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Impact cratering is an important geologic process

Presenter
Presentation Notes
Even a casual glance at our neighbouring solid bodies in the Solar system shows that impact cratering is the most ubiquitous surface process in the Solar System.  These images of the moon, Mars and Mercury are almost indistinguishable—even the smallest bodies, like this 50-km diameter asteroid, Mathilde, are covered in impact scars.
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Impacts shaped the solar system and the evolution of life

•
 

Mass extinction & evolution of life

•
 

Formation of the moon, planetary 
 accretion

•
 

Properties / age of planetary 
 surfaces

•
 

Future hazard

•
 

Ore / hydrocarbon deposits

Presenter
Presentation Notes
But it is not really the number of impact events that have occurred that makes impact cratering so important for Earth scientists to study; the last twenty years has seen impact cratering emerge as an extremely influential process in the evolution of the solar system, the Earth and and life as it exists today.

The collision of rocky bodies was obviously important for the accretion of the planets in the solar nebula.

But less well appreciated is that it is now widely accepted that a giant impact event formed the moon.  

It has been suggested that numerous large impacts in the Earth’s earliest history may have helped generate the earliest felsic crustal material.

It was also recently demonstrated that impact events can eject near-surface rocks from a planet at speeds high enough to escape the gravitational attraction, without melting, or highly shocking them.  Thus, providing a viable means of safely transferring bugs from one planet to another.

Impact events generate large bodies of impact melt that retain heat and can drive hydrothermal systems for tens to hundreds of thousands of years.  It has been proposed that impact sites could provide niches for the evolution of primitive life from building-blocks either already on Earth or brought to Earth by the impactor.

But most importantly, and of most relevance to this talk, the field of impact cratering really took off with the seminal work of Alvarez in 1980 which was the first paper to provide evidence for a link between a major impact event and the KT mass extinction, most notably defined by the extinction of the dinosaurs.  Understandably, this discovery launched the field into the public eye and raised the profile of the science.

As you can see from this list impact cratering is entwined in some of the most important issues in science today.  But, in particular, it is the catastrophic effect that impacts had on the evolution of life and the potential threat to humanity strongly motivate the study.
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Key questions in impact cratering:

• How do impacts affect the local and global environment?

• What hazard do asteroids and comets pose to humanity?

• How might we deflect an incoming object?

• What can Earth’s impact craters tell us about the surface 
of other planets?

• How does crater size and shape depend on impactor 
and target properties?

Presenter
Presentation Notes
Before we can answer any of these questions we must first answer the more basic question: How does crater size and shape depend on impactor and target properties.

What I will explain in the next few slides is that, for large craters, we need numerical modelling to help answer these questions.  To do that I need to show you what large craters typically look like and how they differ from small craters.
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Craters show a size-morphology progression

Images courtesy of NASA

Pike (1980)

Presenter
Presentation Notes
To do that, we are going to go to the moon, where the well known progression in impact crater morphology with increasing size that was first observed.  And what we see is that…

The smallest craters, termed simple craters, are bowl-shaped with a raised rim and all have the same shape; the same depth-diameter ratio.  They are of the form most people associate with the word crater, and are exactly the same shape as craters formed in sand in the laboratory.

At about 15-20-km in diameter a distinct change in morphology occurs; the craters become much more complex, with slumped rim walls, flat floors and central uplifts.  In this case the depth-diameter ratio is not constant, it decreases—craters become broader, relatively, with size.  

At even larger sizes the central peak is replaced by a ring of peaks, called a peak ring, and the slump blocks are buried beneath a melt sheet that covers the crater floor.  

At the largest sizes, craters appear to have multiple ring structures.

