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ABSTRACT

This dissertation provides a look at the major findings of my work on Titan seismology during
my tenure as a graduate student. The introduction lays out the field of extraterrestrial
seismology as it is today, and contextualizes my work on Titan in that regard as well as
provides background on some of the key physics concepts needed to understand my work.
In Chapter 2, I present my work published in the paper ('The Effects of Methane Clathrates
on the Thermal and Seismic Profile of Titan’s Icy Lithosphere’) as well as some additional
analysis that I led, supplemental to the paper. In Chapter 3, I present my first-authored
publication on long period seismology ('Long Period Seismology on Titan in the Presence of
a Methane Clathrate Lid’). In Chapter 4, I present the most recent publication (’Seismology
of High Pressure Ice on Titan’). And in the last chapter I provide a brief summary of all of

the findings of this body of work, as well as present some future directions.
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CHAPTER 1
INTRODUCTION

1.1 Brief Intro to Seismology & Selected Physics Underpinnings

1.1.1 Discovering Earth

The interior of the Earth would be a mystery without measuring the differences in the
seismic wave speeds between the layers of the materials that make up the subsurface. The
science of seismology, or the study of the seismic waves that propagates through the Earth
(or a planetary/lunar body) and what it can tell us about the interior structure and the
physics of the seismic events is relatively new (Shearer [2019]). Earthquakes, or at least
the most massive and destructive events have been felt and recorded since antiquity. The
earliest recorded seismic instrument was invented by Chinese philosopher Chang Héng (also
known as Choko and Tyoko) in 132 A.D., but it wasn’t until 1875 that the first seismograph
was invented, although with very low sensitivity (Dewey and Byerly [1969]).Earthquakes
are continuously happening with smaller earthquakes occurring several hundred times a day.
Every day there are about fifty strong earthquakes that can be felt locally, while earthquakes

that are capable of structural damage, occur ever few days (Shearer [2019]).

1.1.2 Basics of Seismology: Body Waves

Seismology is the study of waves in a planetary body. This leads to the solutions of the
seismic wave equation that exists in whole spaces, also known as body waves. P waves
or compressional waves are the fastest traveling waves, with particle motion aligned with
propagation direction. Next are S waves or shear waves that travel with particle motion
perpendicular to the propagation direction. Generally on Earth, P waves are about twice

the speed of S waves, and seismic velocities increase with depth. A key parameter to note



is that S waves do not travel in a liquid (have no shear strength), meaning that wherever
there is a liquid, the P waves will keep traveling, but S waves will not travel and will reflect
at the boundary. This is a key property for understanding the structure of the interior of

the Earth, particularly regarding the location and nature of the Earth’s core.

1.1.3 Basics of Seismology: Surface Waves

Besides body waves, other waves are possible, particularly in the case where free surfaces
exist in a vertically heterogeneous medium. These are called surface waves. On Earth the
main types of surfaces waves are Love and Rayleigh waves. Because my dissertation focuses
on producing synthetic seismograms of Titan, motivated by the NASA Dragonfly mission, I
focus mainly on waves in the vertical component (as the Dragonfly rotorcraft’s seismometer
will on by sensitive to vertically oriented seismic waves, which excludes Love waves (Lorenz

et al. [2021a]).

(Surface) Rayleigh Waves

Rayleigh waves are polarized in the P/SV system particle motion perpendicular to the prop-
agation direction and exist at any free surface (Shearer [2019]). In the case of icy ocean
worlds, shorter period Rayleigh waves don’t interact with the bottom of the ice shell and are
similar to Rayleigh waves seen on Earth, with a characteristic retrograde elliptical motion.
Due to lower gravity, the velocity gradient is very small with depth, so Rayleigh waves have
very little dispersion in ice shells (Stéhler et al. [2017]).

In the case of a roughly spherically-symmetric floating water ice shell, Rayleigh waves are
essentially non-dispersive (due to the nearly constant P and S wave velocities throughout
the ice shell). This in the case of the thick (= 100 km)Titan ice shells modeled in this
dissertation. Velocities at lower frequencies sensitive to the base of the ice shell are more

variable and discussed in more detail in Chapter 3.
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1.1.4 Dispersion

When waves have frequency-dependent properties within the same medium, the medium is
said to be dispersive. This is a phenomenon from wave theory demonstrating the frequency
dependence of the phase velocity and group velocity of waves in a medium. Phase velocity is
the velocity at which a particular phase of periodic motion (i.e. crest or trough) propagates,
and the group velocity is the velocity of the envelope (or energy packets) of groups of these
crests and troughs. I define more in depth below.

Take the example of two harmonic waves with differing frequency (w) and wavenumber

(k) from Shearer [2019]:

u(x,t) = cos(wit — kit) + cos(wat — kat). (1.1)
Now defining the modulated frequencies (w1, we) and wavenumbers (k1, k2) in regards

to an average frequency (w) and wavenumber (k):

W] =w — dw, k1 =k — ok (1.2)

wo = w + dw, ko =k + ok (1.3)

Now substituting these definitions into (1.1) and using the identity
2cos Acos B = cos(A + B) + cos(A — B), we obtain a resulting waveform of a signal with

with average frequency (w) that is modulated by a longer period wave with frequency dw:

u(z,t) = 2 cos(wt — kx) cos(dkx — dwt). (1.4)

This resulting waveform illustrates the concept of dispersion.

Qualitatively, the actual dispersion itself is caused by boundary conditions of the medium



(in the case of Titan- eg. the ice shell/ocean interface) or the interaction of the waves
themselves with the medium (eg. waves propagating within a materially-heterogeneous ice
shell).

In the case of two harmonic waves with differing frequency or wavenumber, when summed,
result in a single modulated wave. In the new modulated wave the phase velocity is the
velocity of the individual peaks and the group velocity is the velocity of the wave packets
(larger grouping of the sinusoidal nature of the overall shape of the individual peaks; crests
and troughs).

Group Velocity: The velocity at which the overall envelope (smooth curve outlining
the extremes of the oscillating signal- a modulated sine curve) propagates through space.

The group velocity,

ow

= — 1.5

Vg ok ( )
where w is the angular frequency, and k is the wavenumber.

Phase Velocity:Phase velocity is the velocity of individual phases of sinusoidal oscilla-

tion (e.g. peaks and troughs). The phase velocity, v, = %, is often denoted as c.

1.1.5 Normal Modes

One dimensional case— wave on a string: A string only vibrates at certain frequencies,
when constrained by boundary conditions. These are standing waves and the string only
vibrates at certain standing waves. Any motion of the string can be described as a weighted
sum of the standing waves of the string.

The eigenvalue problem: the resonant frequencies are the eigenfrequencies and the string
displacements are the eigenfunctions. In the string case, the eigenfunctions are the sines and
cosines (naturally in the Fourier representation).

In music: the lowest frequency is the “fundamental mode”, and the higher modes are

4



the harmonics or “overtones”.

In a spherically symmetric body: Normal mode theory for a spherically symmetric
body like the earth is more complicated, and non-trivial to describe. I will briefly summarize
in the following paragraphs.

There are two types of modes (spheroidal modes—P /SV & Rayleigh wave motion [radial
and horizontal motion; compressional and shear velocity sensitivity| and toroidal modes—SH
and Love wave motion [shear velocity sensitivity only|). Earth and Titan are not perfectly
spherically symmetric, but these are a very good first order approximation.

Spheroidal mode observations at long periods provide gravity sensitivity and allow for
direct constraints on Earth’s density structure, so in the same way could allow for direct
constraints on Titan’s density structure and could provide sensitivity of Titan’s gravity field
which we can already constrain using Cassini-Huygens data. If spheroidal mode long period
data could be resolved from Dragonfly’s single seismometer and geophones, it could allow
for further refinement of Titan’s interior structure.

The spherically symmetric eigenvalue problem: the eigenfunctions are best described as
spherical harmonics, and provide an orthogonal set of basis functions on a spherical surface
that can be summed to generate a complete seismogram (as has been done in Chapter 3
of this dissertation). Aki and Richards [2002] provides a complete description of how to
approach this formulation, and I provide a brief summary below.

Spherical harmonics are defined by:

204+ 1 (1 —m)!
A (I +m)!

1/2 ,
Y0, ) = (—1)™ [ } P (cos f)e™?, (1.6)

where here m is the azimuthal order, defined by 2l + 1 integer values between =+, [ is
the spherical harmonic degree or angular order number, 6 is the polar (co-latitudinal) angle,
¢ is the azimuthal (longitudinal) angle, and P/™ is the associated Legendre polynomial. The

total number of zero crossings is determined by [, the total number of zero crossings passing
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through the pole are given by m. The following figure from Shearer [2019], illustrates the
three lower order spherical harmonics (Figure 1.1).

It is important to note that spherical harmonics are dependent on the placement of
the poles as well as the relevant coordinate system (in this case we are using spherical
coordinates). If rotated the spherical harmonic function can be expressed as a sum of the
same [, but would need a different set of m values, in other words the angular order number
would be the same, but the weighting of the azimuthal order numbers would change.

Upon rotation of spherical harmonics (Equations 1.7), toroidal modes are designated as
nT]" and spheroidal modes are designated as 55", where n is the radial order number, also

indicating the number of zero crossings in radius present in the function.

RY(6,6) = Y7 (17)
po L[ 1oy
S;(0,¢) = 0+1) | 00 + sinf 0¢ (18)
iy L[ LV av
T, (0,0) = 1(1+1) |sinf O0¢ 00 (1.9)

The solutions for n=0 are the fundamental modes, and n>0 are the overtones. In the
case of a spherically symmetric Earth or Titan, the eigenfrequencies at constant n and [ are
identical for all values of m, and it is commonly seen that they are denoted by their radial
and angular order numbers are corresponding frequencies; 77 and ,S; and the corresponding
frequencies as pw; . The fundamental spheroidal mode is S and is known as the “breathing”
mode, it represents the expansion and contraction of the planetary body. ¢S7 is not used in
seismology as it would describe a shift in the center of mass of the Earth, something that
could not result from solely internal forces Shearer [2019].

For a spherically symmetric solid, normal mode eigenfrequencies are identical for different



Figure 1.1: Figure (8.12) from Shearer [2019] illustrating how the motion of a (approximately)
spherically symmetry body like the Earth or Titan is described using spherical harmonics.
Shown here are the spherical harmonics functions up [ = 3. The colors illustrate negative
(black), positive (white), and near zero values (gray).



azimuthal order numbers m, or in other words eigenfrequencies are degenerate for a spher-
ically symmetric solid. But Earth and Titan’s small departures from spherical symmetry
can cause the eigenfrequencies to separate, described as non-degenerate-“splitting”. This is
seen as a single spectral peaks being split into a multiplet composed of the separate peak
for different values of m. Features on Earth that are known to cause azimuthal order (m)
eigenfrequency non-degeneracies include ellipticity, general three-dimensional heterogeneities
and rotation, among other things.

In the case of attenuation and normal mode amplitudes, normal modes are useful to help
constrain Q, the seismic quality factor, at very long periods as attenuation causes mode
amplitudes to decay with time.

In the case of computing synthetic seismograms, this can be done by summing the normal
modes for long period seismology. The number of modes required increases proportional to

the square of the frequency which can be computationally expensive.

1.2 Computational Seismology: Synthetic Data Creation Pipeline

In the absence of seismometer data, synthetic seismograms for realistic Earth or planetary
data are a good first approximation. Solving for the propagation effects in realistic velocity

structures is the most difficult component of computing synthetic seismograms.

1.2.1 PlanetProfile: Interior Models

The open-source code PlanetProfile was designed for investigations of icy moon interiors. The
code generates self-consistent radial profiles of thermodynamic, mechanical, and electrical
properties from measured and observed properties from missions and laboratory equation-
of-state data (Vance et al. [2018b], Journaux et al. [2019], Styczinski et al. [2023a]). In
particular, the depth profiles of geophysically crucial quantities (e.g.,seismic wave velocites,

density, electrical conductivity, etc.) are calculated from bulk properties (e.g., moment
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of inertia, radius, mass, temperature, and pressure) Vance et al. [2018b], Styczinski et al.

[2023a).

1.2.2  AxiSEM: Parallel Spectral Element Method

After a velocity profile is generated, three-dimensional wave propagation in a spherically
symmetric, anisotropic, visco-elastic structure can be determined for the profile of choice
(Nissen-Meyer et al. [2014]).

The basic idea of the computation of the wavefield arises from making the approximation
the planetary body of choice as spherically symmetric. Then defining an axis of symmetry
through the center of the planet and the seismic source. The response to a single force point
or a moment tensor (more complicated source) can be expanded in a series of multipoles—
taking advantage of the axisymmetry of the model (Nissen-Meyer et al. [2014]). This three-
dimensional solution is computed on a two-dimensional disk, the third dimension (azimuthal)
is solved analytically, using the spectral element method (Nissen-Meyer et al. [2014]). An
in depth derivation of the spectral element method as a method of computing synthetic

seismograms is provided in Igel [2017].

1.2.3 Instaseis: Green’s Functions: Sources and Receivers

Green’s functions allow for all the elastic properties of the material, to be accounted for with
the necessary boundary conditions (Shearer [2019]). These Green’s functions are stored in
a database for near-instantaneous extractions for the generation of arbitrary seismograms
(based upon the wavefield generated with AziSEM) (van Driel et al. [2015]). In this approach,
we use a database of the wavefield for surface sources. Instaseis then makes use of source-
receiver reciprocity to generate seismograms at a surface station for sources anywhere within

the wavefield database volume.



1.3 Extraterrestrial Seismology

As of today we have extraterrestrial seismic data only from the Moon and Mars. In fact,
data from Mars InSight mission (2018-2022) was the first time there was data from another

planetary body since delivery of lunar data in the 1970s (Nakamura [2020]).

1.3.1 Seismology of Icy Ocean Worlds

Seismology is a powerful tool that can reveal details of interior structures of planets that are
otherwise not accessible. For example, it has been argued that seismology is the best tool
to determine "vital signs" (fluid flow induced ground motion), on icy ocean worlds (Vance
et al. [2018a]). Compared to seismology on Earth where rock is the primary medium on the
surface, ice is the dominant medium near the surface on these bodies, and there are specific
seismic phases that are distinct to icy moon seismology (eg. Flexural, Toroidal,and Crary
waves). On Earth, Love and Rayleigh waves are the dominant surface waves expressed.
Table 6 (here Figure 1.2) from Stéhler et al. [2017], gives an overview of the various scientific
observables that can be used to determine scientific objectives (Stéhler et al. [2017]).

One of the most important properties crucial for understanding the internal composition
of icy ocean worlds is the ice thickness. Initial constraints on this observation can be
derived from reverberation timing and wave velocity within the ice shell. The ice thickness
can be further constrained using the characteristic harmonic frequency of the Crary wave
and using the estimated P (compressional) and S (shear-horizontal and shear-vertical) wave
velocities in the ice.

