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ABSTRACT 

After reviewing the existing Planetary Science literature for suitable asteroids of 

various size, shape, and composition, asteroids 25143 Itokawa, 433 Eros, and 511 

Davida were selected, along with comet 67P/Churyumov – Gerasimenko to be 

numerically modeled using MATLAB for EM wave propagation. Essential elements 

were captured (formation, composition, differentiation, etc.), based on their current 

evolutionary models, covering different scenarios of rubble pile structure, cometary 

contact binary, and partial differentiation. Geometric information for these bodies 

was found and used from online databases (DAMIT, NASA) with the objective of 

generating reproducible numerical models of the internal structure of the selected 

bodies. The results are presented and discussed, while more internal structure 

scenarios are proposed for future modeling.  
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CHAPTER 1 

INTRODUCTION 

 

 Over the last 20 years, there have been numerous missions on asteroids and 

comets (NEAR shoemaker mission, Rosetta, etc.) that supplied the scientific 

community with valuable data related to topography, composition, and physical 

parameters. These findings lead to a better understanding of their evolution as well 

as the history of the early solar system. However, their internal structure remains 

elusive with no direct observations, while scientists must rely on remote sensing 

observations, and formation/evolution modeling to speculate on the nature of 

asteroid’s internal structures. Moreover, because of the likely abundance of valuable 

materials that asteroids contain, they also present potentially highly valuable 

economic prospects in the context of space mineral exploration.  

 One potentially effective way to image deep asteroid interiors is by using radar 

systems that perform reflection imaging of internal contrasts, instead of data 

transmitted through the object (Sava et al. 2015; Grimm et al. 2015; Safaeinili et al. 

2010; Herique et al. 2017). Sava et al. in 2015, used a scaled version of 433 Eros to 

illustrate this methodology (fig. 1). The model contains two different materials of 

rock and regolith which is representative for a rubble pile structure. The current work 

is focused on taking such models a step further by creating similar benchmark 
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numerical models that also take internal structure scenarios such as rubble pile 

structures with different compositions, partial differentiation, and latest mission 

results under consideration to produce more accurate and realistic models of 

different asteroid bodies. 

 

 

 

Fig. 1. 433 Eros model representing two different materials: rock (black) and regolith (grey), Sava et al. 
2015 
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CHAPTER 2 

 ASTEROID CLASSIFICATION 

 

 The criteria with which the following asteroids were chosen were size, 

composition and targets of completed space missions, considering only chondritic 

bodies. Achondrites are linked to differentiation processes that suggest the formation 

of metallic cores in large asteroids. These formations would greatly attenuate radio 

waves thus being of lesser interest for radar imaging purposes. Before each 

individual asteroid is examined, it is necessary to review the various chondrite 

classification types and their differences. 

 

Classification system 

 Meteorites are divided into three main categories depending on the 

percentages of silicate/iron content. 

• Stony meteorites (composed mostly of “stony” siliceous materials, S-type 

asteroids) 

• Stony-Iron (mixture of siliceous/metallic content) 

• Iron (mostly metallic material) 
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 The Stony meteorites group is a vast one that contains both chondrites and 

achondrites. The main difference between chondrites and achondrites, is that the 

latter underwent melting and recrystallization and as a result they lack chondrules 

(small grains produced by molten material). Chondrites are stony meteorites that 

have not been altered by differentiation of the body they originated from (the parent 

body). They are divided into 3 distinct classes based on their mineralogy, oxygen 

isotopic compositions, and bulk chemical composition. Figure 2 shows an overview 

of the classification system. 

 

 

Fig. 2. Meteorite classification (Weisberg et al. 2006) 
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 Carbonaceous Chondrites (especially the CI – CM groups) are 

undifferentiated meteorites that contain water and large amounts of carbon and 

organic compounds (Ehrenfreund et al. 2001). Due to the extensive aqueous 

alterations, their composition is mostly made up of hydrous phyllosilicates and 

olivine crystals and they have been linked with the most primitive nebular 

compositions (McSween 1977). Although aqueous alterations are dominant, thermal 

metamorphism is thought to be absent. 

