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22N SEIS on Mars @ School

>

An example of hands-on act/wty focused on |
martian meteorite craters:
for teachers ... and for their pupils
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Diane Carrer
Science teacher : Biology & geology teacher at:

Moutain’s High School
ministere
gducakion
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o = U Valdeblore, Alpes Maritimes, France
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; An mvestlgatlon
~_ into the physics
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of meteorite
crater formation
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1. Why studying meteorites @ school ?

2. Link in between Meteorites =) Solar System ?
3. Link in between Meteorites =) Mars Exploration ?

(InSight mission) ?

4. Let’s start 4 investigation experiments !

5 . PEdagOgica I exp I OitatiO N: when Geosciences, Physics & mathematics have a « rendez-vous » ...

Y
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~ 1. Why studying meteorltes

@ school ?

5 good reasons
to study meteorites

a) Because it creates so nice geological objects on Earth: craters !
b) It is often seen as « bolides » .... And often on the press !
c) We (Mammals) are on Earth « thanks to » the -65 My meteorite (Chixculub)

d) We (entire Biosphere) are on Earth thanks to meteorites: Panspermia theory

e) Our Moon results from a giant impact with « Theia », a giant asteroid.
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oo 1. Why studying meteorites
@ school ?

Namibia
ROTER KAMM Crater
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~ 1. Why studying meteorites
@ school ?
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a) Because it creates so nice geological objects : craters !
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SOUTH AFRICA |

Vredefort Crater
VREDEFORT ASTROBLEMA

2.023 Billion years (+/-4 My)



1. Why studying meteorites
@ school ?

Central peak Uplift
(called Dome)

SOUTH AFRICA
COMPLEX IMPACT Vredefort Crater

Aspeet ﬁnal _ CRATER FORMATION 2.023 Billion years (+/-4 My)




I bl o vr b =~ "
Impact Melt rocks
(kind of breccias)
from the ASTROBLEMA of
VREDEFORT .
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1. Why studying meteorites
@ school ?

F55°" SOUTH AFRICA
\i’“"’ - * Vredefort Crater

. -
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Impact Melt rocks

(kind of breccias) 1. Why studying meteorites
from the ASTROBLEMA of @ school ?

VREDEFORT '
(bréeches d'impact
pseudotachylitiques)

1 mar
SOUTH AFRICA
Vredefort Crater

Photographie : Pierre Thomas
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- 1. Why studying meteorites
@ school '?

/\

SHATTER CONES of

Vredefort Crater

S R WG SOUTH AFRICA
‘Photographie : Pierre Thomas _ ... '
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a) Because it creates so nice geological objects : craters !

A ) AT NemN .

“. MOON Craters

- NASA APOD pictures | 0
Ly Q'“ ’ o{~
%) Apollo 11 mission
N ¢ , B

- i
) LA &

Apollo 17 Crew, NASA' ea) ; ¢ " y - . 4



.. MOON Ejecta and
|| Craters

2 ::j

1 Credits : NASA APOD

Apollo 11 mission



MOON Copernicus an
Tycho Craters

Credits : NASA APOD
pictures

the full Moon features
two prominent ray craters,
Copernicus (upper left) and Tychc
(lower right), each with extensive
ray systems of light colored debris
blasted out by the crater-

forming impacts



http://www.lpi.usra.edu/expmoon/orbiter/orbiter-craters.html
http://apod.nasa.gov/apod/ap050203.html

Endurance crater
MARS ( Opﬁortunlty)

| Credits : NASA APOD
pictures and JPL




C' [ www.passc.net/EarthimpactDataba

WEBSITE

20m

Home

( EEE

OUTSTANDING

About Us

Featured Image & News

Research

Earth Impact Database

RPIF

Missions

Meteorites

Meetings

Outreach

Related Sites

yortcrater.html

You can even

REPORT a crater

Report a Crater with your pupils if you

*** At this time, we are unable to respond to the large number of crater reports we receive by email. Please
review the Criteria for confirming an impact crater and only email us if all, or at least 80%, of the criteria are
met, and provide the analytical microscope data and/or a peer-reviewed journal publication to back it up
(publications that are "Accepted with Revisions" or "In Press" are acceptable) ***

find every criteria !!

