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Abstract 

Elastic wave velocity, bulk density, and derived elastic moduli assist in 

constraining parameters involved in the modelling of collisions on meteorite parent 

bodies. Meteorite physical properties are influenced by porosity and pore geometry; this 

thesis presents a pore classification scheme for meteorites and examines the effects of 

pore geometry on elastic and physical properties.  Elastic wave velocity trends in 

ordinary chondrites have been documented by Hons (2004) and additional meteorite 

physical property trends have been documented in the literature.  Trends documented in 

the literature were confirmed in this study and five new bulk density, elastic wave 

velocity, and physical property trends were identified. Some of the porosity found in 

meteorites may have been induced by impacts on the parent body. The elastic wave 

velocity modifications associated with impact induced fracturing was investigated 

through comparison of fracture density and orientation with elastic wave velocity 

anomalies in artificially shocked samples. 
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Chapter One: Introduction 

1.1 Project Background and Objectives  

Rocky material exists throughout the solar system comprising planets, satellites, 

and small bodies (e.g. asteroids and comets).  The vast majority of physical property data 

collected by researchers pertain to terrestrial rocks; in contrast little is known about small 

solar system bodies, in particular asteroids.  Rock mechanics and the strength properties 

of terrestrial rocks are relatively well understood; the only ‘in situ’ information known 

about the strength properties of asteroids are derived from meteorites.  The physical and 

elastic properties of meteorites can be used as analogues in constraining the 

characteristics of their parent bodies.   

 Variations in elastic wave velocity in terrestrial rocks are related to differences in 

mineralogy, porosity and fracture density, fluid saturation, degree of compaction, heating, 

cementation, and deformation.  In terrestrial sub-surface exploration elastic wave velocity 

data is used to infer lithology, porosity, and fluid saturation.  Composition, petrologic 

type, and terrestrial weathering have all been identified as potential factors that may 

result in elastic wave velocity variations in meteorites (Hons and Hildebrand, 2004).  

Particularly large velocity variations have been observed in genomict meteorites typically 

composed of breccias with light coloured angular fragments in a dark coloured matrix.  

The light and dark regions of these meteorites are compositionally the same, thus it has 

been suggested that the velocity difference is attributed to a variation in pore geometry 

associated with petrologic type between the fragments and matrix (Hildebrand pers 

comm., 2009).  Petrologic type is a number ranging from 1 to 6 that describes the level of 
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aqueous alteration (types 1-2) or thermal metamorphism (types 3-6) of chondritic 

meteorites.  Unaltered or pristine samples, considered to be the most primitive meteoritic 

material, are assigned a petrologic type of 3; type 3 meteorites are subdivided into groups 

3.0-3.9 with most falling within the range 3.1-3.9 (McSween, 1999) indicating that 

almost all meteorites have experienced at least some heating.   

Significant porosities and fracture populations have been reported in unweathered 

meteorites, (e.g. Consolmagno and Britt, 1998; Yomogida and Matsui, 1983), but 

minimal research has been completed related to the effects of these porosities on 

mechanical/elastic properties (rock strength) of meteorites (Petrovic, 2001), and the 

relationship between pore characteristics and elastic wave velocity in meteorites has 

never been explored.  This project investigates elastic wave velocity trends in ordinary 

chondrites and tests the hypothesis that different pore geometries and fracture 

distributions associated with petrologic type in meteorites affect the compressional and 

shear wave velocities, and thus the elastic properties of the rock.   

In addition to the study of meteorite physical and elastic properties, artificially 

shocked terrestrial rocks comprise a component of this study.  The investigation of 

subsurface fracture patterns beneath craters in artificially shocked samples and 

corresponding elastic wave velocity anomalies provide information about the properties 

of fractured rock.  The fracture population densities and orientations can be documented 

through simple observational methods (e.g. hand sample and thin section observation) 

providing a small scale analogue to cratering processes on solid surfaces throughout the 

solar system and a means to assess the influence of fractures in altering elastic wave 

velocities in meteorites.   
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 The objectives of this project are to: (1) confirm (or reject) previously identified 

elastic wave velocity/physical property trends in ordinary chondrites, (2) describe the 

pore geometries present in meteorites, (3) test the hypothesis that variations in pore 

geometry associated with petrologic type result in reduced elastic wave velocities in 

meteorites of high petrologic type, and (4) use artificially shocked terrestrial rock 

samples to supplement the exploration of fracture porosity, in particular elastic wave 

velocity anomalies associated with fracture populations of varying density and 

orientation.  These goals require the development of a pore classification scheme for 

stony meteorites, investigation of variations in pore geometry in meteorites and the 

comparison of these variations with elastic wave velocity measurements in light-dark 

breccias and other ordinary chondrites, and assessment of the relationship between 

measured elastic wave velocities and fracture distribution in artificially shocked samples.   

The data presented in this study were collected from of a suite of meteorite 

samples from the Center for Meteorite Studies Collection at Arizona State University, the 

University of Calgary, and the private collection of Dr. David Gregory; the artificially 

shocked samples were obtained from the Lindhurst Laboratory of Experimental 

Geophysics at the California Institute of Technology.   

1.1.1 Project Relevance 

 Meteorites are samples of material derived from other solar system bodies 

available to researchers free of the cost of planetary missions.  Matches of asteroid 

spectra to meteorite analogues have been used to derive asteroid compositions (e.g. 

Burbine et al., 2002).  Understanding the elastic wave velocities and elastic properties 

and related pore structures of meteorites provides information about meteorite parent 
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bodies (e.g. asteroids) required for diverse purposes such as the development of asteroid 

diversion/sampling techniques.  Knowledge of meteorite porosity may also have 

implications in interpreting spacecraft asteroid flyby data used to infer mineralogy (Britt 

and Consolmagno, 1997).  The results of this study also benefit terrestrial geology and 

geophysics disciplines.  The use of meteorites as the subject of study eliminates 

numerous terrestrial variables known to affect elastic wave velocities in rocks including 

the presence of weathering, cements, diagenesis, and fluids, potentially allowing the 

effects of pore geometry to be isolated.  Once characterized, pore geometry – elastic 

wave velocity correlation has the potential to be applied in the extraction of pore structure 

information from elastic wave velocity data.   

1.2 Meteorite Properties 

The physical properties, total porosity and pore characteristics of meteorite parent 

bodies provide insight into the compositional and physical nature of the evolution of such 

bodies in the early solar system (e.g. Durda and Dermott, 1997; Consolmagno et al., 

2008).  These properties dictate energy transfer and attenuation processes during 

collisional events (Flynn et al., 1999), thus their understanding is crucial for modelling 

impact events on planetary and asteroidal surfaces.  This section highlights previous 

research contributions that examine the physical, mechanical and elastic properties, 

porosity and pore geometry in meteorites with emphasis on ordinary chondrites.  

1.2.1 Meteorite Physical and Mechanical Properties 

The bulk and grain densities of stony meteorites reflect the densities of their 

mineral constituents.  Table 1-1 summarizes the chemical formulae, crystal structures, 
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and densities for the iron and magnesium end-members of olivine and pyroxene, two of 

the most abundant mineral phases in stony meteorites.  Fe-Ni metal is present in lesser 

abundance than olivine and pyroxene, but its high density is reflected in stony meteorite 

bulk densities which are higher than the densities of their silicate components.  Lesser 

amounts of sulfide minerals, plagioclase, and meteoritic glass also influence stony 

meteorite bulk and grain densities and porosity influences bulk densities.  Table 1-2 

summarizes the average grain and bulk densities and the measured and model porosities 

for ordinary chondrites.  Porosities of ordinary chondrites will be discussed later in this 

chapter.   

Minimal research has been completed related to the mechanical properties of 

meteoritic material, despite knowledge of meteorite compressive and tensile strengths 

and elastic moduli being essential in predicting response to forces including impacts on 

 

Table 1-1: Summary of basic physical properties of olivine and pyroxene, two primary 
mineral phases in stony meteorites.  From Petrovic, 2001.   
 

 

Table 1-2: Summary of average grain and bulk densities and measured and model 
porosity. From Consolmagno et al., 2008.   
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meteorite parent bodies.  Petrovic (2001) compiled and summarized the available 

mechanical property data from the literature for the primary mineral constituents of stony 

meteorites, olivine (foresterite and fayalite) and pyroxene (enstatite and ferrosilite).  

These values are summarized in Table 1-3.  Olivine and pyroxene are important 

constituents in the Earth’s mantle, thus they are well studied at high temperatures and 

pressures representative of the mantle environment.  The moduli for olivine and pyroxene 

are less studied at low pressure and temperature conditions which are more applicable to 

planetary and asteroidal surfaces.  The moduli in stony meteorites are also influenced by 

other meteoritic minerals present in lesser amounts including kamacite, plagioclase, and 

sulfides, as well as meteoritic glass.  The moduli for olivine and pyroxene were 

determined for single crystals or polycrystalline aggregates of the mineral in question 

(e.g. Kumasawa and Anderson, 1969; Duffy and Vaughan, 1988).  The moduli of 

ordinary chondrites will reflect the moduli of their constituents as modified by factors 

such as mineral packing, deformation, heating, porosity, and brecciation.    

 The compressive and tensile strengths, the pressures at which failure occurs 

during compression and extension respectively, have been derived for several meteorites 

through experimental research.  Petrovic (2001) compiled and summarized all of the 

meteorite strength data existing in the literature; these numbers are presented in Figure 

1-1.  Most of the data represent stony meteorites; only five iron meteorites are 
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Table 1-3: Summary of the mechanical properties of olivine and pyroxene, where elastic 
modulus represents the bulk modulus.  From Petrovic, 2001.   

 

Figure 1-1: Summary of the compressive and tensile strength data available in the 
literature for stony and iron meteorites.  From Petrovic, 2001.   
 
represented and no data for stony-irons have been collected.  The average compressive 

strengths of stony and iron meteorites are higher than the average tensile strengths 

measured for each group (Petrovic, 2001).  The variation in the compressive and tensile 

strengths exhibited by each group of meteorites likely reflects variations in composition, 

textures, grain relationships, fractures and porosity, as well as any deformation or shock 

experienced by individual meteorites within each group. 

 Petrovic (2001) emphasized that these data represent an upper limit of the strength 

of asteroids because of the selection effects which dictate which meteorites are robust 
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enough to survive entry through the Earth’s atmosphere and terrestrial impact as well as 

impacts on their parent body including the event that liberated them from the asteroidal 

surface.  Estimates about one order of magnitude smaller than those plotted in Figure 1-1 

may be more appropriate analogues for asteroids (Petrovic, 2001).  

1.2.2 Meteorite Elastic Wave Velocities 

 Elastic wave velocities constrain the physical and elastic properties of meteorites.  

Measuring elastic wave velocities in meteorites is a relatively easy, non-destructive 

process, therefore it can be employed on relatively large suites of samples.  

Compressional and shear wave velocities in combination with meteorite bulk densities 

allow calculation of meteorite elastic properties: bulk moduli, shear moduli, Poisson’s 

ratios, and Young’s moduli.  

Elastic wave velocities in meteorites have been measured in several studies.  

Yomogida and Matsui (1983) measured compressional and shear wave velocities in 

twenty-one samples and Hons (2004) measured compressional and shear velocities in 

seventy-two samples and compressional wave velocities only in an additional thirteen 

samples.  Aside from measuring elastic wave velocities in a suite of ordinary chondrites, 

Yomogida and Matsui (1983) calculated theoretical compressional and shear wave 

velocity values for H- and L-chondrites (Table 1-4) based on the average mineralogy for 

each meteorite type.  Elastic wave velocity values measured for H- and L-chondrites have 

values significantly lower than the theoretical values; for example, Hons (2004) reported 

compressional wave velocities ranging from 1500-7000 m/s.  This difference has been 
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Theoretical Vp Vs K µ ν  E 

H-Chondrite 7610 m/s 4450 m/s 120.2 GPa 75.6 GPa 0.24 187.4 GPa 

L-Chondrite 7810 m/s 4800 m/s 119.2 GPa 75.7 GPa 0.24 187.4 GPa 

 
Table 1-4: Summary of theoretical compressional and shear wave velocities and elastic 
moduli based on average mineral compositions for H- and L-chondrites calculated by 
Yomogida and Matsui (1983).   
 
attributed to the presence of fractures in meteorites that effectively decrease the elastic 

wave velocities (Yomogida and Matsui, 1983). 

Five statistically significant elastic wave velocity trends in ordinary chondrites 

have been documented by Hons (2004); (1) velocity increases/porosity decreases with 

increasing terrestrial weathering time,  (2) velocity increases with meteorite bulk density, 

(3) velocity decreases with metamorphic grade/petrologic type in ordinary chondrite fresh 

falls, (4) velocity increases with meteorite darkness in ordinary chondrites, and (5) 

velocity decreases as total porosity increases.  Results from this study confirm all of the 

above trends are true for H-chondrites and that the derived shear, bulk, and Young’s 

moduli show analogous trends.  Elastic wave velocity trend (1) was identified in L-

chondrites, elastic wave velocity trend (2) was identified in L- and LL-chondrites, elastic 

wave velocity trend (3) was documented in the H-, L-chondrite sub-populations, elastic 

wave velocity trend (4) was confirmed in L- and LL-chondrites, and  elastic wave 

velocity trend (5) was identified in L-chondrites. Porosity data measured in this study 

confirms the trend first documented by Yomogida and Matsui (1983): porosity decreases 

in H- and L-chondrites of high petrologic type.  In terrestrial rocks increasing bulk 

density is associated with higher elastic wave velocities and increasing pore space 

volume is associated with lower elastic wave velocities.  The most robust relationship is 
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the trend of increasing elastic wave velocities with meteorite darkness.  Hons (2004) 

suggested that terrestrial weathering of the higher iron content H-chondrites would result 

in increased amounts of oxidized phases which have a darkening effect on ordinary 

chondrites.  The oxidation products also fill pore spaces subsequently increasing elastic 

wave velocities in weathered meteorites.  Thus, Hons (2004) suggested that meteorite 

darkening due to terrestrial weathering of Fe-Ni metal may be linked to higher elastic 

wave velocities produced as a by-product of terrestrial weathering as secondary phases 

fill in meteorite pore spaces.  However, fresh fall meteorites exhibit a range of darknesses 

not related to terrestrial weathering suggesting that the relationship is not due to 

weathering and remains unexplained. 

1.2.3 Meteorite Porosity 

Flynn et al. (1999) and Consolmagno and Britt (1998) documented porosities in a 

variety of  meteorite groups and emphasized the need to understand the characteristics of 

meteorite porosities as they may reflect the pore systems of parent bodies.  Porosity 

includes all void space within meteorites; fractures, and voids in between and within 

grains and chondrules.  Porosity is calculated using the following formula: 

Equation 1-1: ϕ = [1 – (ρbulk / ρgrain)]*100% 

where ρbulk and ρgrain are the dry bulk and grain densities respectively. 

 Consolmagno et al. (2008) reported porosities for 131 meteorites measured by 

numerous researchers.  Hons (2004) measured 10 additional meteorite porosities.  The 

average porosity values for ordinary chondrite falls, not including those measured by 

Hons (2004), are summarized in Table 1-2. Ordinary chondrites that have not been 
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altered by terrestrial weathering exhibit total porosity values ranging from five to 

twenty percent (Flynn et al., 1999), but in each of the ordinary chondrite groups, H-, L-, 

and LL-chondrites the average porosity values are less than 10% (Consolmagno et al., 

2008).  It is important to specify that these values represent meteorite falls only, not 

meteorite finds because the total porosity of ordinary chondrites decreases with terrestrial 

residence time (e.g. Hons, 2004) as the formation of secondary minerals leads to the 

destruction of pore spaces (Bland et al., 1998), thus it is crucial to know how long 

meteorites have been exposed to terrestrial weathering.  

 Meteorite terrestrial weathering is the alteration of meteoritic phases to phases 

that are stable at the conditions on the Earth’s surface.  This alteration involves 

production of ferric iron via oxidation of ferrous and metallic iron present as 

ferromagnesian silicates and Fe-Ni metal in meteorites respectively (Bland et al., 1998).  

Thus any ferric iron present in meteorites can be attributed to terrestrial alteration (Burns 

et al., 1995).  H2O and Cl- are the active weathering agents that affect meteorites.  The 

rate of terrestrial weathering is influenced by humidity, temperature, availability of H2O 

and Cl-, and meteorite porosity and permeability (Bland et al., 1998).  Bland et al. (1998) 

observed that H-chondrites weathered at a more rapid rate than L- and LL-chondrites and 

attributed this difference to higher iron content in H-chondrites.  The rate of meteorite 

terrestrial alteration slows with time due to the reduced permeability that corresponds 

with reduction in porosity (Bland et al., 1998).   

