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Zusammenfassung 

Von großen planetaren Einschlägen bis hinunter zu kleinsten 

Impakten auf Asteroiden laufen ähnliche Prozesse ab, deren Verständnis 

bedeutsam für zahlreiche darauf aufbauende Fragestellungen ist. In dieser 

Dissertation liegt der Fokus auf einem Teilaspekt der Kraterbildung – dem 

Materialauswurf. Kraterauswurfdecken sind typische Merkmale der 

allermeisten Krater im Sonnensystem. Zwar ist der eigentliche Prozess der 

zum Auswurf des Materials führt verstanden, aber eine systematische 

Untersuchung der Abhängigkeit der Auswurfcharakteristika (wie z.B. 

Geschwindigkeit oder Auswurfwinkel) von Materialeigenschaften ist noch 

nicht erfolgt. Ebenso fehlt eine systematische Untersuchung des Verhaltens 

des Auswurfmaterials in einem gasförmigen Medium. In dieser Dissertation 

greife ich auf numerische Methoden zurück, um Einschlagsprozesse zu 

simulieren. Das hierfür genutzte und von mir erweiterte 

Stoßwellensimulationsprogramm iSALE ist in der Fachliteratur etabliert und 

gut beschrieben. Insbesondere gehe ich auf die vorhandenen 

Festigkeitsparametrisierungen und das Porositätskompaktionsmodell ein, da 

sie für die folgenden systematischen Untersuchungen der Auswurfmassen 

grundlegend sind. Das Porositätskompaktionsmodell wird in einer Studie 

angewandt, um die Verdichtung von hochporösem Schnee unter 

Beaufschlagung durch ein Meteoritenfragment zu quantifizieren. In diesem 

Extremfall wird nahezu kein Material ausgeworfen. Das Festigkeitsmodell 

zur Beschreibung von Festgestein wird zur Simulation der Kraterbildung in 

Quarzit und Marmor eingesetzt, um die für die Materialexkavation 

relevanten Festigkeitsmodelle anhand von Laborvergleichen zu validieren. 

Eine auffallende Besonderheit des Marmors ist, dass er im Vergleich zu der 

erwarteten Kratergröße gemäß der einaxialen Druckfestigkeit (UCS) 

deutlich kleinere Krater aufweist. Der Effekt der dynamischen Verhärtung 

wird mit dem Festigkeitsmodell angenähert, um die experimentellen Krater 

nachzustellen. Auf den Materialmodellen aufbauend erfolgt die 

systematische Untersuchung des Verhaltens der Auswurfmassen, wobei hier 

erneut Labordaten experimenteller Krater zur Validierung herangezogen 
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werden. Abhängig von verschiedenen Porositäten und 

Reibungskoeffizienten einer Parametrisierung der Festigkeit als Funktion 

des Druckes werden die Auswurfcharakteristika beschrieben und genutzt, 

um materialabhängige Auswurfdecken im Vakuum zu beschreiben. 

Außerdem werden analytische Skalierungsgesetze angewandt, um die 

entsprechenden Parameter basierend auf den Modelldaten zu bestimmen. Im 

folgenden Schritt wird dann die Wechselwirkung von Auswurfmaterial und 

einer vorhandenen Atmosphäre erläutert. Atmosphärische Effekte 

beeinflussen die ballistische Reichweite des ausgeworfenen Materials. Diese 

sind stark größenabhängig und die Reichweite nimmt mit kleiner werdenden 

Staubkorngrößen ab. In Bezug auf die Kratergröße nimmt die Reichweite 

ebenfalls ab, wenn die Kratergröße zunimmt. Zur Simulation und 

Beschreibung dieser Abhängigkeiten wurde ein neues Unterprogramm 

implementiert, in iSALE integriert und für eine systematische 

Parameterstudie herangezogen. Die Ergebnisse dieser Studie werden in 

dieser Arbeit dargestellt. 

 

Abstract 

From large planetary impacts down to the smallest impacts on 

asteroids, similar processes take place, and understanding them is relevant 

for numerous further questions. In this thesis, I focus on one of the sub-

aspects of crater formation, namely material ejection, as ejecta blankets are 

typical features of most craters in the solar system. Even though the basic 

process of ejection is understood, a systematic study on the correlation 

between ejection characteristics (e.g. ejection speed and angle) and material 

properties is still missing. Likewise, a systematic study on the behaviour of 

ejected material in a gaseous medium is lacking. In this thesis, I use a 

numerical approach to simulate impact processes. The used shock physics 

code iSALE, to which I added new features, is established in the literature 

and well described. Specifically, I focus on the strength models and the 

porosity-compaction model because the following systematic study of 

material ejection builds upon these models. The porosity-compaction model 



 

iii 

is applied in a study to quantify the compaction of highly porous snow after 

being impacted by meteorite fragments. In this end-member scenario, nearly 

no material is ejected. The strength model that is used for the representation 

of competent rock is applied to simulate craters in quartzite and marble in 

order to validate these rheology models, which are highly relevant for 

simulating excavation flow, against laboratory results. A striking 

characteristic observed for craters in marble is the smaller crater size 

compared to the expected crater size based on the uniaxial compressive 

strength (UCS) of marble. Here, I approximate the dynamic hardening of the 

marble target with the strength model of competent rock in order to 

reproduce the observed experimental craters. Based on these material 

models, I conduct a systematic parameter study on the behaviour of ejected 

material, which I again validate against laboratory data from experimental 

craters. Depending on material properties like porosity or the coefficient of 

friction for a parametrisation of the yield surface as function of pressure, the 

ejection characteristics are described and applied to derive the ejecta deposit 

in a vacuum case. In addition, analytical scaling relationships are fitted to 

the derived model data in order to obtain the corresponding parameters. In a 

next step, I explore the interaction of ejected material with an atmosphere. 

Atmospheric effects influence the ballistic range of the ejected material, and 

these effects are strongly size dependent, such that the range decreases with 

decreasing dust particle size. Further, relative to the crater size, the range 

decreases with increasing crater size. For the simulation and description of 

these correlations, a separate subroutine was written, integrated into iSALE, 

and applied for a systematic parameter study. The results of this study are 

presented in this thesis. 
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1 Introduction 

1.1 Setting the Stage 

 Since the beginning of the existence of the solar system and the 

formation of the Sun around 5 billion years ago, the matter within this 

system has been continuously undergoing a dynamic evolution. Dust first 

agglomerated to planetesimals, and then this system full of planetesimals 

and planetary embryos evolved large bodies that we call planets. 

Throughout this evolution, one process continues to happen over and over 

again, namely, the colliding of bodies with one another. This process, called 

impact cratering, can result in the growth of the planetesimals and planetary 

embryos when the impacts are rather “slow”, or it can result in the complete 

disruption of an entire object1. Impact craters are the most abundant surface 

features on most atmosphere-less bodies, and they are present on most 

bodies that possess an atmosphere, including the terrestrial planets, their 

moons, the moons of the gas giants, and the asteroids in the asteroid belt. 

Hence, understanding this phenomenon is crucial for understanding the 

history of the solar system.  

 As impact craters cover so many surfaces of solar system objects, 

they have been used as a measure of chronology in planetary science (see 

e.g. Fassett 2016 for a recent review). By counting craters of different sizes, 

a crater size distribution can be produced for a defined geologic surface 

terrain. Under the assumption that different terrains undergo a similar 

impact flux (i.e. the impactor population’s characteristics remain constant 

over time), these crater size distributions can be compared, and older 

                                                 
1 Certainly, “slow“ is not a quantitative characterisation of the velocity. However, the 
velocity range necessary for accretion on the body is restricted by the escape velocity of the 
body. As long as the majority of the post-impact material is ejected with a velocity slower 
than the escape velocity, the body grows in mass. The escape velocity on Earth is 11.2 
km/s, the escape velocity on Itokawa, a ~ 530m x 300 m x 200 m asteroid, is ~0.2 m/s. In 
contrast, disruption is defined by the impact energy that is required to let escape half the 
mass of the original major body (see e.g. Jutzi et al. (2010) for a study on the influence of 
projectile and material properties on disruption). The topic of material accretion is far too 
complex to give an overview, here, but an overview is given e.g. by Izidoro and Raymond  
(2018). 
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terrains will have accumulated more craters than younger terrains. However, 

different target properties could tend to produce different crater sizes 

between different surface areas (e.g. due to different target rheology), thus 

care must be taken when making these comparisons. The question is: How 

important is the decrease in crater size for an increase in strength between 

two neighbouring geologic surfaces? A recent intense numerical parameter 

study by Prieur et al. (2017), to which I contributed (but which is not part 

of this thesis), gives answers to this and similar questions.  

In order to assign absolute ages instead of relative ages, a crater 

chronology function is required. Therefore, the age of some probed 

materials must be sampled by radiogenic dating methods (e.g. Stöffler and 

Ryder 2001) and correlated with the crater density of the tested region 

(Neukum 1983). However, one question (among others) remains uncertain 

in this approach: Does the dated melt-bearing material originate from the 

region where it was found, or does it represent material from a different 

region (and thus calibrates the age of this different region) that was ejected 

during an impact? How much ejecta from distant locations could be present 

in a sample area?  

Melt rocks also occur in lunar regolith samples. Regolith forms not 

only by large impacts, but also by the continuously ongoing process of 

micro-impacts, i.e. impacts on a very small scale: Fast impacts cause 

fracturing of target rocks, transform material e.g. by melting, and finally 

also mix and re-distribute material laterally and from different depths (e.g. 

Colwell et al. 2007). However, so far, differences between lunar regolith 

and the regolith from asteroids (e.g. Itokawa) have been found. On Itokawa, 

melt seems to be absent while melt agglutinates are common on the Moon 

(Yoshikawa et al. 2015). As both kinds of regolith are thought to form due 

to impacts, the question arises as to how the processes of crater formation 

and material ejection are different on both bodies. Is this process unique for 

Itokawa, or is it common to asteroids? 

 A size-class larger than micrometeorite impacts is the class of 

decimetre-sized (i.e. tens of centimetres) meteoroids, which can help 

constraining today’s impactor flux. Their impacts on the Moon can be 
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observed even by Earth-bound observing systems due to the emitted light, 

which has prompted the development over the last ~20 years of the field of 

lunar impact flash observations. Such impact flashes, which typically last 

from the tens to hundreds of milliseconds (Bouley et al. 2012), are thought 

to be caused by an impact plume (Melosh et al. 1993; Ortiz et al. 2000). 

However, the longer-lasting observed flashes (duration of several frames up 

to 1 - 8 s, Madiedo et al. 2014; Suggs et al. 2014) cannot be explained by a 

short-lived vapour phase, and the idea arose that such radiation can be 

caused by hot melt droplets in the ejecta (Yanagisawa and Kisaichi 2002). 

But, is there enough hot ejected material available to cause a light flash that 

can be observed from Earth? A better understanding of the processes 

involved in flash formation might help to better constrain the impactor flux 

in the decimetre- to metre-size range.  

Only few years ago, a ~20 m meteoroid entered Earth’s atmosphere 

in the Chelyabinsk area and caused injuries and damage. What would 

happen, if an object of even larger size were detected to be on an Earth-

crossing trajectory? To avoid the danger of an asteroid impact on Earth, 

different techniques have been considered to deflect or destroy the 

hazardous object. One approach is to use a kinetic impactor that transfers 

momentum onto the asteroids and, thus, changes its orbit. However, a 

fraction of the momentum is carried by ejected material. Hence, the total 

momentum transfer depends on the ejection dynamics and, as such, on the 

target properties of the body. But, these are not well known, and, so far, few 

studies have dealt with this question. Only recently, interest has arisen due 

to the Asteroid Impact & Deflection Assessment mission AIDA (Cheng et 

al. 2016).  

 If the deflection of an asteroid fails, the consequences of the impact 

on Earth could be dramatic. On Earth, 190 impact structures have been 

found up to date (Figure 1-1), and more are expected to be discovered. In 

comparison to other bodies in the solar system, Earth’s crater record is small 

due to the high rate of erosion (e.g. due to winds, precipitation, freezing 

water) and tectonic activity. At least one crater structure has been correlated 

with an event of mass extinction: The Chicxulub impact on the Yucatan 
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peninsula, Mexico, marks the time of transition from the Cretaceous to the 

Paleogene at ~66 Ma ago and ended the era of the dinosaurs (Alvarez et al. 

1980). The impact caused local devastation, but furthermore, it caused a 

change in Earth’s climate due to the release of climatically active gases and 

dust (Pierazzo et al. 1998; Artemieva and Morgan 2017; Brugger et al. 

2017). The study of such cratering events is crucial to quantify the 

consequences for the ecosystem. How much gas can be released in an 

impact event? How much dust is set free, and how much time does the dust 

need to settle? Such questions require studying the interaction of ejected 

material with an atmosphere. Furthermore, this approach allows for studying 

the distribution of ejected tektites and crater infill material. These questions 

are transferable also to other planets and bodies that possess an atmosphere, 

like Venus, Mars, or Saturn’s moon Titan. 

     

 

 Figure 1-1: Map of Earth’s craters on the Earth Impact Database as of 
November 2017. Circles represent the size of the craters, colour represents the age.2  
 

Overall, there are likely many further examples of where the study of 

ejected material plays a major role. Certainly, there are more aspects 

                                                 
2 Map from CMG Lee, United States Geological Survey, Earth Impact Database 
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regarding ejecta processes that are not addressed here, which are beyond the 

scope of this thesis. 

1.2 Objectives and Goals 

Ejecta blankets are a prominent and characteristic feature of impact 

craters. Ejected material plays a major role in planetary science, as 

summarised above. In this thesis, I study the ejection behaviour during 

impact cratering and the trajectories of ejecta until they are deposited. The 

ejection behaviour and, consequently, the deposition of the ejecta are 

expected to depend on the properties of the target material.  

The excavation flow has been the subject of numerous previous 

studies (e.g. Oberbeck 1975; Maxwell 1977; Thomsen et al. 1979; Croft 

1980; Austin et al. 1981; Melosh 1985). In laboratory experiments, mostly 

sand or powders have been used as the target material (Stöffler et al. 1975; 

Hartmann 1985; Cintala et al. 1999; Anderson and Schultz 2003; Hermalyn 

and Schultz 2011; Tsujido et al. 2015; Yamamoto et al. 2017). Previous 

studies found that an analytical model could describe the observed ejection 

angles on the basis of few parameters: An analytical expression for deriving 

ejection characteristics was developed by Maxwell (1977), who used the Z-

model to describe material trajectories within the target. Further 

improvements have been implemented by Thomsen et al. (1979) and by 

Croft (1980), as they buried the centre of trajectories in a depth of about one 

projectile diameter. Further improvements to this model include the time 

dependence of its parameters in order to account for the evolution of the 

ejection behaviour (Austin et al. 1981; Anderson et al. 2004). However, the 

Z-model does not account for effects of target properties like porosity, nor 

for characteristics related to projectile velocity and mass. Furthermore, it is 

difficult to measure a systematic change of just one individual parameter in 

an experimental study. Therefore, I use numerical modelling to simulate 

cratering in different target materials and study the ejection behaviour for 

each case. I validate numerical results derived with different material 

models against experimental craters and naturally observed impact funnels, 

and I compare laboratory ejecta data with modelling results in order to show 
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the reliability of the model results. Based on the ejection characteristics, I 

derive the positions where the ejected material is deposited.  

All points mentioned above are an important step when simulating 

the distribution of ejected material. However, the approach assumes vacuum 

conditions for calculating the trajectories of the ejecta, and a more 

sophisticated approach is required when ejecta trajectories shall be derived 

in the presence of a vapour plume or on a body that possesses an 

atmosphere. In this thesis, I implement a new feature to the iSALE shock 

physics code, which already has been successfully used before in the SOVA 

shock physics code (Shuvalov 1999), in order to simulate ejecta movement 

in an atmosphere. Solutions derived for vacuum conditions might hold true 

in a limited range, but in general, the ejecta distribution will deviate from 

results under vacuum conditions.  

In light of the previous paragraphs, I formulate the key questions of 

this thesis as:  

S I. Ejecta and Target Properties: In what ways does the 

ejection behaviour of different target materials differ, and 

how does ejection depend upon single material parameters? 

How does this influence the ejecta deposition?  

S II. Ejecta and Atmosphere: What is the difference between 

ejecta trajectories in a vacuum and ejecta trajectories in an 

atmosphere? To what extent is the deposition of material 

affected by the atmosphere? 

In order to answer these key questions, I address the following 

objectives:  

M I. Material Models: The numerical parametrisations 

implemented in iSALE need to be tested if they sufficiently 

describe complex materials like competent rock or highly 

porous materials. Therefore, experimentally derived craters 

shall be reproduced in a model by using the rheology 

parametrisations in iSALE. Similarly, naturally observed 

funnels in a highly porous material shall be reproduced in a 

model by using the porosity-compaction model. Validating 
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the material models in iSALE is crucial for giving a reliable 

description of the ejection behaviour for different target 

properties.   

M II. Ejecta Analysis: An approach to determine ejected material 

in an impact simulation has to be developed. A tool to 

analyse ejected material needs to be implemented and 

validated.  

M III. Representative Particles: A reasonable approach for 

simulating the interaction of ejecta with a gaseous medium 

within iSALE is required to study ejection processes in an 

atmosphere. A new feature needs to be developed for 

iSALE and requires validation and/or benchmarking to test 

its applicability. 

In the next section, I describe the project in which I embed the 

scientific work expressed by the questions and objectives above. The project 

provides ideal conditions to address these questions in an interdisciplinary 

environment and to validate numerical parameterisations, such as by 

comparing the material models against laboratory experiments. 

 

1.3 The Multidisciplinary Experimental and Modeling 

Impact Crater Research Network (MEMIN) 

 

 

 This thesis was written as part of the DFG-funded MEMIN Research 

Network – Multidisciplinary Experimental and Modeling Impact Research 

Network. As natural craters are an end product of a cratering event itself and 

the long-term modification processes thereafter, the MEMIN Research 

Network was initiated in order to improve the understanding of crater 

formation processes by direct real-time observations of the cratering event 



 

 

8 

and the analysis of the cratering products, i.e. crater size, petrophysical 

subsurface material modifications, and material ejection. The experiments 

were set up to match natural systems as closely as possible. Within 

MEMIN, a unique network of scientists with different backgrounds and 

working techniques was organised to study the topic of impact cratering. 

The expertise covers field geologists, geochemists, mineralogists and (geo-) 

physicists from different locations in Germany, and their methods to study 

impact cratering range from field campaigns, experimental shooting 

campaigns, shock recovery experiments, diamond anvil cells, laser 

irradiation techniques, split-Hopkinson-pressure bar set-ups, laboratory 

micro-analysis, and numerical modelling, allowing for an interdisciplinary 

research approach (Kenkmann et al. 2018). The network is subdivided into 

9 sub-projects that focus on different aspects and objectives, contributing to 

the common aim of understanding impact cratering in more detail.  

 A central aspect to MEMIN are the shooting campaigns with two-

stage light gas guns at the Frauenhofer Ernst-Mach-Institut in Freiburg 

(SLGG, Figure 1-2 i). Each shot requires the preparation and weighing of the 

target blocks, the preparation of seismic sensors attached to the target 

blocks, mounting of ejecta catchers, and the adjustment of measuring 

devices like high-speed cameras (cf. Figure 1-2 iv) and spectrometers before 

the shot, and the careful recovery of the target block, ejecta catchers (Figure 

1-2 iii), and ejected fragments from the target chamber after the shot. The 

target was then weighed once more to derive the mass loss due to the 

cratering. Targets in the SLGG campaigns were 20 – 25 cm in edge length 

(Figure 1-2 ii), while target blocks at the larger two-stage light gas gun were 

up to 80 cm in edge length. In the shooting campaigns, different types of 

competent rocks, such as marble, sandstone, or quartzite, were used as 

targets and were impacted with real iron meteorites (Campo del Cielo), 

steel, aluminium or basalt spheres (2.5-12 mm in diameter) with speeds in 

the range from ~2.5-7.8 km/s, resulting in craters in the decimetre range. 

The usage of these natural target materials was motivated by the objective 

of MEMIN to study the impact-induced effects on competent rock. This had 

not been done is such detail before, which explains the novelty of the 
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experiments conducted within MEMIN. Different parameter studies were 

conducted, including impact speed, projectile size and material, target 

porosity and target water saturation of pores, aiming on studying the effects 

of these parameters on crater mechanics, shock metamorphism, and 

projectile distribution during cratering (Poelchau et al. 2013; Poelchau et al. 

2014).  

 

Figure 1-2: The MEMIN research network. The shooting campaigns at the 
Frauenhofer Ernst-Mach Institut in Freiburg were a central element to the research 
group. i) two-stage light gas gun, ii) marble target block (~25 cm edge length) prior 
to the impact, iii) ejecta catchers after the impact, and iv) snapshot from an impact 
plume ~0.4 ms after the impact. 
 

 This thesis was conducted in sub-project IX Numerical modelling of 

impact cratering processes. This project aimed at i) extending and 

generalising newly developed material models based on results from 

MEMIN I, ii) modelling the generation and formation of an ejecta plume 

(impact flashes were observed in high-speed videos captured during the 

shooting campaigns), iii) simulating the formation of natural crater 

structures, iv) implementing an atmosphere model that accounts for the 

interaction of ejected material with a gas phase, and v) supporting the other 
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sub-projects with modelling work for their analysis, and thus, giving insight 

into the processes that yielded the results observed on the experimental side. 

Conversely, modelling also requires testing and verification by 

observational constraints and, hence, takes advantage of the results from 

experiments. Based on such comparisons, modelling allows for studying 

cratering events on a larger natural scale.  

1.4 Structure of the Thesis 

This thesis is structured in ten chapters. Chapter 1 introduced the 

topic of impact cratering and presented the research questions to which this 

thesis is devoted. It also presented the research group MEMIN, including 

the sub-project in which this thesis was developed.  

In chapter 2, a short background to the processes that occur during 

impact cratering is given. The Hugoniot equations are introduced, which 

describe the shock state of a material that is impacted with a given velocity. 

A short excurse gives some information on atmospheric effects that include 

atmospheric entry of meteoroids, but also the ejection of material from the 

ground.  

Chapter 3 describes the methods used in this thesis. Numerical 

approaches, and in specific the iSALE shock physics code, are shown. The 

ejecta analysis and the newly programmed feature of iSALE that tackles the 

question of atmospheric interaction are explained in chapter 4. Chapter 5 

shows validation tests and resolution tests for this newly implemented 

feature in iSALE. 

 Chapter 6 and 7 are each individually published and peer-reviewed 

articles in international journals. They relate to the first objective in this 

thesis, and they showcase studies where iSALE material models are tested: 

Chapter 6 relates to the strength models, chapter 7 to the porosity-

compaction model. Here, I test the porosity-compaction model for an impact 

scenario with a snow target with high porosity. This scenario is an end-

member case where ejection is suppressed nearly completely. Furthermore, I 

test the strength model and reproduce experimental MEMIN craters that 

were produced during shooting campaigns using quartzite and marble 
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targets. A reliable description of real materials is the basis for doing 

parameter studies for further materials.  

Chapter 8 is published in a peer-reviewed international journal and is 

part of a MEMIN special issue (the same issue as chapter 6). It answers the 

first key question and the second objective shown above. The ejection 

dynamics for different target materials are described. The parameter study 

also includes the effects of increasing impact velocities on the ejection 

behaviour and material deposition. It does not include the effect of 

atmospheric interaction, which is part of chapter 9. In chapter 9, which 

refers to the second key question and the third objective, a parameter study 

of material movement in an atmosphere is presented for different size 

distributions and impact crater scales.  

Finally, chapter 10 summarises and discusses the points taken up by 

the previous chapters and the key questions and objectives. Furthermore, 

this chapter offers an outlook on ongoing research activities and possible 

applications of the developed methods for further topics.  
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2 Background 

2.1 Mechanics of Impact Cratering  

 When a projectile hits a target with high (supersonic) velocity, it 

forms a crater that is substantially larger than the original projectile, and 

material is ejected from the cavity. The process of impact cratering is 

typically described by three main phases: the contact- and compression 

stage, the excavation stage, and the modification stage (Gault et al. 1968). 

Although this distinction is somewhat artificial, as the different stages are 

not clearly separated and they grade into one another – i.e. material can start 

to be excavated in some area of the crater while at a different location, 

compression is still ongoing – this subdivision of the cratering process is 

helpful to understand the physical principles of cratering. In the following, I 

describe each of these stages of crater formation focusing on the most 

important aspects relevant to the work this thesis is based on. A much more 

detailed and sophisticated description of the impact cratering process in 

general can be found in the textbook “Impact Cratering – A Geological 

Process” by Melosh (1989) or in “Impact Cratering: Processes and 

Products” edited by Osinski and Pierazzo (2013). As some basic 

understanding of shock physics is essential for understanding hypervelocity 

impact processes, I also summarise the fundamental principles here. A 

comprehensive compilation on shock physics is given by Zelʹdovich and 

Raizer (2002). As the following sections (2.1.1 – 2.1.3) represent a 

summary of textbook knowledge, I have foregone stating references and 

refer to Melosh (1989) and Osinski and Pierazzo (2013). 

2.1.1 Contact- and Compression Stage 

 When two bodies collide with a high relative velocity that is faster 

than the speed of sound of the material, the pressure increases 

instantaneously at their contact surface. From the highly compressed 

interface, a shock wave emanates hemispherically into both objects (Figure 

2-1 i). Typically, a smaller projectile impacts a larger, resting target, 
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transferring most of its momentum and kinetic energy onto the target. The 

material is compressed, heated and accelerated to high velocity. Shock 

pressures in this stage reach amplitudes on the order of several hundreds of 

GPa (e.g. a dunite rocky projectile impacting a rocky target with 20 km/s 

initially generates a shock pressure of ~650 GPa as estimated by impedance 

matching with the parameters as given by Melosh 1989) and, thus, far 

exceed the yield strength of the materials. The shock state of the material is 

defined by the Hugoniot equations that relate the initial (uncompressed) 

state of a material (index 0) with a shock (compressed) state:  

 

 �� − �� = �� , (1) 

 

 � − �� = ��� , (2) 

 

 � − �� = �� + ������ − ��/2 , (3) 

 

with the internal energy E, pressure P, density ρ, specific volume V = 1/ ρ, 

particle velocity v, and shock wave velocity U. In a phase diagram that 

shows e.g. P versus V, the uncompressed and the compressed state (e.g. A 

and C in Figure 2-2, respectively) are connected by the Rayleigh line 

(orange dotted line, Figure 2-2) that marks the loading path of the material 

and ends in a shock state on the Hugoniot curve. Note, the Hugoniot curve 

does not represent a thermodynamic path, but connects different possible 

shock states.  

The shock wave runs through the projectile and reaches the rear of 

the projectile. Due to the zero pressure boundary condition at the free 

surface, it is reflected as a rarefaction wave that runs back through the 

projectile and into the target, releasing the compressed material (Figure 2-1 

ii). The material releases adiabatically and might melt or vaporise upon 

release. The contact- and compression stage lasts until the projectile is 

released from the high pressure. Processes of this short first stage (e.g. ~10-3 

s for a 10-m projectile at 10 km/s impact velocity) are located in a small 

volume that is similar to the size of the projectile.  
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i) 

 

ii) 

 

iii) 

 

iv) 

 

v) 

 

vi) 

 

Figure 2-1: Cratering process in three stages. Contact- and compression stage (i, ii), 
excavation stage (iii, iv), and modification stage (v, vi). Shock and rarefaction 
waves are illustrated in red and blue, respectively. The sequence shows the 
formation of a simple crater. 
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Figure 2-2: Pressure-volume relationship for a hypothetical silicate that undergoes 
shock-induced phase changes. Point B corresponds to an impact scenario in which 
the material is compressed to state B and released to state B’, inducing melting and 
incipient vaporisation. Shocking the material to higher pressure (state C) induces 
complete vaporization (state C’). The orange dotted line is the thermodynamic 
compression path called the Rayleigh line. S = solid; L = liquid; V = vapour. The 
figure is based on Melosh (1989) and modified by Hamann et al. (2016).   
 

2.1.2 Excavation Stage 

 During the excavation stage, a hemispherical shock wave that is 

followed by the rarefaction wave propagates through the target, whereupon 

material is set into motion. The material motion is directed radially 

outwards, approximately, resulting in the subsonic excavation of a crater. 

Driven by the shock-induced excavation flow, the cavity grows to 10 to 20 

times the projectile size. Depending on the initial location of the material, it 

is either displaced into the crater (outward and downward motion) or ejected 

from it (outward and upward motion; Figure 2-1 iii & iv). Material that is 

expelled from the crater forms a cone-shaped ejecta curtain that evolves 

outward with time. Material ejected from nearby the impact point leaves 

with the fastest velocity. The ejection velocity decreases with radial distance 

and, thus, with the time of ejection. A direct consequence is that nearby 



 

 

17 

material is ejected to the largest distances whereas material originating from 

areas close to the crater rim is ejected only to short distances out of the rim. 

At the top of the rim, an overturn flap of inverted rock units, which were 

ejected with very low velocities, can be observed on top of uplifted ground 

surface. The ejecta blanket covers the ground outside the crater. A 

continuous blanket reaches out several crater radii – in theory, as far as the 

thickness of the blanket is thicker than the grains it consists of. Ejected 

material interacts with the target upon landing. This process of ballistic 

sedimentation (e.g. Hüttner 1969; Oberbeck 1975; Hörz et al. 1983) refers 

to the admixture of target material into the ejecta deposit. The mixture of 

target and ejecta material depends on the deposition velocity, which is larger 

at larger distances from the crater (the fastest ejecta travels the farthest 

distance and is deposited with a velocity equal to the ejection velocity if 

atmospheric interaction is absent). 

 The peak shock pressure is the maximum pressure the material 

experiences during the compression-unloading cycle as the shock wave 

passes by. The peak shock pressure decreases with distance to the point of 

impact mostly because of three reasons: i) energy is dissipated into the 

target in terms of heat and material motion (shock wave compression is an 

unisentropic process), ii) geometric spreading of the shock wave as it 

propagates hemispherically into the target, and iii) the rarefaction wave that 

unloads the material from shock pressure and propagates in compressed 

material travels faster than the shock front and overtakes the shock wave, 

which results in a rapid decrease of the peak shock pressure. The more the 

shock decays, the more important the resisting forces due to gravity-driven 

litostatic pressure and material strength become, as these forces alter the 

excavation flow so that the crater growth is stopped. Depending on which 

resisting force controls the deceleration of the excavation flow, it is either 

called gravity or strength dominated. The stage when crater growth is 

stopped is called the transient crater, and its size is a good measure of the 

kinetic energy of the impact. Although it is very useful, the concept of the 

transient crater is only a virtual crater, because different locations within the 

crater reach the transient stage at different times. However, the virtual 
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transient crater can be approximated by a real crater at a given time; e.g. 

when the crater volume is largest. This approximation gets worse the bigger 

the crater is because it starts to grade into the modification stage. 

Nevertheless, the concepts of the transient crater and the three crater stages 

are useful for making analytical calculations of crater size and crater energy, 

as will be shown later. The excavation stage lasts longer than the contact- 

and compression stage (seconds to minutes; e.g. ~5 s for a 50-m projectile at 

5 km/s impact velocity).  

2.1.3 Modification Stage 

 The modification stage includes processes that alter the shape of the 

transient crater, leading to the final crater morphology (Figure 2-1 vi). These 

processes are mostly gravity driven, and the duration of this stage is the 

longest of the three stages. Consequently, strength-dominated craters do not 

undergo a significant modification stage.  

For simple natural craters, oversteepened material at the crater rim 

becomes unstable and slides into the cavity, forming a lens of brecciated 

material (Figure 2-1 v). Hence, the transient depth-to-diameter ratio of 

typically 0.2 is modified, and the crater diameter increases by about 20% 

(Melosh 1989). Larger, complex craters suffer more significant 

modifications by the formation of a central uplift or peak rings. Large units 

of rock slump into the cavity, thus forming terraced terrains from the final 

rim inwards (e.g. Sturm et al. 2016). Final complex craters are much wider 

in diameter than the transient crater. As this stage is not the focus of this 

thesis, I refer to more specific literature on this subject (e.g. Kenkmann et al. 

2013; Krüger et al. 2017). 
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2.2 Atmospheric Traverse of the Impactor 

 Where no atmosphere is present, impact events occur on a 

planetary body at every size scale. In contrast, for planetary bodies that 

possess an atmosphere – like Titan, Venus, Mars, or the Earth – the 

atmospheric shielding due to radiation, ablation and asteroid break-up 

prevents small-scale cratering events. A meteoroid that encounters such a 

body and penetrates into the atmosphere forms a bright meteor, and most of 

the mass of the entering meteoroid ablates away. The remaining piece that 

hits the Earth is called a meteorite. For a detailed physical description of the 

ablation process, please see chapter 7.4.1-7.4.2.  

 When larger objects enter the atmosphere of a planetary body, 

shock waves are generated that propagate through the atmosphere, and 

effects can be observed on the ground. The very recent atmospheric entry of 

the Chelyabinsk meteoroid (see chapter 7 for details) at a size of ~20 m 

caused the destruction of windows and the collapse of a roof (Borovička et 

al. 2013). An even larger observed event is the Tunguska event from 1908 

in Siberia, which had an equivalent energy of 10-20 Mt of TNT (Chyba et 

al. 1993) and resulted in about 2000 km² of forest trees being torn down by 

the shock wave. While both stony objects mentioned above were disrupted 

upon atmospheric entry, small stony objects can also penetrate the 

atmosphere if atmospheric entry conditions favour the penetration and 

survival of the body, and they can form a crater, as demonstrated by the 

formation of the ~14 m diameter Carancas crater in 2007 in Peru 

(Kenkmann et al. 2009). Upon atmospheric disruption, meteoroids can also 

form crater strewn fields (Bronikowska et al. 2017).  

 Atmospheric disruption of meteoroids occurs when the 

aerodynamic stresses exceed the internal strength of the meteoroid. When 

the initial object is crushed, the fragments are accelerated laterally, 

increasing the material surface area. This surface area increase causes an 

increase in drag and, consequently, in aerodynamic stress, leading to further 

separation of the fragment cloud (see e.g. Artemieva and Shuvalov 2001).  
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2.3 Ejecta Plume 

Similar effects described above for atmospheric penetration of an 

impactor also occur when material is ejected from a forming crater. During 

excavation, the velocity of the particles in the growing ejecta curtain 

decreases, whereas the size of the fragments increase radially due to the 

lower pressures that the material experiences. Hence, initial ejecta will be 

affected the most by atmospheric interaction. A typical example of early, 

highly shocked ejecta are tektites, such as the moldavites that originate from 

the Ries crater in South Germany (Artemieva et al. 2013). Furthermore, as 

described in section 2.1.1, large shock pressures of several hundred of GPa 

cause vaporisation of material (cf. Figure 2-2: path from Hugoniot state B to 

release state B’ for incipient vaporisation). Hamann et al. (2016) show 

shock pressures ~100 GPa and ~270 GPa for incipient vaporisation of 

quartz and basalt, respectively. Similarly to an atmosphere, the impact 

vapour would interact with ejected material and modify the ejecta 

trajectories. As the released impact vapour exhibits high velocities, it can 

also cause the acceleration of ejected dust.  

The forming ejecta blanket within an atmosphere will deviate from 

an ejecta blanket on an atmosphere-less body (Shuvalov and Dypvik 2013). 

Instead of an ideal parabolic trajectory, particles will be subject to wind and 

turbulence. Smaller particles will be dissolved in the atmosphere for a 

longer time than larger particles; hence, the deposition of ejecta is size 

dependent. Very small dust grains can also cause climate perturbations by 

decreasing the solar irradiation. The study of atmospheric interaction is the 

subject of key question S II “Ejecta and Atmosphere” (chapter 9). 
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3 Methodology  

This chapter describes the methods that have been used to address 

the key questions. The first key question S I – Ejecta and Target Properties, 

which is addressed by a parameter study to analyse the effects of target 

properties on the ejection dynamics, requires the availability of many 

different target materials, each of which varies only by individual material 

parameters. Of course, it is possible to study the size of natural craters in 

different target materials or geological units by observation and remote 

sensing. But, the target properties will remain mostly unconstrained, and the 

characteristics of natural craters are affected by post-impact factors like 

erosion. A laboratory study seems more appropriate to tackle the question. 

However, such a study is hardly possible in a laboratory experiment because 

a change in one material parameter (e.g. porosity) is likely to change 

another material parameter (e.g. material strength). The most promising 

approach is to use numerical modelling with a shock physics code that is 

capable of simulating different material models, providing further insight 

into the cratering process. Hence, numerical modelling is the approach I 

decided to use. As the following sections in chapter 3 partly refer to 

textbook knowledge, I do not give references to such knowledge and refer to 

Anderson (1987), Ferziger and Perić (1997) or Collins et al. (2013).  

 

3.1 Numerical Approach 

So-called hydrocodes were developed in the 1970s to simulate the 

propagation of shock waves, primarily in gases and fluids (Amsden et al. 

1980). They are also applicable to solid matter, as material behaviour can be 

approximated by a hydrodynamic approach during high shock pressure 

conditions. However, for the modelling of impact cratering, it is also 

important to consider the behaviour of material after unloading, when matter 

regains its solid-state properties. Therefore, I follow the suggestion by 

Pierazzo et al. (2008) to use the term shock physics code. Shock physics 

codes simulate material motion based on the compressible Navier-Stokes 
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equations and, thus, conserve momentum, energy, and mass. These three 

differential equations are formulated in a material description  (Lagrangian 

formulation, or Smoothed Particle formulation as mesh-free Lagrangian 

formulation; Gingold and Monaghan 1977) or in a spatial description 

(Eulerian formulation). Furthermore, a hybrid method also exists where the 

grid can move in space but does not necessarily follow the material motion 

(ALE – Arbitrary Lagrangian-Eulerian). As Lagrangian formulations suffer 

from disadvantages when there are high material deformations causing mesh 

distortions, Eulerian descriptions are often preferred for the simulation of 

hypervelocity impacts.  

 

 

Figure 3-1: Example of the Lagrangian formulation (a, grid moves with material 
flow), the Eulerian formulation (b, static grid), and of the Smoothed Particle 
formulation (c, SPH – mesh free) to describe the motion of material in fluid 
dynamic computations. The figure is taken from Collins et al. (2013). (a) and (c) 
were generated by Mark Price with AUTODYN.  

 

To complete the set of equations (5 unknowns, 3 equations), and in 

order to consider the behaviour of highly compressed and unloaded solid 

matter, two more equations are required. An equation of state relates the 

thermodynamic state variables and allows for working out e.g. the pressure 

in a material from its temperature and density. Also, a constitutive model 

relates material stress, strain, and temperature. Further advances required for 

the applicability of shock physics code simulations for natural solid 

materials include the implementation of an elasto-plastic constitutive model 
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and a parametrisation for porous material behaviour. The set of equations is 

solved at discrete points in the space-time domain. Different approaches 

exist for discretisation and solving these equations, three of which I will 

mention below: The finite-difference method approximates the derivatives 

of the differential equations by a finite difference between different 

equidistant points in a mesh. More advanced methods are the finite-volume 

and the finite-element methods. In a finite-element approach, the simulated 

material is subdivided into small (often unstructured) sub-domains 

(elements) where the equations are approximated individually. Between 

elements, specific continuity conditions are required. Finally a global 

system of equations for the entire domain has to be solved under 

consideration of the boundary conditions. The third approach is the finite-

volume method, which uses the integral from of the conservation equations. 

The domain is discretised by cells (volumes), and each cell has to fulfil the 

conservation conditions. The flux of a given quantity from one cell to 

another is given by the surface integral, and this flux causes a change in the 

corresponding variables of the neighbouring cell. Thus, this approach 

guaranties the conservation of this quantity.  

In this thesis, I use the impact Simplified Arbitrary Lagrangian-

Eulerian (iSALE) shock physics code in its 2D version, which I will 

describe further in the next section. The grid-based code uses finite 

differences with an interface reconstruction algorithm, an advanced 

rheology and porosity compaction model, and includes Lagrangian features 

like tracer particles that allow for material tracking and detailed studies of 

“individual” material evolution.  
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3.2 iSALE 2D 

 The iSALE 2D code3 is a multi-material, multi-rheology shock 

physics code that is based on the SALE hydrocode developed at Los 

Alamos (Amsden et al. 1980). Different versions of SALE, which originally 

could only describe Newtonian fluid flow for one material, have been or are 

still used within impact-related sciences (e.g. SALEB, SALE-3MAT, 

SALES-2, see e.g. Ivanov et al. 1997; Collins and Melosh 2002; Pierazzo et 

al. 2005; Wünnemann et al. 2005). Important developments for applying 

SALE to the simulation of impacts into solid materials and that are 

incorporated in iSALE are the implementation of an elasto-plastic 

constitutive model and a model of material fragmentation (Melosh et al. 

1992). However, this had been done only for the Lagrangian formulation of 

SALE, and important improvements to the strength model with regard to the 

applicability for Eulerian-mesh calculations have been incorporated by 

Ivanov et al. (1997) and later by Collins et al. (2004), including a model for 

damage accumulation and strain-dependent material weakening (details 

follow in chapter 3.2.3). In order to describe many natural materials, a 

porosity model is required. The ε-α porosity-compaction model was added 

(Wünnemann et al. 2006) and later improved by Collins et al. (2011). 

Recently, a model for dilatancy was implemented to simulate the creation of 

impact-induced porosity due to shearing in geological material (Collins 

2014). Details on the ε-α porosity model can be found in section 3.2.5. 

The thermodynamic behaviour of material is simulated by various 

equations of state. Most often used are a Tillotson equation of state 

(Tillotson 1962) and the semi-analytical equation of state, ANEOS, 

(Thompson and Lauson 1972), which were developed in the Hopkins 

Laboratory for Pure and Applied Science and the Sandia National 

Laboratories, respectively. But, simple equations of state like for an ideal 

gas are also available. More details on the evolution of iSALE can be found 

in Wünnemann et al. (2006) or the current iSALE manual (Collins et al. 

2017). The results derived with the iSALE code are continuously compared 

                                                 
3 Webpage: http://www.isale-code.de 
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to natural and experimental data at small (meso) scales as well as at large 

(macro) scales (Collins et al. 2011; Kowitz et al. 2013; Collins 2014; 

Güldemeister et al. 2015; Davison et al. 2016; Wünnemann et al. 2016). The 

current distribution of iSALE is the fourth version, called iSALE-Dellen. 

Results in chapter 7 are based on the previous version, iSALE-Chicxulub.  

3.2.1 Spatial and Temporal Discretisation  

The numerical grid in iSALE 2D is set up either in a cylindrical 

symmetry (see Figure 3-2), or in Cartesian coordinates with two dimensions 

(horizontal and vertical direction). A system of regularly spaced nodes 

defines the location of velocity vectors that are used for momentum 

calculations and material advection. These positions are the vertices of the 

cells, in the centre of which are defined the scalar quantities like mass, 

pressure, energy, or temperature. This kind of mesh is known as a staggered 

mesh. It has some characteristics that are typical for a finite-volume 

approach of solving the partial differential equations, especially because 

iSALE calculates the mass flux out of a cell and uses it as influx for the 

neighbouring cell. However, in iSALE the partial differential equations (in 

their Lagrangian formulation) are solved by a finite-difference approach in 

an explicit way in order to derive new velocities at the nodes. These 

velocities are used to deform the mesh (material movement). Relative to the 

old cell boundary, a mass flux can be calculated. In iSALE, this calculation 

is done in an upwind direction. Based on the mass flux, the parameters in 

the undeformed (space-fixed) mesh are updated. For each cell, the in- and 

outflow at cell boundaries are equal. The iSALE advection scheme is 

accurate in first-order. Simulation results can be affected by numerical 

diffusion due to this advection scheme, which is one of the reasons why the 

simulation results have to be tested in a resolution study.  

The time discretisation is done in accordance with the Courant-

Friedrichs-Levy stability criterion that restricts the movement of material 

within a time step ∆t to a cell with the size ∆x:  
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∆� ≤ ∆��      ��� !�" #�"�, (4) 

 

∆� ≤ ∆�� + |�|     ��&'(!#�"�, (5) 

 

with the speed of sound c of the material and the material velocity v. 

The computational grid covers a finite space that is confined by 

boundary cells, where specific boundary conditions are required. Boundary 

conditions can describe how material enters or leaves the computational 

domain, but they can also inforce material and wave reflections into the 

domain.  

In iSALE, three boundary conditions are implemented. Two of them 

do not allow for material to cross the boundary by setting the velocity 

component normal to the boundary to zero. If the velocity component along 

the boundary is set to zero (option noslip), material is not allowed to move. 

If only the normal component is set to zero (option freeslip), material is 

allowed to move tangentially along the boundary. A boundary that allows 

material to pass is implemented with the option outflow. However, all these 

boundary conditions do not work well for highly non-linear shock waves, as 

they produce reflections of the shock waves back into the mesh. To avoid 

this problem, a special approach is required to reduce the effect of shock 

wave reflections: All processes that are relevant for a given study are 

supposed to happen inside the high-resolution zone, where the cells with the 

smallest spatial extent are located. The high-resolution zone is surrounded 

by a zone of cells with growing space increment. The extended cells in the 

extension zone cover a larger space in the computational domain, which 

allows the shock wave to decay over the larger distance without increasing 

the computational costs. In addition, numerical diffusion has a damping 

effect on the shock wave. The goal of this approach is to reduce, e.g. the 

amplitude of an expanding shock wave such that any reflections are 

negligible when the wave hits the boundary of the computational domain. 

An approach using a zone with an increasing cell size has previously been 
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successfully applied in numerous shock wave simulations (e.g. Wünnemann 

and Ivanov 2003; Wünnemann et al. 2011; Bronikowska et al. 2017).  

 

Figure 3-2: Cylindrical mesh geometry in iSALE. The mesh is rotated along the 
symmetry axis on the left. The inner bold line shows the high resolution zone that 
is surrounded by the extension zone, where cells grow by a fixed percentage in 
size. The target material is shown in grey. Adapted from Wünnemann and Lange 
(2002). 
 

3.2.2 Equation of Motion 

As stated above, a shock physics code simulates the motion of 

material by approximating it as a continuum, solving a set of partial 

differential equations that describe the conservation of mass, momentum 

and energy. In iSALE, these are formulated in cylindrical coordinates as4:  

                                                 
4 This is the formulation given for SALE by Amsden et al.  (1980). By replacing the index r 
with x, and by equalling r = 1 in all equations, the formulations can be used for a Cartesian 
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 )�� �*�)� + 1! )�!� �*,�)! + )�� �*�-�).
= − )�)! + 1! )�!/**�)! + )�!/*-�). − /0! + �1*   ,  (6) 

 

in the radial direction and  

 )�� �*�)� + 1! )�!� �*,�)! + )�� �*�-�).
= − )�)! + 1! )�!/**�)! + )�!/*-�). − /0! + �1*   ,  (7) 

 

in the vertical direction for the conservation of momentum (Navier-Stokes 

equations) with the density ρ, velocity v, time t, space coordinates r and z, 

pressure P, the deviatoric stress tensor sij, and external forces G like gravity. 

Mass conservation is described as:  

 )� )� + 1! )�!� �*�)! + )�� �-�). = 0  ,  (8) 

 

and energy conservation as:  

 )�� �� )� + 1! )�!� � �*�)! + )�� ��-�).
= −� 31! )�! �*�)! + )�-). 4 + /** )�*)! + /*- )�*). + �*/0!
+ /*- )�-)! + /-- )�-).   ,  

(9) 

 

with the internal energy E.  

 

                                                                                                                            

2D scenario without radial symmetry. The stress sθ is zero in Cartesian coordinates. Here, I 
skip the artificial viscosity term Q in the equation, which would be summed to each time 
the pressure occurs in the equation. It is not in the focus of this thesis, but it is required for 
shock physics computations. 
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3.2.3 Rheology Model 

In general, stress σ is a function of strain ε, strain rate ��, temperature 

T, and damage D, where D is a scalar parameter to describe the degree of 

fracturing in the material, where D=0 is fully intact and D=1 corresponds to 

the maximum degree of fragmentation:  

 567 = 89�67, ��67 , :, ;<  .  (10) 

 

The stress matrix can be subdivided into the deviatoric stress matrix sij that 

describes pure shear deformation and the pressure P (pure compression, 

trace components of the stress matrix if it is oriented according to the 

principle stress directions):  

 /67 = 567 − � >  .  (11) 

 

The deviatoric stresses for an elasto-plastic material are worked out in 

iSALE based on the deviatoric components in Hooke’s law:  

 /67?@A = /67? + 21B ��67?  ∆�  ,  (12) 

 

with the shear modulus G, the deviatoric strain rate ��, and the time step ∆t. 

The stress is capped according to the yield strength (see below). The strain 

rate components are calculated based on the velocities as follows:  

  

��** = )�*)! − :!9��67<  ,  (13) 

 

��-- = )�-). − :!9��67<  ,  (14) 

 

��0 = �*! − :!9��67<  ,  (15) 
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��*- = 0.5 D)�*). + )�-)! E  .  (16) 

 

The strain rate is added to the strain variable each cycle, which is then 

advected in each time step. The shear modulus Gµ is calculated from the 

bulk modulus K and the Poisson ratio νP as follows: 

 

1B = 3 G��� 1 − 2HI2�1 + HI�  .  (17) 

 

Consequently, for liquids Gµ=0 follows from νP=0.5. As mentioned above, 

for the simulation of solid materials that can only take a limited amount of 

stress, the stress is capped according to the yield strength. A yield strength Y 

that is defined for a material can depend e.g. on pressure, strain, or 

temperature. If the square root of the second invariant of the deviatoric 

stress tensor JK, exceeds the yield strength, shear failure occurs and the 

deviatoric elastic stress and strain components need to be reduced to the 

yield envelope. The difference between the elastic strain components before 

and after this procedure yields the plastic strain. J2 in iSALE is defined in 

cylindrical coordinates as (Collins et al. 2004):  

 

K, = 16 M�/** − /--�² +  �/-- − /0�² +  �/0 − /**�²O + /*-,  .  (18) 

 

Details on the rheology models used in this thesis are given in each chapter. 

