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Some background: what do we know?

What we’re unsure about —

What we observed, we know —

Organic-rich atmosphere and surface

De-coupled icy shell

Global subsurface ocean

2
Lakes' (NLDSAR) Mountains ridges’ (NLDSAR)

High-pressure ice

Hydrous silicate core

Dune fields? (SAR) Impact crater (SAR) Fluvial channel1 (NLDSAR) © Angelo Tavani

[1] Lucas et al. 2014, [2] Radebaugh et al. 2007
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What can seismic data tell us?

=> Can Titan produce
detectable quakes?

=> Can P-wave multiple
constrain the ice shell
thickness?
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What can seismic data tell us?

=> Can Titan produce
detectable quakes?

=> Can P-wave multiple
constrain the ice shell
thickness?
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Methods — Defining the source

STEP 1: global tidal stress field modeling + fault
hts) &é ﬁﬂ, orientation — resolve normal & shear traction
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Methods — Defining the source

STEP 1: global tidal stress field modeling + fault
orientation — resolve normal & shear traction

STEP 2: Coulomb stress from the
resolved tractions
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1D Model of parameters (PlanetProfile, Vance et al. 2018)
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Methods — Defining the interior model

« 1D self-consistent model with PlanetProfile software
« Ice Ih thickness uncertainty + 40km! = test of 2 scenarios

- Anelastic attenuation data from experimentations = test of 3 scenarios
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I'Titan [km]

1D Model of parameters (PlanetProfile, Vance et al. 2018)
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Methods — Defining the interior model

1D self-consistent model with PlanetProfile software

Ice Ih thickness uncertainty + 40km! = test of 2 scenarios

- Anelastic attenuation data from experimentations = test of 3 scenarios
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Synthetic waveforms

« wavenumber integration method of the
CPS — well performance at HF
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Synthetic waveforms

« wavenumber integration method of the
CPS — well performance at HF
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Retrieving the Outer Ice Shell thickness
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Retrieving the Outer Ice Shell thickness
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Take-home Messages

» Detection from potential seismogenic zone with environmental limits needs either a Mw 2 4.0, a low
attenuation and/or a closer distance

» Depending on attenuation, we can detect from 600-1,000 km.

 Time separations may be useful for measuring the outer ice shell thickness

V' SEIS receive

Longitude [°]
Longitude []

Delaroque et al. 2025 (accepted)

9/9



Thank you!

Questions welcome

Hyugens’s descent on December 2005. Credit: NASA, CALTECH, SSI, ESA
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Anelastic Attenuation Models

Attenuation model extrapolation at seismic frequencies -> Dislocation-relaxation mechanism non-negligible at LF (1 Hz) and HT (<-30°C)

Loss compliance D, [Pa~!]
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Detectability Mapping
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Table 1. P-multiples detection for different attenuation models and ice thicknesses for a M,,

4.0 event size.

Source-receiver distance

600 km* 800 km* 1000 km 1200 km

Ice thickness Attenuation model

PlanetProfile (PeP)y 4590 (PeP)3,cy5  (PeP)g 15 (PeP)g_, .y
46 km Pure Ice (PeP)y_,10  (PeP)s 10 X X
Greenland (PeP)ycq:4 X X X
PlanetProfile (PeP);_y7_g  (PeP),_,q X X
75 km Pure Ice (PeP)3_, 4 X X X
Greenland X X X X

Note. *At relatively short source-receiver distances, late P-multiples may inter-
fere with (SeS),, phases and surface wave arrivals.

N T e et

Vv SEIS receiver
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Source — Choice of the Event Size (1/2) |

Objectives: What are the expected event sizes?
= Determine the seismic energy release (Gutenberg & Richter,

1944)

= Link the observed number of events as a function of magnitude

= Need to define 3 parameters: the b-value, the cumulative seismic

moment M, the largest event M expected

Gutenberg & Richter, 1944

(1) log10 N(MW) =a-— bMW

Golombek et al. 1992 log,o My, = 1.5M,, +9.1
— —B
(2) N(MO) =AM, a =log,0A —9.1B
b=15B

@) | My = == ()

