Impact Cratering and the Formation of Shatter cones
The enigma remains
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Shatter cones in shale, VVredefort impact crater. See satellite image of the Vredefort dome (80 km in diameter).
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What Is a shatter cone ?

It looks like a cone (but actually the shape is
rather curved or planar rather than conical).

Shatter cones in Shales, Vredefort Shatter cones in limestone, Ries
Impact crater. (Germany)



What Is a shatter cone ?

Shape ? Conical, curvi-planar, planar ?

Haughton impact site, Canada, fine-grained
limestones (Osinski, 2006)

Vredefort impact site, quartzite, South Africa

Vredefort impact site, quartzite, South Africa.
(Sagy et al. 2004)



What Is a shatter cone ?
Shape

Unfortunately, measurement of the shapes of shatter cones are rare...
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What Is a shatter cone ?

It has characteristic striations on the surface

......

Shatter cones in quartzite, Vredefort impact crater.




What Is a shatter cone ?

It has characteristic striations on the surface

Shatter cones in shale, Vredefort impact crater.



What Is a shatter cone ?

It is a pervasive fracture










Is it possible to make a mistake ?
Example of possible confusions

Striations on surface faults - Slickenslides

| o



Is it possible to make a mistake ?
Example of possible confusions

Slickensides and shatter cone striations can

Quartzite at VVredefort impact crater
occur at the same outcrop



Is it possible to make a mistake ?
Example of possible confusions

Cone-in-cone structures (mostly in calcareous rocks)




Comparison after Lugli et al., 2005

Cone-in-Cone

Shatter Cones

Conical secondary growth features formed during
diagenesis; found in undisturbed sedimentary rocks.

Restricted to carbonate-bearing rocks (limestones,
limy shales); associated with secondary carbonate.

Cone axes normal to bedding planes.

Cones oriented point-down.,

Striations along cone surface generally continuous,
uniform.

Cone surfaces are growth surfaces against other concs
or fine matrix in rock.

Rocks typically show no deformation, metamorphism.

Conical fracture features formed by transient shock waves (P ~2 to
>10 GPa) and found in meteorite impact structures, typically in uplifted
central rocks.

Found in all rock types (sedimentary, igneous, metamorphic). Best
developed in fine-grained rocks, especially limestones.

Cone axes oriented at any angle to bedding, depending on orientation of
rock at time of impact and on postimpact movements.

Cones originally form pointing in direction of source of shock wave, i.e.,
inward and upward. Orientation varies over structure. Orientation further
modified by development of central uplift or later posterater deformation.
When beds restored to original horizonral position, cones point toward a
focus above original surface, indicating external source of shock wave.

Striations along cone surface typically show development of divergen
Striat 1 face typically sl level tofd t
radiations (“horsetailing”) along surface. Development of secondary
(parasitic) cones on main cone is typical.

Cone surfaces are actual fracture surfaces; rock splits into new shatter-
coned surfaces along cone boundaries. Unlike s/ickensides, striated cone
surfaces show no relative motion, fit together without displacement.

Frequently contain kink-banded micas or quartz (coarser grains) with
shock-produced planar deformation features (PDFs).

Conical crystallization texture (Stichtite,
MggCr,CO,(OH),5-4H20)

Sedimentary Cone-in-
cone structures
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Is it possible to make a mistake ?
Example of possible confusions

Eolian features, ventifacts

Gilf Kebir plateau, Paillou et al., 2006



Is it possible to make a mistake ?
Example of possible confusions

Eolian features, ventifacts
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Gilf Kebir plateau, Paillou et al., 2006



Is it possible to make a mistake ?
Example of possible confusions

Eolian features, ventifacts

Gilf Kebir plateau, Paillou et al., 2006



Is it possible to make a mistake ?
Example of possible confusions
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Eolian features, ventifacts Gilf Kebir plateau, Paillou et al., 2006



Is it possible to make a mistake ?
Example of possible confusions

Eolian features, ventifacts

Gilf Kebir plateau, Paillou et al., 2006



Even If the sites look like impact craters...
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Even If the sites look like impact craters...

Gilg Kebir plateau, Egypt, Paillou et al. 2006.



To tell all the story...

Landsat image (1978)




To tell all the story...