However, a short description is given in the following5: To model the 

strength, Y, of a complex target like a competent rock during crater 

formation, the constitutive model proposed by Collins et al. (2004) is used 

in a default setting. The strength of the target depends on the confining 

pressure P and the state of damage D that the material has witnessed (Figure 

3-3). Increasing the damage of the material causes a weakening of its 

strength according to: 

                                                 
5
 This paragraph is consistent with the Appendix of chapter 4. 
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 P��� = �1 − ;� P6��� + ; PQ���  . (19) 

  

The subscripts i and d denominate the intact (D=0) and damaged (D=1) 

material properties, respectively. A detailed description of the determination 

of the damage is given Collins et al. (2004). The shear damage is given by 

the ratio of total plastic strain to the accumulated strain at the point of 

failure. Failure occurs when the stress in the material exceeds the strength of 

the material, i.e. J2>Y². Due to fracturing and pulverization during the 

cratering process, the damaged material has a much lower strength than the 

intact material. As described by Collins et al. (2004) and successfully 

applied to previous sandstone target experiments (Güldemeister et al. 2015), 

we use a parametrisation by Lundborg (1968) for the intact state of the 

material (solid lines in Figure 3-3):  

 

P6��� = P6� + �6�1 + �6�P6R − P6�
     , 

(20) 

 

where Y
0 describes the shear strength at zero pressure (i.e. this is the 

cohesion of the intact material for P=0), � the coefficient of friction, and Y 
m 

the Von Mises Plastic Limit, which can be estimated from the Hugoniot 

elastic limit (e.g. Melosh 1989, p. 35). The strength of the damaged material 

is described by a Drucker-Prager yield surface that is capped by a maximum 

value of strength (dashed lines in Figure 3-3):  

 PQ��� = S#"�PQ� + �Q � , PQR� . (21) 

 

In addition, thermal weakening is considered (Ohnaka 1995). This rheology 

model is used in chapter 6 because it is suited for modelling the material 

behaviour of competent rock. In chapters 7 and 8, the simpler Drucker-

Prager model is used.  
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Figure 3-3: Yield strength of the two materials. Solid lines give intact material, 
dashed lines show damaged material yield envelopes. Black shows the strength of 
marble, grey the strength of quartzite. 
 

3.2.4 Equation of State 

As stated above, an equation of state is required to complete the set 

of equations and to include the thermodynamic response of a material. An 

example for a simple equation of state is the equation for an ideal gas. It is 

often found in a form that correlates the internal energy with the degrees of 

freedom fd of the gas molecules, the amount of particles N, the Boltzmann 

constant kB, and the temperature T:  

 

� = 8Q2 TUV:  ,  (22) 

 

where fd = 3 for a monoatomic gas and fd = 7 for a two-atomic gas (3 for 

translation, 2 for rotation, and 2 for vibration), or in a form that correlates 

pressure with volume V and temperature:  
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 � � = TUV:  .  (23) 

 

However, in iSALE and hydrocode computations in general, density and 

inner energy are often results of a computational iteration, based on which 

the pressure is computed in the next cycle:  

 � = 8��, ��  .  (24) 

 

The temperature is often derived from the internal energy and generally not 

considered very reliable (Melosh 1989). Hence, the equation of an ideal gas 

is better formulated in the form of Eq. (24) as:  

 � = �W − 1� � �  ,  (25) 

 

with the adiabatic exponent γ (ratio of the specific heat capacity at constant 

pressure CP and constant volume CV). The ratio γ can be determined by the 

internal degrees of freedom of the gas, or by the Grüneisen parameter Γ: 

 

W = XIXY =  8 + 2  8 =  � + 1 .  (26) 

 

The ideal gas is used for simulating the behaviour of air in chapter 9. 

 A more complex equation of state available in iSALE is the 

Tillotson equation of state (Tillotson 1962). This equation reproduces 

experimentally derived linear relations between the particle velocity in a 

material and the shock wave velocity at lower pressures, and it extrapolates 

to the Thomas-Fermi limit at high pressures where the solid behaves like an 

electron gas. For material unloading from high shock pressures, the 

Tillotson equation of state accounts for vaporisation if sufficient internal 

energy is added to the material. The equation is defined for two regions in 

the phase space. For the compression range Z [[\ ≥ 1^ and for expanded 



 

 

34 

states with an energy lower than the energy of initial vaporisation (E<Eiv), it 

is formulated as: 

 

� = _� + `��� Z��� ^, + 1a  � � + b D ��� − 1E + c D ��� − 1E,  ,  (27) 

 

and for expanded states Z [[\ < 1^ with an energy larger than the energy of 

complete vaporisation (E>Ecv) it is formulated as: 

 

� =  � � � + _ ` � ���� Z��� ^, + 1 + b D ��� − 1E (efg Z[\[ eA^a (efh Z[\[ eA^i   ,  (28) 

 

with the Tillotson parameters a, b, A (bulk modulus), B, E0, ωα and ωβ. E0 is 

a parameter that is often set close to the vaporisation energy. α and β are 

constants that govern the rate of the equation to converge to the ideal gas 

law. The initial energy for an initial pressure P=0 is zero. At zero pressure, a 

and b relate to the Grüneisen parameter as follows:  

 � + ` = �����  .  (29) 

 

Although a value of a = 2/3 is predicted as a limit from the Thomas-Fermi 

model for a monoatomic electron gas, it is often set to 0.5 because it better 

fits the observational data (Melosh 1989).  

 For partial vaporisation Z [[\ < 1;   �6k < � < �lk^, a transition 

formulation is used: 

 

� = �� − �6k��k + ��lk − ���m�lk − �6k     ,  (30) 
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with  Pv and Ps derived from Eqs. (28) and (27), respectively. The Tillotson 

equation is used in chapter 7 to describe the behaviour of basalt and snow 

(i.e. water). It is sufficient in the low-pressure range studied there. 

 A more sophisticated equation of state, which is widely used in 

hypervelocity impact studies, is the ANEOS software package (ANalytical 

Equation Of State, Thompson and Lauson 1972; Thompson 1990). Based on 

the Helmholtz free energy F, ANEOS calculates not only pressure and 

density, but it also provides estimates for temperature and entropy S (in 

contrast to the Tillotson equation of state):  

 � = n + :o  ,  (31) 

 

� = �, )n)�pq  ,  (32) 

 

o = − )n):p[  .  (33) 

 

The free energy is approximated to be separable into three parts: 

 n��, :� = nlrsQ��� + ntuv*Rws��, :� + nvsvlt*r?6l��, :�  .  (34) 

 

The “cold” term does not depend on temperature and describes the atomic 

interaction based on the interatomic potential at zero temperature (Ec = Fc). 

The “thermal” term describes thermal motion of atoms and ions, and it 

equals zero for T = 0. For low densities and high pressure, it approaches an 

ideal gas. The “electronic” term represents thermal motion, excitation, and 

ionisation of electrons and is important at very high temperatures and low 

densities. From Eqs. (32)-(34), it follows that also pressure or entropy are 

separated into these three components.  

 Recent improvements to ANEOS have been implemented by Melosh 

(2007), who modified the treatment of the vapour phase. So far, ANEOS has 

treated vapour as a monoatomic gas, which has a larger energy and entropy 

than a more realistic gas that contains molecular clusters. As consequence of 
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the high energy required for vaporisation in a monoatomic gas, only little 

vapour is produced in shock physics calculations. Changes have been 

incorporated in the “thermal” and the “cold” terms of ANEOS. 

Based on an input file for each material, where ~50 input parameters 

have to be specified, the ANEOS programme supplies iSALE with tabulated 

files that contain the thermodynamic states. Two phases apart from the 

vapour phase can be described by ANEOS. Typically, two solid phases, or 

one solid and one molten phase, are required in impact simulations. Apart 

from using tabulated files, it is possible to directly calculate thermodynamic 

states with ANEOS during the simulation with iSALE. In chapters 6 and 8, I 

use the ANEOS for quartzite, which is one of the most accurate equations of 

states in impact simulations. In chapter 6, I also use the calcite ANEOS 

(Pierazzo et al. 1998). 

3.2.5 Porosity-Compaction Model 

The ε-α porosity-compaction model in iSALE was originally 

implemented by Wünnemann et al. (2006) and gives the possibility of 

simulating the behaviour of porous material under compressive strain 

(pressure), as typically occurs during shock wave compression. The model 

was refined by Collins et al. (2011) who included thermal material 

expansion during compaction.  

 In this model, a change in material distension αd that relates to the 

material porosity Φ as 

 

xQ = 11 − 	 = �y�     (35) 

 

is calculated from a change in volumetric strain εV. Note that compaction is 

defined as negative. The subscript S denotes parameters for the non-porous 

state of a material. Based on the calculated distension, the pressure can be 

updated according to the assumption:   
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� = 8�xQ, �, �� = 1xQ �y�xQ �, �� = 1xQ �y��y, ��    (36) 

 

from Carroll and Holt (1972). The ε-α compaction model treats four 

different regimes of compaction: i) elastic compaction, ii) exponential 

compaction, iii) power-law compaction, and iv) complete compaction (see 

Figure 3-4). Regime i) is valid for 0 > εV > εe, where εe is the volumetric 

strain at the elastic limit. Compaction in this regime is reversible and the 

change from the initial distension αd,0 to the distension at the elastic limit 

αd,e (αd,e < αd,0) is given by:   

 zxQz� = xQ {1 − 3��xQ��y� 4,|     , (37) 

 

with the sound speed cS0 of the solid matrix at zero pressure and the bulk 

sound speed of the porous material c: 

  

��xQ� = �y� + xQ − 1xQ,� − 1 ��� − �y��     , (38) 

 

where c0 is the bulk sound speed of the porous material at zero pressure. For 

larger volumetric strain, εe > εV > εX, where the subscript X denotes the 

transition from the exponential to the power-law compaction regime, 

distension is defined as:  

 xQ = xQ,v(}�~e~��     , (39) 

 

with the compaction rate parameter κ. This rate is typically close to 1 (e.g. 

0.98 in Wünnemann et al. 2006). For smaller porosities, κ can be set to 

smaller values like ~0.8.  The change in distension (which is used together 

with the strain rate and the time step within iSALE for updating the 

distension from the previous iteration) is then given simply as:  
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zxQz� = �xQ     . (40) 

 

In the third regime, εX > εV > εC, where the subscript C denotes complete 

compaction, distension and the rate of compaction are given as:  

 

xQ = 1 + 9xQ,� − 1< D �l − ��l − �vE,     , (41) 

 

and:  

   zxQz� = 2 91 − xQ,�< �l − ���l − �v�,     . (42) 

 

For the last regime, εC > εV, it is simply the case where  xQ= 1 and the 

compaction rate is zero.  

 Collins et al. (2011) improved the ε-α compaction model by adding 

the elastic compaction as described by Eq. (37), and by accounting for 

thermal expansion of highly porous materials that have been extremely 

heated due to compaction of the pore space. They introduce a thermal 

volumetric strain εh, which sums up together with the mechanical volumetric 

strain to the total strain. Small thermal volumetric strain can be 

approximated for κ~1 as: 

 

�u = ��y�,  �� − ���    , (43) 

 

 with the Grüneisen parameter Γ (cf. Eq. (29)) and the specific internal 

energy E. The additional term of the thermal volumetric strain is accounted 

for when using the mechanical volumetric strain εm = εtotal - εh in Eqs. (37) -

(42). 

In general, the compaction of porosity is not reversible, apart from 

an elastic component. However, an additional dilatancy model is available 

in iSALE (Collins 2014), which allows for an increase of porosity due to 
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shearing (shear-bulking). This model was not used for the simulations 

within this thesis.  

The ε-α compaction model is a key parametrisation for modelling 

results in the chapters 7 and 8. 

 

 

Figure 3-4: Pore compaction versus volumetric strain for the case of χ = 0.5 during 
the compression (black solid line) and during the release after reaching half of the 
initial distension (black dashed line). Note the differences in slope for elastic 
compaction and release for equal differences in distension. The thin vertical lines 
represent the transitions from the elastic to the exponential regime according to the 
ε-α porosity-compaction model (grey solid line), from the exponential to the power 
law regime (grey dashed line) and to the fully compacted regime (grey dotted line). 
If χ = 1, the distension remains constant during the elastic compaction and the 
elastic release. 
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4 Treatment of Ejecta in iSALE 

Explosion and impact events generate shock waves, which cause the 

so-called excavation flow (section 2.1.2), whereby material is displaced 

such that a crater opens or is ejected out of the growing cavity. In this 

chapter, material ejection is discussed with respect to the computational 

methods that are used for describing material motion when the continuum 

assumption is no longer satisfied. 

4.1 Continuum Assumption 

Material motion and, hence, crater formation and the excavation 

flow, is approximated by the assumption of a continuum material flow, 

which is described by the equations of motion (chapter 3.2.2). This 

approximation works well for iSALE even when the material becomes 

completely damaged (D=1). As material is damaged, it may become 

granular, but granular material adjacent to the crater wall can still be well 

described as a continuum with an adequate rheology model. However, when 

material is ejected, this assumption no longer holds true. Ejected material 

may move differently when it is treated as a continuum (Figure 4-1 left 

panel) or as individual particles (Figure 4-1 right panel).  

Describing ejecta motion as a continuum is problematic because the 

ejecta curtain is poorly resolved. Material movement and crater formation in 

general are well resolved in an Eulerian grid code like iSALE, and 

resolution studies help for estimating when a sufficient degree of 

convergence of the simulation results is reached. However, for ejection 

processes, the normal resolution of an impact simulation is insufficient to 

describe the movement of the ejected material because the ejecta curtain is 

resolved by a very limited number of cells, and it thins out at larger altitudes 

as the curtain evolves (cf. cell illustration in Figure 4-1). Mesh refinement 

procedures (e.g. adaptive mesh refinement) could significantly increase the 

reliability of the results if the material continuum is used for assessing 

ejected material. In the next section, I will discuss a different approach to 
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tackle the issue of the resolution and the continuum approach based on 

tracking the material movement with tracer particles. 

 

 

Figure 4-1: Impact of a 16-m radius projectile with 12 km/s after 0.32 s. All 
materials are granitic. Tracers are shown as yellow to blue dots according to their 
vertical position. On the left panel, tracers are coupled to the movement of the 
material continuum in the grid; on the right, tracers above the surface are 
decoupled from the continuum and move according to Earth’s gravity without 
atmospheric drag. For illustration, a few numerical cells are included on the left 
panel in black.  

4.2 Tracer  

In iSALE, Lagrangian particles (tracers) are used to track the 

material during the flow within the computation grid. Tracers are massless, 

i.e. they are passive and do not interact with the material within the grid. 

However, tracers represent the material from their initial location at the start 

of the simulation. Typically, tracers are set in the centre of each 

computational cell, and they allow for tracking the conditions experienced 

by the material during the simulation, such as the peak pressure or 

temperature. The peak shock pressures can be useful for determining the 

amount of melt or vapour that is produced by an asteroid impact (e.g. 

Pierazzo et al. 1998).  

Tracer velocities are interpolated from the velocities at the four 

nodes of the cell where the tracer is located. Here, an example of this is 
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shown for a cell with node indices 1 and 2 (11 bottom left node, 12 upper 

left node, 21 bottom right node, 22 upper right node), and a tracer at 

position r: 

 ��,� = �1 − ���91 − ��<��,�AA         +            ��  91 − ��<��,�,A         +            ��            ��  ��,�,,           +  �1 − ���            �� ��,�A,   , 
(44) 

 

with 

 

�� = !� − �AA�,A − �AA   , �� = !� − �AA�A, − �AA   .  (45) 

 

New tracer positions at a later time step n+1 are calculated by a simple 

explicit Euler scheme:  

 !�,�?@A = !�,�? + ∆�  ��,�  .  (46) 

 

As discussed in the previous section, modelling the movement of ejecta is 

erroneous when using the continuum approach of material motion. In 

contrast, this thesis uses the movement of tracer particles to determine 

ejection characteristics for different materials. Therefore, tracers are 

assessed in a specific altitude over the target. With increasing altitude, the 

ejecta curtain is resolved by increasingly fewer cells (Figure 4-1), and more 

problems related to the continuum assumption will affect the results from 

tracking tracer particle motion. At low altitudes, issues arise because 

ejection characteristics can still be influenced by pressure gradients within 

the target material. A minimum altitude of one projectile radius avoids such 

issues and gives stable results for ejection characteristics. A more detailed 

discussion on this approach and uncertainties in the ejection characteristics 

can be found in chapter 8.  
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 Based on the derived ejection dynamics, the vacuum trajectories of 

the ejected material are only affected by gravity and can be calculated as 

parabolas (Figure 4-2). Thus, it is possible to derive the location where the 

ejected material will land. By summing up the material at one landing 

position, the thickness of the landed material can be calculated. However, 

this approach neglects, secondary effects like secondary mass wasting or 

material slumping. This point is discussed in more detail in chapter 8.  

 The tracer approach is useful when dealing with vacuum conditions. 

However, many planetary objects possess an atmosphere that interacts with 

ejected material. Furthermore, fast impacts cause the formation of a vapour 

plume that will interact with the ejecta, as well. As the tracer approach does 

not include such interaction, it needs to be calculated within the model 

itself. Also, tracers as implemented in iSALE do not have characteristics 

(e.g. particle size, mass) that are required for calculating such an interaction. 

A new implementation of a method is required for such purposes and will be 

described in the next chapter. 

  

 

Figure 4-2: Sketch of ejecta motion in a vacuum. The material is ejected from the 
crater with a certain velocity and angle that depend on the target properties (e.g. 
porosity Φ, coefficient of friction β). The material follows a parabolic trajectory 
until it is deposited at a certain distance from the crater.  
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4.3 Representative Particles 

 As stated in the previous section, the description of ejecta trajectories 

under the presence of a vapour plume or an atmosphere requires the 

implementation of a new feature in iSALE. The approach followed in this 

thesis is the representative particles (RP) approach as presented by Shuvalov 

(1999). Even though chapter 9 deals with this approach specifically, here I 

discuss the approach and its implementation, as this is a major part of the 

thesis.  

The representative particles technique is an approach to model a 

dusty flow as a second material phase within a medium that is described by 

a material continuum, allowing for different velocities between the 

continuum medium and representative particles. Furthermore, using 

representative particles allows for modelling particles of different size and 

with different individual velocities.  

A dusty flow is described by the movement of a large number of 

representative particles (103 - 105) within a medium. A representative 

particle mimics the behaviour of a certain amount of real dust grains Ngrain 

of a certain size traveling on similar trajectories (Ngrain ~105 - 1010). They 

have a certain mass and are subject to acting forces like gravity or drag.  

The equation of motion for the ith dust grain is given by:  

 

S6 z�����z� = S6���� + 6� !6������� − ������ ����e� + X��!6,�������� − ������,����e�    , (47) 

 

where CD is the drag coefficient, g the gravitational acceleration, mi and ri 

the dust grain mass and radius, respectively, ρg and � are gas density and 

viscosity, respectively, vi and vg are the dust and gas velocity, respectively, 

and (��e6 is the unity vector of relative movement between gas and the i
th 

dust grain, defined as: (��e6 = 9��� − ��6< ���� − ��6�� . The first term on the 

right side of Eq. (47) describes gravity, the second term represents a low-

velocity flow regime (Stokes drag), and the third term represents the high-

velocity flow regime (sometimes referred to as Newton drag). The gas 
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velocity is inferred from the velocity components on the nodes of the cell 

according to Eqs. (44) and (45) for each representative particle, individually. 

In the following, I show the equations for two dimensions with a 

vertical component z and a radial component r, as cylindrical symmetry is 

used in the iSALE 2D shock physics code. However, the method can be 

extended into 3D. Eq. (47), separated into two components and using the 

norm of the velocity difference, ∆��e6 = ������ − ������, then reads as:  

 z�6,-z� = − + X��!6,��S6 ∆��e6,(�e6- + 6� !6�S6 ∆��e6 (�e6-  , (48) 

 

 z�6,*z� = X��!6,��S6 ∆��e6,(�e6* + 6� !6�S6 ∆��e6 (�e6*  . (49) 

 

Following the approach from Shuvalov (1999), an implicit implementation 

is used to approximate Eq. (49) (radial direction) as:  

 �6,*?@A − �6,*?� = �X��!6,��S6 ∆��e6? + 6� !6�S6 � 9��,*?@A − �6,*?@A< , (50) 

 

with time step τ and the index n corresponding to the n
th time step. The 

implicit implementation is required to obtain correct results for large time 

steps. Reordering for the updated representative particle velocity (= dust 

grain velocity) gives:  

 

 �6,*?@A = ��,*?@A
1 +  1� �6

+ �6,*?1 + � �6 , (51) 

 

with the drag acceleration: 

 

�6 = X��!6,��S6 ∆��e6?  +  6� !6�S6 =  3 X� ��4 �6  !6 ∆��e6?  +  4.5 ��6  !6, . (52) 
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Eq. (52) yields a strong acceleration for small particles and slow 

acceleration for large particles. Momentum conservation and Eq. (51) yield 

an expression from which the updated gas velocity in the cell that includes 

NRP representative particles can be derived:  

 

S���,*? + � T�*w6?6 S6 �6,*?���
6�A = S���,*?@A + � T�*w6?6 S6  � ��,*?@A

1 +  1� �6
+ �6,*?1 + � �6����

6�A  . (53) 

 

 For Eq. (48) (vertical component), if ��,-? > �6,-?  , a more complex 

implementation is used that allows the transition to sedimentation velocity 

at large time steps (Shuvalov 1999). The sedimentation velocity can be 

derived from an equilibrium condition of the acting forces by setting Eq. 

(47) equal to zero. Chapter 9 discusses the equation for calculating the 

stationary sedimentation velocity vsed, but for now it is enough to see that 

the sedimentation velocity is derived as one solution of a parabolic equation:  

 

 0 = − + 6� !6�S6  �mvQ + X��!6,��S6  � �mvQ,     , (54) 

 

 � = S#" 3 1(�e6- ? , ��4 = S#" 3 ∆��e6?��,-? − �6,-? , ��4    , (55) 

 

where �K is a big constant (e.g. �K=100) that avoids numerical division 

problems for small velocity differences between gas and dust. Stationary 

sedimentation is given for ��,*? = �6,*?  , i.e. �=1. Reordering Eq. (54) for g 

and replacing g in Eq. (48) yields:  

 z�6,-z� = 9��,- − ��,6 + �mvQ< �X��!6,��S6  (�e6- � 9��,- − ��,6 − �mvQ< + 6� !6�S6 �  . (56) 

 

The numerical approximation for this equation is:  
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 �6,-?@A − �6,-?� = 9��,-?@A − �6,-?@A + �mvQ< ��6 , (57) 

 

with  

 ��6 = X��!6,��S6 �9��,-? − �6,-? − �mvQ<  +  6� !6�S6    ,  (58) 

 

which results in the solution for the updated particle velocity:  

 

 �6,-?@A = ��,-?@A + �mvQ1 + 1� ��6
+ �6,-?1 + � ��6 . (59) 

 

 For the case of ��,-? < �6,-? , the approximation for Eq. (48) follows 

the approach for the radial direction:  

 

 �6,-?@A − �6,-?� = − + �6  9��,-?@A − �6,-?@A< , (60) 

 

yielding:   

 

 �6,-?@A = ��,-?@A
1 +  1� �6

+ �6,-? −  �1 + � �6  
. (61) 

 

 Similar to the radial component, the updated gas velocity can be 

derived from momentum conservation:  

 

S���,-? + � T�*w6?6 S6 9�6,-? −  �<���
6�A = S���,-?@A + � T�*w6?6 S6 �6,-?@A���

6�A   , (62) 

 

with �6,-?@A as given in Eq. (59) or (61). The radial and vertical positions xr 

and xz of particles are calculated as follows:  
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 �6,*?@A = �6,*? + 0.5 9�6,*? + �6,*?@A< � , (63) 

 

 �6,-?@A = �6,-? + 0.5 9�6,-? + �6,-?@A< � . (64) 

 

 Drag forces are dissipative terms in the equation of motion, causing 

a transformation of energy from kinetic to thermal energy. In the approach 

of representative particles, the increase in thermal energy ∆Etherm can be 

calculated based on the energy balance equation (including potential 

energy):   

 

S�2 ���?�, + � T�*w6?6 S6 3|�6?|,2 +  �6,-? 4 ���
6�A

= S�2 ���?@A�, + � T�*w6?6 S6  ��6?@A�,2 +  �6,-?@A¡ ���
6�A + ¢�tuv*R  . (65) 

 

The kinetic energy of the gas  is calculated as the sum of one fourth of the 

kinetic energy at each node.  

Following the approach from Shuvalov (1999), all representative 

particles are sorted by their position relative to the cells of the grid, starting 

in an alternating manner either at the central bottom or the outer top corner 

of the grid. I implemented a heapsort sorting algorithm.  

Velocity changes for the gas in the material continuum in iSALE are 

implemented in a similar way to the SOVA shock physics code. The 

difference in the approach between iSALE and SOVA lies in the position of 

the velocity in the grid. SOVA velocities are calculated at the centre of the 

cell boundaries and allow for movement only across this boundary, whereas 

in iSALE, two velocity components are stored in each node of a cell.  

 The whole representative particle routine is called from the iSALE 

main cycle each iteration. Several positions within the cycle have been 

tested, but finally the routine is included at a position such that it is called 

after updating the time step and prior to the calculation of the artificial 

viscosity. In this way, the new updated gas velocity is included in the 
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calculations of the stability routines, and updated gas velocity is taken into 

account for gas advection. Furthermore, the state of the materials and the 

time step are updated prior to calling the representative particles routine. For 

calculating the new time step dt, a Courant-Friedrichs-Lewy condition for 

the representative particles was implemented in the following way:  

 

 z�?@A = S#" 32 z�? , 0.2 min �z�, z.�max ��6,�? , �6,-? �4 . (66) 

 

 In its current implementation, the representative particle approach 

allows for simulating scenarios with all equally sized particles as well as 

with differently sized particles that follow a constant size-frequency 

distribution. Particle sizes are included in calculations according to a power 

law description, as given, e.g. by Buhl et al. (2014b): 

 

 Tl¨R�> !� = X !e© , (67) 

 

with the exponent I. A short implementation test is shown in Figure 4-3: The 

size-frequency distribution is defined as input for the formation of 

representative particles according to Eq. (67) for the following four particle 

sizes: 1 mm, 1 cm, 1dm, and 1 m (I=2.66). After setting up the model, the 

produced representative particles from the simulation are compared with Eq. 

(67). The model exactly reproduces the analytical input and the size 

distribution in the model is implemented correctly. 
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Figure 4-3: Cumulative particle size-frequency distribution. The absolute number 

of particles is not important for this test and depends on the scale of the test 

scenario. The relative distribution of the particle sizes is important, and the 

simulated particles (black squares) reproduce the input power law (solid line). 

 

 The new implementation of the code allows for producing 

representative particles in three ways: i) representative particles can be set 

manually, ii) representative particles are produced according to scaling 

relationships (see chapter 8.3 for details), or iii) representative particles are 

produced during an impact simulation. While the first two approaches 

require input values or parameters that are used to set the representative 

particles, the latter approach is a self-consistent way to produce the 

representative particles directly from the ejected material within the 

simulated impact event. Once that ejected continuum material in the grid 

fulfils a transformation criterion (e.g. crossing a predefined altitude), the 

mass is deleted from a cell of the grid and transferred onto newly produced 

representative particles. The sizes of the representative particles are defined 

prior to starting the simulation according to the size-frequency distribution.  
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For assessing the simulation results of the representative particles 

calculation, the particle data is stored in an extra file in the “PROGRESS” 

directory. Furthermore, three fields are stored by iSALE: i) the amount of 

representative particles per cell (fRP), ii) material density of representative 

particles in a cell (fRd), and iii) number density of dust grains per cell (fRn). 
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5 Validation and Resolution Tests 

Material models that describe the physical behaviour of a material 

have to be tested to check if they reproduce a realistic material behaviour. 

Further, newly developed numerical programmes like the representative 

particle approach need to be rigorously tested to ensure correct 

functionality. Both aspects (testing a material model and a new programme) 

are addressed by this thesis, and testing is performed in different ways: 

i) Benchmarking compares numerical results of a programme 

or material model with results from an already existing code 

that has already been proven to yield reliable results.  

ii) Laboratory experiments deliver a ground truth for any 

numerical model that can be used for validating the model 

in order to increase the reliability.  

iii) Analytical solutions are exact and provide the best 

comparison for validating a numerical model.  

Benchmarking seems like the weakest form of testing and proving 

the reliability of the code, but it is better than not performing any kind of 

comparison. However, it raises the question of why a new programme had 

to be developed if there was already an existing code to tackle the same 

task. For example, the representative particles approach is already 

implemented in the SOVA shock physics code. The new implementation in 

iSALE allows for combining the strength of iSALE, which lies in the 

variety of available material models, with the behaviour of ejecta in a 

gaseous environment, which is the strength of SOVA. As shown in chapter 

8, the ejection behaviour depends on the target properties, and simulating 

ejecta trajectories in a gas benefits from realistic initial ejection conditions.  

Laboratory experiments deliver a ground truth with observations 

under controlled conditions. However, their outcomes also have to be 

discussed carefully. How well controlled is the experimental set-up? Are 

there effects that influence the outcome of the experiment that need to be 

taken into account (e.g. a blast wave in impact experiments)? What are the 

properties of target materials used in impact experiments? Given such 
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uncertainties, the most reliable validation that can be done is against an 

analytical solution of a given problem. Yet, analytical solutions often apply 

only to simplified problems, which is why numerical modelling is required 

to solve complex problems. 

In this thesis, I validate material models against laboratory 

experiments and natural observations. These comparisons are important to 

see if the simulated cratering flow reproduces constraints such as the crater 

size, so that these material models can, consequently, be applied for the 

study of ejection processes. In the chapters 3.2.3 and 6, I describe details of 

the strength model, and I compare the simulated crater (using the material 

model with a set of experimentally derived strength parameters) with 

cratering experiments into marble and quartzite targets. This comparison 

shows good agreement between observed and simulated craters, and it 

supports the credibility of the material models in iSALE on the laboratory 

scale. Previous tests of the strength models have been done e.g. by Ivanov et 

al. (1997), Collins et al. (2004), Elbeshausen et al. (2009), Davison et al. 

(2011) or Güldemeister et al. (2015). 

 In chapter 7, I compare simulated funnels in highly porous snow 

with natural snow funnel observations, which serve as a natural 

experimental constraint. The material model that is validated in this chapter 

is the ε-α compaction model, as described in chapter 3.2.5. I also tested the 

influence of the model input parameters on the funnel formation process. 

The high porosity and the low impact velocity serve as a kind of end-

member scenario in which crater shapes and excavation flow differ from 

typical cratering processes, and ejection is suppressed nearly completely. 

Again, the comparison shows that iSALE is capable of reproducing natural 

observations, and the code seems appropriate for the study of material 

ejection. Previous tests of the porosity model have been conducted by 

Wünnemann et al. (2006), Wünnemann et al. (2008), Collins et al. (2011) or 

Güldemeister et al. (2015). 

Having shown that the material models discussed above yield 

reasonable results not only on a natural scale but also on a laboratory scale, 

and having shown that porosity compaction is reproduced realistically in the 
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model, I apply these material models to derive ejection characteristics for a 

wide range of model material parameters. I validate the approach of ejection 

analysis, which is shown in chapters 4.2 and 8, by comparing the 

numerically determined ejection characteristics of a representative material 

with experimental results of ejection velocity and ejection angles. This 

validation against experimental results does support the numerical approach 

for studying material ejection, allowing for a thorough parameter study to 

determine the influence of material properties on the ejection processes in a 

vacuum. 

In addition to the ejection processes in a vacuum, I studied the 

interaction of ejected material with a gaseous medium. Including this effect 

in iSALE required the implementation of a new approach, which was 

carefully checked during programming and finalisation of the code. This 

newly implemented representative particle approach was tested in various 

ways: i) it was tested for correct trajectory calculation in a vacuum for a 

simple shot scenario; ii) it was tested for trajectory calculation in an 

atmosphere and determination of correct sedimentation velocities in a 

simple sedimentation scenario; iii) the code results were tested in a more 

complex settling scenario by benchmarking against the SOVA code, and iv) 

the code behaviour was tested under different resolutions. Results of the 

first test are shown in Figure 5-1 i): Representative particles that are ejected 

with a velocity of 707 m/s at an angle of 45° move on a trajectory (black 

line), which matches the ideal analytical parabolic solution in vacuum (red 

dashed line). Once drag forces are acting on the particles in a gaseous 

environment, no analytical solution is available for the trajectory in a 45°-

shot scenario. Hence, I compare the code results for vertical sedimentation 

to the analytical equilibrium solution (Eq. (47)) for individual grains of 

different sizes, which start settling from an initial altitude of 5 km in a 

resting gas. The scenario and the results are shown in chapter 9, and 

numerical and analytical results for the velocity agree to within 10%. For 

demonstrative purpose, I also show the trajectory for the previous 45° shot 

scenario when drag deceleration by a gas at rest reduces the range of a grain 

(grey line in Figure 5-1 i). The grain size and mass of the particles for which 
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I show the trajectory (r=10 m, ρ=2650 kg/m³) is large with respect to the 

laboratory scale, and the representative particle represents 100 of such big 

fragments, so that drag deceleration affects the trajectory only at distances 

larger than 10 km, where the trajectory increasingly bends downwards.   

 

 

Figure 5-1: Representative particle motion. Panel i) shows results for a 
representative particle (representing 100 real particles with r=10 m, ρ=2650 kg/m³) 
that initially moves with a speed of 707 m/s in a 45° direction. The red line depicts 
the analytical parabolic trajectory under Earth’s gravity. The black line shows the 
trajectory of the representative particle without drag. The grey line shows the 
movement of the same RP under drag (ρair=1.3 kg/m³, �=17.6e-6 Pa s, CD=0.5). ii) 
Trajectories of different sized dust (1 cm and 1 mm) in an ideal atmosphere. Drag 
decelerates the particles from their initial velocity of 1 km/s (45°) according to 
their size, and in the individual model runs, the 1 mm and 1 cm sized dust reaches a 
distance of ~70 m and ~330 m, respectively. In a coupled run, the cm sized dust 
follows exactly the same trajectory as in the individual run, but the 100 million 
mm-sized particles move more than 3 times farther in the coupled run than in the 
individual run. 
 

 The drag force is sensitive to the size of representative particles. 

Smaller dust grains are decelerated more efficiently than larger ones (Figure 

5-1 ii). However, dust with a small size can travel to longer distances if its 

movement is coupled with dust of a larger size (“drag shielding”). In other 

words, dust of a larger size can accelerate the gas, and, as such, reduce the 

velocity difference between gas and dust grains, which inhibits the 

deceleration of smaller dust grains. In the next test scenario, I show this 

effect for two particle sizes, 1 mm and 1 cm, in individual model runs as 

well as in a coupled simulation (Figure 5-1 ii). The initial velocity is 1 km/s 
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at an angle of 45°. The total mass of the cm-sized dust is about ten times 

bigger than the mm-sized dust, so that the total dust mass in the individual 

run (for cm size) and the coupled run (cm and mm size) is about equal. In 

both the individual and the coupled runs, the cm-sized dust moves along 

similar trajectories up to a distance to ~330 m. However, the deposition 

distance of the mm-sized dust increases by more than a factor of 3 from ~ 

70 m to 230 m. Although I do not have any benchmark or validation data to 

check the quantitative outcome of this test, the results support the 

plausibility of the code and give a qualitative validation. 

In order to further support the credibility of the newly implemented 

representative particle approach, I benchmark it against the SOVA shock 

physics code, which has gained credibility through various publications 

using such particles (e.g. Shuvalov 1999; Artemieva and Ivanov 2004; 

Artemieva et al. 2013; Shuvalov and Dypvik 2013). However, some 

differences between the results from the two codes in a benchmark test are 

expected due to code characteristics.  For the benchmark, I have chosen a 

more complex scenario of vertical settling, where the analytical solution 

does not hold true. The scenario is explained and shown in chapter 9. A 

large number of representative particles of a given size start settling 

vertically from an initial altitude of 5 km, and the process is more turbulent 

than the simple settling of individual particles. In chapter 9, I compare the 

behaviour of two representative particles derived from iSALE and SOVA, 

respectively. I also compare the vertical velocity of the gas, which is 

initially at rest and starts accelerating according to the particle movement. 

The overall behaviour between both codes agrees, and the error between 

their results is approximately 10-20%. 

 Modelling results depend on the resolution that was used for a 

numerical study, and the results should converge with increasing model 

resolution. In the following, I show some resolution analyses for the vertical 

settling scenarios shown before. 
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Figure 5-2: Material settling (determined with iSALE): Vertical velocity versus 
altitude under three grid resolutions for 5 km: 50, 100, and 200 cells. The black 
dash dotted line shows the equilibrium sedimentation velocity and the grey lines 
show a 10% range of uncertainty. Representative particles include 1 dust grain with 
a size of r = 1 mm and an initial velocity of 1 km/s. Note that the surface density in 
this scenario (1.8 kg/m³) is slightly larger than density of Earth’s atmosphere. 

 

 

Figure 5-3: Effect of resolution on material settling (determined with iSALE): The 
difference of the vertical velocity at an altitude of 4 km to the analytical solution is 
shown for i) different resolutions (amount of cells for an altitude of 5 km), and ii) 
against the inverse of the amount of cells for an altitude of 5 km. The scenario is 
the same as in Figure 5-2. 

 

In the representative particle approach, two model resolutions have 

to be distinguished: i) grid resolution and ii) resolution of dust grains by 

representative particles, i.e. how many representative particles are used to 

represent a certain dust mass. I test the dependence on the grid resolution for 
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the scenario of independent single dust grains settling in equilibrium for 

dust with a size of r = 1 mm and an initial velocity of 1 km/s at a 5-km 

altitude resolved by 50, 100 and 200 cells, respectively (Figure 5-2 and 

Figure 5-3). The results of the different resolution runs fall within 6-10% 

uncertainty of the analytical solution for the best and the lowest resolution, 

respectively (Figure 5-3 ii). Linear regression yields a value of ~5% of 

convergence for increasing resolution. Further differences to the analytical 

solution might occur due to slight variations in the density of the 

surrounding gas. Although the resolution does influence the results, this 

effect is small enough that even the lowest resolution of 50 cells per 5 km 

yields reliable results.  

Furthermore, I test both kinds of resolutions for the scenario of dust 

settling, with an initial dust layer that has a corresponding thickness of 0.1 

m at an initial altitude of 5 km. For testing the grid resolution, 10000 

representative particles are distributed equally over a horizontal distance of 

5 km. Dust grains are of r = 1 cm in size, and they have an initial velocity of 

1 km/s. The initial altitude is resolved by 10, 50, 100, or 500 cells and I 

compare the evolution of the average altitude of the representative particles 

(Figure 5-4 i) and the evolution of the vertical velocity component 

normalised to the sedimentation velocity at zero altitude (Figure 5-4 ii). The 

results from the model run with a grid resolution of 10 cells for a 5-km 

altitude deviate from the other resolutions, and particles take about double 

the time (~80 s) to reach an altitude of 1500 km. The resolutions of 50 and 

100 cells show a better agreement with the best resolution. The deviation in 

altitude from the best resolution model at a time of 20 s is ~12% and ~4% 

for the 50 and 100 cells resolution, respectively. Similar results can be 

shown for the evolution of the vertical velocity. The velocities of the three 

models with better resolutions are similar to each other. Only for the lowest 

resolution of 10 cells are there significant deviations from the best 

resolution (Figure 5-4 ii). 
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Figure 5-4: Material settling under four grid resolutions for 5 km: 10, 50, 100, and 
500 cells (determined with iSALE). Altitude i) and normalised vertical velocity ii) 
are shown as functions of time. The velocity is normalised to the sedimentation 
velocity at the surface level. The solid and dashed horizontal lines in ii) depict the 
sedimentation velocity and the free fall velocity, respectively. The resolution is 
analysed against the inverse of the amount of cells for an altitude of 5 km by 
comparing the following values: iii) settling time of representative particles to 
reach the altitude of 2 km (dashed line in i), and iv) the altitude of the arrival of the 
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reflected shock wave in air from the surface, which can be recognised by the bump 
in i) and ii). Panels v) and vi) show the convergence of the analysed values against 
the resolution. The initial layer thickness is 0.1 m with dust particles of a size of r = 
1 cm and an initial velocity of 1 km/s. The dashed lines in iii) to vi) depict the 
convergence against the resolution.  

 

The convergence with increasing model resolution is shown for the 

settling time to reach an altitude of 2 km (Figure 5-4 iii, v), and for the 

altitude of the arrival of the surface-reflected shock wave (Figure 5-4 iv, vi), 

which affects the particle motion by temporarily inverting the vertical 

velocity (Figure 5-4 ii) and lifting up the particles for a moment (Figure 5-4 

i). In principle, only the resolution of 10 cells per 5 km shows large 

deviations in the results, which must be considered as too large to be 

reliable. All other tested resolutions yield reasonable results close to the 

convergence values for “infinite resolution”. In chapter 9, I use a resolution 

for the vertical settling scenarios of 50 cells, which has a slightly larger 

error than other tested resolutions of 100 and 500 cells, but it allows for 

running more models in a parameter study without spending too much 

computation time.  

The second kind of resolution is given by the number of 

representative particles that represent the same mass of dust. I test resolution 

regarding the number of representative particles for the same scenario as for 

the grid resolution, and I choose 100 and 10000 representative particles to 

represent the total mass of dust; i.e. one representative particle for the lower 

resolution contains 100 times more dust grains than in the model with better 

number resolution. Hence, I set 1 and 100 representative particles per cell, 

respectively. An even lower resolution would imply that some cells do not 

contain representative particles, which was not tested. Again, I plot the 

evolution of the average altitude (Figure 5-5 i) and the average vertical 

velocity normalised to the sedimentation velocity (Figure 5-5 ii). For an 

increase in the particle resolution by two orders of magnitude, the difference 

of the average particle altitude is less than ~4% (Figure 5-5 i). Also the 

vertical velocities of both models agree with each other. Due to this level of 

agreement between the two resolutions, I do not show any convergence plot. 

The general (i.e. average) evolution is equal in both models, and the first 
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representative particles reach the ground after 40 s in both cases. As a 

consequence, the model with the lower resolution of 1 representative 

particle per cell is sufficient to simulate the average material flow, and it 

requires less computational effort (regarding memory and computation 

time).  

 

 

Figure 5-5: Material settling for two resolutions regarding the number of 
representative particles: 100, and 10000. Altitude i) and normalised vertical 
velocity ii) are shown as a function of time (determined with iSALE). Initial layer 
thickness is 0.1 m with dust of a size of r = 1 cm and an initial velocity of 1 km/s. 
The velocity is normalised to sedimentation velocity. The black solid line shows 
the sedimentation velocity, and the dashed line shows the free fall velocity. Dashed 
and dotted coloured lines give the maximum and minimum values of all 
representative particles, respectively.  

 

In addition to the average values, I also plot the maximum and 

minimum values of altitude and velocity for all representative particles. 

Maximum and minimum values for both altitude and vertical velocity 

depend much more on the resolution and deviate to a larger extent than the 

average values (e.g., there is a difference of ~20% in the maximum altitude 

of representative particles after ~10 s of sedimentation, Figure 5-5 i). The 

model with a lower representative particle resolution shows a smaller spread 

between minimum and maximum values. This can be explained by the 

larger initial scatter in the distribution of representative particles per cell for 

the better resolution scenario, and by the ability to simulate more details in 

the dust evolution when a better resolution is used. Consequently, a larger 

particle resolution is required for deriving detailed results, including the 
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range of minimum and maximum outcomes, while the lower resolution is 

sufficient for analysing the average results. In chapter 9, I studied the 

average behaviour of vertical settling, and I used the lower resolution of 1 

representative particle per cell in the scenario of dust with an initial velocity 

of 1 km/s, but I also included the average values of the model runs with a 

resolution of 100 representative particles per cell when dust is initially at 

rest.  

Having done thorough testing, as shown above, to answer objective 

M III – Representative Particles, the representative particle approach was 

applied to tackle the key question S II – Ejecta and Atmosphere on the 

deposition of ejecta in an environment with an atmosphere in chapter 9. 

However, before I come to key question S II, I show results that address 

objectives M I – Material Models and M II – Ejecta Analysis in chapters 6 - 

8, and address the key question S I – Ejecta and Target Properties on 

ejection dynamics with respect to different target properties and the ejecta 

deposition in a vacuum in chapter 8.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

64 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

65 

6 Subsurface deformation of experimental 

hypervelocity impacts in quartzite and marble 

targets 

This chapter has been published as the following peer-reviewed article:  

Rebecca Winkler, Robert Luther, Michael H. Poelchau, Kai Wünnemann, Thomas 
Kenkmann (2018). Subsurface deformation of experimental hypervelocity impacts 

in quartzite and marble targets. Meteoritics & Planetary Science 53 (8), 1733-
1755, http://dx.doi.org/10.1111/maps.13080. 

This chapter addresses the objective M I – Material Models: Does 

iSALE allow for modelling impact craters, and does iSALE reproduce 

experimental results? The code is capable of simulating rheologies of 

increasing complexity from constant yield surfaces to parametrisations that 

include damaging of material and a corresponding reduction in strength (cf. 

chapter 3). However, detailed comparisons between numerical experiments 

and laboratory studies have mostly be conducted in granular (sand-like) 

targets (Wada et al. 2006; Hermalyn and Schultz 2011; Wünnemann et al. 

2016) or metals, like aluminium (Pierazzo et al. 2008). Within the 

framework of MEMIN, shooting campaigns were conducted using 

competent rock targets like sandstone, quartzite, or marble. Comparisons for 

sandstone and quartzite were done during the first phase of MEMIN by 

Güldemeister et al. (2015). In the following chapter, laboratory marble 

craters are compared to numerical results. In contrast to previous studies 

with quartzite and sandstone, marble shows a much more pronounced 

dynamic hardening (Zwiessler et al. 2016), i.e. craters are smaller than what 

would be expected from static strength measurements.  

All authors prepared or participated in the shooting campaign at the 

Ernst-Mach Institut in Freiburg in 2014, such that all authors made 

decisions on the target and projectiles used, prepared the experimental set-

up before the shot, and recovered the cratering results, e.g. the ejecta 

catchers. After the campaign, I modelled the impacts into marble and 

quartzite with iSALE, and I produced the corresponding figures and text. I 

also looked for further experimental constrains to explain the deep-reaching 
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“fingers” of volumetric strain that could not be observed by the analysis in 

this article. However, Raith et al. (2018, same Special Issue) was able to 

show deeper-lying impact effects within the target. 

The editorial work was done by the first author, Rebecca Winkler, 

who wrote most of the text. She did the laboratory analysis together with M. 

Poelchau and T. Kenkmann. M. Poelchau estimated the transient crater size 

for the quartzite target, which is important for comparing numerical and 

experimental results. I carefully discussed the manuscript with R. Winkler, 

and together we correlated modelling results and the laboratory data. During 

the review process, we were suggested to enhance this interdisciplinary 

presentation of the results, which I intensively discussed with R. Winkler, so 

that we intensified the interlinkage between model and laboratory craters in 

the discussion section.  

6.1 Abstract 

Two impact cratering experiments on non-porous rock targets were 

carried out to determine the influence of target composition on the structural 

mechanisms of subsurface deformation. 2.5 mm diameter projectiles were 

accelerated to ~5 km s-1 and impacted into blocks of marble or quartzite. 

Subsurface deformation was mapped and analysed on the microscale using 

thin sections of the bisected craters. Additionally, both experiments were 

modelled and the calculated strain zones underneath the craters were 

compared to experimental deformation features. Microanalysis shows that 

the formation of radial, tensile and intra-granular cracks is a common 

response of both non-porous materials to impact cratering. In the quartzite 

target, the subsurface damage is additionally characterized by highly 

localized deformation along shear bands with intense grain comminution, 

surrounded by damage zones. In contrast, the marble target shows closely 

spaced calcite twinning and cleavage activation. Crater diameter and depth 

as well as the damage lens underneath the crater are unexpectedly smaller in 

the marble target compared to the quartzite target, which is in contradiction 

to the marble’s much weaker compressive and tensile strengths. However, 

numerical models result in craters that are similar in size as well as in strain 
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accumulation at the end of transient crater formation, indicating that current 

models should still be viewed cautiously when compared to experimental 

details.  

6.2 Introduction 

During a hypervelocity collision with a spherical projectile a large 

fraction of the projectile’s kinetic energy is deposited in the target and 

emanates from the point of impact as a hemispherically spreading shock 

wave. Peak shock pressures near that point of impact may reach several 100 

GPa. Shock pressures decrease as the wave expands due to spatial 

spreading, energy consumption by rock deformation, and decay through a 

rarefaction wave that propagates faster than the shock wave (e.g. Melosh 

1989). While the initial shock pressure near the impact point is well above 

the rock´s Hugoniot elastic limit (HEL) - the pressure at which the elastic 

stress trajectory exceeds the compressional failure envelope - it falls with 

increasing radial distance first to pressures around the HEL in the elastic 

decay regime and then to compressional pressures below the HEL. Note that 

rocks typically have higher compressive than tensile strengths, thus tensile 

failure can still occur after pressures have fallen below the compressional 

HEL (Melosh 1989). The different pressure stages create different 

deformation microstructures in target rocks characteristic for the distance 

from the point of impact. The exact material response, i.e. fracture 

propagation and localization behaviour of damage, is intrinsic to the type of 

rocks in use (Holsapple and Schmidt 1982). This, in turn, is related to the 

mechanical properties of its minerals phases that constitute the rock. Non-

porous rock types can develop distinct deformation patterns under similar 

impact conditions owing to varying material properties (Hörz 1969; 

Polanskey and Ahrens 1990). Shape and crystallographic preferred 

orientations of the mineral constituents may lead to strength anisotropies 

and add complexity to the mechanical response to dynamic loading of the 

rocks.  

To investigate the deformation of different targets, we conducted 

two hypervelocity impact experiments using quartzite and marble under 



 

 

68 

similar impact conditions. These two target materials were chosen because 

roughly one third of the Earth´s known impact craters formed in 

sedimentary targets of which many contain carbonates as an important 

sedimentary rock and another third formed in mixed crystalline and 

sedimentary targets (Earth Impact Database, 2016). A number of 

experiments into non-porous rocks like granite (Hörz 1969; Burchell and 

Whitehorn 2003), basalt and gabbro (Gault and Heitowit 1963; Moore et al. 

1963; Lange et al. 1984) have been investigated, but only a few cratering 

experiments have been conducted in carbonates (Schneider and Wagner 

1976; Lindgren et al. 2011; Kurosawa et al. 2012). The crater subsurfaces of 

these experiments have only been analysed macroscopically, without 

correlating them with stress stages induced by the shock wave. To date few 

studies by, e.g., Polanskey and Ahrens (1990), Ai and Ahrens (2004), 

Lindgren et al. (2011) as well as Buhl et al. (2013, 2014a) and Winkler et al. 

(2016) have focused on fracture patterns and their corresponding stress 

stages in experimentally generated crater subsurfaces. Despite differences in 

lithology and porosity, certain deformation features like cracks with radial 

orientation to the impact point, or tensile fractures oriented subparallel to 

the crater surface, are common in all targets. The former result from hoop 

stresses that develop as a consequence of the hemispherically expanding 

compression wave (Ai and Ahrens 2004), the second occur when the 

rarefaction wave passes through the rock  (Polanskey and Ahrens 1990).  

