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Abstract Previous 1‐D spherically symmetric seismic modeling studies have shown that in the presence 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 investigate 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.

1. Introduction
Titan is of much interest as it is one of the largest moons 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 (Deschamps et al., 2010; Durante et al., 2019; Mitri & Showman, 2008; Vance,
Panning, et al., 2018), and beneath the thick ice is an ocean greater than 80 km in depth (Grasset et al., 2000; Sohl
et al., 2003; Sotin et al., 2021; Stähler et al., 2018). 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; R. M. Lopes et al., 2007; Hayes, 2016).

Much knowledge about Titan has been obtained from data from the Cassini–Huygens mission to the Saturnian
system (R. M. C. 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; Lorenz & Le Gall, 2020; Sohl et al., 2003; Tobie et al., 2005). However, investigations from Cassini–
Huygens’ electric field, geophysical, and gravitational data suggest that Titan's ice shell could be anywhere from
25 to 200 km thick (Baland et al., 2014; Béghin et al., 2012; Deschamps et al., 2010; Durante et al., 2019;
Hemingway et al., 2013; Iess et al., 2012; Mitri & Showman, 2008; Nimmo&Bills, 2010; Sohl et al., 2014; Tobie
et al., 2006). 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, Panning, et al., 2018). 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., 2021; Cordiner et al., 2015, 2018; Hörst, 2017; Janssen et al., 2016; Lai
et al., 2017; Niemann et al., 2005; Nixon et al., 2020; Thelen et al., 2019, 2020). In particular, organics created in
the atmosphere can settle over Titan's bedrock composed of water–ice (Barnes et al., 2021; Rodriguez et al., 2006;
Barnes et al., 2007; Soderblom et al., 2007; LeMouélic et al., 2008; Janssen et al., 2009, 2016; Hayne et al., 2014;
Neish et al., 2015; R. M. C. 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 (Elachi et al., 2005; Iess et al., 2014; Marusiak et al., 2021; Porco
et al., 2006). For example, the dynamics and internal structure of the ice shell are still not well understood
(Carnahan et al., 2022; Marusiak et al., 2021). 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)
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(Lorenz et al., 2018; Turtle & 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
Dragonflymission. 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; T. Hurford et al., 2020), although there remains a number of
other potential seismic sources, for example, 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 (Dybing et al., 2019; Guten-
berg, 1947; Stähler 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 (Barnes et al., 2021; Lorenz et al., 2018; Turtle & Lorenz, 2021). Its target landing site is near
the Selk crater (80 km diameter), a location where liquid water once mixed with surface organics (Barnes
et al., 2021; Lorenz, MacKenzie, et al., 2021). 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 (Barnes et al., 2021; Lorenz,
Shiraishi, et al., 2021).

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., 2020, 2022). Additionally, data from the InSight lander revealed the interior of Mars including the
core, crust and upper mantle compositions (Banerdt et al., 2020; Khan et al., 2021; Knapmeyer‐Endrun
et al., 2021; Stähler et al., 2021). 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, Kedar, et al., 2018). 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 significant parameters for characterizing icy ocean worlds, that could be constrained via direct
seismic measurements of the surface, is the thickness of the ice shell. 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 (longer period waves than body waves (P and S waves), for example, Love, flexural,
and Rayleigh 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 flexural wave at low
frequencies to something more similar to a Rayleigh wave in a half‐space at higher frequencies (Table 1). In this
study we see that transition zone between 2.1 to 13.7 mHz, for a 100 km Titan‐like ice shell.

Writing – review & editing: Andrea
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Table 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 Stähler et al. (2018).

Mode (n) d & λ Wave Type vp, vg & f

0 λ> 2πd Flexural wave (entire ice shell) vg = 2vp
vg ∝

̅̅̅
f

√

0 d < λ< 2πd Transition between flexural and Stoneley wave

0 λ< d Stoneley wave (ocean/ice shell interface) vp = 0.87vP,ocean
1 λ< d Rayleigh wave (surface, non‐dispersive) vg = vp

