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Introduction: The numbers of asteroid bulk density measurements have been rapidly increasing thanks to spacecraft missions [1,2], observations of asteroid satellites [3,4], and observations of asteroid mutual gravitational events [5,6,7]. In most cases, asteroid bulk densities tend to be substantially below likely meteorite analogues, indicating significant porosity. The bulk porosity of these asteroids can be estimated by using the grain density data of the analogue meteorites to constrain the amount of pore space that would be required for a object of that composition and measured bulk density.  For example 433 Eros has a measured bulk density of 2.67 ( 0.03 g/cm3 and probably has an L-chondrite composition which implies a grain density of 3.75 g/cm3 [2, 8].  To make the L-chondrite grain density consistent with the asteroidal bulk density would require a bulk porosity of 29% [9].  

To assess the structure of each asteroid, we can take the analysis a step farther by recognizing that most meteorites have some level of micron-scale microporosity that does not seriously affect the meteorite’s cohesive strength.  The implication is that microporosity would also not affect the parent asteroid’s coherent strength.  By subtracting the average meteorite analogue microporosity from the bulk porosity of an asteroid, we can estimate the asteroid’s large-scale macroporosity.  An asteroid’s macroporosity are the fractures, cracks, and voids that are large enough to affect its coherent strength and define its internal structure.  Note that this estimate requires two assumptions:  First that we know the asteroid’s meteorite analog and, second, that the meteorites delivered to Earth are a representative sample of that material.  Both assumptions are open to debate. 

Discussion:  Shown in Figure 1 are asteroidal estimated macroporosities for the asteroids measured so far.  These data appear to divide into three rough groups.  The first group includes the large asteroids 1 Ceres, 2 Pallas, and 4 Vesta.  Their bulk densities are very close to the bulk densities of their analogue meteorites, indicating essentially zero macroporosity.  These asteroids are probably strong, coherent objects that have not been disrupted through solar system history. It is interesting that all the three asteroids with diameters > 500 km all fall in the zero macroporosity group.  The second group includes the S asteroids 433 Eros and 243 Ida as well as 762 Pulcova and 121 Hermione.  These asteroids have between 15 and 25% macroporosity indicating that they have been extensively fractured. However, this fracturing was probably not extensive enough to disrupt the object and asteroids with less than approximately 25% macroporosity probably have some measure of coherent strength.  In terrestrial geology, well-sorted sedimentary rocks can have up to 30% porosity and still be coherent.  However, over 30% porosity usually indicates loose rubble or soils.  The third group are those with greater than 30% macroporosity.  These objects are probably pervasively fractured and may have been disrupted and reassembled by mutual gravity. Asteroid 16 Psyche is likely the most porous object observed so far.  Its reflectance spectra and radar albedo strongly indicate a metallic surface composition.  Assuming a iron meteorite grain density of 7.4 g/cm3, this would require a bulk porosity of 75% which suggests a pervasively disrupted object that has been loosely reassembled and held together by mutual gravitation.

Simulations of impacts into porous materials indicate that porosity can dramatically affect the evolution of asteroid regoliths, impact ejecta, and structure [10].  Impacts into high porosity asteroids create craters primarily by compaction with most ejecta being retained within the crater.  As porosity increases ejecta velocities tend to drop, the size ejecta blankets are reduced, and the efficiency of asteroid impact gardening is significantly reduced.  Because the compaction process dissipates impact shock more effectively, highly porous asteroids may be significantly more resistant to impact disruption and as a result have increased dynamical lifetimes.  
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		Object		Bulk Density		+ error		-error		Mass  (Kg)		Error		Type		Asteroid Number		IRAS Diameter

		Phobos		1.53		0.1		0.1		8.80E+15		494560582922074		D

		Deimos		1.34		0.83		0.83		1.36E+15		824267638203456		D

		45 Eugenia		1.2		0.6		0.2		5.99E+18				C		45

		253 Mathilde		1.3		0.2		0.2		1.03E+17		4.40E+15		C		253

		121 Hermione		1.8		0.4		0.4		9.35E+18		1.59E+18		C		121

		1 Ceres		2.2		0.1		0.1		1.173569E+21		5.97E+19		G		1

		2 Pallas		2.6		0.1		0.1		2.148228E+20		4.38E+19		B		2

		Average C		1.3		0.1		0.1		5.00E+17

		762 Pulcova		1.8		0.8		0.8		2.70E+18		7.56E+16		F		762		142		4

		90 Antiope		1.5		0.4		0.4		1.53E+18		5.90E+16		C		90		125		4

		Average S		2.8		0.1		0.1		5.00E+17

		433 Eros		2.67		0.03		0.03		6.68E+15		3.30E+13		S		433

		243 Ida		2.6		0.5		0.5		4.20E+16		6.00E+15		S		243

		16 Psyche		1.8		0.6		0.6		1.73E+19		5.17E+18		M		16

		4 Vesta		3.3		0.1		0.1		2.744958E+20		2.39E+19		V		4

		2 Pallas		4.2		0.3		0.3		3.16E+20		9.95E+19		B		2

		4 Vesta		4.3		0.3		0.3		3.36E+20		2.19E+19		V		4

		1 Ceres		2.00		0.03		0.03		8.70E+20		7.96E+18		G		1
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		Meteorite Type		Average Grain Denisty (Table II)