/Criteria.html

—M—FaCts abOUt Re orting a crater assc.net/EarthimpactDatat

* We get an average of 3 reports a week from people who have spotted
while on a plane (including pilots). The PASSC team is currently invd
large time delay in responding to crater report emails, we apologize for

Earth Impact Databas
OUTSTANDING 4

. - . WEBSITE
o The Mars Science Laboratory Curiosity Rover mission

o The Manicouagan Impact Research Program (MIRP)
o The High-speed Impact Research and Technology Facility

20m

About Us Please review criteria below before reporting a possible impact crater to PASSC. We would be happy t

answer any questions.

Featured Image & News

Criteria for the identification of an impact structure

Research
Earth Impact Database The principa} criteria for determining if a geological vfegture is an impgct structure formed _by the hyvpervelogity impac
. of a meteorite or comet are listed below. The criteria can be divided into megascopic (overview — bird’s eye
RPIF satellite scale), macroscopic (can be seen easily seen with the naked eye) and microscopic (requires
microscope to see) features, as follows:
Missions
- 1. Presence of shatter cones that are in situ (macroscopic evidence).
Meteorites

I 2. Presence of multiple planar deformation features (PDFs) in minerals within in situ lithologies (microscopic
Meetings | evidence).

Outreach 3. Presence of high pressure mineral polymorphs within in situ lithologies (microscopic evidence and requiring proof
via X-ray diffraction, etc.).

Related Sites

4. Morphometry. On other planetary bodies, such as the Moon and Mars, we rely on the shape of the impa
structure to determine its presence and type (simple versus complex, efc.). This is a megascopic quality (i.e., too bi
to be seen unaided by the human eye, thus requiring remote sensing, aerial photography, detailed mapping «
multiple outcrops to assemble and view the typically km- or multiple km-size structure). On Earth, recognizin
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~ 1. Why studying meteorites
@ school ?

5 good reasons o
to study meteorites

a) Because it creates so nice geological objects on Earth: craters !

b) It is often seen as « bolides » .... And often on the press !
c) We (Mammals) are on Earth « thanks to » the -65 My meteorite (Chixculub)
d) We (entire Biosphere) are on Earth thanks to meteorites: Panspermia theory

e) Our Moon results from a giant impact with « Theia », a giant asteroid.
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b) It is often seen as « bolides » .... And often on the press !
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Peekskill '
Meteorite,

USA,
. New Jersey
Sept, 10th, 1992

(falled on Miss Michelle
Knapp red car !)
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- "‘ ™ N ‘\ https: //Www youtube.com/watch?v=A0U3r3Q4- eY T
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Wisconsin
Bolide

o ‘,."‘('{4',-‘.,-.'
(fireball) Yl ?,) o

April, 14th, 2010
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1. Why studying meteorites
@ school ? .
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b) It is often seen as « bolides » .... And often on the press !

@ | Privacy and cookies | Jobs | Dating | Offers | Shop | Puzzies | Investor - '

Che Telegraph

Home Video News World g port Business Money Comment Culinre Travel Life Wg
USA @EGEW China  Europe = Middle East = Ausfralasia = Africa = South America = Central Asia = ¥
Afghanistan | Pakistan | India | North Korea | South Korea | Japan | Kazakhstan

HOME » NEWS » WORLD NEWS » ASIA » INDIA

Indian bus driver 'killed by meteorite strike'

On every newspaper and even
outreach magazines (Sciences&Vie)

last February !!!

Tamil Nadu chief minister says man named as Kamaraj killed by meteorite

0788 O @0 @10 9798 ®Email gINDEPEN—DENT ews Voices Culture Lifestyle Tech Sport US election

We use cookies to enhance your visit to our site and to bring you advertisements that might interest you. Read our Privacy and Cookies policies to find out more.

News » World > Asia

Indian bus driver becomes the first
person in recorded history to be killed
by a falling meteorite, authorities say

The driver's death was initially blamed on an explosion, but the state chief minister later claimed it was caused by a
meteorite

Doug Bolton | @DougieBolton | Monday 8 February 2016 | {310 comments

o O hares
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1. Why studying meteorltes
@ school ?
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b) It is often seen as « bolides » .... And often on the press !

