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Questions for lunar origin and evolution .. JrISE
W Questions:
binary . © - Origin: Is the Giant Impact Model

accretion
S completely understood ?
& =" ~ Evolution: What caused
- : )
lgiant impact | dichotomy
S -7
B, | !
separation . capture For answers:

= Global mapping by multi=instruments.

core forming > cooling > dichotomy ?
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Lunar Orbiter
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uncompensated

enhanced

Bouguer

Free Air .__‘\\‘Nhﬂa’/fﬂ_—

e.g.. small crater, avalanche deposit e.g.. relatively small crater
with light ejecta
compensated mascon
A Bou guer _/—/-Nx
Free Air

G n—a

e.g.. relatively large crater e.g. large crater filled with

basaltic lava
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Origin of Mascon .. JRISE

LP165P gravity maps
(Konopliv et al. 2001)

—

excess of mantle plug excess of basaltic lava




Lunar Prospector TO A & Aizat R D Hil#Y ‘Qs"""gie)RI SE

= X AllEKaula (1966)03#3%?&# ZRE

| S{Cnrm Snm}| - [2 {CQnm + Sﬁnm}]l/Z
m=0
\ —35.7x 10" 2
2'714 10
RARR ‘g
8_ 107
v o, CLEMENTINE ="
Lunar Prospector, etc. 1094 g
é ; Hh Ik O TS To 15 30 95 50 5% 40 43 50 55 a0 05 70 75
. Selenopotential degree
HhEK /5 “EFN
1) A ORBIOHEERARREHE ° ° 11 -
2) HER B D[R FAEHE Ok FA—H) ITIKTE i #BadED
1) Z R DOENZIIRAIOMEINSHTE.
BAEDRE L ELY, : ;o -
2)BEREMLIZERESR

-100 0 1 3
Gravity anomaly [mgal] Sugano (2004)



AENSHE: R (£) EE(H) DUFUTHE "“#%JRISE

o - .- ‘i‘- | : . . —
\ .'.:. 3. ' ¥ = ;..l 5 jv
-\ |- :
N RNE HIEHEILEED L LY
S /e

nX{llOmascon, OZEfAlDmasconfx+d LP165P
— —

Gra\" Anomal m al (Konopliv et al. 200119
ty y [ g ] Osﬁgano 2004320 %)




Results of KAGUYA
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5 Princess KAGUYA with her foster parents
: OKINA and OUNA;
(by Machiko Satonaka) —
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8 «SELENE consists of : P ISE i
: : 3 Purpose of two small sub-satellites ;
1) Kaguya : Main Orbiter

2) Okina (Rstar); Relay Satellite B8l - clobal and precise mapping of

lunar gravity field.

3) Ouna (Vstar); VLBI Radio Satellite
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Ground stations for RSAT/VRAD

NAOJ VERA:

- Mizusawa ; 7KiR

- Iriki; A3E

- Ishigaki-jima; GiE 5
- Ogasawara; /NE[R

- Urumqi; BEAF
{

JAXA UDSC:
- Usuda; F9H
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Matsumoto, ef al. (2010)
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Three classifications of basins "%JRISE

after Namiki et al.,
Apollo (2009)

Type 1 : - positive and negative ring
- no central peak in Bouguer

Orientale

Type 2 : - positive and negative ring

- central peak in Bouguer
some of them have been reported as mascons

Serenitatis

Principal Mascon :
- positive circle in free-air and Bouguer
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Crustal thickness

| \ / crust |
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Arkani-Hamed [1998]
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Free-air gravity anomaly
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Topography by LALT
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Bouguer gravity anomaly
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Moho depth
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Crustal thickness

Prmante = 3360 kg/m?
Perust = 2800 kg/m?

pbasalt = 3200 kg/m3

The thinnest crust
> 0 km (Mare Moscoviense)

T | == a0
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0 10 20 30 40 50 60 70 80 90 100 110
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far Ishihara et al. (2009)
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Crustal thickness variation ‘%)RISE
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Sasaki et al. (2010)



Comparison of crustal thickness MMQRISE

This work: Khan et al.: Chenet ef al.:
-Apollo 12 : 45.1 km -Apollo 12/14 : 4545 km - Apollo 12/14 : 33.44£5.3 km

- Apollo 14 : 49.9 km Lognonné et al.:
- Apollo 12/14 : 30£2.5 km

Comparison with Seismically-determined crustal thicknesses
below impact points (Chenet et al., 2006) .

