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The age of the Earth: Using radiogenic isotopes

Claire PattersonPatterson, 1955, Geochimica et Cosmochica Acta

Rutherford, 1929

Earth formed in ~ 100 Myr

Lee & Halliday,        1995, Nature

Carlson & Lugmair, 1988, EPSL

Age of solar system ~ 4.57 Gyr

Earth formation: A young field !
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What constraints on Earth formation?

Isotopes 
& radioactivity

Core-loving
elements
Ni, Co, ...

Depth ~ 1000 km
& Temperature ~ 3000 K

Yin et al. 2002
Rudge et al., 2010 

Wade & Wood, 2005, 2016;
Siebert et al., 2012, 2013;

Timing < 100 Myrs

Geo & cosmochemistry Earth's differentiation

Hf/W
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What constraints on Earth formation?

Isotopes 
& radioactivity

Core-loving
elements
Ni, Co, ...

Depth ~ 1000 km
& Temperature ~ 3000 K

Yin et al. 2002
Rudge et al., 2010 

Wade & Wood, 2005, 2016;
Siebert et al., 2012, 2013;

Timing

Accretion in the 
planetary disk

< 100 Myrs

Rudge et al., 2010 
Fischer et al. 2017, 2018

Geo & cosmochemistry Earth's differentiation

Physics

Hf/W

Astrophysics Fluid dynamics

Mixing & chemical transfers
between core & mantleMineral physics

Core-mantle
partition coefficients
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Extinct radioactivity: timing of core formation

182Hf → 182W

Key properties:
Both Hf and W are refractory.
Hf is lithophile while W is siderophile.
Half-life of 8.9Myrs.

Principles on the blackboard for a two stage accretion model.

Chondrite (P. Thomas) 

Chondrules
Metallic iron

Silicates
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Extinct radioactivity: timing of core formation

Yin et al., 2002Hf/W

Chondrites

Earth

Two-stage 
time scale of 
Earth’s core 
formation 
~ 30 Myr 
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Siderophile elements: Temperature & pressure

Principles :

Partition coefficient of element i between metal and silicates:

Di =
Cmetal
i

C silicates
i

(1)

Composition of the global Earth from chondrites
- Mantle composition from upper mantle rocks (Bulk Silicate Earth)

→ Composition of the core

Di ,Earth =
C core
i

Cmantle
i

(2)

Di = Di (Pressure,Temperature,Oxygen fugacity)
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Siderophile elements: Temperature & pressure

from Walter et al. 2000

Excess in refractory 
siderophile elements
in Earth mantle

Evidence for
high P/T 

equilibration
in a magma ocean
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Siderophile elements: Temperature & pressure

1 - Obtaining partition coefficient log (Di ) = a +
b

T
+

cP

T
,

where a, b and c are estimated from high-pressure experiments.

Sample recovered from a diamond cell 
(57 GPa, 4440 K) 

Cobalt

Fischer et al. 2015 Siebert et al. 2011
lo
g
D

i

2 - Finding pressure & temperature such that Di = DEarth.
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Siderophile elements: Temperature & pressure

Siebert et al. 2012 Fischer et al. 2015

Chemical equilibration at 
~ 3000 K, 40 - 60 GPa 

in a 1000-1500 km deep magma ocean 
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Siderophile elements: Temperature & pressure

Siebert et al. 2012 Fischer et al. 2015

Chemical equilibration at 
~ 3000 K, 40 - 60 GPa 

in a 1000-1500 km deep magma ocean 

Assuming full equilibration
between metal and silicates !