This paper presents a detailed analysis of microscopic deformation 

features of two impact cratering experiments conducted with quartzite and 

marble targets and links the findings to specific deformation phases created 

by the expanding shock wave. Both experiments were also modelled, 

utilizing the state-of-the-art shock physics code iSALE-2D. This code has 

successfully been compared to experimental and observational constraints 

of natural materials (e.g. Güldemeister et al. 2013; Wünnemann et al. 2016; 

Luther et al. 2017a) and uses validated parametrizations of target 

characteristics (e.g. Collins et al. 2004; Wünnemann et al. 2006; Melosh 

2007). 
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6.3 Methods 

6.3.1 Target materials 

Quartzite and marble were used as natural target materials with a 

very low porosity. Quartzite and marble are chemically relatively pure and 

mineralogically homogenous and hence suited to test impact cratering on 

metamorphic silicate and carbonate targets.   

Carrara Marble of White Carrara Venatino type was quarried by the 

Amso International Company in northern Tuscany, Italy. All Carrara 

marbles belong to the lower to middle Liassic carbonate platform of the 

former Italo-Adriatic continental margin. During the Apennine orogeny, the 

limestones underwent a greenschist facies metamorphism and form today’s 

homogenous Carrara marbles with ~98 vol% calcite and traces of quartz, 

mica and dolomite. Grain boundaries are slightly sutured, but the grains 

show little undulose extinction. The mean grain size is 80 – 100 µm and the 

average porosity is ≤ 1%. There is no recognizable anisotropy of grain size.  

Taunus Quartzite was quarried by the Taunus-Quarzit-Werke GmbH & Co. 

KG, Wehrheim, Germany. The Taunus Quartzite was formed by a low-

grade Variscan metamorphosis that overprinted a 405 Ma old sandstone. It 

consists of ~91 vol% quartz and additionally comprises a greenish, fine-

grained phyllosilicate-bearing matrix (~8 vol%) along with small amounts 

of rutile, chromite, zircon, monazite, and iron oxides. Some grain 

boundaries are sutured, and grains show undulose extinction. The average 

size of the quartz grains is 100 - 125 µm and the average porosity is ≤ 1%. 

There is only negligible anisotropy of grain size, which does not influence 

the impact experiment. 

6.3.2 Experimental Setup 

Two impact experiments were carried out with a two-stage light gas 

gun at the Fraunhofer Ernst-Mach-Institute for High-Speed Dynamics in 

Freiburg (EMI), Germany. The so-called space light-gas gun (SLGG) with 

an 8.5 mm calibre launch tube was employed to accelerate spheres (iron 



 

 

70 

meteorite or steel) of 2.5 mm diameter to impact speeds of ~5 km s−1. The 

steel and iron meteorite projectiles impacted onto a cube of marble (25 cm 

edge length) and quartzite (20 cm edge length), respectively. The ambient 

pressure in the target chamber was reduced to 0.001 bar and 0.1 bar for 

marble and quartzite, respectively, during the experiments. The varying 

impactor materials and speeds, as well as different ambient pressures used 

in the experiments lead to a difference in impact energy of ~20%. The 

varying shot parameters have their origin in the composition of the 

multidisciplinary experimental campaigns of the MEMIN network that 

make compromises necessary. As the focus of this study is on subsurface 

deformation styles and not on crater sizes, the twenty percent difference in 

impact energy is acceptable. It cannot explain the observed differences in 

deformation. The different ambient pressure in the target chambers is 

negligible for our study, since it doesn’t affect subsurface deformation. All 

experimental parameters are listed in Table 6-1. For details of the 

accelerator and the exact experimental assembly we refer to Schneider and 

Schäfer (2001), Kenkmann et al. (2011), Poelchau et al. (2013), and 

Kenkmann et al. (2018). 

 
Table 6-1: Overview of target and experimental parameters 

 

a Uniaxial Compressive Strength 
b Velocity was not measured due to technical issues 

 A34–5614 A20–5339 

Target material Marble Quartzite 

Target density [g/cm³] 2.7 2.6 

Target UCSa [MPa] 60 ± 8 292 ± 39 

Target tensile strength [MPa] 7.3 ± 2.6 16.7 ± 1.3 

Target dimensions [cm] 25 x 25 x 25 20 x 20 x 20 

Projectile material 
Campo del Cielo 

iron meteorite 
D 290-1 steel 

Projectile diameter [mm] 2.5 2.5 

Projectile density [g cm-3] 7.76 8.1 

Projectile mass [g] 0.0635 0.0669 

Impact velocity [km s-1] ~5 b 5.43 

Kinetic energy [J] ~794 b 986 
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6.3.3 Sample preparation and image acquisition 

The target blocks were weighed to determine the excavated masses 

directly after the experiments. Crater sizes and morphologies were analysed 

with a high-resolution 3D laser scanner (Dufresne et al. 2013). For thin 

section preparation, the crater cavities were impregnated with low-viscosity 

epoxy to preserve porosity and microstructures. The target blocks were 

bisected through the crater centre and thin sections of the crater subsurface 

were prepared.  

Photo-mosaics of scanning electron micrographs acquired with a 

Zeiss Leo 1525 field-emission scanning electron microscope (FE-SEM, 

ALU Freiburg) in secondary electron (SE) mode, at 20 kV accelerating 

voltage and 9 mm working distance, were stitched together and cover the 

whole crater subsurface of both craters. 450 micrographs were used for the 

marble mosaic and 600 micrographs for the quartzite mosaic. The 

micrographs of both experiments were taken with identical 100-fold 

magnification and a resolution of 3072 x 2304 px (1 px equals 380 nm). The 

stitched composite images cover the complete width of the thin section, 

approximately 2.3 cm, and about half its length (1.8 cm).  

In addition, individual back-scattered electron (BSE) images, at 

20 kV accelerating voltage and 8.5 mm working distance were taken of both 

marble and quartzite targets. The resolution is again 3072 x 2304 px and the 

magnification varies between 1000-fold and 3000-fold. 

6.3.4 Porosity determination and deformation mapping 

The acquired images and photo-mosaics were used to quantitatively 

analyse microstructural deformation in the crater subsurface. The digital 

image analysis software ImageJ was used for porosity determination, using 

a grey-scale threshold approach. To analyse the diverse and ubiquitous 

microstructures the geographic information system ArcGIS (ESRI Inc.) was 

used. Cracks within mineral grains, fractures extending over several grains, 

and grain boundaries were mapped as polylines. Area-measured features 
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that include several grains and grain fragments were mapped as polygons. In 

detail the following deformation markers were determined: 

1) Pre- & post-impact porosity  

2) Grain size distribution  

3) Different deformation micro-features and  

4) Orientation analysis of these micro-features. 

For a detailed description of the procedural methods, see appendix 1 A - D.  

6.3.5 Numerical Modelling 

The experimentally produced deformation features as well as the 

depth of the impact-influenced zone were compared to numerical 

simulations. The simulations provide information about the total plastic 

strain distribution and strain rate decay with distance from the crater floor. 

The experimental setup is simulated using the iSALE-2D Eulerian shock 

physics code (Wünnemann et al. 2006) in the “Chicxulub” version , which 

is based on the SALE hydrocode solution algorithm (Amsden et al. 1980). 

To simulate impact processes in solid materials SALE was modified to 

include an elasto-plastic constitutive model, fragmentation models, various 

equations of state (EoS), and multiple materials (Melosh et al. 1992; Ivanov 

et al. 1997). More recent improvements include a modified strength model 

(Collins et al. 2004) and the ε-α porosity compaction model (Wünnemann et 

al. 2006; Collins et al. 2011).  

The thermodynamic material response was modelled using the 

Analytical Equation of State (ANEOS) for iron (projectile material, 

Thompson and Lauson 1972), marble (experiment A34–5614, Pierazzo et 

al. 1998), and quartzite (experiment A20–5339,  Melosh 2007).  

To model the strength Y of the target during crater formation, the 

constitutive model proposed by  Collins et al. (2004) was used. The strength 

of the target depends on the confining pressure and the state of damage that 

the material has witnessed. Details are given in the appendix 2. The strength 

of the spherical projectile was neglected, since its strength does not control 

the crater size.  
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For the projectile a resolution of 30 cells per projectile radius 

(CPPR) was used. The grid was set up with 1200-1300 horizontal and 1600 

vertical cells for the targets. 100-125 cells were added to the sides with 5% 

increase in cell-size from each cell to the neighbouring cell, and 200 and 50 

of these cells to the bottom and top of the grid, respectively. The grid size 

represents the target in size for the models. Due to the available target 

geometry in the model setup, the cubic target is approximated by a cylinder 

of equal length and diameter as the block size. For a more detailed 

description of the simulation and a table summarizing all input parameters 

see appendix 2. 

6.4 Results  

6.4.1 Crater morphology 

Both craters have shallow dipping rims and low depth/diameter 

(d/D) ratios (Figure 6-1). The marble crater has a volume of 3.9 cm³, a 

diameter of 56.6 ± 4.2 mm and a depth of 6.0 ± 0.4 mm, resulting in a d/D 

ratio of 0.11 (Table 6-2). The crater formed in marble has no central 

depression that could be distinguished from the spallation surface based on 

slope angles or textural differences. Instead, the crater has a thin rim of 7 –

 9 mm width along its outer margin with very shallow slope angles of only 

5 – 15°, while the rest of crater has homogenous slope angles of 20 – 25°. 

The crater volume of the quartzite crater is 5.7 cm³, and the crater diameter 

is 73.0 ± 12.8 mm with a depth of 10.6 mm, resulting in a d/D ratio of 0.15 

(Table 6-2). The crater shows a central depression zone with a diameter of 

~15 – 10 mm that contains brighter, highly fragmented target material, 

surrounded by an outer spallation zone. The central depression has an angle 

of 20 - 30° to the target surface, while the spallation zone has a slope angle 

of 15 – 20° (Figure 6-1). The outer part of the quartzite crater morphology is 

characterized by deep spall fractures that form a nearly complete second rim 

around the inner spallation surface. The crater in the quartzite target is thus 

bigger and deeper than the crater in the marble target, partly owing to a 
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bigger impact energy in the quartzite experiment. The calculated equivalent 

depth of burial is defined as:  

 

zª = z«¬�«�t  (68) 

 

where dp is the projectile diameter, ρp is the projectile density and ρt is the 

target density  (Melosh 1989). It is nearly identical for both experiments 

with 4.4 mm and 4.3 mm for the quartzite and marble experiment, 

respectively.  

 
Table 6-2: Overview of experimental parameters and crater morphology. 

  
A34–5614 (marble) A20–5339 (quartzite) 

Crater diameter (mm) 57 ± 4 73 ± 13 

Crater depth (mm) 6 ± 0.4 11 

Diameter/depth ratio 0.11 0.15 

Crater volume (mm³) 3869 ± 120 5670 ± 140 

Depth of burial (mm) 4.3 4.4 

 

 
Figure 6-1: Marble and quartzite craters. a) Plan view of the marble crater (A34-
5614). The profile lines (bottom) are generated from 3D scans at 10° steps rotated 
around the crater centre. The profiles show a lack of a central depression compared 
to the quartzite crater. b) Plan view of quartzite crater (A20-5339). Note the outer 
second rim of pervasive incipient spall, as well as the brighter crater centre. The 
profile lines show a steepening of the crater slope towards central depression, 
visible as the bright central area in the photograph.  
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6.4.2 Porosity  

The two cratering experiments show increased impact-induced 

secondary porosity in the crater subsurface, which decreases with depth 

from the crater floor (Figure 6-2c & g). Both target materials have less than 

1% initial porosity. The measured porosity is caused by dilatation processes 

during the impact, which create tensile fractures and open voids.  

In the marble experiment (A34-5614) (Figure 6-2a-d) the impact-

induced porosity directly at the crater floor is 12% and thus much lower 

than in the quartzite target (Figure 6-2g). Porosity increases up to ~14% at 

1.3 mm or 0.5 dp (projectile diameters; 1 dp = 2.5 mm) depth, where a 

dominant tensile fracture crosscuts the depth profile. From this point, 

porosity decreases down to a depth of ~1.75 dp (4.4 mm), where the pre-

impact porosity of the target is reached. Due to a breakout during thin 

section preparation at 1.25 dp (3.1 mm) depth this porosity value is not 

measured. Instead the values of porosity at 1.0 dp (2.5 mm) and 

1.5 dp (3.75 mm) depth are directly connected on Figure 6-2. 

The quartzite experiment (A20-5339) shows a very high value of 

impact-induced secondary porosity (32%) directly at the crater floor (Figure 

6-2e). This is a result of the formation of extensive tensile fractures, which 

partially or completely separate large flake-like pieces from the more 

continuous crater floor. These tensile fractures become narrower with 

increasing distance to the crater floor. At a depth of ~1 dp (2.5 mm), the 

ratio between tensile fractures, open grain boundaries and intra-granular 

fractures is balanced. Between 1 dp and ~2.75 dp (6.9 mm) depth, secondary 

porosity values decrease constantly until the initial porosity of < 1% is 

reached.  
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Figure 6-2: Subsurface damage mapping in marble (a) and quartzite (e) targets 
showing intra-granular crack orientation (a & e), intra-granular crack density (b & 
f), impact-induced porosity (c & g) and open grain boundaries (d) versus depth in 
projectile diameters (dp). a) and e) show rose diagrams of intra-granular crack 
orientations in 0.25 dp (0.625 mm) sections of marble and quartzite. The marble in 
a) shows a preferred orientation of intra-granular cracks subparallel to the crater 
floor down to a depth of 1.75 dp (4.4 mm). Below that depth no preferred 
orientation is visible. In the quartzite target in e) cracks show a bimodal preferred 
orientation with sub-horizontal and radial cracks within 1 dp (2.5 mm) below the 
surface. Below 1 dp cracks show a preferred radial orientation. b) and f) show the 
intra-granular crack density of marble (b) and quartzite (f) target, normalized to the 
highest value. Both density curves decrease linearly with distance to the crater 
floor. However, the quartzite curve shows an increase in intra-granular cracks over 
the first 0.5 dp (1.25 mm), due to the intense tensile fracturing (see black areas in e) 
before it decreases. Background density levels are reached for marble at 1.75 dp 
(4.4 mm) depth and for quartzite at 2.9 dp (7.25 mm) depth. c) and g) show the 
impact-induced porosities of the marble (c) and quartzite (g) target. Deviations 
between min and max values are caused by applying different gray-scale thresholds 
for the image analyses. We estimate the error in porosity values to be ± 2%. d) 
Open grain boundaries in the marble target. Within the first 0.25 dp (0.63 mm) 
open grain boundaries dominate. Between 0.25 dp and 1.00 dp (0.63 – 2.5 mm) 
depth the percentage of open and closed grain boundaries is roughly equal. Below 
1.00 dp (2.5 mm) depth closed grain boundaries dominate.   
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6.4.3 Grain size analysis 

Both quartzite and marble have a fairly uniform pre-impact grain 

size distribution with mean grain sizes of ~125 µm and ~90 µm, 

respectively. Grain sizes beneath the crater floor, however, are strongly 

influenced by impact-induced fractures and led to a notable decrease in 

overall grain size in both experiments. The grain size distribution analysis 

also reflects the degree and depth of deformation in the crater subsurface. 

For both experiments only, grains larger than 10 µm² were taken in account, 

due to image resolution.  

Figure 6-3a shows the distribution curves of the marble experiment 

(A34-5614). A decrease in large grain sizes along with a strong increase in 

very small grain sizes can be seen within the first 0.75 dp (1.9 mm). The 

depth interval between 0.75 dp and 1.25 dp (1.9 – 3.1 mm) is a transition 

zone. Its grain size distribution seems to reflect an intermediate stage for 

both small and large grain sizes between a heavily influenced rim region 

and the undisturbed pre-impact distribution. Below 1.25 dp (3.1 mm) no 

further changes in grain size occur.  

The grain size distribution of the quartzite experiment (A20-5339; 

Figure 6-3b) shows a pronounced concentration of small grain sizes, 

combined with a lack of large grain sizes directly at the crater floor (0 –

 0.25 dp/ 0 – 0.63 mm). To a depth of 1.75 dp (4.4 mm) grain sizes gradually 

become more evenly distributed. Between 1.75 dp (4.4 mm) and 3.00 dp 

(7.5 mm) depth the background scatter of the very small grain sizes (10 – 

200 µm²/ 4 – 8 µm) is reached, as compared to the pre-impact grain size 

distribution. However, average pre-impact grain size is not yet restored. 

Below 3.00 dp (7.5 mm) the grain size distribution reaches the undeformed 

distribution.  
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Figure 6-3: Development of the grain size frequency density with increasing depth 
beneath crater floor (given in projectile diameters; 1 dp = 2.5 mm) of the marble (a) 
and the quartzite (b) experiment. A) The uppermost three distribution curves 
(green) show very little difference in grain size, while the yellow curve (0.75 dp -
 1.25 dp/ 1.9 – 3.1 mm) shows an intermediate grain size distribution between the 
highly comminuted rim and undamaged deep regions. B) The distribution curves 
show a successive shift from a highly comminuted crater floor (green) towards the 
original grain size below 3.00 dp (7.5 mm) depth (dark red). Note that step sizes for 
the depths of the curves (given in dp) are variable. 

 

 



 

 

79 

6.4.4 Deformation microstructures 

Deformation microstructures of the two impact experiments have 

been mapped based on SEM-BSE micrograph mosaics. Tensile fractures 

and intra-granular cracks (Figure 6-4 a, b) are found in the subsurfaces of 

both experiments. All concentrically oriented fractures that exceed the grain 

scale were mapped as tensile fractures. In marble, grain boundaries are only 

occasionally included in tensile fractures. In quartzite, grain boundaries are 

more commonly included within tensile fractures. Intra-granular cracks in 

quartzite are straight or only slightly bent, while intra-granular cracks in 

marble are more typically kinked. The formation of twin lamellae and open 

cleavage is restricted to marble, while quartzite deformation is characterized 

by the formation of shear bands with intense grain comminution (Figure 

6-4c). 

 

 
Figure 6-4: Examples of tensile fractures (dotted arrows), intra-granular cracks 
(solid-line arrows) and grain boundaries (dashed arrows) in a) marble and b) 
quartzite. C) shows a shear band in quartzite with intense grain comminution.  
 

Marble 
 

Intra-granular cracks in marble are < 5 to ~300 µm in length and 

have widths of at least 2 µm. An intra-granular crack density was calculated 

along the central profile down to 3.5 dp (8.8 mm). Figure 6-2b shows that 

the intra-granular crack density decreases with increasing distance to the 

crater floor until the background values are reached between 1.75 and 

2.00 dp (4.4 – 5.0 mm). The decrease follows a roughly linear trend with 

distance.  
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Additionally, an orientation analysis of the intra-granular cracks of that 

profile was conducted. The number of cracks per segment area (0.25 x 0.25 

dp) ranges from 700 at the crater floor to 9 at 2.75 dp (3.9 mm) depth. Crack 

orientations of each segment are plotted as rose diagrams. The cracks show 

a preferred orientation subparallel to the crater floor (Figure 6-2a) down to 

1.75 dp (4.4 mm). At greater depths, the number of fractures is very low, 

however, taking neighbouring areas into account, no impact-related 

orientation is noticeable.  

The crater subsurface of the marble target is also characterized by 

large tensile fractures oriented subparallel to the crater floor. These fractures 

transect at least two grains, do not follow grain boundaries and decrease in 

width from up to 80 µm at the crater floor to as little as 2 µm in greater 

depths. The lower boundary of the zone of tensile fractures is at 1.5 dp 

(3.75 mm) depth. 

A distinct feature of marble subsurface deformation is the opening of 

grain boundaries. Within the uppermost 0.25 dp (0.63 mm) 72% of all grain 

boundaries are open. Between 0.25 dp and 1.25 dp (0.63 – 3.1 mm) depth 

approximately half of all grain boundaries are open (Figure 6-2d), and this 

value decreases further below 1.25 dp (3.1 mm). At 3.25 dp (8.1 mm) depth 

all grain boundaries are closed.  

Apart from intra-granular cracks and tensile fractures the main 

deformation features in the marble crater subsurface are twin lamellae and 

open cleavage. Polarized light microscopy images of the uppermost crater 

subsurface show heavily deformed grains. In plane polarized light calcite 

grains show a brownish colour; in cross polarized light they show a lack of 

extinction and reduced interference colours (Figure 6-5a, b). The intensity 

of the features decreases with depth down to ~1.5 dp (3.75 mm), below 

which they are no longer observed (Figure 6-5c, d). In thin section and SEM 

microscopy these features were recognized as twins. Unlike tectonic calcite 

twins that show an average thickness of ~ 35 µm in our sample material, the 

impact-generated twins have a thickness of less than 1 µm and thereby 

classify as microtwins (Groshong 1972).  
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Figure 6-5: Photomicrographs and SEM images of the marble target subsurface. a) 
and b) show the most proximal crater subsurface of the marble target directly at the 
crater floor in plane polarized (a) and crossed-polarized (b) light. A) shows the 
brownish coloration of calcite grains and b) the low interference colors and general 
lack of extinction in the proximal subsurface. c) and d) show micrographs of the 
marble subsurface at ~ 1.5 dp depth. In plane-polarized light (c) the calcite grains 
are transparent, while in d) with crossed-polarized light the grains reach their usual 
interference colors. e) SEM-BSE image of several sets of parallel open cleavage 
planes in a calcite grain close to the crater floor. f) SEM-BSE image of undeformed 
calcite grains at 1.7 dp (4.2 mm) distance to the crater floor. Only few, slightly 
opened cleavage cracks are present.  
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High resolution SEM-BSE images of the crater subsurface 

additionally show many open cracks. These cracks correspond to open 

cleavage and run as slightly bent parallel sets through the grains. In many 

cases two or three set per grain exists (Figure 6-5e). In the same fashion as 

impact induced twins the creation and opening of cleavage decreases with 

depth. At a distance of ~ 1.7 dp (4.2 mm) only rare and isolated cleavage 

cracks are present. 

 

Quartzite 

The crater subsurface of the quartzite target also shows the formation 

of intra-granular cracks. As in marble they range in length from < 5 µm to 

~300 µm and have a width of at least 2 µm. The intra-granular crack density 

(Figure 6-2f) was calculated down to 4.0 dp (10.0 mm). Since the uppermost 

0.5 dp (1.25 mm) in quartzite are dominated by secondary porosity due to 

tensile fractures the intra-granular crack density reaches its maximum only 

at 1.0 dp (2.5 mm). It then decreases linearly down to a depth of 2.9 dp 

(7.25 mm), where pre-impact background levels are reached.  

The orientation analysis of the intra-granular cracks in quartzite 

shows a rough bimodal distribution of preferred orientations (Figure 6-2e). 

The main orientation down to 1 dp (2.5 mm) depth is sub-horizontal with a 

subordinate radial direction. Below 1 dp (2.5 mm) the cracks clearly show a 

preferred radial orientation and in few cases additionally a shear component. 

Tensile fractures in quartzite have a similar appearance to those in marble, 

although they are generally shorter in length, since they are restricted by 

shear bands. It is also common that tensile cracks in quartzite in part follow 

grain boundaries. Their width varies between 100 µm and 2 µm, depending 

on their distance to the crater floor. The zone of tensile fractures reaches 

down to a depth of 2.2 dp (5.5 mm). 

Unlike the marble target, grain boundaries in quartzite are only 

rarely open and occur as tensile fractures oriented subparallel to the crater 

floor. The deepest open grain boundary is found at 1.75 dp (4.4 mm) depth. 

The most prominent deformation features beside intra-granular 

cracks and tensile fractures, are highly localized shear bands, surrounded by 

broader damage zones. The orientation of these shear bands is roughly 
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radial and they all originate at the crater floor. Their individual length varies 

largely between ~2.5 mm and ~8.5 mm. 

The shear bands are between 30 µm and 300 µm thick with an 

average thickness of ~100 µm. They are characterized by very intense grain 

comminution with the median of the particle size (above cutoff) of 0.9 µm, 

compared to the original quartzite grain size of ~125 µm. The average 

particle size within the shear bands remains constant with radial distance to 

the crater floor, and is independent of the angle to the impact direction. The 

porosity within the shear bands is strongly enhanced.  Average shear band 

porosity is ~28% and can reach ~33% near the crater floor to due to tensile 

fractures. The maximum shear displacement observed along the shear bands 

is 30 µm, but commonly the displacement is significantly smaller than that. 

No correlation could be found between the angle of the shear band to the 

impact direction and the sense of shear or the magnitude of displacement. 

The boundaries of the shear bands are sharp and clearly traceable so 

that the borders between shear bands and surrounding damage zones are 

distinctly defined. The damage zones themselves are characterized by a 

network of fractures emanating from the shear band. The fracture density in 

the damage zones varies strongly and cannot be correlated with the radial 

distance to the crater floor or the relative orientation to the impact direction. 

However, the width of damage zones is narrower in the central crater region 

close to the symmetry axis than in the shallower regions sideways towards 

the target surface. The central damage zones have average thicknesses 

between ~160 µm to ~190 µm, become successively thicker (~240 µm at 

45°) until they reach a thickness of ~370 µm to ~460 µm in the shallowest 

region.  

6.4.5 Numerical modelling 

Crater profiles 

For direct comparison the modelled crater profiles of both 

experiments at the transient crater stage of maximum crater volume are 

plotted with the crater profiles measured from the experimental craters 

(Figure 6-6). Note that both numerical models show a small region of 
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artificially increased depth in the crater centre due to the boundary 

conditions of the 2D model. The numerical model of the marble crater 

(A34-5614) a depth of 6 mm (7.4 mm including the artificial effects) and a 

diameter of ~27.6 mm, resulting in a depth diameter (d/D) ratio of 0.22 

(Table 6-3). The ratio is thus smaller than the final experimental crater, but 

since the numerical model aims at the transient crater and does not include 

modification processes (e.g. spallation) this result is to be expected. The 

numerically modelled quartzite crater (A20-5339) has an actual depth of 

6.2 mm (7.2 mm including the artificial effects) and a diameter of 

~27.8 mm, resulting in a depth diameter (d/D) ratio of 0.22 (Table 6-3). As 

the modelled crater in marble it is smaller than the experimentally produced 

crater.  

 

 

 

    
 
Figure 6-6: Comparison of the 18 measured crater profiles from the experiment 
(grey lines) and the numerical crater profile (black line) of the marble target (a) and 
the quartzite target (b) at the stage of transient crater (defined by maximum 
volume). The dashed line in (b) shows the paraboloid of the transient crater 
determined on the basis of the high-speed video of the experiment (Dufresne et al. 
2013), which was used as a constraint for the model. 
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Total plastic strain distribution 

Figure 6-7 shows the total plastic strain distribution of the marble 

and quartzite models. The total plastic strain is a combination of shear and 

tensile strains that occur locally to different degrees of intensity. Based on 

Collins et al. (2004), who give a detailed description of modelling 

deformation and strain in iSALE, plastic deformation of the target rocks 

begins at compressive shear strain values >0.001 for low confining 

pressures, although the threshold strain for plastic failure can increase up to 

0.05 for high confining pressures. 

 

 
Figure 6-7: Total plastic strain distribution during the crater formation. The 
snapshots show the stage of the craters 44 µs after the impact – after the passage of 
the shock wave and prior to the arrival of reflected waves from the block/model 
boundaries. Both marble and quartzite target show a lens of continuously 
decreasing strain levels ~20 mm below the target surface (~12 mm below crater 
floor). Beyond that lens strain decreases significantly and a few mainly radially 
oriented narrow lines occur that exhibit high strain levels. Additionally, both 
targets show high strain regions along the target surface, which become narrower 
away from the crater rim and eventually terminate at the target surface. 
 

Both marble and quartzite models show similar strain behaviour, 

with regions of high strain (>0.5) found at the crater floor and at the 

immediate target subsurface outside of the crater. Strain intensities decrease 

with depth and radial distance from the impact point, with only slight 

variations noticeable between the quartzite and marble models. With 
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decreasing strain, strongly localized zones of high strain extend into the 

deeper target subsurface. Models from Collins et al. (2004) show that tensile 

strains dominate to the left and right of the crater rim, whereas 

compressional shear failure is dominant beneath the crater floor.  

 

Pressure regions 

Figure 6-8 shows shock pressure isobars calculated for the marble 

and quartzite targets. The material within the uppermost 4 mm (1.6 dp) 

underneath the crater floor in the marble model experienced pressures over 

3.5 GPa (Figure 6-8). Within the next 3 mm (1.2 dp) below that depth the 

calculated pressures decrease to 2.0 GPa. From that depth downwards the 

rate of pressure decrease is reduced so that the 1.0 GPa isobar is only 

reached in 10 mm (4 dp) depth. The 0.5 GPa isobar is finally reached at a 

depth of 31 mm beneath the crater floor (5.6 dp).  

 

 

Figure 6-8: Pressure isobars within the quartzite (left half) and marble (right half) 
target. The colour map denotes the peak pressure reached by the marked material. 

 
The rate of pressure decrease in quartzite (Figure 6-8). Here the high 

pressure region underneath the crater floor extends down to a depth of 6 mm 

(2.4 dp) beneath the crater floor. It only needs 2 mm (0.8 dp) for pressures to 

decrease to 2.0 GPa and another 5 mm (2 dp) to decrease to 1.0 GPa. The 
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0.5 GPa isobar is already reached at 29 mm (6.4 dp), so 2 mm above that 

mark in marble.  

6.5 Discussion 

6.5.1 Deformation microstructures 

Microstructural mapping of deformation features in the marble and 

quartzite targets reveal some common types of deformation, including spall 

and tensile fractures, as well as intragranular cracks, but differences in the 

style of deformation are also apparent (Figure 6-9). Subsurface deformation 

in the marble is dominated by pervasive and omnipresent fracturing and 

twinning that dies out with radial distance to the crater floor. The quartzite’s 

crater subsurface on the other hand is characterized by intense localized 

deformation along roughly radial shear bands separated by lenses with only 

limited fracturing.  

For both targets a relative succession of deformation regimes can be 

inferred based on the orientation and superposition relationships of various 

deformation microstructures. These regimes can be assigned to different 

stress states created by the hypervelocity impact, and we will refer to them 

as regimes I-III in the text below: 

- Regime I: Shock pressures decrease with distance from the impact 

point but are well above the Hugoniot elastic limit (HEL) of quartz 

and calcite near the central crater floor (Figure 6-8) and lead to 

features formed under high confining pressures and shear stresses.  

- Regime II: As the wave continues to propagate, pressures fall to 

compressional stresses below the target’s HEL, because of geometric 

spreading and the rarefaction wave that gradually catches up with 

the pressure pulse. Here, hoop stresses that are oriented 

concentrically to the impact point dominate and can form radially 

oriented deformation features. 

- Regime III: The tensile pulse from the rarefaction wave generates 

tensile stresses that are radial to the impact point which in turn 

induce tensile fractures with concentric orientations. 
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Note that shock features indicating higher shock metamorphic 

conditions, such as planar deformation features, are found in the ejecta of 

the quartzite experiment (Ebert et al. 2014). In the craters’ subsurfaces 

merely low- and sub-shock deformation is preserved. In the following both 

targets are discussed separately.  

Furthermore, note that the experimental conditions of the two impact 

experiments differed slightly (Table 6-1), leading to a variation of the 

impact energy by ~20%. While that difference may partly be responsible for 

the smaller crater dimensions and damage lens underneath the crater for the 

marble target, it should not influence the substantially different micro-

structural deformation responses between the two crater subsurfaces to any 

major degree. 

 

Marble  

 

In the marble target, the following three successive groups of 

microstructural features are distinguished:  

1) Pervasive twinning and cleavage activation,  

2) Opening of grain boundaries and intra-granular cracks 

3) Tensile fracturing on the grain scale or larger.  

The implications for their respective formation conditions are discussed 

below. 

 

Pervasive twinning and cleavage activation 

Twinning in calcite is a widespread phenomenon, and occurs if 

calcite experiences differential stress (Turner and Weiss 1963; Rybacki et 

al. 2013). A critical resolved shear stress of only ~5-15 MPa is needed to 

initiate twinning (Lacombe and Laurent 1996; Laurent et al. 2000). The 

formation of calcite twins during impact has been reported for natural 

impacts, as well as impact experiments by several authors (e.g. Robertson 

and Grieve 1977; Langenhorst 2002; Schedl 2006; Lindgren et al. 2013). 

Lindgren et al. (2013) estimate that shock-derived calcite twins begin to 

form at pressures of ~110-480 MPa based on cratering experiments. The 

formation of two to three twin sets per grain in the direct vicinity of the 
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crater floor suggests compression with a shear strain ≥0.1 (Barber and Wenk 

1979).  

In experiment A34-5614, two or more twin sets per grain 

(microtwins with <1 µm thickness, opposed to ~35 µm thick tectonic twins) 

are present down to 1.0 dp (2.5 mm) depth, with the number of sets, as well 

as the number of twins per set decreasing constantly with depth. The blue 

line in Figure 6-9 indicates the radius, where roughly half of each grain’s 

area is comprised of impact-induced twins. The line was determined semi-

quantitatively, since that area wasn’t measured, but estimated. It coincides 

with the transition from several twin sets per grain to only one set. From the 

modelling results, the material with several twin sets per grain can be 

correlated with shock pressures of at least ~3.5 GPa (Figure 6-8), as well as 

strains larger than 0.5 (Figure 6-7a), which is considerably larger than the 

shear strain value of ≥0.1 by Barber and Wenk (1979). Below a depth of 1.0 

dp (2.5 mm) one set of twin lamellae per grain dominates. Following Barber 

and Wenk (1979), this requires strains ≥0.02. The numerical model 

calculated strains ≥0.02 down to a depth of 9 mm (3.6 dp). Impact-induced 

twinning, however, was only observed down to a depth of ~4.5 mm (1.8 dp; 

Figure 6-9 a). At around that depth peak pressures drop below ~3.5 GPa. 

Given the fact that all other impact related deformation features in marble 

also cease between 4 - 5 mm (1.8 - 2.0 dp) it is likely that the model 

overestimates the extent of strain at greater depth.  

Along with pervasive twinning of calcite the crater’s subsurface 

shows abundant activation and opening of cleavage planes (Figure 6-5e). 

Intense cleavage formation with depth occurs in the same manner as calcite 

twinning does.  

From other impact experiments in non-porous rocks, e.g. Moore and 

Gault (1962), Hörz (1969), Polanskey and Ahrens (1990), it is known that if 

the HEL of the target material is exceeded, the rock will fail under 

compression due to shearing. The crystal structure of calcite allows 

mechanical twinning along different crystallographic planes. Calcite twins 

can therefore be considered as zones of simple shear with a known shear 

direction, shear sense and angular shear, with the angular strain being 
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proportional to the thickness of the twin (Burkhard 1993). Hence, both 

pervasive twinning and cleavage activation can be correlated with the first 

regime of deformation with pressures above the marble’s HEL. However, 

since only ~5-15 MPa of critical resolved shear stress is necessary to initiate 

twinning, twin formation in later pressure stages at lower pressures cannot 

be excluded. It is not possible to define a zone of pervasive shear fracturing 

as done by Polanskey and Ahrens (1990), since both features disappear 

gradually with radial distance to the crater floor (Figure 6-9a). 

 

Opening of grain boundaries and intra-granular crack formation 

Intense twinning of calcite leads to heterogeneous shear deformation 

at the grain scale and spatial incompatibilities along grain boundaries. 

Further incompatibilities arise at the intersection of two twins. Both types of 

geometric complications, present in each grain, lead to open spaces along 

grain boundaries if deformation time is not sufficient to allow diffusion or 

dissolution-precipitation processes to close them (Burkhard 1993). 

Therefore, the opening of grain boundaries in our experiment, regardless of 

their orientation, is an inevitable consequence of pervasive twinning. 

Consequently, it occurs simultaneously to the twin formation during regime 

I of the deformation. At deeper levels of the crater subsurface where 

twinning is less intense, the orientation of the grain boundaries, as potential 

zones of weakness, becomes more important. Grain boundaries sub-parallel 

to the crater floor or in roughly radial direction are predominantly open. The 

tensile opening of radially oriented grain boundaries suggests that they open 

under hoop stresses during regime II, when the maximum principal stress 

axis is oriented radially and the minimum principal stress axis is oriented 

concentrically, as described by Ai and Ahrens (2004). Sub-horizontally 

oriented grain boundaries open during regime III, under the tensile pulse of 

the rarefaction wave.  

Formation of intra-granular cracks with a preferential radial 

orientation is frequently reported from other impact experiments in a range 

of target materials (Moore et al. 1963; Polanskey and Ahrens 1990; Buhl et 

al. 2013; Winkler et al. 2016). In the marble experiment, however, very few 

radial cracks developed. The dominant orientation of intra-granular cracks is 
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sub-horizontal (Figure 6-2a). The lack of radial cracks is likely the 

consequence of early cleavage formation. The pervasive cleavage doesn’t 

allow the grains to accumulate localized high strain zones. Hoop stresses 

can only form dispersively and do not reach the level needed for radial 

fracture formation (Ai and Ahrens 2004). The small radial cracks in marble 

find no equivalent in the model. 

 

Tensile fracturing 

The marble crater subsurface is marked by abundant tensile fractures 

from intra-granular scale to fractures over several mm in length (Figure 

6-9a). Tensile failure occurs in the outer regions of the crater´s subsurface as 

long fractures aligned sub-parallel to the crater floor with a large degree of 

opening, and they resemble spallation fractures reported in other 

experiments (e.g. Hörz 1969; Polanskey and Ahrens 1990; Kenkmann et al. 

2011; Winkler et al. 2016). Other microscopic deformation features like 

twins, cleavage or intra-granular cracks are not prevalent in these outer 

crater zones.  

The numerical model shows long, localized, sub-horizontal strain 

lines, which terminate at the target surface (Figure 6-7a) and can be 

regarded as spallation fractures. However, the spallation fractures in the 

marble experiment are shorter and much more pervasively distributed than 

in the model. Due to the perfect cleavage in calcite and the low tensile 

strength of the marble, fractures are more easily generated than e.g. in 

quartzite and thus more of them form that are shorter on average. The model 

does not account for cleavage in calcite and may therefore not correctly 

calculate the spallation behaviour.    
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Figure 6-9: Sketch of impact-generated deformation features of a) a 2.5 mm iron 
meteorite projectile at ~ 5 km s-1 on a marble target, and b) a 2.5 mm steel 
projectile at ~ 5 km s-1 on a quartzite target. 
 

The tensile fractures that occur beneath the crater centre are similar 

to spall fractures with respect to size and the degree of opening. They reach, 

however, to a greater depth and decrease in length and opening width with 

depth. Since the spall fractures in marble lack their typical characteristics 
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like e.g. a very large opening width, a net-like connection of several 

fractures or the termination at the target surface the transition from 

spallation fracture to tensile fracture can be considered as gradual (Figure 

6-9a). The mapping of spallation and tensile fractures was therefore semi-

quantitative. It was based on the disappearance of small tensile fractures as 

they are also known from other experiments, as well as the appearance of 

longer and wider spallation fractures. A separate zone of tensile failure 

along the crater floor has been observed microscopically by other authors 

for porous target materials (Buhl et al. 2013; Winkler et al. 2016). 

Polanskey and Ahrens (1990) did not find such a zone in non-porous basalt 

targets, but their study did not include microscopic analysis. The formation 

of tensile fractures can be attributed to the last deformation regime (Regime 

III) during pressure release. 

 

Quartzite  

 

In the quartzite target, the following three successive groups of 

microstructural features are distinguished: 

1) Localized shear bands and grain comminution,  

2) Intra-granular crack formation, and  

3) Tensile fracturing.  

The implications for their respective formation conditions are discussed 

below. 

 

Localized shear bands and grain comminution 

Several authors who conducted impact experiments on different non-

porous target materials such as granite, basalt, gabbro and nephrite 

discriminated deformation zones in the target beneath the crater (Moore and 

Gault 1962; Moore et al. 1963; Hörz 1969; Lange et al. 1984; Polanskey and 

Ahrens 1990). According to these authors the uppermost part of the crater’s 

subsurface is a very shallow zone of crushed rock, which is characterized by 

pulverization of grains and micro-fractures. This zone is followed by a zone 

of shear fractures that contain grooves and striae. In contrast to the above 

cited work we could not identify pulverized domains. However, we do 

recognize a zone of shear bands starting directly at the crater floor and 
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propagating in a roughly radial fashion with lengths between ~2.5 mm and 

7.5 mm (Figure 6-9b). In contrast to Moore and Gault (1962) who described 

shear fractures in basalt to be smooth, we found such fractures to be very 

irregular and mostly cutting through grains. Grain size analysis of the fault 

gouge (Figure 6-3b) shows extreme grain comminution with a reduction of 

grain size to ~0.9 µm, irrespective of the distance to the crater floor. We 

were not able to quantify significant displacements along the shear bands, 

but shearing is evident. The formation of the shear bands occurs during 

regime I of the deformation sequence, in which high differential stresses 

occur and where shearing is possible. Comparing the depth at which the 

shear bands end with the model results of numerical simulations suggests 

that shock pressures of at least ~1 GPa (Figure 6-8) are required for their 

formation. The shear bands are surrounded by damage zones that are 

characterized by a dense, cross cutting fracture pattern. The widening of the 

damage zones with shallower orientations has its origin, probably, in a 

stronger shear component in that region. It is possible that the shear bands 

are analogous to the lines of increased total strain (ε ~ 0.05) underneath the 

region with a total plastic strain of ~ 0.1 (Figure 6-7b). The total plastic 

strain at those cracks is enhanced by a factor of ~2.5 relative to the material 

surrounding the cracks. However, these lines of increased total plastic strain 

reach deeper than the shear bands in the experiment.  

 

Intra-granular crack formation 

Numerous intra-granular cracks occur in the quartzite subsurface, 

most of which have radial orientations (Figure 6-2e), and thus resemble 

fractures and observed in other subsurface analyses of experimentally 

produced craters (Polanskey and Ahrens 1990; Buhl et al. 2013; Winkler et 

al. 2016). However, in the upper 2.5 mm (1 dp) of the quartzite crater 

subsurface subhorizontal intra-granular cracks also occur. The frequency of 

intra-granular cracks decreases with depth, and correlates with the 

attenuation of the shock wave. Nonetheless, radially oriented intra-granular 

cracks could be mapped to a maximum distance of 12.5 dp (31.5 mm). They 

formed most likely during regime II of the deformation, where compressive 

stresses are oriented radially and tensile stresses are oriented concentrically, 
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and thus, formed during the same regime as vertical grain boundaries in 

marble.  

 

Tensile fracturing 

The quartzite crater subsurface is marked by tensile fractures at two 

different locations. We found abundant spall fractures in the outer and 

shallower crater regions (Figure 6-9b). They emanate at various depths from 

the crater wall and propagate towards the target surface, where they 

terminate. Typical for the quartzite subsurface are very long and interlocked 

spall fractures that isolate incipient spall fragments that remain arrested to 

the target as long as some intact bridges remain (Figure 6-1). The quartzite 

numerical model shows high strain accumulations close to the surface that 

can be interpreted as spallation zones (Figure 6-7b). Additionally the model 

shows high strain lines underneath the most superficial high strain wedge. 

Each of these strain lines terminates in the larger one above it. That pattern 

can be observed in the fractures pattern of the spallation fractures in 

quartzite (Figure 6-9b).  

The central crater subsurface is permeated by open tensile fractures 

of various dimensions down to the granular scale. Since the majority of the 

tensile fractures are bounded by shear bands on either side, it is obvious that 

they formed after the shear bands. Thus tensile failure in non-porous targets 

seems to be very pronounced. Compared to studies in higher porosity targets 

(Buhl et al. 2013; Winkler et al. 2016) the zones of tensile failure are not 

restricted to the vicinity of the crater floor, but reach far deeper into the 

target than in porous targets. While Buhl et al. (2013) and Winkler et al. 

(2016) identified the uppermost millimetre (0.4 dp) and upper 2 mm (0.8 dp), 

respectively, as zones of tensile failure, quartzite displays an expansion of 

this zone to a depth of 2.2 dp (5.5 mm). Tensile failure is attributed to the 

deformation regime III, when the rarefaction wave unloads the target.  
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6.5.2 Cratering efficiency  

The marble experiment has an unexpectedly low cratering efficiency 

(i.e. the ratio of excavated crater mass to projectile mass) at 164.5 compared 

to 220.4 for the quartzite experiment. This discrepancy is in part due to the 

~20% smaller impact energy of the marble compared to the quartzite 

experiment. However, this result is remarkable considering that marble has 

a much lower uniaxial compressive strength (UCS) and tensile strength than 

quartzite (60 MPa and 7.3 MPa versus 292 MPa and 16.7 MPa; Table 6-1), 

which in theory should yield larger crater volumes in the strength-

dominated cratering regime that the experiments occur in. In fact, using 

crater scaling methods, Poelchau et al. (2015) estimated for a range of 

experiments on Carrara marble that a roughly fourfold increase in UCS from 

60 MPa to ~230 MPa would theoretically be needed for the smaller marble 

crater volumes to plot with their non-porous quartzite and basalt 

counterparts. 

The small marble crater size may suggest that conventional measures 

of strength like UCS do not sufficiently represent the strength-dominated 

behaviour of these experimental craters. A possible dynamic increase in 

strength at high strain rates that occur experimentally may explain some 

variation; perhaps Carrara marble has a much stronger strain-rate related 

strength increase than the Taunus quartzite (see e.g. Zwiessler et al. 2017 for 

more details).  

On the other hand, a second possible mechanism may be a faster 

dampening or attenuation of the shock wave, due to the consumption of 

energy by the formation of twins and the activation and opening of cleavage 

planes relative to the more resilient quartzite. A similar scaling behaviour 

was observed in porous target materials like sandstone, where the closing of 

pore space led to a strong attenuation of the shock wave and a reduction in 

cratering efficiencies relative to the target strength (e.g. Kowitz et al. 2013; 

Poelchau et al. 2013). 
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6.5.3 Experiment-Model Comparison  

Crater profiles 

When comparing experimentally and numerically produced craters it 

has to be taken into consideration that impact experiments in solid rock 

targets produce wide, flat craters due to the large amounts of spalled 

material that is removed from the target (e.g., Melosh 1984; Poelchau et al. 

2014), whereas numerical models, in particular the iSALE code, do not 

directly account for the spallation process, modelling only the transient 

crater. This leads to comparatively smaller crater diameters and hence, 

higher depth-diameter (d/D) ratios of 0.22 for both numerical models (cf. 

Figure 6-1 and Figure 6-6).  

However, based on the numerically modelled strain (Figure 6-7) we 

can estimate a “spallation diameter”. Narrow zones of high tensile strain 

(ε ≥ 0.2) near the target surface mark wedges with unstrained material on 

top that show a strong geometric resemblance to spall plates collected from 

impact experiments. Where these zones intersect the target surface, 

diameters can be estimated at 62 mm and 76 mm for marble and quartzite, 

respectively (Table 6-3). d/D ratios of the numerical “spall craters” are 0.10 

and 0.09, respectively. Compared to the experimentally produced d/D-ratios 

of 0.11 and 0.15 the calculated “spallation d/D-ratios” are much closer the 

experiment than the transient crater d/D-ratios. However, this is probably 

only a phenomenological similarity, since the modelled strain lines along 

the target surface in marble do not correspond in appearance to the more 

evenly distributed spallation fractures in the experiment. Also, the spall 

plates in the experiments are more strongly wedge shaped than in the model. 

Based on video analysis of the cratering event and crater morphology, the 

transient depth and diameter of the experimental craters can be estimated, as 

described by Poelchau et al. (2014). Due to technical problems during the 

marble experiment, this procedure is only possible for the quartzite 

experiment. A paraboloid that forms the estimated transient crater of the 

experiment was determined. The crater floor and the basal extent of the 

ejecta cone at its largest stage were used as constraints for the depth and 

width of the paraboloid. The paraboloid has a height of 9 mm and a 
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diameter of 23.5 mm, resulting in a d/D-ratio of 0.38 (Table 6-3). Even 

though the experimental d/D ratio is larger than the one of the model at 0.27 

(Table 6-3), the quartzite transient crater agrees well with the transient 

numerical crater (Figure 6-6b). The higher d/D ratio has its origin in the two 

negative deviations, i.e. in the greater depth, yet smaller diameter of the 

experimental paraboloid compared to the model.  

Note that the experimental crater morphology of the quartzite crater 

is deeper than both the paraboloid fit and the numerical transient crater. 

Presumably parts of the crater floor were removed in the late stages of 

cratering through tensile failure. This would correspond to the tensile, 

regime III type deformation described above, and is in part represented by 

the grey-coloured areas of the crater floor mapped in Figure 6-9b. In 

comparison, the numerical model of the marble transient crater is too deep 

for the experimental crater floor morphology. This again may reflect a 

stronger attenuation of the shock wave in marble that is currently not 

incorporated in the numerical models. 

 
Table 6-3: Overview of experimental and modelled crater dimensions. 

  Experiment   Numerical model 

 
A34–5614 A20–5339 A34–5614 A20–5339 

Target material Marble Quartzite   Marble Quartzite 

Crater diameter (mm) 57 ± 4 73 ± 13   ~ 62 ~ 76 

Crater depth (mm) 6 ± 0.4 10.6   6 6.2 

Final depth/diameter (d/D) ratio 0.11 0.15   0.10 0.09 

Transient diameter (mm) - ~ 25.5   27.6 27.8 

Transient depth (mm) - ~ 9   6 6.2 

Transient depth/diameter ratio - 0.38   0.22 0.27 

Max. thickness of damaged/strain lens 
(mm)/(dp)  

4.1/1.6 7.1/2.9   9/3.6 11/4.4 

Max. thickness of strain detection (mm)/(dp) 4.1/1.6 7.1/2.9   34/13.6 44/17.6 
dp = projectile diameter           

 

Total plastic strain distribution 

The total plastic strain in the numerical model (Figure 6-7) shows 

domains within which target material was deformed either through 

compressional shearing or through tension. Consequently, the material loses 

strength. The lower strength is described by the Drucker-Prager yield 

surface. The exact nature of that deformation or plastic work is not 
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accurately defined. It incorporates sand-like porosity, as well as cracks in 

otherwise solid rock. Direct comparison of the models to the experiments 

suggests that the zones of medium to high strain accumulations in the model 

represent: secondary porosity due to tensile fractures, various kinds of 

fractures on different scales, shear bands in the case of quartzite, and 

pervasive twinning and cleavage activation in the case of marble. 

 

Marble 

Plastic deformation in the marble experiment is evident as opened 

grain boundaries, twinning and cleavage activation, intra-granular cracks 

and tensile fracturing, and can at least partially be correlated with numerical 

modelling results. The experimental data show an opening of grain 

boundaries down to a depth of ~ 3.5 dp (8.75 mm) (Figure 6-2d), which 

indicate a good correlation between experiment and model. Although it is 

not a perfect match between experiment and model, the model does at least 

reflect the necessary stress stage for radial crack formation. Groups of 

concentric fractures visible in the modelled strain lens (Figure 6-7) fit well 

to the tensile fractures, although they are located too deep underneath the 

crater floor. The large and deep reaching radial fractures beyond the strain 

lens find no analogue in the experiment. 

The impact-influenced zone in marble reaches to a depth of 4.5 mm 

(Table 6-4), which is ~2.5 times smaller than the strained zone in the model. 

