K g NEPSE

AL (B 24y )

a1 (FF)
oA R B RBEKTE 2304 5
FAREGORAM 202243 1 24 A
ARG OB YRR R TH AR
FALBLAIE 6 5% 55 1 THG% 4
AL Fm 30 H

Subsurface structure of the Moon and Mars deduced from 3D

seismic wave propagation simulation and analysis of Apollo
and InSight seismic data

B x & wiA AT
RIBFRHI iz
L IEE
FHAFPRIL HHE
MA Rin
RIMFHE W
I
FHA PR #ix
[ic=E I

7L

W RSB IR HEHR
Anne MANGENEY

Université de Paris, Institut de Physique du Globe
de Paris, Professor
Florent BRENGUIER

Université Grenoble Alpes, Institut des Sciences
de la Terre, Professor




Philippe LOGNONNE

Université de Paris, Institut de Physique du Globe de

Paris, Professor

AN i SCHF TR T8 B WEFE K 2258 K52 & Université Paris Cite (77 A FnEH) Lo
T aT I T 47— Tl T AT 5 E I SEBEE R E I EmRINZD
DThD,

'aF 2T NV (T 2T T 4TV —)

WA DRFLDWEICIEDSERFIAEFE T 27D, FIRFICHFRFAICERAELT
EFEL ., WK FOHEENSILFE CTHNGM IR ELZZ T 5b 0, fa SC5Epif% . KT
LD IR O CEEICA LG AL, W KNP — ORG-S, & KFED0
LENZNE KFZO LR G LI EICLDHDOTHDH T EFH LI BN 2R3,




(kX 3)
HtmX0ERF

K 4 /NEPSE EM

FMSCEHE  Subsurface structure of the Moon and Mars deduced from 3D seismic wave

propagation simulation and analysis of Apollo and InSight seismic data

He
H

;o

BEREONITEEIL, TORFESCHENZED ECEERFERFEZ 525200, &
ERZICBIL by A 2D —2L LTMNEMNTLR TS, #flxIE, HEDOLREK
B 7o b SRR B L OV s 1 - BEHERME T E OB AL, BRI OEEREZHNT 5 LT
BETHY, XEOBEEAHER T L2BEOEREELYH 25, —FH, RERERRE L. ¥
R OHE PGB A RES KM L TEBY, ZOMELZHMET L2 L IXHE DL 2 H
WMT O ETHEARARTHD, ZOLICHEAXRAFr— VR THNEEEZRET D 2 L1
RUTHY, MEELEEZ IV ZAMICERT LI LEAIREICT D,

BREONTHELXRET S E TR VAR FILEO -2 L L THIERBNNEZT NS,
HIEKTIL, 1 8 8 OFREL ICH O TimiiB ORI LB Thhv, T a Kk IcH
KD —Wor BB R MG N HEE S LT & o, BETIE, Bl m b - mEEN> T
2= N RRERR Y hU =210 HIERNEEOFEM e SR C AR B EEIEN I L 2T e o
TEXTWVWD, 20X ICHEBEBANMOFERAMENSHE THSICEIEENTND Z D, i
DEBEREONETEEREICOICHBABINTE, flxiE, 196 94~19 7 04HFfR
BT CEMBINT NASAOT A gtE ClE, AORMICHBEBR v T — 27 244
L, AoHE (HE) oMK LTS, £/, 20 1 84ENDL KR THEBH
ZIT>TW5H NASA O A A FEHETIL, KEFEESL LD THER ORI IZKY) L.
BHERICKENBHEEOMBAICERL TV 5D,

WF 5% B

AW TIX, FFICH - KEORBEHEICESELY TS, Kk B RIED KRGS
DFEVIT, WEOHETFEECHEEL 2 KL TRV, %@%%im BIAGE SR Sl )
ﬁ<ﬁnéo%%L\H-k% HIER T SN2 HEBR ORBIIRES ER-oTEY
ZTOEWEHRT LI EE, FREOREEILOE N Z#ER TS ETRUTHY | FENT
FHOFICHFET 2 EHRRBXERKORERREZ AT 520D~ A VA N — 27
HZENPMEEIND, RImX T, FRIC THHBROBEESE ) & TKERE OB RE)
WZOWTH S, ATE I, Tk e A CIEHBEENRRKRESBERLO? ) &) HER
HLLKDOEMA~OERTRTI2EO N Yy 7 THY, RFFETIXFICHA BRI 2 AREMNIC
RS0 2 Ak B o R EREZ EBMICH T2 L2 BN ET 5, hEIX. kA
HMERENIGE 72XV THDL I E2EA, ETIL RO R HEEME L BEST L 2 &
WEEREE 0D, MEOKEREOHE G T — X R ENL, A %A FOFEMAITEE
R 2 20006 E) CRILTEE) - MAKIC K 2 HF - BARE) 2 HERBIRR L2 &
WRBESINTEY , KFFRITEERORIEHEE)N S KEOHETEE L 2R ETo



