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The geophysical study of asteroids has moved from the realm of speculation and constraint to a more data rich environment where observations can be directly used to understand and probe the physical nature of these bodies. While many broad questions were posed in the Asteroids III chapter on asteroid interiors, in the current setting we are now able to probe more deeply into these questions, taking advantage of many different observations of asteroids across their entire size scale. The current chapter will take a very broad survey of what constraints currently exist in this area, what progress has been made in understanding these bodies analytically and through simulations, and what current theories can inform and guide future observations and tests of our understanding. The following topics are covered in this chapter: the strength of asteroid materials as inferred from meteors and meteorites, the density and porosity of asteroids as inferred from remote observations, global constraints on asteroid strength and morphology based on ground- and spacebased observations, analytical theories of asteroid strength and evolution, and the current state of numerical simulation techniques of asteroid interiors and morphology.



1. INTRODUCTION The past decade has seen an astonishing array of advances across a wide spectrum of important inputs to the problem and mystery of asteroid interiors. These include the development of a large database concerning asteroid component strengths, as evidenced by meteors and meteorites (section 2); the compilation of extensive densities and inferred porosities for asteroids based on groundbased observations (section 3); the development of new computational techniques for the simulation of how asteroid rubble piles deform and fission or shed mass when subject to extreme rotation rates (section 4); and the development of crucial insights into the unique geophysics of specific asteroidal bodies (section 6). This chapter will review these different areas of advancements in an attempt to unify these disparate topics and show where future progress can be made in this field. Knowledge about asteroid interiors is a crucial aspect for understanding these bodies, as it provides clues about their evolutionary history, in turn providing strong constraints on the history of the solar system. Unlike asteroid surfaces, it is impossible to peer directly within or easily take a sample



measurement from within a body. Thus the study of asteroid interiors must rely on a combination of measurement and theory to develop constraints on the interior environment. Given these restrictions, previous investigations have studied observable characteristics that may be related to the nature of their interiors. This being said, there are measurement techniques that can probe the interior properties of bodies, in particular through seismic and radar sounding measurements. These are discussed in section 5 and represent a potential source for future advancements in this field. The most accessible features of an asteroid that are related to their interior structure are the mass, density, shape, and spin. These are strongly constrained by the interior structure, and by the strength and mechanical properties of that structure. By focusing on these specific observables, we can start to answer basic questions about these bodies: How strong are they? What is the nature of that strength? Are the interiors rubble piles full of voids at various size scales, or are they solid coherent structures? How do these properties depend on composition, shape, spin, size, or location? Important steps in answering the above questions have occurred since the publication of the Asteroids III volume
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746   Asteroids IV (e.g., Asphaug et al., 2002; Britt et al., 2002). These advances are related to the accumulation of fundamental data on these bodies through meteor falls and groundbased observations, analytical studies of the shapes of rubble piles, and ever more precise numerical simulations that probe the mechanics of rubble-pile interactions. We do note that our discussion will be more focused on the smaller asteroid bodies and rubblepile structures, as this is where much of the progress has occurred in the last decade. This is not to discount the important results from the European Space Agency (ESA) Rosetta mission to asteroid (21) Lutetia or the NASA Dawn mission to asteroid (4) Vesta; however, we refer the interested reader to the chapters in this volume by Russell et al. and Barucci et al. for a detailed discussion of those scientific results. The topic of asteroid interiors has been dealt with previously in the Asteroids III chapter by Asphaug et al. (2002). That chapter serves as a fundamental starting point for the current survey, and we assume that the interested reader is familiar with that work. The current chapter takes a different approach from that earlier work, reflecting the current thinking about what aspects of observations can be directly applied to understanding asteroid interiors. Another important resource from the Asteroids III book is the chapter on gravitational aggregates by Richardson et al. (2002). The current chapter extends that descriptive chapter in the direction of geophysics, striving to link the possible granular nature of asteroids with fundamental physical processes that occur for aggregates. The goal of that chapter was to distinguish the different ways in which a shattered body could exist, from a random assemblage to a coherent collection of components shattered in place from an initial monolithic body. The current chapter does not deal much with this distinction, although its implications do arise when discussing observations of macroporosity. What is new in the current chapter, with regard to gravitational aggregates, is the realization that such assemblages may have a small level of cohesion, which changes the dynamical evolution of these bodies in a significant and observable way. Additionally, not considered in that chapter was the size distribution of the particles of these aggregates, which has now been theorized to be a crucial aspect of their geophysics (Sánchez and Scheeres, 2014). Observations have not conclusively identified which of the many types of gravitational aggregates discussed in Richardson et al. (2002) might in fact exist in nature; however, many different observations (as discussed in this chapter) seem to fit best with their definition of “rubble pile,” stated verbatim as: “This structure is literally a pile of rubble, with the organization that you might expect from a bunch of rocks dumped from a truck. A body that has been completely shattered and reassembled may fit into this category.” The outline of the chapter is as follows. In section 2 we focus on what we know about the fundamental strength and mechanical properties of the constituent pieces of asteroids as represented in the meteorite collection and meteor observations. From this study we find that there remain interesting and significant disconnects between the measured strength of meteorites and the inferred strength that they have based



