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Formation of the rocl

Carbonaceous chondrite
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Unnamed carbonaceous chondrite from my drawer

Heterogeneous material ' , Layered structur
jNoa,struc,ture | e eg , core, mantle and c

> How to achieve this?
- » How long to achieve this?




- The formatioh of la

Step 1=

> Begmnmg of coII|5|on between newa
formed objects

» Then a lot of collisions R |
' ‘ Planetesimal Lutetia

‘ Planetesimal formation , i Dl et
(solid obJects of 1-100 km) e
> Planete5|mals - pIanetary embryos |

—> pIanets |

Less and less coIhsuons but more
and more energetlc

Image from NASA website




Step 2 = Planetary-scale meltmg
(relevant for rocky planets)

Mlgratlon of the elements and compounds
WIthln the planetary body accordlng to density

JF né\ty‘a},’ry fdifferentiati'o,n

Iron-nickel metal
sinks into core

Less dense

e rock rises

Image crediti: Carleton Uni.



Mg-Fe silicates (olivine, pyroxene)
— Al-Ti-Ca oxides

,@?}’H'L‘“\ ¥ _—— 1 Ni-Fe-Salloys + impur'itiés (Si, O)
«/ Inne ;

3 1 Ni-Fe alloys (+metals
%\C{HL ” , - ys ( ’ s)

, /’

—

Outer Core

exaggerated)

Image credit: Purdue Uni.




Alternative
models

Small
undifferentiated
bodies Core
formation

Differentiated
bodies with cores

From Minarik, Nature, 2003.




Image from NASA website

Less than 600kg *of't‘r‘ocks‘ from the Moon: :

- Apollo (USA): 380kg
‘Luna (USSR): 301g
Chang’e 5 (China): 1.7g
Meteorites: 190kg ‘

Anorthosite
~crust

90-100% anorthite

(K-Al-Ca plagioclase)




sverview of the Early histo
- the Moon

Lunar meteorite NWA14178 (Image from L. Labenn:e)



1. Initial formation (Very chaotlc)
~4500-4400 Ma

Giant impact between a Mars-size object and Earth

Isotope evidence of genetic relation

between Earth and the Moon:
Similar Oxygen and Titanium Isotope ratios

Image from SSERVI-Nasa website



2. Planetary differentiation: ~4500-4400 Ma?

Accumulation of heat from impact and radioactive elements led to a global magma
ocean (Lunar Magma Ocean: LMQ)

LMO crystallisation sequence hypothesis

L Denser minerals (olivine first then pyroxene),
crystallised first then sank and accumulated
forming different layers

» Formation of a stratified mantle with
layers of different compositions

d At some stage, plagioclase (anorthotite)
crystallised but was less dense than the
remaining liquid and formed a compact crystal
network floating on the top of the liquid

Image from Wikipedia

» Formation of the anorthositic crust



2. Planetary differentiation: ~4500-4400 Ma?

Accumulation of heat from impact and radioactive elements led to a global magma
ocean (Lunar Magma Ocean: LMQ)

LMO crystallisation sequence hypothesis

L Denser minerals (olivine first then pyroxene),
crystallised first then sank and accumulated
forming different layers

» Formation of a stratified mantle with
layers of different compositions

d At some stage, plagioclase (anorthotite)
crystallised but was less dense than the
remaining liquid and formed a compact crystal
network floating on the top of the liquid

This is a model
» Formation of the anorthositic crust

This is not confirmed so far
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[Imenite Basalt (high K)

95.6 grams

Northwest Africa 473

Unbrecciated basalt

Lunar
meteorite

Images from Nasa website



The chemical groups of Iunarfbasalts

EI Low Titanium (T|O < 6% wt%) = Low-Ti group

- Several subgroups

Derived from the
* Low 238U/294pp (238U /294Pb = ) basalts

different layers in
— Depleted in REE and other mineral- - the mantle formed
incompatible elements compared to the during LMO

other basalts (= ”depleted source”)

crystallisation

—> Most abundant basalt type on the Moon

4 High-Titanium (TiO, > 6% wt%) = High-Ti

Source

O High Potassium-REE-Phosphorus-U = KREEP ‘ last liquid crystallised

> Enriched in REE and other mineral- fromLMO

incompatible elements compared to the other
lunar basalts (= “enriched source”)
— High 238U/299Pb (p) Sandwiched between the crust and mantle

layers source of the low-Ti and high-Ti basalts



What are the processes mvolved |n the
formatlon and chemical evolutlon of the
| lunar mantle?