Gutenberg-Richter relationship

10-1 -4

102

107

T T v L T T T
=1 0 1 2 3 4 5
Mws

318 day (20 tidal cycles) catalog

Magnitude

0 50 100 150 200 250 300

Panning et al. 2021



Gutenberg-Richter relationship for Titan catalog

Source — Choice of the Event Size (2/2)
Objectives: Is the stress drop consistent with tidal models? i
= The seismic moment M, linked to the moment magnitude M,, by i
Kanamori, 1977 1074
= Static stress drop for a regular crack model (i.e. L > w) from -

Kanamori & Anderson 1975 expressed in terms of M, = e i 55 n o 5
Moment Magnitude M,y

159 day catalog (~9 Titan-day tidal cycle)

6
Kanamori, 1977 B =0
M, 4.0 = 1x10° N - m vX =30
3 5 0T
(1) 10g10 MO - EMW + 9.1 = 23
M, 3.0 — 4x1013 N - m "
— 2.0
s s
- J) AR, Sy (U RV U1P W L JN ., 1 e 2
; £ 5l s o. i 5 - T e b .: 15§,
Kanamori & Anderson 1975 T o ot o e o T A I g
. ® o,
Tidal stress models — ~ 25 kPa GO A cot® g % o L85,
2 2 M o ’ 1‘%»\ ‘T“«‘;‘Qﬁa%" "0,5 % '. 25»&'?'1 ;Q:?e %% ﬂ-g’f:: ‘< 1.0
(2) Ao = 7 Lw? M, 3.0 — w~20m,L~1km ~25kPa e e P A
14 F 0.5
M, 4.0 > w~80m,L~2km ~50kPa
0 - T T . T T . S
0 20 40 60 80 100 120 140

Earth Day
Here I've updated the values from Panning et al. 2018 & Panning et al. 2021 (see slide before)



Source — Tidal dissipation rate: what do we rely on?

As the k, value has been updated, the tidal dissipation rate used for
seismicity catalog predictions should change too! Therefore, some

updates are needed.

According to Hurford et al. 2020, the total energy dissipated in a given time
period T is given by:

E; = (2—2) (22—162) (M>J (1 — 0.143 cos(2nt))dt

Which becomes

b (5) ) (P —oses 22T

With the orbital parameters: The par.arlm;(ters td° choose
e: orbital ellipticity are mainly k; and 0

G: gravitational constant

* Mp: mass of Saturn

R: Radius of Titan

P,,,: Period of revolution

* n:mean motion _2m

Now, the cumulative moment (i.e. characteristic timescale for
moment balance) can be expressed as:

o (5) ) ()

The largest predicted seismic event is written as:

Mc=f) M,

With f the fraction of the “total moment release captured in the
largest seismic event”, and n the “conversion factor between

total energy dissipated and total seismic moment release”
according to Hurford et al. 2020.
The conversion of M, to M,,, based on Kanamorietal. 1977:

2
My,c = 3 (logyo M¢c —9.1)

Where does actually the Q value come from? See the new
paper of Downey et al. 2025!!



Models — Details on the Interior Structure used

T, =262 K

Pure water ice shell (phase Ih)

= Aqueous 10 wt. % MgSO,

ocean

igh-pressure ice shell (phase VI

Silicate interior
Chondrite CV

Old values New values
C/MR? = 0.3414 + 0.0005 (Fortes et al. 2007, less et al. 2010) — 0.345 + 0.01 G ¢ al. 2024
K, € [0.589  0.15; 0.637 + 0.224] (less et al. 2012) . 0.375:006 (Goossensetal )
Titan’s oceanic composition of 10 wt. % MgSO4
Parameter
Ice Ih 46 km Ice Ih 46 km

P MOY. [kg.m™] 3625 3622

T, [K] 266.0 262.0

D, [km] 46.0 75.0

D, cean [kM] 463.0 369.0

D, [km] 35.0 82.0

D antie (KM 2031 2049

* Temperature (Tb) between the ice shell and the ocean values from Vance et al.
2018. D is the layer thickness

Delaroque et al. 2025 accepted (Supp. Mater.)



Waveforms — Theoretical Ray-paths
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