Fit with data

Mars Models versus Geophysical constraints
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Love number data support large core possibly with Hydrogene!

Such large core are not compatible with a spinel-perovskite discontinuity in
the mantle T

Did Mars have such discontinuity in the past?




Mantle structure

Density models of Mars P Velocity models of Mars S Velocity models of Mars

i T T
!

|

/

e

1600 1600

1 1 1 1 1
3000 3500 4000 4500 7000 8000 9000 1000011000 4000 4500 5000 5500
density kg/m**3 density kg/m**3 density kg/m**3

Group velocity km/s
perturbation with respect to mean %

e Large effect of the FeO content
e (rustal thickness unknown, etc

e Large seismic effects Bt gt




50 60 70

epicentral distance, deg

Quake with seismic moment of 10**15 Nm
About 15 quakes per year with such moment

Wind/shadow protected

VERTICAL

Seismic activity can be estimated by
comparison with the Moon

Quakes on Mars, like on the Moon
can be generated by thermoelastic
cooling of the lithosphere

Attenuation has a strong effect on
short period remote events amplitudes

o

a = a, exp

About: 15 quakes/year Ms=4.2; 55
quakes/year Ms=3.2

e Amplitude increase by about 30 for
one magnitude init at long period

Noise

Put the seismometer on the ground (
NOT Viking example)

Use the station as sun/wind protection

Use meteo data to decorrelate the
residual noise




Impacts

Impact of ECAs on the Moon
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 Seismic activity, from thermoelastic cooling of the lithosphere indicate about 50 quakes with
Moment > 10'* N.m per year (10 with Moment > 10!> N.m)
e For realistic noise level (10 ms2/Hz!? in 0.1-1 Hz), 60 % of the quakes might be detected




Simulated Seismicity Map, Magnitude Ms Range 0 - 5.5
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Oberst et al, 2004 DLR/IfP




Normal mode seismology

Normal modes ( free oscillations) are bell-like global
oscillations of the planet

They typically request magnitudes Ms >7 quakes on the Earth
to be observed

Seisme : tles Balleny 25/03/1998 Magnitude : 7.8 Station : ECH  duree : 48h
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Normal modes equation

e Normal modes are solution of the gravito-elastodynamic

dv ,. | s
— =V.T+p(g-QAQAT))=20QAV,
at

p — po + div(pou) = 0.
—C:Vu—uVTy V20, = —4nGdiv(pou).

e Normal modes are sensitive to C but also to density

. Solution is given by

un.,f m (’{ n,f{ r ' Y}m '9 O' . 5 Vn,(": r 'v C-m '9, CD' -+ W,hf': ' & ,:'er N V ém |0, QI9|

and obtained eigenfrequencies depend on the two number | and n ( and not
three, 1.e. including m)
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* Amplitude of Normal modes is more and more localized
toward the Earth surface when angular order increases

Normal modes lead therefore to surface waves for high angular

orders
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Normal modes of planets with different size @\

* Some rough idea on the excitation of Normal modes on a planet

— Most of the energy for shallow quakes is released in the excitation of the Fundamental
branch (,S)
Period of a Normal mode is proportional to
e ¢cT~2mal/L
* Where a is planetary radius and With typicall values of ¢ ~~3.5-4.5 km/s
e Density of normal mode with respect to frequency is therefore proportional to the inverse of a
Maximum of fundamental is a a depth of A/3
Kinetic Energy of a normal mode is therefore proportional to
e« E(L)~ 12pdma’hv?

e Exitation of Normal mode by a Seismic source releasing Po seismic energy in a frequency
bandwidth Dw leads to

ki) = 2ma’ A’
Aw




Comparison between Mars and Moon gf’\

10**18 Nm at 90 degrees, Moon: All Modes

acceleration amplitude ms**-2/sqrt{Hz)
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10**18 Nm at 90 degrees, Mars: All Modes
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e Amplitudes are larger on small and cold ( high Q) planets
 Amplitude are above the detection threshold on Mars for the largest expected quakes




Up: spectral amplitude density
for a 10'® Nm quake, for the
different epicentral distances.
Amplitude exceed the 10° ms
2Hz'!2 level (considered as a
conservative estimate of the
Martian  vertical noise) at
frequencies higher than 3 mHz.
At frequencies higher than 5-7
mHz, the signal to noise ratio
exceed 5. Down: Same but for
the frequency window 10mHz-
20mHz. Note that some peaks
are still resolved with a 12 hours
time serie in that band which is
not possible on Earth