Note: Variables: d = Ice Shell Thickness, λ = Wavelength of Surface Wave, vp = Phase Velocity, vg = Group Velocity,
f = Frequency, vP,ocean = P‐Wave Velocity of the Ocean. Here, n = 0 Corresponds to the Fundamental Mode Branch,
and n = 1 Corresponds to the First Overtone.
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Methane‐clathrates (cage‐like carbon molecules which encase methane) are thought to readily form under Titan‐
temperatures and pressures. Because of this, it is thought that the surface of Titan could contain tens of kilometers
of clathrates that could potentially be detectable with seismology, particularly due to the differences in thermal
conductivities between water ice and methane‐clathrates (Choukroun et al., 2010; Hand et al., 2006; Helgerud
et al., 2003, 2009; Lunine & Stevenson, 1985, 1987;Waite et al., 2007). This study explores the use of long‐period
seismic wave dispersion of surface waves (e.g., Love, Flexural, Rayleigh, etc.) as a means to learn more about
Titan's interior. In particular we focus in this study on determining if it is feasible to distinguish between the
various clathrate models (no clathrate, 10 and 20 km clathrate lid) using this method. The phase and group ve-
locities are both dependent on the frequency. Because dispersion is related to the properties of the medium, the
Dragonfly seismometer may 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 theDragonfly seismometer is only
sensitive in the vertical component (Lorenz, MacKenzie, et al., 2021). 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, Shiraishi, et al., 2021). Given the expected limitations of Dragonfly seismic data, we have chosen to
focus on the simplest approaches to measuring surface wave velocity dispersion rather than employing methods
requiring detailed waveform modeling and high signal‐to‐noise ratios, but such methods may be explored if large
and clear events are observed by Dragonfly. In the case of icy ocean worlds, surface Rayleigh waves are shorter
period waves (compared to flexural waves) that don't interact with the bottom of the ice shell (Table 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 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 (Stähler et al., 2018). While the high scattering envi-
ronment of Earth's Moon has limited surface wave observations and modeling, such approaches have been critical
in increasing our understanding of the interior of Mars (Beghein et al., 2022; Drilleau et al., 2023; Kim
et al., 2022, 2023; Li et al., 2022; Panning et al., 2023) and has long been proposed for use on Europa and other icy
ocean worlds (Kovach & Chyba, 2001; Marusiak et al., 2023; Panning et al., 2006; Stähler et al., 2018).

This method of using long period seismology has been particularly useful to study other planetary bodies besides
Earth: to constrain elements of the Martian interior: Kim et al., 2023 and 2022, Panning et al., 2023, Beghein
et al., 2022, etc.); there are not so many examples for theMoon but Dal Moro et al., 2023 provides a notable study,
and also a similar study to this work in particular was performed for Europa in 2006: Panning et al., 2006. Thus
this work is not done in isolation, but apart of a growing number of extaterrestial synthetic seismology studies. In
the absence of real data, synthetic seismic profiles serve as a baseline for comparing real seismic data to. This type
of approach was used for Mars InSight seismology—they created a large catalog of potential events (≈ 5000) and
were able to use that catalog to figure out what the events they were seeing were. This case study is just one such
event in ongoing effort to catalog potential titanquake profiles in preparation for the Dragonfly mission.

2. 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 Kalousová and Sotin (2020). Kalousová and Sotin (2020)
provide the thermal profiles for a conductive stagnant lid on top of a convective ice layer on Titan. The results
from their numerical simulations of thermal convection on a 100 km ice shell informs the ice shell models of
Marusiak et al. (2022) and this work. Marusiak et al. (2022) demonstrated large changes in seismic ground
motions and arrival times (≤2.0%) when comparing the 10 km‐thick methane clathrate lid to an ice shell of water
ice. In this study we have modeled a 20 km‐thick clathrate lid as well. We choose not to vary the overall ice shell
thickness, though, as implications of that have been discussed in other papers (Marusiak et al., 2023; Panning
et al., 2006; Stähler et al., 2018) and the impact of that on long‐period surface waves has been well‐characterized,
while this study is focusing on whether variations in the thickness of a potential surface clathrate layer would be
resolvable in long‐period seismic data. The three models chosen (no clathrate layer, 10 and 20 km) cover the range
of reasonable models of stable clathrate layers that could be maintained without being mixed into the ice shell
through convection. A shallow source depth is chosen because cracking events are more likely in the cold and
brittle upper portion of the ice shell, and shallow sources maximize surface wave energy which we are analyzing
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in this study. Magnitude 3 (Mw =3) events are a reasonable expectation for events that could be observed
occurring in each Titan tidal cycle based on a model where seismicity scales with tidal dissipation (T. A. Hurford
et al., 2020), but since we are not explicitly including noise levels due to environmental sources and instrument
performance, alternative magnitudes can be modeled by scaling. We focus on whether dispersion observations, in
a best‐case scenario of clear observations of surface waves, can resolve between models of clathrate layer
thickness.