With the ice thickness constrained, the next key quantity to be determined is the location
of seismic events that can be measured using P and S arrival times. The ocean depth
can be measured by identifying multiples within the ocean coda of body waves, by estimating

the time of travel for two-way reflected phases.
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Table 6

Potential Scientific Objectives of a Future Icy Ocean World Seisnometer and Seismic Observables That Address It

Scientific objective Seismic observable Signal strength Distance range
Tectonic activity Location of seismic events strong global
Ice thickness Resonant frequency of Crary phase strong global
Transition frequency between Rayleigh intermediate global
and flexural surface wave
Reverberations in body wave coda strong teleseismic
Autocorrelation of ambient noise strong ambient noise
Ocean depth Reverberations in body wave coda strong teleseismic
Autocorrelation of noise intermediate ambient noise
Ocean chemistry Reverberations in body wave coda strong teleseismic
(from sound velocity in water)
High-pressure ice phases Coda of Sn waves strong teleseismic
Scholte waves strong teleseismic
Pto Sratio intermediate teleseismic, depends
on focal mechanism
Core diameter Autocorrelation of noise weak ambient noise
Autocorrelation of seismogram intermediate >100"

Figure 1.2: Table 6 adapted from Stdhler et al. [2017]:Potential Scientific Objectives of a
Future Icy Ocean World Seismometer and Seismic Observables That Address It

1.3.2  Seismology as a Key Astrobiological Tool

Seismological inferences of subsurface structure has astrobiological implications for Titan, as
seismology is the key to uncovering Titan’s deep interior which is important for understanding
the habitability of Titan. In particular, I am currently studying thermal and seismic profiles
of high- pressure ice (ice underneath Titan’s ocean). The existence of high-pressure ice is
of much interest as it has many astrobiology implications. There could exist high-pressure
ice underneath the ocean’s of icy moons, that could be determined using spectral analysis
(Stahler et al. [2017]). In particular, the existence of high-pressure ice could limit the amount
of water-rock interactions that could provide crucial nutrients for potential life (Vance et al.

[2018b]).

1.5.8 Titan

Titan is of much interest as it is one of the largest moons of in the Solar System and contains

both an atmosphere and a subsurface ocean. On it’s surface there are sand dunes, mountains
) bl
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methane lakes,and even water ice. Beneath the surface there is thought to be a 45-120 km
thick (Vance et al. [2018b], Stédhler et al. [2017], Panning et al. [2018]) ice shell, and beneath
that there is a >80km deep ocean (Stéhler et al. [2017]).

What is currently known about Titan has been constrained from data from the Cassini-
Huygens probe (Vance et al. [2018b]). Using Schumann-resonance, the first estimates of
the ice-shell were given (the mean ice-thickness has been constrained to be about 55-80km)
(Béghin et al. [2012]). Due to Titan’s high gravitational moment of inertia, a metallic core

is not permitted within the compositional models (Vance et al. [2018b]).

Titan

total radius 2575 Kkm
ices + water 480 km W,
silicate 2100 km

ATMOSPHERE
(94%) N5
(69%) CH4

notes:

Titan atmosphere shown
to scale, but without
interior structure

core state for Europa
uncertain

ROCKY
INTERIOR

Ice

HIGH-PRESSURE

Ice
SILICATE
INTERIOR

Europa Enceladus

total radius 1561 km total radius 252 km

ice + water 100 km ice + water 60 km

silicate 980 km silicate 190 km
480 km

Figure 1.3: Interior structure of Titan, Ganymede, Europa, and Enceladus from Marusiak
et al. [2021] based upon models from Vance et al. [2018b].

12



Still, since the Cassini-Huygens mission was only able to image Titan’s surface, many
questions remain (Marusiak et al. [2021]). The dynamics and internal structure of the ice shell
is not well understood (Marusiak et al. [2021]). However the use of a suite of geophysical and
seismic instruments will uncover much of what is unknown about Titan in the common decade
(ie. the Dragonfly mission). To constrain various aspects of Titan, much work has been done
using the data from the Cassini- Huygens mission, and much more work remains ongoing in
preparation for the upcoming Dragonfly mission. Focusing on the observable feature of
seismology on Titan, the main sources of seismic events are thought to be ice cracking due
to the tidal cycles of Titan from Saturn (Marusiak et al. [2021]). Both the hydrocarbon lakes
and atmosphere of Titan will also contribute background seismic noise, analogous to Earth’s
background seismic noise due to Earth’s oceans and atmosphere (Gutenberg [1947], Dybing

et al. [2019], Marusiak et al. [2021]).

METHANE RAIN

CLATHRATE | gy ] STAGNANT LID

LIGEIA MARE

CONVECTIVE ICE

OCEAN

Figure 1.4: Image from Kalousova and Sotin (2020) illustrating the methane cycle and a
stagnant methane clathrate lid on top of convective ice.
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1.3.4 Methane Clathrates on Titan

We know that there are a plethora of different hydrocarbons on Titan, but among these
methane is the most abundant, making up > 6% of the atmosphere, with the most abundant
molecule being nitrogen No. We also know from the Cassini- Huygens mission that there is
an abundance of water on Titan, although not in liquid form on the surface but underneath
the surface. With the surface temperature of Titan being ~ 94K, methane— which is usually
in gaseous form on Earth’s surface— exists in liquid form on the surface of Titan, where the
primary element of Titan’s hydrological cycle is methane (e.g. methane lakes, rivers, and
rain).

Experimental studies have shown that under Titan temperatures and pressure liquid
methane and water ice will form methane clathrate hydrates, also known as methane clathrates.
Methane clathrates are cage like molecular structures made of water molecules that host a
single methane molecule inside. They are discussed more in depth in Chapter 2 and Maru-
siak et al. [2022]. It is commonly thought that the abundance of atmospheric methane is
the result of outgassing from Titan’s interior, which episodically replenishes the atmospheric
methane that is observed in Titan’s atmosphere (Tobie et al. [2006]).

The presence of clathrates within the ice shell can affect the ice shell thermodynamics and
methane cycle on Titan (Lunine and Stevenson [1985], Mousis et al. [2015]). In comparison
to pure water ice, methane clathrates have a lower thermal conductivity (about 1/5 that of
water ice), but higher viscosity (20 times higher than water ice Th), density, and specific heat
(Lunine and Stevenson [1985|, Helgerud et al. [2003, 2009], Hand et al. [2006], Waite et al.
[2007]). This in turn influences the thermal structure, density, and dynamics of the ice shell
(Kamata et al. [2019], Kalousova and Sotin [2020b], Cadek et al. [2021]). Understanding
where and how the presence of clathrates affects Titan’s ice shell is a topic of much research
(ex. Lunine and Stevenson [1985], Mousis et al. [2015]|, Kalousova and Sotin [2020b], Vu

et al. [2020], Carnahan et al. [2021], Marusiak et al. [2022]) and the focus of Chapters 2 and
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3 of this thesis.

1.4 NASA’s Dragonfly Mission

NASA’s Dragonfly mission is currently planned to launch in 2027 and land on Saturn’s moon
Titan in the mid-2030s (Barnes et al. [2021b]). The rotorcraft itself is a dual-quadcopter
that would hold many instruments, including a seismometer and two geophones, within the
DraGMet (Dragonfly Geophysics and Meteorology) instrument package, to measure ground
motion (Lorenz et al. [2021b]).

Dragonfly’s targets are the equatorial dunes and Titan’s Selk Crater (Soderblom et al.
[2010]), and the main science goals of the mission center around determining the history and
evolution of prebiotic chemistry on Titan, as well as processes of Titan’s surface geology,
and its interior composition. An exhaustive list of Dragonfly’s science goals exists in Barnes

et al. [2021b].

1.4.1 Dissertation Focus Statement

Utilizing the knowledge of wave propagation through various media (e.g. rock, ice, and water)
while varying depths/pressures (seismology), the interior structures of icy ocean worlds will
be revealed. For my dissertation I use wave-form modeling techniques to analyze and catalog
potential interior structures of icy moons (focusing on Titan) for upcoming and potential

icy moon exploration missions.
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CHAPTER 2

METHANE CLATHRATES

Preface: 1 present first the paper Marusiak et al. [2022| of which I am a coauthor. I con-
tributed to this work by running the models using the spectral element method based soft-
ware: AziSEM (Nissen-Meyer et al. [2014]), and generating broadband seismograms with
Instaseis (van Driel et al. [2015]), presented and discussed in the later part of this chapter in
a section called "Investigating Detection of Methane Clathrates with Varying Source Depths
on Titan". Namely, the paper includes two of the three models that I simulated, as well as
only the most shallow of the four source depths that I simulated. I also contributed through
discussion of science implications throughout the writing process. In the amended section I
present these models in full, and briefly discuss the detectability of a shallow event by some

known extraterrestrial seismometers.

2.1 The Effects of Methane Clathrates on the Thermal and

Seismic Profile of Titan’s Icy Lithosphere

This open-access, copyrighted paper was published by the American Astronomical Society in
their Planetary Science Journal in July 2022 (Marusiak et al. [2022]). A few small changes

for formatting purposes have been made, but otherwise, the work is presented as is.

2.1.1 Author List

Angela G. Marusiak (1), Steven Vance(1), Mark P. Panning (1), Andrea S. Bryant (2),
Marc A. Hesse (3,4), Evan Carnahan (3,4), Baptiste Journaux (5)
1. Jet Propulsion Laboratory, California Institute of Technology, 4800 Oak Grove Drive

Pasadena, CA 91109, USA
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2. University of Chicago, Department of Physics, Chicago, 1L, USA

3. Institute for Geophysics, Jackson School of Geosciences, The University of Texas at
Austin J.J. Pickle Research Campus, Bldg. 196, 10100 Burnet Rd. (R2200), Austin,
TX, 78758 USA

4. Oden Institute of Computational Engineering, The University of Texas at Austin J.J.

Pickle Research Campus

5. University of Washington, Department of Earth and Space Sciences, Seattle, WA 98915,
USA

2.2 Abstract

We investigate the effects of methane clathrates on Titan’s thermal and seismic structure.
The Dragonfly mission is planned to arrive at Titan in 2033 with a payload that includes a
seismic package. The seismic instruments are tasked with recording seismic events and re-
covering the internal structure. Here, we explore whether differences in thermal and seismic
profiles between a pure water ice shell and an ice shell with a clathrate lid could be detectable
with seismic instrumentation. Due to their higher viscosity and lower thermal conductivity,
clathrates reduce the conductive lid thickness thus altering the thermal profile. The differ-
ences between seismic velocities of clathrates and pure water ice, coupled with changes in
the thermal profile, indicate the clathrate lid will create lower seismic velocities, particularly
for the upper 10 km of the surface ice shell. The differences in P and S velocity at the
surface are 2.9 and 4.5%, respectively, and reach up to 8.4% (for both P and S) at a depth
of 9.6 km. Due to changes in thermal profile, the seismic attenuation of the ice shell will
change such that clathrates will suppress surface wave amplitudes relative to the pure water
ice model. The clathrate lid will further create minor changes (< 2.0%) in the surface wave

dispersion curves. Dragonfly, or other future seismic investigations, could provide evidence
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for or against the presence of a clathrate lid by constraining the thermal and seismic profile
of Titan’s ice shell, by measuring the relative amplitudes of the surface to body waves, or

by constraining the surface wave dispersion with high accuracy and precision.

2.3 Introduction

Titan, Saturn’s largest moon, is of great interest for several reasons. Like other icy ocean
worlds, such as Jupiter’s Europa or Saturn’s Enceladus, Titan has an icy shell overlying a
subsurface ocean (Sotin et al. [2021]). Titan’s subsurface ocean may provide the requirements
for life to currently exist. Beneath the subsurface ocean, could lie an additional layer of high-
pressure ices such as Ice V and Ice VI (Journaux et al. [2020b]). Titan is unique compared
to other icy ocean worlds, due to its thick methane-rich atmosphere (Niemann et al. [2005]).
Temperature and pressure conditions at the surface allow for liquid hydrocarbons to stably
exist (Stofan et al. [2007]). In addition to its presence in Titan’s atmosphere, and on its
surface, methane may also be present within Titan’s icy lithosphere in clathrate structures
(Choukroun et al. [2010]).

Methane clathrates are non-stoichiometric compounds with methane molecule hosted
inside a cage-like structure of hydrogen bounded water molecules. For the remainder of
the paper, we will use the term clathrates to refer to methane clathrates. Other forms
of clathrates possibly found inside Titan in smaller amount, such as ethane and carbon
dioxide clathrates, have similar bulk and seismic properties, so we use measurements made
on methane clathrates to calculate the clathrate layers’ seismic properties. Due to their large
stability range, it has been hypothesized that clathrates should remain stable throughout
Titan’s hydrosphere and cryosphere, and inside the liquid water ocean (Lunine and Stevenson
[1985, 1987|, Choukroun et al. [2010]). For this reason, CHy clathrates could play a major
role in Titan’s methane cycle (Mousis et al. [2011], Atreya et al. [2006], Choukroun and

Sotin [2012], Tobie et al. [2009]). Clathrates forming in Titan’s interior and migrating
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upward would subsequently dissociate when reaching the surface, releasing methane into
the atmosphere. In addition to contributing to Titan’s methane cycle, clathrates may also
influence the dynamics of the surface ice shell. Indeed, clathrate thermal and bulk transport
properties vary significantly from those of pure water ice. Notably, the thermal conductivity
of clathrates is &~ 0.5 W/m/K compared to water ices 2.5 W/m/K, while the viscosity is
nearly 20 times higher for clathrates than pure water ice Th (Waite et al. [2007], Helgerud et al.
[2003, 2009], Hand et al. [2006]). Due to the important differences in transport properties
compared to ice Ih, clathrates will likely alter the conductive ice shell thickness (Kalousova
and Sotin [2020b|, Kamata et al. [2019]), thermal profile, and heat flux through the ice shell.
Convection in the ice shell will affect how materials are exchanged between the surface, ice
shell, and subsurface ocean, and could have implications for the habitability of the ocean.
A thinner, warmer ice shell, would allow for material to be more easily exchanged between
the ice and the ocean. Furthermore, previous studies (e.g. Hemingway et al. [2013], Cadek
et al. [2021], Carnahan et al. [2022]) have invoked or shown that clathrates can help explain
Titan’s topography and density in the ice shell.

Future missions, such as NASA’s Dragonfly mission (Barnes et al. [2021a]), will investi-
gate Titan’s surface and interior to assess the potential habitable environments. Dragonfly’s
payload includes a seismic package which has the goal of constraining Titan’s seismicity and
internal structure (Lorenz et al. [2019]). Here, we model the effects methane clathrates have
on Titan’s thermal and seismic velocity profile to assess if a mission, such as Dragonfly, could

help constrain the presence of methane clathrates within Titan’s ice shell through seismology.