Spectral amp, 10¥*(-8) m/s**2/sqrt(Hz)

Spectral amp, 10%**(-8) m/s**2/sqrt(Hz)

Moment 10%*18 Nm, duration 40960 sec

Frequencies mHz
Moment 10**18 Nm, duration 40960 sec

T ¥ T
14 15 16
Frequencies mHz




challenge... normal modes (1)

The continuous excitation of normal modes may offer an other possibility for normal modes
detection. For a bandwith of 0.2 mHz (mean spacing between the fundamental modes), the
detection level will be 10! ms2 (1 ngal) for a noise of 5x10-19 m/s?2/Hz!? . Expected
amplitudes on Mars might be of 2-3 ngals.

Example of continuous
excitation on the KIP
Geoscope station
(Tanimoto 1998)




Excitation mechanism

e Tanimoto (1998), Kabayashi & Nishida, (1998):
— Stochastic excitation by turbulences (~Sun modes):
p =p v’( MH)?3 , time T = H/v ( MH)??3
* Kolmogorov theory for the boundary layer turbulences
estimate of turbulences:
pVviH=pa AT g
e equ. Reynolds stress generated by buyancy forces

(1-A)P/4=p C, AT v

 Energy budget »

e Mean velocity of 4 m/s

v=6 m/s 1s needed to
explain observations

v=4 m/s is provided by
energy balance

* 000d order of magnitude
e very simple theory ( non exact forces,
Atmospheérique coupling) ...




challenge... normal modes (2)

The continuous excitation of normal
modes may offer an other
possibility for normal modes
detection. For a bandwith of 0.2 [l
mHz (mean spacing between the \/Id“
fundamental modes), the detection
level will be 10-1! ms= (1 ngal) for a Venua 1.58 657
noise of 5x1010 m/s?2/Hz!2 . QFEEiuEry 1030
Expected amplitudes on Mars might Mars | 1.21 657
be of 2-3 ngals.

¢Kobayashi & Nishida, (1998)

Venus .




challenge... normal modes (2)

The continuous excitation of normal
modes may offer an other
possibility for normal modes
detection. For a bandwith of 0.2 Veas 6. 89
mHz (mean spacing between the Barth L16 8
fundamental modes), the detection Mars 133 x 10° 31
level will be 101! ms2 (1 ngal) for a [ v [m/s] 0 [nano gal]
noise of 5x10710 m/s%/Hz!?2 . |G 0.9 2.2
Expected amplitudes on Mars might Barth 38| . 3.4

be QhonR%3ls: & Nishida, (1998) Mers ' 3

planet put [kg/m¥]

e Sensitivity to boundary layer
turbulences can be computed by
taking into account the real

interior/atmospheric coupling
(Lognonne et al, 1996)

surface coefficient { ngalkmy1000s/K)

30
Angular order




More detailled analysis...

Take a Global Circulation model of Mars (Forget and Lognonné,
In preparation)

Compute the pressure glut of the atmosphere
Compute the normal modes

Acceleration density ngal/s, L=20, high pass

lattitude, degrees

5 10 15 20 25 30 35 40 45 50
Time ( x1000s)

- -156-120-90-60-30 0 30 60 90 120150
longitude, degrees



Subsurface exploration....

—Fine couche
de poussiéres,
débris rocheux

A Dépéts stratifiés
/ éoliens

—Dépbts fluviatiles
laves
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Water detection

The first resource on the surface of another planet ...

Conductivité électrique (S.m ")
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First parameter (Mag): electrical conductivity jump.

Passive method using the ionospheric magnetic field as a source for the
generation of telluric currents

e Second parameter (Seis): seismic attenuation

e Passive method possible only if local cracks or small
quakes or impacts detected

25 20 -15 -10 -5 0 5

Température (°C)

e  Third parameter (GPR): permittivity jump
e Active method enabling a 1 D profil below the landers




Active seismic experiment was performed on the Moon on
Apollo 14,16,17

Recording at 3 km for 2.7 kg, with geophone (narrow band)
and saturation: broad band SP are much better

Burried sources (e.g. penetrator) will have much higher
efficiency

Penetration depth of 1.4 km achieved

Safety protocol on human flight achieved

Mortar with seismic sources, Apollo 16

Apollo 17, 454 g of explosives, 1.2 km from the geophone
Transmitter noise




Shallow structure...

Thermal noise = seismic noise

With a network and by correlation, the position of the source can be extracted
and the structure inverted ( Larose et al., 2005)

The four geophones

Central Station

Group Vel.

frequency (Hz)

| 20 counts

1h 15mn 00s 1h 15mn 10s




Apollo seismometers were able to track the Luna
surface...