Models consist of spherically symmetric interior profiles created with PlanetProfile (Styczinski et al., 2023;
Vance, Kedar, et al., 2018). 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 94K (Jennings
et al., 2016) and the temperature at the base of the ice shell, (Tb) , was approximately 260K for all the models.
Model values for Tb are selected to set the ice shell thickness based on the pressure‐dependent melting point
of the ocean fluid (Journaux et al., 2020). While different ice shell thicknesses will strongly affect the long‐
period data in icy ocean worlds (Kovach & Chyba, 2001; Marusiak et al., 2021; Panning et al., 2006; Stähler
et al., 2018) 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 AxiSEM (www.axisem.info) to create three‐dimensional (3D) global seismic wavefields in an aniso-
tropic, visco‐elastic Titan‐like 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 da-
tabases generated with AxiSEM (van Driel et al., 2015). Although originally designed for Earth, AxiSEM and
Instaseis have been adapted for arbitrary spherically symmetric models of other planets and icy ocean worlds.
The seismograms were generated for a Mw = 3, double‐couple event at 3 km depth. Currently, the exact
mechanism of a titanquake has yet to be measured, however double‐couple mechanisms do well at repre-
senting most sources observed on Earth and planetary bodies, with the exception of impact sources. While the
mechanism chosen impacts the relative amplitude of seismic body and surface wave amplitudes, in this study
we focus on the general ability of surface wave measurements to differentiate between clathrates models
without explicitly taking into account sources of noise in Dragonfly measurements, and thus the amplitude has
little impact on the study conditions.

Using the output 1D seismic wave velocity profiles from PlanetProfile as inputs, dispersion 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 1). This code also computes synthetic
seismograms using normal mode summation in a spherically symmetric planetary model. The complete
seismogram of Titan can be expressed as a sum of the normal modes, with the proper corresponding exci-
tation factors, similar to normalization coefficients (Shearer, 2019). Eigenfunctions for an given eigenfre-
quency can be written as

u(r) = [nUl(r)er + nVl(r)∇1 − nWl(r)(er × ∇1)] Ym
l (θ,ϕ), (1)

where n is the radial order, l the angular order, m the azimuthal order, and Ym
l is the spherical harmonic (variables

defined in Table 2). Normal modes were 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 accordance with the sensitivity specifications that Dragonfly's DraGMet
seismometer will have (being sensitive to only the vertical component) (Figures 1 and 2) (Lorenz, MacKenzie,
et al., 2021). Under the assumption of radial symmetry, the eigenfrequencies and eigenfunctions are not
dependent on l or m, and depend only on radius:

∇1 f (r) = ∂θ f (r)eθ + (sin θ)− 1∂ϕ f (r)eϕ, (2)
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with mode normalization

∫

rT

0
ρ(r)( nUl(r) + l(l + 1)nV2

l (r)) r
2dr =∫

rT

0
ρ(r)l(l + 1)nW2

l (r)r
2dr = 1. (3)

where rT is the radius of the Titan, 2575 km. We look at angular orders up to l = 3000, and frequencies up to
150 mHz, although we sample the envelopes at lower frequencies (up to 100 mHz).

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 AxiSEM/Instaseis since both use different methods 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
band‐pass filtered both between 20 and 100 mHz (Figure 3). Using the Axi-
SEM/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 (Figure 4).

We also present the results of the envelope picking for observations using the
AxiSEM/Instaseis‐generated synthetic seismograms in comparison with
Mineos data (Figure 4). In the first panel of Figure 4 we see the mean group
velocity measurements (from AxiSEM/Instaseis) for the range of the distances
and center frequencies, as well 1‐σ (standard deviation 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.

Table 2
Definitions of Major Terms From Equations 1–3 Used for Calculating
Theoretical Dispersion Curves as Well as the Normal Modes
(Woodhouse, 1988; Masters et al., 2011; Panning et al., 2018)

Variable Definition

r, rT radius, Titan radius

n radial order

l angular order

ρ density

m azimuthal order

f (r) eigenfrequency

nWl(r) toroidal eigenfunction

nUl(r), nVl(r) spheroidal eigenfunctions

Ym
l (θ, ϕ) spherical harmonics

Figure 1. Theoretical dispersion curves, containing group velocity measurements as a function 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.
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3. 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 2πd, where d is
the thickness of the ice shell (Panning et al. (2006); Stähler et al. (2018), Table 1, Figure 1). While this
Stoneley mode behavior of the fundamental mode was not discussed in previous modeling of long‐period
ocean world seismic wave propagation, for example, (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 Stoneley mode
behavior 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 2πd where the flexural mode
transitions to the Stoneley mode. This contribution is partially demonstrated in the normal mode displacement
seismograms (Figures 5a–5c and 5e); these seismograms were generated for a Mw = 3, double‐couple event
at 3 km depth so the Stoneley mode is not visible due to both low excitation from a near‐surface source, and
low amplitudes of the mode for stations on the surface (Figure 6).