2.4 Methods

Previous studies investigated how a clathrate lid or the presence of clathrates may alter the
thermal profiles of icy ocean worlds (Kalousova and Sotin [2020b], Kamata et al. [2019]).

These 2D numerical studies solve for thermal convection with set depths for total ice thick-
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ness. Here, we construct radial models of Titan’s ice using the PlanetProfile (Vance et al.
[2018b, 2022]) open-source software package, integrating the numerical results of (Kalousova
and Sotin [2020b]) to include a 10 km clathrate lid at the top of a 100 km total thickness
outer shell. We create a set of geophysically consistent models based on input parameters
including moment of inertia, mass, total radius, and temperature at the ice-ocean boundary.
We update PlanetProfile to allow for calculations using clathrate properties instead of pure
water ice. This additional capability allows for computing the bulk and seismic properties
of the resulting icy shells, and direct comparisons between the icy shell compositions and
structures.

For the purposes of this comparative study, we maintain the same ocean and silicate
compositions, surface conditions, and ice-ocean temperatures for both models we describe
below. We set the surface temperature to 94 K and the surface pressure to 0 MPa. The
ocean composition is set at 10% MgSO,4 (Vance et al. [2018b]). The silicate interior is roughly
48.82% SiO9, 28.3%c MgO, 11% FeO, 8% Al 9 O3, and 3% CaO. PlanetProfile uses Perple x
(Connolly [2009]) to determine the equation of state for the silicate interior. We assume no
metallic core. The modeled mineral assemblages do not include lower density minerals such
as phlogopite that might explain the low density of Titan’s interior (Néri et al. [2020]), so the
total mass of each Titan model exceeds the actual mass but would only affect calculations
at the very center of Titan. This discrepancy does not affect the physical parameters of
the ice, which assumes depth-dependent gravity based on the actual mass of Titan. We
set the ice-ocean temperature to 260 K which creates ice shells of roughly 100 km (Figure
2.1). To determine ice shell thickness, we calculated the pressure at which the ocean would
freeze, given the ice-ocean temperature and ocean composition. The architecture of the
PlanetProfile code builds the planet from the surface down, thus the ice shell thickness is
determined by the depth at which the pressure from the overlying ice reaches the freezing

pressure of the ocean. Since clathrates are slightly denser than water ice Ih, the clathrate
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lid reduces the ice shell thickness, but by less than one kilometer. Once the thickness
and boundary temperatures are set, we use the methods of Deschamps and Sotin [2001]
to determine if convection occurs, and if it does, what are the resulting conductive and
convection thicknesses and temperature profile. This approach is straightforward for pure
water ice. We modify the approach for the clathrate lid as follows.

When the ice shell includes a clathrate lid, we use the values of heat flux (@) and
temperature of the convective layer(Tcony) from Kalousova and Sotin [2020b] to guide our
approach. We benchmarked our pure water model against their pure water model to ensure
they were in close agreement, justifying our use of heat flux and convective temperatures
for the clathrate lid model.For simplicity we assume a 2D geometry, rather than spherical
when calculating heat flux. We determine the overall thickness of the conductive lid using
Fourier’s law (Equation 2.1), where £, is the thermal conductivity, and g—g is the thermal

gradient between the surface and the convective temperature.

dr

Because clathrates have a thermal conductivity of ~0.5 W/m/K and pure water ice
has a thermal conductivity value closer to 2.5 W/m/K, we split Equation 2.1 into two
calculations. The first calculation (Equation 2.2) determines the temperature at the base
of the clathrate lid (7,41, ) using the heat flux, thermal conductivity of clathrates (Kcjatp),

surface temperature (Tyy¢), and the thickness of the clathrate lid (hgpatp)-

Qhclath
Teoath = L S 4 Tsurf (2.2)
clath
T — T k;
Rice = (Teony clath) Fice (2.3)

Q

We then use Tij,¢1, along with the convective temperature (T¢ony), and thermal conductivity

21



2500 -

2000 -

Titan

1000 [

500 [

1500 [

2500

2000

1500

Titan

1000

500

0

Pure Water Ice Shell

Conductive lid

10 km Clathrate lid Model

30.6 km
T,=252K
bottom conductive layer= 1.5 km
T,= 260 K Q= 13.2 mW/m2
I Clathrates
Convecting Ice Ih
B Conducting Ice Ih
I Ocean
lce V
[ ]

Silicate

Conductive lid

11.4 km
T,.=254.2K
bottom conductive layer= 1.9 km
T,=260 K Q= 7.8 mW/m?

[tbp]

Figure 2.1: (Top) Wedge diagram of internal structure for a purely water ice shell. (Bottom)
Diagram of internal structure with a 10 km clathrate lid. The figures are to scale, such that
the thin clathrate lid (red) represents only a small fraction of Titan’s cryo- and hydrosphere.
The temperatures at the boundaries have been labeled, along with the layer thicknesses.

22



of ice (Andersson and Inaba [2005]) to determine the thickness of the conductive ice (hice).
The total conductive lid thickness (ergry,) is the sum of hj.e and hgpaip. At the base of the
ice shell there is a second conductive boundary layer between the convecting ice and the
liquid ocean. We use Equation 2.3 to determine the thickness of this layer by finding the
temperature difference between Teony and the temperature at the ice ocean interface.

Once the pressure and temperature profile of the icy shell is determined, the bulk prop-
erties are calculated. We use the SeaFreeze library (Journaux et al. [2020a]) to calculate the
pressure and temperature dependant properties of pure water ice phases (density, heat capac-
ities, thermal expansion, seismic velocities). We use Helgerud et al. [2009] to determine bulk
and seismic properties of clathrates based on pressure and temperature. With this approach
we produce thermal and seismic velocity profiles for the two models, one with a pure water
ice shell, and a second with a 10 km thick clathrate lid overlying a 90 km thick pure water
ice shell. We select 10 km for the clathrate lid, as it represents a large lid thickness in which
clathrates are still completely contained within the conductive portion of the ice shell which
simplifies our calculations and models. Kalousova and Sotin [2020b] showed the conductive
lid thickness and heat flux are highly dependent on grain size for clathrate lids smaller than
about 10 km, thus by using a 10 km ice shell we do not have to make assumptions about
grain size.For thin ice shells, the grain size determines convection rigor, which can further
reduce the stagnant lid thickness. Thicker ice shells are less dependent on convection rigor,
grain size, and viscosity but more sensitive to the effects of thermal insulation. Lastly, and
most importantly, a 10 km lid has been shown to produce the greatest change in thermal
profile (due to a thinning of the stagnant lid, and increase in convective temperature), thus
we can measure the maximum effect on seismic velocities and resulting ground motions. We
only alter the composition of the surface ice shells, meaning we assume any high-pressure
ices beneath the ocean are pure water ices (e.g. Ice V, Ice VI).

Once we produce PlanetProfile seismic velocity profiles, the files are used as inputs for
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Figure 2.2: (a) Seismic velocities of a purely water ice shell (blue) compared to a 10 km
clathrate lid (red). (b) The pressure profile (purple) is nearly the same for both models,
but the temperature (dashed) and density (dotted) lines vary between the models. (c)
Attenuation profiles also vary with depth. The difference in thermal profile creates the
changes seen in the seismic and attenuation profiles. (The data used in this figure are
available as the Data behind the Figure).

AxiSEM and InstaSEIS (Nissen-Meyer et al. [2014], van Driel et al. [2015]), open source
codes which create seismic waveforms. To generate the waveforms, we set a dominant period
of 2 seconds, a moment magnitude (My,) of 3.1, source depth of 3 km, and a time length
of 3600 s which was sufficient to investigate seismic phases that pass through the ice shell,
ocean, and any reflections off the interfaces between the surface ice, ocean, high-pressure
ices, and silicate interior. The chosen magnitude represents a plausible event size (Hurford
et al. [2020]), but is completely arbitrary as we are comparing seismic events without any
background noise and without instrument responses added. Receivers are placed across
Titan’s surface spanning 180 degrees and spaced every 1 degree, allowing us to investigate
seismic events from nearly any distance with high spatial resolution. No noise is added to
the waveforms, to allow more direct comparison of the arrival times and waveforms. We use
the open-source code TauP (Crotwell et al. [1999a]) to calculate the predicted arrival times

of seismic phases.
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2.5 Results

We investigate how a model with a clathrate lid compares to a pure water ice shell model.
We find that clathrates will significantly reduce the thickness of the conductive lid from ~
30.7 km to &~ 10.5 km. Due to the reduction in the conductive lid thickness, the thermal
profiles for pure water ice compared to a clathrate lid are significant (Figure 2.2 a).
Seismic velocities within the icy shell are largely controlled by temperature, such that
seismic velocities decrease with increasing temperature at at rate of ~ 2.5 km/s/K for com-
pressive waves and 1.5 km /s /K for shear waves. Thus, changes in the thermal profile result in
changes in the seismic profile (Figure 2.2 b). At surface conditions where both models have
the same pressure and temperature, clathrate seismic velocities are 2.9% lower for shear (V)
and 4.6% lower for compressive (Vp) velocities compared to pure water ice (Figure 2.3). Due
to the higher temperature gradient, the seismic velocity gradient is also larger for a clathrate
lid than for pure water ice. This change causes the differences in velocities between the two
models to increase with depth, maximizing at a depth of &~ 10km, and then to decrease and
eventually reach nearly zero once both models have pure water compositions and both are
convecting at similar (within three degrees) temperatures. The clathrate lid also creates a
small discontinuity at the clathrate-water ice interface, where the seismic velocity show a
slight increase before continuing with a negative velocity gradient. At its maximum, the
difference in velocities between the models reached ~ 8.4% for both P and S waves.
Temperature not only affects seismic velocities, but also seismic quality factors (Qs), the
inverse measurement of attenuation (Figure 2.2 ¢). Following the approach of Cammarano
et al. [2006], attenuation in the ice shell depends on temperature, such that warm ice will
attenuate more seismic energy than cold brittle ice will. For the pure water ice model, Qg
is relatively high for the upper thirty kilometers. The high Qs allows surface waves to re-
tain high amplitudes even at great distances (Figure 2.5). For the clathrate lid model, Qs

decreases rapidly within the upper ten kilometers. This reduction in )4, greatly reduces
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Figure 2.3: Change in velocity for P waves (blue) and S wave (red) with depth. At the sur-
face, both internal structure models have the same pressure and temperature but clathrates
have smaller seismic velocities. The differences are exacerbated down to the depth of the
conductive lid where the differences reach over 8%. Once the temperatures, pressures, and
compositions are near identical again, the seismic velocities are near identical.

surface wave amplitudes as distance between the event and receiver increases. The suppres-
sion of surface waves means a pure water ice model will produce average ground acceleration
values up to 75 times greater than the clathrate lid model (Figure 2.4). Because clathrates
act to suppress surface waves, while pure water ice maintains high amplitude surface waves,
the amplitudes of body waves relative to surface waves could be used to identify a thin
conductive lid, thus pointing to the presence of clathrates within the lid.

Changes in seismic velocity structure create changes in observable distances and arrival

times for key seismic phases. For example, at a distance of 20 degrees, the clathrate lid
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delays the arrival of P waves reflecting off the ice-ocean interface by 2 seconds, at 30 degrees
the S reflection is likewise delayed by ~ 1.5 seconds. It is worth noting that differences on
the order of a few seconds are typical uncertainties seen by the InSight Mars Quake Service
(MQS, Giardini et al. [2020]) so differences of a few seconds may be difficult to detect. See
Section 2.6 for further details.

To further investigate the effects on surface waves, we invoke the open-source code, Mineos
(Masters et al. [2011]), to investigate surface wave dispersion. We supply the Mineos code
with the two interior structure models from PlanetProfile. We look at both spheroidal and
torodial modes with angular orders up to 3000 and frequencies up 200 Hz. We show in Figure
3.2 that there are slight differences in the dispersion characteristics between pure ice and
clathrate-lid models. However, the differences between clathrate model values and pure ice
model values are within 2% of each other, indicating that surface wave dispersion could be
another tool to determine whether or not clathrates are present in Titan’s surface ice shell,

but would require very high precision and accuracy in measurements.

2.6 Discussion

Using PlanetProfile with updated parameters from Kalousova and Sotin [2020b| we show
that clathrates will reduce the thickness of the conductive lid, thus altering the thermal
profile of Titan. Because seismic velocities and quality factors depend on temperature, a
clathrate lid overlying pure water ice will produce different seismic responses than a model
composed purely of water ice. At most, the seismic velocities in the clathrate lid will be
reduced by 8.4% compared to pure water. On Earth, the average seismic velocity is well
known (Dziewonski and Anderson [1981], Kennett and Engdahl [1991]) and tomographic
studies have been able to discern variations down to a few percentages (< 5) (Anderson
and Dziewonski [1984|, Grand et al. [1997]). However, previous planetary missions like

InSight and the Apollo seismic experiments have not benefited from numerous and dense
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but comparable amplitudes for body waves.
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Figure 2.6: We compare the dispersion curves for group (solid) and phase (dashed) velocity
using the pure ice model (blue) and the clathrate-lid model (red). The differences are subtle

and minor.

seismic arrays nor frequent teleseismic events that occur on Earth. Due to the limited
numbers of stations and scarcity of large events, the inferred internal structures for the
Moon (Garcia et al. [2019]) and Mars (Knapmeyer-Endrun et al. [2021], Khan et al. [2021],
Stahler et al. [2021]) have uncertainties in velocities that exceed 10%, and corresponding
errors in boundary locations on the order of several kilometers. To distinguish between the
models presented here, a seismic investigation would need to recover internal structure with
uncertainties less the 8%, ideally less than 5%. It may be possible to reach those levels of
uncertainty, but it would require recording numerous high-quality seismic events for which

the source location could be derived, and the seismic phases need to be well constrained. The
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InSight MQS team typically reports uncertainties in seismic phase arrivals ranging from ~ 1
second up to tens of seconds for some reflection phases. The locations and depths also have
uncertainties on the order of several degrees in epicentral distance and several kilometers in
depth, even for the highest quality events.

In addition to arrival times of body waves, the surface waves will also be affected by
the presence of a clathrate lid. The increased attenuation of the comparatively warmer ice
will reduce the amplitudes of surface waves traveling through Titan’s clathrate lid compared
to those traveling through colder, brittler, pure-water ice. Because body waves do not
exclusively travel through the surface ice layers, the amplitudes of body waves for both
models are comparable. The relative amplitudes of surface waves and body waves may
help indicate if a clathrate lid is present, particularly at longer distances. In the shallow
parts of the ice shell, the temperature-based model of seismic attenuation from Cammarano
et al. [2006] predicts high Q values, but as discussed in Panning et al. [2018], attenuation in
very low temperature ice is not well-constrained. If the cold ice has a much lower quality
factor, the difference between the two models would be reduced. Surface waves can also be
suppressed if the source event has a deep source.

