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The interior of the terrestrial planets...



New frontiers of Planetary seismology

The interior of the terrestrial planets...
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The first success story
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>20000 stations, many of them with direct access to data 5



CRECK ne second success story

Apral 20, 190

MEMORANDUM FOR

VICE PRESIDENT
In accurdance with vur conversation [ would like
{for you as Chasrman of the Space Council 10 be in charge of

making an overall survey of where we stand in space,

I. Do we have a chance of beatuing the Soviets by D f- Sk =
puwitung 2 laboratory sn spacCe, Or by a trip e Inltlvely NOT drlven by
Aarfound the moon, or by A rocket to land on the
moon, or by a rocket 1o go to the moon and

L]
BAck with & man, s there any other space SelsmOIogy. am

program which promises dramatic results in

which we could win?

2., How much additional would it cost?

. Are we working 24 hours a day on existing
programs. U mot, why not? U not, wall you
make recommendations 10 me as 10 how

work can be speeded up.

4. In building large boosters should wae put out
emphasis on nuclear, chemical or liquid fuel,
or a combination of these three?

Are we making maximun sl{ort? Are we
AChieving necessary resulte?

[ have asked Jim Webb, Dr, Weisner, Secretary
McNamara and other responsible officials to cooperate with

you fully. [ would appreciate a report on this at the

carlient DO bie moment,




NECK The second success story

But with piggy back seismology inside

Seismometer
and Ranger at
JPL

Ranger 3
1/26/1962

Apollo 14 crew training the ALSEP
(and seismometer) deployment

Ranger 4
4/23/1962

Ranger 5
10/18/1962
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A double success

——
Cape Canaveral, USA, 7/16/1969
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Lunar quakes zoology
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Lunar quakes zoology

(a) meteorod mpact

25 X a5 40 L] 50 3

Moon activity at Apollo 14 station
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e Apollo seismology: painful gift of Lunar A £2}

* In the late 1990, JAXA decided to transfer the “old” tape recorded
Apollo data on exabytes in the frame of the Lunar-A penetrator mission

« Lunar-A was cancelled in 2007, but this effort lead to a renew of the
Apollo seismic data analysis....

« Data are now available in various electronic forms and recovery effort
continue...

Apollo 17 data facility... Lunar-A penetrator 13






VEIUTE MON LPNCE MU

Amplitude (DU)

-20 ‘ 1 .I! o
12:15 12:30 12:45 13:00 _  13:15
Kawamura etal., 2014  7je gy AW Flitere 1_]5
I




-

odern Apollo seismology: a new crust 2

WLNTETE RSN NG 1)

e Crustal thickness was estimated to 60 km between 1970-1980

by Toksoz et al. and Nakamura et al.

« This implied large volume of primary crust and an bulk U content much
larger than Earth

 All re-estimations were however providing thinner crust, from 30
km ( Lognonné et al., 2003, Beyneix et al., 2007) to 38 km
( Khan et al, 2002)
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This apparent contradiction is mainly related to two different
models family having similar travel times...

Model C (this study)

30 km crust
3
4
\M/\/\/,\J\‘N\/-/\/—/\—/\
Data -
4
Vinnik et al. (2001) 60 km crust

| L I | | | I | | | | I I | | | | |

Vinnik et al., 2001
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Gravity
11
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Seismology

Crustal Thickness (km)

Chenet et al., 20016




GRAIL .
Confirmation ; J & _

* Olivine-rich exposures
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Crustal thickness (km)
Wieczorek et al., 2013
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Impact source properties....

WLNTETE RSN NG 1)

« Natural impacts have a long lasting seismic source likely due
to the low seismic velocities of the surface and high (20km/s)
Impact velocities
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NECK Core...?