What if partial equilibration ?
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Partial metal-silicate equilibration

Degree of equilibration =
Mass exchanged

Max. mass exchanged

Degree of equilibration

Impactor 
core

Mantle

Metal-silicate
chemical transfers

Composition of 
the core & mantle

 of the planet

Core

Turbulent mixing

core

mantle

182Hf →182 W
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Partial metal-silicate equilibration

The duration of
core formation,

deduced from isotopic
observations,  

strongly depends on the 
assumed degree of

equilibration

Rudge et al., 2010, Nature
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Physical processes: length & time scales
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planetary disk

Astrophysics &
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At the disk scale : Accretion stages

Accretion of pebbles (cm) Lambrechts et al. 2019

Walsh et al. 2011

O'Brien et al. 2014

ALMA Andrews et al. 2016
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Protoplanetary disk scale : planetesimals to planets

km-sized planetesimals Earth-sized planets
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M : Mass of a singular body
Me : Final mass of the Earth (modified from Rubie et al. 2007) 

Mars-sized embryos 

80-90 % of Earth mass
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3 104 105 106 107 108

Runaway & oligarchic 
growth

Large impacts
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At the planetary scale : Impacts & heating
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At the planetary scale : Impacts

Formation of the Moon

Courtesy of Miki Nakajima, Univ. of Rochester
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At the planetary scale : Impacts

Zhang et al. 2012
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At the planetary scale : Impacts

Alternative 
Moon-forming 
scenario : 

Synestia
Lock et al. 2018
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At the planetary scale : Heating & melting

where we have assumed that¼ 5000 kgm 3 and a
heat capacity of 1 kJ kg1K 1. Note that this tem-
perature change is a globally averaged value; for
small impacts in particular, real temperatures will
vary signi�cantly with distance from the impact site.

Equation [2] is based on several simplifying
assumptions. It assumes that the energy is deposited
uniformly, which is unlikely to be correct. More
importantly, it assumes that all the kinetic energy is
converted into heat and retained. Such an assumption
is unlikely to be correct for small impacts, where
most of the energy is deposited at shallow depths
where it can be radiated back to space (Stevenson,
1989). For larger impacts, however, the energy will
be deposited at greater depths, and thus the only
major energy loss mechanism is the ejection of hot
material. The amount and temperature of material
ejected depends strongly on the geometry of the
impact, but is in general rather small compared to
the target mass (Canup et al., 2001). Since we are
primarily concerned with large impacts (> 0.1),
the assumption that the majority of the energy is
retained as heat energy is a reasonable one. Thus,
impactors with a size similar to the one that is
believed to have formed the Earth’s Moon
(Cameron, 2000; Canup and Asphaug, 2001) prob-
ably resulted in the bulk of the Earth being melted.

Although a Mars-sized (0.1Me) proto-Earth has a
smaller mass, it experiences collisions with bodies
comparable in size to itself ( 1; seeFigure 1 ). In
this case,eqn [2] shows that T 4500 K. Thus, it
seems likely that Mars-sized embryos were also mol-
ten and thus di�erentiated. Although there is
currently little direct evidence for an ancient
Martian magma ocean (seeElkins-Tanton et al.,
2003), Blichert-Toft et al. (1999) and Borg and
Draper (2003) have used Lu–Hf systematics and
incompatible element abundances, respectively, to
argue for such an ocean. Conversely,Righter (2003)
argued that the temperatures and pressures inferred
from siderophile element abundances do not neces-
sarily require a magma ocean.

In considering the thermal e�ects o� mpacts, it
may also be useful to consider the cumulative energy
delivered for comparison with other sources of energy.
Figure 1(b) shows the cumulative impact energy in
J kg 1. The bulk of the energy is delivered by the few
largest impacts, as expected. For comparison, the
radioactive heat production due to one long-lived
(40K) and two short-lived isotopes (26Al and 60Fe) are
shown. Long-lived isotopes have no e�ect at all on the
thermal evolution of the Earth over its �rst 10My.

The total energy associated with26Al depends very
strongly on the accretion time (Figure 2 ) and in this
case is roughly one order of magnitude smaller than
that due to the impacts.Figure 1(b) shows that the
thermal evolution of the Earth naturally divides into
two stages: the early stage (up to 10My) when
heating due to impacts and short-lived isotopes dom-
inate; and the later stage, when long-lived isotopes and
secular cooling are important.

