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Introduction
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Introduction

Impact craters = a fundamental process in the evolution of planetary surfaces.
The terrestrial record

Crater Approximate Mean Impact Interval
Diameter  Projectile Diameter Energy (]) (T yeans Whole Earth) Comparable Terrestrial Event
35m 2m 21E+12 4yr Minimum damaging earthquake (M = 5)
Largest chemical explosion experiment
(“Snowball”; Canada, 1964)
75m 4m 1.9E+13 15 yr Largest chemical explosion
(Heligoland Fortifications, 1947)
120 m fHm 83E+13 35yr Atomic bomb explosion
(Hiroshima, Japan, 1945)
450 m 23m 42E+15 370 yr “Typical” hydrogen-bomb explosion (1 MT)
1km 50m 46 E + 16 1,600 yr Wolfe Creek, Australia (I = 0.875 km)
Pretoria Salt Pan, South Africa (D = 1.13 km)
1.1 km 55m 62E+16 1,900 yr Barringer Meteor Crater, Arizona (D = 1.2 km)
Tunguska explosion, Siberia, Russia (1908)
Mt. 5t. Helens, Washington (1981) (blast only)
1.8 km 90 m 25E+17 4,400 yr San Francisco earthquake (1906) (M = 8.4)
Largest hydrogen-bomb detonation (68 MT)
31 km 155 m 13E+18 12,000 yr Mt. 5t. Helens, Washington eruption (1981)

(total energy, including thermal)




Introduction
Crater Approximate Mean Impact Interval
Diameter  Projectile Diameter Energy (]) (T .eane Whole Earth) Comparable Terrestrial Event
5km 250 m 57E+18 28,500 yr Gardnos, Norway (I = 5.0 km)
Goat Paddock, Australia (D = 5.1 km)
6.9 km 350 m 15E+15 51,000 yr Largest recorded carthquake
(Chile, 1960; M = 9.6)
7.2km 360 m 1.7E+ 15 55,000 yr Krakatoa volcano eruption (Indonesia, 1883)
(Total energy, including thermal)
10 km 500 m 46E+19 100,000 yr Lake Mien, Sweden (D =9 km)

Bosumewi, Ghana (DD = 10.5 km)
Oasis, Libya (D = 11.5 km)

12.2km 610 m 84E+19 142,000 yr Tambora volcano eruption (Indonesia, 1815)
(Total energy, including thermal)

20 km 1km ATE+20 350,000 yr Haughton Dome, Canada (DD = 20.5 km)
Rochechouart, France (D = 23 km)
Ries Crater, Germany (ID = 24 km)

31 km 1.5 km 13E+21 720,000 yr Total annual energy release from Earth
(Heat flow, seismic, volcanic)

50 km 2.5 km 58E+21 4.5 m.y. Montagnais, Canada (I = 45 km)
Charlevoix, Canada (D = 54 km)
Siljan, Sweden (D = 55 km)

100 km 5 km 46 F +22 26 m.y. Manicouagan, Canada (I2 = 100 km)
Popigai, Russia (D = 100 km)

200 km 10 km 37E+23 150 muy. Largest known terrestrial impact structures
(original diameters 200=300 km)
Sudbury, Canada; Vredefort, South Africa;
Chicxulub, Mexico

Introduction

The study of terrestrial impact structure and the search for new
impact structures: which objectives ?

-Constrain the cratering history (impact flux) on Earth and for the
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The study of terrestrial impact structure and the search for new
impact structures: which objectives ?

- Gilf-Kebir Plateau,
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The study of terrestrial impact structure and the search for new
impact structures: which objectives ?

Shatter cones ou structures éoliennes ? P.Paillou
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2.1 Elastic waves and shock wave propagation in solids.
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2.1 Elastic waves and shock wave propagation in solids.

Elastic waves in solid. A brief review

Solid matter in opposition to fluids can resist to stress differences along
different directions.