0O From which cumulate layers are derived the
different chemical groups ?

» How many mantle chemical components?

>  Should we expect other chemical types of basalts? Age of the
. . - Moon?

»  What is the chemical composition of these components?

(d When the mantle components formed
(end of LMO crystallisation)?

» When really started the basaltic volcanism?

» How long it lasted (exhaustion of mantle component)?



> Limited constraints on the chemical
characteristics of the mantle sources of
the basalts

Few radiogenic isotope data available

(= classic toolkit for mantle source tracing)

= Data with large uncertainty

= No systematics using Sr-Nd-Pb-Hf initial »
isotopic ratios

87Sr/86Sr)____ = (87Sr/36Sr),+ 87Rb/36Sr (e R0*1.1)
( meas 0

> Poor Chr0n0|0gica| ConStraintS on the From Stacke, Encyclopedia of Geochemistry, 2018.
timing of the volcanic activity

= Few data

= |ow precision of the data ‘
P / Need for better ages

® |nconsistency of dates obtained by different > Data filtering
technigues on the same sample > New data

= Methodological and analytical issues



Methodological approach

1. Determination of accurate and reliable chronology
of lunar basaltic magmatism

2. Determination of radiogenic isotope ratios of lunar
basalts

- How to date lunar basaltic rocks?

Classic radiometric techniques:

— 40Ar-39A |
RB.St Based on the radioactive decay of a element

(9K, 87Rb, 143Sm, 23°U and 238U) into a daughter
—Sm-Nd element (*°Ar, 13Nd, 2°°Pb and 2°’Pb)

— U-Pb



Methodological approach
How to date lunar basaltic rocks? :

Issues:

» Few minerals suitable for dating
(containing large quantities of parent element and no initial
daughter element)

» Impossible to monitor the presence of terrestrial

contamination
(from sample prep., desert alteration)

* A novel approach:
— In-situ Pb-Pb by SIMS



Principle: ..

Construction of 27Pb/2%pb vs 204Pb/2%pb isochrons from in-
situ analyses of minerals containing Pb | %

1) Analysis of Pb iSotopes only
2) High lateral resolution

3) Monitoring terrestrial Pb
contamination

CAMECA IMS1280 at NRM-Geovetenskap




Lateral resolutlon
P0551b/l/ty of analysmg‘ small mdlwdu ’
grains containing Pb

. Phosphates
'(radlogenlc + mmor |n|t|al Pb
bearlng phase)

& Potassmm feldspars
(|n|t|al Pb bearlng phase)
J'ero_Xides and -si‘I\i'catesf <
, (BaddeIeYit zircon, zirconolite:
fradlogenlc vabearlng phase)

i

From Merle et al., Meteoritics and Planetary Sciences, 2020.



Pb-Pb Isochron:

Initial Pb
composition

207Pb/206pb

Composition
of
radiogenic Pb

204p/206Pp
0.0012 0.0020

207phy* [206ppy* = 235/ 238 x [ elz3st_1/elz38t_1]
A: decay constant




Monitoring terrestrial Pb contamination

U-Pb data contaminated by terrestrial Pb tend to yield
older dates

Initial Pb composition

”Leftmost isochron”

Terrestrial
contaminant

Mixing between ®
components of initial Pb,
radiogenic Pb and (5]

terrestrial contamination O
@

Radiogenic Pb

see @ Analyses used to define sample isochron
composition

® Analyses discarded in filtering process

-

From Snape et al., EPSL, 2016 2>*Pb/°°®Ph




Isochrons from lunar basaltic meteorites (low-Ti group)

data-point error crosses are 20 data-point error crosses are 20

MIL 05035 1t Dhofar 287 LAP02224, 47

Terrestrial Pb

™\

Terrestrial Pb

Terrestrial Pb

"ﬂ

=
w

207Pb/206Pb

Blue: K-feld

Red: phosphate

Black: sulfide

Green: K-feld+phos mix
Yellow: baddeleyite

paJajjlj UoRUILLIBIUOD [BLIJS8ll8]

. . . . . . 00
0.001 0.002 0.003 0.004 0.000

204pp/206Pp

Age = 3861 £ 5 Ma (95% confidence)  age = 3208 + 22 Ma (95% confidence) Age = 2977+ 13 Ma (95% confidence)
ony 4o-goints, MWD 50,95, on 33 points; MSWD = 1.4; on 42 points; MSWD = 1.2;
Probability of fit = 0.64 Probability of fit = 0.077 Probability of fit = 0.18