Crustal Thickness



Origin of
Type 1 basin
Type 2 basin
Mascon
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Examples of recovered excavation %)RISE
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height / diameter ratio of excavation cavities "‘*e;g,.e)RISE
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-~0.1 at the most

-small at Imbrium,
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(Wieczorek & Phillips
1999)

-other three types
(this work)
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Relaxation from Type Il basin to mascon

anomaly excess of MOHO from isostasy [km]
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Basin structures from crustal thickness

Difference type 1 and type 2 basins: ratio of pre-impact

crustal thickness (Moho depth) and impact scale

Crustal Thickness at Basin Center / Basin Diameter

0.15 amm— — N
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_ e'Moscowense dia.=630krT}
0.00 —l—v—P—rf|_—_|—_|Tr_—_|_—£'—|——- T
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Ishihara et al. (2009)

Type 1 basins

Surrounding Crustal Thickness / Basin Diameter

- Type 2 basins



Different magnitude of impact: Type |l & li

Type |I I Type Il : large impact
Excavation Type | : small impact

crust Cavity
Moho
mantle
Type |
N
i =xcavation
e N : Cavity

restored — TN
l' Cavity \
! ~_

-

g
MfJRISE



Summary 1: Gravity & crustal thickness r%'f"%e)RISE

« Kaguya's global gravity map shows the dichotomy of the
gravity anomaly shapes between lunar near and far side.

« Positive / negative Bouguer anomalies are associated on
FHT and SPA / far-side, respectively.

* Crustal thickness variation is similar to the seismic
estimate but would have constant offset.

« Type 2/ mascon suggests the viscous relaxation
processes.

« Type 1/type 2 suggests the relationship between crust
thickness and impact scale.
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South-Pole A

SPA




Mantle uplift below impact basins in SPA .. JRISE

Weak uplift

No uplift

Sasaki et al. (2010)
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Conclusions %'%-JRISE

- Global and accurate gravity / topography maps and
crustal thickness / MOHO maps were obtained. The
accuracy of gravity above the far side were
significantly improved.

- Mantle uplifts and their viscous relaxations are
exceeded below the impact basin on the near side.

- Impact basin-ring topography is mostly supported by
crust on the far side.

- The difference of gravity field structure suggests the
dichotomy of inner structures and viscous processes,
which supports and suggests the difference of
crustal thickness and temperature, respectively
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BEE—A2 vs. BN

G

BHEE—A > FIEE

C/MR*=4C,, ./

S NIGD2RDIETRES
Y

I/ MR* =4 C,, B+B+y-By)3y(1+P)
1/MR>=2J,/ [C-(A+B)]

NEFERFE : B=(C-4)/B,y=(B-4)/ C
(4, B, C : 1B, A<B<C)

C/MR’<04— 27
Bk : 0.33
KE 036
A :039
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cf.
- HER : C/ MR*(®)=0.33
- kB : C/MRY3)=0.3635
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BEE—AUDhE

LLR (L—HAIER)
0.394+0.002
|
F &2 8IEE (LP75G)
0.3932+0.0002
|
Fe-rich/ | BH C/MR*=0.393444
—Fea 7% nlX FF; 320+50/-100km
FeSaO 7% blX - 510+80/-180km
(Konopliv ef al., 1998)
|
VRAD CHEENRE
0.393444+0.000096
SOAT7EEDRE ; 20%
(Goossens et al., 2009)
|
<AERKIZCEYaT7HA XEZREITNIE
—>ZENEETE H>

' density ?