Figure 3 summarizes the expected mean global
temperature change due to impacts and short-lived
radionuclides as a function of planetary size.
The e�ect of a single impact (solid lines) is calculated
using eqn [2] and demonstrates the strong depen-
dence on both body mass and the impactor:target
mass ratio . It should be re-emphasized that, parti-
cularly for small impacts, the energy will not be
distributed evenly and that the calculated tempera-
ture rise is only a mean global value. The e�ect of
26Al decay (dashed lines) does not depend on the
body mass, but only on the accretion time relative
to CAI formation. For small bodies, only radioactive
decay contributes substantially to warming; for large
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Figure 3 Mean global temperature change T as a
function of planetary mass (in units of Me¼ one Earth mass).
Solid lines show gravitational energy due to a single collision
where denotes the impactor:target mass ratio and T is
calculated from eqn [2] assuming that V1 ¼ 0,
Cp¼ 1000 J kg 1 K 1 and ¼ 5000 kgm 3. Dashed lines
show temperature change due to 26Al decay as a function of
(instantaneous) planet formation time (in million years) after
solar system formation. Total energy release by 26Al is
6.2 106 J kg 1 (assuming 1wt.% Al and a fractional
abundance of 26Al of 5 10 5) and half-life is 0.73My.
Planetary melting is expected to be widespread for
T >1000 K. Note that heat losses by conduction or

convection are neglected when calculating the temperature
rise.

Formation of Earth’s Core 59

widespread
melting

Rubie et al., 2007 

Small planetesimals : 
melting by radioactivity 

Planetary embryos : 
melting by impacts

Magma oceans are
unavoidable !

Heating by impact

Heating by radioactivity

Planetesimals Planet embryos
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NB: See Tonks & Melosh, 1993
 for scalings on heating 
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Sub-planetary scale: Metal-silicate equilibration

Drop size? 

How much metal & 

silicates mix?
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Sub-planetary scale: Metal-silicate equilibration

Nakajima & Stevenson, 2015
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Metal-silicate equilibration: numerical simulations

Lherm & Deguen 2018
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Metal-silicate equilibration: numerical simulations

Lherm & Deguen 2018
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Metal-silicate equilibration: lab experiments

Turbulent plume, We = inertia / surface tension ∼ 2× 103

Deguen et al. 2014, Landeau et al. 2014
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Metal-silicate equilibration: Turbulent plume

Deguen et al. 2014	

Landeau et al. 2014	

Wacheul & Le Bars 2018
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Metal-silicate equilibration: Drop size

Turbulent plume, We = inertia/surface tension ∼ 103

Landeau et al. AGU 2020
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Metal-silicate equilibration: Drop size

Drop size ∼We−3/5

for homogeneous turbulence.
(Hinze, 1955)
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Landeau et al., AGU, 2020

Metal in magma ocean:
Drops . 1 mm.
Diffusion length ∼ 10 mm.

→ Chemical equilibration
of the entire impactor core.

→ But only with entrained
silicates.
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How much entrained silicates during impact?

Landeau et al., EPSL, 2021
Lherm et al., submitted



Introduction Geochemical constraints Physical constraints Summary & open questions

How much entrained silicates during impact?

Landeau et al., EPSL, 2021
Lherm et al., submitted



Introduction Geochemical constraints Physical constraints Summary & open questions

How much entrained silicates during impact?

Landeau et al., EPSL, 2021
Lherm et al., submitted
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Entrained silicates by impact

VTotal volume,

Entrained 
dimensionless volume,

V0 : impactor volume

Ve =
V − V0

V0

z = R
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Entrained silicates by impact

Mars-sized impactor

200 km
impactor
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Entrained silicates following impact
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From entrained silicates to
the degree of metal-silicate equilibration
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Summary: Earth formation, a young field that needs
geochemistry & physics

Isotopes 
& radioactivity

Core-loving
elements
Ni, Co, ...