To tell all the story...
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Shatter cones - Evidence for an impact crater

WORLD DISTRIBUTION
OF SHATTER COMNES




Shatter cones - Evidence for an impact crater

Recognized Impact
Structures on Earth
(year 2000)
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Impact metamorphism

Post — shock
temperature
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Where can you find shatter cones ?

Shatter cones at Vrederfort are
found at distances ranging from 10
— 60 km from the center of the
crater.
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Where can you find shatter cones ?
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.' Shatter cone |ocalities within the central uplifit O Shatter cone localities within magablocks of the ballistic ejecta blanket

Distribution of shatter cones in
the Haughton impact structure,
Canada.

Shatter cones are found

-In place in the central uplift
-Within ejecta blocks




Orientation of shatter cones apices
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Shatter cones — how big ?

Sudbury, Ontario, Canada
12 meters high shatter cones



Shatter cones — how big ?

As small as few centimeter or even millimeters

Samples from Steinheim impact crater (Germany)
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Models for the formation of shatter cones

1) Previous ideas
- Johnson and Talbot (1964)
- Gash (1971)

ont waves (Sagy and Reeches, 2002)




Models for the formation of shatter cones
Some background about shock wave propagation

Shear stress,
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Models for the formation of shatter cones
Some background about shock wave propagation

Elastic o} Flastic wave
wave and precursor

Shock
—l-iu—waw -

ThEL
Longitudingl siress, — o

Plastic wave

Three regimes:

- Low pressure(< HEL)
Elastic waves (speed: C,)

- Intermediate pressure < Gpa
Plastic wave with propagation speed lower
than the elastic wave. Elastic precursor +
plastic wave.

- High pressure >> GPa
Shock wave propagating at a velocit
greater than the elastic wave.




Models for the formation of shatter cones
Some background about shock wave propagation
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Models for the formation of shatter cones
Stress distribution during the spherical propagation of a shock wave
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Models for the formation of shatter cones

Stress distribution during the spherical propagation of a shock wave
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Models for the formation of shatter cones
Stress distribution during the spherical propagation of a shock wave

Hoop stress (GPa)
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Models for the formation of shatter cones
Stress distribution during the spherical propagation of a shock wave




Models for the formation of shatter cones
Stress distribution during the spherical propagation of a shock wave




Johnson and Talbot (1964)

The elastic precursor

Starting point: Elastic precursor is scattered by a rock inclusion

Scattered Wave
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' Propage,tion

(V] Iﬁitial ét.ress state ahead of elastic pracursor
1 FElastic streess state behind elastle precuraor

. 2 stress state directly behind scattered wave
3

Actusl stress state in material directly behind the
 seattered wave (superposition of 1 and 2}




Johnson and Talbot (1964)

The elastic precursor

Consequence: Plastic yielding in a conical zone

~ Qbstacle—— Symmetry
Y - PP e '_.,__.___.__.-,
Flastic Reglon - Qe
Front of *<Xe
‘Scattered Wave \ G - 02 < Tviewn _

- Plastiec !
Reglicn

Elastic ) _ o> &y
Region :

Ox= Oy= G . G0 >Owew |

FPig. 12

Lodation of Interface Between
Elastle and Plastie Regions




VELOCITY (m/sec)

Radial stress (GPa)

Johnson and Talbot (1964)

The elastic precursor

Main problem: There is no stress removal before the arrival of the plastic wave. The
whole rock will be exposed immediately after elastic precursor to higher stresses, and
deformed plastically.
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Elastic precursor in nuclear tests
Melosh, JAP, 2003.

Elastic precursor in numerical
simulations
Baratoux and Melosh, EPSL, 2003.



Gash - 1971

Interferences with reflected waves at the surface




Gash - 1971

Interferences with reflected waves at the surface

“zero stress
corridor”

Possible planes ofﬁfra’t’:[ures ming a (non
complet’é) conical surface




Gash - 1971

Interferences with reflected waves at the surface

This model has actually received little attention by other authors...
No real discussion of this model can be found in the literature.

| see two main problems :

Complete cones are impossible to form with this model, as there is no stress when

the conical surface intercepts, as mentioned by the authors. Complete cones are
rare indeed but they do exist!

Orientations of shatter cones usually indicate that apices point toward the center

of the crater, (ie, the source of the main shock wave) which is in contradiction
with the prediction of this model.



