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Relevance

e Atmospheric composition

e Faint Young Sun paradox

e Mantle redox state

e (Cessation of core formation

e [ectonic regime of early Earth
e Extrapolation to exoplanets

e Mars-Earth divergence

e Subaerial prebiotic chemistry
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Relevance

e Atmospheric composition

e Faint Young Sun paradox

©
O
* Mantle redox state P
7
e Cessation of core formation &
Q 10
. . T 10
e Jectonic regime of early Earth = 10_:
Dc? 10° F ==  sssssssssssssss | :.O
_ . 107 It
e Extrapolation to exoplanets s ?
o e R . | | | | |
P MarS‘Earth divergence 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0
Age (Ga)

e Subaerial prebiotic chemistry

Goldblatt 17



Vlajor challenges & opportunities

e Provide a bridge from planet formation
to long-term planet evolution

e (Constraints on early Earth
geochemistry poor

e Magma ocean (MO) evolution complex:

iNnterplay between S|deroph|\e -+
atmophile partitioning, atmospheric
chemistry/radiation, fluid dynamics

e Suspension flow regime (so far)
Inaccessible/too expensive for
computational geodynamics

Iming of volatile addition better
constrained

Majority of former results based on 0D
to 1D approximations

-ormer models neglect mantle fluid
dynamics

Only very few studies w/ two-phase
flow approach

Synergies of expertise in Katz +
Plerrehumbert groups




Carly Earth’'s surface environment

Pu,o = 300 bar ; Pco, = 100 bar

| —— Without clouds: T. = 1690 K
| —— With clouds: T, = 1970 K
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Atmosphere — MO connection
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Simplistic equilibrium partitioning models
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Hirschmann 16

Simplistic equilibrium partitioning models
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Equiliorium partitioning + some evolution
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The Moon-forming impact to the rescue
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—ractional crystallisation during freezing
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—ractional crystallisation during freezing

Elkins-Tanton 12; Ikoma+18
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-ractional crystallisation during freezmg
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MO depth (km)

Ballmer+17

MO thermal structure bracketed
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INncremental
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Two-phase flow to remix stratified mantle”

Case Cl: Ra=2x10>  Case C2: Ra=2x10’ Case V: Ra = 2x107; variable n
(a) T & magma

i Largely Molten Layer 29 Myr 177 Myr
(a) the melj[ir.lg. or solidus curve (b) the density difference. between i - T ‘ T
& the initial temperature magma and matrix =Y | o
temperature [K] density difference [kg m~] z ’ |
1000 2000 3000 0 500
0 ;
e |

0

(b) normalized vertical velocity of the matrix Uz/ Uref
I > > > > > > > “ngzbyxk(-kly‘\‘vgﬂ‘
>%» > ¥ ¥ > *Irg 3% v AN S -»'*_»,‘
> > > ¥ 7 > | 3 W'?g-»"‘—ngi‘*(— :v
Z A A = 7 A A A A A > h \ *ﬂﬂ_)ﬁ\ﬂ¥ % K
R €« €« €« €« € € § ¥ « |, € €« £ £ 7 A A A A d
F € €« €« €« €« €« €« € € € € &« N ¥ A ‘F‘F‘KWKWG > 7 A ‘ !
€ € € € € € € € € € € € & u € N KR > 7 AAR €« €« « B>y y 7 .
1 —————————————— VA R R R IR || W R R W R R S\ . y y
1000 | (¢) U',/Uref driven by thermal buoyancy
> > > > > >4 >
Z Yy ¥y ¥y ¥y > 2 7 i i '
>y ¥ ¥ ¥ > : > 1'
05' A A A A A ' | A . .
(d) UM,/ Uref driven by melt-buoyancy
|
> > 3 aa > 7Ty > A » R £ € € § g« Age A $R‘3->»9,M<-k’fv<ék'¥‘*Wt—kgk*s<s‘i<4f‘<gx*‘<k
Z > 3 A a A > 7T 7 . Py 4 e "HE & T TN .‘,\4«9’:&-\4***‘?«*'}“\y&u\;\y““““&ux;***
*M%%M*’?ﬂk&vw /i‘&wwv‘y*:vkkkkffb "Ak&\vaywmk\b*ﬂﬁ\k;y\y\yvx*ﬁ\k*k&*ﬂﬁ}i
0.5 £ i T ol SR K 4 LU S T A AAAA T <« o L2 T AN e L Sy Xy i O
() UYV,/Uret driven by volume change of the matrix
I

> 3 3y

3y v

S

A R A 4

S IR AN A

¥ Vv ¥ ¥
_—

>

M

>
2 3 Ny

>\

3N Y v
N Y YV
i A A 7
o A
NV VY
A Y v Y

> ¥ ¥ >

T =
- o SEENY
AR
W')’MQ/
R
R
¥y e «

E

2000 1
2272020 2R AR AR AR 2 2 20 2 2 2R AR | 22 2RI R Ly VYENYIN Yy v v v v v v v v vvwvewvvwevw reeseer® AT S5S5 455> 4
Zhvwevwvwvvvevwwvwyy dykkeyp ([ vre e 2 22Fy e aAMAYPE T 504300y 2y gy TFe L e N PP
~ A A
[ R F € bk pyy»TARL p ([ PATRE L oy e AR e by v vv v vy aThe LSRG 4 7 AREEEEEE « Uy ¢ v
055R$¢¢,‘ " A IAE o . P AA® £ >y 33 AAAAARLAKR € £ TERTSETIET T XS - a7 AN o L
0 20 20 X 20 X 2

X
Uref= 10.0 [cm/yr] Uref: 100.0 [cm/yr]

temperature velocity
-g-j BT T

1000 2500 -1 0 1
(K]

X
Uref: 2.0 [cm/yr]

Ogawa 18



depth [km]

(a) the melting or solidus curve
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Two-phase flow to remix stratified mantle”
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What to do / project goals

e Quantify impact of incremental overturns
» Mantle compositional stratification
= Mantle redox gradient
= | ayering stability

» BSE C-H-N-S ratio/total budget

» Uppermost mantle/plume chemistry?

e [Farliest atmospheric composition

e Avoid bracketing of thermal evolution(?)