Depth ~ 1000 km
& Temperature ~ 3000 K

Yin et al. 2002
Rudge et al., 2010 

Wade & Wood, 2005, 2016;
Siebert et al., 2012, 2013;

Timing

Accretion in the 
planetary disk

< 100 Myrs

Rudge et al., 2010 
Fischer et al. 2017, 2018

Geo & cosmochemistry Earth's differentiation

Physics

Hf/W

Astrophysics Fluid dynamics

Mixing & chemical transfers
between core & mantleMineral physics

Core-mantle
partition coefficients
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Coupling a wide range of time and length scales
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Open questions & next steps on Earth formation

Impactor core 	
fragments into drops, 	

but at what depth?	
During the impact?	

 
Poster by Augustin Maller
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Open questions & next steps on Earth formation

Magma ocean: Origin of
primordial heterogeneities
in Earth’s mantle?
Impacts?

Mundl et al. 2020
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Open questions & next steps on Earth formation

Moon-formation: impact scenario
that explains compositional similarity
between Earth & Moon?

Hosono et al. 2019
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Open questions & next steps on Earth formation
Composition of Earth-forming impactors?

Partially-solid silicates

Kaminski et al. 2020

?
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Open questions & next steps on Earth formation
Addition of highly-siderophile elements by impacts

?
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Partial metal-silicate equilibration
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Extinct radioactivity: timing of core formation

Summary : Timescales for the formation of inner Solar 
System planets as determined from isotopic dating 
(from Kleine & Rudge, 2011)
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Protoplanetary disk scale: dust to planetesimals
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The Eagle Nebula, 
NASA 

Protoplanetary disk

is partly an indication of how we think about complex
problems, but it also re�ects changes in the relative
importance of physical processes at each stage of
planetary accretion. Following convention, I will
describe the stages in order, with the caveat that these
stages probably overlapped in both time and space.

4. Formation of planetesimals

The story begins with the gas and dust of the Sun’s
protoplanetary disk. Gas pressure gives the disk a
de�nite thickness in the vertical direction. Pressure
decreases with distance from the Sun, which allows
the gas to orbit the Sun slightly more slowly than a
solid body moving on a circular orbit would. Dust
grains feel little pressure support, so they tend to settle
towards the midplane of the disk, sweeping up other
grains en route to form loosely bound aggregates (see
Fig. 1). In the absence of turbulence in the gas, a
typical dust grain will reach the midplane in about 104

years [39].

As the dust becomes concentrated towards the
midplane, the solid to gas ratio increases. The dust-
rich layer begins to orbit the Sun with the speed of a
solid body rather than the slightly slower speed of the
gas. Gas in the dusty layer is herded along by the solid
particles, moving faster than it would like to, while
gas above and below the midplane moves more
slowly as before. This di�erential velocity generates
turbulence, which acts to pu�up the dust-rich layer,
even if no other sources of turbulence are present. A
compromise is reached between gravity and turbu-
lence, and this determines the thickness of the dust-
rich layer [40].

At this point, the script for our play becomes hard
to read. If the solid-rich layer becomes dense enough,
the densest portions will be unable to resist the
Narcissus-like attraction of their own gravity, becom-
ing ever smaller and denser. Once thisgravitational
instabilitygets going, collapse can continue until solid
bodies a few km in size are generated. Such bodies are
dubbedplanetesimals. Whether gravitational instabil-
ity (GI) ever gets going is the subject of much debate
[41–44]. It seems that GI can only occur if the ratio of
solids to gas in a column of nebula material exceeds a
critical value. Recent calculations suggest this critical
value is several times the solid to gas ratio for material
with solar composition, even when volatiles such as
water and carbon monoxide have condensed[45]. In
addition, bodies may have to grow to metre size or
larger before conditions become right for GI[40].