Front wave
Sagy and Reeches, 2002, 2004

Theoretical studies [Ramanathan and Fisher, 1997;
Morrissey and Rice, 1998, 2000], and experimental
work [Sharon et al., 2001, 2002] have revealed a
new type of localized wave, termed a ‘‘front
wave’” (FW), which is excited when a rapidly
moving fracture front encounters an inhomogeneity
in the material.

Inhomogeneity will induce a pair of propagating
front waves that create a pair of tracks on the
fracture surface emanating from inhomogeneity
[Sharon et al., 2001, 2002].

V : Velocity of the fracture front
Ve - Velocity of the front wave
= 0.96 — 1.0 Rayleigh wave velocity.

cos(a/2)=V/Vrw

Rayleigh wave velocity : maximum velocity at which a
crack can propagate, independent of shock pressure).

An important prediction of this model:

The fracture velocity will decrease with
the decreasing stress away from the
center

( should increase with the distance to the
center of the crater




Front wave
Sagy and Reeches, 2002, 2004
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Front wave
Sagy and Reeches, 2002, 2004
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Front wave — Difficulties..
Sagy and Reeches, 2002, 2004

Careful analysis of the distribution of
striation angles for each outcrop.

Greenstone sample

"""" + 4 Location 594
N =40
Mean = 31.2°
Stlandard devialion = 5°

.""F++*i‘."~f+++++++ﬁ+

S 27° 00" =

o —
6 20 24 28 32 35 40 44 48

Striation angle (%)

I Transvaal Supergroup
[~ Ventersdorp Supergroup
mm Dominion Group and Central Rand Group Edgeolthe
. West Rand Group E:s:ﬂ
++| Archean basement

Impact-related features

= == Outer limit of shatter cones (after
Therriault et al. 1997)

= = = Quter limit of quartz PDF's (after
Martini 1991)
------ Vredefort Granophyre

Witwatersrand Basi




Front wave — Difficulties..
Sagy and Reeches, 2002, 2004

There are more variations at a given outcrop than between one outcrop and another!
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Front wave — Difficulties..
Sagy and Reeches, 2002, 2004

a) Mean striation angle width of shatter cones

50

45 . ¢
T 40 . . ‘s Lt Comparison between Sagy et al.
2 : Sl . 2002, 2004 and Wieland et al.,
& %0 : P . 2006 observations
© 25 o * % 3 ¢ g+3 .
= - . :

o *

30 40
Distance from crater center (km)

e
En:y Oy( "‘%

O
L] L] T Ll T Ll l
20 30
Distance from crater center (km)

*

—
o
o
c
©
[ =
m©
QO
=




Interferences at rock heterogeneities
Baratoux and Melosh, 2003

Distance

Radial Stress

\

\ Distance
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Propagation of the shock wave




Interferences at rock heterogeneities
Numerical simulation of a shatter cone

S.A.L.E. (2D) Simplified Arbitrary Lagragian Eulerian

- Hydrocode: Navier Stokes equations

- Mass conservation

- Energy conservation

- Equation of state (P = f(p,E)) — Murnhagan EOS P = K /n[(p/p,)" — 1]

+ Artificial viscosity (to spread the shock wave over several cells of the grid, with Hugoniot equations
satisfied)

Baratoux and Melosh, 2003



Interferences at rock heterogeneities
Numerical simulation of a shatter cone

Goemetric parameters of the spherical shell

Internal radius : 7 m
Angle of the spherical shell : 30°
Heterogeneity =4 cells : 4 x 7.2 cm, at 7.60 m from the source

Internal radius

External Radius




Interferences at rock heterogeneities
Numerical simulation of a shatter cone

A.Stress > 65 MPa

L T P T —T T T T T

1.0

Material parameters

Material Heterogeneity

Density (kg/m?) 3000 3000
Bulk modulus (GPa) S0 5
Shear modulus (GPa) 30 3
Murnhagan exponent 4 4

Hugoniot elastic limit (GPa) 50 50




Interferences at rock heterogeneities
Numerical simulation of a shatter cone

BT 4 2-_ - a
Damage: Graddy-Kipp-Melosh 0.0 ms Time 0.75 ms
fragmentation model

B.Damage history

Fracturation is represented by a scalar L N REEEE A ARREE R
parameter (D) for each cell decreasing '
the value of elastic modulii when
stresses are tensional.