Additional evidence of porosity removal via terrestrial weathering was 

documented by Consolmago et al. (2008).  Figure 1-2 effectively illustrates porosity that 

has been filled with terrestrial weathering products.  The microfractures in grains  
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Figure 1-2: The H5 chondrite Épinal (Natural History Museum, London) fell in 1822.  
The ‘white’ microfractures are filled with oxidation products generated by terrestrial 
weathering through interaction of Fe-Ni metal and aqueous fluids.  From Consolmagno et 
al., 2008.   
 
adjacent to Fe-Ni metal (the white phase) are partially filled with oxidation products 

(Consolmagno et al., 2008).   

Carbonaceous chondrites, distinguished by their low density, low metal content, 

high oxidation state, relatively high carbon abundance, and frequent evidence of aqueous 

alteration (McSween, 1999), have a porosity range higher than ordinary chondrites.  For  

example, Allende and Orgueil, measured by Britt and Consolmagno (1997), have 

porosity values of 20.8% and 25.8% respectively (via Flynn et al., 1999) while other 

carbonaceous chondrites measured by Flynn et al. (1999) fall between 11±3% to 29±2% 
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porosity.  Tagish Lake, a C2 ungrouped carbonaceous chondrite, has a porosity of 

approximately 40% (Hildebrand et al., 2006).   

 Model porosities can be calculated for any meteorite where the bulk density is 

known.  The average grain density for the appropriate meteorite class is used in the 

porosity calculation and the result is an estimate of the unweathered porosity value for the 

meteorite in question (e.g. Consolmagno and Britt, 1998).  Consolmagno et al. (2008) 

reported that the difference between measured and modelled porosities for meteorite falls 

averages 1%, although results from individual studies show more variation between 

measured and modelled porosities (e.g. Hons, 2004).  It is also possible that the 

difference between model and measured porosity indicates that the average grain 

densities used in model calculations are too high.    

Yomogida and Matsui (1983) stated that porosity may be used as a proxy for 

meteorite petrologic type because unequilibrated chondrites are expected to contain less 

porosity than their equilibrated counterparts.  H-chondrites studied by Yomogida and 

Matsui (1983) exhibited decreasing porosity with increasing petrologic type, but L-

chondrites did not show any statistically significant correlation.  Yomogida and Matsui 

(1983) suggested that future work should investigate the lack of correlation between 

physical properties, including porosity, and petrologic type in L-chondrites.  Additional 

studies that discussed ordinary chondrite porosity reported that no relationship is evident 

between petrologic type and meteorite porosity (Consolmagno and Britt, 1998; Wilkison 

et al., 2003).  Wilkison et al. (2003) concluded that based on their data, no correlation is 

apparent between porosity and petrologic type, chemical group, density, or shock state.    
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The pore networks in meteorites are complex and different components of 

meteorite total porosity are observable at different magnifications.  In some meteorites 

large pores (millimetre scale) are visible on a cut surface (e.g. St-Robert) and others have 

an appearance similar to loosely packed sand (e.g. Sena ASU 785).  This primary 

porosity was presumably formed at the time of accretion of the meteoritic material into its 

parent body.  The smallest pores, microfractures within and between grains, are best 

viewed with scanning electron microscopy (e.g. Strait and Consolmagno, 2008).  The 

development of microfractures in meteorites has been attributed to the compression and 

subsequent decompression of propagating shock waves on the parent body.  Although 

compression related to shock events may reduce porosity in highly porous meteorites, 

shock events also contribute to the development of secondary porosity; both comprise the 

total porosity measured in meteorites (Consolmagno et al., 2008).   

A comprehensive classification scheme for pore geometry has not been developed 

in previous research related to meteorite porosity.  However, three types of meteorite 

porosity have been recognized: crack porosity, gaps along grain boundaries, and roughly 

spherical voids (Flynn et al., 1999).  Strait et al. (2002) and Yomogida and Matsui (1983) 

attribute much of the porosity measured in meteorites to microfractures visible in thin 

section.  The most recent pore geometry investigation in meteorites, completed by 

Friedrich et al. (2008), used X-ray microtomography and He-pycnometry to observe pore 

geometry distribution in two samples of the L-chondrite Baszkówka.  Only 64% of the 

porosity detected by He-pycnometry was detectable via X-ray microtomography which 

resolves pore spaces as small as 3x10-5 mm.  Large pore spaces are relatively rare in 

Baszkówka; the porosity is predominantly inter- and intra-granular voids.  Freidrich et al. 
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(2008) speculate that an exponential relationship exists between pore size and 

abundance; smaller pores have the highest abundance in meteorites and as pore size 

increases abundance decreases. 

The examination of pore geometry is motivated by the previously identified 

tendency for elastic wave velocity to decrease in meteorites of high petrologic type in H-

chondrites as identified by Hons (2004).  This decrease in mean velocity could be related 

to numerous factors: (1) an increase in total porosity, (2) variation in pore geometry, (3) 

changes in mineral phases related to increasing metamorphic grade, and/or (4) 

recrystallized matrix texture related to increasing metamorphic grade.  Yomogida and 

Matsui (1983) suggested that total porosities decreases with petrologic type in H-

chondrites, potentially ruling out total porosity as a cause for the velocity – petrologic 

type trend.  Two additional studies did not find any porosity – petrologic type correlation 

within their data sets (Consolmagno and Britt, 1998; Wilkison et al., 2003).  This study 

explores the potential relationship between total porosity and petrologic type and tests the 

hypothesis that variations in pore geometry are responsible for the decrease in mean 

elastic wave velocity at high petrologic type that Hons (2004) observed.  Changes in 

mineral phases and attributes associated with recrystallization textures in meteorites of 

high petrologic type are discussed briefly.     

Consolmagno and Britt (2003) compiled meteorite bulk and grain densities and 

porosities collected by Farrington (1915), Alexayeve (1958), Keil (1962), Stacy et al. 

(1961), Matsui et al. (1980), Miyamoto et al. (1982), Yomogida and Matsui (1981), 

Yomogida and Takafumi (1983), Kukkonen and Pesonen (1983), Terho et al. (1993), 

Pesonen et al. (1993), Corrigan et al. (1997), Consolmagno and Britt (1998), Britt and 
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Consolmagno (2000), Soto et al. (1997), Geddis (1994), Flynn and Klock (1998), 

Moore et al. (1999), Flynn et al. (1999), Wilkison and Robinson (2000) and unpublished 

data by Mason and Zolensky, and Consolmagno; hereafter cited as Consolmagno and 

Britt (2003).  Data presented in Consolmagno and Britt (2003) and references therein and 

data collected by Hons (2004) is used in combination with data collected as part of this 

study to examine pore characteristics and trends in ordinary chondrite porosities.  Only 

data collected from meteorite falls (as opposed to finds) is used to minimize the effects of 

terrestrial weathering.  Data from previous research contributions is used alongside data 

collected as part of this study to explore trends are meteorite characteristics.   

1.3 Elastic Wave Velocities and Fracture Patterns in Artificially Shocked Samples: 
A Literature Review 

 Artificially cratered blocks of San Marcos Granite, Escondido, California, 

acquired from the California Institute of Technology, Pasadena, California comprise 

another component this study that focuses on the subsurface fracture patterns beneath 

craters.  The samples were shocked during cratering experiments involving high velocity 

projectiles that impact unshocked blocks of rock.  Lead and copper projectiles 0.5-0.75” 

impacted the target blocks at velocities in the range of 0.7-0.8 km/s; the specifications of 

the experiments are discussed in detail in Ai (2006) and Ai and Ahrens (2004) and the 

experimental configuration used by Polanskey and Ahrens (1990) is summarized in 

Figure 1-3.  This study focuses on comparing fracture patterns to the elastic wave and 

physical properties of the shocked granite rather than the propagation of shock waves or 

spallation of material during the impact event.   
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Figure 1-3: Experiment methodology and apparatus configuration for the artificially 
shocked samples.  The laser beams were used to measure projectile velocities and the x-
ray tubes were used to measure the velocities of spall fragments and ejecta during impact.  
From Polanskey and Ahrens, 1990.   
 
 Early work examining the formation of fractures by impacts focused on spallation 

fracturing of artificially impacted targets; “the separation of large fragments from a free 

surface as a result of dynamic tensile failure” (Polanskey and Ahrens, 1990).  Lange et al. 

(1984) and Polanskey and Ahrens (1990) are examples of two studies that document spall 

ejecta characteristics including spall velocities (Polanskey and Ahrens, 1990).  A 

secondary product of these projects is the detailed mapping and classification of fracture 

patterns occurring in artificially shocked samples, this is the component of most 

relevance to this study.  Lange et al. (1984) examined a population of cracks which were 
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parallel to sub-parallel with the impact surface; Polanskey and Ahrens (1990) defined 

multiple fracture types (Figure 1-4) in their paper which is a useful foundation for the 

direction and objectives of this study. Ai and Ahrens (2004) and Ai (2006) explored the 

relationship between compressional and shear wave velocity reductions and impact 

induced cracking and damage.  Other contributions include fracture pattern mapping and  

 

Figure 1-4: Cross-section of an artificially shocked 25 kg block of San Marcos Gabbro 
showing different classes of shock-induced fractures.   The stippled area directly below 
the crater floor is highly fractured or pulverized.  All of the mapped fractures are visible 
on the gabbro block without magnification.  Note that the fracture thicknesses are not 
drawn to scale.  Descriptions of each fracture zone and class are presented in the text.  
From Polanskey and Ahrens, 1990. 
 
analysis of the tensile failure of shocked samples (e.g. Polanskey and Ahrens, 1990; 

Ahrens and Rubin, 1993). 

 The craters in the artificially shocked samples are characterized by two zones: (1) 

a highly fractured central pit filled with pulverized rock and (2) and wide, shallow outer 

region defined by freshly exposed rock.  Bisection of seven artificially shocked targets 

through the crater center allowed the mapping of seven classes of fractures distributed 

within three regions defined by damage type and intensity (Polanskey and Ahrens, 1990).   
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Region 1: Directly below crater; hemispherical; contains high density of fractures. 

• Shear Fractures: Small fractures; Occur in high density cluster; expressed as 

fine ‘crushing’ of the rock near the crater floor 

• Radial Fractures: closely spaces; radiate out from crater center 

• Concentric Fractures: larger than radial fractures; concave geometry; sub-

parallel/mirror the shape of the crater floor 

• Spall fractures: near surface; parallel to sub-parallel to surface 

Region 2: Near the edges of the target block 

• Vertical fractures: attributed to interaction of waves reflected from target 

edges; artefact of experiment boundary conditions 

Region 3: “Thin band of fractures starting at the crater wall and arcing down into the 

target” 

• Near surface fractures: sub-horizontal to arcing downward; radial nature; have 

the furthest extent in the target block; tend to be widest and most prominent 

fractures in cross section 

 The most recent work explores the ability to detect impact induced fracturing on 

the centimeter scale in laboratory experiments via compressional wave velocity mapping 

(e.g. Xia and Ahrens, 2001; Ai and Ahrens, 2004; Ai, 2006).  Ai and Ahrens (2004) 

demonstrated that compressional and shear wave velocities were significantly reduced 

due to impact induced fracturing in all three rock types used as part of their study; San 

Marcos Gabbro, Escondido, California, Coconino Sandstone, Meteor Crater, Arizona, 

and Sesia Eclogite, Austroalpine system, Italy.   
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 Ai and Ahrens (2004) also recognize that the degree of compressional and 

shear wave reduction in the shocked targets generally increases with fracture density and 

will vary with fracture orientation.  It is important to recognize that although elastic wave 

velocity trends can be determined for a given fracture pattern, it is impossible to yield a 

unique crack distribution solution from a velocity profile (Ai and Ahrens, 2004).   

 Critical review of compressional wave velocity anomalies in artificially shocked 

targets is a prerequisite for continued research on samples originally prepared and used 

by Ai (2006).  Compressional wave velocities were measured in three directions (X, Y, 

and Z) to allow the effects of preferentially oriented cracks to be recognized (Ai, 2006).  

Based on the previously defined crack/fracture types and their orientations, the low 

velocity zones represented in each direction can be related to populations of preferentially 

oriented fractures (Figure 1-5, Figure 1-6, and Figure 1-7).   

 

Figure 1-5: Contour velocity profile displaying the X-direction data collected by Ai 
(2006).  Compressional wave velocities are mapped to a depth of 5.5 cm.  The lowest 
measured velocities fall within the highly shocked/pulverized region defined by Polansky 
and Ahrens (1990).  A simplified potential fracture distribution in show: near surface 
fractures yellow, radial fractures are red, and concentric fractures are blue.   
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Figure 1-6: Contour velocity profile displaying the Y-direction data collected by Ai 
(2006).  Compressional wave velocities show less reduction in the Y-direction than in the 
X-direction in both lateral and vertical regions relative to the crater center.  The Y-
direction profile also shows the region of low velocity attributed to the presence of radial 
fractures.   

 

Figure 1-7: Contour velocity profile displaying the Z-direction data collected by Ai 
(2006).  The Z-direction profile shows the most near-surface lateral reduction in 
compressional wave velocity likely due to the presence of near-surface fractures.  The 
intensity of damage beneath the crater center is intermediate between the anomalies 
measured in the other two profiles; the X-direction profile shows more intense velocity 
reduction and the Y-direction profile shows less velocity reduction.  
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 Two anomalies are visible on the velocity plots for the X-direction measurements.  

The low velocity zone near the crater center correlates with the region of intense shear 

fracturing.  This shear fracture region is detectable to a depth of 2-3cm.  Below this 

depth, small variations close to the crater center are likely related to radial 

fractures and the concave edges of concentric fractures.  The lower amplitude anomaly 

located 3-5cm from the crater center line is likely related to the tail ends of “near surface” 

fractures in combination with radial fractures.  The Y-direction velocity measurements 

show slightly less laterally extensive anomalies than the X- and Z-direction profiles.  This 

is likely a result of less interaction between the travelling wave and radial fractures; the 

Y-direction measurement is orientation into the page allowing the wave to avoid many of 

the radial and near surface fractures.  Y-direction measurements are expected to 

encounter the bowl shaped concentric fractures.   

 The velocity anomaly in the Z-direction near the crater center line correlates with 

the intensely shear fractured region and is detectable to a depth of about 2-3 cm.  This 

central anomaly is also likely influenced by the presence of concentric fractures.  Further 

from the crater center line, a smaller anomaly around 4-6 cm lateral distance, is likely 

related to the sub-horizontal component of the “near surface” fractures.  Ai (2006) 

concluded that the compressional wave velocity is reduced most in the x-direction 

because most of the fractures lie in the z-plane. 

 Ai (2006) used two parameters, damage parameter (D), defined and employed by 

Grady and Kipp (1987) and Ahrens and Rubin (1993), and crack density (ε), to 

characterize the fracture intensity in artificially shocked targets.   
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Equation 1-2: D = 1 – (V/V0)2 

The velocity of the shocked material and the pre-shock or intrinsic velocity of the 

material are represented by V and V0 respectively.   

Equation 1-3: ε = N*a3 

N is the number of cracks counted in 1 cm3 and a3 is the mean cube of crack radii (e.g. 

Kachanov, 1993; O’Connell and Budiansky, 1974; Wepfer and Christensen, 1990). 

Ai (2006) also used a non-destructive tomography method developed by Xia and Ahrens 

(2001) to map damage in artificially shocked targets.  Employing the dicing method 

allows velocities to be measured for each direction (X, Y, and Z) in isolation, whereas the 

tomography method produces an average velocity value for all three orientations.  This 

difference provides one explanation for the variation between data collected via different 

methods.  The low-velocity zones in the uppermost corners and surface have been 

attributed to numerical error (Ai, 2006); in this study these low velocity zones have been 

attributed to damage caused by reflected waves from the edges of the target block.     

1.4 Depth of Shock Damage for Terrestrial Impact Craters 

It has been recognized for several decades that impact induced fracturing in and 

around craters causes a systematic reduction in compressional wave velocities (Ahrens 

and Rubin, 1993).  Studies like Ackermann et al. (1975) rely on zones of decreased 

elastic wave velocity to map the subsurface characteristics of impact craters in the Earth’s 

crust.  Seismic transects across Meteor Crater, Arizona, reveal the locations of different 

zones defined by the degree of impact induced damage and fracturing.  The highest 

degree of velocity reduction correlates with the most densely fractured rock directly 
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below and surrounding the crater floor and rim (Ackermann et al., 1975).  Geophysical 

and geological data provide information about the depth of impact induced fracturing and 

brecciation beneath terrestrial impact craters.  The dimensions and extent of sub-surface 

fracturing of the Barringer and Holleford craters are described in this section.   

Meteor Crater, located in Arizona, extends approximately 1200 m in diameter and 

190 m in depth.  The subsurface of Meteor Crater was investigated using conventional 

and long offset seismic refraction techniques (Ackermann et al., 1975) and by drill hole 

data collected by Barringer between 1905 and 1914 (Ackermann et al., 1975).   