on the altitude at which they fail, which is expected to be related to their possible rubble-pile structure. This data provides insights into bodies up to several meters in size, but not beyond this limit. In section 3 we use groundbased observations, and some spacecraft observations, to develop a wide range of constraints on how the constituent components of asteroids are assembled by computing their density and porosity. The implications are that some asteroids are highly porous bodies, in general, supporting the idea that these can be rubble piles. From this data there is also a clear progression of larger bodies having lower porosities, indicating the importance of gravitational compression. From this data we gain insight into the structure of bodies at the larger scale, ranging up to several hundreds of kilometers in size. Section 4 applies and interprets the size-spin data for insight and motivation into an understanding of asteroid morphology and strength. From this data we can place constraints on the properties of the asteroid population and expose areas of uncertainty and ambiguity. Linking these observations with modeling and theories of asteroid strength has provided new insights and constraints on the global strength of asteroids, and provided clues as to their internal morphology. Theory and data from this section also help address the gap between the insights from meteorites on smaller bodies and from the groundbased studies of larger bodies. Section 5 discusses the insights that can be inferred on asteroid interiors using the visible geology of asteroid surfaces, constraints on the transmission of seismic energy, and by an improved understanding of the rate of dissipation that may occur in asteroids. These methods indicate a potential pathway for better probing and determining the unique geophysical environment within small rubble-pile bodies. Finally, section 6 focuses on a number of specific asteroids that have been observed with some level of precision since Asteroids III, with the exception of (4) Vesta. These include the targets of spacecraft missions, (433) Eros and (25143) Itokawa; the unique case of 2008 TC3, which was analyzed both with groundbased observations and on the ground with meteorite falls; and a number of ground observed asteroids including (216)  Kleopatra, (29075)  1950  DA, (66391)  1999  KW4; and two active asteroids, P/2013  P5 and P/2013 R3. Many of these bodies are discussed in detail elsewhere in this book, but our discussions are focused specifically on what these bodies tell us about asteroid interiors and strength. Finally, overall conclusions are drawn and future areas where additional research and observations are needed are highlighted. 2. MATERIAL CONSTRAINTS Meteorites and meteors are samples of materials from small bodies in near-Earth space, albeit transported from all regions of the solar system (see the chapter by Binzel et al. in this volume). Note that a meteorite and a meteor can be just different manifestations of the same object; a meteor is the visual and sonic phenomena of the small body transit-
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ing Earth’s atmosphere, while a meteorite is the surviving material that can be collected on the surface of Earth. As small bodies encounter Earth, their interaction with Earth’s atmosphere, their mass loss on entry, the characteristics of their fall, and analysis of recovered fragments all provide clues about the structure, cohesion, and mineralogical homogeneity of the parent small bodies. This subsection is focused on summarizing and collecting in one place information on the strength of these bodies, both as individual components and as agglomerations when they first enter the atmosphere. For more information, see also the chapters by Borovička et al. and Jenniskens in this volume. 2.1. Meteorite Strength An individual recovered meteorite is a direct sample of the material properties and strength of the components of small bodies. However, the samples that survive the stress of deceleration and atmospheric entry are necessarily biased toward the strongest and most coherent materials in the parent object. Weak and volatile-rich material tends to be destroyed on entry. Shown in Table 1 are the compressive strengths of a number of meteorites along with common materials for comparison [taken from Popova et al. (2011); see also Kimberley and Ramesh (2011) for additional data]. Natural materials can be very strong, such as individual crystals of quartz (1100 MPa). Single mineral strengths derive from the inherent strength of the crystal structure. Rocks are collections of minerals and their strength derives from a mixture of their mineral crystal strengths, their formation conditions, and the nature of the bonding between minerals. Igneous rocks like granite, for example (100–140 MPa), are composed of a substantial amount of quartz, but as a whole the bonding between their minerals makes the rock much less