D =0: no damage
D =1: Everything is damaged and
sile stresses are not transmitted

nsible for a




Interferences at rock heterogeneities
Numerical simulation of a shatter cone

1.0 T T T T T T T T T T

Shatter cone simulation for ice
inclusion in a basaltic rock.

1 1 | 1 I 1 1 1 1 l | 1 1 1 I 1 L |

Density Bulk modulus Shear modulus Murnhagan Ce pweib cweib
exponent
(kg/m’) (GPa) (GPa) (m/s) (m) (m™)
Embedding material 2980 6.1 36.7 5.5 1790 0.05 3.05 % 10%0

Heterogeneity 900 0.2 0.12 5.23 7500 8.7 3.2 10%




The shape of shatter cones: determination of 3D required
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Range of pressures

Implications

Shatter cones are observed in numerical simulations for a range of pressure between 1 and 10 GPa, a
range similar to the observed range of pressure in terrestrial impact craters. (~ structures d’impact

terrestre).

The range of pressure for which shatter cones can occur is controlled by the resistance of the material
in tension (and not by the Hugoniot Elastic limit, like in the Johson and Talbot model).

Duration of the rise time of the shock wave

Influence of the rise time and the size of the heterogeneity

Size of the heterogeneity (m)
Rise time ol the stress wave (ms)
B (decay time lactor)

Time ratio®

Shatter cone

0.04 0.04 0.04 0.08 0.08 0.08 0.16 0.16 016 04 04 04 08 08 08 16 16 L6
0.01 0,02 0.04 0.01 0.02 0.04 0,01 0.02 0.04 0.01 002 0.04 0.01 0.02 0.04 0.01 0.02 0.04
5 3 3 3 3 5 ] 5 ] 5 3 5 3 5 3 5 3 5

1.37 273 547 0.68 1.37 2.73 0.34 0.68 1.37 1.37 2,73 547 0.68 1.37 2.73 0.34 0.68 1.37
Yes Yes No Yes Yes No Yes Yes Yes Yes Yes No Yes Yes No Yes Yes Yes

* Time ratio is the rise in time to the time necessary lor the wave to travel through the heterogeneity.




Implications
The rise time of a shock wave in geological media: nuclear tests
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Implications
The rise time of a shock wave in geological media

Hugoniot equations
‘ T = 0.038y "0 | >

What is the real rise time of strong shock waves in geological media ?




Heterogeneities
required

Elastic wave
interferences

Tensile fracture

Fractured linked with
plastic yielding

Front waves

Conclusions

Johnson and

Talbot (1964)

v
v

v

Gash (1971)

Important flaws

Sagy at al.,
2002, 2004

v

Baratoux and
Melosh (2003)

v
v



Conclusions

- Shatter cones are formed by extensive stresses

- Shatter cones are formed during the passage of the shock wave

- Striations are explained by Sagy et al., 2002, 2004, but relationships between
striations angle and distance to the center of the crater is not established.

- Shapes and sizes are well explained by Baratoux and Melosh, 2003 (but the
striations are not explained with this model).

Combination of the two models as
proposed in Wieland et al., 2006 ?



Shatter cones in basalts — Craters in Brazil
Few words about VVargeao and Vista Allegre

R. Trinidade, E.
Yokoyama, University of
Sad Paolo




Shatter cones in basalts — Craters in Brazil
Few words about VVargeao and Vista Allegre

Parana trapps — overview of the basaltic pile



Shatter cones in basalts — Craters in Brazil
Few words about VVargeao and Vista Allegre

Parana trapps — contact with the Botucatu sandstone




Shatter cones in basalts — Craters in Brazil
First observations for a summer field campaign




Shatter cones in basalts — Craters in Brazil
First observations for a summer field campaign

Timing of the formation of shatter cones is clear!




Session proposal

s ERasibionsn nff Han L nnmitens
The Mee !_Iﬂg of the Americas

8 tol3 August 2010, Foz do Iguassu, Brazil

Impact Cratering on Solid Planets - Shocks on Basalt

Baratoux, David!, Crosta, Alvaro?, Arakawa, Masahiko?
1Observatoire Midi-Pyrénées, Toulouse, France. 2University of Campinas, Campinas, Brazil.

