherical Harmonics Overview
	3.2 Gravity, Potential, and Admittance
	3.3 Localized gravity-topography analysis
	3.3.1 Previous regional studies
	3.3.2 Localized spectral analysis on the sphere


	4 Datasets
	4.1 Magellan mission summary
	4.2 Topography
	4.3 Gravity

	5 Geophysical Models
	5.1 Lithospheric model
	5.1.1 Gravity field from the relief of a density interface
	5.1.2 The gravity signature of topographic support
	5.1.3 Loading a thin elastic shell
	5.1.4 From elastic thickness to lithospheric thermal properties

	5.2 Dynamic loading model
	5.2.1 Governing equations, model assumptions, and the propagator matrix solution
	5.2.2 The Venusian case: boundary conditions and some simplifications
	5.2.3 Kernel functions
	5.2.4 The lateral variation of mantle density anomalies

	5.3 Data inversion
	5.3.1 The goodness-of-fit criteria
	5.3.2 Exploring the parameter space



	New Insights into the Interior of Venus
	6 The lithosphere of crustal plateaus
	6.1 Introduction
	6.2 Constraining the interior structure of the plateaus
	6.2.1 Case Study: Alpha Regio
	6.2.2 Crustal Plateaus

	6.3 Discussion
	6.3.1 The Crustal Thickness of the Highland Plateaus
	6.3.2 Heat Flow at the Crustal Plateaus
	6.3.3 Insights on the Thermal and Geological Evolution of the Crustal Plateaus

	6.4 Conclusion

	7 The mantle viscosity structure of Venus
	7.1 Introduction
	7.2 Localized Bayesian Inversion
	7.3 Mantle viscosity estimations
	7.4 Model sensitivity analysis
	7.5 Discussion
	7.5.1 Low Viscosity Zone in the upper Mantle
	7.5.2 Mantle Loads Parameterization

	7.6 Conclusions


	Conclusion
	8 Conclusion
	8.1 Overview
	8.2 Phase transitions of the Venusian crust
	8.3 Coupling geodynamic simulations to geophysical observations
	8.4 The decade of Venus


	Appendix
	A Real spherical harmonics and Legendre functions
	Bibliography