=> Two kind of waves : longitudinal and transverse

Ko+ % Ju
£o

Wave equation for the longitudinal wave =¢




2.1 Elastic waves and shock wave propagation in solids.

Plastic yielding and Hugoniot limit

Stress tensor of a longitudinal wave propagating along the
x axis (in the frame of principal stresses):

Although solids can resist almost arbitrarily large
a, 0 1] compressive stresses, their resistance to stress
difference is limited. Beyond a yield stress, plastic flow
begins and little subsequent increase inthe stress
difference occurs (no fractures, but non-reversible

a=|0 ep 0
0 0 op

2.1 Elastic waves and shock wave propagation in solids.

Plastic yielding and Hugoniot limit

Fracture (Coulomb criterium) Plastic deformation
A = FAILED ROCK =

Pd
/

¢ MLURE / ENVELOPE / Ductile failure
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Coulomb
failure
law

lastic stress trajectory

Shear stress, 7

Mean pressure, P

Elastic deformation



2.1 Elastic waves and shock wave propagation in solids.

Plastic yielding and Hugoniot elastic limit
Hugoniot elastic limit for some minerals and rocks

Hugoniot Elastic Limit

THEL
Marerial (G Pa) Source
Single Crystals:
Periclase (Mg 2.5 Grady (1977)
Feldspar 3 Cirady and Murri (1976)
Cuartz (810} 4.5-14.5% Duvall and Graham {1977}
Olivirne (Mg,%5i10,) 9, Raikes and Ahrens(1979)
Corumdum {AL0,) [2-21% Grady (1980)
Rovks:
Halite .09 Larson {1982)
Blair Dolomite 0.26% Larson (1977}
Vermoni Marble 09 Cirady (1977)
Westerly Granite ~ % Larson (1977)
Lunar Gabbroic 15 Ahrens et al. (1973)
Anorthosite
Granodiorite 4.5 Borg (1972)
Metafs;
Armco lron L6 Rice et al. (1958)
SAE 1040 Steel 1.2 Rice et al. (1958)
*HEL depends upon the crysial orientation,
tRase dependence observed.

2.2 Hugoniot equations.
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2.2 Hugoniot equations.

Shock = discontinuity
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2.2 Hugoniot equations.

Shock = discontinuity

be— 0y —>fe—— g, — - Energy conservation

- Mass conservation

- Momentum conservation
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pP(U —up) = pou

JE = Jpn = ,ﬂl__|i!pf;"

F_—BEy= |:J|U -+ ”l:”j’:n — 1]



2.2 Hugoniot equations.

Mass conservation
b, —ope— 1, ——] -

— e— -ls: length of the shocked region at the time t
po :>U A -l,: length of the non-shocked region

N Y- poE, | -I's: length of the shocked region at the time t + dt

o SR -I'y: length of the non-shocked region at the time t + dt

up |I'.'.'_‘TE : : .
Io=1,-U(t —1)

P T | S {x_{ =1L AU 1) =t —1)

—] pE PoEr le—

— e —p—r ] m =1, Apo + [, Ap

m' =1 Apy + L Ap

m' = pol A = poU(t' = t)A+ pl A+ pU(t' —1)A - I,rm,,(.’F —1)A

polu — poU " —t) + pls + pU (" —t) — puy(t' —t) = Lupo + Lp

plu, —U) = pU

pU — poU — pu, =0

2.2 Hugoniot equations.

Momentum conservation

f— g —f——, —]
— e— -ls: length of the shocked region at the time t
po :>U A -l,: length of the non-shocked region
N Y- poE, | -I's: length of the shocked region at the time t + dt
o SR -I'y: length of the non-shocked region at the time t + dt
L ] - e
wplt-9) i
plf-t The momentum variation during the time dt is equal to
P WY |, R
— pE PoEr le—
F— o—et—r,—] (P—PRy) = Ax(t' —t) = pllu, A — plu,A

(P — Po)(t' — 1) = pup(U(t' — ) — uy(t' — 1))

P — Py = pu,(U — uy,

p(U —up) = poU

P—PFy=py*xUxu,




2.2 Hugoniot equations.

Energy conservation
ety o1, ——f &

— le— -ls: length of the shocked region at the time t
po :>U e b -l,: length of the non-shocked region
N Y- poE, | ) -I’s: length of the shocked region at the time t + dt
T SR -I'y: length of the non-shocked region at the time t + dt
Yot -4l - The energy variation during the time dt is equal to the
-— U work of pressure forces:

P:’ll(!,(t! - t) = Eful‘ufr'(f") - Ef_,,f“{,.(f-)