Elastic wave velocity data collected by Ackermann et al. (1975) define three 

zones recognizable within the shocked lithologies (Figure 1-8).  A low velocity zone  

 

Figure 1-8: Cross-section of Meteor Crater and subsurface shock-induced damage.  From 
Ackermann et al., 1975.   
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(500-750 m/s) comprised of loose, locally brecciated material mantles the crater rim 

and reaches up to 15 m thick and tapering away from the rim crest.  A wedge shaped 

intermediate velocity zone (750-1500 m/s) of brecciated rock underlies the low velocity 

zone.  Weakly and strongly fractured material (1500-3000 m/s) exists beneath the low 

and intermediate velocity zones extending to depths of approximately 800 m below the 

crater floor.  This is 4.2 times the depth from crater rim to floor and 0.7 times the crater 

diameter.  The lateral extent of impact-induced damage is detected up to 900 m from the 

crater rim (Ackermann et al., 1975). 

The Holleford Crater near the town of Holleford in southeastern Ontario spans 2.3 

km in diameter and is approximately 240 m deep (Grieve, 2006).  Initial studies were 

completed by Beals et al. (1956) and Beals (1960) who drilled three investigative  

 

Figure 1-9: Schematic cross section of the Holleford crater based on outcrop, 
geophysical, and borehole data.  Unfractured bedrock was not penetrated in borehole 1; 
the depth of fracturing beneath the central region of the crater is unknown.  From Beals, 
1960.   
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boreholes recovering 930 m of core (Figure 1-9).  Two of the boreholes (holes 2 and 3) 

extended into the fractured basement rocks that underlie a breccia lens postulated to reach 

a maximum thickness between 300-500 m varying with different models.  The other 

borehole (hole 1) ended within the breccia wedge and did not penetrate into the fractured 

basement rock.  The models were developed to satisfy the constraints imposed by gravity 

and magnetic geophysical data define to discrete layers of the crater infill, breccia, and 

fractured basement rock, but focus on damage extending vertically below the crater and 

do not incorporate lateral damage extending laterally away from the crater (Grieve, 

2006).  This may be due to the minimal amount of borehole data available to constrain 

the intensity of fracturing beneath and adjacent to the crater.  The depth of fracturing in 

the basement rock is shown (Figure 1-9) on a cross-section by Beals (1960), to extend 

further than 480m beneath the crater floor.  
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Chapter Two: Methodology 

2.1 Introduction 

 This project consists of three components: (1) a suite of meteorite samples, from 

the Center for Meteorite Studies at Arizona State University, the University of Calgary, 

and the private collection of Dr. David Gregory have been studied to determine their 

elastic wave velocities, elastic properties, bulk density, and total porosity; the elastic 

wave velocity apparatus was borrowed from the CREWES project (University of 

Calgary); these data were compiled together with previous work by Hons (2004) on 

samples from the British Museum of Natural History and the University of Alberta, data 

compiled by Consolmagno and Britt (2003), and data from Yomogida and Matsui (1983); 

(2) Representative meteorites were studied in thin section to determine pore geometry 

and fracture distribution; a pore shape classification scheme for meteorites was 

developed; (3) artificially shocked samples from the California Institute of Technology 

were examined via thin section petrography to further explore fracture porosity and to 

investigate the impact induced damage of highly shocked materials.  In relation to the 

effects of fracture porosity on elastic wave velocities, the impact induced fracture 

patterns in artificially shocked samples result in a decrease of elastic wave velocities (Ai 

and Ahrens, 2004).  As meteorites have been excavated from their parent asteroids by 

impacts, knowledge of this fracture porosity is necessary to allow for the effects that it 

may have on meteorites’ elastic properties.  
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2.2 Sample Selection 

 This project incorporates data from two different types of samples; (1) meteorites 

(predominantly ordinary chondrites) from the three collections stated above and (2) 

artificially shocked granite blocks from California Institute of Technology.   

2.2.1 Meteorites 

 The meteorite samples are predominantly ordinary chondrites, although some 

carbonaceous chondrites, enstatite chondrites, and achondrites have been included.  The 

reduction of porosity related to the formation of secondary minerals associated with 

relatively long terrestrial weathering times (Hons, 2004) justifies preferential study of 

meteorite falls (rather than finds) because their residence time on Earth is known, 

allowing samples with minimal terrestrial weathering to be selected and possible 

weathering effects to be recognized in older falls.  Other factors that influenced the suite 

of meteorites selected include sample size and shape, petrologic type, chemical group, 

and the presence of breccia fragments.   

 Initially, the compressional and shear wave velocities for cut slabs and irregular 

pieces of meteorites were measured.  However, critical review of preliminary results 

revealed some unreliable data likely due to poor coupling of the transducers when 

employed on irregular surfaces; this is consistent with the recommendation by Hons 

(2004) not to use this method on whole samples.  Thus, the measurements presented in 

this study are predominantly limited to cut meteorite slabs that have flat sides allowing 

more efficient transducer coupling, thus more reliable results.  
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2.2.2 Artificially Shocked Samples   

The three artificially shocked granite blocks were selected so this study could 

build on the findings of Ai (2006) and compare compressional and shear wave velocities 

with the related fracture geometries and orientations.  

2.3 Elastic Wave Velocity 

 Panametrics V103 1MHz compressional wave and V153 1 MHz shear wave 

transducers, a Tektronix TDS 420A digital oscilloscope, and a pulse generator developed 

by the CREWES project at the University of Calgary were used to measure the 

compressional and shear wave velocities through a suite of meteorite slabs and artificially 

shocked samples.  C-clamps were used to hold the transducers and samples flush together 

and to apply pressure to ensure optimal coupling (Figure 2-1).  The elastic wave wave 

travel times were picked from the oscilloscope display and were used in combination 

with average slab thicknesses measured with precision callipers to calculate the 

compressional and shear wave velocities.  Compressional and shear wave velocities were 

measured for each meteorite slab and the X, Y, and Z orientations for each artificially 

shocked sample cube. 

2.4 Elastic wave Velocity Measurement Uncertainties 

Different measurement techniques were implemented to determine the variability 

and reproducibility of compressional and shear wave velocities for a lab standard 

calibration block and diced cubes of shocked San Marcos Granite (Ai, 2006; shot 117). 
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Figure 2-1: Transducer set-up with small cube of the carbonaceous chondrite Allende 
(ASU 818.104 B).   
 

 

Figure 2-2: Sketches of the signals observed on the oscilloscope display for 
compressional and shear wave velocity measurements.   
 
Three different sets of measurements at room temperature were completed for both 

compressional and shear wave velocity: (1) dry, (2) with couplant directly in contact with 

transducer and sample, and (3) with couplant directly in contact with transducer, but 

separated from the sample using aluminum foil.  The couplants used for the 

compressional and shear wave measurements were water and molasses respectively.   
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 The three methods employed in this study to measure the elastic wave 

velocities for the calibration block show very little deviation from one another.  

Procedures 1, 2, and 3 as listed above produced compressional wave measurements of 

2336m/s, 2375m/s, and 2353m/s respectively and shear wave measurements of 1179m/s, 

1185m/s, and 1196m/s respectively.  The calibration block is not porous or fractured, thus 

the use of a couplant does not make a notable difference in the measured velocities of 

non-porous materials.   

 The three measurement procedures described above (1, 2, and 3) were repeated 

for selected artificially shocked samples.  Each sample was measured at least three times 

for each of the three measurement procedures).  The largest variation in compressional 

wave velocity measurements was 473m/s (~8%) for sample E1Y and the smallest 

variation was 0m/s (0%) for sample E1Z.  Although the measured compressional wave 

velocities show some deviation from data documented by Ai (2006).  The largest 

variation in shear wave velocity measurements was 830m/s (30%) for sample J6X and 

the smallest variation in shear wave velocity measurements was 67m/s (~3%) for sample 

I4X.  The velocity differences are consistent with the average compressional and shear 

wave uncertainties determined to be 7% and 5% respectively.  Sample J6X has an 

unusually high uncertainty and is not representative of the shear wave velocity 

uncertainties measured in this study.   

 There is no obvious benefit of using the aluminum foil to separate the couplant 

and sample other than the prevention of contamination of the sample.  The use of 

aluminum foil does not appear to improve the quality of the measured compressional or 

shear wave velocity data.  Although the use of couplant does not show a large change in 
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measured values, the use of couplant corresponds with an improvement in the 

sharpness of the signal as viewed on the oscilloscope screen.   

 The use of water as a couplant during compressional wave velocity measurements 

and molasses as a couplant during shear wave velocity measurements are helpful in 

achieving a clear signal on the oscilloscope.   However, excess water can seep into the 

cracks and pore spaces resulting in a falsely high compressional wave velocity 

measurement.  There is also a concern that moisture from the molasses may seep into the 

fractures.  For this reason, artificially shocked samples were dried on a hot plate in excess 

of twenty-four hours to drive off moisture and couplant was not used for velocity 

measurements in this study.  This decision is justified by the similar values acquired with 

or without couplant during the sensitivity study (J6X).  In the case of meteorite samples, 

couplant could not be used because of sample contamination concerns.  Thus, it is 

important to apply light pressure with the C-clamp while measuring the elastic wave 

travel times to ensure the best possible coupling.   

 Meteorite compressional and shear wave velocity uncertainties are estimated as 

one standard deviation of the multiple velocity measurements made for each meteorite 

sample.  The average compressional and shear wave uncertainties are 7% and 5% 

respectively.   

2.5 Density and Porosity Measurements 

2.5.1 Bulk Density 

 Bulk density measurements were completed using the Archimedean method 

described by Consolmagno and Britt (1998) and later used by Hons (2004).  Glass beads  
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Figure 2-3: Compressional wave velocity sensitivity study results are plotted for six 
different artificially shocked samples and the non-porous calibration block (CB).  No 
variation is observed for the different methods employed when measuring the velocity of 
the calibration block; some variation is observed for the artificially shocked samples.   

 

Figure 2-4: Shear wave velocity sensitivity study results are plotted for six different 
artificially shocked samples and the non-porous calibration block (CB).  Systematic 
variation is observed for the shear wave velocities measured in the artificially shocked 
samples; the dry measurements slightly slower velocities.  
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with a diameter of 1mm were used as the fluid in the density determination 

measurements.  If the mass of the container (mc), mass of the sample (ms), mass of the 

container filled with glass beads (mg), mass of the container filled with glass beads and 

the sample (me), and the volume of the container (Vc), are known, the volume of the 

sample (Vs) and the bulk density of the sample (ρ) can be calculated using the following 

formulae.   

Equation 2-1: Vs = Vc*(mg - me + ms) / (mg – mc) 

Equation 2-2: ρbulk = ms / Vs 

 The size and shape of the containers used during the density measurements were 

selected to reflect the shapes and sizes of the meteorite slabs in order to reduce 

uncertainties related to the working volume of glass beads; a smaller volume of glass 

beads reduces variation in bead mass.   

2.5.2 Grain Density and Porosity 

Grain densities were measured for thirty-three samples using a Helium-

pycnometer in the Volcanology Research Group Laboratory at the School of Earth and 

Space Exploration at Arizona State University.  Three different sized cylinders were 

available to insert into the measurement chamber to reduce empty space, thus reducing 

measurement uncertainty.  Calibration spheres were employed at the beginning of each 

day during which measurements were completed to ensure that the He-pycnometer was 

working correctly.  Total porosity values were calculated using Equation 1-1 outlined in 

Chapter 1. 
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Additional methods have been used by other researchers to determine meteorite 

porosity.  Point counting of meteorite pore spaces can be completed in thin section, 

however this method tends to be problematic because meteorite porosity exists at 

different scales.  Examination of thin sections at low magnification allows larger isolated 

pores to be identified, but high magnification is required to resolve porosity which exists 

as microfractures (e.g. Strait and Consolmagno, 2008).  Recent research has utilized 

computer image programs to count porosity pixels on SEM images to estimate meteorite 

porosities in some carbonaceous chondrites (Strait and Consolmagno, 2008).  Sasso et al. 

(2009) employed X-ray tomography methods to investigate porosity in under-compacted 

meteorites.  Their results indicate that the volume of porosity measured by x-ray 

tomography increases with increasing resolution and that this ‘visible’ porosity volume is 

less than the total porosity measured via He-pycnometry and that the difference between 

visible and total porosity may be attributed to the presence of microcracks.   

2.5.3 Density and Porosity Uncertainties 

Consolmagno and Britt (1998) state that consistency involved in shaking the 

container to pack the beads and the process used to level the beads across the top of the 

container are the largest sources random uncertainty.  Variation related to the packing of 

beads in the Archimedean method employed in this study have been examined most 

recently by Macke et al. (2008).  Experiments testing the statistical variation inherent 

when using the bead method found that using a mechanical shaker resulted in the smallest 

measurement uncertainties and that container size plays a role in uncertainty values.  

Containers very close to the size of the sample may not allow proper settling and packing 
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of the beads, while using a slightly larger container size reduces uncertainties (Macke 

et al., 2008).   

The use of a 1mm diameter beads is related to uncertainty related to the ‘wall 

effect’ which was explored by Hons (2004).  The beads approximate the contours of the 

meteorite and container but do not follow them exactly as would be the case if water was 

used to determine volume (Figure 2-5).  This results in an overestimation of sample 

volume, thus an underestimation of sample density (Hons, 2004).   

Bulk density measurements via the bead method were completed for a suite of 

mineral spheres and a meteorite slab and cube.  Precise bulk densities were calculated for 

each of these samples using digital calipers and graph paper to measure areas and 

diameters.  The systematic differences between the bulk densities measured with the bead 

method and the calculated bulk densities were plotted and fit with a power equation.  This  

 

Figure 2-5: This simplified sketch shows a rectangular meteorite slab within a 
rectangular container filled with 1mm diameter glass beads.  Note the empty spaces 
between the beads due to the packing geometry and the empty spaces along the side of 
the container and the slide of the meteorite.  The uncertainty attributed to the small gaps 
along the edges of the container and the meteorite is known as the wall effect.  More 
complex scenarios occur with irregular shaped samples.   
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Figure 2-6: Calculation of the bulk density correction factor.  The difference in bulk 
densities measured using the bead method and calculated by measurement using digital 
calipers was used to calculate a correction factor used to reduce systematic uncertainty in 
the bulk density data measured using the bead method.   
 
equation was used as a correction factor to adjust all bulk density values measured via the 

bead method (Figure 2-6).  Smaller samples are most affected by the wall effect; the 

correction factor appropriately adjusts samples of smaller masses proportionally more 

than larger samples which are less affected by the wall effect.   

2.6 Darkness 

The darkness (colour index) of each meteorite was documented using the rock-

colour chart distributed by the Geological Society of America.  The colour scale ranges 

from one (black) to eleven (white) in greyscale increments.  This is different than the 

colour index used by Hons (2004), but was used because it is a standardized scale that is 

available for use by other researchers.   
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2.7 Thin Section Analysis 

2.7.1 Meteorites 

 Investigation of pore geometry via thin section investigation was initially 

completed for a suite of samples including nine ordinary chondrites, one carbonaceous 

chondrite, one enstatite chondrite, and one achondrite.  Preliminary results suggested that 

there is no correlation between pore geometry and meteorite class; thus subsequent pore 

geometry investigation focused on a comparison of ten L-chondrites of varying 

petrologic type.    

2.7.2 Artificially Shocked Samples 

Thirty unoriented samples and eighteen oriented samples from the diced 

artificially shocked sample (shot number 117) were selected for thin section preparation 

based on the locations of observable velocity anomalies and potential anisotropy.  Thin 

section observations documented the presence of fractures, the relative intensity of 

fracturing and quantitative fracture density, the local alignment of fractures, and the 

presence of two sets of perpendicular fractures in quartz and feldspar grains.  Fracture 

densities were counted for each sample.  The number of fractures intersecting two 8mm 

transects were counted for each sample.  Fracture density results are expressed as number 

of fractures per cm.  Eighteen of the thin sections were oriented; these sections were used 

to identify fracture type (e.g. radial or concentric).   

Three large thin sections were prepared; two from sample 1208 and one from 

sample 1194.  Thin section locations relative to the crater positions in samples 1208 and 
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1194 are shown in Figure 3.8.  The large thin sections and some of the small thin 

sections prepared were impregnated with blue epoxy to highlight the presence of the 

fracture network.  The blue epoxy successfully impregnated the fractures in the three 

large thin sections, but did not impregnate the microfractures in the small thin sections 

due to the discontinuous nature of the fractures.    

 

Figure 2-7: Thin section locations and orientations for artificially shocked samples 1194 
and 1208.   
 
2.8 Calculation of Meteorite Elastic Moduli 

 Elastic moduli can be calculated from the measured compressional and shear 

wave velocity and density for each meteorite (Mavko et al., 1998). Bulk modulus 

indicates the resistance of a material to uniform compression; it is the amount of pressure 

needed to produce a given reduction in volume (compressibility).  The shear modulus 

indicates the resistance of a material to shearing; it is the amount of pressure needed to 

produce a given amount of deformation in a material when two opposite faces experience 

opposing forces (rigidity).  Young’s modulus indicates the resistance of a material to 

extension; it expresses the amount of extension a material will undergo in a tensional 
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regime without failure.  Poisson’s ratio gauges the tendency of a material to expand in 

two directions when compressed in the plane of the third direction or conversely, contract 

in two directions when extended in the plane of the third direction (Mavko et al., 1998).   