Because of simple crater’s relationship to laboratory craters, we can quite accurately predict the energy of the impactor that caused it.
However, large complex craters are so departed from the simple crater form, how can we say how crater size and shape relates to impact energy?  It is possible to reconstruct slump blocks in small complex craters to get some estimate of the extent of collapse, but in larger craters it is much harder, I would say impossible, to relate the final crater features, to those of the pre-collapse cavity.
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Crater formation divided into 3 stages

•
 

Contact and compression 
–

 

shock physics

•
 

Excavation
–

 

fluid dynamics

•
 

Modification 
–

 

rock mechanics

–

 

rheology, gravity
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Different physics important in different zones

Shock physics

hydrodynamics

Rock mechanics
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Large impacts can only be simulated by modelling

• iSALE: Eulerian finite-difference 
“hydrocode”

• 2D geometry (axial symmetry); 
vertical impacts

• Multi-material, multi-rheology, 
compressible flow

• Tillotson/ANEOS equations-of-state

• Custom constitutive model (relating 
stress to strain/strain rate) for impacts 
into geologic media

• Efficient porous compaction model

Presenter
Presentation Notes
So if experiments can’t help us, we must turn to impact models to simulate crater formation, and use observation (both terrestrial, and extra-terrestrial) to ground truth the models, which is what I have spent much of my career so far doing.

The majority of current models use a 2D geometry, with the assumption of axial symmetry, which limits us to the study of vertical impacts only.  This is a significant simplification, considering that the most likely impact angle is actually 45 degrees to the vertical, and if time permits I will come back to this issue at the end of the talk, but in many instances this is not a bad assumption.

…

But for the topic of crater formation, it turns out that the most important aspect of the model to get right is the constitutive model--which is the part of the model that describes how the target material deforms; in other words, the resistance to deformation (shear) of the material in which the crater forms.
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Cohesion

von Mises
Yield Limit

Intact Rock
(Lundborg, 1968)

Damaged Rock
(Stesky et al., 1974)

Rock Failure is Complicated!

Brittle Ductile

Presenter
Presentation Notes
Which is a real pain, because modeling how rocks behave is very complicated.  Rock failure depends on many factors—pressure, temperature, strain history, strain rate, scale, and so on.  Deciding which of these factors are important and how to incorporate these factors into impact model has occupied the majority of my time.

This graph shows some real rock mechanics data on shear strength, as defined in our simulations, as a function of pressure.  The triangles represent data for intact rock samples by Lundborg and the circles represent damaged rock samples by Stesky.  We use the smooth approximation for this data first suggested by Lundborg, which has a finite cohesion (strength at zero pressure) and increases toward a von Mises yield limit (at infinite pressure).  

For completely damaged rock we use a simple linear Coulomb-law.  No cohesion, but still a frictional component to the strength. Intermediate states of damage are defined by interpolation between these curves.

The strength drop associated with damaging the rock is the reason we get (faulting) strain localization in rocks.  As a rock fails the zone of failure becomes weaker and hence further deformation occurs preferentially along that zone. 
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Thermal Softening of Dunite and Granite
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Rock strength decreases with increasing temperature

Presenter
Presentation Notes
Strength is also a function of temperature, which is raised in the target by the impact.  Obviously molten rocks have no strength – they are liquid, but the drop in strength as the temperature approaches the melt temperature has been measured and is well fit by a hyperbolic tangent function.
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Simple crater formation
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Complex crater formation
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Models tested against geological and geophysical data
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Case study: How big was the Chicxulub impact?

Presenter
Presentation Notes
The second topic I would like to discuss is how we can use numerical models to constrain impact energy.  The Chicxulub impact crater is arguably the most important crater in the world; it is one of the largest, it is coincident with the end of the Cretaceous period of geologic time, and is widely believed to be directly responsible for the mass extinction at that time.  Consequently, it is imperative to understand exactly how big was the asteroid or comet responsible.

The crater is now buried beneath the yucatan peninsula in the Gulf of mexico; this image shows the gravity anomaly over the crater, which gives a rough idea of the size of the crater, and its multi-ring structure.  This image is an artists impression of the crater a few days after the impact, and this is a space shuttle image of the yucatan peninsula now—amazingly, you can just make out the outline of the crater rim, delineated by a ring of sink holes.
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Best-fit model suggests impactor was ~10-km diam.

Presenter
Presentation Notes
Over the past few years, I have been simulating the Chicxulub impact with a view to understanding its formation and constraining the energy released.  This movie is the best model of the impact to date.
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Broad agreement between numerical and geophysical models

Presenter
Presentation Notes
The numerical model is in excellent agreement with models of the crater’s structure inferred from geophysical data.



