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| What is “late accretion”?

Late accretion leads to numerous crater-forming impacts:
protoplanetary disk (gas and dust) that is, a statistical approach can be applied.

*A giant impact 1s a stochastic process

snow line gas (H/He) |
e g., Brasser+2016
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Late accretion occurs at the last stage of planet formation




| Late accretion depends on planet formation model

Model Total mass of impactors to Mercury Impact velocity
Decline model
Time: 4.5 —4.0Ga 3.3+¢ x 10% kg (Brasser et al., 2020) Equation 1 (< vy, >=36 km ')
Classical LHB
Time: 3.95 — 3.85Ga 0.3 x 10 kg (Abramov et al., 2013) 33 km s7! or 43 km s7! (Mojzsis et al., 2018)

Sawtooth LHB
Time: 4.1 —3.7Ga 0.084 x 10%° kg (Abramov and Mojzsis, 2016) 33 km s™! or 43 km s™! (Mojzsis et al., 2018)

. oactors & typical jmpact velocity

formation models.




| A strategic consideration

Every few years(!), models are updated..
Total mass of impactors (Mioimp) & typical impact velocity (vimp) could be changed.

Therefore, instead of studying a specific case,
I try to derive scaling laws for the consequences of late accretion
as a tunction of Miotimp and Vimp.

Here, the studied consequences are
(1) How significantly could Mercury’s surtace be eroded?

(2) How much of impactors’ materials could be implanted on Mercury’s surface?
(3) What are the tfate of impactors? — Melted? Vaporized?



| Preparation
Hyodo & Genda (2020, 2021), ApJ
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SPH simulations Scaling laws

3 e.g., Vimp=12km/s, 0=45deg 10 Erosion mass from target
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Vimp: 1Impact velocity, mimp: Impactor mass, vesc: €scape velocity

.

,| Scaling laws are derived

for erosion and accretion by cratering impacts
S e . - - =y




| Monte-Carlo Statistical Model of Late Accretion

Erosion mass fromtarget

—3IU’HG20,imp @)
Vimp SIN(6) )

Mimp

| ate accretion — inevitable

Accretion mass from impactor

MHGZO, acc,imp (<Vesc)

Mimp 10i=8x1018~8x102 kg, Pimp=30~4

Mimp

(€.ge

)—3NHG20, imp ()

veSC
=1- CHGZO,imp(e)(

Vimp Sin 0 *C, Ww: coefficients

Whatis the consequences of late accretion?

(1) How significantly could Mercury’s surface be eroded?
(2) How much of impactors’ materials were implanted on Mercury’s surface?
(3) What are the fate of impactors? — Melted? Vaporized?

™, D 41;3

0: sin26-distribution t— We will derive scaling laws as a function of Mimp,tot & Vimp

Vimp. d fre.:e parameter (sothat any planet formation models can be applied)
Mimp: Main-belt SFD



Consequence I:

How significantly could Mercury’s surface be eroded?

— Can late accretion significantly change the core fraction?

— What is the total crater are?



Total impactor mass [k(g]

I Can late accretion significantly change core fraction?

Figure: Total impactors mass necessary to
change the core fraction from finicore t0 feore=0.7
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Late accretion itself cannot significantly change the core fraction.



Total impactor mass [k(g]

I Can late accretion significantly change core fraction?

Figure: Total impactors mass necessary to
change the core fraction from finicore t0 feore=0.7
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However, the surface/crust could be significantly eroded.

A fraction of crust
removed

fini ,coreNO v

Derived scaling law
Depth of crustal erosion by late accretion (Dero):

M V. 2.2 M.
Dero ~ esc,;ot ~ lkm % ( 1mp > 11;1;),t0t
ArpRL e 36km/s 10-%kg

Fromthe existing models

Mimp 10=8%1018~8%1020 kg & vVimp=30~40 km/s
— 50m~50 km surface was eroded

*assuming today’s Mercury size



Cum. crater area [Sy,,]

|What Is the total crater are?

Expected range
(Brasser et al. 2020)

L4
‘ <XVimp>=36km/s
<Vimp>=30km/s

Existing models
Mimp,tot — 8X1018~8X1020 kg

Yimp = 30~40 km/s

0.1 1 10 100
Total impacted mass [1020kg]

Derived scaling law

Total crater areato Mercury’s surface area
(i.e.,the degree of resurfacing)

b
Stot,cra Mimp,tot
= aX 0
SMer 10-%g

a & b: coefficients from pi-scaling law and Monte-Carlo simulations (see Hyodo+2021)

Fromthe existing models

If Mimp,t()t > 4X1019 ~ 5X1019 kg
— global resurfacing

(1.e., Siot cra’/SMmer > 1)

ot,cra

The oldest surftace age for Mercury:
~4.0—-4.1 Ga

(Marchi et al., 2013; Werner, 2014)



Consequence 11:

How much of impactors’ materials
were implanted on Mercury’s surface?

*This 1s the process to deliver exogenic impactor’s materials,

including the volatile-bearing materials, onto Mercury’s surface.