The shear modulus characterises a material’s response to shear stress:  

Equation 2-3: µ = ρbulk*Vs2 

The bulk modulus characterises a material’s response to uniform pressure:  

Equation 2-4: K = ρbulk*(Vp2 – (4/3)*Vs2) 

Young’s modulus characterises a material’s response to linear stress:  

Equation 2-5: E = ρbulk*VE
2, where VE

2 = 2*Vs2*(1+ν) 

Poisson’s ratio characterises the tendency of a material to expand or contract along two 

dimensions when contracted or expanded along the third perpendicular dimension:  

Equation 2-6: ν = (Vp2 – 2*Vs2) / [2*(Vp2 – Vs2)] 
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Chapter Three: Meteorite Results and Discussion 

Quantitative and qualitative data have been collected to describe meteorite physical 

properties.  Quantitative elastic wave velocity (and derived elastic moduli), bulk density, 

total porosity, and colour index data and qualitative petrographic observations 

emphasizing pore geometry and abundance are presented in this section.   

Five statistically significant trends in ordinary chondrites have been documented by 

Hons (2004); (1) velocity increases with terrestrial weathering time and porosity 

decreases with increasing terrestrial weathering times,  (2) velocity increases with 

meteorite bulk density, (3) velocity decreases with metamorphic grade/petrologic type in 

ordinary chondrite fresh falls, (4) velocity increases with meteorite darkness in ordinary 

chondrites, and (5) velocity decreases as total porosity increases (Hons, 2004). Results 

from this study confirm that these trends are true for H-chondrites and that the derived 

shear, bulk, and Young’s moduli show analogous trends.  Elastic wave velocity trend (3) 

is documented in the H-, and L-chondrite subpopulations, elastic wave velocity trend (4) 

is confirmed in L- and LL-chondrites and elastic wave velocity trend (5) is identified in 

L-chondrites.  Average porosity decreases in H- and L-chondrites of high petrologic type; 

this confirms the trend first identified in H-chondrites by Yomogida and Matsui (1983).  

In addition, five new trends were identified; bulk density decreases with increasing 

terrestrial residence time, bulk density increases with petrologic type in H-chondrites, 

total porosity decreases with increasing shock state in H- and L-chondrites, Poisson’s 

ratio and Vp/Vs decrease with increasing petrologic type in H-chondrites, and Poisson’s 

ratio and Vp/Vs may decrease with increasing porosity in H- and L-chondrites.   
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3.1 Data Quality Control 

Methods for calculating meteorite density, porosity, and elastic velocity 

uncertainties were presented in section 2.5.3: Meteorite Density and Porosity 

Uncertainties.  Comparison with literature values provides an additional avenue of data 

quality control.  Systematic discrepancies between data sets may identify methodology or 

calibration problems.  Decisions to reject or accept outliers may be influenced by 

literature values collected for a selection of pieces of the same meteorite or values 

collected for the same meteorite employing a different method.  Literature values may 

prompt repeat measurements of samples with suspiciously high or low values; note that 

repeat measurements may reveal that the difference is real rather than a data gathering 

error.   

 Figure 3-1 through Figure 3-5 compare bulk density, grain density, and elastic 

wave velocity data collected in this study with literature values from Hons (2004), 

Consolmagno and Britt (2003), and Yomogida and Matsui (1983).  Appendix A contains 

sample literature comparison plots with uncertainty bars.  All five figures plot data 

collected in this study as the horizontal axis and the indicated literature data set as the 

vertical axis.  Trend lines are generated for each comparison to quantify the consistency 

of the data sets relative to one another.  Trend lines with slopes equal to one and y-

intercept values of zero represent the ideal scenario where two data sets agree with no 

discrepancy or uncertainty; the y-intercepts are set at zero for these plots.  In reality, 

variation is expected between data sets due to meteorite heterogeneity and variation in 

sample quality.  In addition human and technical factors including differences in 
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measurement technique, varying degrees of accuracy/precision associated with 

different laboratory equipment, researcher experience, and preservation and curation 

history of samples are also expected to influence data set consistency.  Information about 

the trend lines is presented on each plot.  The equation of the line provides a slope value 

which is useful in ranking data set consistency.  The R2 value for each trend line indicates 

the statistical strength of the relationship expressed by the line.  An R2 value of zero 

indicates the absence of a trend and a R2 value of one indicates a very strong trend.   

 Figure 3-1 compares bulk density measurements collected in this study with 

literature values from three sources.  Comparison with bulk densities from Consolmagno 

and Britt (2003) yields a slope of 1.01 and an R2 value of 0.59 indicating a moderate to 

good trend.  Comparison with bulk densities from Hons (2004) yields a slope of 1.02 and 

an R2 value of 0.32 indicating a moderate trend line.  Bulk densities are on average 

consistent with the literature values documented by Hons (2004), Consolmagno and Britt 

(2003), and Yomogida and Matsui (1983).  The variability in bulk density values relative 

to those measured by Consolmagno and Britt (2003) may be attributed to uncertainties 

inherent to the glass bead method, variations in the bulk densities in different samples of 

individual meteorite falls, or differences associated with the compilation of data collected 

by numerous researchers in literature publications such as Consolmagno and Britt (2003).    
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Figure 3-1: Plot comparing bulk density data collected in this study with literature values 
from three sources.  The comparison with Consolmagno and Britt (2003) is statistically 
the most meaningful because of the large number of data points.  Overall, the 
comparisons show that on average, data collected in this study are consistent with data 
presented in the literature; the scatter is not a systematic difference, some bulk densities 
measured in this study are higher and others are lower than those presented in the 
literature.  Bulk density data measured in this study has been corrected for the wall effect 
using the correction factor discussed in Chapter 2.   
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Figure 3-2: Comparison of grain density data collected in this study with grain density 
data from Consolmagno and Britt (2003).  The trend line slope of 1.01 indicates that the 
grain density data collected in this study are on average consistent with the literature 
values.  The data scatter is not systematic, grain densities measured in this study range 
from lower to higher than those compiled by Consolmagno and Britt (2003).  It would be 
useful to re-measure some of these meteorites in another He-pycnometer to better 
constrain the uncertainties related to equipment.   
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Figure 3-3: Comparison of grain density data collected in this study with grain density 
data from Consolmagno and Britt (2003).  This plot is the same as Figure 3-2 with the 
exception of the removal of Forest City (ASU 49f).  Removal of this inconsistent data 
point changes the trend line R2 value to 0.84.  The revised trend line is more robust based 
on the increased R2 value.  
 
 Figure 3-2 presents a comparison of grain densities measured in this study with 

literature values from Consolmagno and Britt (2003).  The trend line has a slope of 1.01 

and an R2 value of 0.71 and demonstrates that data from this study are on average 

consistent with grain densities from Consolmagno and Britt (2003).  Removal of the H5  

!"#"$%&&'("

)*"#"&%+,$"

-%.&"

-%/&"

0%$&"

0%0&"

0%'&"

0%.&"

-%.&" -%/&" 0%$&" 0%0&" 0%'&" 0%.&"

!"
#$
%&
#'
%$
()
%&
"*
(+
$
*
,"
#-
(.
/
01
12
(

34*$,()%&"*(+$*,"#-(./0112(

)%&"*(+$*,"#-5(!"#$%&#'%$(6478&%",4*(.9'#:"$%(

;$74<$=2(

1234567829":7;<"1=>?"-&&0" @79A56B1234567829":7;<"1=>?"-&&0C"



 

 

47 

 

Figure 3-4: Comparison of compressional wave velocity data measured in this study with 
literature values from two sources.  The slope near unity indicate that the data collected in 
this study are consistent with those collected by Hons (2004).  The moderate R2 value 
indicates that the trend line is associated with some scatter.  The slope near unity and for 
the trend line produced from comparison with Yomogida and Matsui (1983) indicate that 
the data collected in this study are consistent with values Yomogida and Matsui (1983).  
 
chondrite Forest City (ASU 49f) from the grain density literature comparison plot does 

not change the trend line slope, but does increase the R2 value to 0.83 (Figure 3-3).  This 

modification confirms that the grain density data collected in this study are on average 

consistent with grain density data from Consolmagno and Britt (2003).   

The scatter observed in the grain density data is less than the scatter observed in 

the bulk density data.  This is consistent with the recent Buzzard Coulee fall (2008), 

discussed in section 3.6, which exhibits a narrow range of grain densities and a larger 

range of bulk densities.  The scatter in bulk density values in Buzzard Coulee is related to 
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significant variations in total porosity which result in a large range of bulk densities.  

The scatter in grain density values in Buzzard Coulee is less than that observed in the 

bulk density data because composition remains (relatively) constant; compositional 

variation would be required to produce a wide range of grain densities.  Bulk density is 

influenced by composition and porosity, therefore bulk density data are expected to show 

larger scatter than grain density data which are influenced by composition only.   

 Comparison of elastic wave velocity values with those reported in the literature 

indicates consistency between data sets.  Figure 3-4 is a comparison of compressional 

wave velocity data collected in this study with literature values from two sources.  

Comparison with compressional wave velocity values from Hons (2004) yields a trend 

line with a slope of 0.95 and an R2 value of 0.62 and demonstrates that the data collected 

in this study are consistent (with some scatter) with those measured by Hons (2004).  

Comparison with compressional wave velocities from Yomogida and Matsui (1983) 

yields a trend line with a slope of 1.05 and an R2 value of 0.82 and demonstrates that the 

data collected in this study are consistent with those measured by Yomogida and Matsui 

(1983).   The high R2 value indicates that the trend line is statistically strong; however 

this high correlation factor is partially due to the small data set population.  Overall, 

compressional wave velocity data are consistent with the literature values with some 

scatter observed in the comparison with Hons (2004). 

 Figure 3-5 is a comparison of shear wave velocity values measured in this study 

with literature values from two sources.  Comparison with shear wave velocities from 

Hons (2004) yields a trend line with a slope of 0.85 and an R2 value of 0.59 indicating 

that data collected in this study tend to exhibit slightly higher shear wave velocities than 
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those collected by Hons (2004).  This may be due to differences in picking the travel 

time values from the oscilloscope screen during velocity measurements.  It is important to 

note that shear wave velocity measurements are highly sensitive to the effective coupling 

of the transducers and that small variations in methodology could produce variations in 

measured velocity that may contribute to this difference. Comparison with shear wave 

velocities from Yomogida and Matsui (1983) yield a trend line with a slope of 1.02 and 

an R2 value of 0.71.  The slope near unity indicates that data collected in this study are 

consistent with those measured by Yomogida and Matsui (1983).  

 

Figure 3-5: Comparison of shear wave velocities collected in this study with literature 
values from two sources. The low slope and relatively low y-intercept value for the trend 
line produced from comparison with Hons (2004) indicate that data collected in this study 
tend to be higher than those measured by Hons (2004).  The slope near unity for the trend 
line produced from comparison with Yomogida and Matsui (1983) indicate that the data 
collected in this study are consistent with values Yomogida and Matsui (1983).  
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3.2 Meteorite Bulk Density and Elastic wave Velocity 

Bulk densities for meteorites measured in this study range from 2.56 g/cc to 3.66 

g/cc.  230 density values are presented in this study; this includes 112 new bulk densities 

acquired during this study with the remainder from the literature (these numbers do not 

include the recent data collection from Buzzard Coulee which is discussed in section 3.6).  

Figure 3-6 plots bulk density of sedimentary, igneous, and metamorphic terrestrial 

rocks against elastic wave velocity.  Compressional and shear wave velocities increase 

with bulk density and have been fitted with non-linear trend lines.  Ordinary chondrite 

compressional and shear wave velocity increase with bulk density similar to terrestrial 

rocks, but the trend in ordinary chondrites is steeper than the curve fitted for the 

terrestrial rock data due to the narrower range of observed bulk densities in meteorites 

compared to the wide range of properties exhibited by the many terrestrial rock types 

measured (Figure 3-7). The ranges of meteorite compressional and shear wave velocities 

are similar to the ranges measured in sedimentary rocks.   

Compressional wave velocities range from 1279 m/s to 6327 m/s and increase 

with bulk density (Figure 3-8).  The H-, L-, and LL-chondrite data all exhibit trend lines 

with positive slopes and low R2 values.  The low R2 values are due to the scatter observed 

in the data; the L-chondrite sub-population show the most scatter and the data are 

interpreted to suggest that the relationship between bulk density and velocity in this 

group is weak.  The data scatter reflects the diversity of meteorite properties within the 

H-, L-, and LL-chondrite subpopulations.  Shear wave velocities range from 734 m/s to 
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Figure 3-6: Plot from (Lowrie, 1997 and references therein) that displays the relationship 
between bulk density and compressional and shear wave velocities for terrestrial rocks.  It 
can be inferred that meteorites will exhibit similar trends where elastic wave velocities 
increase with bulk density.   
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Figure 3-7: Ordinary chondrite compressional and shear wave velocities are overlayed 
on the terrestrial rock elastic wave velocity distribution plot.  Compressional and shear 
wave velocities in ordinary chondrites increases with bulk density.  The range of elastic 
wave velocities observed in ordinardy chondrites is similar to the range exhibited by 
terrestrial sedimentary rocks.  Plots after Lowrie (1997) and references therein. 

 
3390 m/s and increase with bulk density (Figure 3-9).  The bulk density vs. shear wave 

velocity plots are similar to the bulk density vs. compressional wave velocity plots and 

like the compressional wave velocity plots, the L-chondrite sub-population show the most 

scatter and the data are interpreted to suggest that the relationship between bulk density 

and velocity in the L-chondrites is weak.  All of the plots have trend lines with positive 

slopes with similar magnitudes and low R2 values.  The consistency of the slopes and R2 

values for the H-, L-, and LL-chondrite subpopulations supports the presence of a 
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relationship between bulk density and elastic wave velocity. Increasing elastic wave 

velocity and derived elastic moduli with increasing bulk density is expected based on 

relationships observed in terrestrial rocks. Sena (ASU 785) is an anomalous H-chondrite 

with a low bulk density, however its bulk density is consistent with trend lines calculated 

for other H-chondrites.  Compressional and shear wave velocity decrease with increasing 

porosity (Figure 3-10, Figure 3-11); this is consistent with results of Hons (2004).  These 

relationships are expected; material with high bulk density coinciding with low porosity 

and more tightly packed material is expected to have higher elastic wave velocity than 

loosely compacted highly porous material.  

Fall date can be compared with elastic wave velocity and bulk density to learn 

about changes during meteorite terrestrial residence time.  A smaller range of velocities 

exists for new falls (<70 years in H-chondrites and <100 years in L-chondrites) than old 

falls (>70 years in H-chondrites and >100 years in L-chondrites) (Figure 3-12).  The 

higher velocities observed in old falls are likely a result of decreased porosity: the latter 

been attributed to the formation of weathering products that fill void spaces (e.g. 

Consolmagno and Britt, 1998).  The data scatter is due to the large variation in the 

intrinsic properties of different meteorite types and the changes in these characteristics 

during terrestrial weathering.  For example, the oxidation of Fe-Ni metal forms lower 

density products than the reactants and the formation of hydrous phases significantly 

lowers meteorite grain density (e.g. Consolmagno and Britt, 1998; Consolmagno et al., 

2008).  No mechanisms that increase meteorite density through terrestrial alteration have 

been documented suggesting that the upper bounds of the range of meteorite bulk 

densities is controlled by the grain densities of pristine meteoritic material, but since all 
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chondrites have some porosity the observed density limit is lower. The narrow range of 

elastic wave velocities in fresh meteorite falls (<70 years in H-chondrites and <100 years 

in L-chondrites) relative to higher elastic wave velocities observed in older falls (>70 

years in H-chondrites and >100 years in L-chondrites) is best observed in L-chondrites.  

This trend is consistent with previous research which states that porosity decreases with 

terrestrial residence time as weathering products form within pore spaces.  The increased 

range of elastic wave velocities in H-chondrites begins sooner than that in L-chondrites; 

this is likely due to increased weathering rates in H-chondrites related to the high iron 

content.   

 A possible correlation exists between meteorite fall date (terrestrial residence 

time) and meteorite bulk density (Figure 3-13).  During terrestrial weathering the density 

of ordinary chondrites may initially increase as water and oxygen are added during 

oxidation.  During later stages of weathering density may decrease as iron is removed.  