Dust devils can generate heavy and localized gro
High resolution imaging by MRO might provide

Azimuth determination of the seismic signal and
distance and location with time of the seismic so

First Estimation of amplitude lead to signal a priofithi
project ongoing il




Further perspectives

e Seismology on Europa
e Remote sensing seismology




The Interior of Europa © Copyright 1999 by Calvin J. Hamilton




Europa... Seismic sounding

e Shear waves verity the
propagation equation

‘— Rigid 100} : - 100 : i
AR Convective ‘—‘ ‘—I
110 :

T R e N UL T W Where u and T are the horizontal
BTN Clisplacement and stress

st Lo et g s 5 sl sl e * They must have zero stress at
- the surface and bottom of the ice
shell and therefore, we have

i (wt —kz)

u(x,z) = u(z)e

Z
=> u(z) = u, cos(ml E)



Europa... Seismic sounding

e Shear waves verity the
propagation equation

‘— Rigid 100} : - 100 : i
AR Convective ‘—‘ ‘—I
110 :

T R e N UL T W Where u and T are the horizontal
BTN Clisplacement and stress

st Lo et g s 5 sl sl e * They must have zero stress at
- the surface and bottom of the ice
shell and therefore, we have

i (wt —kz)

u(x,z) = u(z)e

Z
=> u(z) = u, cos(ml E)



e This leads, for each mode (i.e. for a given 1) to a cutoff
frequency below which energy does not propagate and to
dispersion curves of the group velocity

-
e
£

B3

—

—
-'__\

k-

=
s

@

Fresquency (Hz)

e processing of the seismic signal with frequency will provide
constraints on the shell thickness




[Last but not least...

Remote sensing seismology on Venus




1,400,000 km

ESA/NASA spacecraft observation
with MDI (Michelson Doppler
Interferometer Instrument)

Sun velocity is measured by a using
emission of Ni in the photosphere

1024x1024 pixels provide the vertical
velocity of the Sun every 60 sec with
20 m/s of error




July 9, 1996 solar flare
Quake equivalent magnitude M=11

Vertical displacement of about 3

1,400,000 km

A. G. Kosovichev, V. V. Zharkova, Stanford Un.




Exemple 2: seismic remote sensing of Jupiter

July 9, 1996 solar flare
Quake equivalent magnitude M=11

Vertical displacement of about 3

1,400,000 km

A. G. Kosovichev, V. V. Zharkova, Stanford Un.




Exemple 2: seismic remote sensing of Jupiter &

NASA HST, WFEC in optical mode
July 22, 1994 Shoemaker-Levy 9
1mpact

Quake equivalent magnitude M=9

Vertical displacement 100m but with
clouds-albedo modification

No seismic waves observed on ground
and space observations

Tsunami/gravity waves observed

130,000 km

H. Hammel et al, MIT




SL9 impact

MPI fir Astronomie Heidelberg

Centro Astronomico
Hispano Aleman Almeria




Exemple 2: seismic remote sensing of Jupiter @\

¢ Impact of the Shoemaker Levy-9:
Gravity waves detected by HST

Gravity waves

i ._'_ -"l'.-.l

““'= %w_yv__vafa@ 1

1800 3600 5400 7200 9000
Time after impact (s)

Hodochrones are still too fast for the
present models of Jupiter

Hammel et al., 1995




Théorie des modes propres: 1D

e exemple d’un milieu semi-infini

¢ 1mpact:
* modes & fréquences complexes

¢ opcrateur non-hermitien | .
e sommation de modes possible

¢ operateur symetrique
¢ modes bi-orthogonau




Approche asymptotique




Théorie des modes 3D

e condition de radiation au sommet de 1’atmosphere
 densité d’énergie: E=pu? = cte exp(-Az/r,)
e condition aux limites:

— 0=P-(C,,-M/C,, pgU

10 1%

]

e terme supplémentaire
 dépendance fréquentielle

8

frequency, mHz
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Venus background

Venus interior is still unknown (gravity data only)

The resurfacing history of Venus provide an average age of
300-500 Myears for most of the planetary surface

Rate of volcanism comparable to Earth intraplate activity are
found

Seismic activity of venus might
generate a few Ms=6 per month

On Earth, typically a few Ms=7

What is the real activity?

What 1s the detailled crustal structure?
What 1s the upper mantle structure?