A reason for that could be that the used parametrization might be too 

simplistic. The formation of micro-twins with an average thickness in the 

sub-micrometre scale in the experiment, for example, consumes lots of the 

impact energy that is no longer available for crater formation. This energy 

consumption is not included in the model and can explain the larger strain 

lens in the model. Nonetheless, a number of experimental and numerical 

observations correspond well to each other, as described above (Table 6-3 

and Table 6-4). However, this fit was reached only by increasing the 

strength parameters of the marble. To achieve the crater depth of the 

experiment a higher cohesive strength was used than originally determined 

for the target material. Poelchau et al. (2015) proposed a dynamic strength 

effect as reason for the smaller and shallower marble craters. This 



 

 

100 

suggestion has been taken into account for the numerical model of the 

marble crater and first dynamic strength measurements of Carrara Marble 

were used as constraints (Kenkmann et al. 2017; Zwiessler et al. 2017). 

Dynamic hardening increases the resistance against crater formation and 

finally leads to the formation of smaller craters. The same result is true for 

the phenomenon of twinning as it consumes impact energy. Hence, it seems 

possible that enhanced dynamic hardening of the marble in the experimental 

study and the formation of twinning could be phenomena based on the same 

process behind. Note that the quartzite target gives good model results 

without increasing the material strength and does not show twin formation.  

 

Quartzite 

In case of quartzite, the experiment shows shear bands with intense 

grain comminution, intragranular cracks and tensile fracturing as 

deformation features. The large radial fractures beyond the modelled strain 

lens correspond well to deep-reaching radial fractures in quartzite. As in the 

model these fractures show in parts an up to ~30° angle to the pure radial 

orientation. The minor concentric fractures in the model have at least one 

analogue in the experiment, even though this concentric fracture lies much 

deeper than the modelled one (9.6 dp/24 mm). That is nearly as far as 

predicted by the model, where that zone reaches a depth of 11.2 dp (28 mm) 

below the strain lens, and therefore, corresponds well. All other cracks that 

formed deeper than the strain lens zone are mostly short and isolated. Thus, 

they do not form an extensive fracture network, but represent rather a 

homogeneous deformation that decreases successively with depth. It is 

possible, though, that due to thin section limitations, as well as the limited 

2D cutting effect, further large-scale radial or concentric cracks remained 

undetected. 

The impact-influenced zone in quartzite reaches to a depth of 

7.5 mm (Table 6-4), which is ~1.7 times smaller than the completely 

damaged zone of the model. The reason for the discrepancy between the 

modelled and experimentally damaged zone in quartzite could be a higher 

than expected energy consumption by the generation of the shear bands and 

the intense grain comminution within them.  
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Hence, further microscopic studies, as well as ultrasound 

measurements could give a hint on the reliability of the model data in 

predicting deep lying deformation features. For example, Moser et al. 

(2013) have found for sandstone targets a reduction of ultrasound velocities 

correlated to subsurface damaging at much deeper depths within the target 

than observed by micro-analysis (see also Raith et al. 2018). 

 
Table 6-4: Maximum observed depths of subsurface deformation features and their 
corresponding numerically modelled strain and shock pressure values.  

  Marble           Quartzite 
  A34–5614    A20–5339 

  
Experiment 
[mm; dp] 

modelled 
strain [-] 

modelled 
pressure 
[GPa] 

  
Experiment 
[mm; dp] 

modelled 
strain [-] 

modelled 
pressure 
[GPa] 

Increased porosity (Figure 6-2) 4.4/1.75 > 0.1 > 3.0   6.9/2.75 > 0.05 > 2.5 

Reduced grain size (Figure 6-3) 3.1/1.25 > 0.2 > 3.5   7.5/3.0 > 0.05 > 2.0 

Tensile fractures (Figure 6-9) 3.75/1.5 > 0.1 > 3.5   5.5/2.2 > 0.05 > 3.5 

Intra-granular crack density (Figure 6-2) 4.5/1.8 > 0.05 > 3.0   7.25/2.5 > 0.05 > 2.0 

High-intensity Cc-twinning (Figure 6-9) 2.5/1.0 > 0.5 > 3.5   - - - 

Low-intensity Cc-twinning (Figure 6-9) 4.5/1.8 > 0.1 > 3.0   - - - 

Shear band depths, quartzite (Figure 6-9) - - -   7.5/3.0 > 0.2 > 1.5 

dp = projectile diameter               

 

6.6 Conclusions 

In this study, an interdisciplinary approach including experimental 

analysis and numerical modelling was applied. We analysed the 

deformation characteristics of experimentally produced impact craters 

formed in marble and quartzite under similar impact conditions and 

compared them to results of numerical modelling. The crater morphology of 

both craters is strongly affected by spallation that widens the craters and 

reduces the d/D-ratio to values of 0.11 and 0.15 in marble and quartzite, 

respectively. The modelled craters, corrected for spallation, reached d/D-

ratio values of 0.10 and 0.09 for marble and quartzite, respectively. The 

formation of radial, tensile and intra-granular cracks, accompanied by an 

overall grain size reduction along with the generation of secondary porosity, 

is a general response of non-porous materials to impact cratering. In 

addition to that, the marble target is characterized by widespread and 
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pervasive twinning, as well as cleavage activation. The quartzite target on 

the other hand developed localized shear bands with intense grain 

comminution surrounded by fractures. Except for spallation fractures, it is 

not possible to resolve any of these specific features on a total plastic strain 

map calculated by the model. As deformation is governed by the presence of 

localized shear bands in the quartzite experiment the strain distribution is 

more heterogeneous than in the model. In distal regions, models indicate 

still elevated strain levels, while our microanalyses of the experiments show 

no further deformation. Pressure ranges derived from the models can be 

correlated with damage processes in the experiment.  

Based on progressive changes of stress conditions in the expanding 

shock wave, a relative formation sequence of the deformation features can 

be established:  

In marble, pervasive twinning and cleavage activation occurs in the 

proximal crater subsurface beneath the crater floor under shock pressures 

above the HEL. The formation of radial cracks as well as the opening of 

radially oriented grain boundaries below the twinned zone occurs after the 

shock wave has attenuated to a compressional pressure wave with high 

differential stress. Tensile fracturing on different scales and at several 

locations of the crater subsurface results from the rarefaction wave passing 

through the target.  

In quartzite, pervasive grain crushing as well as the formation of 

localized shear bands with grain comminution occurs under shock loading 

conditions above HEL close to the impact point and proximal in crater floor. 

The wide spread intra-granular fracturing is associated with the attenuation 

of the shock wave to pressures below the HEL. Tensile fracturing on 

different scales relates to pressure release and the passage of the rarefaction 

wave.  

The reduced size of the damaged zone of the marble target (1.8 dp 

marble versus 3.0 dp quartzite) is mainly due to pervasive and intense 

twinning in calcite that consumes more energy of the passing shock wave 

compared to only localized shear deformation in the quartzite target. 
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The numerical models reach best fits with the experimental results 

when using target strengths larger than the quasi-statically determined UCS 

values. This suggests that the rate-dependent increase in strength during 

dynamic loading plays an important role in impact cratering. Further future 

modelling studies which include mesoscale approaches that are capable of 

simulating the observed deformation mechanisms may substantially 

improve the current modelling results. 
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6.8 Appendix 

6.8.1 Determination of pre – and post-impact porosity 

Both target materials have less than 1% detectable porosity and if 

porosity is present, it exists as small, unconnected intra-granular pockets. 

Pre- and post-impact porosity was measured to quantify the secondary 

porosity that developed as a result of dilatant deformation during the impact 

experiments. The digital image analysis software ImageJ 

(http://rsbweb.nih.gov/ij/) was used to determine porosity quantitatively via 



 

 

104 

image analysis. Grey-scale thresholds were applied to SE images of 100x 

magnification. The nominal resolution of pore space using that 

magnification is ≥ 2 µm. The determined porosity is given as the area 

percentage of each analysed image. Each image is a depth section defined as 

0.25 dp (projectile diameters; 0.25 dp = 0.625 mm) in height and ~ 0.5 dp in 

width. Individual depth sections do not overlap. The obtained 2D porosity is 

equivalent to the 3D volume porosity in percent (Bear 1972; Bear and 

Bachmat 1984). 

6.8.2 Grain size distribution 

Grain sizes in both experiments were determined along the 

symmetry axis of the crater. As with the porosity, depth sections of 0.25 dp 

(0.625 mm) height and 0.5 dp width were analysed individually using the 

Analyse Particles tool in ImageJ, which yields a grain size dataset. Due to 

the resolution of the SE micrographs, the smallest particle size that can be 

reliably measured is 4 µm. The particle sizes were binned in four particle 

size classes per order of magnitude grain size. The frequency density (i.e. 

the absolute frequency of grain sizes of a class in proportion to the bin size) 

was plotted against the binned grain sizes for increasing depth intervals.  

6.8.3 Different deformation micro-features 

The quartzite target subsurface also contains localized deformation 

zones of comminuted material. The grain size reduction along these zones 

were additionally analysed based on 1000-fold magnified BSE-images (90 x 

120 µm), which were taken at ~ 150 µm intervals. Images were cropped to 

the deformation zone with Adobe Photoshop and the cropped section was 

analysed with the “analyse particles”-function of ImageJ. The smallest 

particle size that can be reliably measured is 0.3 µm. The determined grain 

size per image was plotted against radial distance to the crater floor, 

converted into depth in projectile diameter. 

The intra-granular crack density of both experiments was calculated 

by summarizing crack lengths within bounding-box squares with an edge 
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length of 0.625 mm (0.25 dp). The boxes were shifted vertically away from 

the crater floor in 0.25 mm (0.1 dp) steps along the symmetry axis of the 

crater. The total crack length per square area was normalized by the 

maximum value obtained along the profile.  

6.8.4 Orientation analysis of these micro-features 

 

For an orientation analysis of the cracks in both marble and quartzite 

target, the azimuths were determined with the Field Calculator tool of 

ArcGIS and binned in the same way as for the crack density analysis. For 

each depth interval, a rose diagram was plotted to achieve the main 

orientation of that interval. 

6.8.5 Numerical modelling  

To model the strength, Y, of the target during crater formation, we 

used the constitutive model proposed by Collins et al. (2004) in default 

setting. The strength of the target depends on the confining pressure p and 

the state of damage D that the material has witnessed. Increasing the 

damage of the material causes a weakening of its strength according to: 

 P�� = �1 − ;� P6�� + ; PQ��  . (69) 

  

The subscripts i and d denominate the intact (D=0) and damaged (D=1) 

material properties, respectively. A detailed description of the determination 

of the damage is given by Collins et al. (2004). The shear damage is given 

by the ratio of total plastic strain to the accumulated strain at the point of 

failure. Failure occurs, when the stress in the material exceeds the strength 

of the material, i.e. J2>Y², where J2 is the second invariant of the stress 

tensor:  

 

K, = �/A − /,�, + �/, − /®�, + �/® − /A�,6      , (70) 
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where si are the principle deviatoric stresses. Due to fracturing and 

pulverization during the cratering process, the damaged material has a much 

lower strength than the intact material. As described by Popova et al. (2004) 

and successfully applied to previous sandstone target experiments 

(Güldemeister et al. 2015), we use a parametrization by Lundborg (1968) 

for the intact state of the material:  

 

P6�� = P6� + �61 + �6P6R − P6�
     , 

(71) 

 

where Y0 describes the shear strength at zero pressure, � the coefficient of 

friction, and Y 
m the Von Mises Plastic Limit. The strength of the damaged 

material is described by a Drucker-Prager yield surface that is capped by a 

maximum value of strength:  

 PQ�� = S#"�PQ� + �Q  , PQR� . (72) 

 

In addition, thermal weakening is considered (Ohnaka 1995). We 

oriented the choice of parameters for the strength model by the parameters 

chosen by Güldemeister et al. (2015) that gave consistent results between 

numerical and laboratory experiments with quartzite targets. Thus, we set �i 

= 1.8 and �d = 0.6 (note, that there is an error in table 2 of Güldemeister et 

al. 2015) for both the quartzite and the marble target. The cohesions P6� and PQ� of the intact and damaged quartzite target were set to 96.9 MPa and 0 

MPa, respectively (Figure 6-10). As the experimentally derived uniaxial 

compressive strength (UCS) of marble (60 MPa, Poelchau et al. 2015) is of 

the same order of magnitude as the UCS value of the porous sandstone 

studied by Güldemeister et al. (2015)  (67 MPa, Poelchau et al. 2014), we 

tested to set P6� for marble to similar values in the order of 10 MPa and PQ� 

to 0 MPa as shown by Güldemeister et al. (2015). However, recent results of 

dynamic strength hardening experiments at strain rates of 100 s-1 show a 

more extensive hardening for marble than for sandstone (Zwiessler et al. 
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2016). Strain rates during crater experiments reach even higher values and 

can be estimated as:  

 

�� = �6   !I*¯²     , (73) 

 

where vi is the impact velocity, rPr the projectile radius and R the reference 

size in the target. Those values are given with 5 km s-1, 1.25 mm and ~10 

mm, respectively, resulting in an estimate of the strain rate of ~ 6 × 105 s-1 

(cf. Poelchau et al. 2014). This estimate is three orders of magnitude larger 

than the value from the split-Hopkinson pressure bar experiment and allows 

for a further increase of the dynamic increase factor above the value of 2.7 

from the split-Hopkinson bar experiment. Thus, we also increased P6� up to 

50 MPa, P6R to 1.7 GPa, and PQ� up to 10 kPa in order to include an effective 

strength hardening. Note that including some small cohesion in the damaged 

state gives some (small) tensile strength to the material. We also compared 

models with a P6� of 10, 60 and 100 MPa and a PQ� of 100 kPa. Comparing 

transient crater depth and diameter, we find: decreasing P6� from 60 MPa to 

10 MPa causes an increase in depth and diameter by ~ 20%. Increasing P6� 

from 60 MPa to 100 MPa causes a decrease in depth and diameter by ~10%. 

We are confident that our chosen value of P6� reproduces the crater well. 

In the following, we describe the approach of calculating the 

dynamic equivalent to the strength of uniaxial compression experiments 

YUCSd using the 2nd invariant of the stress tensor in eq. (70) with the 

assumption s2 = s3: 

 

K, = �/A − /®�,3 = P°±yQ,3     , (74) 

 

and the assumption that p = YUCS/3, leading from eq. (71) to the following 

equation:  
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P6� + �6 P°±yQ3
1 + �6 P°±yQ3P6R − P6�

= P°±yQ√3     . 
(75) 

 

Solving this equation with the parameters chosen above results in YUCSd = 

595 MPa. This value is one order of magnitude larger than the static UCS-

value given by Poelchau et al. (2015). However, we might slightly 

overestimate the dynamic strength that we calculate based on the best-fit 

model due to the strength model used. For the purpose of numerical 

stability, the strength of the damaged state of the material cannot be set to 

too high values (e.g. cohesion). Consequently, the intact material must be 

defined to be stronger to absorb the effect of the low cohesion for damaged 

material. 

 
Figure 6-10: Yield strength of the two materials. Solid lines give intact material, 
dashed lines show damaged material yield envelopes. Black shows the strength of 
marble, grey the strength of quartzite. 
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In accordance with Güldemeister et al. (2015), we defined the 

transient crater in both models runs as the stage during crater growth when 

the maximum crater volume is reached. Due to technical problems, no video 

was available for the reconstruction of the transient crater parabola for the 

A34–5614 experiment. Hence, we consider the depth as the most important 

constraint for comparison of modelled and experimental craters in marble. 

The addition of some cohesion in the damaged state allows for taking the 

crater depths as a constraint, as we could not exclude further material 

displacement in the case of a cohesionless damaged material.  

The spherical iron (Exp. A20–5339) and Campo de Cielo projectiles 

(Exp. A34–5614) were 2.5 mm in diameter. We use a resolution of 30 cells 

per projectile radius (CPPR) for the models. Previous studies using similar 

scaled targets used a resolution of 12 CPPR (Güldemeister et al. 2015) so 

that we consider our resolution of the projectile sufficient and at the same 

time still in an acceptable range in terms of computational costs. The impact 

velocity was set to 5 km s-1, as estimated in the experiments. Note that in the 

aftermath of the experiments and simulations the impact velocity was re-

calculated for the A34–5614 experiment with a different approach (the 

original triggers did not work properly) to be 5.4 km/s, and 5 km/s was used 

as a close estimate in the model. However, changes in crater size due to the 

small difference in velocity are small and expected to fall into the 

uncertainty range of the models. Furthermore, comparisons between the 

models exclude a velocity component when using the same velocity. 
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6.8.6 Parametrization table of the models 

Table 6-5: Model data. 

  Iron Marble Quartzite 

  (projectile) A34–5614 A20-5339 

General parameters       

Poisson ratio (basalt) 0.25 0.3 0.3 
Specific heat capacity [J/(kg K)] 200 880 800 

Strength parameters        

Lundborg parametrisation  
  intact yield surface: 

        P6�       [MPa] 
 

- 50.0 96.9 

  �i - 1.8 1.8   P6R      [GPa] - 1.7 1.0 
  damaged yield surface:         PQ�       [kPa] - 1.0 0.0 

  �d 
 

- 0.6 0.7   PQR       [GPa] - 1.7 1.0 
Thermal Softening (Ohnaka 1995) -     
Softening constant - 1.2 1.2 
Melt temperature [K] - 1100 1600 
Simon approximation:        

Simon constant - 6 · 109 6 · 109 
Simon exponent - 3.0 3.0 
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7 Snow carrots after the Chelyabinsk event and model 

implications for highly porous Solar System objects 

This chapter has been published as the following peer-reviewed article:  

Robert Luther, Natasha Artemieva, Marina Ivanova, Cyril Lorenz, Kai 
Wünnemann (2017). Snow carrots after the Chelyabinsk event and model 

implications for highly porous Solar System objects. Meteoritics & Planetary 
Science 52 (5), 979-999, http://dx.doi.org/10.1111/maps.12831. 

 

This chapter addresses the objective M I – Material Models on the 

material models that are included in iSALE. In the previous chapter, I 

focused on the rheology models and crater simulations in competent rock. In 

this chapter, the focus lies on the description of the porosity parametrisation 

that is used with iSALE. To assess its applicability on porous materials, a 

scenario was chosen that includes a highly porous target. Hence, I chose to 

simulate characteristic features in snow that were found while recovering 

fragments after the Chelyabinsk airburst from 2013. My contributions to this 

article cover the study using iSALE that is described in the method, results 

and discussion sections. Furthermore, I edited the paragraphs from my co-

authors. In addition, I added the explanation for the post-impact 

modification of the snow funnels that finally led to the formation of densely 

filled, ice “snow carrots”. The section on the recovery of fragments and 

their initial description was done by M. Ivanova and C. Lorenz. Finally, N. 

Artemieva simulated the descent of the meteoroid fragments in the 

atmosphere.  

7.1 Abstract 

After the catastrophic disruption of the Chelyabinsk meteoroid, small 

fragments formed funnels in the snow layer covering the ground. We 

constrain the pre-impact characteristics of the fragments by simulating their 

atmospheric descent with the atmospheric entry model. Fragments resulting 

from catastrophic breakup may lose about 90% of their initial mass due to 

ablation and reach the snow vertically with a free fall velocity in the range 
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of 30-90 m/s. The fall time of the fragments is much longer than their 

cooling time and, as a consequence, fragments have the same temperature as 

the lower atmosphere, i.e. of about -20°C. Then we use the shock physics 

code iSALE to model the penetration of fragments into fluffy snow, the 

formation of a funnel and a zone of denser snow lining its walls. We 

examine the influence of several material parameters of snow and present 

our best-fit model by comparing funnel depth and funnel wall characteristics 

with observations. In addition, we suggest a viscous flow approximation to 

estimate funnel depth dependence on the meteorite mass. We discuss 

temperature gradient metamorphism as a possible mechanism which allows 

to fill the funnels with denser snow and to form the observed “snow 

carrots”. This natural experiment also helps us to calibrate the iSALE code 

for simulating impacts into highly porous matter in the Solar System 

including tracks in the aerogel catchers of the Stardust mission and possible 

impact craters on the 67P/Churyumov-Gerasimenko comet observed 

recently by the Rosetta mission.   
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7.2 Introduction 

At 9:22 a.m. (local time, 3:22 UTC) on February 15, 2013, an 

extremely bright fireball was seen by many wittnesses in the Kurgan, 

Tyumen, Ekaterinburg, and Chelyabinsk districts of Russia. Thousands of 

stones fell as a meteorite shower around Pervomaiskoe, Deputatsky and 

Yemanzhelinka villages ~40 km south of Chelyabinsk. The largest meteorite 

(~600 kg) formed an 8-m-diameter hole in the Chebarkul Lake ice (70 km 

west of Chelyabinsk) and was recovered in autumn (Popova et al. 2013). A 

few buildings were damaged and window glasses were broken within an 

area of ~1400 km2 by the atmospheric shock waves. About 1600 people 

were injured by broken windows and required medical attention. Numerous 

video recordings allowed for the reconstruction of the trajectory and 

fragmentation history of the estimated ~20 m sized meteoroid revealing a 

low entry angle of about 17° to the horizon at 19 km/s, and an altitude of 

breakup between 45 and 30 km (Borovička et al. 2013). The first fragments 

were found by local residents immediately after the fall. An expedition from 

the Vernadsky Institute arrived 3 days later, on February 18 of 2013, to start 

the regular search. Many fragments were recognized due to small holes in 

the snow cover. Beneath the holes, a funnel leads to a narrow snow-filled 

cone with the fragment at its tip, which we refer to in the following as 

“snow carrot” due to its shape. 

In this paper we test two hypotheses of “snow carrot” formation: 1) 

warm fragments fall onto the snow, cause melting of snow, and then sink 

into the mixture of water and  snow which recrystallizes later to form the 

characteristic “carrots”; 2) cold falling fragments mechanically compact the 

fluffy snow without substantial heating and melting. In the following 

sections we present: a short description of the field work at the impact site, 

numerical modelling of atmospheric entry and penetration into snow, and 

possible mechanisms of post-impact modification of the funnels. Finally, we 

discuss potential applications of the presented models for impacts in the 

Solar System. 
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7.3 Recovery of meteorites in the field 

Local residents collected the first meteorite pieces from the snow 

shortly after the meteorite fall. Some finders noted that stones were warm 

(in comparison with local temperature of -20oC); however, temperature 

descriptions vary between the witnesses and may be biased. The Vernadsky 

Institute expedition arrived to the site on February 18 and worked in the 

field for one week until a snow storm impeded the recovery of meteorites 

from snow. During the expedition, 464 meteorite stones were recovered, 

weighing 3.66 kg in total. The weight of individual fragments ranges from 1 

g to 120 g; their size ranges from a few mm up to 10 cm (Badyukov and 

Dudorov 2013). Other expeditions, meteorite hunters, and local residents 

recovered additional fragments weighing 0.001-2 kg, and one 24 kg piece 

was found much later. The recovered fragments have been described in 

detail in terms of mineralogy, petrography and their chemical composition 

by Galimov et al. 2013. Based on these analyses, the Chelyabinsk meteorite 

has been classified as LL5 ordinary chondrite that has experienced a 

moderate-degree of shock metamorphism at some point in its history before 

its encounter with the Earth: The fragments contain shock melt (~1/3 by 

volume); and isotopic characteristics suggest an earlier impact event about 

290 Ma ago. 

The Vernadky Institute team investigated a large area along the 

trajectory of the meteorite. All fragments were easily detected due to holes 

in the snow cover. Most of the excavated meteorite fragments were 

surrounded by a dense shell of coarse-grained snow continuing into a 

vertical column, which the expedition members named “snow carrots”, 

above which the channel in the snow led to the surface (Ivanova et al. 

2013), (see Figure 7-1 i–iv) showing “snow carrots” in the field). The team 

excavated the snow around each hole, retrieved a “snow carrot”, and picked 

out the meteorite from its tip.  
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Figure 7-1: “Snow carrots”. In (i) and (iv) the “snow carrots” are shown in situ. In 
(ii) and (iii) the “snow carrots” are shown upside down and put on top the snow 
layer for photographic purposes. The fragments can be seen in (i), (ii) and (iii). The 
sunglasses in (ii) and GPS unit in (iv) serve as scale. A scheme is added for 
description in (iv). In addition, a Cross section of the snow funnel and the “snow 
carrot” created by a fragment with a mass of ~ 50 g is shown (v). Numbers show: 1 
– channel in the snow; 2 – thin walls of the channel made of coarse-grained snow 
(note that the upper end of the funnel walls cannot be distinguished from the 
surrounding snow); 3-4 – “snow carrot”,  3 – dense snow with large crystals, 4- 
dense snow with small crystals ~1-2 cm thick; 5 – the envelope of dense fine-
textured snow; 6 - meteorite fragment. 
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At first glance the funnel length correlates with meteorite mass (and 

hence with their terminal velocity). However, we cannot exclude deviations 

from this correlation due to the fragment’s specific geometry, influence of 

local winds, or other unknown factors. The snow layer in the Chelyabinsk 

area that covered the frozen ground was about 70 cm thick at the time of the 

event and represents the maximum observable funnel length. Big fragments 

reach the frozen ground surface and are embedded into the soil whereas 

intermediate cm-sized fragments with a mass of more than 50 g penetrated 

to a depth of 30-40 cm (Figure 7-1 v) and small fragments with a mass of 

only few grams were stopped at a depth of about 10-15 cm. In rare cases 

and only in some places, the smallest fragments lie on the thin icy crust 

without penetration.  

Each funnel begins at the snow surface with a 1-7 cm in diameter 

entrance hole. These entrance holes are usually about 1.5-2 times larger than 

the diameter of a sphere with the same mass as the fragment at the bottom of 

the funnel. The upper short part of the funnel does not show significant 

increase in structural strength and cannot be distinguished from the 

surrounding undisturbed snow. However, at depth funnel walls differ from 

the surrounding snow and are made of the coarse-grained snow with large 

crystals (number 2, Figure 7-1 v). Vertical funnel walls for intermediate-

sized fragments are ~1 cm thick and 10-30 cm in length. Sometimes the 

walls deviate from vertical by 5-10°. This deviation could be explained by 

fragment’s collision with tree branches shortly before the penetration (some 

meteorites had traces of bark). The upper layer of snow surrounding the 

funnels did not show any signs of subsidence, ejecta deposition or any other 

disturbances. Vertical cross-sections of the funnels are not cylindrical but 

have a slightly wavy structure that could be the result of either meteoroid’s 

rotation during the penetration or the natural layering of the snow cover. 

To about half of the penetration depth, the funnels are filled by dense 

snow with large crystals and, at the deepest part - by ~1-2 cm of dense snow 

with small crystals (number 3 and 4, respectively, Figure 7-1 v). These 

features, which we refer to as “snow carrots”Figure 7-1, are shorter than 10 

cm for the smallest fragments and longer than 20 cm for the intermediate 
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size fragments.  The diameters of the “snow carrots” equal the diameters of 

the snow funnels including the funnel walls. The fragment itself is located at 

the tip of the “snow carrot” and is surrounded by an envelope of dense, fine-

textured snow.  

The funnel walls and “snow carrots” consist of transparent crystals 

2-5 mm in size whereas the surrounding snow characterizes by much finer 

structure. There is also a thin layer of frost crystals growing on the funnel 

walls.  

The largest meteorite fragments are surrounded by 0.5-1 cm-thick 

envelopes of dense fine snow. In one case (a 100 g-weight fragment) the 

envelope was icy. Smaller fragments are surrounded by coarse-grained 

snow with variable thickness. Fragments weighing ~100 g penetrate close to 

the ground and have a thin fine snow layer between the fragment and the 

soil. In some cases the layer of fine-grained snow is ~1.5 times wider in 

diameter than the carrot (the carrot has a “foot”) and it is not clear if this 

“foot” is a consequence of the penetration process, or if it is caused by some 

local pre-impact properties of soil/snow. 

 

7.4 Methods in use and Initial Conditions 

We use a two-stage modelling approach to describe the funnel 

formation. First we derive realistic initial conditions for this natural 

experiment (mass, velocity, temperature) by simulating the atmospheric 

motion of the fragments of the Chelyabinsk meteoroid after its catastrophic 

disruption at an altitude of ~30 km, including their thermal history and 

mass-velocity evolution. In the second stage, we simulate the impact into 

snow using the mass and velocity constraints from the first stage as initial 

conditions.  

 

7.4.1 Atmospheric entry model 

First, atmospheric drag decelerates meteoroids from their initial 

velocity (~20 km/s on Earth) to a lower limit of terminal velocity ranging 
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from several centimetres to hundreds of metres per second, depending on 

the meteoroid size: 

 

 S z�z� = −XQ�w�,b + S . (76) 

 

In this drag equation, m, v, A are mass, velocity, and cross-section of 

the meteoroid, respectively, ρa is the atmospheric density, and g is the 

gravitational acceleration. The drag coefficient Cd can be calculated by 

numerical models, measured in experiments, or deduced from observations. 

In a high-velocity continuum flow, this coefficient depends mainly on the 

meteoroid’s shape and varies between 0.3 and 1. 

Second, atmospheric shock waves heat the air surrounding the meteoroid 

and make it visible as a bolide or fireball. Moreover, the thermal radiation 

produced by shock-heated air evaporates the meteoroid and, as a 

consequence, it may lose more than 95% of its initial mass:  

 

 ³ zSz� = −Xu�w�®b. (77) 

 

Here Q is the amount of heat required for vaporization of solid materials (2-

10 kJ/g), and Ch is the heat transfer coefficient, which has to be deduced 

from observations or calculated by methods of radiative hydrodynamics. 

Typically its value depends on the altitude, velocity, and meteoroid size and 

varies over a much wider range than the drag coefficient Cd (Nemtchinov et 

al. 1997). Instead of Ch and Q we use the ablation coefficient 5w = ±´µ±¶ with 

a typical value for stony meteoroids of 0.014 s2/km2 (e.g. Bland and 

Artemieva 2006). 

Generally, one more important process has to be taken into account, 

namely the fragmentation of the meteoroid (Chyba et al. 1993; Artemieva 

and Shuvalov 2001). However, in this study we deal with small fragments 

of the Chelyabinsk meteorite, which decelerate quickly after the 

catastrophic fragmentation (Borovička et al. 2013; Popova et al. 2013) and 

most likely are not subject to further disruption. 
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7.4.2 Heat transfer with mass loss 

To calculate the temperature distribution T(r,t) within a spherical 

fragment, we solve the heat transfer equation: 

 

 �X« ):)� = 1!, ))! DU!, ):)!E,  (78) 

 

where ρ is meteoroid density, Cp is specific heat capacity, and k is thermal 

conductivity. Typical values of these parameters used in this study are: 

ρ=3.32⋅103 kg/m3, Cp= 500-700 J/kg/K, k=4.1-4.5 W/m/K (Szurgot 2014). 

We distinguish three stages of flight with different boundary conditions. In 

the first stage, at velocities exceeding 2-4 km/s, the heat flux q to the surface 

is defined by radiation emitted by atmospheric shock waves and by hot 

meteoroid’s surface. Assuming that the air and the vapor at temperatures Ta 

and Tv radiate as black bodies and absorption by vapor is negligible, q is 

given by q=σB(Ta
4
-Tv

4
). The given radiation from highly compressed air 

heats, melts, and vaporizes the external layer of the fragment. If the 

thickness of the molten layer (known as the fusion crust) exceeds 2 mm, we 

change the fragment radius to keep the fusion crust thickness constant. By 

varying the Ta and Tv in a reasonable range, we can fit the final fragment 

size to the results obtained by solving  eqs. (76)-(77). The second stage 

begins when the velocity drops below 2 km/s and ablation ceases. Now, the 

external flux is defined mainly by conduction from hot vapour (Tv=3000K) 

surrounding the fragment. We do not know for how long fragments move 

together within a hot vapour cloud and when they enter the cold atmosphere 

as individuals. Thus, we continue calculations until the thickness of the 

outer molten layer exceeds 2 mm (the criterion is similar to the high-

velocity regime). This restriction gives us the longest time (and hence, 

maximum heating of the fragment’s interior) the fragment of a certain size 

may spend within the cloud. At the third stage, we solve the heat transfer 

equation (78) with a boundary temperature equal to atmospheric 

temperature (as fragments spend most of the time at low altitudes, we 

assume that this temperature is about 250 K or -23°C). 
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7.4.3 Impact into snow: numerical model 

For the simulation of the penetration of fragments into the snow we 

use the Chicxulub version of the iSALE-2D Eulerian shock physics code 

(Wünnemann et al. 2006), which is based on the SALE hydrocode solution 

algorithm (Amsden et al. 1980). To simulate impact processes in solid 

materials SALE was modified to include an elasto-plastic constitutive 

model, fragmentation models, various equations of state (EoS), and multiple 

materials (Melosh et al. 1992; Ivanov et al. 1997). More recent 

improvements include a modified strength model (Collins et al. 2004) and 

the ε-α porosity compaction model (Wünnemann et al. 2006, 2006; Collins 

et al. 2011), which is of particular importance for this study. For natural 

materials like sandstone, the porosity compaction model has been tested and 

compared with mesoscale numerical models that explicitly resolve pore 

space with high resolution and experimental data (Collins et al. 2011; 

Kowitz et al. 2013; Güldemeister et al. 2015; Wünnemann et al. 2016).  

We model the Chelyabinsk scenario using the Tillotson equations of 

state (EoS) for the basaltic fragments (projectile) and ice (target). The 

Tillotson Equations work well in the low pressure regime that is expected 

due to the low velocity impacts. In addition, we include porosity for the ice 

to represent the low-density snow layer. Unfortunately, the local 

undisturbed snow was not studied directly after the Chelyabinsk event in 

terms of strength and structure. Limited density tests were performed almost 

two months later (Gindilis and Shevelev 2014). Averaged over 50-cm depth, 

porosity (the ratio of the towed water volume to the collected snow volume) 

varies between 43% and 54% (Gindilis and Shevelev 2014). However, snow 

properties may change substantially on this time scale (Sturm and Holmgren 

1998). We therefore adopt snow density values from the literature. Sturm et 

al. 1995) classify snow in the Chelyabinsk area as snow with tundric 

characteristics and give an average snow density of 260 kg/m³. In February 

(day 46), tundric snow varies in density from about 260 kg/m³ up to about 

350 kg/m³ (e.g. Sturm and Holmgren 1998), therefore, we adopted an 

average porosity value of about 70% (density of 284 kg/m³). 
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In our study, we evaluated about 50 models to find the best fit to the 

observed snow funnels in terms of the final funnel depth and diameter, as 

well as on the compaction of the funnel walls. The yield strength of the 

projectile was set to 200 MPa with a constant Von Mises parameterisation, 

which corresponds to the average compressive strength of stony meteorites 

as measured in the laboratory (Petrovic 2001). In addition, thermal 

weakening was considered in most models (Ohnaka 1995). For the yield 

strength of the snow layer we use a Drucker-Prager rheology model. The 

strength model is described as: 

 

 P = S#"�P� + � � , PRw�� (79) 

 

with P being the pressure. We choose for Cohesion Y0, Coefficient of 

friction � and maximum yield strength Ymax the following value ranges: of 

1kPa-10 kPa, 0.185-0.415 and 10 kPa-100kPa, respectively (Haehnel and 

Shoop 2004; Arakawa and Yasui 2011; Lee and Huang 2014). 

In addition to this macroscopic yield strength of the snow, we also 

account for the strength properties of snow crystals that define the resistance 

of snow against compaction and the crush-out of pore space. According to 

the ε-α model that we used in our models the crushing strength is described 

by the critical volumetric strain εe at which the elastic compaction regime is 

separated from the plastic compaction regime. For a volumetric strain 

smaller than εe (in absolute value) a decrease of pore space due to 

compaction is not permanent and the snow returns to its initial porosity after 

unloading. At larger volumetric strains permanent pore space compaction 

occurs. Mechanical work required for compaction consumes energy that is 

not available for crater formation or ejection of matter. Note, the unloading 

of a completely compacted volume of snow generally results in a minimum 

porosity due to elastic portion of the unloading path. Note further, that the 

volumetric strain is negative for compaction and positive for tension. More 

details about the porosity compaction model and how the reduced speed of 

sound (described by the speed of sound ratio χ that is the speed of sound in 

porous material relative to the speed of sound in solid material) in porous 
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media affects the penetration and compaction processes are given in the 

Appendix. 

We study the penetration process for fragments with a mass of 150 g 

and an initial velocity of 60 m/s as constrained by the atmospheric entry 

model (see the Results section). We model a spherical projectile with 

resolution of 35 cells per projectile radius (CPPR). Previous studies using 

the same porosity compaction model used resolutions of 12 CPPR 

(Güldemeister et al. 2015) so that we consider our resolution of the 

projectile sufficient and at the same time still in an acceptable range in terms 

of computational costs. For the given resolution we set up a grid with 1600 

vertical cells that covers at least the expected snow funnel depth of about 

one metre. The number of horizontal cells (350 cells in high resolution) was 

set small enough to reduce the computation time of the models and large 

enough to avoid artefacts such as shock wave reflection from the outer 

boundaries of the mesh. In addition, we included 50 cells of increasing size 

at the bottom, the side, and the top of our grid to avoid disturbances near the 

mesh boundaries.  

 

7.4.4 Impact into snow: analytical model 

As numerical models are computationally expensive, we also try to 

find an analytical solution for different fragment masses (4 g, 50 g, and 1 

kg)  assuming that gravity is not involved and the penetration is equivalent 

to a viscous flow around the fragment, i.e. the decelerating force G within 

the snow layer can be described by Stokes drag:   

 

 1 =  6�!�y�     , (80) 

 

where r is the projectile radius, ηS is snow viscosity, and v is the fragment 

velocity. Assuming that all parameters (except of velocity) are constant, the 

evolution of the projectile velocity and depth through time t can be 

described as:  
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 ���� = �� (e ·¸*¹ºtR      , (81) 

 

 z��� = ��  S6�!�y� D1 − (e ·¸*¹ºtR E     , (82) 

 

where v0 is the initial (prior to the contact with snow) velocity of the 

fragment. The value of viscosity is unknown but can be estimated by fitting 

our modelling results for a 150-g-weight fragment to equation (81) or (82).  

 

7.5 Results 

First, we present the results of the evolution of the fragments from 

the Chelyabinsk event from our atmospheric entry model. We obtain values 

for final velocities and masses of various fragments with the final mass 

smaller than 1 kg. We also study the thermal evolution of the fragments. In 

the second part, we present the results of the penetration model for a 150-g-

weight fragment. We vary several model parameters to study their effect on 

the characteristics of snow funnels and present the best fit to observational 

constraints.  

 

7.5.1 Atmospheric entry dynamics 

We assume that after the catastrophic fragmentation at an altitude of 

~30 km all fragments move independently and their masses vary from 10 g 

to 10 kg (point CF in Figure 7-2). Smaller fragments could be formed but 

their final mass is too small to be identified on the surface; larger fragments 

have not been observed to form “snow carrots”. Immediately after 

fragmentation, all fragments have the same velocity as registered prior to 

fragmentation, i.e. 19 km/s at 17° to the horizon (Borovicka et al. 2013). 

Solving equations (1-2) we find that after 1-4 sec (depending on mass), 

individual fragments lose ~90% of their initial mass, are decelerated to 

velocities below 2 km/s, and ablation ceases (this part is marked by black 

diamonds in Figure 7-2). Then, within twenty seconds from the disruption, 
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the fragments reach a free-fall terminal velocity corresponding to 

equilibrium between gravity and drag (note change in the curves’ slope in 

Figure 7-2). This free-fall velocity slowly decreases due to increasing 

atmospheric density. The final velocities near the surface vary from 32 m/s 

for the smallest 4-g-weight meteorite to 84 m/s for the largest 1-kg-weight 

meteorite. The atmospheric descent lasts 161s and 420s for the largest and 

the smallest fragments, respectively. All numbers above assume spherical 

fragments; change in shape, i.e. another drag coefficient, may increase or 

decrease final velocities (and hence, the total time in flight) slightly. 

 

 

Figure 7-2: Fragment velocities (i) and masses (ii) as a function of altitude. Initial 
masses of fragments are 0.04 kg (dotted lines), 1.5 kg (dashed lines), and 10 kg 
(solid lines). i) CF – catastrophic fragmentation, beginning of fragments’ flight; 
black diamonds - deceleration to 2 km/s, end of ablation; change in the slope 
corresponds to the beginning of free-fall. ii) Numbers near the curves show the 
time in seconds (starting from CF) to the end of ablation (upper numbers); to the 
beginning of free-fall (numbers in the middle); to landing (numbers at the bottom). 
Final masses are ~10 times smaller than initial ones. 
 

7.5.2 Heating and cooling during the entry 

The radiation emitted by the shocked atmospheric gas efficiently 

heats the outer surface of meteoroids up to melting and vaporization. 

Incoming gas flow removes this heated layer from the surface and exposing 

deeper layers to the radiation. This process is known as ablation of 
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meteoroids. Although meteoroids lose 50-90% of their initial mass by 

ablation, the total thickness of the heated layer (known as the ablation crust) 

usually does not exceed a couple of mm. This ‘dynamically’ formed layer of 

melt and vapour does not allow for substantial heating of the meteoroid 

interior, i.e. meteoroids remain cold below the ablation crust (Figure 7-3, 

grey lines). Heating could propagate inside when ablation ceases but the 

ablation crust remains hot due to surrounding vapor or hot air (or their 

mixture), i.e. the meteoroid stops losing mass but is still within a vapor 

cloud in close proximity to other fragments. It is difficult to estimate the 

timing of this stage, but it is certainly shorter than the timing for total 

deceleration (20 sec). If heating by a hot (~3000 K) external layer continues 

longer than 2-3 seconds, then the outer part of the meteoroid begins to melt, 

increasing the ablation crust thickness. Assuming a 2-mm-thick external 

molten layer we find that during this stage, small fragments could be heated 

above 0°C up to half of their final radius whereas the largest fragments 

remain cold (Figure 7-3, black dotted lines). 

 

 

Figure 7-3: Heating of meteoroids of various masses (same as in Figure 7-2) in the 
vapor cloud after the end of ablation. Grey lines show the temperature profiles at 
the end of ablation; black dotted lines show the temperature profiles prior to 
cooling during free fall in the cold atmosphere.  
 

As our estimates of heating are not precise, we use three different 

temperature profiles at the beginning of the free fall stage: 1) cold meteoroid 

surrounded by a 2-mm-thick melt layer; 2) calculated T-profile as in Figure 

7-3; 3) totally molten meteoroid with T=Tmelt. The latter case certainly 

overestimates heating during the entry and may be considered as the upper 

limit in our calculations of the cooling time and the upper limit of meteoroid 
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temperature after landing. During the free fall, meteorites cool quickly as 

the temperature outside is equal to the atmospheric temperature. The 

situation is different from cooling of hot rocks surrounded by immobile air.  

Finally, we can compare the cooling time of various meteorites with their 

free fall time (see Figure 7-4). In all but two cases, the cooling time is 

substantially shorter than the free fall time. The two exceptions are the 

totally molten meteorites with a mass of 150 g and 1 kg. As this temperature 

profile is unrealistic and large fragments are rare, we may conclude that all 

carrot-forming fragments reach the surface being as cold as the surrounded 

atmosphere, i.e. their temperature was below freezing. 

 

 

Figure 7-4: Comparison of the free-fall time (solid line) with the cooling time as a 
function of meteorite mass for various temperature profiles. 
 

Final velocities and final masses of meteorites presented in Table 1 

are used as initial conditions to model penetration of fragments into snow.  
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Table 7-1: Results for four initial fragment sizes. Case III is studied in detail using 
the iSALE model. 

 Case I Case II Case III Case IV 

Initial fragment mass in kg 0.04 0.5 1.5 10 

Final fragment mass in kg 0.004 0.05 0.15 1.04 

Free fall time in s 420 271 224 161 

Surface velocity (vertically) in m/s 32 50 60 84 

Final fragment diameter in cm 1.34 3.14 4.8 8.6 

Funnel depth in cm (model) - - 62 - 

Funnel depth in cm (calculated) 4 31 - 394 

Observed funnel depth in cm ~ 10 ~ 35 ~ 65 ~ 70   

(max. depth of snow layer) 

 

7.5.3 Snow Penetration 

 Best fit model 7.5.3.1

Based on the range of possible impact parameters, we vary target 

properties (yield strength; parameters of the ε-α porosity compaction model) 

in order to reproduce the observed snow funnel length as well as the 

characteristic density features of the funnel walls. First, we present details of 

our best-fit model. The choice of strength parameters and the elastic 

volumetric strain threshold is discussed below according to their influence 

on funnel depth and funnel wall characteristics. In Figure 7-5, three 

snapshots of the penetration process are shown. The snapshots display the 

material (snow or projectile) on the left half of the image, and the density on 

the right half. First, the meteorite fragment compacts the snow underneath 

the first contact point (i). After ~1/10 of the whole penetration time, the 

projectile reaches a depth of ~12 cm, corresponding to about 1/5 of the 

maximum depth of the funnel. During the penetration process, the snow is 

pushed aside, the fragment decelerates, and the funnel wall of denser snow 

forms (ii). After ~8.5 ms, the fragment has lost about half of its initial 

velocity and reaches a depth of ~35 cm. The formation of the funnel wall 

continues until the fragment stops at the final funnel depth of ~62 cm (iii). 

Details on the evolution of velocity and depth are shown in Figure 7-5. The 
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temperatures in the funnel walls do not vary significantly from the pre-

impact temperature. Note that the propagating denser precursor underneath 

the projectile is a known numerical artefact related to the symmetry axis and 

high porosity. However, this precursor has a minor influence on the results 

(see Appendix for more details). All snapshots show little ejected snow 

during the funnel formation. 

 

 

Figure 7-5: Snapshots of the funnel formation. The snapshots show the following 
time steps from (i) to (iii): 2.2 ms, 8.6 ms, and 21.5 ms (stop of funnel growth). For 
each image, the right side shows the density and the left side the material (dark 
grey for the fragment and light grey for the snow). A denser (black) funnel wall is 
created. On the right side in image (iii), dashed horizontal lines are included to 
show where the density profiles in Figure 7-8 have been taken. Small 
accumulations of material in the funnel above the fragment (image iii) mostly 
consist of projectile material and are numeric artefacts. The dense precursors 
underneath the projectile in snapshot (ii) as well as in snapshot (iii) are modelling 
artefacts caused by the symmetry axis.  
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For the first half of the penetration process, we fit the velocity 

evolution derived from the numerical model to eq. (81) – see Figure 7-6 (i). 

The best fit corresponds to the effective snow viscosity of 27.4 Pa s. To 

achieve a good fit for the late stage, a higher viscosity of 76.4 Pa s was 

required. Keeping the snow viscosity equal to 27.4 Pa s and using eq. (7) we 

estimate the penetration depth of three fragments (4 g, 50 g and 1 kg in 

weight) that have not been modelled with iSALE explicitly. The expected 

funnel depths are 4, 31 and 394 cm respectively (Table 7-1). At a depth of 

~70 cm (boundary between the snow cover and soil), the largest fragment 

still moves with a velocity of about 69 m/s.  

 

 

Figure 7-6: Fragment deceleration (i) and funnel depth evolution (ii). Eq. (81) is 
fitted against the velocity evolution of the preferred model with 5 kPa cohesion (i, 
solid black line) and gives a snow viscosity of 27.4 Pa s for a fit in regime (a), 
ranging until ~18.2 ms (i, dashed grey line), and a viscosity of 76.4 Pa s for a fit in 
regime (b), ranging from ~18.2 ms until the fragment stops (i, dotted grey line). 
Using the same two viscosity regimes, we plot eq. (82) in panel (ii). The other three 
fragment sizes of 4 g, 50 g, and 1 kg give a depth of 0.04 m, 0.31 m and 3. 94 m, 
respectively, for the same viscosity as in regime (a) (ii, thin dashed, dash-dotted 
and dotted lines).  
 

 Influence of strength parameters on a funnel depth 7.5.3.2

The funnel depth is influenced by a) macroscopic strength (cohesion, 

maximum yield strength and friction – see eq.(79)); and b) snow porosity 

and the microscopic strength represented by the parameter εe of the 

compaction model. The effects of different snow strength have been studied 
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by changing either the cohesion or the maximum yield strength, each for 

two different coefficients of friction (�=0.185 and �=0.415) and with and 

without elastic pore compaction (εe = 0 and εe = -0.01, corresponding to a 

strength of 0 kPa and 50 kPa, respectively, assuming the Young’s modulus 

of 5 MPa, σ= -εE). For varying the cohesion, the maximum yield strength 

was set to 1 MPa. When the cohesion increases from 1 kPa to 10 kPa 

(Figure 7-7 (i)), the resulting funnel depths decrease by 20-30% for the 

models with εe = 0. Two further models with an unrealistic high cohesion of 

100 kPa have been evaluated and show a strong decrease in funnel depth by 

about 85% relative to the funnel depth for cohesion of 1 kPa (Figure 7-9). 

Furthermore, the models with elastic pore compaction show a stronger, 51-

63%, decrease in funnel depth for an increase of cohesion from 1 kPa to 10 

kPa. For all tested values of cohesion, the higher coefficient of friction leads 

to shorter funnels. The same behaviour in terms of coefficient of friction as 

well as elastic pore crushing holds true also for the models with varying 

maximum yield strength from 10 kPa to 100 kPa and fixed cohesion of 1 

kPa. When the maximum yield strength increases from 100 kPa to 1 MPa, 

the funnel depth does not change significantly. The pressure and, thus, the 

strength of the snow remains below 100 kPa for most of the time so that the 

maximum value of yield strength has little effect except for the initial 

contact phase, when the highest pressures occur. Accordingly, it is clear that 

in the case of 10 kPa maximum strength, the resulting funnel depths scatter 

less (~1 m) and are mostly governed by this maximum strength value.  

We compared the effect of different elastic volumetric strain 

thresholds εe of the porosity compaction model on the final funnel depth for 

a speed of sound ratio χ=0.5 for εe - values of -0.0001, -0.001 and -0.01. In 

addition, we set up two models with a lower porosity of 50%, using the εe 

value of 0 and -0.01. Increasing the absolute value of the elastic threshold of 

the model results in a ~20% smaller depth of the final funnels for both 

values of porosity (Figure 7-7 ii). However, we do not see any significant 

difference in depth when decreasing the threshold from -0.001 to -0.01. 

Furthermore, funnels formed in the denser snow (Φ=0.5) are ~10-15% less 

deep than those formed in the more porous snow (Φ=0.7).  
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Figure 7-7: Influence of snow rheology on funnel depth. On the left (i) the funnel 
depth is shown as a function of cohesion Y0 for two different coefficients of friction 
(square: �=0.185, circle: �=0.415) and two different thresholds of elastic 
volumetric strain (filled symbol: εe= 0, empty symbol: εe = -1e-2) at the same time 
of 28 ms (i). The funnels reach their final depth at this time if cohesion is > 10 kPa 
On the right (ii)the funnel depth is shown as a function of the elastic volumetric 
strain εe for two porosities (square: Φ=0.7, diamond: Φ=0.5). The speed of sound 
ratio is χ = 0.5 in both cases. The grey area shows the expected funnel depth of 0.6-
0.7 m (large fragments penetrated through the snow cover to the surface). 
 