 Ordinary Chondrites (OCs), on the other hand, can experience thermal 

metamorphism with temperatures above 500 oC on the parent bodies but do not 

contain any water or organic compounds. The most usual composition includes 

olivine, pyroxene, plagioclase, and metal content depending on the specific group 

(Weisberg et al. 2006). OCs are divided into three groups: H group has high total Fe 

contents (FeO as Fa and metallic Fe), L group has low total Fe, and LL group has 

the lowest metallic Fe as well as low total Fe. 

 

Petrologic types 

 Asteroids can also get affected by secondary processes of thermal 

metamorphism and aqueous alteration. Depending on the degree of these processes, 
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Van Schmus and Wood in 1967 created a scheme that assigns petrologic types 1-6 

to different meteorite classes (fig. 3). 

• Type 1 refers mostly to the CI group where due to the extensive aqueous 

alteration, there is lack of chondrules, and most of the olivine and pyroxene 

have changed to hydrous phases. 

• Type 2 is a “middle ground” between type 1 and type 3. In this type, aqueous 

alteration is still present, however there are still percentages of unaltered 

chondrules, olivine and pyroxene. 

• Type 3 is considered the pristine condition for all groups, having similar 

composition with the parent body. 

• Types 4,5,6 show increasing degrees of thermal metamorphism (>400 oC). As 

the temperature rises, the matrix gets recrystallized and coarser, chondrules 

become indistinct from the rest of the material, and feldspar starts to form. 
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Fig. 3. Petrologic types 1-6 (Weisberg et al. 2006) 

 

Type 7 is a transitional stage between chondrites and primitive achondrites, where 

partial melting begins to take place. 

 

2.1 25143 Itokawa 

 Itokawa (fig. 4) is a small near-Earth object visited by the Hayabusa spacecraft 

in 2005. It has a mean diameter of 0.33km and is classified as an S-type asteroid 

with an LL4-LL6 (OC) composition mostly containing pyroxene and olivine (Abell 

et al. 2006; Nakamura et al. 2011). Its internal structure is unknown, and generates 

debate in the scientific community, with the most common model being a rubble pile 
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(Fujiwara et al. 2006). However, due to the different densities observed between the 

body and the head of the asteroid, it could also be possible that Itokawa is a contact 

binary, created by two separate bodies (Lowry et al. 2014). 

 

Fig. 4. 25143 Itokawa 3D shape (3D asteroid catalogue) 

 

 

2.2 433 Eros 

 One of the most studied asteroids, Eros (fig. 5) is the second largest near-Earth 

object, with a mean diameter of 16,84km, which was visited by the NEAR 

Shoemaker spacecraft that orbited Eros between 2000 – 2001 providing much data 

through remote sensing. It is also classified as an S-type asteroid with mineralogy 

similar to that of an ordinary chondrite (Foley et al. 2006). Much like Itokawa, Eros 
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is commonly described as a rubble pile. On the other hand, some studies suggest that 

its macroporosity and density are lower than those expected in a rubble pile structure, 

with an addition of a significant degree of internal strength, suggesting that its 

internal structure to be that of a heavily fractured asteroid rather than a rubble pile 

(Andrew F. Cheng 2003; Wilkison et al. 2002). 

 

Fig. 5. 433 Eros 3D shape (3D asteroid catalogue) 

 

2.3 511 Davida 

 Davida (fig. 6) is the Solar system’s 7th largest asteroid and holds a mining 

value of more than $100tn (Cookson 2017). It has a mean diameter of 290 ±20km 

and is classified as a C-type asteroid (CI – CM) (Reddy et al. 2015) with a 
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carbonaceous chondrite composition. Little is known about its internal structure. 

 

Fig. 6. 511 Davida 3D shape (3D asteroid catalogue) 

2.4 67P/Churyumov – Gerasimenko 

 Gerasimenko (fig. 7) is a famous comet visited by the Rosetta mission (ESA) 

in 2014. Its main components are ice – dust with a crust rich in polyaromatic organic 

solids mixed with sulfides and Fe – Ni alloy (Quirico et al. 2015). The comet’s 

characteristic double lobed form led to the argument of whether this is due to erosion 

in the ‘neck’ area, or whether the whole comet is a contact binary with two separate 

lobes that merged together (Sierks et al. 2015). After the Rosetta mission 

observations, a new study concluded that the lobes, although quite similar, formed 

separately with a similar stratified accretion, and merged under a low speed collision 

(Massironi et al. 2015). 
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Fig. 7. 67P/Churyumov – Gerasimenko 3D shape (3D asteroid catalogue) 

 

 

CHAPTER 3 

ASTEROID ACCRETION SCENARIOS  

 

 If specific physical and compositional assumptions about the parent bodies 

are made then, after gravitational breakup and re-accretion, the resulting asteroid 

bodies will also share these common characteristics with the original parent bodies. 