NS & HOME Q SEARCH @l]t Nl"lll ‘l_f]ork @imcs

ADIA FAVIFIV

That Wasn’t a Meteorite That Killed a Man in India, NASA Says

By CHRISTINE HAUSER  FEB. 9, 2016

For your pupils :
a good way to work on
critical sense and learn how
to step back from what
medias tell us

C”'I Regions » Africa | Americas | Asia | China |E

NASA I\/Ieteorlte d|dn t Kill man in Incha
@ g E?S;t:;?sls?c?m{mg HKT) February 11, 2016 =l f N )
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e 1. Why studying meteo
@ school ?

rites

5 good reasons e Jie
to study meteorites

a) Because it creates so nice geological objects on Earth: craters !

b) It is often seen as « bolides » .... And often on the press !
c) We (Mammals) are on Earth « thanks to » the -65 My meteorite (Chixculub)
d) We (entire Biosphere) are on Earth thanks to meteorites: Panspermia theory

e) Our Moon results from a giant impact with « Theia », a giant asteroid.




- 1. Why studying meteorites
@ school ?

5 good reasons
to study meteorites

Chicxulub crater

R %
‘")’4’?

ravity anbmaly map




Simulation of IMPACT GENERATED

WILDDFIRES after Chicxulub
Droits réservés - © 2002 David Kring (Univ. of
Arizona) & Daniel D. Durda (Southwest Research

Institute), Space Imagery Center

1 = 0.00 hours

Wildfires => plumes of smoke into that ‘-
atmosphere => darkened the planet => &5

Nuclear winter =>
76 % of marine species extincted



http://www.lpi.usra.edu/science/kring/epo_web/impact_cratering/enviropages/wildfiresweb.html
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o 1. Why studying meteorites
@ school ?

5 good reasons e Iy
to study meteorites

a) Because it creates so nice geological objects on Earth: craters !

b) It is often seen as « bolides » .... And often on the press !
c) We (Mammals) are on Earth « thanks to » the -65 My meteorite (Chixculub)
d) We (entire Biosphere) are on Earth thanks to meteorites: Panspermia theory

e) Our Moon results from a giant impact with « Theia », a giant asteroid.




1. Why studymg meteorltes
@ school ?

5 good reasons
to study meteorites

Meteoritic rate on Earth :

100 000 tons/ year !

Organic molecules found on C

2.5% to 4 % of their mass is Organic Matter !!
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1 Why studylng meteorites
@ school ?

-7
d) We (entire Biosphere) are on Earth thanks to meteorites: Panspermia theory

What do we find in a chondrite (C) meteorite ? :
> H,0
» amino acids
> Sugars
» aromatic compounds

> simple hydrocarbons (methan)
L 4

This is why scientists think
PREBIOTIC MOLECULES have been transported by
meteorites until Earth => this is called
« Panspermia » theory
(greek : « PAN » : « all », and « SPERMA »: seed )
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i 1. Why studying meteorites
@ school ?

5 good reasons e
to study meteorites

a) Because it creates so nice geological objects on Earth: craters !
b) It is often seen as « bolides » .... And often on the press !
c) We (Mammals) are on Earth « thanks to » the -65 My meteorite (Chixculub)

d) We (entire Biosphere) are on Earth thanks to meteorites: Panspermia theory

e) Our Moon results from a giant impact with « Theia », a giant asteroid.
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Why studying meteorites
@ school ?

-
.

e) Our Moon results from a giant impact with « Theia », a giant asteroid.

.
A
y . -

.
e
[
!
' = [}

The Big Splat , impact with Theia :
At the very beginning of Solar
Sytem creation (around -4.5 Gy)

THE « BIG SPLAT »,
Credits : NASA CALTECH

2000 km

NASA/IPL Caltechi



Huw TD MAKE Simulations reveal how a giant collision between two similarly sized planets (‘half-Earths’)
might explain why the Moon has a similar compaosition to Earth’s mantle. The violent crash

A MUDN blended both planets to produce Earth and a disk of hot debris that coalesced to form the
Moon (blue to red spans temperatures from below 2,000 kelvin to more than 6,400 kelvin).

Two similarly sized The bodies are sheared Within hours, the debris heats
planets collide. by the impact. up, mixes and begins to collapse.

| |

.0 ...... ..0 ¥

Over about 100 years,

the Moon forms from

the debris disk.

\ .