If the quality of waveforms is sufficiently high, the arrival times and amplitudes of seismic
phases may help indicate if clathrates are present. Figures 2.5 and 2.4 indicate there are
subtle differences between the body waves, but significant differences in surface wave. Surface
wave dispersion could also be implemented, but the differences between the two models are
subtle. However, these waveforms and Mineos models include no added background noise,
precisely known location and timing of the event, and assume Titan is radially consistent with
no porosity or lateral heterogeneity. The atmosphere, Titan’s lakes, and surface roughness
will create seismic background noise and create scattering effects (Stéhler et al. [2019], Lorenz
et al. [2021b]). Topography along the ice-atmosphere and ice-ocean boundary can also alter

the relative arrival times of seismic phases. The thermal profile of Titan might also be
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altered by organic sands, which can lower the thermal conductivity more than clathrates
can (Schurmeier and Dombard [2018]). The sands may mimic the effects of clathrates,
thus making it hard to distinguish between the materials. Lastly, physical and/or chemical
heterogeneity within Titan’s ice shell will also create variations in travel times and waveform
amplitudes. The anomalies may be caused by changes in porosity, changes in concentration
or depth of the clathrate lid, organic sand infilling craters, or entrained liquid water or
methane. For these reasons, the differences in the waveforms of the two models may be
trivial and non-unique once background noise and the above factors are considered.

For a seismometer to constrain the presence of clathrates within Titan’s ice shell, nu-
merous high quality events need to be recorded. The arrival times and waveforms can be
used to recover the seismic velocity profile of Titan, which can inform on the thicknesses of
the conductive lid. If the seismic velocity structure can be recovered with high precision, it
might be possible to determine whether or not clathrates are present. A better understand-
ing of Titan’s current internal structure, thermal profile, and composition will help inform

how Titan might have evolved to its current state and place constraints on Titan’s history.

2.7 Conclusions

Methane clathrates will insulate the icy shell of Titan. Compared to a shell composed of
pure water ice, an ice shell with a clathrate lid will have a reduced conductive lid thickness
and smaller seismic velocities. The difference in seismic velocities could reach up to ~ 8.4%.
Changes in the seismic velocity will result in changes in arrival times and amplitudes of
seismic phases. However, these changes are subtle and would require high-quality seismic
events. Background noise, heterogeneity, and topography may make it difficult to pick arrival
times and will introduce uncertainty in the seismic velocity profile. If the seismic profile is
known with < 5% uncertainty, or if the conductive lid thickness and total ice thickness is

well constrained, seismology can help constrain whether clathrates are present in Titan’s
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surface ice shell.
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2.9 Data Availability Statement

The interior structure models were made using PlanetProfile v1.2, which is available through
Github (https://github.com /vancesteven /PlanetProfile)(DOI:10.5281/zenodo.6323610). Ad-
ditional software, Axisem, InstaSeis, and Mineos are also open source and available for down-

load through the Computational Infrastructure for Geodynamics software page
(https://geodynamics.org/cig/software/). The resulting interior structure models, seismic
waveforms, and dispersion curves will be made available on NASA’s Open Data Portal
(https://data.nasa.gov/Space-Science/Interior-Structure-Models-and-Modelled-Seismic-Res /awki-
gbbc).

2.10 Addendum: Investigating Detection of Methane Clathrates

with Varying Source Depths on Titan

In addition to the findings on Marusiak et al. 2022 (aforementioned in this chapter) I will
present some of my findings of the changes to the models with depth for the following models
(Figure 2.7). Using the interior structure models as inputs, I simulated four source depths
(Table 2.1) and illustrated in Figure 2.8, or titanquake hypocenters for each interior structure

model. Waveform propagation is simulated using AxiSEM (Nissen-Meyer et al. [2014]), the
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spectral element solver, to model the global wavefield of Titan for each of the source depths.

The source depths fell into two regimes, namely shallow quakes and deep quakes. The shallow

quakes take place within the top ice layer, at 3km (within the clathrate layer, if present) and

25km (within the pure water ice), while the deep quakes take place within the high-pressure

ice and the silicate interior, or 411km and 525km, respectively.

—— no clathrates-3km
20km clathrates-3km
~11 — 10km clathrates-3km

le-8

—— no clathrates-25km

20km clathrates-25km

—— 10km clathrates-25km

5.0 1

—— no clathrates-HPI

20km clathrates-HP!I

—— 10km clathrates-HP!

Disp. Amplitude (m)

25
0.0 1
-25

-5.0

e
5.0

3km

25km

2.5
0.0 1
—— no clathrates-Rocl
-25 20km clathrates-Rocl
—— 10km clathrates-Rocl

-5.0

o o o o0 =0

Time (sec)

°

5

Figure 2.7: Seismograms recorded over one hour, with a vertical orientation at 61 degrees.
The seismograms represent different layers: a 100 km pure water layer (blue), a 10 km
methane clathrate lid (red), and a 20 km methane clathrate lid on pure water ice shells (yel-
low), all above a 10%M gSO4 ocean (Vance et al. [2018b], Marusiak et al. [2022|, Styczinski
et al. [2023al]). The sources are located at depths of 3 km, 25 km, 411 km, and 525 km (top

to bottom) (Table 2.1, Figure 2.8).

Source Depth Layer
3km ice shell
25km ice shell
411km high pressure ice
525km rocky (silicate) interior

Table 2.1: Source depths modeled and corresponding layers
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2.10.1 Methodology

I generated three, spherically-symmetric interior structure models using PlanetProfile—a
MATLAB software used for constructing thermodynamically self-consistent one-dimensional
interior structure models (Journaux et al. [2020a|). These interior structure models all
contain a 100 km thick ice I layer with varying clathrate thickness, a pure water ice shell

containing no clathrates, and clathrate-lids thicknesses of 10km and 20km respectively.

Shallow 3km ———— Clathrates
Quakes 25km——-—'—'—'_'_"ice 100km

High Pressure Ice:——— High-
PUELC 411km 2 ice

Silicate Interior:
525km

Figure 2.8: Schematic of the Source Depths Simulated with AxiSEM and Instaseis. Shown
is the schematic for a 20km clathrate lid. Note the two quake regimes: Shallow (3km and
25km) and Deep (411km and 525km).

2000

Titan

1000

500

Figure 2.9: Output from Planet Profile (Journaux et al. [2020al, Styczinski et al. [2023a])—
100km ice shell, the temperature at the base of the top ice shell is 260K. Seismic data
obtained from this software informed AziSEM (Nissen-Meyer et al. [2014]).
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The Python package Instaseis (van Driel et al. [2015]) was used to reconstruct seismo-
grams for hypothetical source and receiver location from the AxiSEM models. The TauP

software package was used to calculate theoretical arrival times (Crotwell et al. [1999b]).

2.10.2 Results € Discussion

Deep vs. Shallow Events

Of all the twelve model runs (from 3 different structural models and 4 different source
depths), the shallow events produced the largest amplitudes. The most notable feature
in the shallow events was a large Rayleigh pulse, although this varied as a function of the
different attenuation structure of the models due to different thermal profiles due to the lower
thermal conductivity of clathrates. Models run with a high level of seismic attenuation (low
Q values) lacked the large Rayleigh pulse. We found that the seismic amplitudes differed
within several orders of magnitude depending on the source depth (Figure 2.11).

I also present the complete seismograms for all the source depths (Table 2.1, Figure 2.8)
in Figure 2.7. There is can be seen that as expected the 3km quakes have the highest ground
displacement amplitudes, the 25km quake are an order of magnitude less in peak amplitude
(~ 1.56_8m). The sources within the high pressure ice and rocky interior have peak ground
displacement amplitudes, 2 orders of magnitude lower, both ~ 5¢=9m. The deeper quakes
(high pressure ice and rocky interior) do have earlier arrival times overall, as demonstrated
by the P waves arriving just after 500 seconds and the Rayleigh wave just after 1000 seconds
for the deeper event. In contrast, the shallower events from within the ice shell have P wave
arrival around 700 seconds and and the Raleigh waves around just before 1500 seconds, also

with a flexural wave (that is seen better in the 25km deep event).
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Figure 2.10: A strong Rayleigh pulse seen within a record section from a Titan model with
a 20km clathrate lid, with the titanquake originating 3km from the surface (original data).
a. unedited, b. the Rayleigh wave (pulse) has been cut out of the seismograms to show the
body waves and surface waves.
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Clathrate Lids

In agreement with (Marusiak et al. [2022]), we found that P and S wave sound speeds slightly
decrease in the presence of methane clathrates versus pure ice. Surface waves therefore travel
slightly slower in the presence of clathrates versus pure ice. This is clearly seen in the Figure
2.12 where a Rayleigh pulse is seen first within the pure-ice seismogram (blue), while the
Rayleigh pulse is seen within the 20km clathrate-lid (magenta) at a later time and also at a
lower displacement amplitude.

The Rayleigh pulse becomes small in the 10km clathrate-lid due to a very thin thermal
lid (Figure 2.12: orange). The thinner thermal lid leads to a higher temperature and lower

Q, and therefore results in reduced seismic amplitudes, particularly seen in the Rayleigh

pulse.
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Figure 2.11: Displacement [m| versus Time [s]| for a 20 Degree titanquake, Vertical Compo-
nent. Both seismograms correspond to events that lack a clathrate lid. The Shallow Event is
a 3km quake and the Deep Event is a 525km quake within the rocky interior of Titan. The
time interval is from 400 to 600 seconds in order to zoom in on the Rayleigh pulse present
within the Vertical component.
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Figure 2.12: Displacement Amplitude [m| versus Time[s| for a 60 Degree, Vertical Compo-
nent, 3km source depth titanquakes for 20km and 10km clathrate-lid (magenta and orange,
respectively), and pure-ice (blue). Total seismogram duration is 1 hour, 3600 seconds, with
the last 100 seconds clipped due to edge effects.
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Probabilistic Power Spectral Density

I plot the probabilistic power spectral density (PPSD) for a simulated 3km deep quake
within a 100km total ice shell thickness with 20km of methane clathrates on the surface,
under Titan-like temperatures and pressures, based upon the mass & moment of inertia
measurements taken by the Cassini spacecraft (Lopes et al. [2019], Hayes et al. [2018],
Lebreton et al. [2009]). Plotted in Figure 2.13, in the background is the probability density
function amplitude of the power of the ground acceleration from a magnitude 3 event at
a depth of 3 km generated from 180, 1 hour long segments, each separated by one Titan
distance degree, ,( 45 km). I report comparisons to the following seismological instruments:
the Trillium compact seismometer, STS2 seismometer, a 10Hz geophone, the SP Imperial
seismometer used in the InSight mission on Mars, and the JAXA PSS seismomometer. The
peak signal and the mean power spectral density of the sample is also shown. The PPSD
includes an Earth noise model as well.

We see that the highest amplitude events would be detectable by a JAXA PSS seis-
mometer (similar to the one that will be on Dragonfly), with a sensitivity of events between
~ 3 — 12 second periods or between frequencies of 83 — 333 mHz.The STS2 seismometer
is the most sensitive (being sensitive to the mean PSD). Could detect frequencies down to
about ~ 7 mHz and up to ~ 384 mHz. In contrast, a 10 Hz geophone would most likely not

be able to detect this event.
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Figure 2.13: A PPSD for a simulated 100km ice shell (total thickness) with the top 20km
being methane clathrates, 3km source depth. The background colors are the probability
density function amplitude of the power of ground acceleration generated from 180, 1 hour
long segments, each separated by one Titan distance degree, ~ 45km. Dashed lines: (lime)
Trillium compact seismometer (Ringler and Hutt [2010]), (teal) STS2 seismometer, (blue) a
10H =z geophone (Rodgers [1994]). Solid lines: (black) the mean probabilistic spectral density
(PSD) of the models, (orange) SP Imperial seismometer, (red) JAXA PSS seismometer,
(gray) Earth noise model, (pink) highest amplitude segments from the seismograms. Done
according to (Panning et al. [2018]).



CHAPTER 3
LONG PERIOD SEISMOLOGY IN THE PRESENCE OF A
CLATHRATE-LID ON TITAN

3.1 Preface

In this chapter I present a paper in which I am the first author and in which I created every
figure as well wrote/accepted edit suggestions for the words. The writing was edited most
heavily by my coauthors Angela Marusiak-Schools, an assistant research professor at the
University of Arizona as well as, my Jet Propulsion Laboratory (JPL) (dissertation) advisor
Mark Panning. I also acknowledge Marshall Styczinski’s help in editing, especially in regards
to formatting. This work began on a sunny day at JPL, I was pondering what further types
of analysis could be done to determine methane clathrates on Titan, the focus of the first

chapter.

3.2 Long Period Seismology on Titan in the Presence of a

Methane Clathrate Lid

This paper was submitted for publication by the American Geophysical Union in their Farth

and Space Science journal in April 2024.