I How much of impactors’ materials were implanted on Mercury’s surface?

Accreted mass |1 Ozokg]

—t
o
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Expected range
(Brasser et al. 2020)
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Existing models
Mimp,tot = 8X1018~8X1020 kg

Yimp = 30~40 km/s
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Derived scaling law

If Mimp 1ot 1s 1Impacted, Macc imp ot 1S Implanted onto Mercury:

M acc,imp,tot — Mimp,tot

v=0.39-0.48
for vimp=30-40 km/s

Fromthe existing models

Global resurtacing with Mimp ot > 5%101° kg

1.e., at least
more than Maccimpor = 3X1018 kg 1s implanted.



Consequence 111:

What are the fate of impactors?
Melted? Vaporized?

*This 1s the very first step to understand potential geochemical features

produced by late accretion impacts.



Vapor/melt fraction [%]
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IWhat are the fate of impactors? — Melted? Vaporized?

Melting

Vaporization

10 20 30 40 50 60 70
Normal impact velocity [km/s]

Using the lever rule, the melt/vapor fraction estimated
e Entropy calculation along Hugoniot
e Basalt assumed with the initial temperature 293K

N4

Used impact conditions
o 30~40 km/s with 45-degree impact
e Vertical component is used (Pierazzo and Melosh, 2000)

N4

~50% of the impactor materials are vaporized; rest melted
*This Is a cratering impact; thus a local phenomenon




Summary Vimp=30-40km/s

Hyodo, Genda & Brasser (2021) Icarus

Heavy cratering
Crust erosion
Accretion of impactors

Existing models
Mimp,t()t — 8X1018~8X1020 kg
Vimp — 30"’40 km/ S

How significantly could Mercury’s surface be eroded? How much impactors materials were implanted?
Mesc,tot Vimp 22 Mimp,tot
Dero = AmpRY,.. ~ Tkm X (36km /S) 1020kg Macc,imp,tot — Mimp,tot
— S0m~10 km of crust removed — >3x1013 kg exogenic materials implanted

What is the total crater area to Mercury’s surface area?

b
Stot,cra Mimp,tot
= a X 20
SMer 10-% ¢

— Mimp.tot > 5 X 1017 kg leads to global resurfacing




future?

Vimp=30-40Kmm/s

Heavy cratering
Crust erosion
Accretion of impactors

r ‘ Local melting and vaporization

e Need to study a local geochemical/geophysical evolution of impact melt/vapor after the impact
togethr with observational evidences to constrain the impactor’s composition (€.g., 1ICy or rocky impactor).

e Understanding late accretion leads to a better understanding of the solar system formation.



A

Study of
the Solar system format

Late accretion onto Mercury
— I.e., total mass, impact velocity —

te ) | é What are the consequences of late accretion?
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— We derived scaling laws
a function of Mtot,imp & Vimp

",ac':t is requed;

Surface observation § Detallmodelmgofeachﬂlf ‘
eochemlstry —

by BepiColombo  SEsC-BLTEELRIE

"-
\\\.;} s ,\U

y

S

A

What is the consequences
of a big impact?
a stochastic event)




I Mercury is Special among Terrestrial Planets

Hyodo & Genda (2021) ApJ
Name Vimp [km s~ '] Description
(rocky/icy) Vimp [Vescl) (Reference) . .
R y/ 36Pkm — e —- During late accretion,
~ S StabD1 asc . .
(M8.5voc: v ~425kms~)  (e.g. Hyodo etpal_ 2021) only Mercury experiences a net erosive outcome.

~26km s’ Instability phase
(~2.5Vege; Vese ™ 10.4km s 1) (e.g., Mojzsis et al. 2019)

~22km s’ Instability phase N -
(~2.0Ve: Ve~ 112kms™Y)  (e.g., Mojzsis et al. 2019) 100 et erosion
~19km s~ Instability phase o)
(~8.0Vesc; Vesc ~2.4km s 1) (e.g., Brasser et al. 2020) - Mercury—
~13 km s’ Instability phase E 10
(~2.6Vege; Vese =~ 5.0km s 1) (e.g., Mojzsis et al. 2019) —
Ceres ~5km s’ Today’s population g 1
(rocky) (~9.8Veee; Vese =~ 0.5 km s 1) (e.g., Bottke et al. 1994) 8
Vesta ~5km s~ Today’s population O
(rocky) (~13.9Veg) Vese ~ 0.35km s 1) (e.g., Bottke et al. 1994) 2 0.1
Rhea ~15km s’ Instability phase
(icy) (~23.6Veee; Vese =~ 0.64 km s 1) (e.g., Wong et al. 2020) 0.0
Europa ~24km s~} Instability phase . 1 10 100
(icy) (~12.0Vegc; Vese =~ 2.0 km s_l) (e.g., Wong et al. 2020)
Pluto ~2km s ! Today’s population I m paCt VelOCIty [VeSC]

(icy) (~1.7Vese; Vese =~ 1.2 km s 1) (e.g., Dell’Oro et al. 2013)