We present the theoretical dispersion curves (group velocity as function of frequency) for different modes for the
three different interior structure models (Figure 1). The fundamental 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 ≈20–50 mHz. There is considerable 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
expected to be mostly non‐dispersive, thus vp ≈ vg, where vp is the phase velocity and vg is the group velocity
(Table 1). (Stähler et al., 2018) predicts a characteristic Rayleigh wave velocity of approximately 1.8 km/s,
assuming a compression wave velocity (vP,ice) of 4 km/s, and a shear wave velocity (vS,ice) of 2 km/s, with
vg ≈ vp = 0.9194 vS,ice. We note that the fundamental mode shows a group velocity of 1.4 km/s above the

Figure 2. Illustration of the transition between the flexural wave and Stoneley mode in the fundamental mode, and a Rayleigh
wave in the first overtone. Group and phase velocities 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 and 13.7 mHz. This trend is also the same for the 10 and
20 km methane clathrate lid models.
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Figure 3. Comparison of band‐passed filtered, ground motion velocity seismograms. The seismograms in blue were generated with AxiSEM/Instaseis, and the
seismograms in were generated via the normal mode summation codeMineos: (a) 0 km methane clathrate lid (pure water 100 km ice shell), (b) 10 kmmethane clathrate
lid ice shell, and (c) 20 kmmethane clathrate lid ice shell. Here the seismograms are in phase, however there is a notable difference in ground motion velocity amplitude
between the two‐types of seismograms. All seismograms filtered from 20 to 100 mHz.
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Figure 4.

Earth and Space Science 10.1029/2024EA003703

BRYANT ET AL. 8 of 17

 23335084, 2024, 12, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2024E

A
003703 by R

eadcube (L
abtiva Inc.), W

iley O
nline L

ibrary on [07/12/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



flexural mode, while the first overtone shows a more Rayleigh‐like velocity of 1.8 km/s. This provides further
support for the interpretation of the fundamental mode as a Stoneley mode, which has a velocity controlled by the
P velocity of the underlying ocean (Stähler et al., 2018).

There is overlap of the ±1σ region for either method with the fundamental mode, especially 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 (AxiSEM and
Mineos) are centered around the first overtone value, but we see that the ±1σ of calculated center frequency
dependent group velocity also overlaps with the fundamental mode (Figure 4).

Figure 4. 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°–
150° epicentral distance, and center frequencies: 3–100 mHz. Also denoted is one standard deviation (1σ, normalized to N‐1) of the samples. Overlaid fundamental
mode and first overtone theoreticalMineos 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. Also it is important to note that we denoteMineos and theoretical predictions and AxiSEM as
mock observational measurements.

Figure 5. Isolated normal modes generated usingMineos, 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 1 to 4. 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, c, e), and velocity (right: (b, d, f).
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Comparing the band‐passed filtered seismograms (between 20 and 100 mHz) of the AxiSEM/Instaseis and normal
mode summation generatedMineosmodels, 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). 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
(Kalousová & Sotin, 2020; Marusiak et al., 2022) (Figure 7). The conductive, 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 differences 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 5 and 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; Stähler et al., 2018).

We see clear separation of the mode information with the fundamental mode displaying the flexural wave at very
low frequencies, below ≈3 mHz. The first overtone carries the high amplitude Rayleigh wave above ≈ 14mHz
(Figure 5). In Figure 5, in line with Figure 2, 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° seismogram
(Table 1, Figure 3).

To understand the contributions that individual normal modes have on the resulting surface waves, we look at the
individual normal mode seismograms (Figure 5) withMineos, as well as plot the eigenfunctions (Equation 1). For
all models, the fundamental mode peaks about 200s after the peak of the full normal mode (up to n = 999)
seismogram (Figure 5). It is clear that the first overtone, rather than the fundamental mode, contains the Rayleigh
wave energy at higher frequencies (Figures 2, 5 and 6). 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 6). Meanwhile, the fundamental mode eigenfunction shows the characteristic peak

Figure 6. Vertical and horizontal eigenfunctions for a frequency of 20.1 mHz for both the fundamental mode
(n = 0, l = 237) and first overtone (n = 1, l = 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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at the ice‐ocean interface expected for a Stonely mode (Figure 6). 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.

Taking a closer look at 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 eigen-
function, 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 8).