3.2.1 Author List
Andrea S. Bryant (1), Mark P. Panning (2), Angela G. Marusiak (3)
1. University of Chicago, Department of Physics, Chicago, IL
2. Jet Propulsion Laboratory, California Institute of Technology, Pasadena, CA

3. University of Arizona, Lunar and Planetary Laboratory, Tucson, AZ
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Andrea S. Bryant, asbryant@uchicago.edu is the corresponding author

3.2.2 Key Points

e Based on simulations, the Rayleigh wave signal is dominated by the first overtone at

frequencies > 20 mHz

e Given likely measurement uncertainty, it is unlikely that we can resolve clathrate layers

in thick ice shells of icy ocean worlds

e We resolve the frequency range of flexural waves transitioning to a Stoneley wave
(mode) in the fundamental mode, and see a Rayleigh wave in the first overtone for a

100 km ice shell on Titan for a M, = 3 quake

3.3 Abstract

Previous 1-D spherically symmetric seismic modeling studies have shown that in the pres-
ence of a clathrate lid on Titan significant thermal profile differences result, particularly in
comparison to a pure water ice shell. In turn, these thermal differences would lead to notable
changes in the waveform amplitudes and seismic phase arrival times. In this study we in-
vestigate the feasibility of using surface waves dispersion to explore the structure of Titan’s
ice shell. We investigate the ability to measure and observe the frequency-dependent signals
(0.003 — 0.100 Hz) and their utility in being able to detect existence of a methane-clathrate
lid. We find that we are unlikely to resolve the clathrate-lid’s existence using long-period
techniques, and this could be a limitation for studying very thick ice shells (>~ 20 km) of
icy ocean worlds. We did resolve the frequency range of flexural waves transitioning to a
Stoneley wave (mode) in the fundamental mode, and see a Rayleigh wave in the first overtone

for a 100 km ice shell on Titan for a simulated quake.
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3.4 Introduction

Titan is of much interest as it is one of the largest moons of in the Solar System and contains
both an atmosphere and a subsurface ocean. On its surface there are sand dunes of organic
material and methane lakes. The ice shell is thought to be 45 — 120 km thick (Mitri and
Showman [2008|, Deschamps et al. [2010], Vance et al. [2018b], Durante et al. [2019]), and
beneath the thick ice is an ocean greater than 80 km in depth (Stéhler et al. [2017], Sotin et al.
[2021], Sohl et al. [2003], Grasset et al. [2000]). On Titan, seismology is a potentially powerful
tool that may uncover many of Titan’s secrets including but not limited to; the ocean depth
and chemistry, ice thickness, presence or lack thereof of high-pressure ice phases, and silicate
interior properties. Insights into these scientific parameters have broader implications for
studies of astrobiology and habitability of the Titan system, especially given Titan’s unique
surface conditions (being the only body beyond Earth in the Solar System to currently have
long-lasting liquid on its surface) (Stofan et al. [2007], Lopes et al. [2007], Hayes [2016]).
Much knowledge about Titan has been obtained from data from the Cassini—Huygens
mission to the Saturnian system (Lopes et al. [2019], Hayes et al. [2018], Lebreton et al.
[2009]). Using Schumann resonance, the first direct estimates of the ice shell were given:
55 — 80 km, in line with earlier internal structure models (Béghin et al. [2012], Tobie et al.
[2005], Sohl et al. [2003], Lorenz and Le Gall [2020]). However, investigations from Cassini—
Huygens’ electric field, geophysical, and gravitational data suggest that Titan’s ice shell
could be anywhere from 25 — 200 km thick (Tobie et al. [2006], Mitri and Showman [2008],
Deschamps et al. [2010], Nimmo and Bills [2010], Béghin et al. [2012], Iess et al. [2012],
Hemingway et al. [2013|, Baland et al. [2014], Sohl et al. [2014], Durante et al. [2019]).
Due to Titan’s high gravitational moment of inertia factor (0.341) (Durante et al. [2019]),
a metallic core is not expected from compositional models (Vance et al. [2018b]). A diverse
abundance of organics have been shown to be present in Titan’s surface and atmosphere,

from Cassini—-Huygens and Earth-based measurements (Barnes et al. [2021a], Niemann et al.
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[2005], Cordiner et al. [2015, 2018, Janssen et al. [2016], Horst [2017], Lai et al. [2017], Thelen
et al. [2019, 2020], Nixon et al. [2020]). In particular, organics created in the atmosphere can
settle over Titan’s bedrock composed of water-ice (Barnes et al. [2021a, Rodriguez et al.
[2006], Barnes et al. [2007], Soderblom et al. [2007], Le Mouélic et al. [2008], Janssen et al.
[2009, 2016], Hayne et al. [2014], Neish et al. [2015], Lopes et al. [2019]).

Since the Huygens probe was only able to directly image Titan’s surface and give rough
estimates of the interior structure, many questions remain outstanding (Marusiak et al.
[2021], Elachi et al. [2005], Porco et al. [2006], less et al. [2014]). For example, the dy-
namics and internal structure of the ice shell are still not well understood (Marusiak et al.
[2021], Carnahan et al. [2022]). However the use of a geophysical suite including seismic
instrumentation may uncover key unknowns about Titan in the coming decades (i.e. the
Dragonfly mission) (Lorenz et al. [2018|, Turtle and Lorenz [2021]). To investigate various
aspects of Titan, much work has been done using the data from Cassini—Huygens, and much
more work remains ongoing in preparation for the upcoming Dragonfly mission. The main
expected sources of seismic events are thought to be ice cracking driven by the tidal cycles
of Titan from Saturn (Marusiak et al. [2021], Hurford et al. [2020]), although there remains
a number of other potential seismic sources, e.g., active cryovolcanoes hidden beneath the
ice (Schurmeier et al. [2023]). Both the hydrocarbon lakes and atmosphere of Titan will
also contribute background seismic noise, similar to Earth’s background seismic noise due
to Earth’s oceans and atmosphere (Gutenberg [1947|, Dybing et al. [2019], Stdhler et al.
2019)).

NASA’s Dragonfly mission is currently scheduled to launch in 2028 and land on Titan in
the mid-2030s. Dragonfly is largely an astrobiological mission, with the search for prebiotic
chemistry as an overarching theme of its mission goals (Lorenz et al. [2018], Turtle and
Lorenz [2021], Barnes et al. [2021a]). It’s target landing site is near Selk crater (80 km

diameter), a location where liquid water once mixed with surface organics (Barnes et al.
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[2021al|, Lorenz et al. [2021a]). The rotorcraft itself is a dual-quadcopter that will hold
many astrobiology-focused instruments, including the DraGMet (Dragonfly Geophysics and
Meteorology) instrument package, containing a seismometer and two geophones to measure
seismicity (Lorenz et al. [2021b], Barnes et al. [2021a)).

Seismology is a robust tool that will reveal details of interior structures of planets where
it otherwise would have been difficult or non-unique. Seismometers were placed on the Moon
during the Apollo landings and measured thousands of deep and shallow moonquakes that
revealed secrets of the lunar interior (Nakamura et al. [1982], Nunn et al. [2022, 2020]).
Additionally, data from the InSight lander revealed the interior of Mars including the core,
crust and upper mantle compositions (Stéhler et al. [2021], Knapmeyer-Endrun et al. [2021],
Khan et al. [2021], Banerdt et al. [2020]). More plans are in the works for what we can learn
about the Solar System bodies from seismology (Sun et al. [2023]).

It has been argued that seismology is the preeminent tool to determine “vital signs” on
icy ocean worlds (Marusiak et al. [2021], Vance et al. [2018a]). Unlike Earth, where rock
is the primary medium in the crust, ice is the dominant surface material on these bodies.
There are specific seismic phases that are distinct to ocean world environments (e.g. flexural
and Crary waves). On Earth, Love and Rayleigh waves dominate surface wave observations.

One of the most important seismic observations for understanding the internal composi-
tion of icy ocean worlds is the ice thickness. Initial constraints on this observation can be
derived from body wave measurements based on P and S reverberation timing within the
ice shell, in addition to the depth dependent epicenter. The ice thickness may be further
constrained using the characteristic harmonic frequency of the Crary wave and the recovered
P- and S-wave velocities in the ice. Panning et al. [2006] also proposed that surface waves
may be a good tool for estimating ice shell thickness, as the fundamental mode Rayleigh
wave has a characteristic group velocity maximum associated with a transition from a flexu-

ral wave at low frequencies to something more similar to a Rayleigh wave in a half-space at
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higher frequencies (Table 3.1, Figure 3.1). In this study we see that transition zone between

2.1 —13.7mHzz, for a 100 km (Figure 3.1) Titan-like ice shell.
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Figure 3.1: Illustration of the transition between the flexural wave and Stoneley mode in
the fundamental mode, and a Rayleigh wave in the first overtone. Calculated for a Titan
model with a 100 km thick ice shell. The transition zone for a 100 km pure water ice shell
is between 2.1 mHz and 13.7 mHz. This trend is also the same for the 10 km and 20 km
methane clathrate lid models.

This study explores the use of seismic wave dispersion (long-period seismology) as a
means to learn more about Titan’s interior, and in particular we investigate if it is feasible
to distinguish between the various clathrate models (no clathrate, 10km and 20km clathrate
lid) using this method. The phase and group velocities are both dependent on the frequency.

Because dispersion is related to the properties of the medium, Dragonfly’s seismometer may
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Mode (n) d & A Wave Type vp, Vg & f

0 A > 2md Flexural wave (entire ice shell) Vg = 20p
Vg X Vif
0 d < A <2nd Transition between flexural & Stoneley waves
0 A<d Stoneley waves (ocean/ice shell interface) vy = 0.87vp .00
1 A<d Rayleigh wave (surface, non-dispersive) Vg = Up

Table 3.1: Mode (n) and wavelength dependence of waves for a 100 km thick ice shell under
Titan-like conditions, following Panning et al. [2006] and Stahler et al. [2017].
Variables: d = ice shell thickness, A = wavelength of surface wave, v, = phase velocity,

vg = group velocity, f = frequency, U ocean = the P-wave velocity of the ocean. Here n = 0

corresponds to the fundamental mode branch, and n = 1 corresponds to the first overtone.

record surface wave dispersion to explore Titan’s interior. Due to the Rayleigh surface
wave being a prominent feature of the seismograms for a simulated quake, we will focus on
measuring Rayleigh wave group velocities. We only investigate the vertical component as
the Dragonfly seismometer is only sensitive in the vertical component (Lorenz et al. [2021a]).
There are expected to be horizontal component geophones on Dragonfly, but the sensitivity
will be lower while the noise is expected to be higher (Lorenz et al. [2021b]). In the case
of icy ocean worlds, surface Rayleigh waves are short period waves that don’t interact with
the bottom of the ice shell (Table 3.1) and can be described with the usual retrograde
elliptical motion, as seen on Earth. In contrast to Rayleigh waves that only see the top of
the ice shell, longer period flexural waves are full-layer, or affect the entire depth of the ice
shell. However, they are only seen at low frequencies. In this study, Rayleigh waves are the
prominent surface wave (Table 3.1) at < 14 mHz and above. It is also important to note that
the velocity gradient is very small with depth, so Rayleigh waves have very little dispersion

in ice shells (Stahler et al. [2017]).

3.5 Methods

We use two models from Marusiak et al. [2022] including one with no clathrates and one with

a 10 km clathrate lid integrated according to the numerical results of Kalousova and Sotin

48



[2020a]. Marusiak et al. [2022] demonstrated relatively minor changes in seismic ground
motions and arrival times when comparing the 10 km-thick methane clathrate lid to an ice
shell of water ice (< 2.0%). In this study we have modeled a 20 km-thick clathrate lid
as well. Models consist of spherically symmetric interior profiles created with PlanetProfile
(Vance et al. [2018al, Styczinski et al. [2023a]). PlanetProfile creates thermodynamically
self-consistent models that match orbital constraints on mass and moment of inertia. In
the case of Titan, mass and moment of inertia were measured during the Cassini-Huygens
mission (Fortes [2012]). The surface temperature was set to 94 K (Jennings et al. [2016]) and
the the temperature at the base of the ice shell, (Tp), was approximately 260 K for all the
models. Model values for T}, are selected to set the ice shell thickness based on the pressure-
dependent melting point of the ocean fluid Journaux et al. [2020a]. While different ice shell
thicknesses will strongly affect the long-period data in icy ocean worlds (Kovach and Chyba
[2001], Panning et al. [2006], Stahler et al. [2017], Marusiak et al. [2021]) we chose to look at
only one thickness, 100 km, to isolate any specific effects of clathrate layer presence. All ice
shells we modeled have a total thickness of 100 km, varying only in thickness of the methane
clathrate lid. Only methane-type clathrates were considered for this study as atmospheric
methane has been hypothesized to be episodically replenished via outgassing of the methane
clathrates present within the top ice layer (Tobie et al. [2006]). For this reason it is thought
that methane clathrates will insulate Titan’s icy shell.

Using the outputted models from PlanetProfile, we then inputted them in the open-source
spectral-element code AziSEM (www.axisem.info) to create three-dimensional (3D) global
seismic wavefields in an anisotropic, visco-elastic media (Nissen-Meyer et al. [2014]). In
addition, we used Instaseis, also open-source (www.instaseis.net) to extract seismograms
for arbitrary source-receiver configurations from the databases generated with AziSEM (van
Driel et al. [2015]). Although originally designed for Earth, AziSEM and Instaseis have been

adapted for arbitrary spherically symmetric models of other planets and icy ocean worlds.
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Using the output 1D seismic wave velocity profiles from PlanetProfile as input, disper-
sion curves and normal modes (eigenfrequencies and eigenfunctions) ((Woodhouse [1988])
were computed using a version of the code Mineos (Masters et al. [2011]|, Panning et al.
[2018]) (Figure 3.2). This code also computes synthetic seismograms using normal mode
summation in a spherically symmetric planetary model. The complete seismogram of Titan
can beexpressed as a sum of the normal modes, with the proper corresponding excitation
factors, similar to normalization coefficients (Shearer [2019]). Eigenfunctions for an given

eigenfrequency can be written as
u(r) = [nUi(r)er +n Vi(r)Vi —n Wi(r)(er x V)Y"(0, ), (3.1)

where n is the radial order, [ the angular order, m the azimuthal order, and Y;™ is the
spherical harmonic (Table 3.2). Normal modes where generated considering both spheroidal
and toroidal dispersion data (Masters et al. [2011]). As mentioned in introduction section,
this study presents theoretical dispersion curves generated for spheroidal modes, in accor-
dance with the sensitivity specifications that Dragonfly’s DraGMet seismometer will have
(being sensitive to only the vertical component) (Figures 3.1 and 3.2) (Lorenz et al. [2021a]).
Under the assumption of radial symmetry, the eigenfrequencies and eigenfunctions are not

dependent on [ or m, and depend only on radius:
Vif(x) = 9pf(x)eg + (n0) "0y f(r)ey, (3.2)
with mode normalization
rT rT
/ p(T’)(nU?(T) + (1 + 1)nV12(7“))r2d7“ = / p(r)l(l + 1)nWl2(7“)r2d7’ =1 (3.3)
0 0
where r7 is the radius of the Titan, 2575 km. We look at angular orders up to [ = 3000,
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and frequencies up to 150 mHz, although we sample the envelopes at lower frequencies (up

to 100 mHz).
Variable Definition
r,rT radius, Titan radius
n radial order
[ angular order
p density
m azimuthal order
f(r) eigenfrequency
nWi(r) toroidal eigenfunction
nU(r),n Vi(r) spheroidal eigenfunctions
Y/"(0,9) spherical harmonics

Table 3.2: Definitions of major terms from equations 3.1, 3.2, and 3.3 used for calculating
theoretical dispersion curves as well as the normal modes Woodhouse [1988], Masters et al.
[2011], Panning et al. [2018]

Individual overtone modes (n > 0) were isolated from the normal-mode-summed code in
order to identify which mode branch of the Rayleigh wave is dominant. For this reason, we
focused mainly on lower-order modes, as the surface-waves are contained in this parameter
space, whereas the body waves are contained mainly in the larger-n modes.