« Until 2010, Seismology was in a pre-Oldham conflguratlon

regarding the lunar core structure t -
5 — —
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, | A S, W Core signal from
soeb 4 (O - magnetic sounding,
. Hood et al, 1999
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-4000 -2000 0 000 4000
Z, km

Core signal from
libration monitoring,
William et al, 2001

All ray paths available in the Moon. Blue is for deep events,
red for impacts, green for superficial moonquakes

Lognonné and Johnson, 2007

23



e Back to the Deep Moonquakes

« Deep Moonquakes )z = gt ()2 2F = e
repeat at the same - =————=a== - .= =
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- ana AN sy
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Garcia et al, 2013

8 T T » Are beneath the Apollo stations
foote 143 o and lighten the deep Moon
B interior




Selsmic discovery of the core (1/2)
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'R = 480 km

Weber et al, 2011

_'—ﬁ T
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fluid outer core
380 km ( Garcia et al, 2011)

-

0 2

Weber et al, 2011

4 6
velocity (km/s)

10

26



I'omporasesc l-( N |
00 Mo

1400

Khan et al, 2006
( direct inversion of
seismic data)

150

Posterior emperature [C)

Khan et al, 2007
( direct inversion of
magnetic data)

radius km

Gagnepain-Beyneix et al, EPSL,
2006

Crust 4800 ppb Th, model A

0.07

1600
0.06

1400
0.05

1200
10.04

1000
10.03

800
0.02

600
0.07

400

500 1000 1500 2000
temperature C



1 || | | I._',rr 1 1 1

2600 Pt~ -(:7-_ -

2400 & el & o
S ol ST S
o 2200 A T, ¢ -
- s *
& ' ,ir’ /
é 2000 ¢ / -
) /
@ FeS Lord et al

1800 17 7

v
1600 Pb, -
I AN N SR SR N SR |
0 10 20 30 40 50

Pressure (GPa)

2010

radius km

Crust 4800 ppb Th , model A

1600
1400
1200
1000
800
600

400

1500

500 1000
temgerature C

1620°C (Fe, Anderson and Isaak, 2000)

1490°C (29° Ilmenite, 71% clinopyroxene, Wyatt, 1977)

950°C (Fe-S Eutectic, Fei et al, 1997)

0.07

0.06

0.05

10.04

10.03

0.02

0.0

28



ur view of the Moon

Shallow quakes

Deep quakes

Thin Primary crust

Hot mantle with possible
partial melting

Liquid Iron core with light
elements, sulfur? 350km?

Iron inner core ?
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CRECK Moon Future directions...

« SELENEZ2 (JAXA)
* NF Lunar Network (NASA)

» Core: Better sensitivity will
allow the detection of core
phases on single
seismograms

1ot

Impacts: Can now be observed
also from Earth and will
therefore provide free active
seismic experiments with 100th
of sources...
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%1977 — Present
InSight

» Over the 35 years since Viking and Apollo, despite many proposals and
several mission starts, there have been no further seismic investigations of
the interior of any planet... until now!

Cerberus
Proposal/Phase A Study ExoMars/Humboldt
Approved Mission (temporarily...) GEMS ‘06
NetLander
IMMPACT ‘98 ——
IMMPACT ‘96 InSight
Mars ‘96
Viking InterMarsNet
CRISP/Mars ‘98
MESUR Network

MarsNet
‘LMars Network Mission

%
1980 1985 1990 1995 2000 2005 2010 2015

21 October 2013 Mars 4 — Les Houches, France




1977 — Present

InSight

» Over the 35 years since Viking and Apollo, despite many proposals and
several mission starts, there have been no further seismic investigations of
the interior of any planet... until now!

Launched Mission

Mars 96

Seismometer (lost)

InSight

!

1980 1985 1990 1995 2000 2005 2010 2015

21 October 2013 Mars 4 - Les Houches, France

\4




Only 1 year, 9 months,
+ Launch(March 4, 2016> -1 days from now!