Figure 7. Plots of (a) radius versus seismic attenuation (quality factor‐Q), and (b) radius versus the temperature for all
models: pure water ice (no clathrates), 10 and 20 km methane clathrate‐lids.
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4. 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
implications for the seismic attenuation based on the choice of the thermodynamic model chosen for this study
from Kalousová and Sotin (2020). 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 the presence and thickness of a clathrate lid. On a larger scale of
analyzing interior models, the possible 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, for example, (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 25–250 s (frequencies ranging from 0.004 to 0.04 Hz)
we can infer Europa's ice shell thickness using the Bayesian inversion method implemented by (Maguire
et al., 2021). 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
(Schubert et al., 2004), a fraction of Titan's estimated ice shell thickness 25–200 km (Baland et al., 2014; Barnes
et al., 2021; Béghin et al., 2012; Deschamps et al., 2010; Durante et al., 2019; Hemingway et al., 2013; Iess
et al., 2012; Mitri & Showman, 2008; Nimmo & Bills, 2010; Sohl et al., 2014; Tobie et al., 2006). 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

Figure 8. Vertical and horizontal eigenfunction amplitudes for the entire hydrosphere (region 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, l = 35). The
model shown is a pure water 100 km, Titan ice shell. As in Figure 6, 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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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,for example, (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, although it may be
important in the future to adequately model real Titan data. For this study, we choose to investigate differences in
surface waves under a simplified scenario. Additionally, we did not account for a realistic Titan noise envi-
ronment or model instrument self‐noise which would create additional challenges in measuring surface wave
dispersion.

We see that the dispersion measurements are dominated by the first overtone. The uncertainties (1σ) 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 simulated models (spherically symmetric Titan models, 100 km thick iceshells with and
without methane‐clathrate lids with a 10% magnesium sulfate ocean) (Figure 4). The uncertainties seen are
inherent to making group velocity measurements on envelope data at a single station, which is the most likely
measurement approach expected to be reliable on difficult planetary seismic data. Higher‐precision group and
phase velocity measurements can be achieved with more complex waveform modeling approaches, but this may
not be possible on Titan with the single‐station measurements from Dragonfly which relies on an instrument
peaked at much higher frequencies. It's possible that source array approaches could be applied if there are multiple
well‐located events on Titan, but that will be difficult with a single vertical component seismometer and relatively
noisy horizontal motions from geophones on the skids of the spacecraft.

While mode‐stripping approaches to separate fundamental and higher mode branches may be possible with very
high‐quality seismic data, separating modes is likely to be quite challenging, particularly if the signal‐to‐noise
ratio is not particularly high and epicentral distance is not well‐constrained. Given these limitations expected
in the real data, we chose to focus on measurements of group velocity on envelopes which is one of the most
robust techniques possible in non‐ideal measurement settings.

Analyzing signals in the context of expected signal and noise strength on Titan withDragonfly is upcoming work,
but both expected signal strength and environmental noise levels are not well‐known. For this reason, we chose to
focus in this study on simple approaches applied on noise‐free data to understand limits on resolvability of
structure in a reasonably best‐case scenario. Additionally, a characterization of an ice cracking event on Titan has
not been addressed in work or in any other previous works currently—but would make for a useful future paper.
Estimates from Hurford et al. (2020) suggest that global cumulative seismic moment release per tidal cycle and
maximum event size comparable to aMw = 5 event could be expected on Titan, which could imply regularMw =

3 events, but this is very difficult to constrain before arrival on Titan. Future work specifically modeling signal
and noise strength comparable to existing work for Europa (Panning et al., 2018) is a likely topic for future study.

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 (e.g., 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 AxiSEM/Instaseis seismograms in comparison to Mineos
(Figure 3). Ideally, both methods of generating seismograms should agree, especially since both use the same
radial velocity profiles generated by PlanetProfile. The AxiSEM/Instaseis method uses Green's functions in the
time domain, whileMineos 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 ground motion velocity instead of the
displacement, as data collected with the Dragonfly seismometer will be used to infer surface wave velocities. It is
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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 150 mHz, 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 4).

Looking again at the ground displacement plots (Figure 4), we can see the flexural wave clearly in the funda-
mental mode. However, given real seismic data the Dragonfly seismometer will not be sensitive to this lower
frequency (≈ ≥ 2 mHz) information nearly three orders of magnitude below the peak sensitivity of the seismo-
gram. Visualizing this modal decoupling in this manner (i.e., looking at the fundamental mode, first and second
overtone, in comparison to the full mode summation) is more useful in pinpointing why this phenomenon (the
Rayleigh pulse occurring in the first overtone, as opposed to the fundamental mode) occurs when there is a thick
ice shell.

5. Conclusions
WhileMineos 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 fromDragonfly in
the mid‐2030s. This research also applies to other icy ocean worlds where surface/near‐surface clathrates could
exist.

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, AxiSEM 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., 1999) 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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