We measured group velocity using the seismograms from both methods. This was done to
test the validity of comparing Mineos and AziSEM/ Instaseis since both use different meth-
ods of calculating the seismograms; AxiSEM calculated in the time domain, while the normal
mode summation is performed in the frequency domain. In order to directly compare the
AxiSEM/ Instaseis-generated seismograms to the full normal-mode-summed seismograms,
generated with Mineos, we narrow-band-pass filtered both between 20 — 100 mHz. Using
the AziSEM/Instaseis-generated seismograms, we calculated the group velocities at 25, 50,
75, 100, 125, 150 epicentral distance degrees from the source. For each distance we pick the
peaks for 3, 5, 10, 20, 40, 60, 80, 100, and 100 mHz center frequencies, with a 15% edge
taper. The seismograms were low-pass filtered at 250 mHz initially, then narrow-band-pass

filtered at 15% of their respective center frequencies.
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We also present the results of the envelope picking for observations using the AziSEM/
Instaseis-generated synthetic seismograms in comparison with Mineos data (Figure 3.5). In
the first panel of Figure 3.5 we see the mean group velocity measurements (from AziSEM/
Instaseis) for the range of the distances and center frequencies, as well 1-o (standard de-
viation of the number of samples, normalized to N-1, where N is the number of samples

per center frequency) away for each of the three structural models with varying clathrate

thicknesses.
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Figure 3.2: Theoretical dispersion curves, containing group velocity measurements as a func-
tion of frequency for all models, produced using Mineos v1.0.2 (Masters et al. [2011]). Model
dependent differences in the group velocities can only be seen in the first overtone, above
~ 15 mHz.

3.6 Results

In the fundamental mode, we note that a Stoneley mode (an interface wave propagating at
the solid-fluid interface at the base of the ice shell) rather than a Rayleigh mode is dominant
for wavelengths less than the thickness of the ice shell, and the flexural wave is dominant
for wavelengths greater than 27d, where d is the thickness of the ice shell (Panning et al.

[2006], Stéhler et al. [2017|, Table 3.1, Figure 3.1). While this Stoneley mode behavior of
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the fundamental mode was not discussed in previous modeling of long-period ocean world
seismic wave propagation (e.g., Panning et al. [2006]), it is apparent in the modeling of the
Titan ice shells due to several factors discussed in this section. In particular, this can be seen
through analysis of the relative amplitudes of the fundamental mode branch and the first
overtone, the predicted group velocities of the mode branches, and the shape of the mode
eigenfunctions with depth. In the fundamental mode, there is a transitional region between
d and 2md where the flexural mode transitions to the Stoneley mode. This contribution
is partially demonstrated in the normal mode displacement seismograms(Figure 3.3a,c.e);
these seismograms were generated for a M, = 3, double-couple event at 3km depth so the
Stoneley mode is not visible at this depth. The Stoneley mode is at the bottom of the ice
shell and not seen in the seismograms feature surface waves generated from a 3 km depth
quake (Marusiak et al. [2022])(Figure 3.4).

We present the theoretical dispersion curves (group velocity as function of frequency) for
different modes for the three different interior structure models (Figure 3.2). The funda-
mental mode models are nearly indistinguishable from one another, with the group velocity
values having the greatest difference of 2.5% for the 10 km and pure water ice shell models,
where thermal profiles differ the greatest leading to differences in seismic attenuation and
amplitude (Marusiak et al. [2022]). For the higher overtones (n > 0), group velocities across
all models are nearly indistinguishable for frequencies below ~ 2050 mHz. There is consid-
erable frequency dependent group velocity variation above this threshold across the models
due to the thermal conductivity-driven seismic attenuation seen in the various thermal lid
thicknesses of this study. For moons with thicker ice shells, surface Rayleigh waves are ex-
pected to be mostly non-dispersive, thus v, ~ vg, where v is the phase velocity and vy is
the group velocity (Table 3.1). Stdhler et al. [2017] predicts a characteristic Rayleigh wave
velocity of approximately 1.8km /s, assuming a compression wave velocity (vp;..) of 4km/s,

and a shear wave velocity (vg jc) of 2km/s, with vy &~ vp = 0.9194 vg ;.., but our prediction
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Figure 3.3: Isolated normal modes generated using Mineos, at a distance of 25° . Plotted
for all three interior structure profiles, at 3 km depth. The modes plotted include the
fundamental mode, as well as overtones 14. Insets to the right zoom into the fundamental
and second overtones as the complete seismogram of summed normal modes up to n = 999
is seen to be dominated by the first overtone. (a-b) 0 km methane clathrate lid (pure water
100 km ice shell), (c-d) 10 km methane clathrate lid ice shell, and (e-f) 20 km methane
clathrate lid ice shell. All models are plotted with displacement (left: a, ¢, e), and velocity
(right: b,d,f).
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Titan: Spheroidal Eigenfunctions (¢S;37 & 1S172), f=20.1mHz
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Figure 3.4: Vertical and horizontal eigenfunctions for a frequency of 20.1 mHz for both
the fundamental mode (n = 0,/ = 237) and first overtone (n = 1,1 = 172). Seen in the
fundamental mode is the Stoneley mode with high amplitudes at the base of the ice shell,
and in the first overtone the Rayleigh wave is shown (n = 1). On the left side is the full
Titan hydrosphere (total thickness of 513 km, including the ice shell, ocean, and underlying
high pressure ice). On the right side the is a 100 km Titan ice shell in greater detail. The
blue dashed line is plotted at 3 km depth, where the source in this study and Marusiak et al.
[2022] is located.
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shows a fundamental mode group velocity of approximately 1.4km/s and a first overtone
group velocity of approximately 1.8km/s (Figure 3.2). The lower velocity predicted for the
fundamental mode is, however, consistent with a Stoneley mode, which is controlled by the
P velocity in the ocean (Stéhler et al. [2017]).

There is overlap of the +10 region for either method with the fundamental mode, es-
pecially below ~ 20 mHz for calculated group velocities from the mean times given from
the peak of the envelopes of the narrow filtered data. However, it is important to note that
various interior models are indistinguishable from each other based upon using dispersion
measurement techniques alone. The average group velocity measurements for both (AziSEM
and Mineos) are centered around the first overtone value, but we see that the +o of calcu-
lated center frequency dependent group velocity also overlaps with the fundamental mode
(Figure 3.5).

Comparing the band-passed filtered seismograms (between 20-100 mHz) of the AziSEM/
Instasers and normal mode summation generated Mineos models, the pure water ice shell
and the 20 km clathrate lid model are the most similar, and the 10 km clathrate lid has
the overall lowest amplitude (Figure 3.6). This is due to the thermal profiles of the models;
the pure-water-ice shell and the 20 km clathrate lid models have the most similar thermal
profiles, due to the stagnant lid thickness being similar, whereas the 10 km clathrate lid has
the smallest conductive lid (Marusiak et al. [2022], Kalousova and Sotin [2020a]). The con-
ductive, stagnant lid thickness plays a major role in the seismic amplitudes, as it influences
the seismic attenuation (and its inverse, seismic quality factor), driving the amplitude differ-
ences between the Rayleigh wave (the most prominent feature in the seismograms) that we
see in all of the models (Marusiak et al. [2022[; this study: Figures 3.6 and 3.3).The Rayleigh
wave can be seen in the first overtone, as opposed to the fundamental mode which was the
expected dominant mode for dispersion measurements (Panning et al. [2006], Stéhler et al.

2017)).
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Figure 3.5: Data points: calculated group velocities from the mean times of the peaks of
the envelopes of the filtered seismograms; averaged over a range of distances: 25 — 150deg
epicentral distance, and center frequencies: 3 — 100 mHz. Also denoted is one standard
deviation (lo, normalized to N-1) of the samples. Overlaid fundamental mode and first
overtone theoretical Mineos dispersion curves from PlanetProfile velocity models: (a) 0 km
methane clathrate lid (pure water 100 km ice shell), (b) 10 km methane clathrate lid ice
shell, and (c) 20 km methane clathrate lid ice shell.
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We see clear separation of the mode information, except for the unseen Stoneley wave
(Figure 3.4) carried by the fundamental mode at frequencies larger then ~ 14 mHz. And
the fundamental mode also carries the flexural wave, but at very low frequencies, below ~ 3
mHz. The first overtone, carries the high amplitude Rayleigh wave above ~ 14 mHz, (Figure
3.3). In Figure 3.3, in line with Figure 3.1, we have denoted the areas of the seismogram
where the Rayleigh wave (first overtone) is dominant, and likewise for the flexural wave
(fundamental mode) for a 25 deg seismogram (Table 3.1, Figure 3.6).

To understand the contributions that individual normal modes have on the resulting
surface waves, we look at the individual normal mode seismograms (Figure 3.3) with Mineos,
as well as plot the eigenfunctions (Equation 3.1). For all models, the fundamental mode peaks
about 200s after the peak of the full normal mode (up to n = 999) seismogram (Figure 3.3).
It is clear that the first overtone, rather than the fundamental mode, contains the Rayleigh
wave energy at higher frequencies (Figures 3.1, 3.3, and 3.4). This is in agreement with
the theoretical group velocity and is further confirmed by the eigenfunctions, where in the
first overtone at 20.1 mHz. Within the ice shell we see the characteristic zero crossing of
the horizontal eigenfunction, as well as the decay to zero within the ocean of the vertical
eigenfunction (Figure 3.4). Because the seismic source is shallow (3 km depth) the first
overtone is excited instead of the fundamental mode, as the fundamental mode is a Stoneley
mode excitable (and detectable) only for deep sources and receivers near the boundary of
the ice shell and the subsurface ocean.

Delving deeper into the eigenfunctions, we see vertical and horizontal motions of the long
period flexural wave in the fundamental mode. At a frequency of 1.86 mHz, the flexural
wave is the dominant surface wave seen in the ground displacement seismograms. The near
constant vertical motion is seen in the blue in the vertical eigenfunction, decaying to zero in
the ocean. Seen in the horizontal eigenfunction, is the oscillating compression and extension,

the characteristic motion of the entire flexing of the ice shell (Figure 3.7).
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Figure 3.6: Band-passed filtered velocity AziSEM/Instaseis and Mineos normal mode
summed seismograms: (a) 0 km methane clathrate lid (pure water 100 km ice shell), (b) 10
km methane clathrate lid ice shell, and (c) 20 km methane clathrate lid ice shell. Here the
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two-types of seismograms. All seismograms filtered from 20100 mHz
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Figure 3.7: Vertical and horizontal eigenfunction amplitudes for the entire hydrosphere (re-
gion from the surface to the top of the mantle) at 1.86 mHz, for the fundamental mode
where the flexural wave is the dominant feature (n = 0,1 = 35). The model shown is a pure
water 100 km, Titan ice shell. As in Figure 3.4, the blue dashed line at 3 km represents the
depth of the source used in this study and Marusiak et al. [2022], with the complete Titan
hydrosphere on the left panel, and the 100 km ice shell on the right panel.
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3.7 Discussion

Our models are the same as Marusiak et al. [2022], with an additional 20 km clathrate
model, which actually serves as an intermediary model given that it has a thicker stagnant
lid /conductive region than the thinner 10 km clathrate model, and thus its thermal profile
is more similar to the pure water ice shell. The thermal profile has large implications for the
seismic attenuation based on the choice of the thermodynamic model chosen for this study
from Kalousova and Sotin [2020a]. Newer models have been released (Carnahan et al. [2022])
that demonstrate more clathrate convection models—including models with clathrates at the
bottom of the ice shell which could have large consequences for the thermal profile of the ice
shell and chemical composition of the ocean.

To build off Marusiak et al. [2022], we study long-period/surface-wave seismology to
investigate measurable differences that enable seismic data to constrain possible interior
structure models. The advantage of using long-period seismology, especially in the case of a
single-station seismometer, is that it could enable direct resolution of the ice shell thickness
better than using body-wave seismology alone, particularly in the event that we are not able
to clearly identify body waves but have large amplitude surface waves, e.g. Panning et al.
[2006]. Maguire et al. [2021] found, at least in the case of flexural wave dispersion, thicker
ice shells require extremely sensitive broadband seismometers. In the case of Europa, using
group velocity measurements with periods of 25250s (frequencies ranging from 0.0040.04 Hz)
we can infer Europa’s ice shell thickness using the Bayesian inversion method implemented
by Maguire et al. [2021][not used in this study|. But it is important to note that the
ability to constrain the ice shell thickness becomes steadily more inaccurate when using
events from large epicentral distances. Europa also has an ice shell estimated to be 5 — 30
km (Anderson et al. [2004]), a fraction of Titan’s estimated ice shell thickness 25 — 200
km (Tobie et al. [2006], Mitri and Showman [2008], Deschamps et al. [2010], Nimmo and
Bills [2010], Béghin et al. [2012], Iess et al. [2012], Hemingway et al. [2013]|, Baland et al.
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[2014], Sohl et al. [2014], Durante et al. [2019], Barnes et al. [2021a]). The thicker ice
shell shifts relevant flexural wave signals to lower frequencies (<~ 2mHz), increasing the
challenge of measuring the relevant surface waves with a less sensitive seismometer such
as that proposed for Dragonfly. Dragonfly will host a seismometer similar to the Lunar-A
seismometer (Yamada et al. [2015]), which has a peak sensitivity around 1 — 2 Hz (Panning
et al. [2020]), more suited for detecting body wave signals. In order to increase the frequency
sensitivity to long-period surface waves, it would require a more sensitive (and therefore more
massive) seismometer, such as the broadband InSight VBB seismometer (Lognonné et al.
[2019)).

There are several sources of uncertainty for using surface waves to determine the ice
shell thickness. The interior models used in this study are spherically symmetric which
is simplified when compared to reality. Repeating this study in a heterogeneous, three-
dimensional interior model (e.g., Marusiak et al. [2023]), with added noise model could
yield more realistic, Titan-like results. However, modeling in three dimensions on a global
scale, and adding in complex noise sources are computationally expensive and non-uniquely
determined. We choose to investigate differences in surface waves under a simplified scenario.

A recent Enceladus seismology study by Marusiak et al. [2023] focused on Crary waves
instead of Rayleigh waves. This is due to thinner ice shells (< 20 km) having resonance
frequencies that match the predicted theoretical models. However, in the case of thicker ice
shells (> 20 km), these authors found that theory and observations began to diverge. The
Crary wave method was useful for predicting the mean ice shell thickness for a uniform,
spherically symmetric model, but when compared to non-uniform, heterogeneous ice shell
model (with topography) the predicted dispersion curves diverged. Marusiak et al. [2023]
also inferred that for thicker ice shells(> 20 km, as seen in this study) strong Rayleigh waves
are produced as well as more body waves that are dependent on the distance from the seismic

event.
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We see that the dispersion measurements are dominated by the first overtone. The
uncertainties (1o) of our measurements are greater than the variation of the group velocities
for each model at various distances and frequencies. Thus we are unable to use surface
wave dispersion to distinguish clathrate models from one another based upon the current
models (Figure 3.5). Future investigations of using long period seismology to investigate icy
ocean worlds that could contain clathrates might consider looking at worlds with thinner ice
shells (eg. Europa or Enceladus). For example, Panning et al. [2006] used the multiple filter
technique (MFT) (Dziewonski et al. [1969]) to extract group velocity curves from a single
measurement, even in the absence of location and absolute velocity information. However,
Panning et al. [2006] also showed that when using this MFT method for flexural or Rayleigh
wave propagation, error estimation increases with ice shell thickness. The frequency of the
distinctive peak changes very little for ice shells greater than 40 km.