TCM-4

» Fast, type-1 trajectory, 6.5 R P e
month CrL”Se to Mars Artival on 9/20/2016 LI TCM-5 o

« Landing: September 28, 2016

* 67-sol deployment phase

* One Mars year (two yearsy ®
science operations on the L oh Sie Y
surface; repetitive operations

« Nominal end-of-mission:
October 6, 2018

View from Ecliptic North looking down on Ecliptic

21 October 2013 Mars 4 - Les Houches, France
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: SEIS (CNES)

e Seismic Experiment for Interior Structure

Support Structure

WTS (JPL)
Wind and Thermal
Shield

HP3 (DLR)
Heat-Flow and Physical .
TSB (JPL)

Properties Probe e e
P RWE (JPL) ;% Tether Storage Box
Remote Warm e B &

Enclosure Box TSA
Tether System Assembly

THE MOLE
(DLR & CBK)

IDS (JPL)

Radiometer

a o Sensor Assembly (Deployed, Instrument
Back EEE I(E[I)eLgl)‘onics under RWEB)
- Deployment
System

APSS (JPL) RISE (S/C)

Auxiliary Payload Sensor Suite Rotation and Interior
- Structure Experiment

Y l

-

IDC (JPL)

Instrument Deploymen( Camera

ICC ( JPL)
Instrument Context Camera
Grapple
(JPL)

. ’! ' ) A Small Deep Space
 PAE Ssure Sensor TWINS (CAB) IFG (UCLA) Transponder Motor
Payload Auxiliary & Temperature & Wind for InSight Flux Gate (LM spacecraft Controller

L1 T ]
IDA (JPL) —Instrument
Deployment Arm)

Electronics Pressure Inlet InSight magnetometer hardware) (JPL)




RISE HP3 Support Structure

TWINS West Antenna

boom |

IDC Camera SEIS Wind & Thermal Shield

(WTS)
IDS Arm

HP3
Radiometer

SEIS B (under deck)
Sensor Assembly >
’\ ' :
ICC _p- %
Camera TWINS
boom 2
RISE
SEIS Tether &
Tether Box East Antenna

Magnetometer

(under deck)
39



APSS
Pressure Inlet

TWINS
boom 1

IDS Arm
with IDC Camera

Camera HP3
SEIS Tether & -~ Support
" Tether Box Structure
& Mole

SEIS Wind & Thermal Shield
(WTS)

SEIS Sensor

Assembly

(under WTS) 40



SEIS LVL (MPS) pum
Levelling platform

;’i \V
w‘ s J
! - ’

A -~

CNES
Overall management and
integration; Craddle il B

SEIS theter, TBK and
, WTS(JPL)

/;‘ : ! ) M-
2

SEIS Electronics (ETHZ) KX

10x24 vits + 72x12 bits data logger X 3axis-S|;E|S BB (IPGP)E I

3 axis SEIS SP (IC) == —— - .

41



% SEIS Sensors head Overview/Description

Sundial for azimuth

Tether Service Loop

Tether

SEIS with RWEB

Tether Load Shunt

Tether Pinning Mass

Laudet, Klein This document contains export-restricted data. 42
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ental noise

* but would like to be there




Powar Soectral Density (10 * log (™" 2%""4) / M) &b

Planet with Ocean and Atmosphere
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10°° ;
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Y Temperature and wind protection (&

InSight

(Y Evacuated here Wind protection
- "/ .

= 7.'._.'( ‘ “‘
‘ .~ R, : o
e

/& - Sealing skirt
-

& DO
Thermo-elastic service loop Thermal shield




%N InSight/SEIS performances at CDR ( 4/2014) (&

InSight

e 40 yrs after Viking, SEIS will perform modern Earth seismology, with
sensitivity 103 to 10° larger than Viking NM and with almost Earth
standard for data products

InSight versus Viking at COR

— Insight VBBIVEL | 7.5 10* better for regional 10 sec

“Insight VBB/POS |

</_$22'3r'n9.;:/surface waves (and 5 x10° 220sec)

>103 better for remote body waves

10°

>10% better for small quakes

K ;

' +better installation and 24 bits
- waveform instead of envelop

Displacement m ( 3*rms in one octave)
-t
=)

lo""r Thin (PDR)
| Thick (CDR)

10° 107 10” 10° 10' 47
Frequence Hz
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InSight