Thus, in order to create realistic numerical models of asteroid interior, it would seem 

logical to first consider the possible features of the parent bodies of these asteroids, 

and what could remain in the interior after the assembly of the latter. 
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3.1 RUBBLE PILE SCENARIOS 

 As described in sections 2.1 and 2.2, Eros and Itokawa are considered rubble 

piles with an interior made up of regolith and rock. However, Wilkison et al. in 2001, 

presented various parent body formation models applicable to 433 Eros (fig. 8). One 

interesting scenario, derived from these models, could be the creation of a parent 

body where successive layers of petrological types 3-6 populate the interior, created 

by thermal metamorphism, as a result of external or internal heating (fig. 8-B). After 

a collisional breakup and a gravitational reassembly, Eros could have been created 

as a rubble pile with an interior made of regolith and rock fragments originating from 

the different layers of the parent body (fig. 9). The same scenario is also applicable 

to 25143 Itokawa, as Nakamura et al. (2011) and Abell et al. (2006) identified dust 

particles of petrologic types LL4-6 concluding that the parent body of Itokawa must 

had experienced intense thermal metamorphism before being disaggregated and 

reaccreted into smaller bodies like Itokawa. Both models of rubble pile structure 

(regolith/rock, regolith/LL4-6 rock fragments) will be explored. 
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Fig. 8. Parent body formation models for 433 Eros, Wilkison et al. (2001). 

               A. The undifferentiated model, after Wetherill and Chapman (1988). 

              B. The onion shell model, after Miyamoto et al. (1981). 

             C. The heterogeneously heated model, as described in McCoy et al. (1990). 

            D. The metamorphosed planetesimal model, after Scott and 

                Rajan (1981). 

           E. The differentiated model, after Wetherill and Chapman (1988). 
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3.2 PARTIALLY DIFFERENTIATED DAVIDA SCENARIO 

 511 Davida is a large asteroid where, because of its size, it would not seem 

realistic to use the previous scenarios of accretion from an older parent body. Similar 

asteroids of the same type of different sizes (C-type, 253 Mathilde – 52,8 km, 1 

Ceres – 939.4km mean diameters), have quite different internal structures. Mathilde 

is believed to be a rubble pile because of its low bulk density and a porosity larger 

than 50% (Herique et al. 2017), while 1 Ceres is a differentiated dwarf planet. 

Although Davida is not large enough to have been fully differentiated, a middle 

Fig. 9. Breakup and re-assembly of different parent bodies 
 A. Undifferentiated parent body resulting in regolith/rock rubble piles 
 B. Differentiated parent body resulting in regolith/rock of multiple petrologic types rubble piles 

A 

B 
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ground is chosen for this current study. Gaffey et al. (1993) present the generalized 

properties of partially differentiated bodies at different levels of degree of partial 

melting for various chondritic types. A C-type body (CV – CO types) that reached 

low degrees of partial differentiation, would develop a thin basaltic crust with 

intrusions into shallow olivine crustal layers as well as an interior made up of olivine 

– FeS/FeNi interior (mean ratio Ol – FeS, FeNi 10:1) but no presence of metallic 

core. This could also be applicable to Davida, as the main difference between CI – 

CM types and CO – CV types is the aqueous alteration because of the presence of 

water on, at least, the surface. For this study, both rubble pile and partially 

differentiated options will be explored. 

 

3.3 GERASIMENKO MODEL 

 As discussed in section 2.4, Massironi et al. (2015) concluded that 

Gerasimenko is made up of two distinct objects that formed with a stratified 

accretion (similar to 9P/Tempel 1) before merging into a single body. Following this 

study, the adopted model will include an external layer representing a loose regolith 

material covering the earlier formed internal nuclei, and two internal areas 

representing the contact nuclei themselves. The “stratified accretion” is left out of 
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the scope of this study, as it is a part of the “layered pile” model of 9P/Tempel 1 

suggested by Belton et al. 2006. 

 

 

CHAPTER 4 

RESULTS 

 

4.1 METHODOLOGY 

In this section the general methodology and workflow followed will be presented. 