There are remaining discrepancies between the AziSEM /Instaseis seismograms in com-
parison to Mineos (Figure 3.6). Ideally, both methods of generating seismograms should
agree, especially since both use the same radial velocity profiles generated by PlanetProfile.
The AxziSEM/Instaseis method uses Green’s functions in the time domain, while Mineos
uses normal mode summation in the frequency domain. We see that the seismograms are
in phase, but not exactly identical in amplitude. Here we look at the velocity instead of
the displacement, as data collected with the Dragonfly seismometer will be used to infer
surface wave velocities. It is possible that differences arise from poor numerical resolution
of the mode calculations within Mineos, which is highly tuned for performance in Earth-like
models, as demonstrated by the difficulty in calculating modes at frequencies greater than
150mHz, the upper limit used in this study. However, we do see that both methods do show
a great deal of consistency, as there is good agreement in calculating the group velocities
(Figure 3.5).

Looking again at the ground displacement plots (Figure 3.3), we can see the flexural
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wave clearly, however in the real seismic data the seismometer will not be sensitive to this
lower frequency (~> 2mH z) information. Visualizing this modal decoupling in this manner
is more useful in pinpointing why this phenomenon occurs when there is a thick ice shell

(e.g.100 km as seen in this study).

3.8 Conclusions

While Mineos dispersion predictions suggest differences between clathrate models, these
differences are smaller than the uncertainty of the measurements we were able to make on
synthetic data in this study. Thus we predict it would be difficult to detect clathrates lids
using long period seismology on Titan. Of course this does not preclude using long period
seismology at all on Titan, just further investigations of features in the ice would have to be
conducted.

Future studies could include investigating clathrates at different depths, varying the
composition of the ocean, or adding heterogeneities to the ice shell. Although these additions
will only complicate the seismograms more, they will also make them more realistic for the
comparison to real seismic data that will be received from Dragonfly in the mid-2030s. This

research also applies to other icy ocean worlds where clathrates could exist.

3.9 Data Availability Statement

The PlanetProfile v1.2.0 interior structure models (generated with MATLAB) are available
on Github (https://github.com/vancesteven/PlanetProfile). The open source
software packages, AziSEM v1.3 (Nissen-Meyer et al. [2014]), Instaseis (van Driel et al.
[2015]), Mineos v1.0.2 (Masters et al. [2011]), and TauP (http://www.seis.sc.edu/TauP/)
(Crotwell et al. [1999b]) are all open source and available for download. Interior structure

models will be made available on NASA’s Open Data Portal.
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CHAPTER 4
HIGH PRESSURE ICE

4.1 Preface

In this chapter I present the last paper of my dissertation focusing on detecting high-pressure
ice on Titan. This work was written by myself with editing done by Mark P. Panning, and
based upon the thermodynamic underpinnings of the work done by Baptiste Journaux at the
University of Washington, with his code SeaFreeze. The idea for this work was the fruit of a
conversation with Baptiste over how discovering high-pressure ice on Titan could hold a lot
of significance for astrobiologists who are searching for signs of life of Titan, either extant or
in its earliest stages. This study assumes a hydrosphere (top ice shell, ocean, and any phases
of high-pressure ice beneath the ocean) composed completely of pure water, with no solutes.
These are modeled using PlanetProfile (Vance et al. [2018b], Styczinski et al. [2023a]) and

SeaFreeze (Journaux et al. [2019, 2020a]).

4.2 Seismic and Thermal Profiles of High-Pressure Ice in Titan’s

Hydrosphere

4.2.1 Author List
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5. Blue Marble Space Institute of Science, Seattle, WA

Corresponding author: Andrea S. Bryant , asbryant@uchicago.edu

4.2.2  Key Points

o We identify key phases to investigate high-pressure ice within a Titan-like ice world

e Models with high-pressure ice show specific reverberations that are distinct from models

that do not contain high-pressure ice

4.3 Abstract

Due to the cold temperatures on Titan’s surface water ice is stable however pressure and
temperature on Titan increase with depth. This causes various ice phases that are not
normally seen on Earth, where water ice exists almost entirely as ice Ih. Depending on the
temperature and pressure conditions, various phases of ice could exist and be detectable with
seismology. If present, this ice could serve as a barrier between the potentially nutrient-
rich deep interior of Titan and the water rich ocean where life may exist. We produce
thermodynamic self-consistent models of Titan and then numerically simulate seismic wave
propagation. We use the resulting seismograms to isolate potential seismic observations that

are diagnostic of the presence of high-pressure ice.

4.3.1 Plain Language Summary

We model various crystalline structures (phases of ice different from Earth’s surface) of ice
beneath the subsurface ocean of a hypothetical Titan-like world using numerical modeling.
These phases could be present on Titan where there is much evidence to expect that there
is an ocean much deeper than Earth’s ocean covered by thick ice, separating if from the

surface. We model how such ice phases affect the kind of measurements way could make
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with a seismometer on the surface of Titan in order to understand how we may be able to

identify such layers.

4.4 Introduction

The existence of high-pressure ices could limit the amount of water-rock interactions that
would provide crucial nutrients for potential life in icy ocean worlds (Vance et al. [2018b]).
Exploring the astrobiological potential of Saturn’s moon Titan is a key goal of the the
upcoming Dragonfly mission, where the rotorcraft will search for signs of prebiotic chemistry,
potential biosignatures, and habitability (Barnes et al. [2021a]). High-pressure ices are a
geophysical phenomena not occurring naturally on Earth, outside of the laboratory, but are
expected in a number of bodies across the Solar System including Callisto, Ganymede, and
Titan (the focus on this study) (Journaux et al. [2020Db]).

We created thermodynamically self-consistent models of Titan, with PlanetProfile (Vance
et al. [2018b], Styczinski et al. [2023a]) including water properties calculated with SeaFreeze
(Journaux et al. [2020al) to vary the temperature at the base of the ice shell and how this
induces the presence or absence of high-pressure ice or not. We constrained the approximate
transition temperature at the base of the ice shell where high-pressure ice forms and generate
models near this transition in order to determine diagnostic seismic features associated with
the onset of the high-pressure ice.

Next, in order to determine whether or not the high-pressure ice generates distinct phases,
we take a 100 km thick ice shell, which includes a layer of high-pressure ice at the base of
the ocean, and simply manually remove the high-pressure ice layer and replace it with liquid
water so the only difference is the presence or absence of high-pressure ice. We then use
the AziSEM (Nissen-Meyer et al. [2014]) and Instaseis (van Driel et al. [2015]) generated-
seismograms computed through the two models to isolate differences only due to the high-

pressure ice. We do observe differences associated with the presence of the high-pressure ice,
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Table 4.1: Model specifications. T} is the temperature at the base of the ice shell. The lowest
T}, has the thickest ice shell as well as multiple layers of high-pressure ice. The highest T},
has no high-pressure ice, and also the thinnest ice shell of the models.

Ice Shell Thickness T High-Pressure Ice Present
89.9 km 262.66 K No
95 km 261.94K Yes
100 km 261.2K No*
100 km 261.2K Yes
130 km 256.5K Yes (phases V & VI)

*Identical to the 100km model, but with the high-pressure ice layer removed.

and we analyze what body wave paths are associated with these differences.

We also look at a range of models with ice shell thicknesses ranging from 89 — 130 km
(Table 4.1), including models ranging from no high-pressure ice to two phases of high-pressure
ice below the ocean.

The aim of this paper is to investigate potential key seismic signals for detecting high-
pressure ice, beneath Titan’s ocean. The significance of the detection of these seismic phases
is to be able to detect whether or not high-pressure ice exists using a seismometer like the

one on the Dragonfly mission that will land in the mid 2030s.

4.5 Methods

We generated five, spherically-symmetric interior structure models using PlanetProfile, an
open source generator of spherically symmetric planet profiles, used for constructing 1D
interior structure models (Vance et al. [2018a], Journaux et al. [2020al, Styczinski et al.
[2023a]). PlanetProfile uses SeaFreeze for the calculation of the water properties, as this
study focuses on the hydrosphere (Journaux et al. [2020a]). We model slight variations in
the thickness of the top ice shell, high-pressure ice, and in the case of the coldest model—we
see two phases of high-pressure ice (Table 4.1).

All models are generated to be thermodynamically self-consistent, with one exception.

Namely, the 100 km model without the presence of high-pressure ice is generated to be
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identical to the one with high-pressure ice, but with the high-pressure ice layer manually
replaced with liquid water.

We conduct a number of tests (previously mentioned in the introduction section of this
paper) in order to investigate whether or not we would be able to detect the pressure of
high-pressure ice on Titan with a single station seismometer, as will be the case for the
Dragonfly mission (Barnes et al. [2021a)).

We look at models of the same surface ice shell thickness with and without a high-pressure
ice layer. In the model without high-pressure ice, we omit the layer by altering the velocity
model files to match the ocean layer above with pressure and compressive seismic velocities
increasing with depth, with the shear velocities within the layer set to zero.

Using the interior structure models as inputs, we then simulate four source depths, or
titanquake hypocenters for each interior structure model. Waveform propagation is simulated
using AxiSEM (Nissen-Meyer et al. [2014]), the spectral element solver, to model the global
wavefield of Titan for each of the source depths. We model various source depths in order
to determine the differing seismic signals from shallow quakes and deep quakes. The source
depths are 1 km and 10 km within the brittle upper region of the ice shell, respectively,
and at 470 km within the upper mantle (assuming a solid core, Table 4.2). We assume the
mechanism for the upper region of the ice shell to use a double couple mechanism and the
deeper source, upper mantle also a double couple however due to tidal deformation (Pou
et al. [2024]).

We look into two different regimes of titanquakes, within the ice shell’s cooler and brittle
conductive layer (top layer in contact with Titan’s 94 K surface). The source depths here
are 1 and 10 km. We also investigate whether or not we can detect the quakes within Titan’s
silicate interior, with a source depth of 470 km. Due to slight variations in the depths of the
hydrosphere for each of our models, which varies due to the need to match observed moment

of inertia with varying temperature and therefore density profiles, this resulted in quakes in
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Table 4.2: Description of source depths for simulated seismic events explored in this study.

Depth Layer description

1 km top of brittle conductive layer of ice shell
10 km  bottom of brittle conductive layer of ice shell
470 km  within Titan’s silicate interior for all models

Table 4.3: Examples of phases that could be used to identify the existence of high-pressure
ice on an icy ocean world (e.g. Titan). In the first column is nomenclature from Stéhler et al.
[2017], and the second column is the same phase but using TauP (Crotwell et al. [1999b])
nomenclature for a hypothetical icy ocean world with a 100 km thick ice shell and a 400 km
thick ocean. The third column provides descriptions of the phases.

Stahler TauP Description

PFPFP P100P400P400P100P A wave that starts within the
ice layer, crosses the ocean, trav-
els through the crust and poten-
tially mantle, turned and went back
through ocean to surface

PFoFP P100Pv400P A wave that starts within the ice shell
reflects off the from the ocean floor
and travels back through ocean to
surface

PFoF¢FoFP P200Pv400p~100Pv400p100p Wave that starts within the ice shell

topside reflection off ocean bottom,
bottom-side reflection off ice shell,
topside reflection off ocean bottom
and back through ocean to surface

a range of 3 — 27 km beneath the starting depth of the silicate mantle (Table 4.2).

The software package Instaseis (van Driel et al. [2015]) was used to reconstruct seis-
mograms for hypothetical source and receiver locations from the AxiSEM models. The
TauP /ObsPy software package was used to calculate theoretical arrival times (Crotwell et al.
[1999b|, Beyreuther et al. [2010]).

I present the nomenclature used to describe waves off of key boundaries. For this study
we focus on P waves bouncing off of key boundary layers (example phases shown in Table

4.3).
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Figure 4.1: P wave velocities (left panel) for all models, and S wave velocities (right panel)
for all models (Table 4.1). Radius plotted radially inward from the surface, and plotted is
the entire Titan hydrosphere (ice shell, ocean, and depending on the model, high-pressure
ice).

4.6 Results

4.6.1 Profiles of All Models

We present the P and S wave velocities of the hydrosphere of each model (Figure 4.1). The
ice shells, oceans and high-pressure ice layers can be clearly seen as a function of depth.
Accordingly, we also show the density and attenuation (@) profiles of all the models (Figure
4.2). All the models have a pure water ice shell and ocean, so density differences result from
the pressure and temperature dependence of water properties, as well as the type (ice phase)
of high-pressure ice which is thermodynamically stable at each depth. While all models
match the observed mass and moment of inertia for Titan, varying the temperature profile

controls the presence and thickness of high-pressure ice layers.
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Figure 4.2: Density profiles (left side) and quality factor (Q) profiles (right side). The
differences in attenuation seen mainly within the conductive region of the ice shell in contact

with the surface.
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4.6.2  Mid-Thickness Ice Shell Models: Looking for Specific High Pressure

Ice Phases

Shallow Source Depth

For the 100 km models we manually edit out the high-pressure ice (Figure 4.3). The only
differences between the models in in the ~35 km of ice beneath the ocean. We identify
phases (Figure 4.4) that interact with the high-pressure ice/bottom of the ocean, also seen
in the 5° seismogram (Figure 4.5). Here we can see that within the top panel (model with
high-pressure ice) around 500s, that there are multiple bounces between the top and bottom
of the high-pressure ice (P425Pv459p425Pv459p425p: three P wave reverberations), also we
see particular phases (P100Pv425P: a P wave bouncing off the top of the high-pressure
ice; P100Pv425100Pv425p100p: a P wave bouncing between the bottom and of the ice shell
and the top of the high-pressure ice) that are unique to 100 km model with high-pressure
ice. For both models (with and without high-pressure ice), we see the phase P100Pv459P
(a reverberation off the top of the mantle). However, for the model without high-pressure
ice, this occurs ~10s before the model with the high-pressure ice. Additionally, we observe
P100Pv459100Pv459p100p, a P wave bouncing between the top and the mantle and the
bottom of the ice shell (Figure 4.5). The travel times are shown in Figure 4.6, including P
and S waves, which are contained within the identical top ice shells of both models.