Self-consistent atmospheric treatment

» Pre-computed flux for various
atmospheric compositions (+ solar
insolation) as boundary condition

Melt-solid compositional distribution
» Composition tracking
Computational feasibility

Starting conditions



What to do / project goals

e Quantify impact of incremental overturns

» Mantle compositional stratification
= Mantle redox gradient

= | ayering stability

» BSE C-H-N-S ratio/total budget

» Uppermost mantle/plume chemistry?

e [Farliest atmospheric composition

e Avoid bracketing of thermal evolution(?)

1. Whole-mantle MO
» Density-inverted incremental overturns

2. After overturn

» Bracket overturn stratification

» Compute remixing of stratification +
volatile partitioning

3. Intermediate (late-stage) MO

» Bracket early thermal evolution, assume
end-member late-stage thermal-
compositional profile



1. Whole-mantle MO —> global volatile budget
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1. Whole-mantle MO —> global volatile budget

¢ \Whole mantle completely molten

o |nitial temperature profile following adiabat
when bottom intersects with liguids

e Employ partition coefficients for alloy/O +
CHNS ratios

» Track composition/mixing + density
Inversion

» Oversaturated volatiles released to
atmosphere

e MO heat flux through eddy diffusivity
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1. Whole-mantle MO

¢ \Whole mantle completely molten

o |nitial temperature profile following mantle
lquidus

- Employ partition coefficients for
alloy/O + CHNS ratios

» Track composition/mixing + density
INnversion

» Oversaturated volatiles released to
atmosphere

e MO heat flux through eddy diffusivity

Fe3*/XFe

1071 ¢

10_2 5

TABLE 2. Volatile solubilities and partition coefficients used for model

calculations
Solubility constants Partition coefficients
Si (Eq 6) (ppm/M Pa) Dialloy/silicate
C oxidized 1.6 500
reduced 0.55 1000
very reduced 0.22 3000
H oxidized 2 6.5
reduced 6.5
very reduced 5 6.5
N oxidized 1 20
reduced 5 20
very reduced 50 20
S oxidized 5000 60
reduced 5000 60
very reduced 5000 60
Hirschmann 16
Present-day upper mantle
high P
low P
5 10 15 20 25 30 35 40 45 50

pressure (GPa)

Schaefer & Elkins-Tanton 18



1. Whole-mantle MO —> global volatile budget

¢ \Whole mantle completely molten

o |nitial temperature profile following
mantle liquidus

e Employ partition coefficients for alloy/O +
CHNS ratios

» Track composition/mixing + density
INnversion

» Qversaturated volatiles released to
atmosphere

« MO heat flux through eddy diffusivity
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2. After overturn: remixing of stratified mantle

e Overturn is bracketed, primary
result of overturn must be assu

ate-stage

med

» Mixing scenarios predicted differ

» Some constraints can be taken from

average mantle convection time + LLSVP

compositions

e Density inversions are reduced to variations

due to mantle composition

e Remixing from MMU tfeedback + enhanced

plutonism?

» Radiogenic heat-source partitioning

depth (km)

Ballmer+17
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(b) temperature & magma (c) composition

 Case M300-6: Ra = 2x10’ | o

2. After overturn PIRVER

F]:l;]

1 ; : basaltic primitive
e Overturn is bracketed, primary late-stage a LA

result of overturn must be assumed X —
5 oo [ s o
» Mixing scenarios predicted differ oo

» Some constraints can be taken from e e N i

average mantle convection time + LLSVP ; évé §44 588 o e .5&“&“5’22222 nmw

compositions A e S g g o r s

e Density inversions are reduced to variations
due to mantle composition

* Remixing from MMU feedback + y
enhanced plutonism?
> Radiogenic heat-source partitioning
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Lourenco+18
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3. Intermediate (late-stage) MO

— Liquidus Maurice+17

Magma ocean — = Thenr

[_] Mush region — = Solidus
[ Solid cumulates Temperature

e Bracketing rapid early MO evoluton R Solidification front

Batch crystallization

Fractional crystallization a)

» Initial atmospheres dominated by either
H>0O/CO2 (oxidised) or H2/CO (reduced)

Radius

» Initial rapid cooling phase dominated by
oatch crystallisation

Temperature

e Cannot avoid largely molten regions, but Lo-1.

reduces uncertainties related to Fe partitioning Cooling

» Fe-related density inversions g2
I~
E
» + MMU feedback (Ogawa+18) "
I
Y 1073

» + Intrusion feedback (Lourenco+18)

1500 2000 2500
Tsurf [K] Salvador+17

e Computationally a compromise



Summary & open guestions

* 2D global or quarter-shell model ® Partitioning/chemical evolution?

e [woO-phase separation between melt and solid y Constants derived from

® Chemical partitioning of iron phases (or geochemical experiments?
mantle chemical evolution) between silicate
melt and rock? » Parameterisation a la Rees Jones+?

» Feedback between density inversions, » Mixture of both w/ regards to Fe vs.

sm? . .
VMU effect + plutonism: H20O/CQOz/volatiles and high/low melt
® \olatiles continually released + fed to reqgions?
uppermost mantle vs. parameterised using
Salvador+17 scaling relations? ® Eday diffusivity?

' D . .
» Atmospheric phase space: ® Numerical feasibility?