 Funnel walls 7.5.3.3

Besides the funnel depth, we also studied characteristics of the 

funnel walls as they represent a further constraint from the observations. In 

particular, we investigated horizontal density profiles of the funnel walls at 

different moments in time representing the same penetration depth relative 

to the final depth (Figure 7-8). Comparing three models with εe values of -

0.01, -0.001 and -0.0001 (Φ=0.7), we see an increase of the maximum 

density of the snow in the funnel walls up to 330 kg/m³, 460 kg/m³ and 560 

kg/m³ as well as of their thickness in terms of HWHM (half width at half 

maximum) from  ~3 mm to ~8 mm. Hence, for the model with εe = -0.0001 

the snow density in the wall can become twice as big as its initial value. 

Furthermore, we compare the effect of reducing the macroscopic strength 

from a cohesion of 10 kPa to 5kPa (εe= -0.001, Φ=0.7, Ymax=1MPa). The 

maximum density decreases by up to 20% for the lower cohesion. However, 
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the HWHM remains nearly unchanged. For all four cases, the uppermost 

snow layer is not as dense as the deeper snow layers (Figure 7-8 i). The 

compaction is negligible (less than about 5% increase in density: ~300 

kg/m³) up to a depth of about 23 cm, 9 cm and 6 cm for the three cases of 

different compaction strength, respectively, and 22 cm for the case of 

different macroscopic strength. Such behaviour corresponds to the natural 

observed snow funnels that do not show an increase in snow density in the 

upper layers. In all four models the most compressed funnel walls can be 

found in the deepest parts of the funnel (Figure 7-8 iv). However, the 

thickness of the funnel wall is the greatest at intermediate depths (Figure 7-8 

iii). 
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Figure 7-8: Density profiles for four different models at different times that 
correspond to the same depth relative to the final depth: (i) 1 ms, (ii) 2.5 ms, (iii) 5 
ms and (iv) 10 ms; three models with an elastic volumetric strain εe thresholds of -
0.0001 (solid line), -0.001 (dashed line), and -0.01 (dotted line) and the best fit 
model (solid grey line). For the best fit model the absolute depth is given in the  
figure. The profiles are taken through horizontal lines at four different relative 
depths (see Figure 7-5 for detailed positions of the best fit model). The vertical thin 
lines show the HWHM for the four corresponding models (solid, dashed, dotted 
and solid grey line, respectively). The density is normalized to the density of the 
undisturbed snow.  
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7.6 Discussion 

Two hypotheses for the formation of “snow carrots” have been 

suggested in the framework of our study. The first scenario relies on the 

heating of fragments during the atmospheric entry: warm fragments fall 

onto the snow, cause its melting, and then sink into the mixture of water 

with snow; as the local temperature is below zero, later this mixture freezes 

forming crystals which may be different in size and color from the 

surrounding snow as it was observed by the expedition. However, the 

atmospheric entry model rules out this scenario by showing that fragments 

are in thermal equilibrium with the atmosphere upon landing. In the second 

scenario cold fragments fall onto the fluffy snow and compact it 

mechanically. In this section, we discuss the sensitivity of the model to 

various input parameters, possible mechanisms of funnels post-impact 

modification, uniqueness of the Chelyabinsk snow carrots, and applications 

of the model to other impacts in the Solar System.   

 

7.6.1 Sensitivity to input parameters 

Snow compaction and funnel formation in the penetration model 

depend on the snow properties. We compare our results with observational 

constraints: final funnel depth and estimates for thickness of the funnel 

walls are shown in Figure 7-1 (v) for fragment masses larger than 50 g. 

However, the observational constraints cannot be taken too strictly. There 

might be some differences between observations and models, e.g. in 

fragment geometry and, hence, in impact velocity. In several models the 

funnel depth is between 60 cm and 70 cm, which we consider as a 

sufficiently accurate approximation of the observed funnel depth of about 

65 cm. Our best-fit model that is based on parameters that are in accordance 

with published properties of comparable snow (70% porosity, 5 kPa 

cohesion, and a coefficient of friction of 0.2) fits into this range (62 cm). 

Furthermore, its microscopic strength given with an elastic threshold εe  = -

0.001 produces the right HWHM and the maximum density of the funnel 
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walls. A further constraint can be derived using Young’s modulus EY= -σ/ε. 

Dividing the cohesion of our best-fit model by the elastic threshold yields a 

Young’s modulus of 5 MPa which lies between the values of 1.379 MPa 

and of 13.79 MPa given by Haehnel and Shoop 2004) for soft and age-

hardened snow of comparable density. However, how the macroscopic yield 

strength of snow is related to the microscopic crushing strength of 

individual crystals, which controls the compaction of porosity, is not totally 

understood. We can only speculate whether the similarity of these two 

material parameters describing the strength behaviour of snow on very 

different spatial scale is a convincing argument. Systematic studies using 

controlled laboratory experiments are required to clarify the problem. 

Our results show that final funnel depth depends on both 

macroscopic as well as microscopic strength (Figure 7-7). Macroscopic 

strength directly influences the amount of energy used for plastic work and 

higher strength reduces the funnel depth. Microscopic strength influences 

the pressure in the target and thus also affects macroscopic strength due to 

the friction term in equation (79). Higher microscopic strength (larger εe in 

absolute value) leads to less pore compaction and pressure attenuation is 

slower than for models without microscopic strength. Consequently, funnels 

in snow with a higher microscopic strength are smaller than those in models 

with the εe value set to zero. Note that the amount of elastic pore compaction 

is also influenced by the speed of sound ratio χ and increases with 

decreasing χ (see Appendix). Furthermore, an increase of the elastic 

thresholds (larger in absolute value) reduces the wall thickness up the point 

where no significant change in density can be observed. On the other hand, 

too low values of the elastic threshold result in too thick walls. We expect 

that snow compaction within the walls increases their strength by creating 

more bonds between snow grains as the observed funnel walls were stronger 

than the surrounding snow. 
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7.6.2 Analytical solutions for smaller and larger fragments 

Comparison of our best-fit numerical model with analytical solutions 

(6-7) enables an estimate of the viscosity of snow during the penetration of a 

fragment of a given size. We found the best correlation for a snow viscosity 

of 27.4 Pa s during the first 18.2 ms and for a snow viscosity of 76.4 Pa s 

during the later stage. These viscosities are different from literature values 

(Maeno et al. 1980; Fellin 2013). Literature data for snow vary over many 

orders of magnitude and tend to be either much larger (100 MPa s – 109 

MPa s) or much smaller (0.1 mPa s – 100 mPa s) than our estimates, and 

refer to long-term creep processes or to fluidized snow. In the present case 

of a fast impact process in snow, we consider our viscosity value in the right 

range and we see an increase in viscosity for decreasing velocity of the 

fragment (corresponding to smaller strain rate). Based on the parameters 

above, we calculate the funnel depth of 4 g, 50 g and 1 kg fragments (Table 

7-1). For the fragment with the highest mass, the funnel depth cannot be 

compared with observations because the snow layer of ~70 cm is thinner 

than the calculated depth. Penetration into the soil underneath the snow 

layer differs substantially from funnel formation due to the different 

material properties and is not the subject of our study. For the 50 g 

fragment, we found a good agreement between observed and analytical 

funnel depth. The penetration depth of the smallest fragment (4 cm) agrees 

roughly with observations. However, we found that the calculated funnel 

depth from eq. (82) for small fragments is very sensitive to small changes in 

initial velocity and/or snow viscosity. Assuming that small fragments have 

specific orientation with their minimal cross section being perpendicular to 

the flight direction during a descent, initial impact velocities might easily be 

higher and the analytical funnel depth would agree better with observations.  
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7.6.3 Tagish Lake Meteorite Fall 

To further stress the importance of impact conditions (mass and 

velocity) and target properties, we shortly discuss another well-studied 

atmospheric entry event, the Tagish Lake fall. On January 18, 2000, a 

fireball with a kinetic energy of 1.7-1.8 kT TNT was observed in the area of 

the Tagish Lake, Canada (Hildebrand et al. 2006). The pre-atmospheric 

radius of the body was estimated as 2.1–2.4 m. The recovered C2 

carbonaceous chondritic fragments have an average bulk density of 1640 

kg/m³ (~ 40% porosity). The initial recovery of fragments (870 g) was 

conducted by local resident Jim Brook on January 25-26. Fragments lay on 

the snow or were partly buried up to 1 cm and snow carrots were not 

reported. The largest fragment was 5 x 6 cm in size (~100–200 g). At the 

time of the meteorite fall, temperatures were approx. -30°C. Therefore, the 

snow characteristics, such as grain size and, thus, the viscosity of snow, 

would differ from the snow layer in the Chelyabinsk area. Unfortunately, 

the properties of the snow have not been measured at the time of the fall, but 

the snow has been described as “crusty, styrofoam-like” (Hildebrand et al. 

2006).  

We estimate the equilibrium fall velocity of a 100g fragment with 

the same high-velocity drag coefficient of 0.5 to be about 28 m/s. The lower 

density in comparison with the Chelyabinsk fragments and, hence, the ~60% 

larger cross section area of the fragment with the same mass results in 

substantially lower impact velocities. As the yield strength of the “crusty”, 

very cold snow layer is probably higher (corresponding to higher viscosity), 

the absence of significant snow penetration and thus snow carrot formation 

seems reasonable. For comparison, we also modeled the impact of a 

Chelyabinsk fragment into snow with a high cohesion of 100 kPa (Figure 

7-9). The final depth of ~10 cm is about 16% of the depth of the best-fit 

model; and the depth of ~5 cm to the top of the projectile is only 9% of it. 
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Figure 7-9: Snapshot of a fragment at its final depth in a snow target with a 
cohesion of 100 kPa. Density is shown on the right half. On the left half, the 
material is shown (darker grey for the fragment and light grey for the snow).  
 

7.6.4 Post-Impact Processes 

The results of our penetration model match the observed 

characteristics of snow funnels and, hence, support the cold compaction 

scenario in which an additional heat source (heat-up of the meteoritic 

fragments by atmospheric drag) is not required.  Our current models end up 

with a fragment that is stuck at the end of the hollow funnel; the funnel 

walls are compacted and do not collapse to fill the funnel. Thus, an 

additional post-impact process (or a chain of late stage modification 

processes) is needed to explain the formation of “snow carrots”.  

Popova et al. 2013) suggest a combination of snow sintering of 

freshly fallen snow at temperatures below freezing that increases snow 

strength, formation of an icy crust (funnel walls) under temperature 

fluctuations due to sunlight, wind transportation of powdery snow, which 

fills the funnels. However, “snow carrots” have been found in different 

locations with different exposure to wind and sun; the weather was “perfect” 

(sunny with very gentle winds) during the expedition. Below we discuss an 

alternative mechanism, the temperature gradient metamorphism of snow due 

to thermal transpiration of water vapour in pores. 
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Thermal transpiration is a process of material movement that is 

fostered by thermal gradients. Already more than a century ago thermal 

transpiration was described by Knudsen (1910)  for two communicating 

chambers at different temperatures that are connected by one or more thin 

pipes. Resulting differences in pressure depend on the temperature 

difference, pressure, gas parameters, and pipes diameter. So called Knudsen 

pumps are nowadays also used in micro-scale On-Chip experiments, a 

technique of miniaturized standard laboratory procedures for e.g. wet 

chemical processes (McNamara and Gianchandani 2005). Channel lengths 

in these systems control the thermal gradient and thus the flow rates of the 

medium. Knudsen’s results also show that the pump mechanism (build-up 

of a pressure difference) becomes inefficient at ambient pressures. Still, he 

describes a gas flow on the surface of the pipe (or in our case the surface of 

snow crystals). Water vapour can interact with snow crystals (e.g. freezing 

or melting) leading to metamorphism of their structure. Recent findings by 

Staron et al. 2014) indicate that the rate of metamorphism is controlled 

primarily by the snow temperature under the presence of strong temperature 

gradients, but not by the temperature gradient itself. On the other hand, the 

results from tomography scans of two comparable snow samples with the 

same average temperature of -8°C and different temperature gradients show 

strong differences for growth of pore and grain sizes (Schneebeli and 

Sokratov 2004). Here, we compare their samples 2 and 3 with similar initial 

grain diameters of 93 µm and 105 µm and initial pore diameters of 240 µm 

and 220 µm, respectively. With a 4 times higher temperature gradient (100 

°C/m versus 25 °C/m), the growth rate is 5-6 times higher for sample 2 than 

for sample 3 for a period of only a few days. Thus, we conclude that for the 

formation of snow carrots the absolute value of the thermal gradient is a 

driving factor for metamorphism rates. A critical minimum gradient for the 

occurrence of the metamorphism of snow is about 25 °C /m (Sturm and 

Benson 1997). 

The thermal gradient within the snow layer in Chelyabinsk area can 

be estimated to be about 30 °C /m, assuming the local temperature of air of 

about -20°C and the warmer ground at 0°C that is isolated by the ca. 70-cm-
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thick snow layer.  The temperature gradient strongly increases after the 

penetration of the Chelyabinsk fragments into the snow layer. Immediately 

after formation the funnels are filled by cold air (Figure 7-10). Assuming a 

depth of the remaining snow layer of ca. 30 cm (see Figure 7-1 v), the 

vertical temperature gradient has more than doubled. Furthermore, a new 

horizontal temperature gradient is introduced to the system and perturbs pre-

impact conditions. The temperature in the snow layer around the fragment 

must be roughly about -10°C (similar to experiments by Schneebeli and 

Sokratov 2004 mentioned above). Thus, the horizontal temperature contrast 

ranges only over a very short distance of a few cm and thus the temperature 

gradient is of on order of 100 - 1000 °C/m. Then the water vapour flux can 

be calculated by using the equation of thermal transpiration (e.g. Eq. 78 

given by Mason et al. 1967) or by metamorphism models as presented by 

Staron et al. 2014). Due to the lack of experiments to characterize the snow, 

including the measurement of parameters describing gas kinetics, such 

efforts and are beyond the scope of this study. Qualitatively, it appears that 

this effect is stronger in the case of “snow funnels” than in any other natural 

snow phenomena. The growth of large snow crystals that is typical for 

temperature gradient metamorphism correlates with the presence of large 

snow crystal within “snow carrots” (see number 3, Figure 7-1 v).  

In addition, different studies show that thermal metamorphism 

reduces the snow strength (Sturm and Benson 1997; Schneebeli et al. 1999) 

and increases the risk for avalanches. Thus, in conclusion it is reasonable to 

suggest that after the penetration the funnel walls lost their strength and 

partially collapsed filling the funnels with ice crystals originating from the 

veneer of compacted and metamorphed snow that lined the funnel wall. A 

comparison of the volume of “snow carrots” with the volume of funnel 

walls supports this idea as both volumes can be set equal under a realistic 

estimate that ~0.5-1 cm of walls collapsed. Furthermore, the diameters of 

the entry holes in the field were found to be 1.5-2 times larger than the 

diameters of spheres with equal mass to the corresponding fragment 

supporting this conclusion. 
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Figure 7-10: Post-impact filling of snow funnels due to thermal transpiration. i) 
The pre-impact temperature gradient in the layer. On the top, the snow layer is in 
contact with cold air and both are in thermal equilibrium with a temperature of 
about -20°C. The ground is much warmer as it is isolated by the snow layer. ii) The 
impact creates a snow funnel which is immediately filled by cold air. iii) The 
imposed strong temperature gradient between the warmer snow that was isolated 
from air before the impact and the cold air in the funnel fosters thermal 
transpiration and changes the snow structure towards larger snow grains with weak 
bonds. iv) This weakened snow collapses on top of the fragment to form a “snow 
carrot”. 
 

7.6.5 Applications to other impacts in the Solar System  

In this study we describe impacts into materials with very high 

porosity and low strength. Such material properties are common for many 

objects in the Solar System including highly porous asteroids and comets, 

icy moons and minor planets, polar cups on Mars. Using our findings for the 

Chelyabinsk “snow carrots”, we would like to discuss some applications of 

our model to impacts into highly porous objects. 

The snow funnels, formed after the Chelyabinsk event, show a large 

depth-diameter ratio ranging from 2 for higher cohesion of 100 kPa up to 10 

for lower cohesions. These ratios are rather uncommon for impact craters 

observed on terrestrial planets and on the Moon. However, our findings 

suggest that a crater on highly porous icy bodies could be different and 
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could resemble a funnel-like structure that hardly shows any ejected 

materials (see e.g. Kadono (1999) for a detailed study of funnel formation in 

porous targets in laboratory experiments with dense projectiles). Larger 

yield strength (e.g. due to the colder environment or different material 

composition) or lower porosities could also lead to ratios as observed for 

pits on the surface of the 67P/Churyumov-Gerasimenko comet. It is worth 

to mention that cometary material strength may vary over several orders of 

magnitude, from a few Pa to 4 MPa (Spohn et al. 2015; Thomas et al. 2015) 

and, hence, a variety of crater morphologies are possible.  

In our study, we focus on very small objects on the order of some 

grams in mass. However, similar processes take place for larger objects if 

the material strength, porosity, and impact velocity are similar: the projectile 

compresses material in an area that is only slightly larger than the projectile 

itself while it penetrates deep into the target (Figure 7-11 i). The impact 

velocity is the most important parameter that deviates significantly from our 

study in most other impact scenarios in Solar System. In our case, 

meteorites strike the surface at approximately free-fall velocity while more 

typical hypervelocity impact scenarios happen at multiples of the speed of 

sound. At such high velocities shock waves are generated that affect a much 

larger target area than the projectile; fragmentation, melting and 

vaporization occurs and plays an important role in the crater excavation 

process. To demonstrate these effects we set up three model runs using the 

same material parameters as described above in a low-gravity environment 

(0.001 m/s² acceleration). A 20-m-diameter projectile (with 15 CPPR 

resolution) strikes vertically at 1, 5, and 10 km/s – see Fig. 12. At 0.3 s after 

the impact the projectile is still moving and all craters shown in the Figure 

are far from their final shape. Still, we can see strong compaction of the 

porous target material and funnel formation within the target with a narrow 

“entrance hole” in its upper part. The projectile is severely damaged at 

velocities > 1 km/s, but not molten; the projectile material survives and 

might be buried later by slumping of target material adjacent to the crater 

wall. Such processes seem to be relevant for early solar system accretion, 

material mixing, and compaction of early solar system objects.  
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A parameter we did not investigate explicitly is the effect of the 

impact angle: We expect that for an oblique impact a funnel would form at 

an angle according to the impact angle (cf. Fig. 33, Schultz et al. 2007). In 

this scenario more ejecta would be expelled from the target in downrange 

than siderange and even less in uprange direction. However, ejection is a 

very inefficient process in highly porous targets with relatively low ejection-

velocities in comparison to nonporous matter. Nevertheless, the vast 

majority of the ejected material may escape the low-gravity field of the 

comet and would not be deposited on the surface of the comet. The final 

distribution of the material inside the funnel depends on strength, gravity, 

and the physical state of the involved materials (melting and vaporization 

may occur at higher impact velocities). Some of the material might flow 

inwards and cover the bottom of the funnel, depending on the direction of 

gravity. However, gravity is tricky on a comet with an irregular shape and 

potentially inhomogeneous mass distribution in the interior. It has to be 

considered that gravity vectors do not show necessarily to the centre (cf., 

Massironi et al. 2015) so if any collapse occurs, despite the low gravity, the 

material flow is very difficult to predict. In our model, we cannot investigate 

the collapse processes itself as it occurs on a totally different timescale in 

comparison to the impact. We can only speculate whether, and if so, then 

how the funnel may be modified by gravity-driven collapse.  

Our findings can also be connected to the study of the Stardust 

aerogel catchers with porosity of 99.9%. Impact velocities of about 6.1 km/s 

have been much larger than in our study. Nevertheless, our test model with a 

velocity of 10 km/s (Figure 7-11 iii) resembles the Stardust track 163 as 

seen in (Greenberg and Ebel 2012). First, most of the energy (projectile 

velocity) is consumed while forming a growing cavity. Then, a penetration 

funnel is formed at the bottom of the cavity by the low-velocity remnants of 

the projectile. As the target material properties of the Stardust gel are very 

well constrained, simulations of impacts with different projectile masses and 

properties should be able to reproduce some of the Stardust funnels to allow 

for constraining cometary dust properties. Our findings also support the 
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principle of linking the entrance diameter with the projectile (dust) size as 

funnel compression in this area is lowest. 

 

 

Figure 7-11: Snapshots of larger scale funnel formation. Snapshots are taken at 0.3 
s and show the funnels for impacts with similar parameters as chosen for the 
snapshots in Figure 7-5 (Y0=5 kPa, �=0.2, Φ=0.7), except for the size of projectile 
diameter (20 m), the impact velocity of 1 km/s (i), 5 km/s (ii) and 10 km/s (iii) and 
the gravity (0.001 m/s²). For each image, the right side shows the density and the 
left side the material (dark grey for the projectile and light grey for the snow). A 
denser (black) funnel wall is created. Although the projectile seems to be intact (a 
perfect sphere) on the right plate, it’s not the case – the projectile is totally 
damaged and its remnants merge at the axis of symmetry. 
 

7.7 Conclusions 

1. We simulated the thermal and mass evolution of small meteoroid 

fragments of three different sizes during their descent in the 

atmosphere. During the first stage of the fall, ablation is the 

dominant process and fragments heat up to melting and vaporisation 

of the outermost (dynamic) layer, whereas the meteoroid interior is 

not affected. During the second stage of the fall, when ablation 

ceases, the fragments heating depends on their size but is still 
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minimal. Then fragments move through the atmosphere with free-

fall velocity and cool down. We find that the cooling time is one to 

two orders of magnitude shorter than the free fall time. Thus, we 

argue that all recovered fragments were in equilibrium with the 

atmospheric temperature of ~265 K prior to contact with snow. 

2. Crushing of pore space and friction during fragments penetration 

through snow could be another source of heating and melting. 

However, we do not see a significant temperature increase in any of 

the examined models. For example, the temperature increase does 

not exceed ~0.5 K and is highly localized in our best-fit model.  

3. We rule out the scenario of snow melting and favour the scenario of 

funnel formation by cold compaction. 

4. The funnel depth depends on pre-impact mass and velocity of 

fragments, which are constrained by the atmospheric model. In 

addition, the results are sensitive to poorly known properties of the 

local snow cover. However, the best-fit model utilizes the 

parameters in accordance with published values: snow porosity of 

70%, the cohesion of 5 kPa, and the friction coefficient of 0.2.   

5. Our models show that: a) the funnel depth increases with increasing 

fragment mass; b) funnel wall density increases at some depth but 

not at the top of the funnel; c) the ejecta are minimal if any. These 

results are in a reasonable agreement with field observations: large 

fragments were found in deeper funnels, top snow layers could 

easily be removed, and surrounding snow had no signs of ejecta 

deposition. 

6. Formation of snow carrots requires an additional post-impact 

process. Thermal metamorphism is a good candidate. 

7. The penetration model can be used for a wide range of impacts into 

highly porous targets including Stardust catchers, comets, and snowy 

surfaces of planets. Depending on impact velocity and target 

porosity, morphological features of the resulting crater may vary in a 

wide range.  
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7.9 Appendix 

7.9.1 Details on the ε-α porosity compaction model 

In this study, we vary parameters of the ε-α porosity compaction 

model (Wünnemann et al. 2006, 2006; Collins et al. 2011), namely the 

elastic limit of the volumetric strain εe (by definition, strain is negative 

during the compaction). If the volumetric strain is below this limit, then 

porosity compaction behaves elastically. Presence of the elastic regime 

decreases the final depth of snow funnels (Figure 7-7). In addition, the 

compaction rate in the elastic regime depends on the speed of sound ratio χ 

defined as the speed of sound in the porous material c0 divided by the speed 

of sound cs0 in the similar material without porosity (compare with eq. 6 and 

7. in Collins et al. 2011):  

 

 zxQz� = xQ »1 −  1 + xQ − 1xQ,� − 1 �¼ − 1�¡,½      . (83) 

 

where αd is a distension that can be calculated by the porosity Φ: αd = 1/(1- 

Φ). 

 

For χ =1, porosity does not change during the elastic compaction.  If 

χ is different from one, then compaction takes place and porosity decreases 

already at the elastic stage: the smaller the χ-value, the higher the 
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compaction rate. During pressure release, the porosity again increases due to 

the elastic component. Note, that outside the elastic regime the slope for the 

release is different from the slope for the compaction (see also Figure 7-12).  

Furthermore, the speed of sound ratio affects the bulk modulus K of the 

material; K = ρ c² = ρ (χ cs0)². Thus, the bulk modulus decreases strongly 

with decreasing χ and the compressibility 1/K increases. 

 

 

Figure 7-12: Pore compaction versus volumetric strain for the case of χ = 0.5 
during the compression (black solid line) and during the release after reaching half 
of the initial distension (black dashed line). Note the differences in slope for elastic 
compaction and release for equal differences in distension. The thin vertical lines 
represent the transitions from the elastic to the exponential regime according to the 
ε-α porous compaction model (grey solid line), from the exponential to the power 
law regime (grey dashed line) and to the fully compacted regime (grey dotted line). 
If χ = 1, the distension remains constant during the elastic compaction and the 
elastic release. 
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7.9.2 Numerical resolution and artefacts 

Results of numerical models depend on their resolution and will 

converge against some solution when the resolution is high enough. In order 

to show that our resolution of 35 CPPR is good enough to model the 

scenario of “snow carrots”, we ran simulations with resolutions between 10 

and 35 CPPR and show the results of final funnel depth (Figure 7-13 i) and 

of the density increase in the funnel walls (Figure 7-13 ii) for one example 

depth of ~33 cm (0.01 s after impact). Our test case has a cohesion of 5 kPa, 

a coefficient of friction of 0.2 and a maximum strength of 1 MPa. The 

elastic volumetric strain is set to -0.001. The funnel depth stabilizes for the 

highest shown resolutions. In addition, also the funnel wall density 

converges against a maximum funnel density. Thus, our test series supports 

our choice of a resolution of 35 CPPR.  

 

 

Figure 7-13: Resolution study. Funnel depth (i) and funnel wall density (ii) 
converge for the highest resolutions.  
 

It’s important to mention that some models are affected by numeric 

diffusion that smears the projectile material over computational cells and 

leads to artificial projectile deformations although the pressure reached 

during the penetration is more than an order of magnitude below the yield 

strength of basalt. Numerical diffusion affects those models with lower 

snow strength because in this case the fragment penetrates deeper into the 

snow and the number of computational time steps increases. A higher 

resolution helps to reduce this problem. We used a resolution of 35 CPPR 
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that we consider high enough for our study and at the same time still 

affordable in the sense of computational time required. We control the 

projectile mass evolution in our models and consider models with a mass of 

~70% or more of the initial mass to be sufficient regarding mass 

conservation of the fragments.  

The artefacts near the axis of symmetry (in particular, a precursor of 

snow with higher density beneath the projectile, see Figure 6) are another 

issue.  To enhance the reliability of our study, we set up a three dimensional 

model without cylindrical symmetry and with an equal set up to one of the 

two-dimensional models. Due to higher computational costs of 3D 

calculations, we reduce the resolution to 15 CPPR and compare only the 

first ~ 6 ms when most of the funnel growth takes place (Figure 7-14). The 

evolution of the velocity as well as the penetration depth of the 2D- and the 

3D-models agree very well, i.e. the artificial precursor does not affect our 

main results.  

 

 

Figure 7-14: Funnel depth evolution for a 2D and a 3D model (in 3D with a lower 
resolution of 15 CPPR, run until ~6 ms) of a cohesion of 10 kPa. 
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7.9.3 Model Parameters 

Table 7-2: Model Parameters of our best fit model. 
 

General parameters basalt snow 

Poisson ratio (basalt) 0.25 0.3 

Specific heat capacity 1000 J/(kg K) 1960 J/(kg K) 

Strength parameters  

Von Mises strength (basalt) 200 MPa  

Drucker Prager strength (snow):  

    Cohesion Y0  5 kPa 

    Coefficient of friction �  0.2 

    Maximum strength Ymax  1 MPa 

Thermal Softening (Ohnaka)
*
  

Softening constant 1.2  

Melt temperate 1673 K  

Simon approximation:   

    Simon constant 6 ·109  

    Simon exponent 3  

Porosity parameters  

Initial distension αd,0  3.2 

Elastic volumetric threshold εe  -0.001 

Transition distension αd,x  2.61 

Compaction efficiency κ  0.99 

Speed of sound ratio χ  0.5 

* Thermal Softening was used only for the basalt and not for all models. 
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8 The Effect of Target Properties on Ejection 

Dynamics and Ejecta Deposition 

This chapter has been published as the following peer-reviewed article:  

Robert Luther, Meng-Hua Zhu, Gareth S. Collins, Kai Wünnemann (2018). 

The Effect of Target Properties on Ejection Dynamics and Ejecta 

Deposition. Meteoritics & Planetary Science 53 (8), 1705-1732, 

https://doi.org/10.1111/maps.13143. 

 

 In the previous chapters, the material models used in iSALE have 

been applied to reproduce laboratory craters and natural observations in 

porous targets, answering my objective M I – Material Models. Based on 

the tested material models, the following chapter is dedicated to some of the 

core questions of this thesis about the correlation of target properties and the 

resulting ejection dynamics for cratering events (key question S I – Ejecta 

and Target Properties). This chapter includes a parameter study of target 

materials with different strength properties, porosities, and increasing 

impact velocity (the latter for constant crater size). The ejection behaviour 

(ejection velocity and angle versus launch position) is derived from these 

model series. The results are used to derive scaling parameters that allow for 

scaling from small laboratory-sized impacts up to large natural cratering 

events. The theoretical background is explained within the chapter. Finally, 

based on the assumption of parabolic trajectories, ejecta deposits have been 

calculated and are presented in the last part of the chapter. Modifications to 

the ejecta blanket were not considered. 

 I set up and evaluated all models that were used in this study, and I 

wrote this article. The evaluation approach is based on the concept used by 

Meng-Hua Zhu, but I expanded the ejection criterion to read out the data at 

a certain altitude (as discussed in the manuscript). The ejection data is based 

on a calculation that includes two time steps, one before and one after 

fulfilling the ejection criterion (in contrast to three data points as in the 

approach by Meng-Hua Zhu). I validated the approach by comparison with 

experimental data, and, as such, I answer my objective M II – Ejecta 

Analysis in this chapter. The approach works as post-processing of a 
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calculated model, but calculations are more precise when the tracers are 

evaluated directly within the model calculations, using the much finer 

iteration time step than the model-saving time step from post-processing. 

Gareth S. Collins and Kai Wünnemann have both worked on ejection 

dynamics, so I was able to discuss the whole manuscript and problems in 

the numerical approach with them. 

 

8.1 Abstract 

Impact craters are formed by the displacement and ejection of target 

material. Ejection angles and speeds during the excavation process depend 

on specific target properties. In order to quantify the influence of the 

constitutive properties of the target and impact velocity on ejection 

trajectories we present the results of a systematic numerical parameter 

study. We have carried out a suite of numerical simulations of impact 

scenarios with different coefficients of friction (0.0 – 1.0), porosities (0% - 

42%) and cohesions (0 MPa – 150 MPa). Furthermore, simulations with 

varying pairs of impact velocity (1-20 km/s) and projectile mass yielding 

craters of approximately equal volume are examined. We record ejection 

speed, ejection angle, and the mass of ejected material to determine 

parameters in scaling relationships, and to calculate the thickness of 

deposited ejecta by assuming analytical parabolic trajectories under Earth 

gravity. For the resulting deposits we parameterise the thickness as a 

function of radial distance by a power law. We find that strength—that is, 

the coefficient of friction and target cohesion—has the strongest effect on 

the distribution of ejecta. In contrast, ejecta thickness as a function of 

distance is very similar for different target porosities and for varying impact 

velocities larger than ~6 km/s. We compare the derived ejecta deposits with 

observations from natural craters and experiments. 
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8.2 Introduction 

Crater formation is one of the most ubiquitous processes in our solar 

system. Most planetary surfaces are dominated by impact craters and their 

surrounding ejecta blankets. As long ago as the end of the 18th century, the 

astronomer Johann Hieronymus Schröter observed crater rims 

(“Ringgebirge”) and crater cavities (“Wallebene”) on the Moon and, after 

comparing their masses, proposed a common explosive process that may 

have caused the excavation of material (Schröter 1791). 

During the cratering process, energy and momentum are transferred 

from the projectile onto the target, causing material movement (e.g. 

Wegener 1921; Schmidt 1980). Parts of the material are displaced into the 

expanding cavity, while other parts are ejected out of the cavity on ballistic 

trajectories. Most of the debris ejected from a crater is deposited within two 

crater radii as a more-or-less continuous ejecta blanket whose characteristics 

depend on the distance from the point of impact, target properties, and the 

presence or absence of an atmosphere.  

The study of ejected material is important for the understanding of 

the evolution of the solar system: impact cratering and the formation of 

ejecta deposits are a dominant resurfacing process on most objects in the 

solar system. Near-rim ejecta deposits are a morphological unit where 

impactites and shock metamorphosed rocks can be found (e.g. Stöffler et al., 

(1975), and reveal valuable information for studying crater formation 

mechanics. Fast ejecta can escape the gravitational field of its parent body 

and can collide with other bodies, transporting material to them (Head et al. 

2002; Artemieva and Ivanov 2004; Alvarellos et al. 2008). Thus, ejection 

dynamics have consequences for early planetary accretion, and collisional 

evolution of asteroids (e.g. Farinella and Davis 1992; Campo Bagatin et al. 

1994). In contrast, ejected material that does not escape the gravity field of 

its parent body can cause a series of secondary impacts producing a regolith 

layer on the surface by fracturing of local material and mixture with the 

ejected material (e.g. Oberbeck 1975).  

The study of ejecta dynamics has been conducted in laboratory 

experiments for different target and projectile materials, and for different 
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impact velocities. In some of the earliest work ejection speed was measured 

indirectly, by tagging target material prior to impact (or explosion) and 

locating its post-impact/explosion position (Stöffler et al. 1975; Piekutowski 

1980). By necessity, this procedure assumes a constant ejection angle and 

that ejected material follows a simple ballistic parabola from the launch 

position to the landing site, with no subsequent outward flow, sliding, or 

rolling. The experiments by Stöffler et al. (1975) also investigated shock 

loading of ejecta in order to derive the relative amount of shocked material 

in the final ejecta distribution. A similar approach was followed by recent 

impact experiments into competent rock, reconstructing ejecta trajectories 

from ejecta catchers mounted opposite the target parallel to the surface 

(Sommer et al. 2013). More recently, both ejection angle and speed were 

measured directly, in a novel suite of experiments using systems of lasers 

and cameras to illuminate the ejecta and track its movement in time (Cintala 

et al. 1999; Anderson and Schultz 2003; Anderson et al. 2004; Anderson 

and Schultz 2006; Hermalyn and Schultz 2010, 2011; Hermalyn et al. 2012; 

Tsujido et al. 2015; Gulde et al. 2018). Some studies are able to track 

individual particles or give at least a particle size distribution for their total 

detected ejected material (Buhl et al. 2014b; Gulde et al. 2018). These 

experiments provide empirical relationships between ejection speed and 

angle and launch position within the crater for a number of different target 

materials (Housen et al. 1983; Housen and Holsapple 2011); however, as it 

is difficult to isolate the effect of individual target properties on ejection 

characteristics in experiments, the dominant controls on ejecta behaviour 

remain unclear.  

Numerical impact simulations permit the investigation of the effect 

of individual material properties (such as porosity, cohesion and friction 

coefficient) on the cratering process thereby allowing a very wide variation 

in material behaviour to be studied. Such simulations also allow the use of 

impact velocities and impactor sizes that are much larger than is possible in 

laboratory experiments. Previous numerical studies analysed the ejection 

behaviour in models for specific impact set-ups (Wada et al. 2006; 

Hermalyn and Schultz 2011; Zhu et al. 2015; Wünnemann et al. 2016). In 
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this study that was conducted in the framework of the Multidisciplinary 

Experimental and Modeling Impact Research Network (MEMIN, e.g. 

Kenkmann et al. 2018), we use numerical modelling to systematically 

investigate the effect of several important target material properties on the 

ejection velocity vector (speed and angle) as a function of launch position 

within the growing crater. The results are used to predict the amount of 

ejecta landing on the surface as a function of distance assuming ballistic 

trajectories in the absence of an atmosphere. 

 

8.3 Theoretical Background 

Impact cratering has been studied at a variety of scales in both 

laboratory and numerical experiments. Scaling relationships (e.g. Housen et 

al. 1983) relating impactor and target parameters, such as projectile radius a, 

impact velocity vi or target gravity g on the one hand side, to crater 

characteristics, such as the transient crater radius R or volume V on the other 

side, have been developed to allow for direct comparison of laboratory 

experiments with natural craters. With all impact parameters known, the 

outcome (crater size and ejecta distribution) of an impact scenario can be 

approximated with such scaling relationships. In the following, we introduce 

some of the concepts from literature that we will use later on. Note that we 

only consider vertical impacts.  

In the early stage of an impact, the projectile transfers energy and 

momentum onto the target. In scaling theory, this transfer is parameterized 

by a single coupling parameter Θ (Holsapple 1981):  

 

 ¾ = � �6B ¿À   , (84) 

 

where µ is a material dependent parameter with theoretical upper and lower 

limits of 2/3 (energy scaling) and 1/3 (momentum scaling), respectively, ν is 

an exponent that is typically set to 1/3, and δ is the projectile density.  

At the contact between the projectile and target, a shock wave is 

generated and propagates through the target (and projectile), causing also an 
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increase in particle velocity within the material as a consequence. Close to 

the impact point, the material moves approximately in a radial direction 

from the centre (Figure 8-1). The shock wave is followed by a rarefaction 

wave originating from the free surface, which causes an upward pressure 

gradient and adds an upward component to the velocity field (Gault et al. 

1968; Thomsen et al. 1979; Melosh 1989). As a result, during the 

excavation flow material moves along streamlines that curve upward toward 

the target surface. Material moving along streamlines that intersect the free 

surface inside the crater is ‘ejected’—is called ejecta—and subsequently 

follows a ballistic trajectory. The contour of ejected material which 

intersects the target surface at the edge of the growing cavity, separates 

ejecta above from material displaced by the subterranean excavation flow 

(Figure 8-1). This latter material forms the floor, walls and uplifted rim of 

the transient crater. The size of the transient crater, i.e. radius R or volume 

V, can be estimated by scaling relationships and depends on parameters as 

described by Housen et al. (1983):  

 

 ¯ = ¯ 9¾, �, PvÁÁ, 	,  <   , (85) 

 � = � 9¾, �, PvÁÁ , 	,  <   ,  

 

with the target density ρ, an effective measure of the target strength Yeff and 

the target porosity Φ. Combining Eq. (84) and (85) in a dimensional 

analysis yields a non-dimensional equation of the following type as 

described by e.g. Holsapple (1993). Here, we give a form that is valid in the 

gravity dominated regime:   

 

 �Y = GA �,e  ®B, @ B Z�¿^e  ·À e , e B, @ B    , (86) 

 

where K1 is a constant, and ΠV and Π2 dimensionless parameters:  

 

 �Y = � �¿ �«*   , (87) 
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�, = 1.61 2�  �6,    , 
 

with the projectile volume Vpr.  

  

Figure 8-1: Excavation and material displacement. Trajectories are shown for some 
exemplary material trajectories within the excavation flow. Material above the 
dashed line is ejected from the growing cavity, whereas material underneath is 
displaced within the crater. Note that depending on the target properties material at 
similar launch positions can experience slightly different ejection angles, as the 
trajectories indicate. The figure was created from a model described in the results 
section (coefficient of friction of 0.6, no porosity, no cohesion, impact velocity 6 
km/s). The impact site is at the centre. 
 

Assuming a constant gravity field and the absence of an atmosphere or 

vapour plume, and neglecting any interaction between the ejected particles 

that might occur due to similar direction of movement of particles, the 

ejected material will follow parabolic trajectories that are defined by an 

initial ejection speed and ejection angle at a certain launch position. Note 

that we use both term “ejection” and “launch” interchangeably. These 

characteristics are closely connected with the material flow within the target 

prior to ejection and as such are subject to specific material properties that 

we focus on in this study. Ejection velocities vej relate to other parameters as 

follows:  
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 �v7 = �v7  9¾, �, PvÁÁ, 	,  , �<   , (88) 

 

with the launch position x. At sufficient distance inward from the crater rim 

(x/R<1), the kinetic energy of the ejecta is large compared to what is needed 

to lift it above the surface and, thus, strength and gravity can be neglected 

(Housen et al. 1983). Using this simplification, and by combining Eq. (84) 

and (88) with dimensional analysis, it can be assumed that: 

 

 � �v7B  �À   ~   ¾ = � �6B ¿À   . (89) 

 

Eq. (6) accounts for the density contrast between target and impactor. 

Rewriting of this relationship as equation gives (Housen and Holsapple 

2011):  

 

 �v7�6 = G, D�� Z�¿^ÃEe AB   , (90) 

 

where G, is a fitting constant. This relationship holds true for most of the 

range of launch positions (approximately 1.2 a ≤ x < R, Housen and 

Holsapple 2011). However, close to the impact point, the assumption of a 

point source and the single coupling parameter C does not hold true. On the 

other hand, at positions close to the crater rim, ejection velocities are 

overestimated by this scaling relationship and are better described by adding 

a factor to the equation above (Housen and Holsapple 2011):  

 

 �v7�6 = G, D�� Z�¿^ÃEe AB  D1 − ��  �Ä? ¯EfÅ   , (91) 

 

with the transient crater radius R and the fitting parameters p and n. Note, 

that a/R in the last position gives an inverse measure of cratering efficiency; 

Eq. (87) states: πV ~ (R/a)³.  
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 The previous expressions used impactor parameters to normalise the 

physical parameters. This approach is useful to predict the cratering results 

from known impact parameters. However, the inverse is sometimes 

required. Instead of using impactor parameters, ejection velocities can also 

be expressed relative to transient crater radius and gravity by combining 

Eqs. (85) and (88) in a non-dimensional expression:  

 

 � �v7B    ~   ¯ J ¯  B   . (92) 

 

Rewriting of this relation as equation gives (Housen et al. 1983):  

 

 �v7J ¯ = G® Z�̄^e  AB   , (93) 

 

with the constant K3 that relates to K2 as:  

 

 G® = G, �6J ¯ D�̄Ee  AB   . (94) 

 

Based on scaling relationships, a theoretical expression for the 

thickness Te of the deposited ejecta as a function of landing distance can be 

derived. Following the old idea of relating the cavity volume with the 

volume of material around the crater (Schröter 1791), the volume of ejected 

material can be related to the integral over the thickness of the blanket (i.e. 

volume of blanket material) as was done by Housen et al. (1983). Note that 

only a fraction of the cavity volume is ejected. Using the relationship of 

ballistic trajectories for flat surfaces and an approximation for a far-field 

solution, Housen et al. (1983) obtain the following relationship for the 

thickness of the deposited ejecta over distance in the gravity regime:  

 

 :v̄ = GÆ 3Ç 4� �sin 2x�®B,  Z�̄^e  ®B @ Æ,    , (95) 
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with the constant K4 and the launch angle α (relative to the horizontal). This 

simple power-law approximation assumes that all ejecta emanates from the 

centre of the crater and, thus, is strictly valid only beyond some distance 

from the crater (approximately 2-3 crater radii, depending on crater size). A 

simple power-law expression based on observations was formulated by 

McGetchin et al. (1973) and modified by Pike (1974):  

 

 :v�!� = :� Z�̄^e V   , (96) 

 

where T0 is the thickness at the crater rim (T0 ~ R) and B is an exponent. 

Comparing both Eqs. (95) and (96) gives a correlation between the exponent 

B and the scaling parameter µ: 

 

 c = 3Ç + 42     <=>    Ç = 2 c − 43    . (97) 

 

However, we again note that a simple power-law ejecta thickness 

distribution is not expected close to the crater rim. 

 The set of consistent equation Eqs. (84) - (95) relates different 

observables like ejection velocity or crater size with projectile parameters 

such as a and vi or crater parameters such as R and J ¯. They are based on 

a number of idealised assumptions, the most fundamental of which is the 

assumption of a single coupling parameter as shown in Eq. (84) that 

combines the three projectile parameters a, vi and δ (Housen et al. 1983). 

From the set of scaling relationships, the scaling coefficient µ can be derived 

from various measurements (e.g. crater size, Eq. (84); ejection velocity, Eqs. 

(90), (91) & (93); or ejecta deposits, Eq. (95)). However, previous studies 

(Cintala et al. 1999; Yamamoto et al. 2017) have shown that the determined 

value of µ from different observational approaches may not be consistent, 

hinting at a limitation of the idealised concept of scaling relationships. 

Scaling relationships suggest that the impact process at different 

scales and different gravities are directly comparable. However, care is 

required when applying these equations to large-scale craters on planetary 
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surfaces. The crater diameter (or volume) scaling equations are underpinned 

by measurements of the final crater diameter in small-scale laboratory 

experiments, often measured at the preimpact surface, whereas the 

diameters of natural craters are typically measured at the topographic rim. 

More significantly, crater enlargement by collapse of the crater rim becomes 

increasingly important with increasing crater size. At the laboratory scale 

the difference between final (post-collapse) and transient (pre-collapse) 

crater radius (at the preimpact level) is typically <10% (e.g. Ormö et al. 

2015; Wünnemann et al. 2016). For natural simple craters the difference is 

estimated to be ~20% (e.g. Melosh 1989). For complex craters different 

relationships to estimate the ratio between final crater radius Rfinal and 

transient crater radius R have been suggested by different authors (e.g. Croft 

1985; Holsapple 1993; Krüger et al. 2017). They all assume that the gravity 

driven enlargement of the transient crater results in a much larger ratio 

between final crater and transient crater radius in the case of complex crater 

formation. In the present study we do not model any crater modification 

processes; our simulations are stopped at the end of the excavation stage and 

crater dimensions used in the ejecta scaling relationships refer to those of 

the transient crater. For explicit comparison with experimental results where 

the final rim-to-rim diameter has been measured we estimate the apparent 

crater diameter by assuming a 10% reduction in diameter from the rim-to-

rim diameter. 

 

8.4 Methods 

In this study,  we use the iSALE-2D Eulerian shock physics code 

(Wünnemann et al. 2006), which is based on the SALE hydrocode solution 

algorithm (Amsden et al. 1980). To simulate impact processes in solid 

materials, SALE was modified to include an elasto-plastic constitutive 

model, fragmentation models, various equations of state (EoS), and multiple 

materials (Melosh et al. 1992; Ivanov et al. 1997). More recent 

improvements include a modified strength model (Collins et al. 2004) and 

the ε-α porosity compaction model (Wünnemann et al. 2006; Collins et al. 
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2011). For natural materials like sand or sandstone, the porosity compaction 

model has been tested and compared to mesoscale numerical models that 

explicitly resolve pore space with high resolution, and to experimental data 

(Collins et al. 2011; Kowitz et al. 2013; Güldemeister et al. 2015; 

Wünnemann et al. 2016). At the macroscale, the compaction model has 

been shown to give reasonable results in crater (funnel) morphology and 

pore compaction (compacted funnel walls) up to very high porosities 

(Luther et al. 2017a)6.   

Detailed comparison between model outputs and NASA Ames 

experimental data for impacts into quartz sand from the 1970s have shown 

that the iSALE shock physics code can accurately simulate the ejection 

process (Wünnemann et al. 2016). Also in large-scale cratering processes, 

iSALE is capable of producing ejection data that agrees with observable 

constraints as shown for the Orientale basin on the Moon, where the 

simulated ejecta deposit (for different lunar thermal conditions) was 

compared with LOLA observations (Zhu et al. 2015; Zhu et al. 2017).  

To study the effect of material properties on ejection characteristics, we use 

a single impact scenario with invariant impactor parameters and Earth 

gravity. The spherical projectile, 25 m in radius resolved by 20 cells, 

impacts with a velocity of 5 km/s, which corresponds to Π2 of 3.2e-5. The 

pairs of Π2 and ΠV in this study are given in Table A2.  

For the simulation of the thermodynamic material behaviour, we use 

an analytic equation of state (ANEOS) of quartzite for both projectile and 

target (Melosh 2007). The yield strength of the projectile is neglected. For 

the strength of the target we use a Drucker-Prager rheology model. The 

strength model is described as: 

 

 P = S#"�P� + � � , PRw�� (98) 

 

with P being the pressure,  Y0 the cohesion,  � the coefficient of friction, and 

Ymax maximum yield strength. Most of the models in this study consider a 

                                                 
6
 See chapter 5. 
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cohesionless (granular) material behaviour. We assume a range of the 

coefficient of friction from 0.0-1.0 for nonporous material as well as for a 

moderate porosity Φ=0.42. In addition, we investigate the effect of cohesion 

Y0 in a range from 0-150 MPa, which shall mimic the behaviour of 

competent rock instead of granular material. However, we do not account 

for the fact that dynamic fracturing of the material will result in a significant 

weakening of (Collins et al. 2004). The limiting yield strength Ymax is set to 

1 GPa. Thermal weakening was considered in the simulations using typical 

parameters for rock (Ohnaka 1995; Collins et al. 2004).  

Besides strength, common target materials also differ in porosity. 

We therefore conducted a series of numerical experiments with cohesionless 

targets and porosity ranging from Φ=0 to Φ=0.42. For all those models 

where porosity was varied the coefficient of friction was set to 0.6. Apart 

from porosity itself, the parameters describing the porosity compaction 

behaviour were kept constant. Detailed values are given in the appendix. 

Note, some combinations of material properties do not reflect the behaviour 

of real materials. For example, a nonporous (Φ=0), cohesionless (Y0=0) 

material is unrealistic as granular material always contain some porosity. 

Noncohesive (Y0=0) and frictionless (�=0) material implies fluid behaviour 

of a dense rock, which also does not exist in nature without extreme heating. 

However, for a systematic study on the effect of material properties there is 

illustrative value in including such hypothetical end-member cases.  

Ejection dynamics are expected to depend on the impact velocity. In 

general, faster projectiles are able to produce ejecta that are faster than for 

slower projectiles. To study this scenario, we run models with velocities 

between 1 km/s and 20 km/s and adapt the projectile size according to crater 

scaling relationships as shown in Eq. (86), yielding approximately the same 

crater volume for the different scenarios. We use a cohesionless, non-porous 

material with a coefficient of friction of 0.6 for these simulations (for both 

target and impactor). The scaling exponent µ that is required to estimate the 

projectile size for a given impact velocity that results in the same crater size 

was taken from Prieur et al. (2017) and corresponds to 0.44. 
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We use a grid with 750 horizontal and 700 vertical cells. On the top, 

at the bottom, and on the side, 120 cells where the space increment increases 

gradually by 3% are added to ensure that the domain boundaries do not 

influence ejecta behaviour.  

Previous studies have shown that iSALE and the material models 

above are suitable for modelling impact craters with a continuum approach 

where the material is advected in an Eulerian grid. However, to track the 

trajectory of ejected material requires knowledge of the history of each 

material parcel, which is not naturally recorded by an Eulerian code. 