Trend lines calculated for H-, L-, and LL-chondrite data collected in this study and for 

literature values have near horizontal slopes and very low R2 values indicating the 

possibility of a weak correlation.  The H-chondrites may experience larger changes in 

density than L- and LL-chondrites during weathering processes due to their relatively 

high metal content.  
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Figure 3-8: Compressional wave velocity increases with bulk density in H-, L-, and LL-
chondrites.  The above plots display meteorite fall data (The L-chondrite plot includes 
one meteorite find Kenna (b) ASU 1049) with samples of varying petrologic type from 3-
6.  The black diamonds are data collected in this study and the grey squares are data from 
Hons (2004).  The trend lines are based on the data collected in this study and do not 
include the data from Hons (2004).  The top left and top right plots display the trend with 
and without the bulk density value collected from Sena (ASU 785) respectively.  The 
exclusion of Sena from the plot on the top right tested the effect of this data point on the 
calculation of the trend line.  The slope and R2 value for the trend line changed only 
slightly when Sena was excluded indicating that Sena is not an outlier and despite its low 
density, it does follow the trend exhibited by other H-chondrites.  Plots for the H-, L-, and 
LL-chondrites have trend lines with similar slopes and R2 values.  The low R2 values are 
due to the large amount of scatter in the data.   
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Figure 3-9: Shear wave velocity increases with bulk density in H-, L-, and LL-
chondrites.  The above plots display meteorite fall data (The L-chondrite plot includes 
one meteorite find Kenna (b) ASU 1049) with samples of varying petrologic type from 3-
6.  The black diamonds are data collected in this study and the grey squares are data from 
Hons (2004).  The trend lines are based on the data collected in this study and do not 
include the data from Hons (2004).  The top left and top right plots display the trend with 
and without the bulk density value collected from Sena (ASU 785) respectively.  The 
exclusion of Sena from the plot on the top right tested the effect of this data point on the 
calculation of the trend line.  The slope and R2 value for the trend line changed only 
slightly when Sena was excluded indicating that Sena is not an outlier and despite its low 
density, it does follow the trend exhibited by other H-chondrites.  Plots for the H-, L-, and 
LL-chondrites have trend lines with similar slopes and R2 values.  The low R2 values are 
due to the large amount of scatter in the data.    
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Figure 3-10: Compressional wave velocity decreases with increasing porosity in H- and 
L-chondrites; it is expected tha LL-chondrites exhibit the same trend.  The above plots 
display meteorite fall data of varying petrologic type.  The black diamonds are data 
collected in this study and the grey squares are data from Hons (2004).  The trend lines 
are calculated based on data collected in this study and do not include data from Hons 
(2004).  Porosity for the H-chondrite St-Robert is from Leya et al. (2001). 
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Figure 3-11: Shear wave velocity decreases with increasing porosity in H- and L-
chondrites; it is expected that LL-chondrites exhibit the same trend. The above plots 
display meteorite fall data of varying petrologic type.  The black diamonds are data 
collected in this study and the grey squares are data from Hons (2004).  The trend lines 
are calculated based on data collected in this study and do not include data from Hons 
(2004).  The porosity for the H-chondrite St-Robert is from Leya et al. (2001).   
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Figure 3-12: Recent meteorite falls exhibit a smaller range of elastic wave velocities than 
older meteorite falls.  Data plotted are meteorite falls of petrologic type 3-6 measured in 
this study and from Hons (2004).  Trend lines are calculated based on data collected in 
this study and do not include values from Hons (2004).  The trend line for H-chondrites 
best illustrates this relationship.  The L-chondrite trend line R2 is approximately zero 
indicating poor correlation.  It is important to note that L-chondrite meteorite falls with 
terrestrial residence times less than 100 years have velocities below 5000 m/s; older 
meteorite falls can have velocities in excess of 6000 m/s.  This observation validates the 
fall date – elastic wave velocity trend for L-chondrites.  The H-chondrites have a smaller 
date window within which meteorite elastic wave velocities are relatively low (1940-
present) in comparison with L-chondrites (~1900-present).  H-chondrites may be more 
susceptible to terrestrial weathering because of their high metal content, thus oxidation 
products may fill pore spaces faster increasing the elastic wave velocities of younger 
meteorites than in the L-chondrites.   
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Figure 3-13: A possible correlation occurs between meteorite fall date and bulk density 
for H-, L-, and LL-chondrites.  Data plotted represent meteorite falls of petrologic types 
3-6 collected in this study and from Hons (2004) and Consolmagno and Britt (2003).  
Black trend lines are calculated for data collected in this study.  These trend lines have 
slopes only slightly positive and negative that in the case of L-chondrites the plotting 
software reports a slope of zero.  The slopes of the trend lines for bulk density data 
collected in this study are slightly positive suggesting that bulk density may decrease 
with increasing terrestrial weathering time.  The dashed line in the L-chondrite plot is 
calculated for data from Consolmagno and Britt (2003).  
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Figure 3-14: Data do not show correlation between meteorite darkness and bulk density.  
The above plots show meteorite fall data (The L-chondrite plot includes one meteorite 
find Kenna (b) ASU 1049) of varying petrologic types from three sources.  Trend lines 
are calculated for data collected in this study and do not include data from Hons (2004) 
and Consolmagno and Britt (2003).  All three plots have trend lines with near horizontal 
to modest slopes and very small R2 values indicating very poor correlation.  The slightly 
higher slope in the LL-chondrite plot is due to the small population of data.  The absence 
of a relationship between meteorite darkness and bulk density, as evidenced by small 
slope values ranging from positive to negative, demonstrates that variations in bulk 
density are not responsible for the increase in meteorite elastic wave velocity in darker 
meteorites.   
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Meteorite bulk density does not correlated with darkness.  Figure 3-14 

illustrates the absence of a systematic trend in bulk density – darkness comparisons.  

Variable slopes ranging from positive to negative in combination with the low R2 values 

for calculated trend lines indicate that a correlation is absent.  Collection of more LL-

chondrite data is expected to show a random distribution.  The absence of a relationship 

between meteorite bulk density and darkness demonstrates that variations in bulk density 

are not responsible for the increase in meteorite elastic wave velocity in darker 

meteorites.   

Compressional and shear wave velocities increase with meteorite darkness for 

ordinary chondrites.  Hons (2004) showed that elastic wave velocity increases with 

meteorite darkness for ordinary chondrites.  Results from this study confirm the trend in 

H-, L-, and LL-chondrites (Figure 3-15, Figure 3-16).   

A decrease occurs in the mean elastic wave velocity value for ordinary chondrites 

of petrologic type 6 relative to those of type 5 (Figure 3-17, Figure 3-18).  Hons (2004) 

showed that the decrease in mean elastic wave velocity from meteorites of petrologic 

type 5 to those of type 6 exists in ordinary chondrite fresh falls.  This study confirms this 

trend for the H-and L-chondrite sub-populations.  Not enough data were collected to state 

that the mean elastic wave velocity decreases in LL-chondrites of petrologic type 6, 

although it is expected that LL-chondrites will exhibit the same trend. 
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Figure 3-15: Compressional wave velocity increases with meteorite darkness for H-, L-, 
and LL-chondrites.  The above plots display meteorite fall data of varying petrologic type 
from two sources (The L-chondrite plot includes one meteorite find Kenna (b) ASU 
1049).  The trend lines are calculated based on data collected in this study and do not 
include data from Hons (2004).  The x-axis indicates greyscale increments from 1 (black) 
to 11 (white).   The L- and LL-chondrite plots have trend lines with steep slopes and high 
R2 values indicating a strong correlation.  The H-chondrite plot has a trend line with a 
lower slope and R2 value due to several light coloured meteorites with anomalously high 
elastic wave velocities (data points on the top left of the cluster).  It is expected that 
collection of additional data would outweigh these points steepening the slope of the 
trend line and increasing the strength of the correlation.  
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Figure 3-16: Shear wave velocity increases with meteorite darkness for H-, L-, and LL-
chondrites.  The above plots display meteorite fall data of varying petrologic type from 
two sources (The L-chondrite plot includes one meteorite find Kenna (b) ASU 1049).  
The trend lines are calculated based on data collected in this study and do not include 
data from Hons (2004).  The x-axis indicates greyscale increments from 1 (black) to 11 
(white).   The L- and LL-chondrite plots have trend lines with steep slopes and high R2 
values indicating a strong correlation.  The H-chondrite plot has a trend line with a lower 
slope and R2 value due to several light coloured meteorites with anomalously high elastic 
wave velocities (data points on the top left of the cluster).  It is expected that collection of 
additional data would outweigh these points steepening the slope of the trend line and 
increasing the strength of the correlation.   
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Figure 3-17: H- and L-chondrites show a decrease in mean compressional wave velocity 
with increasing petrologic type.  The above plots display meteorite fall data from two 
sources (The L-chondrite plot includes one meteorite find Kenna (b) ASU 1049).  Trend 
lines are calculated for data collected in this study and do not include data from Hons 
(2004).  In L-chondrites, the data are not evenly distributed across the range of exhibited 
velocities, there are many data points clustered with low velocities in meteorites of 
petrologic type 6.  Data from Hons (2004) appears to increase the size of the data cluster.  
The low R2 values are a result of the scatter in the data; more data are expected to 
improve the correlation.  Not enough data were collected to define this trend in LL-
chondrites, but a similar trend is expected for this sub-population.   
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Figure 3-18: H- and L-chondrites show a decrease in mean shear wave velocity with 
increasing petrologic type.  The above plots display meteorite fall data from two sources 
(The L-chondrite plot includes one meteorite find Kenna (b) ASU 1049).  Trend lines are 
calculated for data collected in this study and do not include data from Hons (2004).  The 
low R2 values are a result of the scatter in the data; more data are expected to improve the 
correlation.  Not enough data were collected to define this trend in LL-chondrites, but a 
similar trend is expected for this sub-population. 
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Figure 3-19: Bulk density increases with petrologic type in H-chondrites.  The bulk 
density data collected in this study from L- and LL-chondrites do not show the same 
trend.  The data from Consolmagno and Britt (2003) suggest that bulk density increases 
with petrologic type for H-chondrites and may increase in L-chondrites.  The above plots 
display meteorite fall data from three sources (The L-chondrite plot includes one 
meteorite find Kenna (b) ASU 1049).  The solid black trend lines are calculated for data 
collected in this study and the dashed black trend lines are calculated for data from 
Consolmagno and Britt (2003).  
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Figure 3-20: No apparent correlation exists between ordinary chondrite petrologic type 
and grain density.  Data in the above plots are values measured in this study and values 
from Consolmagno and Britt (2003).   

 
 Bulk density increases with petrologic type in H-chondrites (Figure 3-19).  The 

bulk density data collected in this study from L- and LL-chondrites do not show the same 

trend.  The data from Consolmagno and Britt (2003) suggest that bulk density increases 

with petrologic type for H-chondrites and may increase in L-chondrites.  The increase in 

bulk density with petrologic type is contradictory to the observed trend of decreased 

elastic wave velocities in meteorites of high petrologic type indicating that variations in 

bulk density are not responsible for the decrease in mean elastic wave velocity in 

meteorites of high petrologic type. No apparent correlation exists between meteorite grain 

density and petrologic type (Figure 3-20).  This suggests that the increase in bulk density 

with petrologic type is related to variations in porosity rather than changes in composition 

associated with variation in grain density.   

3.2.1 Meteorite Darkness and Elastic Wave Velocity Discussion 

The relationship between meteorite darkness and elastic wave velocity (and 

derived elastic moduli) is not fully understood.  Although previous research suggested 

that meteorite darkness may be related to shock state (e.g. Rubin, 1992), there is no 
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correlation between shock state and darkness in the samples measured in this study.  It 

is not clear what causes colour variation in ordinary chondrites of similar composition 

and petrologic type.  Despite this uncertainty, the darkness – elastic wave velocity trend 

may have applications in predicting the elastic properties of ordinary chondritic material 

when it is not possible to perform measurements (e.g. samples to small or delicate to 

measure; irregular shaped samples where transducers would not achieve proper 

coupling).  This relationship may have implications in inferring the elastic properties of 

surface material on ordinary chondrites parent bodies based on colour.  It is important to 

recognize that although carbonaceous chondrites can be nearly black in colour, they have 

different properties than ordinary chondrites and this relationship cannot be applied to 

infer information about their parent bodies.  

3.3 Meteorite Porosity 

31 new grain density values were acquired allowing calculation of 31 new 

meteorite porosities.  Several grain densities documented in previous research have been 

used in combination with new bulk densities to calculate additional meteorite porosities.  

The ordinary chondrite porosities measured in this study range from 0.8% to 16.9% with 

an average of 7.8%.  The carbonaceous chondrites have higher porosities; for example 

Bells (ASU 1226.B) and Crescent (ASU 1227.2) have porosity values of 32.9% and 

34.3% respectively.   

Previous research has determined that porosity is destroyed via the formation of 

secondary minerals (e.g. Bland et al., 1998; Consolmagno and Britt, 1998) and data from 

Hons (2004) suggested that total porosity decreases with terrestrial residence time.  Data 

collected in this study does not show a relationship, but data from Consolmagno and Britt 
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(2003) suggests that porosity in H- and L-chondrites decreases with increasing 

terrestrial residence time (Figure 3-21).  This reduction of porosity in older meteorites is 

better illustrated by plotting velocity against fall date or terrestrial residence time as 

discussed earlier in this chapter; there is a narrower range of elastic wave velocities in 

more recent falls (Figure 3-12).  Meteorites that have longer residence time can assume 

elastic wave velocity values within a larger range.  This has been attributed to filling of 

pores with terrestrial weathering products.  In addition to reduction of pore space through 

oxidation of iron, meteorites may experience generation of secondary porosity via 

cracking as part of the terrestrial weathering process.   

There is a strong correlation between bulk density and total porosity; total 

porosity decreases with increasing bulk density (Figure 3-22).  This trend is related to 

two of the elastic wave velocity trends; elastic wave velocity increases with bulk density 

and decreases with increasing porosity.  The low bulk density values are a function of the 

highly porous nature of these samples and samples with low bulk density and high 

porosity have low elastic wave velocity.  Thus, these three trends represent the same set 

of related physical and elastic properties.   

The consistency of the measured bulk density value for Sena (ASU 785) with an 

extrapolated trend line calculated for bulk density suggests that there is a continuum of 

ordinary chondrite properties which are not represented by the majority if the meteorites 

preserved on the Earth’s surface.  Approximately 4 kg of Sena was recovered (Grady, 

2000 and references therein); a relatively small amount of material.  Passage through the 

Earth’s atmosphere in combination with rapid weathering of highly porous and 

permeable material due to easy penetration of H2O may have a sorting effect 
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preferentially preserving strong ordinary chondrite material with higher bulk densities 

and lower porosities as shown by the data cluster in Figure 3-22.   

 Outliers in the bulk density – porosity comparison are particularly interesting 

because the relationship between the two properties is very strong, thus values that 

deviate from this trend should be used with caution.  Three outliers from Consolmagno 

and Britt (2003) were omitted from the plot: the L6 Apt (3.73 g/cc, 10.7% porosity), L5 

Elenovka (3.50 g/cc, 10.5% porosity), and L5 Homestead (3.40 g/cc, 10.7% porosity).  

These three meteorites have varying terrestrial residence times with fall dates ranging 

from 1803 to 1951.  Only one of the three meteorites is a breccia (Homestead) and shock 

state data is only available for Elenovka (SS2).  These three meteorites do not exhibit 

similar physical properties, thus it is not understood why they deviate from the trend.  

Measurement uncertainty is a possibility; in particular, Apt should be reviewed as 3.73 

g/cc is a high bulk density for L-chondrites which have an average bulk density of 3.36 

g/cc (Consolmagno et al., 2008).  The bulk density – porosity plots for H- and L-

chondrites can be regenerated to include model porosity values (Figure 3-23).  Initially 

model porosities were calculated using average grain density values from Consolmagno 

et al. (2008).  Model porosities calculated using the average grain density values for H- 

and L-chondrites collected in this study, 3.63g/cc and 3.51g/cc respectively, are more 

consistent with measured porosities.  Two measured porosity data points on the H-

chondrite plot deviate from the model porosity trend.  These meteorites were re-measured 

and produced the same results.  Collection of more data would be useful in better 

defining the measured porosity – bulk density trend line and creating criteria to recognize 

outliers.   
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Porosity data from this study in combination with data from the literature 

suggest that ordinary chondrites of petrologic type six have a lower mean porosity than 

ordinary chondrites of petrologic type five (Figure 3-24, Figure 3-25).  This is consistent 

with the relationship first observed in H-chondrites by Yomogida and Matsui (1983) and 

demonstrates that L-chondrites show the same trend.  It is expected that collection of 

more data will define decreasing porosity with increasing petrologic type in LL-

chondrites.  This suggests that increased heating and metamorphism decreases the total 

pore space in meteorites, likely through recrystallization and redistribution of material 

and potentially through compaction if heating is accompanied by burial.  Based on this 

finding, it is expected that elastic wave velocity in meteorites of high petrologic type 

should increase due to reduction in pore space.  The opposite effect is observed: 

meteorites of high petrologic type have lower mean elastic wave velocities than 

meteorites of lower petrologic type.  This is discussed in more detail later in this section.   

No apparent correlation occurs between ordinary chondrite darkness and porosity 

suggesting that the correlation between meteorite darkness and elastic wave velocity is 

not related to ranges of porosity associated with the different meteorite colours (Figure 

3-26).   