3D shape files 

 The starting point of this work is the 3D shape files of the chosen bodies that 

were downloaded and imported in MATLAB (point cloud format) by the following 

online databases: 

• DAMIT database (Database of Asteroid Models from Inversion Techniques, 

Astronomical Institute of the Charles University in Prague, Czech Republic) 

• JPL asteroid RADAR research database, NASA 

• 3D asteroid catalogue by Greg Frieger ( https://space.frieger.com/asteroids/ ) 

https://space.frieger.com/asteroids/
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 All shape files, apart from Davida, are highly detailed shape models that have 

their axis dimensions in kilometers, so no conversion was necessary. The Davida 

shape model is derived from light curve inversions with arbitrary units that were 

converted into kilometers. All 3D point cloud files were converted into 3D arrays 

and reduced to 2D afterwards choosing a “slice” from the middle of each body. An 

example of this process is given in figure 10.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 10.   A. Itokawa 3D pointcloud file 
  B. Resulting Itokawa MATLAB 2D array  
  (size 400x400) 

A B 
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Spatial Process Simulation (random fields) 

 All 2D arrays were populated with stationary isotropic/non-isotropic Gaussian 

fields generated via circular embedding, as described by Dirk P. Kroese and Zdravko 

I. Botev in the book “Stochastic geometry, Spatial Statistics and random fields” 

(Springer 2015). In the cases of Eros and Itokawa, the fields were clipped in order 

to produce randomly distributed areas with an equal index number (fig. 11, B) to 

represent defined areas that separate different material (rock/regolith). In the cases 

of Davida and Gerasimenko, the random fields were left unchanged to represent a 

variation in composition rather than distinct material boundaries (fig. 11, A) (e.g. 

Gerasimenko - ice/dust ratio). 

 

 

   

 

 

Fig. 11. Thresholding process on Gaussian random field 
 A. Original Gaussian field 
 B. Gaussian field after thresholding with only two index numbers: 3 and 8 

A B 
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4.2 NUMERICAL MODELLING RESULTS 

4.2.1 CLASSIC RUBBLE PILE MODELS 

 Figures 12, 13 and 14 show the results of asteroids Davida, Eros and Itokawa 

respectively as classic rubble piles populated by two distinct colors that represent 

different phases of material. Index number 3 is assigned as the regolith and index 

number 8 as rock fragments between the regolith material.  

 

 

 

 

 

Fig. 12.   Davida rubble pile model (regolith/rock) 
 index number 3 –  regolith 
 index number 8 – rock  
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Fig. 13. Eros rubble pile model (regolith/rock) 
 index number 3 – regolith 
 index number 8 – rock 
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Fig. 14. Itokawa rubble pile model 
 index number 3 – regolith 
 index number 8 – rock 
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4.2.2 LL4-6 RUBBLE PILES 

 Because we want to produce an interior with rock fragments of petrologic 

types 4 to 6, along with possibly unaltered fragments of type 3, instead of separating 

the random field into two areas, we now threshold it accordingly to produce five 

distinct areas of index numbers. Figures 15, 16 show the results obtained through 

this process for asteroids Itokawa and Eros respectively. In this study, no particular 

assumption was made for the percentages of each petrologic type with respect to the 

whole volume of the asteroids. However, it would seem logical to assume that 

because of the different petrologic types that come from different parts of the parent 

asteroid, the heavily altered inner layers of the parent body asteroid would appear in 

smaller percentages in reaccreted bodies like Eros and Itokawa.   
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Fig. 15. Itokawa LL4-6 rubble pile 
 index number 1 – small percentage of LL6 fragments 
 index number 2 – LL5 fragments 
 index number 3 – regolith 
 index number 4 – LL4 fragments 
 index number 5 – LL3 (unaltered) fragments 
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Fig. 16. Eros LL4-6 rubble pile 
 index number 1 – small percentage of LL6 fragments 
 index number 2 – LL5 fragments 
 index number 3 – regolith 
 index number 4 – LL4 fragments 
 index number 5 – LL3 (unaltered) fragments 
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4.2.3 GERASIMENKO NUMERICAL MODEL 

 In figure 17 the model of Gerasimenko is displayed. As discussed in sections 

3.4 and 4.1, the interior (fig. 17, A) is filled with an isotropic gaussian random field 

that demonstrates the variation between ice and dust composition. The outer layer 

(fig. 17, B) is made up of an anisotropic gaussian random field that corresponds to a 

looser kind of material that covers the primordial nuclei and could also be affected 

by space weathering. Finally, according to Sierks et al. 2015, there should be a 

structural difference between the neck area (fig.17, C) and the rest of the comet,  

 

 

Fig. 17. Gerasimenko model 
 A. Inner random field – collision nuclei made up of ice/dust 
 B. Outer random field – loose material covering the inner nuclei 
 C. Neck area 

A 

B C 
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which was applied here, creating a larger depth of the outer loose material in the 

neck area.  