Hen b,
#1580 BCEL A 1 R A

HF O ARV EREE TR OB ELZ KIF L, FriCikRmE - B - ke e 12
bz bbb 2 ERMEROMBHEBHMNSRBRIN TS, THReBE CREIRZAD
HET — X ITHEROZN LT RESERY =3 X =R < BEL SN2 EER IR A2 R~ L
LT 22 Mk e R 28 1 ~ 2 RRfE] & BARICR W, e 0@ v | MBI P 0@ WITNE O A~
EMEEARMRL TS, AICBIT2BELERRE LT 2 2 L 1X, FYEHMEO KRS
@b%%%@k%“®ﬂ%%ﬁiéﬁﬁﬁgﬁ%é mz <, ﬁﬂ%¢%£ﬁéf¢%?
22 2icky, REELCOBANOGIEXEFZEITO 2T ENARRICRD . Sk
%%%&@ﬁ%%%bé EWCEBERD Z kﬁ%ﬁéﬂéoﬂ®ﬁﬂ%ﬁ(ﬁﬂﬁ%-mﬁ
ﬁ%-#ﬁ%ﬁg)m\m%®mﬁifﬁw%hfwé%%%%ﬁ%ﬁ%d%\ﬁwéﬂ
FHEEEAHEGNCT7 v T o7&, WREMICHEENM TN TE T, ZTOFIET
(= W%ﬂﬁ%#ﬁ@ CEPBART VWHIEKROBE 2 —4% (RKIEE»S /A X7a7T
FEFTOREH) T+HDICHHATEL2b00, BEORBEPR IR THDL =X NVLF—DILH
iﬁ“ﬂ%/\:ObVCiﬁﬁk%Aﬁﬁéﬁié EMTET . FRICHELBR I DV TR A E M
MREV, T TAPFRETIE, HOHBRFEZARKENIZRHEBM T L7 A—-2Thd [H#
B Z LV EEMNCHMT 2 2HME LT, EREEEGORZHITH L, R
’%T%Lfgﬁcﬁi/kmﬂﬂ KBl Iab—varaditol, BEMICIE, Bkx RGBT T
HimEazstBE L, BlHl7 — 2 23l C& 2 BELRMEZ HREMICHEE T 5, 207 7
*?EWi*iﬁﬂgﬁﬁéﬂfwk%@@%ﬁ%ﬁ@ﬁﬁ#%%%ﬁﬁﬁf%oko
L LERND, EOA—R—ar Ea—XDOREIZHEV, LR LD REMHETHE 2 A
%@##677H%?#ﬂ%gﬁof%toKﬁn?ﬁ\%%fﬁw%ﬂfwéﬁ S As
e Ialb—vara—FEzAIHL, HATHOTT RNe AET —# L HmETEOE
Bl A rRRIC L7, MRE LT, BIEMNZRYBEARI A —XOHPET, 7TARAET —X
ZHBTHILENTE, SETEARE T > 2 BELBEO C&EFMICKD Lz, KEE
XD THGEL) E WO B LWVWEI CEREMOERILB N ARIZR o7, 4%, ZHRRET
OHEBRENFFFINTWVDLH T, RO MBE 2R CE LTI REEICB VT
bAFHTOHDLEEZD, o, AMMAEKREOREROEFRE LT, RoNWTEEEDOT —F T
HoTh, MEOEWEMEAFHEMZRMEL TCREOHM TOFEREMHTE S Z &% EE
LERTHD, ZHIET —Z2BITBERTHTREMEAZICBWTERN KR TH D
EE XD,
KEEBBOWMENRT A — X OHETE

A YA MIEDKETOMBHIIZ HERSHA EFR2VBNAEAN S L1220
W EHEE IC LB AR R2IERTH HE ﬁu%@%ﬁﬁ@ﬁmW@®TI%T%60;
DEIRRM T CAERBHEEOHEIZRETSEHBML TWD DN ICompliance (& + 4 )
WX oM DINE) ) Th D, EARRITIE, B R IZ T 2 KEZ A & #im o 42 &) 2 |
ETENIXRWEZO, — KR NEHMEEHEE FIE GERMBENT) TRD b 2 BIRME T
IR R B e MR {827:%2@’?3 SAE)DHmAEY Z#EE Ly, %A M
H—OBRRTIEd 208, #IEREZ T i K880 (KJE « KEURE - BoH - JmE e
E) LRFFICHER L CTW 572, Compliance Z @45 2 & THRIE O ML (o 7%