Results show a potential correlation between shock state and H- and L-chondrite 

total porosity; high levels of shock correspond to low porosity values (Figure 3-27). 

Shock may contribute to total porosity thorough the formation of fractures and previous 

research suggests that 6-10% porosity is regularly maintained in ordinary chondrites 

regardless of shock and that only the most porous meteorites would show a significant 

reduction in porosity due to shock (Consolmagno et al., 2008).  Results are consistent 
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with the literature, although more shock state data are required to confirm this 

relationship.  If meteorite shock state correlates with porosity, brecciation related to 

shock events may also be expected to correlate with porosity.  Porosity data collected in 

this study does not show any relationship with brecciation.   

   

 

Figure 3-21: Ordinary chondrite porosity data from this study does not define a trend 
with fall date, however data from Consolmagno and Britt (2003) show a weak correlation 
between meteorite fall date and porosity.  The above plots display meteorite fall data 
from three sources.  The black dashed trend lines are calculated for data from 
Consolmagno and Britt (2003) and do not include data from Hons (2004) or data 
collected in this study.  Data from Consolmagno and Britt (2003) demonstrate a trend of 
decreasing porosity with increasing terrestrial residence time (time elapsed after fall 
date).  Collection of additional data is expected to confirm this trend. Porosity for the H-
chondrite St-Robert is from Leya et al. (2001). 
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Figure 3-22: Total porosity decreases as bulk density increases in H-, L-, and LL-
chondrites.  The above plots display meteorite fall data of varying petrologic type from 
three sources.  The solid black trend lines are calculated for data collected in this study 
and the dashed black trend lines are calculated for data from Consolmagno and Britt 
(2003).  The three data sets are consistent for H-, L-, and LL-chondrites. Porosity for the 
H-chondrite St-Robert is from Leya et al. (2001). 
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Figure 3-23: Model porosity lines can be included on the bulk density – porosity plots 
for H- and L-chondrites.  The model porosity values are calculated using the bulk 
densities measured for each meteorite and the average grain densities of the H- and L-
chondrites measured in this study.  The H- and L-chondrite grain densities used in the 
model porosity calculations are 3.63g/cm3 and 3.51g/cm3 respectively.  The measured 
and model porosity values are similar for L-chondrites.  The H-chondrite measured 
porosity trend line is steeper than the corresponding model porosity line.  The difference 
in slope is likely due to the two outliers on the H-chondrite plot; if the outliers are 
removed the measured and model porosity lines are more consistent.  The two outliers 
were re-measured with the same results so they were not removed from the plot; 
collection of more porosity data would help define criteria for determining outliers and 
better define the measured porosity trend line. Porosity for the H-chondrite St-Robert is 
from Leya et al. (2001). 
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Figure 3-24: Data collected in this study in combination with literature values 
demonstrate that the average porosity for H-chondrites decreases with increasing 
petrologic type.  The above plots display meteorite fall data from three sources.  The 
trend lines are calculated based on data collected in this study and do not include data 
from Hons (2004) or Consolmagno and Britt (2003).  Not enough data is available to 
confirm this trend in L- and LL-chondrites, but similar results are expected.  Porosity for 
the H-chondrite St-Robert is from Leya et al. (2001). 
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Figure 3-25: The petrologic type – porosity plots can be regenerated with all porosity 
values measured in this study and values from Consolmagno and Britt (2003) as one data 
series.  The recalculated trend lines for the combined data sets indicate that H- and L-
chondrite porosity decreases with increasing petrologic type.  Porosity for the H-
chondrite St-Robert is from Leya et al. (2001). 

 

  

 
Figure 3-26: There is no apparent relationship between ordinary chondrite darkness and 
porosity.  The above plots display meteorite fall data from three sources.  Trend lines are 
not shown because of the large scatter in the H-chondrite data and the small population 
sizes of the L- and LL-chondrite subpopulations. The x-axis indicates greyscale 
increments from 1 (black) to 11 (white). Porosity for the H-chondrite St-Robert is from 
Leya et al. (2001). 
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Figure 3-27: Data from Consolmagno and Britt (2003) suggests that porosity decreases 
with increasing shock state in H- and L-chondrites.  The above plots display meteorite 
fall data of varying petrologic types.  Porosity data are from three sources: this study, 
Consolmagno and Britt, 2003 and Hons, 2004.  Meteorite shock state data are from 
Stöffler et al., 1991, Rubin, 1994, Bennett and McSween, 1996, and Miura et al., 1995.  
Dashed trend lines are calculated for data from Consolmagno and Britt (2003) and do not 
include data collected in this study or data from Hons (2004).  More data is required to 
confirm this relationship and determine if it is exhibited by LL-chondrites.  Data 
collected in this study are consistent with the literature values but do not define the trend 
due to small data sample size.   
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3.4 Meteorite Elastic Moduli 

Meteorite shear modulus, bulk modulus, and Young’s modulus increase with 

increasing bulk density.  This is a reflection of the previously defined relationship 

between bulk density and elastic wave velocity; elastic moduli are derived from elastic 

wave velocities, thus higher elastic wave velocities produce larger elastic moduli.  Elastic 

moduli provide a quantitative method to assess rock strength; how a rock behaves under 

stress.  The large range of meteorite bulk and shear moduli suggest that meteorite parent 

bodies also have a wide range and heterogeneous distribution of moduli; different 

ordinary chondrite parent bodies may behave radically different under similar states of 

stress.  If meteorites have experiences sorting (i.e. stronger meteorites preferentially 

survive passage through the Earth’s atmosphere) the moduli measured in meteorites are 

biased and should be considered an upper limit of the strengths of asteroidal surface 

material (Petrovic, 2001).  Weaker material likely exists in the asteroid belt, but is not 

represented by meteorites preserved on the Earth’s surface.  Poisson’s ratio does not 

show a relationship to bulk density like the elastic moduli.  This is because Poisson’s 

ratio is dependent on the ratio of compressional and shear wave velocities which is not 

systematically related to bulk density.   

Data collected in this study suggests that Poisson’s ratio and Vp/Vs decrease with 

increasing petrologic type in H-chondrites (Figure 3-28, Figure 3-29); more data is 

required to confirm this relationship.  These relationships are not exhibited for L-

chondrites and not enough data were collected to discern relationships for LL-chondrites. 

 Bulk and shear moduli decrease with increasing petrologic type (Figure 3-30, 
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Figure 3-31).  This suggests that meteorites of higher petrologic type are ‘weaker’ than 

their lower petrologic type counterparts.  This is consistent with obeservations by 

Hildebrand (pers comm. 2009) that the type 4 meteorite fall Buzzard Coulee is stronger 

(i.e. harder to cut and break) than the type 5 meteorite fall St-Robert.  Textural 

differences of meteorites of low and high petrologic type may influence meteorite 

strength.  The granular texture of meteorites of higher petrologic type may make it easier 

to physically separate the grains than in finer grained meteorites with significant amounts 

of glassy and microcrystalline phases.   

Decreasing Poisson’s ratio with petrologic type indicates that ordinary chondrites 

of higher petrologic type are more likely to deform in a brittle manner than in their lower 

petrologic type counterparts.  This trend may be related with varying mineralogy, texture, 

and porosity in meteorites of different petrologic type.  Perhaps the growth of larger 

crystals in meteorites of higher petrologic type rather than microcrystalline or glassy 

material found in meteorites of lower petrologic type allows for more movement at the 

molecular level.  Makishima and Mackenzie (1975) documented the elastic moduli and 

Poisson’s ration for glasses of 30 different compositions; one of the glasses has a 

composition containing calcium, aluminum, and silicon and may be the most appropriate 

analogue as it contains most of the elements required to form plagioclase.  The bulk 

modulus, shear modulus, and Poisson’s ratio for the calcium-aluminum-silicon glass are 

82.4GPa, 48.3GPa, and 0.256 respectively (Makishima and Mackenzie, 1975).  The bulk 

modulus, shear modulus, and Poisson’s ratio of plagioclase are 75.6GPa, 25.6GPa, and 

0.35 respectively (Mavko et al., 1998).  The elastic moduli are higher in the glass than in 

plagioclase indicating that the glass has higher resistance to compression and shearing.  
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The Poisson’s ratio is lower in the glass than in plagioclase indicating that the when a 

force is applied along a single axis the glass experiences less extension in the 

perpendicular axes than the plagioclase.  The relative strengths of plagioclase and glass 

are consistent with the hypothesis that more pristine meteorites of lower petrologic type 

containing a glass phase are stronger than their higher petrologic type conterparts which 

do not contain glass.   

The high Poisson’s Ratio and Vp/Vs value for the H-chondrite outlier Archie 

(ASU 175ax) suggest very high rock strength.  This is unlikely; the shear wave velocity 

value may be too low due to poor coupling resulting in a falsely high Poisson’s Ratio.  

 Shear modulus, bulk modulus, and Young’s modulus increase with meteorite 

darkness.  This relationship is expected as elastic wave velocity increases with meteorite 

darkness, thus derived elastic moduli for dark meteorites will be large.  There is no 

correlation between meteorite darkness and Vp/Vs or Poisson’s ratio (Figure 3-32).   

 Bulk modulus, shear modulus, and Young’s modulus decrease with increasing 

total porosity (Figure 3-33, Figure 3-34).  Although meteorites with high porosity tend to 

have lower elastic moduli, large ranges of elastic moduli occur for low porosity 

meteorites which can exhibit low elastic moduli.  Data are interpreted to suggest that 

Vp/Vs and Poisson’s Ratio may decrease with increasing porosity in H- and L-

chondrites, although more data are required to confirm this trend (Figure 3-35, Figure 

3-36).  Not enough data are available to compare meteorite shock state and elastic 

moduli.    
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Figure 3-28: Data are interpreted to suggest that Poisson’s Ratio decreases with 
increasing petrologic type in H-chondrites. The above four plots display meteorite fall 
data collected in this study (the L-chondrtie plot includes one meteorite fall Kenna (b) 
ASU 1049).  The top left and top right plots display trend lines calculated for H-
chondrites including and excluding the H6 chondrite Archie (ASU 175ax) respectively 
due to its anomalously high Poisson’s Ratio.  Exclusion of Archie steepens the slope of 
the trend line for H-chondrites and increases the R2 value indicating a more appropriate 
correlation.  More data are required to confirm this relationship and determine if it is 
exhibited by L- and LL-chondrites.   
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Figure 3-29:  Data are interpreted to suggest that Vp/Vs decreases with increasing 
petrologic type in H-chondrites.  More data is required to confirm this relationship and to 
determine if L- and LL-chondrites exhibit similar correlation.  The above plots display 
meteorite fall data collected in this study (the L-chondrite plot includes one meteorite fall 
Kenna (b) ASU 1049).  Note that the trend line in the H-chondrite plot does not include 
the outlier point Archie (ASU 175ax) with a Vp/Vs of 3.01.   
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Figure 3-30: Meteorite bulk modulus decreases with increasing petrologic type.  The 
above plots display meteorite fall data collected in this study (the L-chondrite plot 
includes one meteorite fall Kenna (b) ASU 1049).  Trend lines in the top left and center 
left plots include all data points.  Trend lines in the top right and center right plots do not 
include meteorites of petrologic type three due to their significantly different character 
relative to other ordinary chondrites.  No trend line is calculated from LL-chondrites due 
to the small size of the data set.   
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Figure 3-31: Shear modulus decreases with increasing petrologic type.  The above plots 
display meteorite fall data collected in this study (the L-chondrite plot includes one 
meteorite fall Kenna (b) ASU 1049).  Due to the improvement of trend line correlation 
via exclusion of meteorites of petrologic type three in the previous figure, the trend lines 
in the H- and L-chondrite plots do not include data from meteorites of petrologic type 
three in their calculations.  No trend line is plotted for the LL-chondrites because of the 
small population size of the data set.   
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Figure 3-32: No correlation exists between meteorite darkness and Vp/Vs.  The above 
plots display meteorite fall data collected in this study (the L-chondrite plot includes one 
meteorite fall Kenna (b) ASU 1049).  Note that the trend line in the H-chondrite plot does 
not include the outlier Archie (ASU 175ax) with a Vp/Vs of 3.01.  Although the trend 
line calculated for the LL-chondrite plot has a high R2 value; there are too few data points 
to define a relationship.  The lack of trends in the H- and L-chondrite plots are additional 
evidence that the strong trend line produced for LL-chondrites is a result of few data 
rather than a real trend.   
 
 

 

  



 

 

87 

   

 

Figure 3-33: Bulk Modulus decreases with increasing porosity in H- and L-chondrites.  
The above plots display meteorite fall data collected in this study for a variety of 
petrologic types.  Not enough data were collected to demonstrate this relationship in LL-
chondrites, but it is expected that they would exhibit a similar trend. Porosity for the H-
chondrite St-Robert is from Leya et al. (2001). 
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Figure 3-34: Shear modulus decreases with increasing porosity in H- and L-chondrites. 
The above plots display meteorite fall data collected in this study for a variety of 
petrologic types.  Not enough data were collected to demonstrate this relationship in LL-
chondrites, but it is expected that they would exhibit a similar trend. Porosity for the H-
chondrite St-Robert is from Leya et al. (2001). 
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Figure 3-35: Data are interpreted to suggest that Vp/Vs may decrease with increasing 
porosity, although more data representing highly porous meteorites is required to define 
the range of Vp/Vs possible for such meteorites.  A trend line is not calculated for LL-
chondrites due to the small population size of the data set. Porosity for the H-chondrite 
St-Robert is from Leya et al. (2001). 
 
     

 

 

 

 

!"#"$%&%'(")"*&+,-"

./"#"%&''0"

!"!!#

!"$!#

%"!!#

%"$!#

&"!!#

&"$!#

'"!!#

'"$!#

!"!# &"!# ("!# )"!# *"!# %!"!# %&"!# %("!# %)"!# %*"!#

1
2
31
4"

5676489!":;<"

=$>?6@A789B4C"5676489!"D4"12314"

!"#"$%&%%'(")"*&+,-"

./"#"%&%,0"

!"!!#

!"$!#

%"!!#

%"$!#

&"!!#

&"$!#

'"!!#

'"$!#

!"!# &"!# ("!# )"!# *"!# %!"!# %&"!# %("!# %)"!# %*"!#

1
2
31
4"

5676489!":;<"

=$>?6@A789B4C"5676489!"D4"12314"

!"!!#

!"$!#

%"!!#

%"$!#

&"!!#

&"$!#

'"!!#

'"$!#

!"!# &"!# ("!# )"!# *"!# %!"!# %&"!# %("!# %)"!# %*"!#

!
"
#!
$%

&'('$)*+%,-.%

//012'34()*5$6%&'('$)*+%7$%!"#!$%



 

 

90 

  

 

Figure 3-36: Data are interpreted to suggest that Poisson’s ratio may decrease with 
increasing meteorite porosity, although more data representing highly porous meteorites 
is required to define the range of Poisson’s ratios possible for such meteorites. Porosity 
for the H-chondrite St-Robert is from Leya et al. (2001). 

 
3.5 Additional Meteorite Property Comparison 

Investigation of potential correlation of meteorite shock state with darkness is 

important as previous research suggests that meteorite darkness may directly result from 

shock events on parent bodies (e.g. Rubin, 1992).  Not enough data were collected to 

make a definitive statement regarding a possible relationship (Figure 3-37).   
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Figure 3-37: Not enough shock state data are available to make a statistically significant 
comparison of meteorite shock state and darkness at this time.  Shock data are from the 
literature; sources are cited in Appendix B.  
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Figure 3-38: There is not enough available shock state data to determine if there is a 
relationship between meteorite shock state and Vp/Vs values.  Shock data are from the 
literature; sources are cited in Appendix B.   
 
3.6 Buzzard Coulee Density – Porosity Study 

The Buzzard Coulee fireball was observed over Alberta, Saskatchewan, and 

Manitoba in the late evening on November 20, 2008.  Meteorite samples were recovered 

during the primary search attempt (Hildebrand et al., 2009) and to date >1500 samples of 

Buzzard Coulee have been recovered (Hildebrand, pers comm.).  Bulk densities for 24 

pieces of the Buzzard Coulee meteorite are documented in this study.  The bulk densities 

range from 3.30-3.58 g/cc and exhibit a weak bimodal distribution (Figure 3-39).  Grain 

densities were measured for the 18 Buzzard Coulee pieces at Core Labs in Calgary.  The 

grain densities range from 3.62-3.74 g/cm3 and exhibit a unimodal symmetrical 
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distribution (Figure 3-39).  The homogeneity of the grain densities for the Buzzard 

Coulee samples indicates that variation in bulk density is not due to variation in grain 

density.   