Chronology of volcanic events on the Moon:

New filtered age
database of lunar

basaltic rocks:
Meteorites
+
Apollo
+
Luna
(Soviet missions)
collections

Relative probability

Older volcanic . ! Younger
phase : ! volcanic !
' ' phase

Updated from Merle et al., Meteoritics and Planetary Sciences, 2020.
Two main magmatic phases:
4000-3600 Ma and 3400-3100 Ma



initial Pb isotope ratios of lunar basalts

ErKREEP 10044,645 & |
W, M, = 2600-3680 12038,263 ¢

f TSR t, = 4376118 Ma 12039,44 ¢
12063,330 ¢ |

14072,61 &

Ea rly mOdEI | E;i:..." 15365.46 ¢
> ASSUmption 1: & : t1 (model cnmpos.ggnﬁ : i
Moon formed at

4500Ma i
» Assumption 2: 34 ] p

All sources are i

formed at the

same time { % \
1.1 t, = 4500 Ma, "
: | : ; | ' | [

0.00 0.02 0.08 0.10
From Snape et al., 2016

| %Mare basalts
::' Ly, =370-640

My ¥ 462446

(206Pb/204pb)t — Z38U/204Pb (e7\.238U*t_1)+(206Pb/204pb)0




initial Pb isotope ratios of lunar basalts:
Looking for a new model

U values of
mantle sources
calculated using

Monte Carlo
simulations

Gone the
assumptions...

207Pp/2%Ph

data-point error crosses are 2o

| &

I 3885-3900 Ma

Evolution of

[ 4332 Ma
/
—— 3530-3580 Ma +
/

3750 Ma
/ /~3850 Ma
!

/

KREEPF source

o 3863 Ma

.'l’Illll

/ ,..-’( / ~3690-3700 Ma
/ ’% - 3750Ma
%; 28T 3oMa
H ? 3T40Ma

I | 3080 Ma

-
.

. T"3350-3370Ma

m\:“‘ 3270-3290 Ma
3180-3190 Ma

oL
g\ |\ \-320Ma
[\ ‘31303180 Ma

| \
3200 Ma \- 3150 Ma

\ 3000 Ma
2000 Ma

—

M Low-Ti
@ High-Ti
¢ Low-mu

A KREEP

0.03
204pPp/206Pp




initial Pb isotope ratios of lunar basalts

data-point ermor crosses are 2o

Low-Ti affinity

A1E Q-norm basa

b,

A15 Ol basalt

Progressive 007} -

contribution of a =

KREEP-like component
in the source of the

low-Ti basalts #
from 3400 Ma until g mz Ol basalt
3100 Ma ol | &
|

V73 clan

AN M basalt

204pp206pp

LAPO2224, £ |

KREEP affinity

0.001 - : - : : - - :
2900 2950 3000 3050 3100 3150 3200 3250 3300 3350 3400

Age (Ma)

Merle et al., Meteoritics and Planetary Sciences, 2020.




207P}/206Ph

data-point emor crosses are 2o

Evolyfi
KREEF source

23530-3580 Ma

3270-3200 Ma
3180-2190 Ma
3240 Ma
3120-3180 Ma

0.030
204Pb/205Ph

Low- Ti basalts are derived from source
mixing involving two components:

» 10-20% KREEP
» 90-80% low-L component

©
=
=
-
-
o
pd
«)
=

Plausible new model
Binary mixing

0.5070 Sa—

0.6980

0.6990 0.7000 0.7010 0.7020 0.7030
87Sr/86Sr

What is the driving process?
Thermo-mechanical erosion of KREEP layer
(sandwiched between the crust and the other mantle layers)

» Convection....

0.7040




Concluding remarks (for now...)

O We still don’t know when the Moon formed and when LMO

crystallisation terminated

> Do we have the relevant data?
> Need more data...

] Better chronology of the volcanic activity
» 2 phases (4000-3600 Ma and 3400-3100 Ma)?
» At least, we can make sense of radiogenic isotope ratios

] Satisfactory model: Binary mixing (KREEP+Low p components)
> explain the chemical characteristics of the low-Ti basalts
» Partly satisfactory for High-Ti basalts

¥

Driving process = convection
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