Unabashed, theorists have thought of several ways
to increase the solid to gas ratio and give GI a helping
hand. This is done by either collecting solids in one
place or removing some of the gas. Small solids have
a tendency to move radially within the nebula and pile
up at locations where there is a local maximum in the
gas pressure[46], or where the concentration of solids
is higher than average[47]. The local solid to gas ratio
can also increase over time as small solids migrate
inwards [42], or as gas escapes from the Solar System
due tophotoevaporationby ultraviolet light from the
Sun. It remains to be seen whether these mechanisms
operate with su�cient e�ect to permit GI.

In the absence of gravitational instability, large
bodies presumably form by the gradual aggregation
of dust grains and small solids such as chondrules.
Experiments show that irregular dust grains can stick
together if they collide at speeds of up to a few tens of

Fig. 1. Dust grains slowly settle to the midplane of the nebula due to
the vertical component of the Sun’s gravity, forming a solid-rich
layer. This layer orbits the Sun slightly faster than the gas-rich layers
above and below. The resulting wind shear generates turbulence,
even if other sources of turbulence are absent. Thus, the solid-rich
layer has a �nite thickness.

J.E. Chambers / Earth and Planetary Science Letters 223 (2004) 241–252 245

Chambers (2004)

Angular momentum conservation
+ centrifugal force

Sun

Chambers 2004
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Protoplanetary disk scale: dust to planetesimals
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Gravitational instabilities ?
Requires too high concentrations of solid particles...

Johansen et al. 2007

Protoplanetary disk

Helped by turbulence ? 
High-pressure regions concentrate particles.

Main problem to overcome : 
Gas drag causes inward migration of 
meter-sized objects in ~1000 yrs
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is partly an indication of how we think about complex
problems, but it also re�ects changes in the relative
importance of physical processes at each stage of
planetary accretion. Following convention, I will
describe the stages in order, with the caveat that these
stages probably overlapped in both time and space.

4. Formation of planetesimals

The story begins with the gas and dust of the Sun’s
protoplanetary disk. Gas pressure gives the disk a
de�nite thickness in the vertical direction. Pressure
decreases with distance from the Sun, which allows
the gas to orbit the Sun slightly more slowly than a
solid body moving on a circular orbit would. Dust
grains feel little pressure support, so they tend to settle
towards the midplane of the disk, sweeping up other
grains en route to form loosely bound aggregates (see
Fig. 1). In the absence of turbulence in the gas, a
typical dust grain will reach the midplane in about 104

years [39].

As the dust becomes concentrated towards the
midplane, the solid to gas ratio increases. The dust-
rich layer begins to orbit the Sun with the speed of a
solid body rather than the slightly slower speed of the
gas. Gas in the dusty layer is herded along by the solid
particles, moving faster than it would like to, while
gas above and below the midplane moves more
slowly as before. This di�erential velocity generates
turbulence, which acts to pu�up the dust-rich layer,
even if no other sources of turbulence are present. A
compromise is reached between gravity and turbu-
lence, and this determines the thickness of the dust-
rich layer [40].

At this point, the script for our play becomes hard
to read. If the solid-rich layer becomes dense enough,
the densest portions will be unable to resist the
Narcissus-like attraction of their own gravity, becom-
ing ever smaller and denser. Once thisgravitational
instabilitygets going, collapse can continue until solid
bodies a few km in size are generated. Such bodies are
dubbedplanetesimals. Whether gravitational instabil-
ity (GI) ever gets going is the subject of much debate
[41–44]. It seems that GI can only occur if the ratio of
solids to gas in a column of nebula material exceeds a
critical value. Recent calculations suggest this critical
value is several times the solid to gas ratio for material
with solar composition, even when volatiles such as
water and carbon monoxide have condensed[45]. In
addition, bodies may have to grow to metre size or
larger before conditions become right for GI[40].