Bulk density correlates weakly with sample mass (Figure 3-40).  Smaller samples 

tend to exhibit lower bulk densities than their larger counterparts; this may be due to 

increased fragmentation of ‘softer’ samples (those with lower bulk densities).  The R2 

value for the trend line calculated for the mass-bulk density relationship is small 

indicating weak statistical significance.  Grain density correlates weakly with sample 

mass (Figure 3-41). Smaller samples tend to exhibit slightly lower grain densities than 

their larger counterparts; this may be due to increased fragmentation of ‘softer’ samples 

(those with lower grain densities).  The R2 value for the mass-grain density relationship is 

small; similar to the R2 value for the mass-bulk density trend line.  The small R2 values 

indicate significant scatter in the data sets, more data would be useful better defining the 

statistical significance of these trends.  No apparent correlation exists between porosity 

and sample size (Figure 3-42); this suggests that fragmentation of ‘softer’ samples may 

be related to grain density variation.  Bulk density decreases with increasing porosity 

(Figure 3-43) indicating that the variations in bulk density are due to heterogeneity in 

total porosity.  Grain density does not correlate with porosity (Figure 3-44) indicating that 

variation in grain density are not related to the bimodal bulk density distribution.   

The bulk density heterogeneity observed in Buzzard Coulee may be due to 

porosity variations associated with different lithologies incorporated as clasts and matrix 

in a breccia.  Two small pieces and one large slab of Buzzard Coulee currently housed in 

the University of Calgary collection contain breccia fragments or exhibit breccia textures 
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in the form of two lithologies juxtaposed along sharp, angular contacts.  The variation 

in bulk density could result from differential compaction of porosity due to impact events 

on the parent body.   

The bulk density heterogeneity in Buzzard Coulee has direct implications in this 

study indicating that bulk density variations may occur for different samples of the same 

meteorite.  This may explain some of the variations observed when comparing bulk 

density values measured in this study with those reported in the literature.  In addition 

meteorites previously thought to be homogeneous may be brecciated at a larger scale and 

different samples may represent different clasts despite the absence of breccia features on 

a single sample scale.  Further investigation should focus on meteorite falls where many 

samples have been collected to see if this phenomenon is observed elsewhere. 

 

Figure 3-39: Bulk and grain density distributions for 24 pieces of the Buzzard Coulee 
meteorite fall.  The bulk density measurements exhibit weak bimodal distribution and the 
grain density measurements exhibit a unimodal symmetrical distribution.  The grain 
density distribution indicates that the bimodal variation in bulk density not due to 
heterogeneity in grain density.   
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Figure 3-40: Buzzard Coulee bulk densities weakly correlate to sample size.  Samples of 
smaller mass tend to have lower bulk densities.  This may be caused by increased 
fragmentation of ‘softer’ samples with lower bulk densities relative to samples with 
higher bulk densities.    

 

Figure 3-41: Buzzard Coulee grain densities weakly correlate to sample size.  Samples of 
smaller mass tend to have lower grain densities.  This may be caused by increased 
fragmentation of ‘softer’ samples with lower grain densities relative to samples with 
higher grain densities.   
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Figure 3-42: No apparent correlation exists between sample porosity and mass.  This 
suggests that the smaller sample size associated with samples of low bulk density is not 
related to porosity.   

 

Figure 3-43: There is a direct relationship between bulk density and porosity; porosity 
decreases with increasing bulk density.  The Buzzard Coulee meteorite samples have a 
large range of porosity values that are reflected in the wide range of measured bulk 
densities.   
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Figure 3-44: No apparent correlation exists between grain density and porosity.  The 
range of porosity values measured for Buzzard Coulee is not dependent on grain density.   

 

3.7 Pore Geometry 

Three different pore geometries were observed in chondritic (and several 

achondritic) meteorites; this is consistent with Flynn et al. (1999) who documented three 

general pore shapes in meteorites.  Equant to irregular voids greater than approximately 

0.1mm in longest dimension were observed in several meteorites as illustrated in Figure 

3-45 and Figure 3-46; photographs of Beardsley ASU 134ax and Farmington ASU 48.5 

04.  Smaller equant to irregular pores less than approximately 0.1mm disseminated 

throughout the meteorite matrix, refered to as intragranular/intracrystalline pores, are 

more commonly present than their large counterparts.  Intragranular/intracrystalline pore 

spaces are visible in Figure 3-47, Figure 3-48, and Figure 3-49; photographs of Chateau-

Renard ASU 333.2.  Fracture (or crack) porosity was observed in ten of the seventeen 

meteorites examined in thin section.  Examples of fracture porosity in Homestead (ASU 

59B.1) and Jelica (ASU 64B.3) are shown in Figure 3-50, Figure 3-51, Figure 3-52, and 
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Figure 3-53.  Fracture sizes range from microns to hundreds of microns in diameter 

and tens of microns to millimeters in length.  Fractures may cut through or rim grains or 

chondrules.  The presence of fracture porosity is not limited to one chemical group or 

petrologic type and does not correlate exclusively with low elastic moduli.   

 The H5 chondrite St-Robert, a light-dark breccia, is notable in that it contains two 

different populations of pore spaces associated with the light clasts and dark matrix.   The 

total porosity of St-Robert has been documented as 9.9% (Leya et al., 2001).  This 

porosity exists as fractures, isolated pore spaces, and intragranular/intracrystalline voids.  

The light clasts have low porosity; predominantly equant to irregular isolated and 

intragranular/intracrystalline pores with rare fractures along chondrule boundaries.  The 

dark matrix has more abundant porosity than the light clasts.  The isolated pore spaces in 

the dark matrix are larger than those in the light clasts.   Voids similar in shape to 

chondrules and metal grains are present indicating that some grains have been plucked 

during thin section preparation, therefore care must be taken to properly identify true pore 

spaces.  Fracture porosity is more abundant in the dark matrix than in the light clasts.  

Fractures rim and cut through grains and chondrules.  The fractures that rim chondrules 

may make it easier to pluck chondrules from the meteorite.  Elastic wave velocity – 

darkness trends indicate that velocity increases with meteorite darkness.  The opposite is 

observed in the St-Robert meteorite, the average compressional and shear wave elastic 

wave velocities of the light clasts are greater than the average elastic wave velocities of 

the dark matrix.  This deviation from the trend is attributed to the presence of fractures in 

the darker matrix.  Table 3-1 summarizes the pore geometries observed in the meteorites 

examined via thin section petrography and the relative abundances of each pore shape.  
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Note that pore geometry does not correlate with meteorite chemical group or petrologic 

type.   

 
Summary of Meteorite Pore Geometries 

Pore Geometry 

Sample Type 
Visual Porosity 

Estimate Fracture 
Intragranular/ 
Intracrystalline Isolated 

Kediri (ASU 1000.6) L4 2-5% Abundant Moderate Rare 
Mbale (ASU 1410_A_1) L5 <1% - Rare Rare 

Homestead (59B.1) L5 <1% Rare - Rare 
Knyahinya (153a) L5 - Moderate Rare - 

Farmington (ASU 48.504) L5 7% Abundant Moderate Abundant 
New Concord (ASU 202-3-

A-1) L6 
<1% 

Rare Rare Rare 
Aleppo (ASU 957_A_1) L6 - - - - 
Leedey(ASU 498_A_1)  L6 2% Moderate - Moderate 
Bruderheim (ASU 705) L6 - - - - 
Chateau-Renard (ASU 

333.2) L6 
3% 

Rare to Moderate Abundant Moderate 
St-Robert: Light Clasts H5 2-5% Rare Abundant Abundant 
St-Robert: Dark Matrix H5 5-10% Abundant Abundant Abundant 

Forest City (49F) H5 2% Moderate Rare - 
Beardsley (ASU 134ax) H5 2-5% Rare Abundant Abundant 

Jelica (ASU 64b.3) LL6 1% Rare - - 
Abee (ASU 701) EH4 - - - - 

Allende (ASU818 6c) CV3 2% Moderate Rare Rare 
Kapoeta (ASU827D1) HOW 2-5% Abundant - - 

 
Table 3-1: Pore geometry data was collected using qualitative methods.  Thin sections 
were examined and the presence of fractures, intracrystalline, and isolated pore spaces 
were documented along with estimated abundances.  The rare, moderate, abundant 
ranking scheme is relative: abundant (>2)%, moderate (~1-2%), rare (<1%).  Visual 
porosity estimation greatly underestimate meteorite porosity.  Increasing magnification 
allows more small pores and cracks to be identified, however lower magnification is 
more appropriate for making an estimate because of the larger field of view.  For 
example, Kapoeta has a measured porosity of 18.6%; the pore spaces are microfractures 
which are not resolvable on the petrographic microscope giving a falsely low porosity 
estimate.  The microfractures in Kapoeta are more easily viewed with a scanning electron 
microscope.  Petrographic analysis of meteorites allows an appreciation of the pore 
geometries present, but is not reliable for making porosity estimates.   



 

 

100 

 

Figure 3-45: Equant to irregular isolated pore spaces observed in the H5 chondrite 
Beardsley (ASU 134ax).  The largest pore spaces are up to 0.5 mm across.  Photograph 
taken in PPL.   

 

 

Figure 3-46: View of large equant to irregular pore spaces in the L5 chondrite 
Farmington (ASU 48.5 04).  Photograph taken in PPL. 
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Figure 3-47: Isolated and intragranular/intracrystalline pore spaces are present in the L6 
chondrite Chateau-Renard (ASU 333.2). Photograph taken in PPL. 
 

 

Figure 3-48: A more magnified view of Chateau-Renard (ASU 333.2) reveals more 
defined intragranular/intracrystalline pore spaces and a microfracture that cuts through a 
relict chondrule. Photograph taken in PPL. 
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Figure 3-49: High powered magnification of Chateau-Renard (ASU 333.2) reveal 
intragranular/intracrystalline porosity less than or equal to 10 µm. Photograph taken in 
PPL. 
 

 

Figure 3-50: Microfractures several microns wide are observed in the L5 chondrite 
Homestead (ASU 59B.1) cutting through grains. Photograph taken in PPL. 
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Figure 3-51: Fractures rim and cut grains in the LL6 chondrite Jelica (ASU 64B.3). 
Photograph taken in PPL. 
 

 

Figure 3-52: Fractures rim several adjacent grains in the LL6 chondrite Jelica (ASU 
64B.3). Photograph taken in PPL. 
 



 

 

104 

 

Figure 3-53: Microfractures magnified within a grain in the LL6 chondrite Jelica (ASU 
64B.3). Photograph taken in PPL. 
 

 
Figure 3-54: The Howardite Kapoeta (ASU 827.D) contains fractures that rim grains as 
shown along the grain contacts in the upper right corner of this image. Photograph taken 
in PPL. 
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Figure 3-55: The L4 chondrite Kediri (ASU 1000.6) contains fractures of varying length 
and diameter that rim grains and chondrule. Photograph taken in PPL. 
 

 
Figure 3-56: Varying fracture sizes and isolated and intragranular/intracrystalline are 
present in the L4 chondrites Kediri (ASU 1000.6). Photograph taken in PPL. 
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Figure 3-57: Varying fracture sizes and isolated and intragranular/intracrystalline are 
present in the L4 chondrites Kediri (ASU 1000.6). Photograph taken in PPL. 
 

 
Figure 3-58: Small intragranular/intracrystalline pore spaces are observed between 
recrystallized grains in the L6 chondrite New Concord (ASU 202_3_A_1). Photograph 
taken in PPL. 
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Figure 3-59: High magnification view of the recrystallized matrix in the L6 chondrite 
New Concord (ASU 202_3_A_1). Photograph taken in XPL. 
 

 
Figure 3-60: Small intragranular/intracrystalline pore spaces in the L5 chondrite Mbale 
(ASU 1410_A_1).  Photograph taken in PPL. 
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Figure 3-61: Intragranular/intracrystalline pore space between recrystallized grains in the 
L6 chondrite Leedey (ASU 498_A_1). Photograph taken in PPL. 
 

 
Figure 3-62: Note the recrystallized matrix grains in the L6 chondrite Aleppo (ASU 
957_A_1). Photograph taken in PPL. 
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Figure 3-63: Image of rare microfractures in the L6 chondrite Aleppo (ASU 957_A_1). 
Photograph taken in PPL. 
 

 In order to investigate the apparent velocity reduction in meteorites of high 

petrologic type, ten L-chondrites of different petrologic type were examined via thin 

section petrography and their pore space geometries compared to look for systematic 

differences in pore shape that correlate with petrologic type.  The three different pore 

geometries (fracture, intragranular/intracrystalline, and isolated) were present in varying 

abundances in all of the petrologic types examined; particular pore geometries do not 

show correlation with petrologic type.  

 Pore geometry was also compared with darkness to determine if the correlation 

between meteorite darkness and elastic wave velocity could be explained by the presence 

of different pore types associated with meteorites of different colours.  Shock darkening 

(also called shock blackening) has been proposed as a mechanism to explain the black 

ordinary chondrites that are compositionally indistinguishable from regular ordinary 
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chondrites, but have lower albedos and subdued reflectance spectra.  Dissemination 

of micron size Fe-Ni grains throughout the meteorite, particularly along grain boundaries, 

rather than isolated larger grains effectively impedes light and darkens the meteorite on 

hand sample scale (e.g. Gaffey, 1976; Britt and Pieters, 1994; Britt et al., 1989).  If 

meteorite colour can be explained by this shock darkening mechanism, darker meteorites 

should also contain fractures which are another product of shock.  Results show no 

correlation between pore geometry and meteorite darkness or shock state and meteorite 

darkness (Figure 3-37); not enough shock state data is available to make a statistically 

significant comparison between meteorite darkness and shock state at this time.   

 Backscatter electron images and scanning electron microscopy images have an 

advantage over images taken through a petrographic microscope as they show fracture 

networks in more detail.  Figure 3-64, Figure 3-65, and Figure 3-66 are backscatter 

electron images at various magnifications showing the fracture networks in the H5 

breccia St-Robert.  Fractures in St-Robert are pervasive throughout the sample in the 

matrix and cutting through large grains and chondrules.  St-Robert also contains isolated 

rounded to equant pore spaces, but it appears that fracture porosity makes a significant 

contribution to the total porosity of 9.9% (Leya et al., 1999) in this meteorite.   

 Figure 3-67 and Figure 3-68 are scanning electron microscopy images of the 

basaltic achondrite Kapoeta (ASU 827).  Varying sizes of fractures rim and cut grains 

and occupy a significant area of the image.  Kapoeta (ASU 827) has a high porosity of 

17.2% which is predominantly fractures.   
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Figure 3-64: Backscatter electron image of St-Robert that shows pore spaces and 
fractures in black.   
 

 

Figure 3-65: Backscattered electron image of St-Robert showing black fractures in the 
matrix and cutting through fragmented chondrules.   
 

 

 

111 

 

Figure 3-63: Backscatter electron image of St-Robert that shows pore spaces and 

fractures in black.   

 

 

Figure 3-64: Backscattered electron image of St-Robert showing black fractures in the 

matrix and cutting through fragmented chondrules.   
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Figure 3-63: Backscatter electron image of St-Robert that shows pore spaces and 

fractures in black.   

 

 

Figure 3-64: Backscattered electron image of St-Robert showing black fractures in the 

matrix and cutting through fragmented chondrules.   
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Figure 3-66: Backscatter electron image of St-Robert showing black fractures cutting 
through a microcrystalline chondrule.  
  

 

Figure 3-67: Scanning electron microscopy image of Kapoeta (ASU 827) showing the 
fracture network in black.   
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Figure 3-65: Backscatter electron image of St-Robert showing black fractures cutting 

through a microcrystalline chondrule.  

  

 

Figure 3-66: Scanning electron microscopy image of Kapoeta (ASU 827) showing the 

fracture network in black.   
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Figure 3-68: Scanning electron microscopy image of Kapoeta (ASU 827) showing the 
fracture network in black.  Note that fractures rim and cut through grains.   

 
3.7.1 Meteorite Porosity Discussion 

Three pore geometries were observed via thin section analysis in a subpopulation 

of the meteorite samples examined in this study; (1) fracture porosity which includes all 

cracks ranging from microns to hundreds of microns in width and microns to millimeters 

in length, (2) isolated porosity which refers to equant to elongate, irregular to rounded 

pore spaces approximately 0.1 mm or larger in diameter, and (3) intracrystalline porosity 

which includes all pore spaces smaller than ~0.1 mm disseminated throughout the 

meteorite.   

Isolated and intragranular porosity are interpreted to be primary porosity formed 

at the time of accretion (and possibly later modified by compaction and heating).  The 

distribution of fracture porosity in a variety of meteorite types from different parent 
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bodies, in particular the termination of fractures at the fusion crust boundary such as 

in St-Robert, is consistent with it being secondary porosity introduced by impacts on the 

parent asteroid.  This may be complicated in carbonaceous chondrites where fluid flow 

was prevalent and secondary pore spaces may resemble vugs rather than fractures.  

Regardless of the origins of fracture porosity in meteorites, a small population of cracks 

can reduce elastic wave velocities significantly resulting in meteorites that deviate from 

darkness-velocity trends as previously discussed for the St-Robert meteorite.  