Furthermore, accurate simulation of the ejecta curtain as it thins requires 

very high spatial resolution. Therefore, we use about 1000-10000 

Lagrangian tracers that are distributed equally in the centre of each 

computational cell initially and that are moved with the velocity field of the 

material flow during the simulation. We record the horizontal and vertical 

velocity components (i.e. speed and ejection angle), launch position and 

launch time of the tracers at the point of time they are considered to be 

ejected. We define the time of ejection as the time when the tracer reaches 

the altitude of one projectile radius above the surface. This approach is 

simplistic, because it assumes that at this altitude the material represented 

by the tracer is moving ballistically (i.e. only influenced by gravity) and yet 

also travelling fast enough that gravity has had insufficient time to deflect 

its trajectory. An ejection altitude of one projectile radius is a compromise. 

If the criterion is set to a lower altitude, closer to the target surface, large 

variations in angle and velocity occur because pressure gradients are still 

influencing material motion; the ejecta is not yet moving ballistically. On 

the other hand, an ejection altitude criterion that is too high will lead to an 

underestimate of ejection angles (and potentially not capturing the ejecta 

entirely) for slow ejecta, expelled near the crater rim. 

Although the simple criterion that we adopt excludes a small amount 

of material that does not reach a height of one projectile radius, which 

occurs near the rim towards the end of crater excavation, we find that it 

gives a relatively robust measurement of ejection speed and angle. We 

compared ejection statistics for several altitudes for this criterion and found 
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a general consistency in the average ejection speed and angle for altitudes 

greater than about one projectile radius. While the spread in ejection angles 

is reduced at higher ejection altitudes, this also excludes more of the slower 

ejecta (see Appendix for more details). To derive the launch position for the 

ejecta at the surface level, we interpolate the launch position linearly to the 

target surface, based on the determined velocity vector. The mass of the 

ejected material is assumed to equal the mass of material within the cell 

where each tracer originally is located before the impact.  

In order to account for precise time stepping, which is crucial for a 

correct interpretation especially of the fastest ejecta close to the impact 

point, we use the described method above that has been recently 

implemented into iSALE to detect ejected tracers and record their ejection 

parameters. This implementation is not included in the standard iSALE 

Dellen distribution.  

Based on the ejection characteristics, we calculate the final 

distribution of the ejected material under Earth gravity by analytically 

calculated parabolic trajectories. Hereby, we assume a flat target. From the 

mass of each tracer and a reference density of the ejected material as the 

initial density of the material, we calculate the volume of deposited ejecta. 

By radially binning the location of ejecta, we can calculate the surface area 

of each bin and thus, we can derive the thickness of the deposited ejecta in 

each bin. Typically, we use ~100 bins and consider ejecta up to a distance of 

~200 projectile radii. Note, we neglect any ejecta sliding or modification to 

the target material by the falling ejecta (i.e. ballistic sedimentation or 

secondary mass wasting, Hörz et al. 1983). Early ejected material is fast and 

deposited at the largest radial distance. It can cause an outward material 

sliding and mixing of ejecta with local target material that alters the 

theoretical ejecta thickness to some extent. In addition, the formation of 

final craters by inward slumping material will change the ejecta deposit 

close to the transient crater rim. By assuming parabolic trajectories, we 

furthermore neglect effects of interaction with an atmosphere or vapour 

plume (Schultz 1992; Barnouin-Jha and Schultz 1996; Artemieva et al. 

2013) and the effects of spatially varying gravity. This study focuses on 
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effects caused by target properties only, and atmosphere induced changes in 

the ejecta distribution are subject to a future study. Hence, our results are 

directly applicable to small craters on planetary bodies without an 

atmosphere. For larger (i.e. complex) craters or basins with diameters of 

several hundred kilometres, care must be taken about the relation of 

transient to final crater radius when comparing to observational data and the 

planetary curvature. Large craters on Earth might be compared as long as 

ejecta masses are dense enough to show little perturbation by the 

atmosphere (valid for rather proximal ejecta). 

 

8.5 Comparison to experimental data and scaling models 

 In addition to previous validation studies (Wünnemann et al. 2016) 

we explicitly test our approach to determine the ejection characteristics 

against laboratory data. We compare two of our models that approximately 

reproduce the target properties of the materials used by Cintala et al. (1999), 

Anderson et al. (2004), and Housen and Holsapple (2011) in order to show 

that our model results fall into the same range, despite the very different 

impact scenarios (impactor mass and speed) considered. We use a 

coefficient of friction of 0.6 and a porosity between 30% and 42%, which 

we consider to be typical for the material (sand) used in the experiments. 

The real coefficient of friction was not stated in these studies. For 

comparison, we also show predicted behaviour from scaling relationships 

(Eq. (93)) for several target materials using parameters given by Housen and 

Holsapple (2011). The comparison is shown in Figure 8-2, where we plot 

launch velocity and ejection angles as a function of launch distance. Note 

that launch velocity and distance are normalised by the term J  ¯ and 

crater radius (Figure 8-2 (i) and (ii)), respectively. We use a different size-

scale to the experimental data in our model because simulations of real 

experimental sizes are computationally expensive due to the high cratering 

efficiency (cf., Pierazzo et al. 2008). However, following the concept of 

scaling relationships, our comparison is justified as long as the scaling 

relationships hold true. The comparison shows that the model results are 
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consistent with the predicted ejection velocity from Eq. (93): the velocity 

data plot in the expected range for the sand scaling relationship, especially 

for x/R>0.5. Even more pronounced is the agreement of our model data for 

velocity (Figure 8-2 (i)) and the experimental data from Cintala et al. 

(1999), Anderson et al. (2004), and Housen and Holsapple (2011).  

 

 

Figure 8-2: Ejection behaviour of cohesionless target materials with a coefficient of 
friction of 0.6 and a porosity of 30% (light grey symbols in (i); model represents 
dense sand as given by Housen and Holsapple 2011) and 42% (grey symbols; 
model represents coarse sand as given by Cintala et al. 1999). The porosity of the 
sand used by Anderson et al. (2004) is not further specified, but falls into the same 
range of porosity as for the other two experiments. The launch velocity is 

normalised by the term J  ¯ (i), ejection angles are given in degree (ii), and the 
distance is normalised by crater radius. In addition to our model data, we plot 
experimental data (cross symbols; Cintala et al. 1999 and Anderson et al. 2004; and 
triangles; Housen and Holsapple 2011) and the scaling relationships (Eq. (91) and 
(93)) for competent basalt, weakly cemented basalt, sand and glass spheres (solid, 
dashed, dotted and dash-dotted lines, respectively; see Housen and Holsapple 
(2011) and references therein). The crater size given by Cintala et al. (1999) was 
measured as rim-to-rim diameter and we estimated 10% difference to the apparent 
crater diameter. For basalt we arbitrarily assume R/a~20. The modelled impact 
velocity is 5 km/s. The simulated projectile radius is 25 m. Ejection angles are 
averaged with a mass weighted moving average with 100 data points. Cintala et al. 
(1999) used projectiles with a=2.38 mm and vi=1.4 km/s, Anderson et al. (2004) 
used a=3.18 mm and vi~1 km/s, and Housen and Holsapple (2011) used aluminium 
cylinders with a=6 mm and a height of 12 mm, and vi=1.4 km/s. 
 

The ejection angle taken from our model varies by about ~12° for a 

given launch distance for a sand-like target (light grey circles, Figure 8-2 

(ii)). This is comparable to, but somewhat greater than, the ~8° spread in the 

experimentally determined ejection angle. This discrepancy might be 
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because some fraction of ejected material might not have been captured by 

the experimental technique used, as acknowledged by Cintala et al. (1999). 

The experiments were designed to detect a wide range of ejection speeds, 

but had to exclude very fast or slow ejecta. Furthermore, it was difficult to 

detect very small particles (Cintala et al., (1999), state an optimum detection 

size range of ~1-3 mm). On the other hand the simplified criterion used to 

determine ejection angles in our models might exaggerate the ejection angle 

spread in the model data (see Appendix). As ejection angle distributions 

have not been determined experimentally for many materials, it is possible 

that some of this enhanced spread is real. For example, a certain spread may 

be expected to some extent because of the physics behind the ejection 

process. The detailed interaction between the shock wave and the free 

surface implies that material ejected from near the surface will experience a 

different combination of acceleration and deceleration vectors from the 

shock and release waves compared to material that is ejected from deeper 

within the target (e.g. Melosh 1985, cf. Figure 8-1). On the other hand, the 

spread might be exaggerated in the models compared with reality. One 

possible influencing factor is spatial resolution. At the time of ejection 

(when a tracer satisfies the criteria defined above) the ejecta curtain is 

typically only resolved by a couple of cells. While the nodal velocity vectors 

across the curtain show a relatively consistent speed, the angle of the vectors 

varies, which may result in the observed spread in the angle data. Another 

factor is mass-weighting of the tracer data. In Figure 8-2 (ii) we show 

modelling results in which each tracer (light grey circles) is treated equally. 

However, each tracer actually represents a different mass depending on its 

radial position of origin. Very proximal tracers represent a smaller mass 

than those that originate further away from the symmetry axis due to the 

cylindrical geometry. To correct for this effect, we process our simulated 

angle data in order to give some uncertainty range and to enable a mass-

weighted comparison between experimental and modelling data for the 

ejection angles. Given the fact that different model data points represent a 

different mass, we show our results for ejection angles as a moving mass 

weighted average with a mass weighted standard deviation. This method 
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allows for the determination of the range of angles where most of the 

material is ejected. Figure 8-2 (ii, dark grey circles and lines) shows that the 

observed variations in ejection angles fall into the envelop given by the 

standard deviation (~ ±4°) from the mass-weighted average. Also for targets 

with a large range of ejection angles for a given launch distance we can 

reduce the spread in the raw data significantly. A deviation of speed and 

angle between model and laboratory data for small launch positions x/R<0.2 

might be related to the smaller cratering efficiency of our scenario: a similar 

initial pattern of rising ejection angles at early stages (close to the projectile) 

has been shown at least in some experiments by Hermalyn and Schultz 

(2010).  

 

8.6 Results 

In this section, we present our model results for the effect of the 

coefficient of friction, porosity, and cohesion on ejection velocity and angle. 

We normalise our results of ejection velocity and launch position by impact 

velocity and projectile radius, respectively.  

 

8.6.1 Coefficient of friction  

In Figure 8-3 we show ejection velocities (i and iii) and ejection 

angles (ii and iv) for models with coefficient of frictions between 0 and 1 

for a non-porous case and a 42%-porosity case, respectively. An increase of 

the coefficient of friction does not change the onset of material ejection or 

the velocity of the first ejected material for a given porosity. However, 

farther away from the impact point, the material with the higher coefficient 

of friction shows lower velocities and ejection ceases at shorter launch 

positions due to reduced crater growth. This corresponds to a steepening of 

the slope in the double logarithmic representation: e.g. at the relative launch 

position of 10 the velocities for the materials with the largest and lowest 

coefficient of friction differ by a factor of four.  
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 For the smallest launch position, the angle of ejection depends on the 

coefficient of friction (Figure 8-3 (ii) and (iv)). After a short regime of 

steepening of the ejection angle for the lowest launch positions, a maximum 

quasi-plateau is reached. This plateau is most pronounced for the lowest 

coefficient of friction (~5° lower angles for 3<x/a<10) and reduces to a 

small peak for the largest coefficients in the non-porous case that is 

followed by a quick decrease in ejection angle. Furthermore, the ejection 

angle spreads most for the lowest coefficient of friction (~48-70° at launch 

position 10 for the nonporous material) while the range narrows for larger 

coefficients of friction (~5° at launch position 5 for the non-porous 

material). As shown in Figure 8-1, material that originates from a position 

close to the surface experiences a larger ejection angle than the material that 

followed the excavation path within the growing cavity. Consequently, and 

due to the 2D cylindrically symmetric geometry of the setup, the tracer of 

the material originating from shallow depth and larger distance from the 

impact point corresponds to a larger mass. In addition, this figure also 

shows the earlier cessation of ejection for larger coefficients of friction, 

which is due to smaller crater sizes. Interestingly, we see a small increase in 

launch angles for larger launch positions (x/a>10) for material with a 

coefficient of friction of 0.0 – 0.2 and no porosity. However, this increase of 

launch angle occurs at launch positions between about 0.7R and 1.3R, where 

R is the radius of the transient crater measured at the preimpact level. 

Launch positions outside the transient crater radius occur if material in the 

crater rim reaches the height of the ejection altitude criterion (one projectile 

radius). Although this material reaches the prerequisite height, our analysis 

does not ensure that it is moving ballistically and therefore this material may 

not represent ejected material. Fortunately, its effect on the distribution of 

ejecta landing on the surface as a function of distance is small, as shown in 

section “Ejecta deposits” further down.   
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Figure 8-3: Launch velocity (i, iii) and launch angle (ii, iv) versus launch positions 
on the target surface. Target materials are cohesionless, nonporous (i, ii) or porous 
(iii, iv, Φ=0.42) and have different coefficients of friction. Velocity and launch 
position are normalised to the impact velocity and the projectile radius, 
respectively. The colour-scale corresponds to an increase in the coefficient of 
friction from dark-red to blue. In addition to our model data, we plot the scaling 
relationships (Eq. (91)) for competent basalt (equal scaling parameters as water) 
and weakly cemented basalt (solid and dashed lines, respectively; see Housen and 
Holsapple (2011) and references therein). For basalt we arbitrarily assume R/a~20. 
Note, that the velocity data for the highest coefficient of friction in (i) and (iii) 
overlaps with the other data. Ejection angles are averaged with a mass weighted 
moving average with 500 data points (ii, all β and iv, β = 0.0) and 100 data points 
(iv, all β > 0.0), respectively. The crater size is shown by the grey lines ((ii & iv), 
bold line to finely dashed line correspond to the scenarios with coefficients of 
friction of 0.0 to 1.0, respectively).  
 

8.6.2 Porosity 

Figure 8-4 shows ejection velocities (i) and ejection angles (ii) for 

models with porosity between 0% and 42% and a coefficient of friction of 
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0.6. An increase of the porosity substantially affects the velocity of the 

fastest ejecta at the same launch position (Figure 8-4 (i)). The fastest ejecta 

from the non-porous target material are ~3.5 times faster than the ones from 

the material with 42% porosity. For more distal launch positions, the 

ejection velocities of the ejecta from the different materials align and 

ejection ceases at about the same distance. This corresponds to a flattening 

of the slope in the double logarithmic representation.  

Ejection angles range from ~40° to ~50° for the different target 

porosities. However, the general slopes for the ejection angles of the 

different materials align well, including maximum angles that are reached 

for each model. Although visible only to some small extent, there seems to 

be a tendency for steepening of the ejection angle towards the highest 

porosities of 30% and 42%, while for 20% the average angle was the lowest 

for all materials.  

 

 

Figure 8-4: Launch velocity (i) and the launch angle (ii) versus launch positions on 
the target surface. Target materials are cohesionless, have a coefficient of friction 
of 0.6 and different target porosities. Velocity and launch position are normalised 
to the impact velocity and the projectile radius, respectively. The colour-scale 
corresponds to an increase in the coefficient of friction from dark-red to blue. In 
addition to our model data, we plot the scaling relationships (Eq. (91)) for 
competent basalt (equal scaling parameters as water) and weakly cemented basalt 
(solid and dashed lines, respectively; see Housen and Holsapple (2011) and 
references therein). For basalt we arbitrarily assume R/a~20. Note, that the data of 
ejection angles partly overlap. Ejection angles are averaged with a mass weighted 
moving average with 100 data points (ii).  
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8.6.3 Cohesion 

In Figure 8-5 we show ejection velocities (i) and ejection angles (ii) 

for models with a non-porous material with a cohesion of 0-150 MPa and a 

coefficient of friction of 0.6. An increase of the cohesion of a material 

neither changes the velocity of the fastest ejecta at the early launch positions 

nor the slope in the double logarithmic representation (Figure 8-5 (i)). 

However, the cohesion affects the final size of the crater and thus the final 

launch positions of the ejecta. An increase of cohesion leads to ejection 

velocities ceasing towards zero at smaller launch positions, which may 

correspond already to the rim.  

 Ejection angles for different cohesive material align well until the 

crater rim of each scenario, where ejection ceases. Increasing the cohesion 

does reduce the crater size and maximum launch positions. The early onset 

and the maximum ejection angle match for the different materials. The 

general range of angles agrees with the range resulting from different target 

porosities. However, material with the highest cohesion values is ejected at 

a narrow range of angles between 45°-50° and does not show the decline of 

ejection angle down to ~30° at the largest launch positions that seems to be 

typical for material with a substantial coefficient of friction.  

 

 

Figure 8-5: Launch velocity (i) and the launch angle (ii) versus launch positions on 
the target surface. Target materials are non-porous with different target cohesions 
Y0 and a coefficient of friction of 0.6. Velocity and launch position are normalised 
to the impact velocity and the projectile radius, respectively. The colour-scale 
corresponds to an increase in the coefficient of friction from dark-red to blue. In 
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addition to our model data, we plot the scaling relationships (Eq. (91)) for 
competent basalt (equal scaling parameters as water) and weakly cemented basalt 
(solid and dashed lines, respectively; see Housen and Holsapple (2011) and 
references therein). For basalt we arbitrarily assume R/a~20. Note, that the data of 
ejection angles partly overlap. Ejection angles for Y0>0 Pa are averaged with a 
mass weighted moving average with 25 data points (ii); and for Y0=0 Pa with 500 
data points. The crater size is shown by the grey lines ((ii), bold line to finely 
dashed line correspond to the scenarios with 0 MPa to 150 MPa cohesion, 
respectively).  
 
 The common representation of ejection velocities and angles against 

launch positions normalised to projectile radii does not take into account the 

final crater size. As stated above, some differences we observe for ejection 

velocities are due to differences in transient crater radii. Therefore, we also 

present the ejection velocity as a function of normalised launch positions 

relative to crater radius x/R (Figure 8-6). For different coefficients of 

friction, we see an overlap of ejection velocities close to the crater rim for 

both non-porous and 42%-porous material (Figure 8-6 (i) and (ii)). Some 

slight differences occur in the non-porous case for very small launch 

positions. However, these differences (30-40 for x ~0.1) are smaller than 

differences that occur for varying target porosity (10-40 for x ~0.1, Figure 

8-6 (iii)). Further differences can be found for velocity plots of different 

cohesion (Figure 8-6 (iv)). Here, we see an offset between the different 

scenarios that overlap in projectile normalisation. The cohesionless case 

plots in the range of the scaling relationship for sand, whereas the case with 

highest cohesion plots close to the scaling relationship of weakly cemented 

basalt that has a compressive strength of 680 kPa (Housen 1992). Note, that 

the normalisation used is typical for the gravity dominated regime. Larger 

cohesions will shift the scenario into the strength regime. 
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Figure 8-6: Ejection velocity for the same cases as shown in Figure 8-3 - Figure 
8-5 ((i)-(iv), respectively). The distance is normalised to crater radius and the 

launch velocity to J  ¯ . In addition to our model data, we plot the scaling 
relationships (Eq. (93)) for weakly cemented basalt and sand (dashed and dotted 
lines, respectively; see Housen and Holsapple (2011) and references therein). In 
(i)-(iii), there is no cohesion. In (iii) and (iv), the coefficient of friction is 0.6.  
 

8.6.4 Effects of impact velocity 

In our study, we compare models with different impact velocities 

that result in the same crater size, as described in the method section (Table 

A2). In Figure 8-7, we show ejection velocities (i) and ejection angles (ii) 

for models with a non-porous material and a coefficient of friction of 0.6 for 

impact velocities in the range from 1 – 20 km/s. A comparison of these 

models shows that ejected material behaves similar for different impact 

velocities in terms of absolute launch velocities, but not in terms of ejection 
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angles (Figure 8-7). In terms of ejection velocities, all models fall on the 

same line which is a consequence of the different projectile radii. The 

proximal ejecta of the slowest impact (= largest projectile) is launched at 

larger launch distance than in the scenario with 20 km/s impact velocity.  

Differences are more pronounced for ejection angles: Keeping in 

mind the uncertainties in the measurement of ejection angles as discussed in 

the chapter “Comparison to experimental data and scaling models”, lower 

impact velocities appear to result in lower ejection angles for our non-

porous target. Thus, a larger fraction of the total momentum of ejected 

material goes in horizontal direction for lower impact velocities. Maximum 

ejection angles differ by a factor of about two comparing the fastest and the 

slowest impact. The most significant differences can be observed for 

locations close to the impact point (Figure 8-7 (ii)). Furthermore, we see 

that ejection angles for one launch position can vary more in the case of a 

fast impact than in the slower case. In contrast to the previous figures, we 

show the data in absolute values as the craters are about equal in size (< 8% 

difference of radius to reference value). Normalised plots are shown in the 

discussion section. 

 

 

Figure 8-7: Absolute launch velocity (i) and the launch angle (ii) versus absolute 
launch positions on the target surface for different impact velocities. The target 
material is non-porous, cohesionless and has a coefficient of friction of 0.6. The 
colour-scale corresponds to an increase in impact velocity from dark-red to blue. 
Dashed and dotted lines show the projectile radii of the different models and the 
corresponding maximum ejection velocities, respectively. Ejection angles are 
averaged with a mass weighted moving average with 50, 100 and 500 data points 
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for impact velocities of 1 km/s, 3-6 km/s, and 12-20 km/s, respectively (ii). The 
crater size is shown by the grey lines ((ii), bold line to finely dashed line 
correspond to the scenarios with an impact velocity of 1 km/s to 20 km/s, 
respectively).  
 

8.7 Discussion 

8.7.1 Effects of different impact velocities for constant crater size 

In the previous results section, we show a comparison of ejection 

dynamics for different target properties, followed by a comparison of 

scenarios with different impact velocities. For a better understanding we 

begin our discussion with aspects for the latter cases as these serve as the 

best starting point of our argumentation. The results show that absolute 

ejection velocities for craters with similar volume follow the same trend for 

all impact velocities (Figure 8-7). For the averaged ejection angles, we see 

increasing launch angles at positions close to the impact point that agree 

with patterns described in previous studies of early excavation at similar 

launch positions to ours (Hermalyn and Schultz 2010, 2011; Hermalyn et al. 

2012; Gulde et al. 2018). For slower impacts, ejection angles are shallower. 

These findings are not seen by Hermalyn and Schultz (2010) with 1.63 km/s 

as slowest impact velocity, but are in agreement with the trend observed by 

Hartmann (1985) for powdered basalt (5 m/s – 2.3 km/s). However, both 

studies used a different target material to the one we used for the velocity 

study, indicating that the effect is depending on the target material used. The 

scenarios with an impact velocity of 6, 12 and 20 km/s are more similar to 

each other than the slower scenarios of 1 and 3 km/s impact velocity. The 

latter two velocities are smaller, or about equal, respectively, to the bulk 

sound speed in the target material (3684 m/s as derived by ANEOS for 

quartzite) and as such are not or only just in the hypervelocity regime and a 

shockwave-induced excavation flow may have not been fully established. 

Note that the speed of sound of the target material in the studies from 

Hartmann (1985) and Hermalyn and Schultz (2010) is substantially lower 

than for the non-porous target material we used for this velocity studies and, 

thus, the effects for low-velocity impacts that we see might occur at 
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different velocities for other target materials. For such low-velocity impact 

scenarios crater formation and ejection of material mostly occurs in the 

nearfield, where the point source approximation to describe the excavation 

flow in the farfield is not applicable. Therefore, the scaling relation Eq. (86) 

used for the determination of the projectile parameters yielding the same 

crater volume does not hold true and crater mass and volume do not agree 

with the mass and volume of the faster scenarios (Figure 8-15). The ratio of 

maximum excavation depth to transient (maximum volume) crater radius 

(~0.2) is equal for all scenarios apart from the lowest impact velocity. 

Although the ejection velocities for the scenarios with different 

impact velocities follow the same trend in absolute numbers, their trend 

diverges in the non-dimensional representation normalised to impact 

velocity and projectile radius (Figure 8-8 (i)) for launch positions � �⁄ ≤ 3. 

The maximum values at the smallest launch positions vary by about an 

order of magnitude between the 1 km/s and the 20 km/s scenario. The 

proximal slope is different for all models with different impact velocities. 

Only for larger distances the decay of the different models may agree. As 

the absolute velocities appear to be equal, the difference in the decay in the 

normalised representation is no surprise. Faster impacts correlate with 

smaller projectile radii if the same crater volume is reached (Figure 8-7). As 

such, the slope must flatten for faster impacts. Better agreement between the 

ejection velocities of the scenarios with different impact velocities can be 

achieved when plotting in crater parameter normalisation (Figure 8-8 (iii)). 

Apart from very early ejecta �� ¯⁄ < 0.2�, the different models roughly plot 

on the same line, which corresponds to the line from sand scaling 

relationship (µ = 0.41). We will address this topic later on.  

 Larger differences appear in the ejection angles of the impacts with 

different impact velocity (Figure 8-8 (ii) and (iv)). The mass weighted 

average of the angles that we use suggests that for the fastest impacts, a 

larger fraction of the ejection velocity goes in a vertical direction whereas it 

is more in a horizontal component for the slower impacts. As mentioned 

before, the excavation flow that is transferred onto the material by the shock 

wave initially has a radial direction away from the source of the shock 
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wave. The onset of the rarefaction wave causes a pressure gradient, and thus 

adds an upward component to the excavation flow (Gault et al. 1968; 

Thomsen et al. 1979; Melosh 1989). In our scenario with different impact 

velocities, peak pressures will increase with impact velocity whereas the 

isobaric core will be smaller and probably shaped differently as the 

projectiles are smaller. We argue that the increase in peak pressure with 

increasing impact velocity causes a larger pressure gradient that, 

consequently, will add a larger upward component to the velocity field. 

Note that the effect of varying impact velocities is less pronounced in more 

porous targets. For targets with a porosity of Φ=0.42, ejection angles reach 

~38° and ~45° for impact velocities of 1 km/s and 5 km/s, respectively, and 

as such differ less than in a non-porous target where ejection angles reach 

~30° and ~53° for impact velocities of 1 km/s and 6 km/s, respectively. 

Target properties will be discussed further in the next chapter. Note further, 

that in early ejection times an effect of projectile parameters (e.g. density) 

on initial launch angles was shown; resulting in higher launch angles for 

denser projectiles (Hermalyn and Schultz 2011). This is in agreement with 

the explanation of larger shock pressures above: A larger impedance 

contrast between projectile and target due to the density increase in the 

projectile causes higher shock pressures (cf. e.g. with a steeper Hugoniot in 

Fig. 10 from Ebert et al. 2017), and presumably also affects the geometry of 

the isobaric core and, hence, radial directions to the isobaric core.  
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Figure 8-8: Ejection velocity and angle for the same cases as shown in Figure 8-7. 

The launch velocity is normalised to impact velocity (i) and J  ¯ (iii), 
respectively. The launch positions on the target surface are normalised to projectile 
radius (i & ii) or crater radius (iii & iv). In addition to our model data, we plot the 
scaling relationships (Eq. (91) and (93)) for competent basalt (equal scaling 
parameters as water), weakly cemented basalt, and sand (solid, dashed, and dotted 
lines, respectively; see Housen and Holsapple (2011) and references therein). For 
basalt we arbitrarily assume R/a~20. The colour-scale corresponds to an increase in 
impact velocity from dark-red to blue. Note, that the data of ejection angles partly 
overlap. Ejection angles are averaged with a mass weighted moving average with 
50, 100 and 500 data points for impact velocities of 1 km/s, 3-6 km/s, and 12-20 
km/s, respectively (ii & iv).  
 

8.7.2 Target properties and excavation flow 

In the following, we discuss the mechanism that causes the different 

ejection characteristics that we observe for different target properties. In the 

previous section, we discussed pressure gradients that differ due to the 

increased peak pressures with impact velocity, and different isobaric cores 
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due to different projectile size. In our impact cases with varying target 

properties, we use equal impact conditions. Hence, the peak pressure and 

the size of the isobaric core are similar (Figure 8-9), and peak pressures 

exceed the material strength, causing similar proximal Z�w ≤ 2^ ejection 

velocities and ejection angles for different coefficients of friction in the non-

porous case (Figure 8-3 (i) and (ii)). However, with increasing distance from 

the impact point we see more pronounced differences in the ejection 

characteristics that are caused by differences in the attenuation of the shock 

wave as a consequence of material properties such as strength and porosity 

(cf. decrease of peak pressure in Figure 8-10). In either case shock wave 

attenuation is enhanced because of energy dissipation by plastic work. 

Hence, the greater attenuation in pressure with distance in the target (Figure 

8-9), leads to smaller pressure gradients in upwards direction. In addition, 

peak pressure isobars are shaped differently and the pressure gradient vector 

at shallow depths and at a given normalised radius points less-steeply 

towards the surface in the simulation with a larger coefficient of friction 

(Figure 8-9). Consequently, as friction coefficient is increased, the upward-

directed acceleration is less and ejection angles shallower for launch 

positions 
�w ≥ 2 (Figure 8-3 (ii)). Experimental results for ejection angles for 

pumice and sand (the coefficient of friction of pumice is larger than for 

sand) support our conclusion (Hermalyn and Schultz 2014). 

When porosity is added to the target material, the behaviour of 

ejected material again changes (Figure 8-4). Very proximal ejection 

velocities are very different and converge only towards the crater rim, 

whereas ejection angles do not differ much between the different scenarios 

(10° for the smallest launch positions). The decrease of maximum ejection 

velocities correlates with lower peak pressures in the target material with 

increasing porosity (Figure 8-10). As a result, the pressure gradients and 

acceleration from the shock wave decrease as well, causing the slight 

decrease in proximal ejection angles. However, for larger ejection distances, 

differences between the models disappear; so the same must hold true for 

pressure gradients in the target. Different processes due to the presence of 

porosity acting towards an increase (+) or decrease (-) of the ejection angle 
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((I) faster attenuation (-) and lower peak pressure (-) of the shock wave 

(Figure 8-10), (II) longer duration of the unloading path (+), (Güldemeister 

and Wünnemann 2017); and (III) enhanced thermal weakening due to pore 

space crushing (+), Wünnemann et al. 2008), respectively, balance out each 

other so that for different porosities the ejection angles remain constant. 

Note, that ejection angles for the largest porosity in parts are slightly larger 

than all other porosities, and especially larger than the nonporous scenario. 

Note further, that we discuss only porosities up to 42%. Cratering in very 

porous targets can lead to an almost complete suppression of the ejection of 

matter for large craters (above a threshold size) due to the dominant 

mechanism of pore compaction and when cratering is dominated by the 

crushing strength (e.g. Housen and Holsapple 2012). 

 

 

Figure 8-9: Peak pressure contours and gradients for two different coefficients of 
friction. The colour scale shows the peak pressure that was reached at the given 
location within the target for cohesionless, nonporous materials with coefficients of 
friction β=0.0 (left side) and β=1.0 (right side). Dashed lines indicate two 
exemplary tracer trajectories for equal initial positions. Grey arrows depict the 
direction of the gradient of peak pressures at the given locations. 
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Figure 8-10: Peak pressure contours for three different materials. The colour scale 
shows the peak pressure range that was reached at the given depth within the target 
underneath the impact point. All materials are cohesionless. From left to right, first 
the coefficient of friction increases from 0.0 to 0.6, and second porosity increases 
from 0% to 42%.  
 

8.7.3 Implications for ejecta scaling 

In this section, we discuss our results in the context of the scaling 

relationships shown in the chapter “Theoretical Background”. One approach 

is to fit Eq. (90) to the model data in the normalisation to projectile size and 

impact velocity. However, for models with equal crater volume but different 

impactor parameters it was not possible to adopt a consistent range in 

launch position when normalised by impactor radius for fitting Eq. (90) to 

the data (Figure 8-8 (i)). The slope in the range 
�w ≤ 3 differs a lot for the 

different impact velocites. Therefore, we fit Eq. (93) to the model results in 

the normalisation to crater radius (cf. Figure 8-6 and Figure 8-8). 

For fitting Eq. (93), we adopted a fixed criterion for the maximum 

launch position for the fitting range in order to achieve consistency in our 
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results (given in Table A2). We define the maximum fitting range by a 

common minimum velocity of ~80 m/s for all models. Defining the 

maximum range in this way avoids including data too close to the rim, 

which may be affected by our ejecta selection criterion. For non-porous, 

cohesionless material, we find a nearly constant scaling exponent of µ = 

0.46 - 0.49 and an increasing constant K3 from 0.43 to 0.82 for coefficients 

of friction between 0 and 1 (Figure 8-11 (i)). The same trend of µ is 

observed for a material with 42% porosity. When increasing porosity from 0 

to 42% for a constant coefficient of friction of 0.6, we find an increase in µ 

from 0.46 to 0.62, whereas K3 first decreases from 0.77 to 0.60, before it 

rises again to 0.70 (Figure 8-11 (ii)). Increasing the cohesion for a non-

porous material strongly increases µ as well as K3 (Figure 8-11 (iii)). For 

increasing impact velocity from 1 km/s to 6 km/s for a cohesionless, non-

porous target with a coefficient of friction of 0.6, we find an increase of µ 

and K3 from 0.32 to 0.48 and from 0.59 to 0.85, respectively (Figure 8-11 

(iv)). For larger velocities, these values remain constant. Note that this trend 

is inverse to the trend found by Yamamoto et al. (2017) for porous sand 

targets. However, this trend is similar to the one shown by Schultz (1988). 

Literature values for sand like targets give a value for the scaling 

exponent of µ =0.41 (Housen and Holsapple 2011). Our closest results to 

these values have been achieved for non-porous, cohesionless materials with 

a coefficient of friction of 0.6 at an impact velocity of 3 km/s. However, 

sand has a significant amount of porosity, so that the corresponding 

simulated material should have porosity, as well. If we increase porosity, µ 

increases up to 0.62 for 42% porosity. This value is a bit larger than the 

value for rock like material or water (rock and water: µ=0.55, Housen and 

Holsapple 2011), and much larger than the literature value for sand of 0.41 

that is based on crater size scaling. However, experimental measurements of 

ejection dynamics for sand-like materials have shown the same discrepancy 

between µ-values derived from crater scaling and ejecta scaling that we 

observed: Cintala et al. (1999) fitted scaling relationships (Eq. (93)) to their 

ejecta velocity data and found values between 0.5 and 0.66. They attributed 

the discrepancy to the coarseness of their particulate target material relative 
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to the projectile size used. However, similar results were derived for finer-

grained sand targets in more recent experiments using the same technique 

for measuring ejection velocity (Anderson et al. 2007). Similarly, Tsujido et 

al. (2015) find some deviation of µ derived from crater scaling and from 

ejecta scaling with a scatter in the range of the data from Cintala et al. 

(1999) in a study with different projectile densities at an impact velocity of 

~200 m/s. Anderson et al. (2007) also mention some (partly unpublished) 

results where both scaling results agree with each other. More recently, 

(Yamamoto et al. 2017) described a different study that compared µ-values 

estimated from measurements of crater growth as a function of time and 

crater size measurements that revealed a similar discrepancy in the scaling 

exponent derived from both measurements. These studies of crater growth, 

excavation and material ejection show differences in scaling relations for 

dynamic aspects of the cratering process that involve both intermediate- and 

far-field phenomena versus singular, far-field observations (e.g. crater size). 

One interpretation of such discrepancies is that the point source assumption 

is valid for crater size, which is a metric dominated by far-field phenomena, 

but is not satisfied for the dynamic aspects of cratering. Anderson et al. 

(2004) introduced the concept of a moving flow field centre and argued that 

a stationary point source is not adequate for the dynamic aspects of 

cratering. An implication of this result is that a scaling exponent derived 

from crater sizes may predict incorrect ejecta behaviour when used in an 

ejecta scaling relationship. It is therefore prudent to use scaling exponents 

derived for the process of interest.  It is likely that for impacts with large 

cratering efficiencies (i.e. small π2), the point source approximation might 

be more applicable also for describing dynamic aspects because most of the 

excavation occurs more distant from the impact centre. Our findings for our 

fastest impact velocities (12 km/s and 20 km/s, π2=5.5 10-6 and 1.6 10-6 , 

respectively) show a constant scaling exponent of µ =0.52, a value that is 

close to predicted values for non-porous targets (rock and water: µ=0.55, 

Housen and Holsapple 2011), but still deviates somewhat from crater size 

scaling results for similar numerical materials (µ=0.45, Prieur et al. 2017). 
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Figure 8-11: Ejecta velocity fitting results. Black symbols denote the scaling 
exponent, grey symbols the scaling constant. The results are given for the models 
shown in Table A2: (i) cohesionless target with Φ=0.00 (◊) and Φ=0.42 (o), (ii) 
cohesionless target with β=0.6, (iii) non-porous target with β=0.6, and (iv) a 
cohesionless, non-porous target with β=0.6. The black solid and dashed lines 
represent the momentum and energy scaling limits, respectively. The grey area 
depicts the range for the scaling exponent µ as derived by (Cintala et al. 1999) and 
most of the range from (Tsujido et al. 2015). 
 

8.7.4 Ejecta deposits 

We calculate the deposition of the ejected material based on the 

assumption of parabolic trajectories for the cases of different target 

materials mentioned so far. We do not consider any late stage modification 

processes, but show the amount of material that lands at a given radial 

distance. Our calculation takes into account the launch position of ejecta 

within the crater when calculating its deposition position. As a result, unlike 

the simple scaling model (Eq. (95)) the model-derived ejecta thickness 

distributions do not suffer from inaccuracies near the crater rim. We plot the 
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thickness of the deposited ejecta against the radial distance normalised by 

the transient crater radius (Figure 8-12). For the scenario of a non-porous 

material (Figure 8-12 (i)) we see a decrease in the slope of the thickness of 

the deposited ejecta for increasing coefficients of friction. The difference in 

ejecta thickness is most prominent in the proximal range Z�Ë ≤ ~2^. For the 

same coefficients of friction, this effect is even more pronounced for the 

porous material with a porosity of 42% in a range until x< ~6 (Figure 8-12 

(ii)). In contrast, little variation in the slope of the ejecta thickness is found 

for different target porosities with a constant coefficient of friction of 0.6 

and ejecta thickness are nearly identical (Figure 8-12 (iii)). Only the 

nonporous case shows a thicker ejecta thickness that is about twice as thick 

as those of the porous materials for equal normalised distance x/R. The 

differences that result from cohesion are more prominent. Increasing 

cohesion results in a decrease of the slope of the ejecta thickness and in a 

reduction of its thickness. For the two largest values of a cohesion of 100 

MPa and 150 MPa, only small thicknesses of the deposited ejecta are 

observed.  

Our results for different targets show that the effect of material 

properties on the ejection characteristics results in deviating ejecta 

trajectories and, thus, in different deposition thickness as a function of 

distance. Especially, the coefficient of friction affects the decay exponent of 

the ejecta deposit due to increasing ejection angles for lower friction values. 

Ejection angle close to 45° result in the furthest distances that the ejected 

material can reach. For the nonporous material that is the case for a 

coefficient of friction between 0.4 and 0.6. Lower coefficients of friction 

yield angles >45° resulting in ejecta accumulation close to the crater rim, as 

shown in Figure 8-12 (i). In contrast, for different material porosities 

ejection angles lie between 40° and 50° for a large range of launch 

positions. As such, the resulting ejecta deposits are similar in terms of decay 

exponent and ejecta thickness if distance is normalised by the transient 

crater radius (Figure 8-12 (ii)). The difference in ejection velocities that is 

affecting ejecta deposition is accounted for by the normalisation to the crater 

radius (that itself depends on the various porosities).  



 

 

188 

 

Figure 8-12: Distribution of the ejecta thickness for different target properties. The 
cases shown refer to: i and ii) different coefficients of friction in a nonporous and a 
porous (Φ=0.42) material, respectively (cf. Figure 8-3), iii) different porosities (cf. 
Figure 8-4), and iv) different values of cohesion (cf. Figure 8-5). The distance is 
normalised to transient crater radii. For comparison with our results, we also show 
scaling data using Eq. (95) as a reference. We use a constant K4 = 0.32 as given by 
Housen et al. (1983) and a sand like value of µ=0.41. We use a typical constant 
value of 45° as ejection angle. As reference crater radius we use the transient radius 
R=242.5 m of our model with 42% porosity and a coefficient of friction of 0.4. 
Note that the reference line assumes all ejecta emanates from the crater centre and, 
thus, is not expected to hold in the vicinity of the crater rim. In (i)-(iii), there is no 
cohesion. In (iii) and (iv), the coefficient of friction is 0.6.  

 

To support our previous statements, we fit the thickness of ejecta 

deposits over the radial distance with Eq. (96). We exclude data in the range 

1 < x/R < 2 from the fitting as a simple power law relationship is not 

expected this close to the crater rim, as evidenced by the simulation results. 
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The different parameters for different target properties are given in Table 

A2, and are shown in Figure 8-13. The relationship between ejection angle 

and ejecta deposition mentioned above is shown e.g. by the larger T0 for 

targets with low coefficient of friction (Figure 8-13 (i)). Furthermore, 

parameters for different porous materials remain nearly constant (Figure 

8-13 (ii)). The smallest and largest exponents that we found give a range for 

B between 2.52 and 3.43 for the cohesionless targets. We also calculated the 

scaling parameter µ according to Eq. (97). However, we find that these 

values partly exceed the theoretical limit of energy scaling (0.66) and all 

models with porosity do not fall into the typical range of µ~0.4. One 

explanation for these results can be seen in too strong assumptions made for 

deriving Eq. (95), including one ejection angle instead of a range of angles, 

and the negligence of exact launch positions. Furthermore, as indicated in 

the previous chapter, the static point source seems to have limitations for 

describing the dynamic aspects of cratering (e.g. material ejection). For 

deriving Eq. (95), dynamic and static aspects are combined, but only one 

scaling exponent (which has been shown to be not identical for both aspects 

of cratering in the previous chapter, or e.g. by Cintala et al., (1999)) is 

present in Eq. (95). Hence, the resulting scaling exponents from ejecta 

deposits should be considered with care. Consequently, comparing the 

derived scaling exponents based on the ejecta deposit with those derived by 

the velocity data, we find large differences in µ for 11 of 21 cases and only 6 

cases where both results agree (Table A2). For the usage of scaling relations 

for ejection processes, we prefer the usage of the results based on the 

velocity plots instead of the deposits. For the µ derived from deposit data, 

we see a trend to smaller µ for increasing �. This seems to be so far 

reasonable as the scaling parameter for water is larger than the one for sand 

(0.55 and 0.41, respectively, Housen and Holsapple 2011). 
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Figure 8-13: Ejecta deposit fitting results. In panel i), fit parameters are shown for 
different coefficients of friction for nonporous (black symbols) and 42% porous 
(grey symbols) targets. In panel ii), the same parameters are shown for different 
target porosities and a coefficient of friction of 0.6. All targets are cohesionless. 
The black dashed line shows the estimate of B=3 for large lunar craters 
(McGetchin et al. 1973).  
 

Finally, we also studied different values of material cohesion for 

nonporous targets. We find that cohesion strongly reduces the amount of 

ejected material. Increasing the cohesion does not only reduce crater size, it 

also hinders ejection of lower velocity material by dominating the material 

strength after the passage of the shock and rarefaction waves (compare Eq. 

(79)). Accordingly, T0 decreases. In addition, also B decreases with 

increasing cohesion.  

We also modelled the ejecta thickness as a function of range for the scenario 

of different impact velocities (Figure 8-14) and a nonporous, cohesionless 

target with a coefficient of friction of 0.6. In this case, we observe a similar 

slope for all the ejecta thicknesses of different impact velocities, apart for 

the slowest case with 1 km/s that shows a somewhat flattened ejecta 

thickness. For the scenario with 3 km/s impact velocity, the slope is slightly 

lower than for the faster cases. The ejecta thickness in the proximal range Z�Ë ≤ 3^ is equal for the cases with 6 km/s, 12 km/s and 20 km/s impact 

velocity. Those three scenarios also agree well in the total amount of ejected 

material as well as the total crater material (Figure 8-15). We calculated the 

crater mass based on the volume and the quartzite density of 2650 kg/m³. 

The slowest case of 1 km/s impact velocity shows a large deviation in both 
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ejected and crater mass. The ratio of ejected to crater mass is ~0.37 and 

equal for the four fastest impacts. Only the 1 km/s shows a deviation also in 

this value (0.25).  

 

Figure 8-14: Distribution of the ejecta thickness for a nonporous, cohesionless 
target with different impact velocities. The cases shown refer to the ones in Figure 
8-7. The colour-scale corresponds to an increase in impact velocity from dark-red 
to blue. For comparison with our results, we also show scaling data using Eq. (95) 
as a reference. We use a constant K4 = 0.32 as given by Housen et al. (1983) and a 
sand like value of µ=0.41. We use a typical constant value of 45° as ejection angle. 
As reference crater radius we use the transient radius R=242.5 m of our model with 
42% porosity and a coefficient of friction of 0.4. Note that the reference line 
assumes all ejecta emanates from the crater centre and, thus, is not expected to hold 
in the vicinity of the crater rim. 
 

For planetary applications it is interesting to see if there is a 

correlation between impact velocity and the distribution of the ejecta 

thickness. Again, we fit Eq. (96) to the data shown in Figure 8-14 for impact 

velocities between 1 – 20 km/s. The fitting parameters T0 and B are plotted 

against velocity in Figure 8-16 and are listed in Table A2. The decay 

exponent of the ejecta thickness varies only slightly for all impact velocities. 

Only for the lowest impact velocity of 1 km/s we found a somewhat smaller 

decay exponent, which could be explained by the fact that such a low 

velocity does not represent hypervelocity-regime anymore. In general, the 

decay exponent does not allow for a distinction of (especially higher) impact 
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velocities. Furthermore, no trend towards different thickness T0 at the rim 

with increasing velocity can be observed. From 6 km/s to 20 km/s T0 

remains nearly constant. Also the ejected mass is nearly constant for these 

cases (Figure 8-15) as crater size was kept constant. Neglecting any post-

deposition changes, it appears to be impossible to derive information on the 

projectile velocity by the ejecta thickness. Similar findings for the decay 

exponent have been shown for simulations of Orientale-sized impacts on the 

Moon by Zhu et al. (2015) for a projectile with 80 km diameter and impact 

velocities between 15 and 19 km/s. However, their ejecta thickness at the 

rim shows a slight increase with increasing impact velocity, i.e. larger 

coupling parameter (see Eq. (84)). 

 

 

Figure 8-15: Crater and ejected mass for the cases of different impact velocities. 
For comparison, we considered only ejected masses with a velocity of at least 50 
m/s. The ratio of both masses is ~0.37, excluding only the slowest impact with a 
ratio of 0.25.  
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Figure 8-16: Ejecta deposit fitting results. The fit parameters are shown for 
scenarios with different impact velocity for non-porous targets with a coefficient of 
friction of 0.6. The target is cohesionless. The black dashed line shows the estimate 
of B=3 for large lunar craters (McGetchin et al. 1973).  
 

8.7.5 Ejecta deposits at natural impact craters 

According to our models the power law decrease of the ejecta 

thickness with distance, parameterised by the decay exponent B in Eq. (96) 

only depends on the coefficient of friction and cohesion, and is independent 

from porosity or impact velocity. From the study of lunar ejecta blankets, 

McGetchin et al. (1973) determined an exponent B = 3, and we find similar 

values of B for Earth gravity. Eq. (95) shows that the thickness of the 

deposited ejecta for gravity dominated craters does not depend on gravity. 

Hence, ejecta blankets on different planetary bodies have been found to be 

geometrically similar (Housen et al. 1983; Melosh 1989), and we can 

compare our results with ejecta blankets on bodies with different gravity.  

The assumption that the scaling decay exponent Ç depends only on 

material properties may allow for an inverse approach to determine material 

properties of the target from a given ejecta distribution. Fassett et al. (2011) 

determined the ejecta distribution of the Orientale crater and found a decay 

exponent of 2.8 ± 0.5. According to our models, this average value would 

correspond to e.g. a coefficient of friction of about 0.6 assuming a low 
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porosity. Zhu et al. (2015), who use the ejecta distribution as a model 

constraint, use a similar coefficient of friction for the strength 

parametrisation of their heavily damaged material (note that they employ a 

more complex strength model). The ejecta distribution from their best fit 

model follows a decay exponent of 3.2; a value that we derive using a 

coefficient of friction of ~ 0.2. However, Zhu et al. (2015) account for 

thermal weakening of material due to a significant temperature increase 

with depth for the given scale of the basin structure, which would explain 

the relative low strength (low coefficient of friction, low cohesion, Table 

A2) as our study predicts. 

On Earth, a comparison is possible to e.g. the Ries crater. Hörz et al. 

(1983) gave a detailed description on the ejecta blanket (Bunte Breccia) and 

analyse possible ejection flows. They give a decay exponent between 2.5 

and 4, with 3 as a reasonable value. This range, of course, is too large to 

distinguish between target properties. However, Hörz et al. (1983) state that 

most of the material in the ejecta blanket originates from shallow target 

areas and, thus, can show very similar target properties. Assuming that the 

simplistic approach of a Drucker-Prager yield strength does describe this 

shallow material, we find an decay exponent of 4 to be unrealistically high 

based on target properties, as it is an even larger value than for a 42% 

porous, low coefficient of friction material. Lower values seem more 

realistic, with B=3 corresponding to a friction between 0.4 and 0.6 for a 

nonporous, noncohesive target and B=2.5 corresponding to either an even 

larger friction up to 1.0 or additional cohesion. Note that the range of 

coefficient of friction from 0.4-0.6 is in excellent agreement with the 

coefficient of friction for sediments and basement material used by Collins 

et al. (2008) for modelling the Ries crater. However, a comparison with the 

Ries crater is difficult and we expect a deviation from our results from the 

parabolic trajectories due to the presence of an atmosphere. Numerical 

results for ejection from small craters with the presence of an atmosphere 

have shown differences in the thickness of deposited ejecta and show a 

reduced range of the blanket (Shuvalov and Dypvik 2013). Furthermore,  

different authors (e.g. Hüttner 1969; Oberbeck 1975; Hörz et al. 1983) 
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demonstrated the importance of the contribution from local material during 

the ejecta emplacement. 

In very small scale, we can compare our results to laboratory data. 

Stöffler et al. (1975) conducted impact experiments into sand and measured 

the ejecta distribution thereafter. They find a decay exponent of 3.2. This 

value corresponds to a coefficient of friction between 0.2 and 0.4 for the 

given porosity of 42%. Even though Stöffler et al. (1975) did not determine 

the coefficient of friction of the sand used, 0.4 seems a reasonable value.  