KRB EE) 5T 22N TED, EERIC, 41 A4 FoIFIERRIZE W T,
Compliance #F|HH L TIHEZ 1 0~2 Om E COMEHEIZHIL TWDL L LR b,
A Y A NOYIHEREE CIX, 7—20%h 7V L — FRELS, EREHTELA
RYUMELRLN TV, RFFE T, A VA M1 KEE (~2HERKE) BRILEZT
— A EERL, 0% DA hEHAWVT Compliance D fEMNT Z 47U . Hr Ll F A% &
ETNEERT D EEHMNET D, T4 FEUATEH . HIHIROBRE 5
DRERT v 7T—re LT, DEY TV 7 L—bOT—%OHERICHES M E K
OIEKR, ADN > 7 75 7 v RORE % 5 [E L 7= Compliance DN BT 5 v b, (DIXHE
SHmMoOgfEREOm EICEBRL, IDICOWTIEENEBOBIREE (N7 7T 7 KD
JEGRIZ X IS) DR ERRPR S DD, HRaxRBEEHD A X N ERTT 52 L TR
SOFMERY T Z N ERD, RIFIETIE, 2o DOHBLEFHE%Z Compliance D
FRHTICHL A AT Z & T, MEDOHRTIINMT 2 2 LR DR >R S 1 m O AR E G
HEORMOCESI 7T 5mBEETONEN/ELZHNT L LTk L, KEREHBEDH
LWETNVEMELL, BoNTERIT, A A4 FEFEOF TR LEBEMED & WA T H
BERAEOHRLEEGHNTHY, SBOKEREMEERE RO VI KEREE L 2R
HETREBREHNVICRDZENMEESN S,



(Form 8 + Separate Sheet)

Results of the doctoral thesis defense
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Title: Subsurface structure of the Moon and Mars deduced from
3D seismic wave propagation simulation and analysis of

Apollo and InSight seismic data

Planetary seismology has been considered a powerful tool to
investigate the interior of solar system bodies and, therefore, their
origin and evolution. The first observation was made in the Apollo
era. However, the progress was limited until InSight (Interior
Exploration using Seismic Investigations, Geodesy and Heat
Transport) mission started on Mars recently. There are several
essential issues in planetary seismology, and perhaps the most
crucial one is the dominance of scattering of the seismic observation
on the Moon. The scattering property of the lunar regolith is
qualitatively evaluated, yet many observations remain to be
explained quantitatively and reasonably. The second and equally
crucial issue is the scarcity of seismic activity on planets and
satellites. On Earth, particularly in Japan, we are accustomed to the
frequent occurrence of earthquakes. However, without plate
tectonics, seismic events are likely few. And we don’t even know
how few they are. We need to develop a new seismological method

to study the subsurface structure without quakes.

In chapter 1, the applicant introduces a brief history of the
seismological research of the Moon and Mars to point out that the
subsurface structure holds information accumulated through
geological evolution from its formation. The applicant argues that
comparing the subsurface structures among different planets is the

key to understanding the formations and evolutions.

In chapter 2, a full 3-D wavefield simulation is developed and
examined to reveal the scattering property of the lunar crust. Such
simulation has been considered for a long time. However, it became
feasible only recently by the high-performance computer. The
applicant succeeded in computing the wave propagation stably up to
2.0 Hz, which not only covers the frequency band of the Apollo

long-period seismometer but also reaches the highest computation



frequency in this field.

Using the new technology, scattering features of moonquake
records were successfully reproduced. And scattering parameters
such as scattering coefficient and scattering attenuation factor are
constrained down to 10 km depth. These new results imply a dry and
highly heterogeneous subsurface structure of the Moon which is

likely caused by the continuous impacts on the lunar surface.

In chapter 3, the applicant explores the subsurface structure of
Mars by measuring a seismic response to the Martian atmosphere,
namely a convective vortex or dust devil. This method does not
require precise determination of the source location but seismic data
with simultaneous atmospheric pressure measurements. Thus, it has
a great potential for planetary missions like InSight which consists

of a single station.

While this method has already been applied for the InSight data,
the applicant uses the updated datasets to find a larger number of
events than before. The novelties of this study are (i) to extend the
frequency range up to 2.0 Hz using high-sampling data and (ii) to
consider the ambient wind speeds. Higher frequencies help improve
the resolution of the most surficial layer. The faster wind speed is
related to the longer wavelength and allows resolving deeper
structure. Consequently, the applicant detected a 1-m structural
discontinuity at the surface, which was not resolved before. This
layer is interpreted as a regolith layer developed at the landing site.
Also, the elastic strength of the Martina crust, compliance, is
determined down to 75 m. This is a significant extension from 10-

20 m of previous work.

In chapter 4, studies of the subsurface structures of the Moon and
Mars are brought together. Using the best of the recent
computational capability, the applicant made significant progress in
understanding the scattering structure of the Moon and the elastic
properties on Mars, respectively. Considering the above, the
committee members evaluate this doctoral dissertation worth
giving a doctoral degree of the Graduate University for

Advanced Studies, SOKENDATI.
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