¢ els =ip

...... : B e Iatl=t=ln
. ) ¢
Qver tens of thousands of years,
Earth's spin rate is halved by a A A A f\
resonance between the Moon Spiral arms disperse The proto-Earth Both iron cores fall to The planets
and the Sun. into a disk of debris of spins rapidly. the centre of the mass. collide again.
around 3 lunar masses.
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NATURE December 2013 : How to make a moon ?

" Three-dimensional simulations show how a collision
between early Earth and a similar sized planet could mix

their materials within a day.

Courtesy: Julien Salmon and Robin Canup/Southwest Res. Inst
T - s : o " P 1 ’ . - - ..‘—?_v' I


http://www.nature.com/news/planetary-science-lunar-conspiracies-1.14270

) : THE TORINO SCALE
Don’t panic !! Assessing Asteroid/Comet Impact Predictions

H H The likelihood of collision i ,ori | to be effectivel ;
Scientist have (O | Aiso applies o smallcojects such as meteors an bofcos that bum up n the
atmosphere as well as infrequent meteorite falls that rarely cause damage.
already estabilished
a « METEORITIC RISK

<
o
Z8
I

SCALE » for us !!!

A discovery, which may become routine with expanded searches, of an object
2 making a somewhat close but not highly unusual pass near the Earth. While
meriting attention by astronomers, there is no cause for public attention or public
concern as an actual collision is very unlikely. New telescopic observations very
likely will lead to re-assignment to Level 0.
A close encounter, meriting attention by astronomers. Current calculations
3 give a 1% or greater chance of collision capable of localized destruction.
Most likely, new telescopic observations will lead to re-assignment to Level 0.
Attention by the public and by public officials is merited if the encounter is
less than a decade away.
A close encounter, meriting attention by astronomers. Current calculations
4 give a 1% or greater chance of collision capable of regional devastation.
Most likely, new telescopic observations will lead to re-assignment to Level 0.
Attention by the public and by public officials is merited if the encounter is
less than a decade away.
A close encounter posing a serious, but still uncertain threat of regional
5 devastation. Critical attention by astronomers is needed to determine
conclusively whether or not a collision will occur. If the encounter is less than
a decade away, governmental contingency planning may be warranted.
A close encounter by a large object posing a serious. but still uncertain threat of
6 a global catastrophe. Critical attention by astronomers is needed to determine
conclusively whether or not a collision will occur. If the encounter is less than

three decades away, governmental contingem_:x Elanning may be warranted.

A very close encounter by a large object, which if occurring this century, poses
7 an unprecedented but still uncertain threat of a global catastrophe. For such a

threat in this century, international contingency planning is warranted, especially
to determine urgently and conclusively whether or not a collision will occur.

ESA has 2 programs focused
on how to avoid a NEO (near
Earth Object) :

v'AIDA : Asteroid Impact &
Deflection Assessment
v'DART : Double Asteroid
Redirection Test

Meriting Attention
by Astronomers

Threatening

Energie cinétique - Taille

Fig. 2. Public description for the Torino Scale, revised from Binzel (2000) to better
. . . . ! L ! . describe the attention or response that is merited for each category.

Probabilitt ~ 1¢°® 0 16°  >0.99




(AT ol ekl T
Don’t panic !! .....
BUT .....
After Tungunska ... the
estimation rate has been
multiplied by 10 !!!!

.43‘.-
Brown , et al. 2013 :

Equivalent diameter (m)

Equivalent diameter (m)

1 10 100 1 10 10

102 é Ld ol 1 1 1 (T S T | 1 1 1 { M WO L 0t 1 | 102-5
“ : s
O ]
> 1 i
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.g ] 2 ]
o g o] i
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3 10273 E 7
— ] a-) 102 E
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£ 1023 - ] :
c ] ) —3_| —— Lunar craters (ref. 9)
® | o Satelite data = 10 3 m NEAT (ref. 27)
% _ = gINEAR h17 = . B Spacewatch (ref. 27)
8 1043 ™ Spacewatc £ 1 A Infrasound bolide flux (ref. 18)
2 i = NEATY o 3 4a4 | — Power-law fit to ref. 16
5 1 v Infrasound/acoustic bolide flux'® 107 4 B Ref. 8
O | = Lunar cratering flux™ 1 @ Bolide flux 1994-2013
1057 ¢ LINEAR 1 — Bolide flux 1994-2013 fit
E rrreny vy vy Ty g LA R RLL ) Y —TrTT 10_5_

102 10" 100 101 102 103 104 10°%
Brown et al., 2002 Bolide energy (kton TNT equivalent)

102 10! 100 107 102 103 104 10%
Brown et al., 2013 Bolide energy (kt)



| - 2. How meteorites study is linked to
: the solar system exploration ?