Based on the previous discussions, it is possible that detailed measurement 

of ejecta blankets from observations and laboratory experiments might 

reveal properties of the target material or even the thermal structure of the 

target at the time of the impact (cf. Zhu et al. 2017). However, further 

laboratory and modelling studies on this topic are needed to test this 

hypothesis including varying thermal profiles and using more complex 

rheological target setups. There are certainly several limitations of our 

analysis that may hinder attempts to derive information about the target at 

the time of impact from ejecta deposits. In addition, the comparisons made 

so far by this approach do not include modification processes. We do not 

account for crater modification in the case of complex craters. In this case, 

modification of the transient crater would cause slumping of material into 

the crater, resulting in a final crater that is larger than the transient crater 

(summarised recently e.g. by Krüger et al. 2017). Zhu et al. (2015) show a 

reduction of the thickness of the ejecta blanket by 5-15% by material sliding 

within 1.2 transient crater radii. However, we already excluded this range 

from our fitting results.  

In our approach, we also neglected effect of ballistic sedimentation 

or secondary mass wasting as described by Hörz et al. (1983). Early ejected 

material is fast and deposited at large radial distance. It will impact the 

target with an equal large velocity as during ejection, causing secondary 

cratering and material mixture of local target material and ejecta. 

Furthermore, radial momentum will cause material sliding. Both effects will 

change the thickness of the deposited ejecta at a given radial distance, 

modifying the decay behaviour of the ejecta deposit over distance. These 
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processes depend on the velocity and mass of the ejecta that re-impacts the 

target and as such are size-scale depending.  

Finally, our assumption of parabolic trajectories neglects effects of 

the interaction with an atmosphere or impact plume or possible effects of 

spatially varying gravity for large impact scenarios. To include such effects 

it is necessary to calculate trajectories within a realistic gravity field that 

depends on radial distance from the central body, or to model ejecta 

trajectories in a consistent model set-up including the interaction with the 

atmosphere. This interaction is size-dependent and can cause sorting of 

ejecta by its particle size in radial or vertical direction of the ejecta deposit, 

and causes deviations from the results derived by ballistic parabolas. Hence, 

deriving information from final ejecta blankets is a challenging task as many 

processes are involved in their formation, and the required measurement 

precision of observed ejecta blankets may prove too difficult to achieve for 

natural craters.  

 

8.8 Conclusion 

We performed a suite of numerical impact simulations to investigate the 

influence of impact velocity and target properties on ejection velocities and 

angles, as well as the thickness distribution of ejecta deposits. The main 

conclusions from our simulations are:  

1. Our simulations with increasing coefficient of friction (0.0 – 1.0) 

show a steeper reduction in ejection velocity with launch position, 

consistent with the formation of smaller craters. Ejection angles also 

decrease, and show a decreasing spread, with distance. This affects 

the ejecta deposit thickness as a function of distance: increasing the 

coefficient of friction leads to smaller thickness at the rim T0 and 

smaller decay exponents. 

2. Our simulations with increasing porosity (0% – 42%) show a 

reduction in proximal ejection velocities, consistent with a decrease 

in peak pressure owing to compaction of target porosity. Ejection 
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angles remain similar for all porosities. The ejecta thickness is 

characterised by similar T0 and decay exponent for all porosities.  

3. Our simulations with increasing cohesion (0 MPa – 150 MPa) show 

that the craters are smaller, but ejection velocities follow the same 

trend with launch position until the near-rim region where ejection 

velocities decrease much more steeply than for the simulations with 

increasing coefficient of friction. The same behaviour holds true for 

the ejection angle that focus at ~ 45°-50°. The ejecta thickness is 

characterised by smaller T0 and decay exponent. 

4. Our simulations with increasing impact velocity (but approximately 

equal crater volumes) show that proximal ejection velocities 

increase. However, the ejection velocities as a function of distance 

follow similar trends at large launch positions. Ejection angles 

increase with impact velocity for our non-porous target. The ejecta 

thickness is characterised by similar T0 and decay exponent for all 

impact velocities in the hypervelocity regime.  

5. Scaling exponents Ç were derived for all model data. Comparing the 

results for sand-like material, we see a discrepancy between the Ç-
value derived from ejecta distributions and from crater size. 

However, for sand-like material the Ç-value that we derive for the 

ejecta distribution from numerical simulations is consistent with that 

measured in experiments by Cintala et al. (1999). The static point 

source assumption should be considered with care when applying 

scaling relationships for dynamic cratering phenomena, such as 

ejecta distributions. 

6. According to our study, it appears to be possible to derive 

information on the target material properties based on sufficiently 

accurate measurements of the ejecta thickness over distance. 

However, sufficiently accurate measurements are difficult to achieve 

and modifications processes need to be considered.  
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8.10 Appendix 

8.10.1 Ejection criterion 

In this study we define the time of ejection as the time when ejected 

material reaches an altitude above the target surface of one projectile 

diameter. Using this criterion we allow pressure, which occasionally is 

present within the evolving ejecta curtain, to decrease. At this time, ejection 

characteristics can still be influenced by pressure gradients. We also avoid 

including large volumes of material from the rim area in the ejected 

material. At the same time the criterion is close enough to the surface that 

the ejecta curtain is well resolved (the curtain is resolved by fewer cells with 

increasing altitude) and little ejected material is neglected because it does 

not reach that cut-off altitude. We use a linear interpolation to derive launch 

positions and launch times of ejecta that correspond to the surface level. 

This interpolation is necessary to allow for comparison with other numerical 

or laboratory results. However, it can cause interpolation artefacts that affect 

ejection speeds and angles at the rim. Linear interpolation fails due to 

changing trajectory angles of material moving within the transition volume 
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of ejecta curtain and crater rim, causing a shift of the interpolated launch 

distance of the ejecta relative to the real launch position.  

The altitude of the ejection criterion can influence the results for 

ejection angles to some extent. In the section "Comparison to experimental 

data and scaling models" we discuss the issue of determining ejection 

angles. For increasing altitudes of the criterion, the resulting spread in 

ejection angles decreases to some extent at smaller launch positions 

(x/a~<4, Figure 8-17 i). Nevertheless, some spread does remain. The 

question of whether this decrease in angular spread with increasing altitude 

improves the accuracy of the results, or whether this behaviour is caused by 

numerical material transport with poorer resolution of the ejecta curtain in 

larger altitudes for several model iterations is difficult to answer. However, 

the mean angle that we derive by using a mass weighted moving average is 

nearly consistent for all altitudes applied (Figure 8-17 ii). Most of the mass 

is ejected with this angle. We therefore adopt the mass weighted running 

average to most robustly characterise the effect of material properties on 

ejection angles. 

 

Figure 8-17: Launch angles (i) and mass weighted averages of launch angles (ii) 
for different ejection criteria. Brightening of the grey scale represents the 

increasing altitude of the ejection criterion. The average is shown with a mass 
weighted standard deviation for the data. 
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8.10.2 Resolution 

We tested the sensitivity of ejection results against model resolution 

using 4 different resolutions between 5 and 20 CPPR for one impact 

scenario (Figure 8-18). Ejection velocities follow the same trend for all 

resolutions. However, the largest ejection velocities of the 5 CPPR model 

deviate from the velocities of the other models. Increasing the resolution 

from 5 to 20 CPPR shows that maximum ejection velocities seem to 

converge against a common value. For ejection angles, we see a similar 

behaviour. Ejection angles overlap for all model resolutions towards the 

larger launch positions. However, for the proximal range the ejection angle 

of the 5 CPPR model (~40°) deviates from the converging value of the 20 

CPPR model (~50°). Note that increasing the model resolution includes 

more tracers per volume of the target material and allows for more precise 

assessment of material movement. 

 

 

Figure 8-18: Launch velocity (i) and the launch angle (ii) versus launch positions 
on the target surface. The ejection behaviour is derived for different model 
resolution for equal impact scenarios. Velocity and launch position are normalised 
to the impact velocity and the projectile radius, respectively. Note that ejection 
angles are not averaged. The colour-scale corresponds to an increase in resolution 
from 5 CPPR to 20 CPPR.  
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8.10.3 Model Parameters 

Table 8-1: Model parameters for all 50 models. 
General parameters  

Poisson ratio (basalt) 0.3 

Specific heat capacity [J/(kg K)] 800 

Strength parameters  

Drucker Prager strength:  

    Cohesion Y0 [MPa] 0, 1, 10, 100, 150 

    Coefficient of friction Ç 0.0, 0.2, 0.4, 0.6, 0.8, 1.0 

    Maximum strength Ymax [GPa] 1 

Thermal Softening (Ohnaka)  

Softening constant 1.2 

Melt temperate [K]** 1327 

Simon approximation:   

    Simon constant 6 ·109 

    Simon exponent 3 

Porosity parameters*  

Initial porosity Φ [%] 0, 10, 20, 42 

Elastic volumetric threshold εe -0.001 

Transition distension αx 1.1 

Compaction efficiency κ 0.9 

Speed of sound ratio χ 0.3 

*  The same porosity model parameters were used for all porosities. 

**Typical range of melting temperature for rocky material (Wünnemann 

et al. 2008). 
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8.10.4 Unprocessed model launch angles 

 

Figure 8-19: Unprocessed model launch angles for all scenarios from this study. (i) 
cohesionless, unporous target material with coefficients of friction from 0.0-1.0. 
(ii) cohesionless, porous (42%) target material with coefficients of friction from 0.0 
– 1.0. (iii) cohesionless target material with a coefficients of friction of 0.6 and 
porosities from 0-42%. (iv) non-porous target material with a coefficients of 
friction of 0.6 and cohesions from 0-150 MPa. (v) and (vi) cohesionless, unporous 
target material with a coefficient of friction of 0.6 with increasing impact velocity 
and decreasing projectile size, yielding equal crater volumes, shown in a 
normalisation for projectile size and crater radius, respectively. 
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8.10.5 Model Results - Overview 

Table 8-2: Overview of target materials and dimensionless parameters of the 
models used in this study and fitting results from Eqs. (93), and (96) & (97). 

 

* Value would be negative and is excluded. The scenario is strength dominated. 
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9 The Effect of Atmospheric Interaction on Impact 

Ejecta Dynamics and Deposition 

This chapter has been published as the following peer-reviewed article:  

Robert Luther, Natasha A. Artemieva, Kai Wünnemann (2019). The Effect of 

Atmospheric Interaction on Impact Ejecta Dynamics and Deposition. ICARUS 
333, 71-86, https://doi.org/10.1016/j.icarus.2019.05.007. 

 

 In the previous chapter, I discussed the excavation process and the 

ejection behaviour for different target properties. However, some planetary 

bodies like Venus, Mars, Titan, or Earth possess a significant amount of 

atmosphere, which cannot be neglected in crater simulations. Ejecta 

blankets will deviate from crater deposits in a vacuum as a fraction of the 

ejected dust will not be deposited on parabolic trajectories. Instead, these 

grains will be subject to atmospheric turbulence and wind patterns, causing 

a separation of ejecta depending on its size (vertically and horizontally). The 

interaction of ejecta with an atmosphere is the topic of the following 

chapter.  

 My work in this chapter, which answers my objective M III – 

Representative Particles and my key question S II – Ejecta and Atmosphere, 

included implementing the representative particle approach, which is also 

used in the SOVA code (Shuvalov 1999), into iSALE. Natasha Artemieva 

supported me with fruitful discussions and her important advice and 

experience in programming the necessary new routines, and in writing this 

chapter. The coding of these routines required intensive testing for each step 

of improvement: the testing started with separate routines to calculate the 

interaction, then it involved coupling these routines into the iSALE main 

routines, and finally finished with setting up the different model scenarios 

(scaling relationship input, or direct modelling input). Apart from 

programming the routines, several analysis routines are required to read the 

data, which I also programmed.  
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9.1 Abstract 

Fine dust from impact ejecta settles slowly in an atmosphere, 

whereas large chunks of ejecta easily traverse the surrounding gas on nearly 

parabolic trajectories. In order to study the effects of the interaction of 

impact ejecta with an atmosphere, we implemented a “representative 

particle” approach into the iSALE-2D shock physics code. We verify the 

modelling approach using analytical equilibrium sedimentation velocities, 

and successfully benchmark the results against simulations with the shock 

physics code SOVA. We study vertical dust settling scenarios of different 

initial mass and dust size (100 µm – 10 cm), and find three different regimes 

of settling – sedimentation, formation of density currents, and the free-fall. 

Based on this, we model ejecta curtains for craters from 200 m – 4 km in 

radius, and in the laboratory for different atmospheric pressure from 1 kPa – 

6 MPa. We assess the range of ballistic ejecta deposition within an 

atmosphere in terms of ejecta thickness and deposition velocity. 
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9.2 Introduction 

Upon impact of cosmic bodies on planetary surfaces material is 

ejected during crater excavation. Under vacuum conditions (or at low 

atmospheric pressure), ejected solid and molten fragments move along 

ballistic trajectories and form an ejecta curtain as observed in laboratory 

experiments, numerical models, and in nature (e.g. Gault 1973; Oberbeck 

1975; Stöffler et al. 1975; Wünnemann et al. 2016). In addition, the impact- 

and shock-wave induced vaporisation of matter creates a hemisphere of hot 

gases above a target plane that approximately expands isotropically (Melosh 

1989, p. 211). As a consequence, the material that is expelled during crater 

excavation is composed of a mixture of solid and molten particles with 

vapour. For this reason, or if additionally an atmosphere is present, the 

trajectories of some material may be affected by gas-particle interaction 

such that its final resting place may significantly deviate from purely 

ballistic estimates. Table 9-1 summarises a variety of impact conditions in 

the Solar System where ejecta deposits could be substantially influenced by 

ejecta interaction with the atmosphere or vapour.  

 

Table 9-1: Impacts and Planetary & Lunar atmospheres. 
 Atmospheric/ 

Earth 

pressure 

Surface 

density 

[kg/m³] 

Target 

volatiles 

Typical projectile 

type and velocity  

Non-ballistic ejecta deposits 

Venus 92 67 No Asteroid, ~20 km/s Parabolas, melt flows 
Earth 1 1.3 Various Asteroid, 20 km/s Double ejecta layers 
Mars 0.006 0.02 Rich Asteroid, 7-10 km/s Double ejecta layers, ramparts 
Titan 1.47 5.7 Various Comet, ~15 km/s Parabolas 

 

Macroscopic observations of terrestrial ejecta layers are rare because 

of their pure preservation whereas microscopic observations (particles’ 

structure, chemical composition, etc.) are quite common (Hörz et al. 1989; 

Hamann et al. 2013; Fazio et al. 2016). The situation is opposite on other 

planets: numerous macroscopic observations (asymmetric ejecta and 

parabolas on Venus and Titan, or double ejecta layers on Mars; e.g. Vervack 

et al. 1992; Barlow 1994; Wood et al. 2010) allow us to speculate about 

planet’s subsurface and its past whereas chemical and petrological analysis 

of samples are still restricted to returned lunar samples, lunar and Martian 
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meteorites, and first in situ analysis of Martial soils (e.g. Wänke et al. 2001; 

Fernandes et al. 2013; Borg et al. 2016; Snape et al. 2018). 

In general, modelling the formation of ejecta during a high-velocity 

impact is approached in terms of four successive (albeit overlapping) stages:  

1. Compression of the projectile and the target with formation of 

early ejecta (called sometimes ‘jetting’) and an impact plume;  

2. Excavation and formation of an ejecta curtain; 

3. Propagation of two types: 

a. Ballistic flight on airless planets (the single active force 

being gravity), and/or 

b. Non-ballistic flight via interactions between the plume, the 

ejecta curtain, and the atmosphere; 

4. Deposition via two modes: 

a. Ballistic sedimentation (involving secondary cratering 

ground-hugging flows) and/or 

b. Re-entry into the atmosphere (involving re-heating, 

deceleration, slower sedimentation) 

Stages 1 and 2 are closely connected to crater-forming models as they 

require a proper treatment of strong shock waves, equations of state (EOSs) 

of the involved materials in a wide range of pressures and temperatures, and 

proper constitutive models (e.g. Collins et al. 2013). Stages 3 and 4 (except 

for a purely ballistic flight) require a different approach, the so-called two- 

(or multi-) phase hydrodynamics.  

In the standard two-phase hydrodynamics method (Harlow and 

Amsden 1975; Valentine and Wohletz 1989), the two ‘phases’ (one 

representing the particles, the other the surrounding gas or liquid) traveling 

at different speeds are treated as fluids with separate equations of state. The 

governing equations include additional terms for describing the interphase 

exchange of heat, mass (via evaporation/condensation), and momentum (via 

drag). Multi-phase models also exist that can account for several phases and 

hence a suite of particle sizes (e.g. Neri et al. 2003). The original two-phase 

code KFIX (Rivard and Torrey 1978) was modified by Goldin and Melosh 

(2008, 2009) to model impact ejecta, but as it allows only the treatment of 
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two phases it is restricted to a single ejecta particle size (one phase 

represents the gas the other the ejecta with uniform properties).  

An alternative multiphase approach is the so-called “dusty flow” 

approach (Boothroyd 1971). This method was implemented into the SOVA 

code by Shuvalov (1999) for impact applications. On the one hand, the 

dusty flow model easily allows treating particles of various sizes, which is a 

more realistic approximation of the particulate ejecta. On the other hand, 

direct particle-particle collisions are not considered (this assumption is 

correct, if the dust/gas volume ratio is <0.1, Artemieva et al. 2013). As it is 

numerically impossible to track each individual ejected dust particle in a 

model, so-called representative particle (RP) are introduced in the dusty 

flow model. Each RP usually describes the movement of 104-106 real 

particles, all of which have the same size, velocity and trajectory. Each RP 

is subject to gravity, drag, and, optionally, to heat exchange with 

surrounding gas. The equations of motion describing such conditions are 

solved simultaneously and explicitly for all particles within one 

computational cell allowing for the “collective” behaviour of the particles to 

be accounted for.  

The “dusty-flow” approach can be implemented into any standard 

shock physics code as an additional routine keeping the code structure. In 

this paper we use a similar implementation of this approach into the iSALE 

code as described by Shuvalov (1999) and test its performance using simple 

sets of initial conditions.  

In a first set of models, we analyse the behaviour of dust to grains 

sized RP (100 µm – 10 cm) that settle vertically in an atmosphere, in order 

to find out about different regimes of settling. Therefore, we also change the 

initial mass of the RP layer in air. We expect equilibrium settling for small 

masses, and a free fall approximation for large initial masses. However, the 

outer limits of the range of this obvious behaviour are not clear. 

Furthermore, the behaviour will change according to the initial velocity of 

the RP – and ejected particles from a crater exhibit a significant velocity of 

100s of m/s to some km/s. Based on the understanding of such settling 

regimes, we model the behaviour of a complete ejecta curtain and derive the 
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radial range where material is deposited approximately undisturbed as 

ballistic ejecta. 

 

9.3 Methods and Useful Analytical Solutions 

We use the iSALE and SOVA shock physics codes in this paper. The 

basic concepts of these codes can be found in Supplementary Material and 

in previously published papers (Amsden et al. 1980; Shuvalov 1999; Collins 

et al. 2004; Wünnemann et al. 2006). The description of the “dusty flow” 

approach as implemented in SOVA is given by Shuvalov (1999). The 

implementation into iSALE is similar to the SOVA implementation and is 

given by Luther (2019)7. We use an atmosphere in litostatic equilibrium 

(barometric formula) and the ideal gas equation of state in all iSALE models 

(specific heat ratio γ =1.4) whereas in SOVA runs we use the CIRA 

atmospheric stratification and more realistic EOS (Kuznetsov 1965). The 

difference between two EOSs is minor as we do not have extremely hot or 

rarefied gases in our simulations. All models were run in 2D with a 

cylindrical symmetry, restricting the simulations to vertical impacts. As we 

do not model crater formation, we use rather coarse resolution in all runs. 

The model set-up in terms of resolution and number of cells is chosen to 

exclude reflections of shock waves from the mesh boundaries. Details on 

the models are stated in the Appendix. In the supplementary material, we 

also study an influence of RP resolution on our results (number of real 

particles in one RP) in addition to the standard spatial resolution problem. 

Our resolution test showed that increasing the number of representative 

particles affects only slightly the average behaviour of the dust, but widens 

the range of observed values (like e.g. maximum and minimum velocities). 

In any impact process, ejecta are characterized by a specific size-

frequency distribution (SFD) of ejected fragments, which depends on many 

factors (ejection velocity, physical state, maximum strain rate, etc.) and may 

                                                 
7
 This reference refers to this thesis, chapter 4.3. 
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vary in a wide range.  For simplicity, in most runs presented in this paper, 

all fragments have the same size, except when stated differently.  

 

9.3.1 Analytical solutions 

 Sedimentation and free fall 9.3.1.1

The free-fall velocity vff of any object falling from an altitude s with 

initial velocity v0 is defined by the equation:  

 

 �ÁÁ = J ��, + 2/  , (99) 

 

where g is gravity. The equation reduces to the simple expression of �ÁÁ = J2 /   when particles are initially at rest. If a particle falls within an 

atmosphere, it is decelerated by the drag forces and accelerated by gravity. 

In the iSALE and SOVA routines describing gas/particle interaction we use 

two components of drag:  

 

 n� = 6� ! �9����� − ����Í< + X�� !,�������� − ����Í�9����� − ����Í<    , (100) 

 

with the first term being the Stoke’s drag typical for laminar low-velocity 

flows and the second term a high velocity drag typical for turbulent high-

velocity flows (vg is the gas velocity and vd the velocity of the dust, r is a 

particle radius,  ρd is the density of the dust grain, ρg is the atmospheric 

density, � is gas viscosity, and CD is a high-velocity drag coefficient). An 

equilibrium (i.e, drag forces are equal the gravitation force) sedimentation 

velocity vsed can be written as:   

 

 �mvQ = − 3�X� !�� + ¬3 3�X� !��4, + 4  !�Q  3X� ��  . (101) 

 



 

 

212 

In this study, we assume spherical particles (CD=0.5), a viscosity of 

17.1 10-6 Pa s and a particle density of 2650 kg/m³. In many studies a 

unified drag coefficient CD’ is used so that the drag force could be written as n� = X�′�w�,�!,. It is easy to show that CD’ is a function of µ and CD. 

Studies on the drag coefficient have been conducted since long ago and are, 

not surprisingly, of military interest (see e.g. Korschelt et al. 1913, p. 560), 

but also of highest interest for space vehicle returns (Muylaert and Berry 

1998). Melosh and Goldin (2008) presented a complex behaviour of CD’ for 

a wide range of Reynold (Re) and Mach (M) numbers. Our approach in Eq. 

(101) may deviate from CD’ in some transitional regimes, but gives a 

reasonable representation of the drag forces in both, high Re and M regimes 

and low Re and M, regimes. 

 

 Scaling of ejecta  9.3.1.2

In this paper we use  scaling laws (Housen et al. 1983; Holsapple 

1993) to estimate the initial (near the surface) ejection conditions in our 

tests. Recent discussion on values of scaling parameters can be found in the 

literature (Raducan et al. (submitted); Housen and Holsapple 2011, 2012; 

Tsujido et al. 2015; Prieur et al. 2017; Yamamoto et al. 2017; Luther et al. 

2018). Ejection velocities vej as function of radial distance x are described 

as:  

 

 �v7J ¯ = GA Z�̄^e  AB   , (102) 

 

with the constant K1, crater radius R, and fitting parameter µ. The 

cumulative ejected mass mej as a function of ejection velocity can be derived 

by: 

 

 Sv79�v7<�¯³ = G, 3 �v7J ¯4e  ®B   , (103) 
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with the constant K2, and crater density ρ. 

 The timing of ejection is inferred from the velocity derived by Eq. 

(93) and the ejection angle. The horizontal velocity component vh yields the 

time when crater growth (i.e., material ejection) reaches the ejection 

distance xej: 

 

 �v7��� = Ð �u��′� z�′t
�    . (104) 

 

The vertical velocity component vv is used to derive the ejected mass at a 

given position during each time step 

 

 zSv7��� = b �k��� �Q z�, (105) 

 

where A is the surface area segment from where the mass dmej is ejected in 

the time dt.  

 In the dusty flow approach, direct inter-particle collisions are 

neglected (particles interact indirectly through gaseous medium). Although 

particles are produced close to each other initially (the density of the 

particles in the flow is only slightly smaller than solid body density), they 

all move in the same direction as defined by the ejection conditions above. 

Hence, inter-particle collisions are of minor importance. 

 

9.4 Verification, Validation, and Benchmarks 

9.4.1 Sedimentation of individual particles in undisturbed 

atmosphere. 

This simple problem allows us, first, to validate our mathematical 

model (Eqs. (47) or (100)), and, second, to verify the code performance. We 

set up a simple scenario to calculate sedimentation of individual dust 

particles from an initial altitude of ~5 km; particles are initially at rest or 

have a vertical velocity of 1 km/s. Particle radii vary from 1 mm to 1 m. 
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Each representative particle contains exactly one dust particle, and the mass 

of each representative particle is much smaller than the mass of the gas in 

the corresponding cell. A few representative particles are located with large 

distances between each other to study their individual behaviour. In Figure 

9-1 we show vertical velocities of particles versus altitude. Black lines show 

the analytical equilibrium solution derived from Eq. (101). Particles of all 

sizes except of the largest ones reach their equilibrium sedimentation 

velocity (Eq. (101)); however, smallest particles reach this equilibrium 

much faster than large ones (Figure 9-1). Vertical velocities of particles 

initially at rest also converge quickly with the analytical solutions.    

 

 

Figure 9-1: Sedimentation velocities for particles of different sizes as a function of 
altitude. The modelling results have been generated with iSALE and are shown in 
colour. The analytical equilibrium solutions are indicated by black lines. All 
particles start at the initial altitude of 5 km. The relaxation length for reaching the 
sedimentation velocity is estimated to be 7.1 km, 1.47 km and 0.4 km for particles 
with a radius of 1m, 10 cm, and 1 cm, respectively (yielding ratios of relaxation 
length to radius of the order of ~10000). Note that the time evolution is from the 
right side (high altitude, large velocity) to the left side (low altitude). 
 

9.4.2 Settling of dust-laden layers  

In this section, we study the settling of dusty layers with various 

initial properties (particle size, particle concentration, total mass of dust per 

unit area) in Earth’s atmosphere. We evaluate the behaviour of layers with 
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the total mass per unit area from 2.65 kg/m² to 26500 kg/m² which would 

correspond to a final deposition thickness of dust on the surface, h, from 1 

mm to 10 m, consisting of particles with radius from 100 µm to 1 m. We use 

a similar initial setup as in the previous section and particles are initially at 

rest or have an initial vertical velocity of 1 km/s. Representative particles (1 

– 100 particles per cell) are distributed over a radius of 5 km to simulate a 

dusty layer. Within 20 seconds density currents are formed and the layer 

settles faster than individual 1-cm-radius particles (Figure 9-2).  

 

 

Figure 9-2: Model (iSALE) snapshots showing settling of a dusty layer in 
atmosphere. The layer consists of 1-cm-radius particles and its mass is equivalent 
to a 10-cm-thick deposit on the surface. All RP are distributed evenly in one cell at 
an altitude of 5 km and are at rest (white dashed lines show initial position of the 
layer). In this specific case, changes of pressure amplitudes are small and shock 
waves do not form. 
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Figure 9-3 shows particles’ and gas velocities for a similar dusty 

layer descending with an initial velocity of 1 km/s.  In this case shock waves 

are formed in the atmosphere, reach the surface, and while moving upward, 

interact with dust (peaks in velocities at an altitude of 2.5-3 km). In the 

Figure we compare modelling results of iSALE with SOVA simulations 

(Figure 9-3). Both modelling results agree and show: a) quick deceleration 

of particles during the first 2 km (deviation between two codes in velocities 

is up to~ 100 m/s); b) upward motion of the layer due to the arrival of the 

shock wave; c) slow motion near the surface with velocities of 38 m/s 

(iSALE) and 35 m/s (SOVA) and as such close to the sedimentation 

velocity of 23 m/s in equilibrium atmosphere according to Eq. (101), or 

matching sedimentation velocity for a reduced atmosphere of ρg=0.5 kg/m³. 

 

 

Figure 9-3: Deceleration of an individual particle (i) and surrounding gas velocity 
(ii). Absolute velocities are shown versus the particle position (altitude) for the 
same scenario modelled with iSALE (black +) and SOVA (grey x), (rdust = 1 cm, h 
= 0.1 m). The initial downward velocity of the particle at 5 km altitude is 1 km/s, 
and the gas is at rest. The peaks in velocity at ~ 2.5 – 3 km altitude (arrows) are 
due to the arrival of the shock wave reflected from the ground.  
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 Different Regimes of Settling 9.4.2.1

We analysed model setups for various combinations of particle size, 

initial mass distribution, and initial velocity. For each model, we track the 

trajectory of each representative particle. Representative particles that reach 

the lowermost cells are considered as deposited and are deleted from the 

model. In general, heavy dusty layers quickly penetrate through the 

atmosphere whereas thin layers settle with an equilibrium sedimentation 

velocity (Eq. (101)).  

To analyse settling of dusty layers for various values of the total 

mass and various particle sizes, we plot horizontal velocities normalised to 

the total particle velocity versus the vertical velocity normalised to the 

sedimentation velocity (Figure 9-4).  

Thin dust layers (h = 0.001 m) settle with approximately 

sedimentation velocity for all particle sizes tested and show fewer 

turbulences (small horizontal velocity component). Horizontal velocities are 

smaller for the larger particle size (~0.1 for particles with rdust = 1 mm). This 

behaviour holds true for particles initially at rest and particles initially 

moving with velocities larger than the free fall velocity.  

An increase of dusty layer thickness up to h = 0.1 m causes a shift to 

more turbulent behaviour. Horizontal velocities increase up to ~ 0.7, and 

particles settle with a velocity larger than the equilibrium sedimentation. In 

the model this can be seen by the formation of particle vortices and density 

currents. The increase in horizontal velocity depends on the particle size and 

is most enhanced for the smallest particles (~0.7 for particles with rdust = 

100 µm) compared to larger ones (~0.4 for particles with rdust = 0.1 m). In 

models with high initial velocity shock waves are generated causing an 

additional increase of the horizontal velocity component.  
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Figure 9-4: Normalised horizontal velocities versus normalized vertical velocities 
of particle: i) rdust = 100 µm & rdust = 1 mm; ii) rdust = 1 cm & rdust = 10 cm 
(determined with iSALE). Symbol type shows the particle size (see legend) 
whereas the symbol size increases with increasing layer thickness (minimal and 
maximal thicknesses area shown in the legend; thicknesses increase by a factor of 
10). The dashed lines show normalised free fall velocities. The black solid line 
shows the normalised sedimentation velocity (=1). Dotted lines represent the 
velocity trend for increasing blanket thicknesses. 

 

Even thicker dust layers (h > 0.1 m) represent the third regime of 

settling. For these layers, horizontal velocities are small compared to the 

total velocity and the settling velocity approaches the free fall limit (for the 

largest dust layer thickness of h = 10 m) regardless of the particle size. In 

scenarios with an initial downward velocity of 1 km/s particles are deposited 

at velocities higher than the free fall velocity.  

In summary, we may distinguish three regimes of dust settling 

depending mainly on the layer thickness: sedimentation, turbulent regime, 

and free fall (Figure 9-5). Particles size plays a minor role, shifting 

boundaries between these regimes. 
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Figure 9-5: Three Regimes of settling. Regime I: gravity and drag are in 
equilibrium and particles settle with a constant velocity (black arrow). Regime II: 
The mass of dust is too large to allow for individual settling. Density currents form 
because dust momentum is transferred onto the gas (thin arrows indicate gas 
movement). The dust aligns, minimising the drag forces. Regime III: The mass of 
the dust is big enough to set the gas into motion and to compact gas in front of the 
dust. Drag forces are small. 

 

We consider material as deposited when it enters the bottom two 

cells of the grid. Figure 9-6 shows the thickness and the extent of deposited 

layers. Note, that particles can be pushed upwards by a reflected shock wave 

only if they have not entered the bottom two cells above the ground. 

Material that is still in the air at the end of the simulation is interpolated to 

the ground vertically to reduce computational costs (in most cases, only a 

few representative particles are still in motion at the end of simulations). For 

all grain sizes ranging from rdust = 100 µm – 0.1 m, we find similar material 

deposition patterns if particles are initially at rest (Figure 9-6, left panel). 

Dusty layers with final thickness between h = 0.001 m and 0.01 m are 

deposited close to their original location and the radial range of 5 km is 

exceeded by 1 km at maximum. Deposition thicknesses scatter around the 

initial value of h (Figure 9-6 i). Some mass concentration with neighbouring 

mass depletion can be caused by the formation of density currents. This 

behaviour is more pronounced for larger thicknesses of h = 0.1 m. 

Furthermore, material is transported to larger radial distances (up to ~ 8 
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km). An even thicker dusty layer (h = 1 m) causes significant lateral 

movement (>12 km for rdust < 0.1m), producing spiralling vertices. The 

largest initial dust layer thickness of h = 10 m is mostly deposited in the 

proximal range of 5 km. Nevertheless, also at larger distances some material 

is observed that has been re-ejected due to atmosphere compression near the 

surface and finally settles nearly vertically. Metre-sized rocks are deposited 

only within the proximal range of 5 km regardless of the initial dust layer 

thickness. Deposition patterns for particles with an initial velocity of 1 km/s 

are similar to the presented scenarios but lateral spreading is more 

pronounced (Figure 9-6, right panel).   

 

 

Figure 9-6: Deposition thickness (determined with iSALE) of  material with rdust = 
100 µm over radial distance for no initial velocity (i), and 1 km/s initial velocity 
(ii). The lines show the initial dust layer thickness at t = 0s. Colours, line type and 
marker type correspond to these initial thicknesses as shown in the legend. For 
models shown in panel i), we used 100 representative particles per initial cell, and 
for models shown in panels ii), we used one representative particle per initial cell. 
For colours we refer to the online version. 
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9.5 Motion of ejecta curtains through the atmosphere 

In the previous section we studied a simplified scenario of vertical 

dust settling keeping the initial dust mass per unit area constant for each 

scenario. In this section we discuss a scenario of an evolving ejecta curtain 

which is more complicated in several respects: the ejected mass within the 

curtain increases with radial distance from the centre of the crater towards 

the rim, and the mass flux at each distance varies with time. Based on the 

results from vertical settling, we study the trajectories of dust particles 

within the curtain in order to distinguish the range of ballistic settling of 

ejecta from turbulent deposition behaviour. 

  

9.5.1 Curtain Evolution 

In this section, we describe the evolution ejecta curtains 

corresponding to craters with transient crater radii of r = 200 m, 1 km, and 

~4 km. As we do not model crater formation, we use the initial mass-

velocity distributions from scaling laws (Housen and Holsapple 2011).  We 

simulated four different scenarios each with a different size of particles 

within the ejecta curtain ranging from 100 µm to 0.1 m. The evolution of the 

ejecta curtain emanating from a 4-km-radius transient cavity is shown in 

Figure 9-7 and Figure 9-8. During the ejection (first 15 seconds) the ejecta 

curtain is still dense, its structure does not depend on ejected fragment size 

and resembles a “classic” ejecta curtain.  
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Figure 9-7: Formation of the ejecta curtain during 4-km-diameter crater formation 
(simulated with iSALE). The background grey scale represents the density of the 
air; colours represent the dust density within the curtain. Upper plate: fastest early 
ejecta generate shock waves in the atmosphere, Bottom plate:  in 15 seconds the 
transient cavity reaches its maximum diameter and the ejection ceases; the ejecta 
curtain has a width of ~0.5 km near the surface and is still dense. Black arrows 
indicate the direction of air motion and are not to scale. 

 

The late evolution of the curtain is substantially affected by the 

atmosphere especially in the case of smallest (100 µm) fragments (Figure 

9-8, i) whereas the curtain with largest fragments (Figure 9-8, ii) keeps its 

classic shape for a longer time, but eventually, is also subject to atmospheric 

interaction.  
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Figure 9-8: Ejecta curtain evolution from 20s to 120 s (simulated with iSALE). The 
snapshots show curtains consisting of 100 µm particles (left), and 10-cm-radius 
particles (right). The background grey scale represents the density of the air; 
colours represent dust flow density. The lowest part of the curtain keeps its high 
density and move mainly ballistically, whereas the upper, low-density, part of the 
curtain is subject to substantial mixing with the atmosphere and density currents 
are formed (earlier for small fragments, later for larger fragments). To the end of 
simulations (2 mins after crater formation) ejecta are mainly deposited up to a 
distance of 15 km, but some particles move still in a highly turbulent atmosphere. 
Black arrows indicate the direction of air motion and are not to scale. 
 

9.5.2 Thickness of deposited Ejecta  

At the end of each run (200 seconds) we calculate the resulting 

thickness for all four simulated particle sizes (if particles are still in the 

atmosphere, we assume their vertical descent to the ground, usually an input 

of these particles is minor – see below) and normalise it to the ballistic 
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thickness (Figure 9-9 i & ii). The ballistic thickness, which we will refer to 

as “reference” in the following, can be calculated analytically based on the 

parabolic trajectories of ejected material, but can be also calculated by our 

model if drag forces are switched off. For the 4 km crater scenario that we 

have shown in the previous section, we find that the resulting ejecta 

thickness agrees with pure ballistic solution within 3 crater radii 

independently on the particle size.  At larger distances we have thicker than 

ballistic deposits up to a distance of 8, and then, for larger distances, much 

thinner deposits. Ejecta thicknesses at larger distance of x/R > 9 at 200 s 

after the model start are size dependent, with increasing thickness with 

particle size. For the largest simulated particle size, the blanket is thicker by 

one order of magnitude relative to the mm-sizes particles, representing the 

slower settling of smaller particles. Only the very smallest particles show a 

thickness similar to the largest particles. However, this is caused by an 

atmospheric dust flow close to the surface that transports dust to larger 

distances (see Figure 9-8 i at 120 s, near the surface). This mechanism is 

absent or less pronounced for larger particle sizes.  

Assuming vertical settling of ejecta that are still in the atmosphere at 

the end of our simulations, we calculate the thickness of the ejecta blanket. 

For the largest particle size of 10 cm we find an increase in the thickness of 

the deposit (relative to the deposition in vacuum) for ~3 < x/R < ~7 (up to 

~200%), and a decrease for x/R > ~9 (~60%; decreasing to ~30% at x/R=20). 

For the smallest simulated dust with rdust = 100 µm, we find no continuous 

increase at the range of ~3 < x/R < ~5. Instead, the thickness changes 

between the norm and 140% of the norm. In the range of ~6 < x/R < ~10, the 

thickness first increases to 160% and then to 220% of the norm. At x/R>10, 

the thickness decreases sharply to about 30% of the reference (Figure 9-9 i). 

Ejecta at larger x/R are still in flow-like motion with substantial horizontal 

velocity. Hence, vertical interpolation to the surface illustrate a snap-shot of 

the mass in the moving flow at these distances (i.e. spikes represent the 

position of flow at the end of the model, e.g. at x/R = 18 Figure 9-9 i).  
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Figure 9-9: Ejecta deposits for a 4-km-radius transient cavity and two particle sizes 

((i): 100 µm; (ii): 0.1 m) normalised to the ballistic reference thickness (determined 
with iSALE). Black lines for x/R<8.5 show the averaged ejecta deposited within 
200 seconds (total time of this run) whereas black dotted lines show the sum of 
already deposited ejecta and ejecta that are still in atmosphere. Grey solid lines 
show the model data before averaging with a moving average of width 5. For small 
particles, the horizontal velocity is larger than the vertical velocity and further 
radial movement has to be assumed. For 10 cm-sized particles; the thicknesses 
beyond x/R~10 is smaller than the particle size and must be interpreted as an 
average value of a patchy blanket. In panels (iii) and (iv), the deposits of the 4-km-
radius crater as shown in (i) and (ii), respectively, are compared to results for a 
200-m-radius crater and a 1-km-radius crater for the same dust sizes. The black 
dashed lines in (iv) indicate the range of +/-10% from the reference that we 
consider as ballistic deposition. 
 

For smaller crater sizes of 200 m and 1 km we find similar 

characteristics of the ejecta thicknesses: small dust particles (100 µm) settle 

slowly and therefore have more time to move in dust clouds in horizontal 
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direction up to large distances (x/R > 20). Large particles (10 cm) cluster in 

air and are deposited sub-vertically. Hence, several peaks of ejecta thickness 

form due to the formation of individual dust clusters as described in section 

9.4. For a crater size of 1 km radius, we find a more pronounced, but thinner 

peak, where ejected material accumulated (x/R ~ 6). 

 

9.5.3 Deposition Velocity of Ejecta 

In impact events in vacuum conditions, the deposition velocity of 

ejecta increases with the distance from the crater due to the inverse order of 

ejection and deposition, i.e. the earliest ejected material is the fastest ejecta 

and reaches the farthest distance. In contrast, ejecta deposition within an 

atmosphere causes a decrease in deposition velocity. To further study the 

behaviour of ejecta upon landing, we track the velocity of the dust for all 

scenarios. For largest particles, as expected, landing velocities increase with 

increasing distance and are equal to the ejection velocities. With decreasing 

particle size to 10 cm and 1 cm, the dust gets more affected by atmospheric 

interaction, and final velocities decrease in comparison with ejection 

velocities approaching sedimentation velocities. However, final velocities 

for very small particles (rdust < 1 mm) are always higher than sedimentation 

velocities and still have a substantial horizontal component. In Figure 9-10 

we normalise the velocity data by the ballistic velocity and compare them 

with the equilibrium sedimentation velocities in undisturbed atmosphere. 

Small particles with rdust = 100 µm quickly deviate from normal ballistic 

reference deposition at x/R~2 and the vertical velocity component 

decelerates to sedimentation velocity at x/R~5, while the horizontal velocity 

is larger (Figure 9-10 i). The velocity of large particles with rdust = 10 cm 

equilibrate to vertical sedimentation for x/R > 5, but show some undulations 

around equilibrium where clusters of ejected particles have landed (Figure 

9-10 ii). For different crater sizes, the distance where equilibrium velocity is 

reached, depends on the interplay of the radially growing excavated mass of 

ejecta, larger excavation mass for the larger crater sizes, and the radial 

increase of encountered atmospheric mass. 
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Figure 9-10: Normalised total deposition velocities (determined with iSALE) for a 
crater with R = 200m for (i) 100 µm and (ii) 10 cm (black lines and squares). Grey 
dashed lines show the landing velocity for parabolic trajectories as norming 
reference, grey dotted lines show equilibrium sedimentation velocities according to 
Eq. (101). The black dashed line in (i) shows the vertical velocity component from 
the model. The black dashed line in (ii) depicts the range of 10% deviation from 
the reference that we consider as ballistic deposition range. 
 

9.5.4 Ballistic Range  

Based on the normalised plots of ejecta thickness and deposition 

velocity, we analysed the range of ballistic deposition as a function of crater 

size and particle size. We consider ejecta as deposited with ballistic velocity 

if their deposition velocity differs by less than 10% from the reference (c.f. 

black dashed line in Figure 9-10 ii) within two neighbouring data bins (i.e. 

r/R positions). Similarly, the thickness is “ballistic” if a running average of 

width 5 deviates less than 10% from the vacuum reference (cf. black dashed 

line in Figure 9-9 iv). 

In case of 0.2 – 1 km-radius craters, we find a decrease of the 

ballistic range with decreasing dust size for both criteria (ejecta thickness 

and deposition velocity). Only for the smallest dust size for R = 200 m, we 

could not assign any ballistic range for the deposition velocity. For a crater 

of 4 km radius, the described general trend of the smaller craters could not 

be observed. The ballistic range for the ejecta thickness as well as the 
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deposition velocity remains about equal for all dust sizes. In general, there is 

a good agreement between two different “ballistic range” criteria except of 

the smallest, 100 µm, ejecta:  flow features as described above have been 

observed and influence the results on the ballistic range (deposition velocity 

has a substantial horizontal component).  

 

 

Figure 9-11: Ballistic range of ejecta deposition in terms of ejecta thickness (black) 
and deposition velocity (grey) for the three crater sizes: 200 m (left), 1 km (centre), 
and 4 km (right). The results have been determined with iSALE. Particle sizes are 
given from top to down: 100 µm, 1 mm, 1 cm, and 10 cm. Dotted lines and arrows 
support the visualisation of trends (black and grey for thickness and velocity, 
respectively).  
 

9.5.5 Crater Fall Back  

For cratering scenarios in vacuum, all ejecta are expelled from the 

crater on trajectories to be deposited outside the transient crater.  Ejecta 

occasionally found within the crater might occur due to the final crater 

modification (e.g. slumping), ejecta from secondary craters, or so-called 

plume ejecta. In our models of ejecta curtain interaction with atmosphere we 

see that some ejecta move inward and are deposited inside the transient 

crater (x/R < 1). We found that the fallback thickness depends on both, the 

crater size and the fragment size (Figure 9-12): Smaller craters (200-m-

diameter) are more sensitive to the presence of atmosphere and the fallback 
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thickness decreases from ~2 m in case of the finest ejecta to ~20 cm for 

ejected particles 1 mm in radius. For 10 cm sized particles the fallback was 

too little to form a deposit within the crater and only a sporadic occurrence 

of these particle sizes is expected. We analysed and averaged the thickness 

of ejecta deposition h/R in the range of 0.1 < x/R < 1 in our models for all 

scenarios at the final stage of the model (Figure 9-12).  

 

 

Figure 9-12: Average crater fall back for our simulated crater sizes from 200 m – 4 
km (determined with iSALE). We analyse the ejecta thickness h/R in the range of 
0.1 < x/R < 1. Results are shown for three sizes of particles (see legend).  
 

9.5.6 Influence of different particle sizes 

In previous sections we described idealised cases with one particle 

size to understand the underlying principles of particle-gas interaction. Here 

we present the first model with a size frequency distribution of ejected 

particles described by the power law Tl¨R�> !� = X !e�, where N is the 

number of particles with a radius larger than r, C is a constant defined by 

the total ejected mass, and D is the power law exponent. The actual (local) 

size-frequency distribution is not known and cannot be derived directly 

from our model. We use the power law exponent of 2.66 from Buhl et al. 
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(2014b), which remains constant during the ejection process. Figure 9-13 

shows three snapshots of an ejecta curtain consisting of 5 classes of particles 

with radii from 100 µm to 1 m. The curtain starts sorting according to the 

size of the dust (100 µm, 1 mm, and larger sized dust). This separation into 

individual sub-curtains is partly caused by the discrete choice of particle 

classes; in nature, the particle size-frequency distribution is more continuous 

and the ejecta curtain would continuously widen due to particle/gas 

interaction. Our implementation does not support a continuous range of dust 

sizes for a given launch position. Many real dust grains are represented by 

one numerical particle, which is characterised by equal properties for all of 

the represented dust grains. In Figure 9-13 we used 5 size bins. However, in 

principle, an individual dust size could be assigned to each representative 

particle based on a fragmentation model, which is desirable for future 

studies.  

Although the curtain separates into individual sub-curtains of 

different particle sizes, particles have moved on similar trajectories before 

this separation. In the dusty flow approximation particles show a collective 

behaviour due to coupling through the atmospheric gas. Instead of being 

immediately decelerated like an individual particle, which would cause dust 

collisions within the curtain, smallest dust grains move in the wake of larger 

particles, or a swarm of small particles moves with a higher velocity than 

isolated particles (as shown in section 9.4.2), because in this way 

atmospheric drag on the finest dust is minimised and the separation of the 

curtain occurs to a later time. Indeed, cm-sized particles still move along 

with the largest size classes within the main curtain in Figure 9-13.  

We analyse the data similarly to the previous cases shown (Figure 

9-14). In agreement to Figure 9-11, we find a ballistic range for this scenario 

for 1.7 < x/R < 3.1 for the ejecta thickness. The crater fallback with h/R = 

8.4e-5 for this scenario is slightly lower than the values for the pure 100 µm 

and 1cm scenarios.  
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Figure 9-13: Ejecta curtain for a 1 km sized crater after 5, 20 and 40 s (simulated 
with iSALE). The snapshot shows a curtain consisting of 100 µm – 1m  particles 
that separate according to their size (cf. separate lines and colour). The background 
grey scale represents the density of the air. The lowest part of the curtain keeps 
high density and moves mainly ballistically (cf. curtain at 20 s up to ~ 2 km 
altitude). Also, upper parts of the curtain consisting of larger fragments move 
ballistically (yellow), whereas the part of the curtain with smaller particles shows 
initial mixing with the atmosphere and turbulent patterns are formed (inner curtain 
boundary, black and red colour). Note that particles of a size of 10 cm and larger 
move within a common curtain. 
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Figure 9-14: Ejecta deposits (determined with iSALE) for a 1-km-radius transient 
cavity and five particle sizes from 100 µm to 1 m (in each class particle size 
increases is by a factor of ten) normalised to the ballistic reference thickness. Black 
lines show the averaged deposited ejecta. The determined ballistic range according 
to our criteria ranges from 1.7 to 3.1. Grey lines show the model data before 
averaging with a moving average of width 5. 
 

9.6 Laboratory Scale Impacts  

Typically, the pressure in the target chamber in a laboratory 

experiment is reduced to some 1-10 mbar in order to avoid atmospheric 

effects (Stöffler et al. 1975; Cintala et al. 1999; Anderson et al. 2004). In 

this section we study the influence of higher gas pressure on ejecta 

deposition using ambient pressures of 1 kPa, 10 kPa, 100 kPa, and 6 MPa. 

In contrast to the previous section, we constructed a new set of scaling 

parameters to fit modelling (Wünnemann et al. 2016) and experimental 

results (Stöffler et al. 1975). We found that C1 = 0.232 and µ = 0.48 fit the 

published data best. To produce the same mass as in the experiments, we 

used k = 0.37, which is slightly larger than the value from Housen and 

Holsapple (2011). In this section all ejected particles have the same size of 

100 µm in line with the experimental setup (Stöffler et al. 1975), except 

when stated differently.  
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 Obviously, the influence of the atmosphere increases with increasing 

gas pressure: an ejecta curtain becomes unstable at an earlier point in time, a 

turbulent component is enhanced, and the thickness of ejecta deposit 

deviates stronger from the ballistic approximation (Figure 9-15, Figure 9-16, 

and Figure 9-17). 

 

Figure 9-15: Laboratory-scale ejecta curtains (simulated with iSALE). The three 
columns of snapshots show simulations with a set-up corresponding to the set-up 
from Stöffler et al. (1975) and target chamber pressures of i) 1kPa, ii) 100 kPa, and 
iii) ~6 MPa. The background grey scale represents the density of the air; colour 
represents the density of ejected dust.  
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9.6.1 Thickness of deposited Ejecta 

We calculated the thickness of the ejecta blanket for all scenarios up 

to a 1 m radial distance and also for vertical ejecta catchers as in 

experiments (Stöffler et al. 1975). Ejecta in a target chamber with pressure 

of 1 kPa do reproduce the trend observed in experiments by Stöffler et al. 

(1975): some deviations occur at larger distances of x > 80 cm (diamonds in 

Figure 9-16 i). The material at these distances has been longer affected by 

the atmosphere than the proximal ejecta and some clustering of ejected 

particles can be expected (cf. Figure 9-2), causing fluctuations in deposited 

mass. In addition, the experimental ejecta thickness close to the vertical 

ejecta catchers can be slightly exaggerated due to reflected material from the 

vertical catchers. The fluctuations in thickness get stronger (by one order of 

magnitude) and occur at smaller distances (x > 55 cm) if pressure increases 

to 10 kPa. At 100 kPa pressure deviations from pure ballistic results are 

obvious at all radial distances: there are two maxima at distances from 40 to 

53 cm, and at ~63 cm, whereas at distances >68 cm the deposits are 

substantially (order of magnitude) thinner than in experiments. At the 

highest pressure of 6 MPa we find complete absence of ballistic behaviour. 