Generation mechanism of infrasonic waves by seismic waves @)
A

ionosphere
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Far field:

Earthquake Rayleigh wave




Pressure and seismic signal at ground level gf’\

Time-frequency analysis : 26 Jan 01
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Atmospheric propagation

e Attenuation due to viscosity 1s important above 100 km height and
strongly constraints the attenuation of waves (Artru et al., 2001)
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Coupling atmosphere-ionosphere

dv. eB E . k,TVN, _ .
=—(—+v, xn-—L—=L+g+v (u-v)
dt M, B M N,

I 100 s ~larger term

Can be neglected

e gravity can be neglected
for the time variations

e control of the signal
altitude 1s by the neutral-ion
collision frequency

10.0406 20.0355 30.0304 40.0253 50.02037 60.0152
Geomagnetic Latitude (Northward),deg




lonospheric piercing points at 350 km {15h0)
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Surface waves energy lost?

Atmospheric lost I I I I

Solid Earth lost ( Q)

Amplitude Conversion Energy Conversion Energy balance

20. C. 2z
f=pcp%;c~ _ PairCar e 7 TR 04 aT
air~ air int "~ int

r o= PuirC air ~ PintCint ~ — E = ggpanc(%
pintcint

paircair + pintcint 1
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Atmospheric coupling for several planets... @\

Atmospheric coupling of Rayleigh fundamental modes

. .
w [
T TTTTTT T T

p

+ ...

21 27
E =T+ TRe Q+...+I{Re Q

E = gg paircai/
JU pintcint

Frequency mHz



Jupiter

where the cutoff frequency is given in first approximation by w, = _ and where
P
Y = c’4/p,div(v) is related to the square root of the acoustic energy cy,p,div’(v),
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Venus Background for atmospheric seismology @\

e Maximum ionisation in Venus ionosphere is reached at about 140 km, an altitude
comparable to HF sounding altitude on Earth

e Ground acoustic jump 1s much better

— At the surface, pressure is about 90 bar,
density of about 60 kg/m3, acoustic velocities

slightly higher (410 m/s)

Ground coupling (pc) is about 60 greater than
on Earth

One bar level is reached at about 50 km of
altitude, after an amplification by about 10 for
acoustic waves

Venus

_ Acoustic signals from ground are expected to
250 300 350 400 450 be about 600 times greater at the same
Acoustic velocity (m/s) .
altitude and for the same quake (almost 2
magnitudes)




Venus

 Les signaux acoustiques sont a priori 600 plus importants pour une
détection a une altitude identique et une méme magnitude (Lognonné,
2004)
 Effets principaux:

- Gain de presque deux magnitudes en détectabilité

- Perte atmosphérique importante de 1’énergie des ondes
sismiques (15%

ioncspheric oscillations at 200 km for a 10**18 Nm quake (Ms=5.9, T>50sac n<6): VENUS
T T T T T T T

velocity m/s

Quality factor perturbation %

—

Ms=6

1 1 1 1 1 1 1
500 1000 1500 2000 2500 3000 3500 4000
time sec 0 10 15
Frequency mHz




Venus : reconnaissance soon ?

e Search for quake plumes will be performed by ESA Venus
Express mission ( Garcia et al., 2004)

- on the way...

- monitoring of temperature perturbation with a spectro-
imaging IR instrument (VIRTIS)

- airglow detection of CO* and O°




EXOMARS

e Large (~1 G€) ESA mission 1
e Launchin 12/2013

e Two elements

— Lander with a Geophysical and Environg

— Rover with an exobiology/geochemistry

2-m depth




SEIS description

Objectives : fundamental geophysics, seismic & volcanic
activity evaluation, subsurface sounding

The Seismometer Experiment is composed of :

— Two Very Broad Band seismometers, in oppos
directions

— 2 Short Period sensors (one completes the VB
— An acquisition electronics
— A deployment system

SEIS package main performances :
— VBB (<10° m.s” Hz"”* from 103 up to 10 Hz)
— SP (<5 10® m.s” Hz”* from 10~ up to 100 Hz) |



Possible SEIS Deployment @\

Motor Gear Unit 1 Lever 1 (CFRP) ' Motor Gear Unit 2

E-motor +gear rectangular tube , | E-motor +gear head
| nead . (30x30x1) (motor within the
(motor within the [ tube)

ube)

Bracket

Motor Gear Unit
3

Grapple
=g ATM Boom P
Bcraanis Segment ‘ : ) f

ABS stay-out area






Guadeloup event recorded 1n Paris

2004/11/21 11:45:00.033