1
Efrrh:f (r) — fJEIEmEHA -+ ,UJHL"-A +

' ) , 1, .
Etotar (1) = pol,, Eo A + pl . EA + 5,01’5“;{14

2.2 Hugoniot equations.

polly = U@ = )| Eop(ls + U(t' —t) — u,(t' — )| E+

1. . 1 .
5,{)”_‘%(7{;’(!’ —t) —u,(t' —t)) — poluEo — plE — 50”:_):',-“ = Pu,(t' —t)

After few simplifications:

1 .
—poUEy + pE(U — u,) + Gpuﬁ(U —u,) = Pu,

1 ‘
prUEO + EpoU + §p0U’Ué = Pup

1 .
poU(E — Ep) + Epguf)U = Pu,




2.2 Hugoniot equations.

We want to eliminate U and u,, to have an
expression as a function of p and P only:

p(U —up) = poU 2o = PO)(P o)
P — Pg = [)gU’ULp v

2.2 Hugoniot equations.

1
poU(E — Ep) + 5

l

pouzU = Pu,

P — P, P — P — —
ﬂnluv Voo I“{F Eo)+ - {JU{P Py)(Vy =WV, \/1“ — 1[] =P(P-F)(V-W)




2.2 Hugoniot equations.

Shock = discontinuity - Mass conservation

- Momentum conservation

be— 0y —>fe—— g, — - Energy conservation
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2.2 Hugoniot equations.

Structure of the elastic wave, plastic wave and shock wave

=

o

[

& o

5

§ Three regimes :

g Ca

a

2

= Elastic } Plastic wave ! Shock

; wave and precursor ‘wave -
.

TheL
Longitudingl siress, — o
Melosh, 1989

Plastic wave

= -cg
Elastic

precursar

z
g
kS
g
g

B
e
g
§
a

=>c

Distance, Melosh, 1989



2.2 Hugoniot equations.

Structure of the elastic wave, plastic wave and shock wave

Baratoux and Melosh, 2005
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2.1 Elastic waves and shock wave propagation in solids.

Hugoniot Elastic Limit

Plastic yielding and Hugoniot elastic limit
Hugoniot elastic limit for some minerals and rocks

THEL
Material (G Pa) Source
Single Crystals:
Periclase (Mg 2.5 Grady (1977)
Feldspar 1 Cirady and Murri (1976)
Cuartz (810} 4.5-14.5% Duvall and Graham {1977}
Olivirne (Mg,%5i10,) 9, Raikes and Ahrens(1979)
Corumdum {AL0,) [2-21% Grady (1980)
Rovks:
Halite .09 Larson {1982)
Blair Dolomite 0.26% Larson (1977}
Vermoni Marble 09 Cirady (1977)
Westerly Granite ~ % Larson (1977)
Lunar Gabbroic 15 Ahrens et al. (1973)
Anorthosite
Granodiorite 4.5 Borg (1972)
Metafs;
Armco lron L& Rice et al. (1958)
SAE | 40 Steel 1.2 Fice et al. (1958)

*HEL depends upon the crysial orientation,
tRate dependence observed.




2.3 Shock wave propagation and thermodynamics of impact
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3. Formation and evolution of an impact crater

2.3 Shock wave propagation and thermodynamics of impact

Experimental methods

Measurement of the shock wave
velocity (U) and of the particle
velocity (u,)

% p=

U—uyp

\

E=E+(P+FR)(W-V)




2.3 Shock wave propagation and thermodynamics of impact

A
A
Shock wave % % @
m
= = =
g 5 &
=3 S = v
c e} a e
@ o w o v
2 T
a s gCL
£ 1 Plastic wave 3
' a
& #*
-
PheL = _|.-
"\, Elastic wave b
) =
u

Y
Y

Specific volume V =1/p Particle velocity (up)

2.3 Shock wave propagation and thermodynamics of impact
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3.1 Contact and compression
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3.1 Contact and compression

Impact crater formation. Contact and compression stage

Projectile

% Shock wave

(@)

Contact/compression stage

N e S

(b) Rarefaction (release wave)
\ I
l‘ \\ # I—Shock wave

T g
‘A 0'
Y .