There is a substantial amount of crater fall back, whereas outside of the 

crater the ejecta thickness is strongly reduced (two orders of magnitude for 

about 1 < x/R < 3, otherwise still one order of magnitude, Figure 9-17). Dust 

is transported to large horizontal distances while being dissolved in the thick 

atmosphere, and the transport mechanism can be compared to transport in a 

fluid (Figure 9-15 iii). 
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Figure 9-16: Ejecta deposits from numerical simulations for a target chamber 
pressure of 1 kPa and 100 kPa (determined with iSALE). Horizontal (i) and vertical 
ejecta deposition (ii) are derived from the model (black symbols) and compared to 
the data (grey symbols) from Stöffler et al. (1975). The function (grey line, ii) for 
altitudes above 80 cm is approximated from Stöffler et al. (1975), Figure 7. The 
model data in vertical direction is binned between: 0, 42, 68, 92, 112, and 132 cm. 
 

 

Figure 9-17: Normalised (to parabolic deposition) ejecta deposits from numerical 
simulations with iSALE for a target chamber pressure of 6 MPa with a high 
atmospheric density (~84 kg/m³). Due to the high density of air, the dust cloud 
remains stable for a long time before it collapses as a dust flow. The crater is filled 
by material. However, only a small fraction is deposited in the near range outside 
of the crater. Once, the dust cloud collapses and a horizontal flow establishes, a 
large amount of mass is transported to larger distances. As this flow lasts longer 
than the model run-time, we show the mass distribution at the end of the model to 
give an impression of the importance of the mass movement. 
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For vertical catchers, our simulation with a target chamber pressure 

of 1 kPa reproduces the observed mass distribution from Stöffler et al. 

(1975) for altitudes up to 80 cm (Figure 9-16 ii), which additionally 

confirms the applicability of our dust cloud approach. We also reproduce a 

decay of mass per unit area for an altitude of 1.2 m as observed by Stöffler 

et al. (1975).  In our scenarios with larger target chamber pressures, we see 

strong deviations from the experimental results in vacuum. Especially for 

the largest pressure of 100 kPa, most vertical ejecta catchers do not contain 

any ejecta as horizontal motion of the dust has been stopped by the 

atmosphere before the catchers could be reached. Consequently, future 

experiments need to place vertical catchers closer to the centre of impact in 

order to derive a vertical ejecta distribution. However, for the very dense 

atmosphere with a pressure of 6 MPa, we see a significant horizontal 

movement as a ground hugging flow. The mass detection in a vertical 

catcher would occur up to an altitude of ~5 cm, while the top catchers would 

stay empty. Thus, the trend from 1 kPa to 100 kPa is inverse to the trend 

from 100 kPa to 6 MPa because of different deposition mechanisms. 

 

9.6.2 Ejecta curtain angle  

 As an additional comparison to experimental data, we measure the 

ejecta curtain angle in our models (Figure 9-18). Curtain angles have been 

studied by Schultz (1992) for various combinations of gas and target 

chamber pressure for sand (~62.5 µm) and pumice (bimodal distribution 

with sizes of ~12.5 µm and ~40.5 µm). More recent studies discussed the 

increase of the ejecta curtain angle during the evolution of the ejecta curtain 

and the role of atmospheric turbulence (Sommer et al. 2013). However, 

measuring the ejecta curtain angle within the model is not straight forward, 

because turbulent dust clouds hamper the determination of a sharp boundary 

of the curtain. Therefore, we assessed the curtain angle based on the highest 

density distribution within the curtain, assuming that this is the best 

approach comparable to experiments in which the visibility and 

measurement of the angle of the curtain correlates with the optical thickness 
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of the ejecta cloud, which itself depends on the dust density in air. 

Therefore, we chose to measure the angle of one or more fitting lines 

through the areas with the highest dust densities. In the following we discuss 

only simulations with an ejection angle of 45°, whereas ejection angles in 

laboratory experiences deviate from this angle depending on the target 

material as well as the time and location of ejection (e.g. Hermalyn and 

Schultz 2014; Gulde et al. 2018; Luther et al. 2018).   

 In Figure 9-18 we plot the measured curtain angles at atmospheric 

pressures of 1 kPa, 10 kPa and 100 kPa, corresponding to a density of ρ/ρ0 = 

0.01, 0.1, and 1 relative to normal density (ρ0 = 1.3 kg/m³) for sand with a 

particle size of 100 µm (Figure 9-18 i), and for ρ/ρ0 = 1 for pumice-like dust 

with a size of 10 µm (Figure 9-18 ii). For ρ/ρ0 = 0.01 and ρ/ρ0 = 0.1 we find 

an ejecta curtain angle that nearly agrees with the ejection angle of 45° itself 

for more than 150 ms. For ρ/ρ0 = 0.1, the ejecta curtain angle for the sand 

model slightly increases after 150 ms and reaches a value of 55° after 250 

ms. This similar behaviour between the cases of ρ/ρ0 = 0.01 and ρ/ρ0 = 0.1 

agrees with the observed values for sand from Schultz (1992). The observed 

ejecta curtain angles also fall into the range that was observed  by Tsujido et 

al. (2015), who studied the formation of ejecta curtains by conducting 

impact experiments into quartz sands using different projectile materials. In 

contrast to the lower atmospheric density cases, the ejecta curtain angle 

increases faster for ρ/ρ0 = 1 for both pumice-like and sand materials. The 

ejecta curtain angle for sand increases to ~80° after 250 ms (cf. wall-like 

shape in Figure 9-15 ii). Also Schultz (1992) observed a larger curtain angle 

for sand with the highest atmospheric density of ρ/ρ0 = 1 (up to ~68°). For 

the 10-times smaller pumice-like dust we observe a much faster increase of 

the ejecta curtain angle for the initial (top) part of the curtain, which 

steepens to ~74° within 25 ms and agrees to the value observed by Schultz 

(1992) who measured ~70° at 20 ms. The fast increase of the curtain angle 

for the small pumice-like dust is related to the small grain size of pumice 

compared to sand that causes a faster deceleration to the ambient gas 

velocity. However, in the same time the lower more mass rich part of the 

ejecta curtain in our pumice-like model does not steepen to more than 50°. 
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The high angles are reached at a later time (76° after 80 ms), but relax to 

smaller ~60° later on. In summary, we are confident that our modelling 

approach represents the observed experimental tendencies.  

 

 

 

Figure 9-18: Evolution of angle of ejecta curtain for different chamber pressures 
expressed by the density ratio relative to ambient air density ρ0 (determined with 
iSALE). Target materials are quartz sand (i) and pumice (ii). The solid grey line 
shows the 45° ejection angle. 
 

The movement of ejecta within the curtain, and the agglomeration of 

dust clouds, depends on the dust size and density ratio between dust and gas. 

Different areas within the ejecta curtain have different dust densities. E.g. 

the surface-near regime of the curtain shows the highest density (up to some 

100 kg/m³) and a curtain angle of 50° (close to ballistic behaviour) evolves 

(Figure 9-18 i). Material in this lower curtain moves almost parabolic. 

Material with a density of >10 kg/m³ as it occurs in the intermediate part of 

the curtain corresponds to a vertical settling scenario from section 3 (based 

on the density criterion) with an initial thickness of h = 0.1-1 m with a large 

horizontal velocity component of up to vhorizontal/vabsolute ~ 0.6 (Figure 9-4). 

Curtain evolution and the ejecta movement in these intermediate altitudes 

(e.g. at ~20-50 cm altitude 0.25 s after the impact) are affected by the 

development of Kelvin-Helmholtz instabilities, which cause the formation 

of vortices due to differences in dust velocity in neighbouring areas, even if 

in each area horizontal and vertical velocity components point into the same 
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direction. The low mass fraction at the top of the curtain (<1 kg/m³) initially 

shows an angle of ~45°, but starts to collapse due to dust deceleration and 

the acting gravity, and the curtain angle decreases to < 30° at ~300 ms.   

 

9.7 Discussion and Perspectives 

Natural cratering events produce ejecta with a size-frequency-

distribution that stretches over several orders of magnitude from smallest 

dust to blocks of 100’s of metre in size (depending on the crater 

dimensions). In our study, we mostly analyse the behaviour of individual 

dust or particle sizes to avoid further complexity and to isolate the physical 

behaviour of individual size classes. However, we note that ejecta with a set 

of different sizes can behave differently to single-sized ejecta. Larger 

fragments or big blocks of material are less affected by atmospheric 

deceleration. In contrast, they accelerate the atmosphere and cause the 

formation of shock waves. In the wake of such large fragments, small dust 

grains can reach larger distances than without the presence of these large 

fragments as discussed in section 9.5.6. In general, large fragments occur in 

areas of low shock pressure (in particular, in the so-called spallation zone), 

whereas small dust grains are typical for a wide range of shock pressures 

and ejection velocities.  

Late low-velocity massive ejecta are less subjected to atmospheric 

influence and move mainly ballistically. The range of our largest particle 

size of 10 cm gives a rough maximum range of ballistic behaviour in 

terrestrial atmosphere (Figure 9-11).  

In natural cratering events, the projectile produces disturbances in 

the atmosphere. This effect was included in the study of Shuvalov and 

Dypvik (2013). In our approach of producing ejecta with scaling 

relationships, we neglect such disturbances in the atmosphere in order to 

primarily focus on the variation of the parameters that are demonstrated 

above. However, we think that this is a feasible assumption because the 

intense interaction of the ejecta curtain with the atmosphere takes place at 

the later stage of ejecta deposition when strong winds generated by shock 
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waves are gone and the atmosphere is mostly relaxed to its standard 

conditions. 

We demonstrated that atmospheric transport can cause the fall back 

of ejected material into the crater (Figure 9-12). However, this material is 

suspended in air for a relatively long time and possibly is subject to winds 

which are not included in our simulations. We can expect that exactly these 

“suspended” ejecta form dark parabolas on Titan (Wood et al. 2010) and on 

Venus (Vervack et al. 1992; Schaller and Melosh 1998).  

On planets without substantial atmosphere (e.g. Moon, Mercury) 

ejecta are deposited mainly ballistically. However, with average impact 

velocities of ~19 km/s on the Moon (e.g. Jeffers et al. 2001) and 42 km/s on 

Mercury (Marchi et al. 2009), peak shock pressures may be as high as 300 – 

1000 GPa. The release from these high pressures causes vaporisation of the 

target and projectile materials.  This vapour expands quickly from the 

impact point:  early solid/molten ejecta are entrained into the plume and 

later probably form double ejecta layers (Goldin and Melosh 2009). 

Moreover, specific thermal conditions within the plume can affect  chemical 

processes by enforcing or inhibiting specific chemical reactions (Zahnle 

1990).  

The dusty flow approximation assumes non-collisional conditions, 

e.g. particles’ volume (but not mass) should be substantially smaller than the 

gas volume. These conditions are satisfied in all simulations shown in the 

paper except of the early (adjacent to the surface) ejecta curtain. However, 

even in this case all particles are on similar trajectories with similar 

velocities and an influence of their inter-collisions is minimal. 

The effect of different target rheologies has not been addressed in 

this study. Our reference ejecta blanket based on parabolic trajectories 

always refers to a case with constant ejection angles of 45°, which is typical 

for porous materials with a medium coefficient of friction like sand (Cintala 

et al. 1999). Different studies have shown that the ejection behaviour 

depends on target properties (e.g. Hermalyn and Schultz 2014; Luther et al. 

2018). To show the influence of material properties, we have taken the 

ejection scaling parameters from Luther et al. (2018) for two non-porous 
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target materials (very low strength: µ = 0.49 & K1 =v0.53, and very high 

strength: µ = 0.47 & K1 = 0.82) and use these parameters to produce ejecta in 

our model (Figure 9-19). We assume a constant average ejection angle of 

35° and 55° for the high and low strength materials, respectively (Luther et 

al. 2018). For a low strength material the deposition pattern appears 

smoother than for the other cases and deviations from the reference are 

smaller than 25%. The trend follows the pattern of the minima of the deposit 

of the scenario with 45° ejection angle. In contrast, the high material 

strength scenario shows an increase of the deviation from the reference with 

distance. At x/R~5 the difference increases to more than 25%. These 

differences in the deposition pattern require further detailed studies. They 

form due to interplay of dust size, ejection speed and ejection angles. Small 

particles are more sensitive to atmospheric drag. The deposition velocities 

are small, and as such the time that the dust remains in the atmosphere, 

where it can be transported, is longer. Ejection angles and ejection speeds 

affect the altitude to which material can be transported. Large angles allow 

for dust transportation to higher altitudes, which increases the time that the 

dust remains in the atmosphere. Smaller ejection angles lead to a more 

horizontal momentum transfer onto atmospheric gas, and influence the 

transport direction. Hence, the material rheology appears to be important for 

ejection models with atmospheric interaction, because they change the 

initial ejecta conditions like speed and angle. Such effects are important 

when comparing, e.g. basaltic lava areas with areas of rather lose sands, or 

areas which are depleted or rich in volatiles (like on Mars), and modelling 

the ejecta distribution requires initial conditions that fit to the target 

rheology (i.e. scaling parameter and ejection angle should represent the 

target properties, or ejection speed and angle are taken from shock-physics 

codes directly). 
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Figure 9-19: Ejecta deposits (determined with iSALE) as in Figure 9-14. In 
addition, similar model results are shown for a low strength material and a high 
strength material as described in the text (black solid and dotted lines, 
respectively).  
 

9.8 Conclusions 

1. The simplest test of particle sedimentation in undisturbed 

atmosphere may be considered as validation and verification of the 

dusty flow approximation. Although we use a simplified drag 

coefficient, we are able to accurately reproduce the settling 

velocities for different particle sizes and different regimes of 

sedimentation (from Stoke’s law to Newtonian drag). Modelling of 

dusty layers in atmosphere reveal three different regimes of settling 

– sedimentation, formation of density currents, and the free-fall – 

depending on particle size within the layer and its dust loading (mass 

of dust per unit area). 

2. We simulate the behaviour of ejecta that are expelled from a 

growing crater for different transient cavity sizes (200 m, 1 km, and 

4 km) and for different fragment sizes (100 µm, 1mm, 1 cm, and 10 

cm). For each scenario, we calculate the thickness of the ejecta 
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deposit, the deposition velocity, and a norm against results assuming 

pure parabolic trajectories. In general, we find that the dimensionless 

ballistic range (in terms of deposition velocities and thickness of 

ejecta layers) x/R decreases with increasing crater size and 

decreasing dust size.  

3. We find that the amount of material that falls back into the crater 

depends on the particle size, and in general it is larger for smaller 

grain sizes. In addition, we find a scale dependency of the fall back 

with crater size.  

4. We show that an ambient pressure in experimental setups could be 

an important factor influencing ejecta curtain angles and the decay 

of ejecta deposit thickness with distance. In experiments with sand 

(particle size 100 µm) substantial deviation from ballistic deposits 

(Stöffler et al. 1975; Wünnemann et al. 2016) is observed at a 

pressure of ~10 kPa. In general, we demonstrate that 

ejecta/atmosphere interaction is an important physical process, 

which we can model using the dusty flow approximation coupled 

with the iSALE code. 

5. Examples presented in this paper are idealised, but of theoretical 

interest. Assuming mono-sized ejecta is still far from realistic 

scenarios. However, they have to be considered as preliminary tests 

that constrain the theoretical range of outcomes, and serve as the 

basis for future development of the iSALE code.  
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9.10 Appendix 

9.10.1 Model Parameters 

Table 9-2: Model parameters for vertical settling. 
General parameters  

CPDR* 50 

Grid spacing [m/cell] 100 

Vertical high resolution cells 320 

Vertical extension cells (top) 40  

Horizontal high resolution cells 700 

Horizontal extension cells 80 

Representative Particle parameters  

Initial number of representative particles per cell 1 / 100 

*  cells per initial RP-disk radius. 

 

Table 9-3: Model parameters for ejecta curtain. 
Crater radius [m] 

0.1365 200 1000 3908 
General parameters 

CPCR* 27 / 55 16 20 39 

Grid spacing [m/cell] 0.0025 / 0.005 12.5 50 100 

Vertical high resolution cells 500 / 250 800 640 500 

Vertical extension cells (top) 0 / 0 80 40 50 

Horizontal high resolution cells 500 / 250 700 1000 600 

Horizontal extension cells 0 / 0 100 80 100 

Representative Particle parameters     

Number of created representative particles per 
iteration 

16 / 20 10 100 20 

maximum density at ejection [kg/m³] 
(governs RP production) 

1580 2500 2500 2500 

*  cells per crater radius, values are rounded to full numbers. 
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10 Discussion and Conclusion 

The objective of this thesis is to expand the knowledge and 

understanding of the formation of impact ejecta blankets, which are a 

consequence of impact cratering events. More specifically, I focus on the 

ejection dynamics of material with different target properties and the 

material deposition in vacuum, and I also focus on what happens when the 

ejecta interacts with an atmosphere or a vapour plume. First, I summarise 

my results in light of the key questions and objectives as stated in chapter 

1.2, then I discuss the limitations of the methodological approach, and, 

finally, I draw conclusions from the results with respect to a more general 

context beyond the key questions that I raised in chapter 1.2. I also provide 

some further applications of my work and show future prospects.  

 

10.1 Objectives & Key Questions 

In this thesis, I raised three objectives and two key questions, which 

I briefly summarise, respectively, as:  

 

M I. Material Models  

M II. Ejecta Analysis  

M III. Representative Particles 

and: 

S I. Ejecta and Target Properties 

S II. Ejecta and Atmosphere  

 

The answers to the key questions S I & II rely on findings of the objectives 

M I, II, & III, and consequently, I start by summarising the objectives before 

the key questions. 

 

M I - Material Models: Ejection processes are affected by the 

material behaviour, which is described by material models and 

parameterisations. Therefore, the first objective M I aims at testing the 
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material models used in iSALE in order to prepare to address key question S 

I. Rheology models are important to describe the material resistance against 

impact-induced stresses. Often, these rheology models are applied to and 

compared with natural-scale cratering events. However, comparing 

modelling results with laboratory experiments gives a better constraint on 

the validity of the material models. Furthermore, I use experimental results 

in chapter 8 for validating the ejection simulation results. Hence, in chapter 

6, I compare laboratory-scale simulation results with experimental results 

for cratering events in quartzite and marble targets. The experiments were 

performed using a two-stage light gas gun. Both targets are competent 

rocks, and I used a rheology model that includes material damage and a 

yield envelope for each intact and damaged material, respectively, as 

described in chapter 3.2.3. The simulated craters and the laboratory craters 

agree in depth and diameter. The replication of the experimental craters by 

applying the strength models that are included in iSALE is an important step 

to answer objective M I: For the given study, I found that the rheology 

models are sufficient to reproduce experimental results. Hence, it can be 

assumed that the rheology models are sufficient to describe the material 

behaviour in complex impact scenarios, which is important for addressing 

the first key question S I. Consequently, the rheology models allow for 

conducting parameter studies where individual parameters are varied in 

order to study the consequences of different material rheology 

characteristics. 

Having addressed the rheology model, I also discuss the applicability 

of the porosity-compaction model. Porosity affects the ejection behaviour 

by energy consumption due to pore compaction, density variations, and the 

reduction of the speed of sound in the target material. To show the validity 

of the ε-α porosity-compaction model that is included in iSALE, I chose an 

end-member testing scenario of a very porous target that nearly completely 

suppresses material ejection. In chapter 7, I compare observed funnels in 

snow, which formed after the Chelyabinsk event, with modelling results. 

With initial impact conditions that had been derived by atmospheric entry 

modelling by N. Artemieva, the “snow carrots” serve as a natural 
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experiment in a target with 70% porosity. Consequently, the deceleration of 

the dense basaltic projectile is small and computation times are long. Still, 

results from iSALE show a good correlation to observed characteristics of 

the penetration funnels in snow in terms of funnel length, density increase in 

the funnel walls, and repression of material ejection.  

The length of the snow funnels for a given snow porosity depends on 

the chosen strength parameters for the Drucker-Prager rheology model. The 

chosen cohesion as well as the coefficient of friction strongly affect the 

funnel length. However, the parameters of the porosity-compaction model 

also influence the funnel length. Here, the most obvious parameter is the 

porosity itself, but also other parameters such as the elastic volumetric strain 

threshold, which defines the limit of elastic compaction, cannot be 

neglected. For example, it is the latter parameter that has a big effect on the 

density increase in the snow funnel walls. 

For the given study in chapter 7, the ε-α-compaction model of 

iSALE has shown to reproduce observed natural funnels in snow, and, 

consequently, can be assumed to be sufficient for describing the compaction 

of porosity in impact scenarios. Parameter studies where individual 

parameters of the ε-α-compaction model are varied are expected to give 

reliable results for studying the consequences of different material 

characteristics. 

  

M II – Ejecta Analysis: The second objective is addressed in 

several chapters of this thesis. In chapter 4, I describe the difficulties in 

studying ejecta. The material continuum as described in the numerical grid 

does not yield correct results when ejecta trajectories and the ejecta curtain 

are simulated through to deposition. One major problem is the reduced 

resolution of the ejecta curtain. The ejecta curtain thins out with increasing 

altitude and distance, and empty cells occur within the curtain between cells 

that contain clumps of accumulated ejected material. A more reliable 

assessment of ejection data is reached when the data is analysed shortly 

after ejection with the help of massless tracer particles that follow the 

continuum material flow. The method is described, validated and applied in 
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chapters 4 and 8. Comparisons of the model data to laboratory experiments 

show agreement in ejection velocities and the average ejection angle, and, 

thus, they support the approach. 

 

M III – Representative Particles:  The representative particle 

approach that is used for simulating the interaction of ejected material with 

an atmosphere and/or a vapour plume is described in detail in chapter 5. 

Representative particles represent a given amount of real dust particles of 

one size and with a given material density on similar trajectories. Each 

representative particle exchanges momentum and energy with the 

surrounding atmosphere. Validation tests and resolution tests are shown in 

chapters 5 and 9. These tests have shown that the approach implemented 

into iSALE is capable of reproducing analytical solutions for equilibrium 

sedimentation. Benchmarking results derived for vertical settling of many 

representative particles agree with results of the SOVA shock physics code. 

Furthermore, comparisons of numerical and laboratory experiments using 

particles of two different sizes (10 µm and 100 µm) show similar results for 

ejecta curtain angles. Having gone through intensive testing, the code 

appears to yield reasonable results and can be applied to in-depth parameter 

studies. 

 

 S I – Ejecta and Target Properties: Target properties affect the 

ejection properties and, in extreme cases, can even cause the suppression of 

material ejection as shown in chapter 7. Having addressed objectives M I 

and M II as described above, the material models and ejecta analysis 

approaches available in iSALE are sufficient to tackle this first key question 

S I. In chapter 8, I analyse ejection behaviour under equal impact conditions. 

To simulate the different target materials, I use a Drucker-Prager rheology 

with a varying coefficient of friction, and for some models I also include 

cohesion. Different porosities are modelled with the porosity-compaction 

model. Ejection characteristics, like the ejection velocity and the ejection 

angle, are different for liquids, granular materials, and competent rocks. 

Craters in competent rock tend to be smaller than those in soft granular 
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materials, and consequently, ejection velocities in competent rocks decrease 

closer to the impact point than for granular materials. In contrast, granular 

materials often are more porous than competent rocks, and ejection 

velocities close to the impact point tend to be smaller. The ejection angles 

tend to be largest for hydrodynamic materials, and they decrease with 

increasing material strength. This compares well with experimental 

observations that show a decrease in ejecta curtain angles for different target 

materials with increasing strength (Koschny, personal communication). The 

glass beads targets, sand targets, and regolith simulant targets are 

characterised by increasing angles of repose.  

Based on the ejection velocities, I derive the scaling parameters for 

the different target materials. These findings are important for future studies 

that use scaling relationships to study aspects of the ejection process on 

different planetary bodies and/or different geologic units with different 

target properties. Such studies could focus, e.g. on the formation of 

secondary craters, or the material transport of shocked material due to 

repeated cratering events. Highly shocked lunar melt rocks are used for age 

determinations, whereby the derived ages can be used to calibrate the age of 

the geological unit where the rock originates. Therefore, it is important to 

correlate melt rocks with an area of origin, which is not necessarily the 

location of its discovery. Ejection processes play a major role in this, and 

the new scaling parameters allow for including the effect of target properties 

in future studies.  

Based on the ejection behaviour, I calculated the deposition 

thickness of the ejecta under the assumption of parabolic trajectories in a 

vacuum. Depending on the internal friction of a granular material (e.g. sand, 

or fractured rocks that behave as a granular medium on a larger scale), the 

thickness of the ejecta blanket decreases faster or slower with increasing 

distance from the crater rim. A change in porosity (e.g. resembling different 

grain shapes and void spaces) does not seem to affect the decay of the 

thickness, but it does affect the total ejecta volume. Changing the impact 

velocity results mostly in a change of the deposit thickness close to the rim, 

especially for low-velocity impacts. The results shown in chapter 8 raise the 
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question of whether it is possible to derive information about the impact 

velocity for a specific natural crater or information about the target 

properties of a geological unit on a planetary body by accurately measuring 

the ejecta blanket. However, the calculated deposits neglect any post-

deposition modifications. Furthermore, the calculated deposits do not 

account for atmospheric interaction with the ejecta, and, as such, are valid 

for planetary bodies with very low atmospheric pressure or vacuum 

conditions.  

 

S II – Ejecta and Atmosphere: The emplacement of ejected 

material is affected by the presence of an atmosphere or an impact vapour 

plume. To quantify the effect of atmospheric interaction on the distribution 

of ejecta, I applied the representative particle approach, which is described 

in chapter 4. As little published data and even fewer systematic studies on 

the topic of atmospheric interaction of ejected dust are available, I first 

tested the sensitivity of different particle sizes on atmospheric interaction in 

a vertical settling scenario. Second, I analysed the ejecta distribution of 

crater ejecta scenarios ranging from a laboratory to a natural scale. I focused 

on determining the effect of atmospheric interaction for different individual 

particle sizes and different crater sizes (chapter 9).  

The vertical settling scenario showed that small masses of ejecta in 

air will quickly decelerate to the sedimentation velocity, which depends on 

the dust grain size. In contrast, a large initial mass of material in air will fall 

at free fall velocity as if no atmosphere was present; atmospheric effects are 

small in this case. The dust behaviour between these two end-member cases 

depends on the initial dust loading (mass of material that is distributed in the 

atmosphere) and the particle size. Dust in the intermediate regime forms 

density currents with a settling velocity larger than the sedimentation 

velocity, and the dust shows a significant horizontal velocity component. 

This means that the dust survival time in the atmosphere, which is relevant 

for analysing climatic effects due to the reduction of solar irradiance, 

depends not only on the particle size but also on the mass of dust that is 

deposited in the atmosphere.  
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In the second scenario of ejecta curtain evolution, I test the influence 

of particle size and crater size on the ejecta deposition in an atmosphere. 

Smaller dust grains are affected more easily by gas interaction. Both an 

increase in particle size and a decrease in crater size result in a larger 

relative range (x/R) of ballistic deposition. In contrast, smaller particle sizes 

increase the rate that material falls back into the crater. This implies that a 

good understanding of the size-frequency distribution of the ejected material 

is crucial for a reliable simulation of ejecta deposition. 

 

Results from answering both key questions S I & II have shown that 

it is important to consider both target properties and atmospheric interaction 

when discussing ejecta deposits. In this thesis, both aspects have been 

studied independently from each other so far, and neither of them can be 

neglected because they both influence the shape of the final ejecta blanket. 

Target properties affect the ejection characteristics, which define the starting 

conditions for ejecta motion in an atmosphere. A low material strength 

correlates with high ejection angles, and the material is ejected to larger 

altitudes in the atmosphere than for harder materials. Hence, the material is 

affected for a longer time via atmospheric interaction and can be transported 

in lateral directions during this time. In contrast, ejecta masses with low 

ejection angles, which are typical for harder materials, are decelerated by 

atmospheric interaction and are immediately deposited at shorter distances 

due to the low altitudes reached. It is difficult to judge which of the two 

aspects – target properties or atmospheric interaction – is more important 

when simulating the ejecta distribution of a crater. Atmospheric interaction 

depends on the particle size and the size-frequency distribution of ejected 

material, as fine dust can survive for a longer time in the atmosphere. As 

shown before, atmospheric interaction depends also on the amount of 

ejected material and, as such, on the size scale of the impact, what makes it 

difficult to weigh both aspects against each other. However, there are 

aspects that can be described only when accounting for atmospheric 

interaction, such as the occurrence of crater fall-back material. Further 

aspects that can indicate atmospheric interaction are a size sorting, due to 
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the small deposition velocities of fine dust compared to larger fragments, or 

an irregular appearance of the deposit due to material agglomeration during 

flight.   

 

10.2 Discussion and Limitations  

Material properties of natural materials span strong competent rocks 

with low porosity (e.g. solid rocks, solidified lava, etc.) to soft granular 

materials with a significant amount of porosity (e.g. sand, regolith). In my 

approach, I use a Drucker-Prager parameterisation in order to describe the 

material rheology. The Drucker-Prager parameterisation describes the 

behaviour of a granular material. Granular materials were used in numerous 

studies on impact ejection (e.g. Cintala et al. 1999; Anderson and Schultz 

2003; Hermalyn and Schultz 2010), and validating the simulation results 

against such experimental observations yields accurate results. Even though 

no complex failure model is included, the Drucker-Prager rheology in 

combination with the ε-α porosity-compaction model allows for varying 

parameters over a wide range and for setting up a parameter study. Many 

natural materials on various objects in space (e.g. regolith surfaces, or 

planetary deserts, just to mention a few) should fall into the range of 

parameters covered. I expanded the range of materials to very cohesive 

materials that serve to mimic the material behaviour of competent rock. A 

more realistic description of a competent rock, e.g. in geologic units with 

solidified lava, could be reached by using a more complex rheology model 

as discussed in chapter 6, which allows for materials to fail and, eventually, 

allows for a reduction of strength in the damaged state. However, on a larger 

scale, competent rocks show fractures, so their material behaviour might 

again be able to be approximated by a granular rheology model, and the 

results of this thesis should be applicable. Furthermore, the occurrence of 

fractures or pore spaces on a larger scale reduces the bulk material strength, 

and the material will fail first at these weak points. In contrast, on laboratory 

scale, the strength of a competent rock must be assumed to be much harder 

than on a natural scale.  



 

 

253 

Natural materials behave differently according to their thermal state 

(temperature, inner energy). Impacts into ice will cause significant 

vaporisation and melting, which affects the ejection characteristics. Similar 

thermal effects can be expected to occur when studying the ejecta at early 

times in the history of the solar system, when planetary interiors were hotter 

than today. In my study, I did not focus on such thermal aspects. Hence, 

when icy surfaces, such as on the Moons of the gas giants or planetary polar 

regions, are of interest, the study of ejection behaviour should be expanded 

to include a thermal dimension. For example, Senft and Stewart (2008) 

derived ejection angles and speeds for targets on Mars with i) no ice, ii) a 

surface with an ice layer, and iii) a buried ice layer. They observe a 

significant increase of ejection angles for scenario ii) and even more for 

scenario iii), which can partly be attributed to differences in the target 

rheology (including an earlier onset of thermal softening for ice), and also 

partly to the equation of state of ice that is used. Approximating the trend 

based on my results, I would expect that an increase of the melt 

fraction/temperature of the target material would reduce the total strength of 

the target and change its ejection properties in a similar way as shown for 

weaker targets with a lower coefficient of friction (i.e. larger ejection angles, 

slower decrease of ejection velocities with distance). However, for a 

quantitative analysis of such thermal aspects, thermal profiles and reliable 

equations of state have to be used in order to conduct detailed modelling 

studies. 

Impact events occur on scales that range from small micro-impacts 

to large or giant impacts. Early in the history of the solar system, large 

cratering events occurred much more often than today. On the scale of large 

impacts, the target shows some curvature that needs to be taken into account 

for the analysis of ejecta deposition. Furthermore, the assumption of a 

constant vertical gravity field might not hold true anymore, and a realistic 

radial gravity field with dependence on the radial distance from the centre 

needs to be applied. To answer my first key question S I, I developed an 

ejecta analysis routine focusing on events on a small scale below complex 

crater formation. Using the dimensionless representation of the ejection 
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characteristics, the results derived in this study can also be applied to large 

cratering events. However, for analysing ejection dynamics in large-scale 

models directly, the ejection routine used so far needs to be further 

developed to include the surface curvature during ejection from spherical 

targets to guarantee a correct interpolation of ejecta to its launch position. 

This issue becomes even more important for an accurate determination of 

the deposition position of the ejecta, which may reach to large distances of 

hundreds to thousands of kilometres, where the effect of planetary curvature 

on the deposition location becomes more important. Furthermore, 

gravitational (vertical) deceleration of ejected material needs to be 

accounted for when using the interpolation algorithm for deriving the ejecta 

launch position for large-scale impacts. In the scenario shown to answer the 

first key question S I (chapter 8), these effects are negligible. However, 

when the ejection criterion is set at an altitude of one projectile radius for a 

projectile that itself is on the order of several hundred kilometres, the 

vertical component of the ejection velocity at this altitude is smaller than at 

the surface level, and gravitational deceleration needs to be accounted for. 

In addition, large-scale impacts will produce a significant amount of ejecta 

on trajectories that leave the proximal range where the constant gravity 

approximation does not hold true anymore. In such a case, trajectories need 

to be calculated with more effort using the radial symmetric gravity field.  

Once the ejected material lands back on the ground, it interacts with 

the target and transforms it. Ejected rocks form individual secondary craters. 

Fast ejected material modifies the target, and the ejecta blanket is 

characterised by local admixture of target material (Hüttner 1969; Oberbeck 

1975; Hörz et al. 1983). As deposition velocities increase with increasing 

distance from the crater (inverse order with respect to launch velocities), 

this effect, called ballistic sedimentation, is more pronounced at larger 

distances (note, though, that the ejecta thickness decreases with distance). A 

further modification process occurs due to complex crater formation. Close 

to the crater rim, crater modification can cause sliding of ejected material 

and modify the ejecta blanket, as the crater grows in the radial direction. 

Such effects need to be discussed to answer the key questions S I & S II 
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(chapter 8 & 9). In my study, I discuss ejecta deposits but neglect any 

modification effects to the ejecta blanket. Thus, the approach does not 

consider material transformation or further movement after the ejected 

material is deposited, and slumping of the transient crater walls and the 

whole crater formation are not included in the calculation. However, for 

materials that fall into a typical range of parameters for planetary materials, 

recent studies have shown a good correlation between simulations and 

laboratory experiments, or simulations and observations of natural craters 

even when ejecta-related material modification is not accounted for (Zhu et 

al. 2015; Wünnemann et al. 2016). Furthermore, Zhu et al. (2015) assessed 

the effect of material sliding close to the crater rim: the ejecta thickness 

decreases by 5-15% only close to the crater rim (within a distance of 1.2 

transient crater radii) for large lunar craters. Furthermore, when answering 

the second key question S II – Ejecta and Atmosphere, modification 

processes are less important because atmospheric interaction effectively 

reduces the deposition velocities. The area of deposition with velocities 

close to the vacuum deposition velocities is limited to a proximal range 

close to the crater rim where ejecta deposition velocities are low. However, 

for blanket modifications, high deposition velocities are required; this 

means that atmospheric interaction reduces the amount of modification. For 

future studies, the modelling results shown above can provide initial 

conditions (e.g. deposition velocities) that can be used as input for further 

modelling work that accounts for blanket modifications. Nevertheless, the 

derived thicknesses of ejecta blankets for granular and rocky materials are 

expected to be reliable as shown by experimental/observational comparisons 

from previous studies (Zhu et al. 2015; Wünnemann et al. 2016; Zhu et al. 

2017). The results give an indication of the importance of target properties 

and atmosphere for the shape of the ejecta blankets. 

There are materials for which modification processes might be more 

important. It can be assumed that modification processes themselves depend 

on the target properties that I have used as initial set-up for the study of 

ejection dynamics. For example, a more rigid target with a high coefficient 

of friction and some cohesion can be expected to show less modification 
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and less material sliding into the crater than a weaker target. The same can 

be assumed for the resistance against ballistic sedimentation. In contrast, 

very soft materials with a low coefficient of friction might be unstable over 

the long term when deposited as an ejecta blanket, and post-deposition 

modification can be expected to be more important for these materials. 

However, such materials do not represent nowadays geologic (rocky) 

materials on planetary bodies and moons. A discussion on modification 

processes is rather important when ejecta deposits are discussed on icy 

moons, polar caps, or for ancient hot rocks in early times of the solar 

system. These materials are less strong, and their resistance against 

deformation is smaller. Long-term effects of relaxation should be 

considered for such materials. However, such systems were not the focus of 

my study, but are very interesting topics for future studies.  

Natural impact events occur at all impact angles from 0° to 90°, and 

the most probable impact angle is 45°. The impact angle has an effect on the 

ejection dynamics and the deposition of the material: With a decreasing 

impact angle, oblique impacts show a transition from circular ejecta patterns 

towards a butterfly pattern (Shuvalov 2011). Early ejecta in the downrange 

direction is characterised by a larger ejection velocity and lower ejection 

angles relative to the vertical impact scenario (Anderson and Schultz 2003; 

Anderson et al. 2004; Shuvalov 2011). However, deviations are scale 

dependent: whereas an impact angle of 45° has little effect in a scenario 

with a projectile smaller than 100 m in diameter, the same impact angle 

causes a significant difference in the ejecta blanket pattern of a 10-km-

diameter projectile impact scenario (Shuvalov 2011). Strictly speaking, the 

answers to key questions S I & S II on ejecta deposition apply only for 

vertical impact scenarios due to the 2D-cylindrical symmetry that was used 

in the simulation. However, the studies to answer S I & S II are parameter 

studies, which aim to discuss the effect of target properties and atmospheric 

interactions in general. Even though differences in the quantitative result for 

a given impact angle might deviate from the results for a vertical scenario, I 

expect qualitatively similar results for the variation of the parameters that 

have been addressed by the two studies (e.g. target strength, particle size 
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distribution of ejecta) for one fixed impact angle. Determining the effect of 

impact angles in conjunction with the other effects is an important next step 

for better understanding the processes of ejecta blanket formation in nature. 

However, the study of full three-dimensional scenarios requires further 

improvements to the iSALE-3D code, including expanding the 

representative particle code to three dimensions. In principle, the code can 

be easily expanded to 3D. In vacuum, the ejecta analysis script needs to be 

extended to 3D by accounting for ejecta trajectories into each radial 

direction independently. Consequently, the ejecta blanket would require the 

analysis of deposited ejecta for individual circular sectors on the surface 

around the crater. Instead of the rotational symmetry along the vertical axis 

(cylindrical symmetry), the impactor trajectory acts as a symmetry axis (line 

symmetry). In particular, studying individual craters and their ejecta 

deposits requires the implementation of the tools used in this study into 3D. 

Nonetheless, for parameter studies, 2D simulations are still preferable due to 

the large computational costs of 3D models. Based on the results for 100 m-

sized projectiles from Shuvalov (2011), the results for the 2D-cylindrical 

symmetric scenarios are expected to give accurate results or at least good 

approximations to the results for impacts with impact angles larger than 45° 

(which would cover already about 50% of the impact events based on the 

probability of impact angles, c.f. Pierazzo and Melosh 2000). 

In nature, target properties and the presence of an atmosphere both 

affect ejection dynamics and deposition. To answer my key questions S I & 

S II, I focused on each of these effects individually. But, to study an 

individual impact structure, both effects need to be combined. This can be 

done by using the scaling parameters derived for different target materials in 

order to produce ejected material in the atmospheric interaction models that 

shows the ejection characteristics of the corresponding target material. 

Another more sophisticated step for combining both aspects (target 

properties and atmospheric interaction) is to directly produce representative 

particles from real impact models instead of scaling relationships. This 

approach is more complex and more accurate than using scaling laws. I 

implemented the translation from solid continuum material to representative 
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particles into iSALE, but to determine the effect of dust sizes, I used the 

simpler but computationally cheaper approach of injecting representative 

particles by scaling laws. Especially when shock waves have decayed, the 

larger sound speed in solid materials can increase the computation time 

because more iterations are required by the Courant criterion relative to a 

model with only atmospheric gases to cover the same absolute time. For a 

parameter study, such simplifications work well. However, especially when 

aiming at simulating a specific crater, a fully coupled approach seems more 

appropriate to tackle the objective of such a study. 

Material that is expelled from a forming crater has been subject to a 

range of shock pressures, and material that has seen high shock pressures is 

severely damaged; a few of the consequences are fracturing and grain 

disruption. Hence, ejected material shows a variety of grain sizes. The grain 

size is an important factor when discussing ejecta trajectories in an 

atmosphere, as shown in my study focussing on key question S II. However, 

in this study, I only show results for model runs with equal grain sizes (with 

one exception). An important improvement is to use a whole set of different 

grain sizes within one model run. In addition, the determination of the 

grains sizes should be coupled to the pressure history of the ejected material 

based on a physical model. Modelling different grain sizes within one 

simulation allows small grains to travel to farther distances within the wake 

of bigger chunks. Nonetheless, the qualitative trends derived for models 

with individual particle sizes are expected to hold true. 

Although there are limitations to the results shown in this thesis, the 

approximations and assumptions were chosen carefully, and the results are 

expected to be applicable in many scenarios, as discussed in the previous 

paragraphs. The Drucker-Prager rheology model in combination with the ε-

α porosity-compaction model can be applied to study the ejection 

characteristics for many planetary materials. The deposition of the ejected 

material depends on the presence of an atmosphere. In such cases, the size 

of dust particles plays an important role for the deposition. Although the 

size-frequency distribution of dust particles in general is unknown, I was 

able to provide results for individual size classes of dust, which improve the 
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understanding of ejection and deposition processes. The derived deposits for 

both vacuum and non-vacuum cases are cylindrically symmetric. Although 

the impact angle is an important variable that influences the final deposition, 

especially for early ejected material, the deposition pattern of the proximal, 

continuous ejecta blanket is affected less by impact angles down to 

intermediate values of the angle, as shown above.  

Hence, the results of this study are expected to be applicable to a 

wide range of scenarios; some of which I will address in the next section. 

 

10.3 Conclusions & Outlook 

In this thesis, I provide results for parameter studies on ejection 

processes in vacuum or in cases where an atmosphere is present. The key 

questions of this thesis are of a more general nature. However, the results 

can be applied to more specific questions and are relevant in several 

respects. 

Studying the ejection behaviour for different target properties is 

crucial for assessing the possibility of deflecting a hazardous asteroid. 

Different techniques of asteroid deflection are discussed in the literature, 

including e.g. impacts (e.g. Eggl et al. 2015), nearby nuclear explosions 

(Ahrens and Harris 1992) or gravity traction.  

Kinetic impactors work by transferring momentum onto the target 

asteroid in order to change its trajectory. Momentum transfer is imparted of 

course, by the impacting spacecraft, but it is also, and more importantly, 

caused via the momentum carried away by ejected material (e.g. Jutzi and 

Michel 2014). The momentum that is carried by the ejected material 

depends on the mass, the angle and velocity with which the material is 

expelled from the crater. These values depend on the target properties. 

Asteroids can show a variety of different properties (e.g. porosity/density) 

even for the same body, as e.g. in the case of Itokawa (Lowry et al. 2014). 

The results for answering my key question S I – Ejecta and Target 

Properties can be used to calculate the momentum transfer onto an asteroid 

once the target properties are known.  
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Recently, a kinetic impactor mission called AIDA was proposed 

(e.g. Cheng et al. 2016). The mission is run by both NASA (the impactor 

mission itself, called DART, planned lift off in 2021) and ESA (a mission to 

study the outcome of the impact, called HERA, planned lift off 2023).  One 

of the aims of this mission is to observe the momentum transfer onto the 

small moon of the asteroid Didymos and the subsequent change of its orbit 

around the parent body. By studying the crater morphology, the target 

properties shall be derived by comparison with experimental and numerical 

results.   

 

 

Figure 10-1: Representation of momentum multiplication factor. The asteroid 
momentum pPr changes due to the momentum transmitted from an impactor. But, 
in addition, momentum is carried away from the asteroid by the ejected material. 
Image credit: ESA/ Science Office.  

 

The momentum transfer enhancement by ejecta is described with the 

momentum multiplication factor βp (cf. Figure 10-1):  

 

 �« = 1 + v7SI*�I*   , (106) 

 

where pej is the momentum carried by the ejecta in the direction opposite of 

the impactor, and mPr and vPr are the mass and velocity of the impactor, 

respectively. If there is no ejecta, βp = 1 and only the momentum of the 

impactor is transferred to the target body. The momentum of the ejecta, pej, 
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strongly depends on the flight direction of the ejecta. For the 2D simulations 

of vertical impacts that I conducted to answer the key question S I (chapter 

8), pej is directed upwards from the target and depends only on the vertical 

velocity component of the ejecta velocity vector (i.e. on the ejection angle). 

As such, target properties strongly influence the success of an asteroid 

deflection mission. I showed that an increase in material strength of granular 

materials causes i) a reduction of ejected mass, ii) a reduction of ejection 

speeds at intermediate to distant launch positions, and iii) a decrease of 

ejection angles. All three findings lead to a decrease of the momentum 

carried by the ejected material and, consequently, reduce the momentum 

multiplication factor. Furthermore, my findings for increasing target 

porosity show i) a reduction of ejection speed between proximal and 

intermediate launch positions, and ii) roughly constant ejection angles at 

45°. Hence, the momentum multiplication factor decreases with increasing 

porosity.  

 In my study, I also assessed the effect of increasing the impact 

velocity for impacts with constant impact energy into equal targets. I find i) 

roughly similar ejection velocity distributions, ii) an increase of ejected 

mass (with larger ejection velocities) at very proximal launch positions, and 

iii) an increase of ejection angles. These findings lead to the conclusion that 

for a given impact energy, the momentum multiplication factor increases 

with impact velocity. This correlation might be important for future asteroid 

deflection missions. The momentum multiplication of the scenario with 

larger impact velocity could resemble a case of lower material strength and 

could be more effective than a low-velocity impactor.  

 For future asteroid deflection scenarios, the transfer of momentum 

and, consequently, the change of collisional trajectories of an asteroid could 

be improved if a kinetic impactor mission is accompanied by some 

precursor mission with the aim of actively changing the properties of the 

material at the impact point. Probably, it would be effective to have a double 

impact, where the first impactor, prior to the impact of the second impactor, 

modifies the target properties by, e.g. material melting, or target compaction 

and reduction of the target porosity. This scenario could be more effective 
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than a single-projectile scenario in which the single projectile weighs as 

much as the two individual impactors taken together; note that mass is one 

of the critical parameters for space missions in terms of transportation (or 

lift up) costs.  

 A different application for the findings of this thesis might be the 

analysis of lunar impact flashes, which aim to improve our understanding of 

the population of decimetre- to metre-sized objects that cross the Earth-

Moon system and to investigate the potential threat posed by impact events 

and their ejecta on future lunar habitats. In the past two decades, scientific 

interest has arisen in observing impact flashes on the Moon via Earth-bound 

observing systems. One of the main driving interests is to use the Moon as a 

large detection area for relatively “cheap” observing systems. Impact flashes 

occur at hypervelocity impacts of meteoroids onto the atmosphereless lunar 

surface. Over 300 flashes were observed between 2006 and 2013 alone by 

the NASA Marshall Space Flight Center (Suggs et al. 2014). Most flashes 

are of short duration (some tens of milliseconds) and are thought to 

originate from hot impact plumes (Melosh et al. 1993; Ortiz et al. 2000; 

Artemieva et al. 2001). However, the observation of long-lasting flashes 

requires researchers to find different explanations for the origin of the 

radiated light. Yanagisawa and Kisaichi (2002) and later on Bouley et al. 

(2012) used a model of ejected, impact-generated, radiating melt droplets to 

explain the duration of longer-lasting flashes of several hundreds of 

milliseconds. Following their idea, the amount of generated melt can be 

calculated by numerical modelling via analysing the temperature 

distribution in ejected material (see Luther et al. 2017b for first attempts). 

Furthermore, trajectories of hot ejecta could be calculated to assess the size 

and evolution of the radiating impact plume. The evolution of the impact 

plume correlates with its optical properties, such as its optical thickness. The 

influence of a vapour phase on these trajectories can be simulated by the 

approach used to answer my second key question S II – Ejecta and 

Atmosphere. Future studies are needed to enhance our understanding of the 

processes that cause impact flash.   
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In principle, these topics can be studied with the numerical tools 

available. However, further development is required for studying the effect 

of the impact angle on ejection trajectories in a vacuum or in an atmosphere 

or vapour phase, as discussed in section 10.2.  

 

Apart from the two applications of asteroid deflection and impact 

flash observations mentioned above, analysing the effects of target 

properties on ejection characteristics and material deposition is important 

for many other scenarios.  

It is possible that such an analysis of an ejecta blanket would offer 

information about the properties of the geological unit on a planetary body 

in which an impact crater is located, by combining the analysis with remote 

sensing observations. Local material analysis and observations require a 

space mission with a landing unit that deploys some geophysical 

experiments. However, it is not feasible to undertake such missions for a 

large number of different landing locations.  

The study of material transport, which plays an important role when 

local samples have to be correlated with a location of origin, requires 

knowledge of the ejection characteristics. Target properties influence the 

distance at which material is deposited by affecting the ejection angle and 

speed. Specifically, they could be used either to exclude potential source 

locations of an age-dated rock sample or to correlate the samples with a 

source location. In this way, the formation age of the source location can be 

estimated and used as a calibration for the relative ages determined by crater 

counting ages in a particular area.  

Combining results for both key questions S I & II, Ejecta and Target 

Properties and Ejecta and Atmosphere, offers the opportunity to study the 

effects of large past impacts on Earth. Specific questions aim at estimating 

the amount of ejected dust, the time that the dust stayed in the atmosphere, 

and global consequences of the dust coverage, or ejecta re-entry into the 

atmosphere, which could have caused further consequences due to radiative 

heating or the formation of atmospheric blast waves. On Earth, such 

questions can be linked to the study of mass extinction events on a large 
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scale or to local events that affect life on smaller scales. Nevertheless, 

similar studies about ejecta and dust distributions on planetary bodies that 

possess an atmosphere would be interesting for Venus, (early) Mars, or 

Saturn’s moon Titan, as large impact events could have also had global 

effects on these bodies.  

 Studying ejection processes and ejecta movement is a key to answer 

scientifically important questions that address the formation of individual 

impact structures, but also to answer questions that focus on more general 

processes that occur during the evolution of the planetary system. Besides 

pure scientific questions, the study of material ejection is also of practical 

interest for aspects of planetary defence and asteroid deflection scenarios. 
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