Imperial College London

Summary so far…

• Impact cratering is an important geologic 
process, controlled by shock physics

• Large crater formation is also controlled by 
gravity and complicated target strength

• Complex material models for rocks are needed 
for useful numerical simulations of impacts

• Modelling is a powerful way to estimate impact 
energy from complex crater size and shape
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How is cratering affected by target properties?

• Cratering in nonporous, crystalline rock now quite well 
understood

• Porosity is important in many contexts:
– Asteroids
– Comets
– Icy satellites
– Regoliths
– Sedimentary rocks
– Early planetesimals

• Cratering in porous targets is poorly understood:
– Crater size?
– Melt and vapour production?
– Momentum transfer?



Imperial College London

Asteroids show a large range in porosity

Britt et al., Asteroids III, 2004.
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Porosity increases shock attenuation and shock heating
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Effect of porosity difficult to study in lab-scale impacts 

Cintala et al. (1999)

44% Porosity 70% Porosity

Housen and Holsapple (2003)

Johnson and Burchell (2004)

Presenter
Presentation Notes
Most of what we know about ejection processes has come from impact experiments like the ones we heard about earlier today.  In particular, recent experiments have actually managed to directly measure impact velocity and angle as a function of launch position.  In the case of Cintala et al (1999) this was achieved by photographing a cross-section of the evolving ejecta plume whilst it was periodically illuminated by a strobe laser.  The resultant image, of which this is one, nicely illustrates both the sequential position of the growing ejecta plume, and the ballistic trajectories of ejecta parcels.  Similar information has been extrated using a similar laser technique, but this time photographed from above by Anderson et al 2004.
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ε-alpha model for porous compaction
(Wünnemann, Collins and Melosh, 2006)

Compaction of pore space separated from compression of solid matrix:

Thus, equation of state for the solid material can be used for porous material

Just need to define the distension (porosity) as a function of volume change:
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ε-alpha model for porous compaction
(Wünnemann, Collins and Melosh, 2006)
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Difference due to 
thermally induced 
phase transition 
??

Model validated against Hugoniot data from experiments
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Model validated against experiments



Imperial College London

Porous material absorbs shock wave more efficiently

Nonporous Porous
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Porosity reduces crater diameter and cratered mass

Nonporous Porous
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Porosity and friction decrease cratering efficiency

Increasing shock attenuation
Decreasing target density

Presenter
Presentation Notes
What affect does porosity have on cratering efficiency
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Porous targets absorb shock energy

Porous Non-porous
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This means lower ejection velocity and smaller craters

Porous Non-porous
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Porosity greatly reduces velocity and total mass of ejecta
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Application: Asteroid deflection by direct impact

Presenter
Presentation Notes
The method I want to focus on is the simplest, most practical method—direct impact.  In other words, we smack into the asteroids at high speed.  The method is simple; we have even proved that it can be done with NASA’s recent Deep Impact experiment.  The question is—is it an efficient method?  Can it supply sufficient momentum?

If we consider simple momentum transfer from impactor to asteroid, the answer is just about.  Typical encounter speeds would be ~10 km/s; to change a 100-m diameter asteroid, of mass ~ 1M tons by 1 cm/s an impactor mass of about 1 ton, which is just within current capabilities.  But fortunately, that is not the whole story; an important consequence of hypervelocity impact is the high speed ejection of material from the crater, as illustrated in these pictures of an experiment in sand, and spacecraft images of the Deep Impact experiment.

By Newton’s third law, material ejected at speeds greater than escape velocity from the asteroid exerts a thrust in the opposite direction.  So the momentum of the ejecta acts to supplement the momentum of the projectile and enhance the velocity change.  And the question of efficiency then becomes a question of much ejected momentum is there in an impact.
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10 yr lead: <~400-m wide asteroids could be deflected 
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With 1 yr lead, this drops to <~150-m asteroids
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Conclusions

• Porosity has an important effect on impact cratering

• Porous materials absorb shock wave energy, leading to 
lower cratering efficiency
– Less mass excavated and displaced
– Lower ejection velocities and shock pressures
– Less efficient momentum transfer
– Efficacy of deflection by impact reduced if asteroid porous

• The absorbed energy leads to greater melting of porous 
materials
– More melt expected in sedimentary target craters
– Impact melt production in early, low velocity collisions of 

planetesimals?
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