Material flow

End contact/compression stage




3.1 Contact and compression

A first estimation a pressure during the impact event
Plane impact approximation
=> shock pressure estimation during the contact phase

_— t=1g

tetlatig
Contact begins Compression ends

Stage ends

compressed

compressed
target

{ compressed

target

Melosh, 1989

3.1 Contact and compression

A first estimation a pressure during the impact event
Plane impact approximation

Projectile material (asteroid) = target material (planetary surface)

Ue/cible = T Velocity continuity

u

Projectile piprojectile

Onde de choc dans le projectile

P = poulU

Ug/projectile

Ueicible l

po = 3065 kg/m?
Cy =701 km/s

S 1.05

Projectile velocity = 10 km/s

Onde de choc dans la cible

Ueribte




3.1 Contact and compression

A first estimation a pressure during the impact event
Plane impact approximation
=> shock pressure estimation during the contact phase
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3.1 Contact and compression

A first estimation a pressure during the impact event
Plane impact approximation
=> shock pressure estimation during the contact phase

However the material of the projectile is often different from the
material of the planetary surface:

- Comets (water ice) impact on a silicate surface

Pressure al impact

Projectila
Hugoniot

Vi

up I

Particle velocity ———————=—




3.2 Excavation flow and ejecta emplacement
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3.2 Excavation flow and ejecta emplacement

Meteoroid Melosh, 1989 ghock wave attenuation during its
impact propagation

Interference

Particle velocity
Pressure

A

Excavation |Sh| ock
flow




3.2 Excavation flow and ejecta emplacement

Excavation model. Analytical modeling
“Z-Model”

Impact crater ejecta are a mixture a material excavated from different depths

Kinematic model, approxmation: =Z-model (this model has been validated by both
experimental explosions and numerical simulation of the excavation flow => First order
approximation of the excavation flow, Croft, 1980, Austin, 1980 ...)

Strong point of this model => Analytical model easy to manipulate to predict the excavation
flow and ejecta trajectory

3.2 Excavation flow and ejecta emplacement

Ballistic ejecta emplacement

Formation of a curtain of ejecta

Ejecta falling at a given range
contain a mixture of material
excavated a different depths.

Altitude, units of crater radius

Tz
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3.2 Excavation flow and ejecta emplacement

Ballistic ejecta emplacement

Rim - ..[ Chaotic Ejecta
height |‘_ 0.6R

Stratigraphic

he uplift

Inverted
stratigraphy

s . s
Qriginal ground
surface

N\ debris dikes

\/"/"‘/1// /\'I/\
VN '-/ Pl \

_ Fractured ;l - e

Meteor crater rim

\
N/ bedrock —\ 7 /N
/LN

3.2 Excavation flow and ejecta emplacement

Secondary craters

Euler crater (Moon)
+ Clusters of secondary impact from
Copernic crater !




3.2 Excavation flow and ejecta emplacement

Ejecta emplacement — Interaction with the planetary atmosphere

First effect of the atmosphere

a

w
£

ALTITUDE (crater radill
w
E

ALTITUDE [crater rodil)

RANGE [crater radil)

3R

Skm

b = Aerodynamic drag of ejecta
fragments.

- Without the aerodynamic
drag => Trajectories =
parabolas

w
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w
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3.2 Excavation flow and ejecta emplacement

balancing theae foeces,
pastice diameter that wi
winds (b 1ei)

Ring vortes creation

component of ejecta particle velocicy
parallel 10 curtasn suface, up

Ejecta emplacement — Interaction with the planetary atmosphere

Particle sizes transported by impact winds, on
Earth, Venus for the present conditions and for
hot conditions.

Barnouin-Jha, 1996
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3.2 Excavation flow and ejecta emplacement

Lobate ejecta craters, Mars

3.2 Excavation flow and ejecta emplacement

Fluidized ejecta on mars. Melting of sub-surface ice

\Sulw of dilute viscous flow
. -\\ Callapse of the cloud

as a density cument

A.Models invoking surface flow

Fluldization
by the gas phase

Dacreate of the fluidization
(gas escape)
Dense granular flow

Ballstic emplacement of efecta
Mixing with ice and liquld water

Fluld|zation
by the liquid phasa

Emplacement of the mbtture
a5 a Detaris flow

Baratoux et. al, 2005



3.2 Excavation flow and ejecta emplacement
Fluidized ejecta on mars. Melting of sub-surface ice

-

1km %

3.3 The case of large impact craters and basins
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3.3 The case of large impact craters and basins

Euler, 27 km Copernic, 93 km

3.3 The case of large impact craters and basins

10 T T T T

aﬁ}:%w
A

o
“op ©

Crater depth, km

1F 2 © Upland crater,n = 74 T
p * Mare crater. n = 138

n
10
Rim-crest diameter, km

Simple craters — complex craters

Transition diameter for simple crater —
complex crater for solid planets

Mercury

=

Crater diameter, km
w

1 T |
500 1000
g, cm/sec?

1 n




3.3 The case of large impact craters and basins

Simple craters — complex craters

Stages of formation of a complex crater, Melosh, 1989.