		CI		2.27

		CM		2.71

		CR		3.11

		CV		3.51

		CO		3.69

		H chondrite		3.84

		L chondrite		3.75

		LL chondrite		3.56

		HEDs		3.2

		Mesosidersites		4.5

		Pallasites		5

		Iron		7.2

		Object		Bulk Density		+ error		-error		+ error		-error		Mass  (Kg)		Error		Assumed Analogue		Density		Bulk Porosity		error +		error-		estmated Macroporosity		error+		error-

		1 Ceres		2.2		0.1		0.1		4.55%		4.55%		1.173569E+21		5.97E+19		CI		2.27		3.1%		0.1%		0.1%		0.0%		1.0%		1.0%		11.0%

		2 Pallas		2.6		0.1		0.1		3.85%		3.85%		2.148228E+20		4.38E+19		CM		2.71		4.1%		0.2%		0.2%		0.0%		1.0%		1.0%		12.0%

		4 Vesta		3.3		0.1		0.1		3.03%		3.03%		2.744958E+20		2.39E+19		L chondrite		3.75		12.0%		0.4%		0.4%		1.2%		1.0%		1.0%		10.8%

		Average S		2.8		0.1		0.1		3.57%		3.57%		5.00E+17				L chondrite		3.75		25.3%		0.9%		0.9%		14.5%		0.5%		0.5%		10.8%

		433 Eros		2.67		0.03		0.03		1.12%		1.12%		6.68E+15		3.30E+13		L chondrite		3.75		28.8%		0.3%		0.3%		18.0%		0.2%		0.2%		10.8%

		243 Ida		2.6		0.5		0.5		19.23%		19.23%		4.20E+16		6.00E+15		L chondrite		3.75		30.7%		5.9%		5.9%		19.9%		3.8%		3.8%		10.8%

		121 Hermione		1.8		0.4		0.4		22.22%		22.22%		9.35E+18		1.59E+18		CM		2.71		33.6%		7.5%		7.5%		21.6%		4.8%		4.8%		12.0%

		Average C		1.3		0.1		0.1		7.69%		7.69%		5.00E+17				CI		2.27		42.7%		3.3%		3.3%		31.7%		2.4%		2.4%		11.0%

		Phobos		1.53		0.1		0.1		6.54%		6.54%		8.80E+15		494560582922074		CM		2.71		43.5%		2.8%		2.8%		31.5%		2.1%		2.1%		12.0%

		Deimos		1.34		0.83		0.83		61.94%		61.94%		1.36E+15		824267638203456		CM		2.71		50.6%		31.3%		31.3%		38.6%		23.9%		23.9%		12.0%

		253 Mathilde		1.3		0.2		0.2		15.38%		15.38%		1.03E+17		4.40E+15		CM		2.71		52.0%		8.0%		8.0%		40.0%		6.2%		6.2%		12.0%

		45 Eugenia		1.2		0.6		0.2		50.00%		16.67%		5.99E+18				CM		2.71		55.7%		27.9%		9.3%		43.7%		21.9%		7.3%		12.0%

		16 Psyche		1.8		0.6		0.6		33.33%		33.33%		1.73E+19		5.17E+18		Iron		7.2		75.0%		25.0%		25.0%		75.0%		25.0%		25.0%		0.0%

		762 Pulcova		1.8		0.8		0.8		44.44%		44.44%		2.70E+18		7.56E+16		CM		2.71		33.6%		14.9%		14.9%		21.6%		9.6%		9.6%		12.0%

		90 Antiope		1.5		0.4		0.4		26.67%		26.67%		1.53E+18		5.90E+16		CM		2.71		44.6%		11.9%		11.9%		32.6%		8.7%		8.7%		12.0%

		2 Pallas		4.2		0.3		0.3										CM		2.71		-55.0%		0.0%		0.0%

		4 Vesta		4.3		0.3		0.3										H Chondrite		3.84		-12.0%		0.0%		0.0%

		1 Ceres		2.00		0.03		0.03										CI		2.27		11.9%		0.0%		0.0%