/

Where do meteorites
come from ?

» Asteroids belt
»Trojan bodies (in between each

Kirkwood Gaps , on Jupiter orbit)

» Kuiper Belt (more for comets)



® Jupiter

http://www.asterank.co



http://www.asterank.com/3d/

The MARTIAN meteorites
called SNC

SNC : Shergottites, Nakhlites and Chassignites

Only 34 SNC on 24 000 meteorites
found on Earth ! ,
o
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3. How meteorites are linked to the
Martian exploration ?

SCIS

to the heart of worlds

Aim of the mission :

Discover the inner structure of Mars by
measuring the planet's "vital signs":
Its "pulse" (seismology),
"temperature" (heat flow probe),

And

detecting the fingerprints of the processes of
terrestrial planet formation.




3 . How meteorites are linked to the
Martian exploration ?

~ In 2018, SEIS, the SEISMOMETER will be installed on MARS

for the very first time, thanks to the InSIGHT lander .

et TING et R e e

IDC\i”

RISE ANTENNA

TETHERS
SEIS : Seismic

Mars I“Sight 13 [0 [2] gl Experiment for

Interior Structure



C
cnes

CENTRE NATIONAL
D'ETUDES SPATIALES

SC is o : InSight : Interior Exploration using Seismic
https://insight.cnes.fr/fr/videos

O E Investigations, Geodesy and Heat Transport ¢




In 2018, SEIS will be
recording seismic waves on the Martian
surface...

But how do seismic waves can be
produced on the Red Planet ?
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seismic waves
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3 main events that create
seismic waves

Thermic
Contractions

Printemps
(janvier 1997)

e Hiver (octobre 1996)
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3 main events that create
seismic waves -

Meteorite Thermic
impacts Contractions

Printemps
(janvier 1997)

Hiver (octobre 1996)




3 main events that create
seismic waves -

.
-

. ' Thermic
Meteorite Contractions

impacts

Printemps
(janvier 1997)

Hiver (octobre 1896)

Expected rate of impacts for interior structure analysis :
4 to 6 significant impacts / year !




4. Let’s focus on
meteorite impacts !

“4...
= :

'
K/

Ready for
an investigation

into the formation of craters ?




4. Let’s focus on
meteorite impacts !

According to you,
which parameters control

the
TS crater diameter ?




4. Let’s focus on
meteorite impacts !

Size of impactor

Velocity of Impactor
Density of impactor




e
the impactor

"N et LY



Diameter Radius | Volume
Real Crater Ejecta Blanket (cm)
1,8 3,5
2,5 4
3,5 6
4 6,5

4,5 8

Ejecta
blanket
rim

Real
Crater
rim
0 0.5 1 1.5 p) 2.5 3
Impactor Radius (cm)
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Advanced treatment :
ReaICraterDlameI:jeercta Blanket R(aC:LL;S V(il:g;e from R you gEt the VOIume

1,8 3,5 0,5 0,523583
2,5 4 0,8 2,144597
3,5 6 1,3 9,202501

4 1,7 20,57892

g ZENMMARLYTE  Crater diameter = f ( Impactor volume)
10 _"
V_ 9 '~
4/3* I1 *R3 T 8 -
r,— o y % /
g : 2 6 .
o [}
€ s
=(4/3)*3,1415*(D3*D3*D3) ® -
T 4 # w
. o a e E f\.
g 3| N
o
y °
’ > 0 10 20 30 40 50 60 70
- - ’

et R Impactor volume (cm3)



Investigation 2 :

V
Helght of Drop

you W|II have to

U ~to cho se dlfferent heights '_ Irc
SCIS Frmmsay « BT B P e 2 nS



- 3 it d“

Diameter . : . . "",( ‘
Drop Height (cm) Crater diameter = f (Height of drop) B
Red marble Blue marble 18
5,7 10 20 1 .
6,5 11,5 25 € 1 o y
8,1 12,1 30 PP DS
9,5 12,5 35 5 10 - -
10,6 13,1 40 ® s —
11 45 € 6 i o ¢
8, o<
11,8 , 50 a
. 0]
0] 10 20 30 40 50 60
Height of drop (cm)