Complex crater with a central peak Complex crater with a central ring

\h

=2 Excavation and o -~ Excavation and
beginning of uplift

beginning of uplift

o 5° 4 Central uplift 1
Central uplift and 7~ # 0 overshools stability .
rim collapse 0

3.3 The case of large impact craters and basins

Simple craters — complex craters

Hydrodynamical model for
the formation of a complex
crater

Analog of the formation of
a central peak or a pink




3.3 Post-impact evolution of an impact crater
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3.3 Post-impact evolution of an impact crater

Erosion, volcanism, tectonism

On Earth, various geological processes strongly contribute to the
alteration/erosion and finaly progressively erose of old impact
structures.




3.3 Post-impact evolution of an impact crater

Erosion

3.3 Post-impact evolution of an impact crater

Erosion

Vredefort




3.3 Post-impact evolution of an impact crater

Erosion

Rochechouart

3.3 Post-impact evolution of an impact crater

Erosion Localization : Hiiuma Island
Estonia
« Remnants » of the crater in the Island morphology... ameler 4

Crater mostly eroded and buried under sedimentary layers Age : 450 millions years




3.3 Post-impact evolution of an impact crater

Erosion of terrestrial impact craters

Progressive erase of old craters
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3.3 Post-impact evolution of an impact crater

Erosion of impact crater on other planetary surfaces

On Mars, all geological processes identified on Earth may
contribute as well to the degradation of impact craters (except
those related to plate tectonics):




3.3 Post-impact evolution of an impact crater

Erosion of impact crater on other planetary surfaces

Figure 3, Crater with appa ding” channel
and substantially larger ouwiflow channel from|
THEMIS-IR image 101952002,

Terby Crater. Notice the delta-like formation within
he b This figure is part of THEMIS-IR image
71002,

3.3 Post-impact evolution of an impact crater

Perched craters and eolian deflation of the northern plains of Mars ?

Jl N-NE
Inner lobe

A
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elevation {[m}
I
3
3

S

distance (km)




3.3 Post-impact evolution of an impact crater

Perched craters and eolian deflation of the northern plains of Mars ?

W _TSE DTS

Crater infilling

ice sublimation C

and wind deflation [

present pre-impact wjecta protect from sublimation

P S

"perched crater morphology

Mairesse et. Al, 2005 high ejecta volume

3.3 Post-impact evolution of an impact crater

Strom et al., 1994

Erosion of impact crater on other planetary surfaces

‘Vénus

CRATERS 0 11.0 KM DR
CRATERS111:320KM @
CRATEAS$21-620KM . %

CRATERS 84.1- 1280 kM ()
CRATERS OVER 1280%M (1)

Figure la.

Map in sinusoidal equal-area projection showing the sizes and distribution of the 932 impact
craters on 98% of Venus’ surface. Sizes of symbols are scaled to crater diameter bins but not to map.

Shaded areas indicate fracture belts of concentrated extensions (modified from Schaber [1982] using
Magellan data).




3.3 Post-impact evolution of an impact crater

Erosion of impact crater on other planetary surfaces

Less than 1000 impact craters for

all the Venus surface !

—Estimated age between 300 et
700 millions years (impact-rate
model-dependent)

T T - T
150 0 360

Longitude

3.3 Post-impact evolution of an impact crater

Impact crater erosion on the Moon, asteroids or Mercury
(without atmosphere) ?

Moon, asteroids, Mercury => No winds, no
surface, no water...=> Surface erosion ?

Erosion occurs due to impact cratering itself
(small craters erode big ones !)




3.3 Post-impact evolution of an impact crater

Tectonic deformation

3.3 Post-impact evolution of an impact crater

Tectonic deformation

Thaumasia

5 - + Thaumasia

20
Crater reference

w
™
=

1]
<
——

Excentricity »-! =

252°E 256°E 260°E 264°E