SEIS Expected Natural signals

M~5.5  1-2/yr TheoE ic coollng I Tu.psuseﬂ

. I Golombek et al, [1992]
Global 104 —=— Earth 1984-
M~45  ~10/yr @l . ook

Global to regional

N(M>=M)yr
2
/ |

M~3.5 ~100/yr o2l =4 0x10’

e 0.8x10" r

regional — Earh naplt :
g w04l — Shallow Moc |
: : : | . . .
Impacts o0 102 10® 10  10® 100 102 ohobos tid
10- 15/yr Seismic Moment M, [Nm)] 0obosS e
Bonus: =T A N . |
Tectonic “ 327~ W Atmospheric loading
activity ,‘“: - I Atmospheric generated seismic
oy AV 4 .
SR noise
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SEIS Expected Natural signals

Impacts
10-15/yr

49



Mars impacts (1/2)

10 August 2008

50



Mars impacts (2/2)

Estimation ~.5.3tons at 10 km/s =>5 10’ N,
plus ejecta effects ~ 108 Ns

LT
Ity i
f.

Seisrr'iiic-f,record from' "
Apollo-17 SIVB

Apollo 13 SIVB




Mars impacts (2/2)

Mars seismic impact

Estimation ~.5.3tons at 10 km/s =>5 10’ N, 10’ _
® o atmos

plus ejecta effects ~ 108 Ns e
w— nzaked .
== 1-1Hz .

25-10Hz | " .

10

—
L=

0 ‘ ) : 2500 3000
Distance km
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SEIS Expected Natural signals

L T f‘,‘

AN r’- '-
v '_(

a by "

- ..0- 4 '. [

Atmospheric loading
Atmospheric generated seismic
noise
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& Wind/pressure generated seismic waves and static loading (&

InSight

The atmosphere and wind/pressure fluctuations will be a major source of ground
displacement for frequencies > 0.02 Hz with:

(1) At long period, static deformations of the surface, associated to wind generated
pressure waves (static loading)

(2) At short period, dynamic ground acceleration, associated to local and possibly
regional subsurface trapped surface waves excited by wind dynamic pressure (short
period seismic waves)

(3) again at short period, wind interaction with the shield and the lander (seismic noise)

(4) on the global scale and at long period, surface waves excited by the global weather
pressure fluctuations ( long period seismic waves, called hum)

wind

TS fi.,-,'-.-.tu.
: :-%ég.‘ih’;?{ TR wh

N e ‘_[ \Q:‘ <
’ 519 ’ '~ g4
_____ > P T >y XYy

DR NI AR ’*’v.rf?."."‘? RETIS S0 P R 3,
(4) ST .:,.;;a:%f-‘d,»St*«rys’f“'v?‘

~
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PRESSURE PORT
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TWINS SENSORS
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« Pressure (10 mPa/Hz'2 @ 10s baromete

 TWINS (Temperature and Wind for INSighfZ
Wind speed and direction, air temperature
(REMS-based anemometer and thermal sensors;
CAB, Spain)

» IFG (Insight FluxGate) — Magnetic field (0.1 nT

WTS/SEIS
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InSight

net breathing estimation

Vertical component EOS, Local time: 0 hr
le- T oo e e

le-8

le-9

Acceleration m/s 2fl-[z e
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Frequency Hz




Short period surface waves: H/V structure inversion

« Based on the ratio of Horizontal versus vertical noise spectrum
* Find the waves resonances

Model for Lake
S N
h=20 m 1/7(41,), sec
O 0Ol 02 03 04
o b 1 1 L ]
E_ o Observed(ASE
g), +Estimated
“ 12
« > =z sk 5 -
. 235 m % o
Ongoing InSight Goldstone test: B.Knapmayer-Endrun T ——————
and S.Kedar . 14 o
L= [+] & - -1
-
°
H/V: Example 3 6
w
Forward calculations for Goldat del « w0 12
1 1 1 L -
simultaneous changes in 15 0
vyivg ratio of uppermost
two layers

(value In bottom layer: 1.8)
Moon example: Nakamura et

al, 1975

SPECTRAL AMPLITUDE RATIO, H/V, dB

95 10 15 20 25
FREQUENCY, Hz




M~5.5  1-2/yr
Global

M~4.5 ~10/yr

Global to regional

M~3.5 ~100/yr

regional

Impacts
10-15/yr

Th%g,

104}

102}

10°}

N(M>=M)yr

102}

—4,0x10"8 Nervyr :
— 0.8x10"® NmVy -
- Earth Intraplate ,

— Shallow Moonquakes

Seismic Moment M, [Nm)