STk, DIRE

LLR (Williams et al., 2004 )
0.0227+0.0025

Vs.
B 28EE (LP165P;
Konopliv et al., 2001 )

0.026+0.003
|
VRADTHEXRE (AX)
|

<<H ephemeristzg & :SmH R H
—in-situ B HE>>

0.030

0.028 -
0.026

0.024
0.022
0.020
0.018
0.016
0.014
0.012

k,estimates

:%%ii}‘}

1 5GEM100R

2 8GM100R + LPGS

3 SGM100R_WVLEBI

4 SGEM100R_WLEBI + LFSS

5 SEM100N_ VLEI SELENE anly

& 150x 150 model with LPS8

¢ Goossens and Matsurmoto (2008)

B LP185F

S LLR Williarms et al. (20058) 40th LPSC

0 1 2 3 4 2 G

Models
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- Yoder, 1981 : A BirghmE & B EER = (X REA
— BEREERA Y FILDEAIEIF0.2678EA TLVS
— BRNERDERRIZHE S MEEND RIEFA

- Williams et al. (2001) : LLRT—42 M5, #HEIFEIDHRA
BRRBBDICOVWTHRIEZXRD., RIEZ LR
|
ERESIZ K BHEE : Y2 FMILERTOHEE =3:1
(LLROFEELTIEIT—FIL)
~100"-mgpEEERT




iR — mare basalt® Z 53 1% %‘%JRISE

- Zhong et al. (2000) : FRfR#% ZRIIR(Z. mare basalt®d — 73 {Eh 5
A7 A XZHBEEZ S
|
TIV—LN—KTHAH=ODa7HE <250 km

C) =402 Ma

Zhong et al. (2000)
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CCD array

Tube (1/2 of the focal length)

Mercury Pool

Tilts of the tube are nearly cancelled  @nerme
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Configuration of LLR: Lunar Laser Ranging

retro reflectors

2-way laser links

4 reflectors are ranged:
Apollo 11, 14 & 15 sites
Lunakhod 21 Rover

> settle one new site to
Improve accuracies
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Differential VLBI by SELENE (left) and SELENE-2 (right)

Lunar
Surface

differential
VLBI ﬁ-

J' differential
VLBI
VLBI stations (Japanx4, Chinax2, Hobart, Wettzell) B: baseline length
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_ i
i : 2-wayfF 2B 7S5l & A #¥VLBI(IVLBI)

‘ c¢f. Kawano et al., JGSJ, 45, 181 (1999)
Larelar _ Lander1
Orbiter
- A )
.J /\. \-/ .
L 4 Lander2,3 0 e
Orbiter
-phase-cal
2-way(UHF)
2-way(TBD)
<- 2-way(Ka-band) -i-VLBI
- B BB
i "%—VVLL;'%
-ETS-VIIE TE& -%Jﬁiimﬁtﬁs‘z ’ =
EE-EHN —=fRE
(Landerl 18 Hl) HEBAX

—RBEMN, LUEL -FERRAKRHZ



i-VLBI : Inverse VLBI(G#VLBI)

Orbiter ¢«» phase differences Inverse VLBI

Y’“easu d after Kawano et al., JGSJ, 45, 181 (1999)
\  2HOFEBMT HIERH
st 5. XI& 2-way ranging [
&b Xz EE 95,

_ -t E D17 TF (VLBIEA
g BT, 25 B (L1,
X7 | LA,

single station

L1

Lander

oy o onind o) - I TR (R
o(x; d-VLBI) = o(AL) * d | B= 9~60 m| = L:T:ﬁdfﬁzrmriﬁ(g (x)) O
under A& TFL ., Hh EEFEHEDER

o(Arn = 1ps = 10712, BRI LAY,

d=0.4~2.7AU, B = 2,000km
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LLR Apollo, Lunakhod

2-way RARR
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Lunar 10, LO, Apollo, Clementine, LP SELENE
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