strong than the individual minerals. Unreinforced concrete at 20 MPa compressive strength is a good comparison standard. Like rocks, there are substantial variations in the inherent strength of meteorites. Most ordinary chondrites (the most abundant type of meteorite fall) are much stronger than concrete. Volatile-rich carbonaceous chondrites are much weaker, and in some cases, e.g., the Tagish Lake meteorite (meteorites are named for the localities where they are recovered and in this chapter they will be often referred to by their meteorite name), their measured strengths are on the order of weakly consolidated soils (dirt clods). Why are ordinary chondrites so strong? In general, they are conglomerates of chondrules (millimeter-sized spheres of minerals formed in the solar nebula), chondrule fragments, dusty matrix, and iron-nickel metal that have been welded together by varying levels of grain-boundary melting. In addition to welding in the silicates, the metal in ordinary chondrites provides a natural reinforcing mesh that is often interconnected in some ordinary chondrites that have been subjected to higher temperatures and thus have undergone some degree of remelting and metamorphic processing referred to as having higher metamorphic grades. As a result, high-metamorphicgrade ordinary chondrites can have many of the strength properties and reactions to stress of steel-reinforced concrete. However, there are some very weak ordinary chondrites. The Holbrook meteorite (Table 1) is a high-metamorphic-grade ordinary chondrite but is very weak and friable. Weston is also a high-grade chondrite but the individual chondrules are so poorly cemented that it falls apart with handling. The best analogy for this sample is a loosely glued collection of millimeter-sized spheres. However, the individual chondrules that are weakly held in Weston are individually quite strong. The major exception to the story of relatively weak ordinary chondrite bolides is the large and well-studied Chelyabinsk



TABLE 1. Meteorite and material strength. Material 



Meteorite Type 



Compressive Strength (MPa) 



Tensile Strength (MPa)



Concrete — Unreinforced Typical sidewalk 20 Quartz Single crystal 1100 55 Granite 100–140 Medium dirt clod 0.2–0.4 Holbrook, Arizona L6 (OC) 6.2 La Lande, New Mexico L5 (OC) 373.4 Tsarev L5 (OC) 160–420 16–62 Covert H5 (OC) 75.3 Kunashak L5 (OC) 265 49 Elenovka L5 (OC) 20 2 Krymka LL3 (OC) 160 22 Seminole H4 (OC) 173 22.5 Plutusk H5 (OC) 21.3 31 Hoba Iron — ataxite 700 Sikhote-Alin Iron — octahedrite 410 44 Tagish Lake C2 (CC) 0.25–1.2 Murchison bolides CM (CC) ~50 0.1–1 OC = ordinary chondrite; CC = carbonaceous chondrite. Data from Popova et al. (2011).



748   Asteroids IV bolide and meteorite (Borovička et al., 2013). While its first breakup was at high altitude (~45 km and 0.7 MPa), it underwent a series of fragmentation events. This included 11 fragmentations between 39 and 29  km under atmospheric dynamic pressure loads of 1–5 MPa and several boulders breaking off at 26–24 km under loads of 10–13 MPa. Interestingly, the main body remained relatively intact down to 22  km until its massive disaggregation at 18  MPa. This is probably due to the heterogeneities and highly shocked nature of the Chelyabinsk meteorite and the presence of extensive melt veins that welded portions of the meteorite. Volatile-rich materials like the Tagish Lake meteorite are much different than the ordinary chondrite bolides. In this case the strength of the individual cobbles is roughly what is seen in the atmospheric breakup phenomena and this is the only case where the maximum compressive strength inferred in the atmosphere is greater than the compressive strength of the measured meteorite. This may be due to the presence of ice surviving in Tagish Lake. Recovered samples often expressed significant amounts of water when brought above freezing temperatures (Brown et al., 2002), and samples of Tagish Lake that have been kept at freezing temperatures show lower porosity than samples that have been allowed to warm (Ralchenko et al., 2014). It may be that ice-filled pore space within the meteorite provided extra strength for the bolide during atmospheric entry. The meteorites listed in Table 1 are samples of hand- and cobble-sized survivors of atmospheric entry, which are the strongest and most coherent materials of the original small body. The vast majority of bolides do not survive entry as anything other than widely dispersed ablation dust. Typically the minority of small bodies that do survive entry lose approximately >95% of their preatmospheric mass (Popova et al., 2011). Only a handful of bolides have been tracked to delivering material to the surface with that material recovered. Shown in Table 2 are bolides with recovered meteorites (Popova et al., 2011). TABLE 2. Select bolides with recovered meteorites (Popova et al., 2011; Borovička et al., 2013). 



Meteorite (type) Pribram (H5) Lost City (H5) Innisfree (L5) Chelyabinsk (LL5) Tagish Lake (C2) Moravka (H5–6) Neuschwanstein (EL6) Park Forest (L5) Villalbeto de la Pena (L6) Bunburra Rockhole (Ach) Almahata Sitta (Ure, OC) Jesenice (L6) Grimsby (H4–6) 



Compressive Strength (MPa) Range for Met. Type 



First Breakup



77–247 77–247 20–450 0.7 0.25–1.2 77–327 3.6 20–450 63–98 0.1 0.2–0.3 63–98 77–327 



0.9 0.7 0.1 18 0.3 
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