Largest quakes: Normal modes

Normal modes of a 2x10Y” Nm quake -

———— -

« spectroscopy » seismology: does not need the knowledge of the
source location

will constrain the upper mantle with the normal modes frequency
inversion (e.g. PREM on Earth)

Might also be excited by the atmospheric turbulences

107, : ' . ' : !
' Thermal noise === Thermal + Sensor :
— Ground pressure signal ==~ Fullnoise

108 8 = Gravitational attraction signal —— Requirement
& :
s | ‘ :
§ 109 47 s n WYY l“ll““““lld
g }
g ' l \| " lu’lk‘ ”‘ 3'. ‘.*l *" u Ivl
'§10-10

1011,

2 4 B 8 10 12 14 1B 18 20
Frequency mHz
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Relative amplitude

o
—

0,01

Amplitude of Rayleigh wave trains normalized by R1 amplitude at an epicentral
distance of 10,000 km on Earth

Surface waves are one order of magnitude larger on Mars for R2 and R3
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Expected Mantle model

* Inversion strategy has been validated with Earth data

within the INSIGHT error bars

——

Earth data
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Results demonstrate that the PREM model can be retrieved
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< And ....

InSight

« Two ways investigation:

— non-seismic by detection of the Phobos
solid tide (~mm) and interpretation of the
amplitude in term of core size

— seismic by detection of the core reflected
waves (ScS) similar Earth and Moon
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New frontiers of Planetary seismology

The ultimate challenge...
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Back to our Earth ( with atmosphere and Ocean)

ionosphere

' Texte !

Near field: /\/\/\/\

Atmospheric pulse

350 km
150 km

upture wave (2)

Earthquake

Seismic wave (3) and tsunami (4)



Some pionnier works &

1960/ 1964: Chili and Alsaska
quakes (M ~9)
— Many observations performed
by 1onosonde.

— Yuen et al., 1969: Doppler
observation after the

Hachinohe (Japan) quake,
M=8,3

1994: Northridge quake
(Mw=6,7)

— Calais et Minster, 1995
detection of signal on the GPS
1onospheric data

( blast, rocket launch, etc are also detected)

A [ A \y
10 MMz oo"Iu 16 May 1968

0120 UT 0135

olsur 0i20 oizs 0130

.~
- HIG~-LP-Z f
4 l.. PRI ‘i‘!- . ! 2D

W#a
(

whir J 'y vl o ads ¢
. 5 MH:r Dbopler ; 16 May 1968
L) W "

Qi20 UT Oi28

[ oA 0
wnss PN AA AN
el e 22
Mo AN f\""{ -
Y Y s 2

| Northridge earthquake |
. . ] . —

fitered VEC 3

' a3 H 5%
bz Lenes 2t eploenter (hows)



&,

Detection tools and instruments

e Measure based on the TEC tomography by dense Airglow
Networks: Dense Networks are more and more v‘ images
available in USA, Japan, Europe

SPECTRE TEC maps 2014/06/01 00:00:00 .
: _— GPS integrated TEC

Doppler layer(s)

velocity

CEA sounder: Operation since
1999 with observation of all
quakes with magnitude greater
than Ms=6.5 ( during day time)

e ONERA OTHR: 96 antenna in
3 lines with 120°

Le Bardon




)Spheric seismic acoustic wave

I

aocp fm)

Tokach@-Oki 8/25/2003 M~8.3

’A; K2 Kurils 13/1/2007 M~8.1

=0 I o |111] 100%
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Tohoku 3/11/2003 M~9 )
Kii 9/5/2004 M~7 .4 68

Rolland et al., 2011



Airglow: Ol red line

02 +O+ -3 0;4‘0
O +e- = 0+0('D) _
O(*D) — O(°P)+hu

Emission peak at 250-300 km
quiet night 50- 100 Rayleigh

‘about 12.5-25 mWatt/km”2 of Iight power..and a
seismic signals of 100-100 microWatt/km"2

’



New data : end 2016

Possible First tsunami space data :
2020 -2025

Possible return: 2020-25