3University of Nagoya, Nagoya, Japan.

Impact craters on solid planets are often formed on magmatic rocks. For the Moon and
Mars, new magnetic, mineralogic and chemical data motivates a better quantification of
shock effects on basalt. Recent analyses of craters on terrestrial igneous provinces offer the
perspective of comparative studies. Contributions providing insights into the formation of
Impact craters on magmatic bodies, experimental or field studies (e.g., Vargedo and Cerro
do Jarau, or Lonar), and analyses of extra-terrestrial impact structures will be appreciated.
A 2-day field trip to VVargeao and Vista Alegre craters is being proposed in association
with this session.



When stress becomes tensional the model employs Melosh-Graddy-Kipp's dynamic frag-
mentation model [Grady and Kipp, 1980, Melosh et al., 1992] implemented in SALE 2D.
We describe here briefly the basics features of the model and its numerical implementation,
the reader is referred to the complete description in [Melosh et al., 1992]. The graddy-Kipp
model treats the damage as a continuum and the effect of the individual fractured is inte-
grated in a scalar parameter called the damage which is responsible for a decrease of the
elastic modulii when the material 1s in tension :

; 1
Ji_-,r' = I‘L(l — D)Eﬁgi_}' —|— 2"1(1 — D)(EU — §E§£:‘,‘) (1)
where o;; is the stress tensor, ¢;; the strain tensor, A" and p the bulk and shear mudulii
respectively and e the scalar volume strain equal to €1+ €22 + €33. The damage D is related

to the number and size of cracks in the rocks by the equation :
D =nV (2)

where n 18 the number of idealized penny-shaped cracks per unit volume and V is the

volume of the spherical stress-relieved region surrounding a crack. The damage at any
time is an integral over the damage that has accumulated in the history of the material :

D(t) = /_ ; %{t’]b"(i — )dt (3)

The number of flaws activated at any time is given by the two-parameters Weibull distri-
bution [Jaeger, 1969] :
N = ke™ (1)




where N 1s the number of flaws per unit volume activated at or below the tensile strain e.

Grady and Kipp assuming that cracks, once activated, grow at their maximum speed ¢,

derived the fundamental integral equation for damage accumulation :

4 t dN de

D(t) == 3/ ——(1 = D)(t =)’ dl’ 5

1) =2m [ LNl pya -y 5
This equation provides a fundamental rationale basis for understanding dynamic frag-

mentation, however, the computation of the integral is prohibitive for numerical implemen-

tation. To avoid the problem, Grady and Kipp (1980) proposed an excellent alternative to

(5)

dt 3 (6)

lefB
m 3&1;‘361,!3

where a 1s given by :
8me,k

“= (m+1)(m +2)(m+3) 7)




The equation (6) 1s exact in the limit of constant strain rate but allows the damage
grow monotonically in the common situation of a non-constant strain rate. For all
simulations presented here the velocity of the cracks is taken equal to 0.4 times the sot
velocity in the material [Melosh et al., 1992].

While, the static failure regime is dominated by the growth of a single, wealkest fl:
the dynamic regime is entered when the growth of this flaw cannot relieve the appl
train. Stresses rise in adjacent material leading to the activation of new flaws. From
Weibull distribution, the threshold strain is controlled by the size of the fragmenting bc
[Melosh et al., 1992]. Indeed, for an infinite body a flaw can always be found that fails
any small arbitrary strain. However, for a finite body of radius R, the activation of at le
one flaw at a given small strain implies that the stress is greater than :

4
Emin = (gﬂ'k‘RS)_l‘;m

In the numerical simulations, we use a size-dependant minimum strain at which cracks «
mitiate. The grady-Kipp model is extended for this purpose in higher dimensions. 'l
algorithm implemented is described in [Melosh et al.. 1992]. It involved the computat

of an effective stress tensor :

1
oil! = Bedyj + 2p(eij — 3€0i5)

Then a principal axis transformation is performed in order to determine the most tensio

eff _eff f.ff)

axis Opar = maxioy 05", 04 The effective strain that has to be compared to

minimum strain (8) is given by

Ji’i’l o % i (

- B—i—%,u

a somewhat arbitrary choice to which the result are not very sensitive [Melosh et al., 19

3

however, this has to be checked for the specific simulations we achieved.