In the last panel of Figure 4.6 we see the differences in the subtracted seismograms.
Reverberations are seen following the key phases previously mentioned. The high-pressure
ice models show more complicated double arrivals due to reverberations off the top of the

high-pressure layer and the silicate mantle.
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Figure 4.3: P and S velocity, and attenuation profiles for two identical 100 km thick ice
shells, except in one model the high-pressure ice has been replaced with ocean.

4.6.3  Deep Sources

For the deep sources (470 km) we can detect up-going waves that pass from the silicate
interior. Looking at 20° data when we looked at the travel time curves. We show predicted
travel paths (Figure 4.7) and an example seismogram 4.8, both for a distance of 5 degrees.
We see the same pattern of reverberations off of the high-pressure ice, as seen in in the
shallower source depth seismograms. Though here we can see arrival times of additional
packets of reverberations separated by approximately 300 — 400 seconds which represent

additional 2-way paths through the liquid ocean.

4.6.4  Thinner Ice Shell Comparison

In order to test the difference that the temperature at the base of the ice shell has on the
formation of high-pressure ice and if those differences in seismograms were quantifiable, we
directly compare a 95 km ice shell with a temperature at the base of the ice shell (7}) being
0.72K cooler than the 89 km ice shell. This slight difference in the 7}, can seen in (Figure
4.9) vs and vy profiles of the top conductive layer (=35 km) of the ice shells; in the pink

is the 89 km ice shell where there is no high-pressure ice. We can see visual differences
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Figure 4.4: Ray path diagram for a 1 km source, 100 km ice shell (with high-pressure ice)
for a receiver at 5°. Generated with TauP Crotwell et al. [1999b]. Illustrating the path of
the rays for P waves traveling the ice shell, ocean, and bouncing off of the bottom of the
high-pressure ice layer.
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Figure 4.5: 100 km ice shell models, with and without high-pressure ice: 1 km source depth,
5° epicentral distance (top) HPI seismograms, (middle) no high-pressure ice, (bottom) spline
difference of the seismograms. Phases outlined are particular phases that differ between the
two models, either by arrival time or by not being present at all. Note that the amplitude of
the Rayleigh pulse arriving at approximately 200 seconds, is saturated in this figure in order
to see the smaller body wave reverberations diagnostic of the high-pressure ice layer.
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Figure 4.7: Ray Path diagram for a 470 km source, 100 km ice shell (with high-pressure ice)
for a receiver at 5°. Generated with TauP Crotwell et al. [1999b]. Illustrating the path of
the rays for P waves traveling from the deep source through a layer of high-pressure ice, the
ocean, and ultimately to a receiver.
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Figure 4.8: 100 km ice shell models, with and without high-pressure ice: 470 km source
depth, 5° epicentral distance (top) high pressure ice seismograms, (middle) no high-pressure
ice, (bottom) spline difference of the seismograms. Phases outlined are particular phases
that differ between the two models, either by arrival time or by not being present at all. We
see the same pattern of reverberations off the high-pressure ice but this time with up-going P
waves, instead of down-going. Multiple (increasing) reverberations of decreasing amplitude
are also cleared from this source depth.
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Figure 4.9: (pink) No HP Ice, 89km deep ice shell, (orange) HP Ice, 95 km ice shell, vg,
vp within the top conductive region of the ice shell (top ~35 km), and the bottom of the
ocean (89 km ice shell model) /region of hydrosphere with high-pressure ice (for the 95 km
ice shell).

in the seismograms, the reverberations from the high-pressure ice have reduced amplitudes
here than the 95 km ice shell /high-pressure ice containing model (Figure 4.10). We see the
usual Rayleigh wave for both models in the vertical orientation. Also we see a possible flip of
polarization for 89 km ice shell particularly in the second round of highlighted reverberations

from the base of the ocean (Figure 4.10).

4.6.5 Thinnest and Thickest Ice Shell Comparison

We see that the conductive region of the 130 km model extends about 10 km deeper into
Titan than the 89 km region (Figure 4.11). This affects the seismic attenuation seen in 4.12,
and the peak amplitude of the ground velocities, as would be measurable by the Dragonfly
seismometer. Within the seismograms (Figure 4.13) we see specific phases between the
model with high-pressure ice and model without, although the effect of the two phases of
high-pressure ice is &5 times lower amplitude than the 89 km model with no high-pressure

ice.
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Figure 4.12: Density (kg/m3) and @, x 1073 for Titan models with 89 km of surface ice
(no high-pressure ice beneath the ocean), and 130 km of surface ice (with two layers of high-
pressure ice of differing ice phases beneath the ocean).

4.7 Discussion

For all of the 100 km models, studying high-pressure ice specific phases we see that extra
reverberations specific to the the high-pressure ice are present for all source depths. Also
when we look at the peak amplitudes at 5° (Figure 4.14) for all of the models we see that
the peak amplitude for the vertical ground motion seismograms varies slightly with depth.
For the shallower quakes (5°), at the top of the brittle layer (1 km source depth) the model
without high-pressure ice has a ground velocity motion amplitude that is 6.19% higher than
the model with high-pressure ice. At the bottom of the brittle ice layer (10 km source
depth) the model without high-pressure ice has a higher peak amplitude but only 2.63%
higher.These differences are primarily due to the colder models which include high-pressure
ice also having a thicker cold conductive layer and therefore reduced attenuation. This is a
stronger effect for the shallower source. This is, of course, only an indirect connection to the

presence or absence of high-pressure ice. However the reverberative phases that reveal the
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Figure 4.13: 5°, all depths, (top-bottom: 1 km, 10 km, 470 km); comparing 89 km (no high-
pressure ice) to 130 km (high-pressure ice) models. Highlighted are regions of reverberations
off of the body of the ocean for both models.
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Figure 4.14: (a.) Root mean squares (RMS) of the velocities for the 100 km models, varying
high-pressure ice, since the ice shell are very similar there are very small differences in the
velocities for the shallow quakes, however we see much greater differences in the RMS for a
deep quake (470 km source depth) when comparing a model with high-pressure ice to one
without. The RMS of the velocities differs the most around 510°. (b.) Peak amplitudes vs.
source depths at 5° for the 100 km ice shell models with varying high-pressure ice. (c.) RMS
error of the velocities, since the ice shell are very similar there are very small differences in
the velocities for the shallow quakes, however we see much greater differences in the RMS
for a deep quake (470 km source depth) when comparing a model with high-pressure ice to
one without. The RMS of the velocities differs the most around 510°.
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high-pressure ice are three orders of magnitude smaller than the Rayleigh pulse, but possibly
still detectable as they occur after the P, S and Rayleigh wave.

Also at 5°, we see the greatest peak amplitude difference for the deeper source (470 km),
with the high-pressure ice having a amplitude that’s 32% higher than the model without
high-pressure. However, it is important to note the range of peak amplitudes at this dis-
tance differs by two orders of magnitude (~200%), which could have a large effect on the
detectability—something that this work has not addressed.

However when we look at the RMS (Figure 4.14) of the ground motion velocities of
the 100 km models we see that the deeper sources (470 km) show the most amplitude
variation between the models with and without high-pressure ice, although the effect varies
as a function of distance for both the compared 100 km models as well as for comparison
between the two closely spaced, but thermodynamically consistent models with and without
the high pressure ice (Figure 4.14). This effect is only visible for the deep source because the
surface waves trapped in the upper Ice Ih shell are only strongly excited by sources within
the ice shell and they dominate the amplitude of those records.

One limiting factor of this study is that we look at spherically symmetric models that
do not include heterogeneities, we also assume a pure water hydrosphere with no solutes or
organics. Compared to what has been seen on Titan we know that this model is almost
certainly oversimplified compared to what exists on Titan. We know from the Cassini—
Huygens mission that there are dormant cryovolcanoes, mountains, rivers, lakes, as well as
a rich hydrological cycle on Titan that could all be potential causes of seismic signals (at
least from large events).

The composition of Titan’s highly dense ocean is most likely rich in solutes, such as salts,
ammonia (Mitri et al. [2014], Leitner and Lunine [2019]), or even magnesium sulfate (Vance
et al. [2018b], MacKenzie et al. [2021]). Journaux et al. [2013] showed that in the case of

a sodium chloride ocean there could exist patches of brine under a deep ice VI layer and a
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the bedrock/mantle. It would be of much interest to investigate the ability to detect brine
patches as well as the seismological effect that varying the composition of the ocean would
have.

Future studies should incorporate organics of various kinds within the ice shell and
throughout the hydrosphere, while varying the temperature at the base of the ice shell
as well as the source depth of titanquakes to simulate more accurately what a single-station
seismometer could see on Titan. Also in future studies if would be good to look with more
detail, the likely magnitudes of Titan events (similar to the work done for Europa in Pan-
ning et al. [2018]) and initially extended to Titan and other tidally dominated worlds by
Hurford et al. [2020]; as well as compare these results to expected seismometer sensitivity
to determine whether the features discussed in this study are detectable by the Dragonfly

seismometer.

4.8 Conclusions

We identify reverberations following body wave phase arrivals associated with reflections
from the bottom of Titan’s ocean as a potential diagnostic for the detection of high-pressure
ice. The amplitude of most prominent feature of the shallow quakes (the Rayleigh pulse)
is at most, two orders of magnitude greater than the subtle reverberations between the
bottom of the ice shell an the top and bottom of the high-pressure ice—but with a very
sensitive seismometer they could be detectable. Future work should investigate whether

these diagnostic phases would be detectable with the Dragonfly seismometer.

Open Research

Some data used in this work were generated using the open-source PlanetProfile software

hosted on GitHub (https://github.com/vancesteven/PlanetProfile). A Zenodo
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0.844130 (Styczinski et al. [2024]). PlanetProfile is released under a GPL-3.0 license. The
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zenodo . 8098405 (Styczinski et al. [2023b]).
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CHAPTER 5
CONCLUSION

In this dissertation I presented a co-authored work on the methane clathrates focusing on
the body waves and the surface waves. I also present work on high pressure ices on Titan
and what types of seismic phases could be used to discover whether or not high pressure
ice is present on Titan. At this preliminary stage of Titan seismology, I found that only
a limited exploration of plausible parameter ranges was warranted; however, my results
strongly suggest that with the advent of Dragonfly’s arrival on Titan, Titan seismology is
likely to be a powerful tool for understanding this Jovian moon’s internal structure. I provide
a brief summary below of the findings presented here and also some future study directions

that my dissertation could serve as a launching pad for.

5.1 Seismic Models of Methane Clathrates on Titan

I presented two potential methods of detecting methane clathrates on Titan using body
wave (P and S waves) and surface waves (flexural and surface Rayleigh wave dispersion) in

Chapters 2 and 3.

5.1.1 Short Period: Body Wave Profiles

In Chapter 2 I presented the co-authored work, "The Effects of Methane Clathrates on
the Thermal and Seismic Profile of Titan’s Icy Lithosphere" (Marusiak et al. [2022]). We
found some body wave arrival differences when comparing a pure water, 100km ice shell
Titan model to a model with 10km of methane clathrates at the surface. There are subtle
but detectable P and S wave arrival differences due to thermal gradient driven attenuation
changes on Titan due to the reduced thermal conductivity of the clathrates than water ice.

Also in Marusiak et al. [2022] we saw very subtle differences in the frequency content of the
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seismograms between the two models. These subtle differences were investigated more in
the Chapter 3.

Also in Chapter 2, I included additional work that I did to support and extend the
findings of Marusiak et al. [2022]: "Investigating Detection of Methane Clathrates with

Varying Source Depths on Titan".

5.1.2  Long Period: Surface Wave Profiles

The previous body wave focused study motivated my first-author submitted publication,
"Long Period Seismology on Titan in the Presence of a Methane Clathrate Lid", presented
in Chapter 3 of this dissertation. Both works were done in preparation for the Dragonfly
mission to Saturn’s moon Titan, but also as a primer for further seismic studies of icy ocean
worlds within the Solar System where a thick ice shell, subsurface ocean, and thick layers
of clathrates could co-exist. In particular this work explored the dominant surface waves
seen in both the frequency and time domains, to provide a more complete analysis of both
the body and surface waves generated by the events. In this Chapter, I, and my collabo-
rators, investigated using low-frequency surface waves to detect surface clathrate layers on
Titan. Overall, we discovered that the characteristic large amplitude Rayleigh wave can be
attributed to the first overtone when looking at the frequency content contributions. How-
ever, we also found for our models with varying thickness of methane clathrate layers for a
100 km thick Titan-like ice shell, that the clathrate layers were indistinguishable using long
period seismology methods as the uncertainty in the measurement of surface wave velocities
exceeded the velocity differences introduced by the presence of clathrates. This does not
exclude using long period methods on Titan, but it will most likely be challenging to detect

clathrates lids using this method on Titan.
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5.2 Seismic Models of High-Pressure Ice on Titan

In Chapter 4 we investigate key phases that would be indicative of high-pressure ice on
Titan. We see that synthetic seismograms from models with high-pressure ice have a unique
"double" reverberation from P waves reflecting off of the top and bottom of the high-pressure
ice layer. This "double" reverberation is absent for models without high-pressure ice, as P
waves reflect off the bottom of the ocean/top of the mantle. This effect is subtle, but with

a sensitive enough seismometer could be detectable.

5.3 Future Directions

This work is of course non-exhaustive. We are about 10 years away from having real Titan
data from Dragonfly, so there is a lot of time to continue to refine our models. The goal,
as with Mars, would be to catalog as many events as is possible to be able to have a good
base from which to refine what is in the interior of Titan. Of course Titan is just the
beginning, as there are a number of icy ocean worlds in the Solar System (e.g. Ganymede,
Europa, Enceladus and many more) each with unique water-bearing interiors that could be
uncovered with seismology.

The most recent Decadal Survey (National Academies of Sciences et al. [2022]) for plan-
etary science and astrobiology named the Uranus Orbiter and Probe (UOP) as the highest
priority, and the Enceladus Orbilander as the second highest priority Flagship mission for
the decade of 2023-2032 (Mackenzie et al. [2021], MacKenzie et al. [2022]). This suggests
that there will be a lot of focus on these as well as the other missions such as the Europa
Lander concept (Pappalardo et al. [2013], Dooley [2018], Hand et al. [2022]), or even a Venus
balloon to measure quakes from the Venus atmosphere (Lognonne and Johnson [2009], Krish-
namoorthy et al. [2022]). Wherever there is a solid surface to land there is an opportunity for

extraterrestrial seismology to be a tool for helping to constrain the interior of said planetary
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or lunar body.

We know from asteroseismology (stellar seismology), helioseismology (solar seismology),
and ring (i.e., Saturn and perhaps Uranus) seismology that a seismometer on the ground
is not a necessity to be able to constrain the interior structures of a planetary body using
seismological methods.

There’s so much to be learned with seismology across the Solar System and beyond, we’ve
just only scratched the surface (of Earth, the Moon and Mars)! More to come in the coming

decades!
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