Unabashed, theorists have thought of several ways
to increase the solid to gas ratio and give GI a helping
hand. This is done by either collecting solids in one
place or removing some of the gas. Small solids have
a tendency to move radially within the nebula and pile
up at locations where there is a local maximum in the
gas pressure[46], or where the concentration of solids
is higher than average[47]. The local solid to gas ratio
can also increase over time as small solids migrate
inwards [42], or as gas escapes from the Solar System
due tophotoevaporationby ultraviolet light from the
Sun. It remains to be seen whether these mechanisms
operate with su�cient e�ect to permit GI.

In the absence of gravitational instability, large
bodies presumably form by the gradual aggregation
of dust grains and small solids such as chondrules.
Experiments show that irregular dust grains can stick
together if they collide at speeds of up to a few tens of

Fig. 1. Dust grains slowly settle to the midplane of the nebula due to
the vertical component of the Sun’s gravity, forming a solid-rich
layer. This layer orbits the Sun slightly faster than the gas-rich layers
above and below. The resulting wind shear generates turbulence,
even if other sources of turbulence are absent. Thus, the solid-rich
layer has a �nite thickness.

J.E. Chambers / Earth and Planetary Science Letters 223 (2004) 241–252 245

Chambers (2004)

Goldreich & Ward, 1973

Angular momentum conservation
+ centrifugal force

Sun

Chambers 2004

Fusion + solidification of ice during collisions ? 

- 

Wettlaufer 2010
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Core-mantle differentiation: large impacts

ARTICLES NATURE PHYSICS DOI: 10.1038/NPHYS1340
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Figure 2 | Topological changes o� alling drops and fragmentation. Top row: series of events of the fragmentation of ad0 = 6 mm water drop falling in an
ascending stream of air. The time interval between each image is t= 4 .7ms. The sequence shows �rst the �attening of the drop into a pancake shape, the
in�ation of a bag bordered by a thicker corrugated rim, its break-up and the destabilization of the rim itself (highlighted in the inset), leading to disjointed
drops distributed in size. Middle row: a similar series de�ning the initial diameterd0 , the bag thicknessh( t), its radius R( t) and shape ξ ( r, t), and the �nal
drop size d. Bottom row: the formation of a bag is not mandatory for the initial drop to break up. However, its fragmentation is always preceded by a change
of topology into a ligament shape, which often occurs without bag in�ation. The sequence is ford0 = 6mm and t= 7.9ms.

generated by a big jet2,26 �rst deforms, then destabilizes and �nally
breaks into disjointed fragments that remain stable afterwards (see
the movie of the overall sequence in the Supplementary Informa-
tion), a phenomenon also known for liquid–liquid systems28,29. The
salient stages of this process, sometimes called ‘bag break-up’19

may be summarized as follows: (1) a change of topology of the
initial drop, which �attens into a pancake shape as it decelerates
downwards; (2) the formation of an in�ating bag bordered by a
toroidal rim collecting most of the initial drop volume and (3) a
broad distribution o� ragment sizes: the highly corrugated rim
ultimately breaks intomany small, and fewer larger drops.

We propose here a renewed vision of raindrop formation
suggesting that both the functional form of equation (1), and
the exponent and pre-factor of equation (2) are quantitatively
understood from the fragmentation of a single drop27. An original
treatment of the drop dynamics showsmoreover that its topological
change into smaller fragments distributed according to equation (1)
occurs when its size exceeds a critical value that we determine, and
that it is accomplished within a timescale much shorter than the
typical collision time between the drops in rain.