Can we produce shatter cones artificially ?

D.J. Roddy and Davis, 1977, Shatter cones in large scale experimental explosion craters.



Relationships between shatter cones and other fractures
Few words about the MSJS

Shatter cones are generally defined as curved fracture surfaces with striations. Entire
or more often partial cones are found on the field.

MSJS (Multipled-Striated-Joint-Set) are also fractured surfaces with striations
MSJS and shatter cones may be the expression of the same phenomenon,
occurring during the passage of the shock wave.

MSJS at Vergeao impact
crater in Brazil.




Impacts Météoritiques et Ondes de Chocs dans les roches I. Impact dans le systeme solaire

Limite élastique de Hugoniot
Les roches ne peuvent pas supporter des différences de contraintes au-dela d’une certaine valeur seuil

Fracture (critere de Coulomb) Déformation plastique

A - FALEDROCK= yd

INTACT ROCK =

Mean pressure, P




Impacts Météoritiques et Ondes de Chocs dans les roches I. Impact dans le systeme solaire

Traitement de I’onde de choc: Equation de Hugoniot

-~ It fu S
—— T g i - Conservation de la masse
P
P — — «— Po - Conservation de la quantité de
. p.E Po. Eq e mouvement

- Conservation de I’énergie

p(U — up) = pou
P — Fy = pouyl/

E—Eg=(P+P)(Vp—V)




Impacts Météoritiques et Ondes de Chocs dans les roches I. Impact dans le systeme solaire

Une premiere approximation des valeurs de pression: I’impact plan

2 1—/’
A
Projectile IU:”P 'E’,’C/C _ p / C
ﬁfc 2
_ Ut = Ct + St'u,p
(Eauation d’état)
___Potp
T P, P=P+pu,U E=Ey+(P+F)(Vo-V)

po = 3965 kg/m3
Cy =771 km/s
Sy = 1.05




Impacts Météoritiques et Ondes de Chocs dans les roches I. Impact dans le systeme solaire

1000

E

[a—
=

Pression (GPa) dans 1'hypothése de 1'impact plan

1 [ ] 1 I | 1 [ ] 1 1 1 | 1 I
0.1 10 10.0
Vitesse d'impact (km/s)




Impacts Météoritiques et Ondes de Chocs dans les roches I. Impact dans le systeme solaire

Limites de Hugoniot pour les roches terrestres (ou planétaires)

Hugoniot Elastic Limit

THEL
Matenal (rPa) Source
Single Crystals:
Periclase (Mg()) 2.5 Grady (1977)
Feldspar 3 Cirady and Murri (1976)
Cuartz (510,;) 4.5-14.5*% Duvall and Graham {1977)
Nivine (Mg,510,) 9, Raikes and Ahrens( 1979)
Corumdum (Al;0,) 12-2]* Grady (1980) e
Rewks:
Haliie .04 Larson (1982)
Blair Dolomite 0.26% Larson (1977}
Vermont Marble 09 Girady (1977)
Westerly Granite ~ 3 Larson (1977)
Lunar Gabbroic i5 Ahrens et al. {1973)
Anorthosite
Cranodiorite 4.5 Borg (1972)
Metals;
Armeo Iron (L6 Rice et al. (1958)
SAE | 40 Steel 1.2 Rice et al. (1958)

mEL. depends upon the crysial orientation,
tRase dependence observed.




Impacts Météoritiques et Ondes de Chocs dans les roches I1. Métamorphisme d’impact

Apres le passage de I’onde de choc:
- Décompression adiabatique
- Augmentation de température, changement de densité, transition de phase

Rayleigh line

Relzase adiabats

Pressure, P
Pressure, P

Hugaoniot

————

S&v

W Vo
Specific volume, V Specific volume, V




Impacts Météoritiques et Ondes de Chocs dans les roches [11. COnes de percussion

Image NASA 2007

© 2008 AND C.;O()gle'“1

© 2008 Europa Technologies
© 2008 LeadDog Consulting

Cratére d’impact de Vredefort, 2.023 Gy, 280 km de diametre

MECADYMAT 08 - Lorient



Front wave — Difficulties..
Sagy and Reeches, 2002, 2004

Stress (GPs)
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