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Plume magmatism caused by the MMU-feedback

T & magma composition

? Compositionally dense

Asc“lt-buoyancy

average
= —
200 K 2200 K basalt residue




MMUbZ 4 — k3w 7 & LR E)

_U."( _,: &
.;‘i e ‘,'.“
e 'ﬂ\& y
S ._“i_,{u\ -
\l
D)
3. \ e
b
i
9 :
v B “
[ | ARl BN
} 1.0 20 30 4.0 : et ):.{

aOW

45w 30w 15W 0

(Morota et al., 2011)

/N

205°E 210°E

5°8

10°S 10°S
Hrt

15°8 15°8
Aspl
Ast
Asp2
Ags
205°E 2109 N Asp3

Legend Kilometers A
050 100 200 300 400

Mangala Geomorphic Units Asp4

I Asps [ Jasp3 [ A M Ask [0 Apd [ Ags [ Asp2 I Ak [ Ast [ Asp1 [ Hre

Adjacent Geologic Units

[any [0 A0 [ e [l ey 0N

Structures
Flat crater floors - Crater pedestals Amphitheater-headed canyons
Grabhen

(Keske et al., 2015)

e Narrow channel

1 obate scarn or wrinkle ridee

13

11

—R WA NS ®

200°E 220°E 240°E

10°N 10°N

10°8 10°8.

Legend N
[ | Arcadia Fm A
[ | Olympus Mons lava flows
[ | Medusae Fossac Fm

[0 Tharsis Montes lava flows
[0 Mangala Valles

30°8 [77] Noachian Cratered Highlands [~ 30°S

200°E 220°E 240°E
—
——
E—
—
—
—
_———
0 500 1000 1500 2000 2500 3000 3500
Age (Ma)

Mean Age (Ma)

3680 £25

878 £66

775 £64

434 £37

391453

346 +41

4000

330 £36
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(Johnson & Richards., 2003)
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LLarge Low Shear Velocity Provinces = thermo-chemical pile
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Fig. 1. Formation of the ' A o aterials Es25hr
lunar disk from Earth’s
mantle. Example impact
of a 0.05M impactor at
20km s and b = 0.3 “
onto a 1.05M Earth spin-
ning with a period of 23 [ ° ls)
hours (} in Table 1). Gray
circles denote the Roche
radius. (A to F) View of -15
SPH particles in the lower
hemisphere looking down
the counterclockwise spin
axis, where colors denote | B 025hr Faghr
the silicate mantles and
iron cores of the Earth
and the impactor. The disk
is dominated by material
originating from Earth's
mantle near the impact
site (fig. 51 and movie S1).
(G) Lower hemisphere view
with particle colors de-
noting the planet (blue),
atmosphere (yellow), and
disk (green). (H) Density
in the equatorial p[ane of Cos7hr G 48 hr Atmosphere & Disk
the disk and planet, which
is stably stratified.
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(Cuk & Stewart, 2012))




B EHEROYE

3
S [l ——e——
1 -
0 -
30 34 38 42 46 50 54 58 62 66 7.0
30
18,
50 {90 @
10 __ﬂ___
O -
52 53 54 55 56 57 58 59 60 6.1
6
5M ——
4 5Me
2 -
O -
-0.6 0.5 04 03 0.2 -0.1 0
15
10 ]8%si ——
5 -
O -
—0.40 -0.36 -0.32 —0.28 —0.24 —0.20
; 18%a
JC.LFLI.LFL__,ULL___J
1 -
O -
-1.8 1.8 5 82 114 146 178 210 242
6
K —e——
4 -
2 .—-_
0
-1 0 1 2
12
S5°OF,
8 | —e—
O -
0 0.06 0.12 0.18 0.24
6 8%7Zn )
4 -
2 -
OI------.---------I-I

-5.6 48 40 -32 24 -16 08 0 08 1.6

Figure3. Histograms of Li [71,72], 0 [11-13,73], Mg [74], Si [21-23], CI [75], K [76], Fe [73,77-79] and Zn [80] isotopic compositions
of the Moon, as represented by lunar basalts (black, high-Ti basalts; green, low-Ti basalts) except for CI, where samples include
basalt, soil, regolith and apatite from basalts. The average isotopic compositions of the Earth (red dots) and typical uncertainties
(horizontal red lines) for Li [81,82], 0 [83], Mg [84], Si [22,23,85-88], CI [89,90], K [91], Fe [92,93] and Zn [80] are plotted for
comparison. (Online version in colour.) (Dauphas et al, 2014)
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AHHJHEA I ER D #13%E Theia A2 ? (Cf. Dauphas et al., 2014)

Fig. 4. Post-impact state of protoearth and disk from simulation shown in Fig. 2. (a) Temperatures within a 2000-km thick slice through the protoearth, parallel
with and centered on the equatorial plane of the planet; (b) same slice as shown in (a), but here color scales with the source object of the material, with red
particles originating from the impactor and blue from the target; (c) same slice as in (a), but color scales with material type, with iron particles in red and
dunite particles in blue; (d) the entire protoearth and disk, with color scaling with material type (iron vs. dunite) as in (c). (Canup, 2004)



ADEMER (EXREZERDENR) =CAIFALUIES60 Myr?

!
NN A= v VIS L DREHER - Theiaafo 1t 7
!

A& HIROMBRIERGD 2 15T 7

(Hosono et al., 2019)



=misRIC L TIEKDAH B - K/Thit & DR ?

1,500 L ELAS L B T T T T T T
L o Mare basalts b |
| o KREEP basalts
S 1000 Nonmare ! Mare |
(o) samples )\ apatite :
g .| _
Y 500f : # -
” _ _
> i 09 % O O ]
S _
>  50r ¢ | - -
g —
E i Nonmare ]
“ 500} - apatite -
_ O Lunar glasses |
_1,000_ il el el i Caadd ol ]
100 10! 102 103 104 100 102 103 104
H,0 (ppm) H,0 (ppm)

(Hauri et al., 2017)



HO~YoI~< «F—v>DEap
FRT—=IL? S KNETIEH L Z£20 Myr?

foreral
[=]

700N

= I AR O £F D
Apollo14 sample

| | ® This study (residues) ® This study (2nd leachates)

| | B Taylor et al. (20), NC-corrected

Hf model age (Ga)

| Allerrors are 1o

' -
: %

*
BRI

3.975 4.050 4.125 4.200 4.275
Zircon crystallization age (Ga)

(Barboni et al., 2017)

Upper limit from
182Hf-182W = 4.52 Ga (34)

[ This study

(4.51 + 0.01 Ga)

Indirect ages (4-7)

Direct ages (8-10)

NIV A= v DER

Basalt Sources
@ Low-Ti
@ High-Ti
O KREEP

FAS Min Fracs
[ 60016

[ 60025
[ 62237

142Nd/144Nd W hole Rock

All Cumulates
Age = 433631 Ma
Ind(8e) = -0.15+0.05

MSWD =1.2

0.177 0.20

147Sm/144Nd source

(Borg et al., 2019)

0.29 0.32