Rate of rainfall versus average drop size
The vertical altitudez(t) of a liquid drop of volumeΩ = πd3

0 /6
and densityρ falling under gravityg in an ascending air stream of

densityρa and velocityV is ruled by

¨ z
g
= − 1+

CD

2
ρa

ρ
U 2

gh
(3)

whereU = − ˙ z+ V is the relative velocity between the drop and the
air. As the drop falls, it deforms because of the stress (of orderρaU 2,
a turbulent drag form that is suited to millimetre-sited drops at
relative velocities of metres per second in air) at its surface, �rst into
a rough pancake shapewith radiusR(t) and thicknessh(t) such that
Ω = π R2 h. The drag coe�cientCD is of order unity30. Gravity and
drag forces are eventually balanced, setting the equilibrium velocity
of the drop. In the special case of rain for whichV = 0, the velocity
of a spherical dropU = − ˙ z(d0) �

√
(ρ/ρa) g d0 is termed free-fall,

or terminal velocity.
The quantitative link between the average drop size and the

intensity of rainR in equation (2) is readily made. The rate o� all
R expressed as a precipitation velocity (height of water collected at
the ground per unit time) is

R = n(d) ( πd3/6) U dd (4)

whereU =
√
(ρ/ρa) g d is the free-fall velocity of a drop of size

698 NATURE PHYSICS | VOL 5 | SEPTEMBER 2009 | www.nature.com/naturephysics
©!2009!Macmillan Publishers Limited.  All rights reserved.

Villermaux and Bossa (2009)
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of the initial object
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Figure 2 | Topological changes o� alling drops and fragmentation. Top row: series of events of the fragmentation of ad0 = 6 mm water drop falling in an
ascending stream of air. The time interval between each image is t= 4 .7ms. The sequence shows �rst the �attening of the drop into a pancake shape, the
in�ation of a bag bordered by a thicker corrugated rim, its break-up and the destabilization of the rim itself (highlighted in the inset), leading to disjointed
drops distributed in size. Middle row: a similar series de�ning the initial diameterd0 , the bag thicknessh( t), its radius R( t) and shape ξ ( r, t), and the �nal
drop size d. Bottom row: the formation of a bag is not mandatory for the initial drop to break up. However, its fragmentation is always preceded by a change
of topology into a ligament shape, which often occurs without bag in�ation. The sequence is ford0 = 6mm and t= 7.9ms.
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initial drop, which �attens into a pancake shape as it decelerates
downwards; (2) the formation of an in�ating bag bordered by a
toroidal rim collecting most of the initial drop volume and (3) a
broad distribution o� ragment sizes: the highly corrugated rim
ultimately breaks intomany small, and fewer larger drops.

We propose here a renewed vision of raindrop formation
suggesting that both the functional form of equation (1), and
the exponent and pre-factor of equation (2) are quantitatively
understood from the fragmentation of a single drop27. An original
treatment of the drop dynamics showsmoreover that its topological
change into smaller fragments distributed according to equation (1)
occurs when its size exceeds a critical value that we determine, and
that it is accomplished within a timescale much shorter than the
typical collision time between the drops in rain.

Rate of rainfall versus average drop size
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and densityρ falling under gravityg in an ascending air stream of
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whereU = − ˙ z+ V is the relative velocity between the drop and the
air. As the drop falls, it deforms because of the stress (of orderρaU 2,
a turbulent drag form that is suited to millimetre-sited drops at
relative velocities of metres per second in air) at its surface, �rst into
a rough pancake shapewith radiusR(t) and thicknessh(t) such that
Ω = π R2 h. The drag coe�cientCD is of order unity30. Gravity and
drag forces are eventually balanced, setting the equilibrium velocity
of the drop. In the special case of rain for whichV = 0, the velocity
of a spherical dropU = − ˙ z(d0) �

√
(ρ/ρa) g d0 is termed free-fall,

or terminal velocity.
The quantitative link between the average drop size and the

intensity of rainR in equation (2) is readily made. The rate o� all
R expressed as a precipitation velocity (height of water collected at
the ground per unit time) is

R = n(d) ( πd3/6) U dd (4)

whereU =
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Metal-silicate differentiation: large impacts
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Metal-silicate differentiation: large impacts
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Metal-silicate differentiation: large impacts
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Sub-planetary scale: Metal-silicate equilibration



Introduction Geochemical constraints Physical constraints Summary & open questions

Core-mantle differentiation: large impacts
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Mixing?
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Entrained silicates
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