 

4.2.4 DAVIDA DIFFERENTIATED NUMERICAL MODEL 

 For the realization of the scenario presented in section 3.3, four layers were 

created inside Davida. The random field that was applied was scaled, with different 

percentages for each layer to represent the change in variation intensity from the 

inner layers to the outer ones as seen in table 1. 

 

Table 1 

Differential scaling for each individual Davida layer.  

Davida individual layers Scaling of original field Variation range 

     Layer 1 – inner layer                1%                0.6 – 0.9 

             Layer 2                 5%                2.5 – 4.5 

Layer 3               15%                7.5 - 12 

       Layer 4 – outer layer               85%                40 - 60 
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This was done in order to show the transition difference of the homogeneity between 

the inner and the outer layers. In figure 18 the complete model is given, but for 

visualisation purposes all individual layers are presented in Figure 19. 

 

 

 

 

 

 

 

 

Fig. 18. Davida full layered model 
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Fig. 19. Davida individual scaled layers 
 A. Layer 1 inner layer – 1% scaling 
 B. Layer 2 – 5% scaling 
 C. Layer 3 – 15% scaling 
 D. Layer 4 outer layer – 85% scaling 

A 

D 

A B 

C D 
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CHAPTER 5 

DISCUSSION AND CONCLUSION 

 

 After exploring the available literature for the structure and composition of 

asteroids Eros, Itokawa, Davida and comet Gerasimenko, various scenarios of their 

internal structure were created. Using the available shape files of these asteroids in 

MATLAB, reproducible numerical models that describe each scenario were 

produced.   

 In order to use the above numerical models in radar imaging, the first step is 

to convert the arbitrary numbers of the random fields into numbers that represent a 

physical parameter. For EM wave propagation in asteroids, the most important 

parameter that controls the radar response is the complex dielectric permittivity (ε). 

It is composed of two parts; the real part ε’ is connected with the EM wave velocity 

while the imaginary part ε’’ relates to the wave absorption, usually represented as 

the loss tangent tanδ (Herique et al. 2017). To achieve this conversion, the theorized 

mineralogy and material phases/components of each asteroid must be cross 

referenced with permittivity constrains gained from laboratory measurements of 

meteorite samples, surface observations and theoretical modeling. Table 2 shows 

typical values for both ε’ and tanδ for general meteorite groups, while table 3 

displays the permittivity of silicate minerals and organics. 
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Table 2 

Typical permittivity (ε’, tanδ) values for different asteroid and meteorite groups. 

 

 

 

 

 
 

 

 

 

Note. Meteorite group with the associated asteroid type: mineralogical model (volume fraction), density (from Britt 

and Consolmagno, 2003) and estimated permittivity based on Maxwell Garnet modeling. Direct observations of 

asteroid interior and regolith structure: Science measurement requirements (Herique et al. 2017). 

 

 

 

 

Table 3 

Permittivity of minerals and organics. 

 

Note. Permittivity of relevant minerals and organics (from the literature; compilation of permittivity in Herique et 

al., 2016). Direct observations of asteroid interior and regolith structure: Science measurement requirements 

(Herique et al. 2017). 
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 There are more options of internal structures to be examined and numerically 

modeled for various other bodies. Belton et al. in 2006, presented the layered pile 

model for comet 9P/Tempel 1 in which the authors suggest that the accretion process 

of Tempel 1 took place through layers, as basic structural elements, from the nuclei 

center and outwards. This model could also be applied in other comets like 

Gerasimenko. Moreover, as discussed in section 2.2, another interesting approach to 

Eros is the “heavily fractured” structure which can also be modeled possibly using 

highly anisotropic fields to represent the fractures in the asteroid and then applying 

material masks on top of that fracture field. 
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