Advanced treatment:
Crater diam. Against Velocity

Diameter Drop Height

(cm) Velocity (m/s)

Red marble  Blue marble
5,7 10 20

6,5 11,5 25

8,1 12,1 30

9,5 12,5 35

10,6 13,1 40

11 14 45

11,8 15,6 50

=
o

)

m
[EEY
o
L3
1

Diameter (c

Ke = Pe 4
“bmvZ=mgh B¢
0] 0.5 1 1.5 pi 2.5 3 3.5

v Velocity of impactor ( m.sec?)



Investigation 3 :

e :
Den5|ty of the |mpactor

you WI|| have to



Basic treatment:

Crater diam. Against Mass of impactor
(for a same volume)

impactor (5 Diameter ejecta Mass (g)

cm) rim —_ 10

impactor 1 2 10 g 8
—

impactor 2 4 E 6
q -

impactor 3 5 Q 4
impactor 4 9 €

8 2
o

0]

0] 50 100 150 200

/ Mass (gr)



impactor (5
cm)

impactor 1
impactor 2
impactor 3

impactor 4

Diameter
ejectarim

2
4
5

9

Mass

(8)

Advanced treatment:

volume

(cm3) density

65,44792 0,152793

65,44792  0,366704

65,44792 0,733408 |

65,44792 2,383575

Data you'll need :
Volumetric mass of water :
p (water) = 1 000 kg/m3

p (water) = 1g/cm3

Diameter (cm)
O R N W b U1 OO N 0O O O

0.5

Crater diam. Against density of impactor

- "

1.5

Density

2.5



o /""";f"’, - —

J,

<

Investigation 4 .

Ho ot a
calibration curve ?

-




e (A Anadna Aede

s ] — I I'.ﬂ'_ LR TR R TR [ e TR T N Y (R R R Y |

PP AR R | g TR TR R N O TR T T

O
i

i'_jl 4 ."'__l ‘ol W YRR Ll -:'-'_'l N o §]

;“ M e A e D e B W SRl e, Fa D

10 I T 1 3 b . ; 50 cm

£ Drop at
“  25cm

Il D ol Ly TR #Fm (e Y Frfle e

OB RED mAD 000 T [BOROE MO BE0 = (DB RE0 mE0080 57




D A blae™

How to

.-. Aolac e, '

curve ?

- £

v Tdnan  AMahage oot Pdm  Gererr I Asdhie  Adle

[ == § P 14440 04543 JCon o ot atiorg 1513 8 4 38 D 7500 0
" " » ) ) . . -
PRILLIE S SR D £\ ai O APA

P Waachone Pases 4gh Ond + | el fncerds « 41 Mt garies Blastek g O

N A L e 3% b, an s b 1.0 b e L) N 13%

— 'i "
44100m:
Nent

0l
s ,
or
T
U | 04
A v
| & A 5 A ”~  J o T /s —
W oW - J v/ -
Pooet ) nadment CHout 0% 18 piecon ein Do PIsBon BaD0 ‘ - 0
44100 o [POROEmoI 2344 GONDOMES 2365 [OONOOMOP, 000~

> | InSight



[dnan AN MWt e Ao IP  Are A

[;f; ﬁj 154 A1 b 45 41 3 Can bs Tt Wanierny 14000803 & 4 3 8
. -,

PRIRSIE SRV 5 Bl S RN

- PP Wraghire Pawien g e | ern] heowoe Ot e Pastos Mg O

n H . °

Ao SN A D)’l AS40 80 5.0 LN L) S50 S 4.000 Ao e L) L) 0%

[ reseswte w] 004
Wae 44100 | 009
pReants - lam
| e | e |

> . L%
D

DOz On 19 aecon eir Dwree Preon 230

BONOEmO33324° OONCOmMEsNI2s" (DOROOMOD 000"



Ll *5'4“

‘ H‘n il “ i

BONCEmOASEa s G0N oonul{o"h feone



Mass of | standard acceleration Energy (Joules)

Impact impactor (g) due togravity (m.s) Ke =1/2 mv®

Amplitude (dB)
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Energy = f( Amplitude)
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