 Results in combination with literature data are interpreted to suggest that porosity 

decreases with increasing shock state for H- and L-chondrites.  This trend is weak; very 

few data points are included due to a lack of shock state determinations.  The relationship 

between shock state and porosity is complex.  Shock events on meteorite parent bodies 

may cause compaction and inherent pore loss, while at the same time creating new 

fracture porosity (e.g. Consolmagno et al., 2008).  The opposing effects of the two factors 

may obscure potential trends in pore volume/shape and shock state comparisons.   

If meteorite shock state were to correspond with pore geometry, it would be 

expected that fractures would be the dominant pore type in highly shocked material.  

Thus, if meteorite darkness were a function of shock, we could expect dark meteorites to 

have more fractures than light meteorites.  Results do not indicate a correlation between 

darkness and pore geometry, although more data are required for a definitive conclusion.  

In addition, highly shocked and fractured material is expected to have slower elastic wave 

velocities, but this is the opposite of what is observed; darker material has faster 

velocities.  These findings suggest that future work should include a more detailed 

investigation of the cause of meteorite darkness and the relationship (if any) between 
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meteorite darkness and shock state.  A detailed comparison of shock state, darkness, 

and meteorite pore geometry upon availability of more shock state data may provide 

insight into this puzzle.   

Results demonstrate that H- and L-chondrite porosity decreases/bulk density 

increases with increasing petrologic type.  No correlation is evident between H- and L-

chondrite grain density and petrologic type indicating that the decrease in 

porosity/increase in bulk density is consistent with compaction (reduction in pore space) 

rather than systematic compositional changes.   

3.8 Meteorite Elastic wave Velocity Discussion 

Numerous factors may contribute to the decrease in mean elastic wave velocity 

observed in ordinary chondrites of high petrologic type: total porosity, pore geometry, 

variation in mineral phases, and recrystallized matrix texture.  Data from this study and 

Yomogida and Matsui (1983) demonstrates that total porosity decreases with increasing 

petrologic type in H- and L-chondrites; thus the decrease in mean elastic wave velocity at 

high petrologic type is not due to an increase in total porosity.  Pore geometry does not 

correlate with petrologic type or chemical group in meteorites demonstrating that the 

decrease in the average elastic wave velocity from petrologic type 5 to 6 is not related to 

variations in pore geometry.  This disproves the hypothesis that variations in meteorite 

elastic wave velocities and derived elastic moduli are primarily caused by variations in 

pore geometry.  The presence of different pore shapes (in particular, fracture porosity) is 

shown to influence the elastic wave velocities of meteorites, but does not account for the 

decrease in average elastic wave velocity observed from petrologic types 5 to 6.   
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Textural and mineralogical changes are other potential causes for variation in 

elastic wave velocity; Table 3-2 from Van Schmus and Wood (1967) summarizes the 

classification scheme for chondritic meteorite petrologic types.  Significant changes in 

mineralogy occur between petrologic type 3 and petrologic types 5 or 6; for example  

plagioclase crystals are larger and more abundant in meteorites of higher petrologic type, 

glass devitrifies and is absent in higher petrologic types, and the dominant form of 

pyroxene changes from clinopyroxene to orthopyroxene in meteorites of higher 

petrologic type (Sears, 1978).  Changes in the mineral components in the meteorites have 

to potential to contribute to variation in elastic wave velocities.  Work by Aleksandrov et 

al. (1964) demonstrates that the clinopyroxene diopside has a Vp of 7.70km/s, a Vs of 

4.38km/s, and a bulk density of 3.31g/cc.  Kumazawa (1969) shows that enstatite, a 

variety of orthopyroxene, has a Vp of 7.85km/s, a Vs of 4.38km/s, and a bulk density of 

3.335g/cc.  The velocity difference between clinopyroxene and orthopyroxene suggests 

that an increase in petrologic type should be accompanied by a slight increase in elastic 

wave velocity; this is the opposite of what we observe in ordinary chondrites.  

Plagioclase has a bulk density of 2.63g/cc and Vp and Vs values of 6.46km/s and 

3.12km/s respectively (Mavko et al., 1998).  The increased abundance of plagioclase in 

ordinary chondrites of high petrologic type may contribute to the decrease in mean elastic 

wave velocity; it is important to note that fine grained plagioclase is present in the matrix 

material in ordinary chondrites of lower metamorphic grade.  Ordinary chondrites of 

lower petrologic type contain glass.  Glass compressional and shear wave velocities have 

ranges of 3.98-5.64km.s and 2.38-3.28km/s respectively (efunda.com, 2009).  The 

compressional wave velocity range of glass is lower than plagioclase and the shear wave 
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velocity range is similar to plagioclase.  This suggests that the formation of 

plagioclase grains at the expense of the glass phase during metamorphism should be 

accompanied by an increase in compressional wave velocity and a possible increase in 

shear wave velocity; the opposite of what is observed in ordinary chondrites.     

 The recrystallization of minerals is another variable that changes in meteorites of 

increasing petrologic type.  As noted in chapter four, the L-chondrites of petrologic type 

6 show a high degree of recrystallization and exhibit granular textures of equant grains.  

The matrix material in petrologic type 6 meteorites is predominantly small crystalline 

grains (e.g. Figure 3-57, Figure 3-58).  Variation in grain boundary density and surface 

area occur with different grain size distributions.  Meteorites of high petrologic type 

exhibit a decrease in grain boundary density and surface area as the microcrystalline 

matrix material develops into an equigranular texture.  Meteorites of higher petrologic 

type might be expected to show higher elastic wave velocities because there are fewer 

grain boundaries present that act as obstacles to wave propagation.  This is opposite to 

what is observed in ordinary chondrites prompting the need for a study that further 

investigates the effects of grain texture or other possible factors on elastic wave velocity 

in ordinary chondrites.   

3.9 Implications for Ordinary Chondrite Parent Bodies 

Ordinary chondrite physical and elastic properties have implications for 

predicting the physical properties of ordinary chondrite parent bodies.  Based on trends 

observed in ordinary chondrites, darker ordinary chondrite parent bodies can be expected 

to have ‘stronger’ surface material with high compressional and shear wave velocities 
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and derived elastic moduli.  Lighter coloured ordinary chondrite parent bodies can be 

expected to have lower elastic wave velocities and elastic moduli.  Predictions about 

asteroid porosity are more complex; pore geometry and total porosity do not show a 

correlation with meteorite colour.  Sample return missions (e.g. Hayabusa mission) may 

provide samples that can be measured using techniques presented in this study to validate 

or disprove predictions based on meteoritic material.   
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Chapter Four: Artificially Shocked Samples Results and Discussion 

Four of the fracture types observed by Polansky and Ahrens (1990) are observed 

in the artificially shocked hand samples 1194 and 1208; the pulverized zone (shear 

fractures) and radial fractures are visible on target 1194 (Figure 4-1) and the pulverized 

zone, radial fractures, concentric fractures, and spall fractures are visible on target 1208 

(Figure 4-2).  The elastic wave velocity profiles obtained for artificially shocked target 

117 indicate that impact induced damage is more extensive than the extent of macroscale 

fractures visible to the unaided eye.  Smaller scale radial and concentric fractures and the 

additional fracture types defined by Polansky and Ahrens (1990) were predicted to be 

present as microfractures visible under high power magnification.   

4.1 Elastic Wave Velocity Profiles 

Elastic wave velocity profiles for artificially shocked target 117 are plotted as 

contour diagrams to illustrate anomalies related to impact induced damage.  Figure 4-3 to 

Figure 4-8 are compressional and shear wave velocity profiles.  The peak compressional 

wave velocity reduction in the X- (horizontal), Y- (into the page), and Z-directions 

(vertical) are 27%, 17%, and 31% respectively.  The peak shear wave velocity reductions 

in the X-, Y-, and Z-directions are 31%, 25%, and 32% respectively.  The region with the 

largest reduction in elastic wave velocities remain constant in the X-, Y-, and Z-

orientations for both compressional and shear wave velocity plots.  This region is located 

in and directly adjacent to the pulverized zone.  This region has the slowest elastic wave 

velocities because it has the highest fracture density and pore volume.  Conversely, the 

highest elastic wave velocities are located furthest from the impact site in the lower left 
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corner; this material is least affected by shock.  The reduction in velocity is 

interpreted to be the result of concentric and radial fractures.  Radial fractures extend 

away from the crater center along the sample surface and into the subsurface of the target 

rock.  The concentric fractures form a series of stacked ‘bowls’ which do not extend as 

far from the crater center as their radial counterparts.  Artifacts related to the boundary 

conditions of the impact experiments also produce velocity anomalies and need to be 

distinguished from the anomalies associated with the impact cavity.  Although the 

vertical fractures documented by Polansky and Ahrens (1990) are not visible in hand 

sample, the presence of low velocity anomalies near the upper left corner indicate the 

presence of these fractures on a smaller scale (microscale).  The low velocity zone begins 

to widen again after tapering near the bottom of the target below the crater center.  This 

feature and the microscale vertical fractures are likely resultant from shock waves 

reflected from the boundary surfaces of the target block and would not be present in 

nature.  Polansky and Ahrens (1990) distinguished between near-surface fractures and 

radial fractures.  Near-surface fractures, defined as incomplete spall fractures, are not 

observed in the artificially shocked samples examined in this study.  This may be due to 

the smaller scale of the impact experiments.  The near-surface fractures were observed in 

a large 25 kg target; in smaller scale impact experiments the near-surface fractures may 

not be discernable from radial fractures.   

Based on the crater geometry, it is expected that the Z-direction compressional 

and shear waves will be impeded most by the concentric fractures in samples near the 

crater center and by radial fractures as lateral displacement from the crater center 

increases.  The X-direction compressional and shear wave are expected to be impeded 
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most by radial fractures near to the crater center and concentric fractures as lateral 

displacement from the crater center increases.  Compressional and shear waves in the Y-

direction are expected to show the least amount of reduction as they are likely to travel 

along a pathway uninterrupted by fractures or with minor fracture occurrence.  Elastic 

wave velocity results in artificially shocked samples validate these predictions. 

The elastic wave velocity features are present in all three measurement 

orientations (X, Y, and Z), but the strength and locations of these features varies with 

profile orientation.  The more laterally extensive velocity reductions in the X- and Y-

profiles are attributed to the presence of radial fractures.  Waves travelling in the Z-

direction are more affected by concentric fractures which form a series of concave (bowl 

shaped) fractures beneath the crater center resulting in a narrower anomaly than those 

observed in the X- and Y-direction profiles.  In reality each of these concentric ‘bowls’ 

are comprised of a series of fractures.  The Y-direction profile has slightly lower 

unshocked compressional and shear wave velocities than the X- and Z-direction profiles.  

The Y-direction profile also shows the smallest amount of velocity reduction caused by 

impact induced damage.  Vp/Vs profiles show the relative reductions in compressional 

and shear wave velocities.  The unshocked compressional and shear wave velocities 

estimated from the corner opposite to the crater center for the San Marcos Granite are 

around 6200 m/s and 3300 m/s respectively.  Based on these numbers, the unshocked 

Vp/Vs value for the San Marcos Granite is 1.9.  

The structure of Vp/Vs anomalies are significantly different than anomalies 

observed on the elastic wave velocity profiles. The Vp/Vs profile for the X orientation 

shows regions with Vp/Vs ratios significantly higher and lower than the unshocked value 
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of 1.9.  Vp/Vs ratios as low as 1.6 are present directly below the crater center (Figure 

4-9).  Although both the compressional and shear wave velocities are largely reduced in 

this region, the compressional wave velocity is reduced greater with respect to its 

unshocked value than the shear wave velocity; this feature may be due to measurement 

error.  A larger region of higher Vp/Vs ratios, up to 2.2, extends to 9 cm below the crater 

center and 4-5 cm laterally from the crater center (Figure 4-9).  The peak increases in 

Vp/Vs in the X-, Y-, and Z-directions are 15%, 18%, and 26% respectively.  These 

regions show excessive reduction in shear wave velocity.  The high Vp/Vs ratio anomaly 

is observed weakly in the Z-orientation plot (Figure 4-11) and the Vp/Vs profile for the 

Y-orientation does not show the anomalies as strongly as observed in the X and Z-

orientation plots (Figure 4-10).  This is attributed to the geometry of the fractures relative 

to the pathway travelled by the elastic wave velocity waves.  Aside from the isolated low 

Vp/Vs anomaly below the crater center, the high Vp/Vs values observed indicate that the 

shear wave velocities are being reduced more than the compressional wave velocities 

with respect to the unshocked elastic wave velocities.  This is expected as shear waves 

are unable to travel through spaces filled with fluid, thus air filled fractures act as barriers 

for shear waves.   

Compressional and shear wave damage parameters were calculated for the 

artificially shocked samples using the equation given in section 1.3.  The damage 

parameters show the same information as the elastic wave velocity and moduli plots so 

they are not included as contoured profiles, but are available in tabular form in Appendix 

C.   
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Figure 4-1: Sketch of artificially shocked target 1194.  Radial fractures and the 
pulverized zone are visible to the naked eye.   

 

Figure 4-2: Sketch of artificially shocked target 1208.  Concentric and radial fractures 
and the pulverized zone are visible to the naked eye.  The ‘macroscale’ radial fractures 
extend further from the crater center than the ‘macroscale’ concentric fractures.  Note that 
spall fractures are visible from an aerial view of target 1208.   



 

 

125 

 

Figure 4-3: Compressional wave velocity profile in the X-direction for artificially 
shocked target 117.  The largest velocity reduction is located adjacent to and below the 
crater center, indicated with white arrows.  The most unshocked material is located in the 
lower left corner; furthest from the crater center.  Zones of moderate velocity reduction 
resultant of the presence of radial and/or concentric fractures.  Artifacts related to the 
boundary conditions of the experiment are indicated by black arrows.  A possible fracture 
pattern is overlain on the plot: near-surface fractures are yellow, radial fractures are red, 
concentric fractures are blue, and vertical fractures caused by reflected wave are green.   
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Figure 4-4: Compressional wave velocity profile in the Y-direction for artificially 
shocked target 117.  The largest velocity reduction is located adjacent to and below the 
crater center, indicated with white arrows.  The most unshocked material is located in the 
lower left corner; furthest from the crater center.  Compressional wave velocity 
reductions in the Y-direction are more subtle than those observed in the X- and Z-
directions. Artifacts related to the boundary conditions of the experiment are indicated by 
black arrows. 
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Figure 4-5: Compressional wave velocity profile in the Z-direction for artificially 
shocked target 117.  The largest velocity reduction is located adjacent to and below the 
crater center, indicated with white arrows.  The zone of moderate velocity reduction in 
the Z-direction profile highlights the zone of concentric fracturing. Artifacts related to the 
boundary conditions of the experiment are indicated by black arrows. 
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Figure 4-6: Shear wave velocity profile in the X-direction for artificially shocked target 
117.  The largest velocity reduction is located adjacent to the crater center, indicated by 
white arrows.  The most unshocked material is located in the lower left corner; furthest 
from the crater center.  Zones of moderate velocity reduction indicate the presence of 
radial and/or concentric fractures.  Artifacts related to the boundary conditions of the 
experiment are indicated by black arrows.   
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Figure 4-7: Shear wave velocity profile in the Y-direction for artificially shocked target 
117.  The largest velocity reduction is located adjacent to the crater center, indicated by a 
white arrow.  The most unshocked material is located in the lower left corner; furthest 
from the crater center.  Shear wave velocity reductions in the Y-direction are more subtle 
than those observed in the X- and Z-directions. Artifacts related to the boundary 
conditions of the experiment are indicated by black arrows. 
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Figure 4-8: Shear wave velocity profile in the Z-direction for artificially shocked target 
117.  The largest velocity reduction is located adjacent to and below the crater center 
(white arrows).  The zone of reduced velocity in the Z-direction profile highlights the 
zone of concentric fracturing. Artifacts related to the boundary conditions of the 
experiment are indicated by black arrows. 
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Figure 4-9: The Vp/Vs profile in the X-direction for artificially shocked target 117.  The 
Vp/Vs ratio is useful in illustrating the extent and intensity of shock damage.  The region 
directly below the crater center indicated by a white arrow shows strong reductions in 
compressional wave velocity relative to the shear wave velocity resulting in a low Vp/Vs; 
this is attributed to error in the shear wave measurements propagating through Vp/Vs 
calculations.  The surrounding shock damaged rock shows higher Vp/Vs values 
indicating that the shear wave velocities have been reduced proportionally greater than 
the compressional wave velocities. A possible fracture pattern is overlain on the plot: 
near-surface fractures are yellow, radial fractures are red, and concentric fractures are 
blue.   
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Figure 4-10: The Vp/Vs profile in the Y-direction for artificially shocked target 117.  
Aside from the small area of high Vp/Vs near the crater center (marked with a white 
arrow) which may be due to measurement error, this profile shows little variation in 
Vp/Vs.  This is expected as the smallest reductions in compressional and shear wave 
velocities were observed in the Y-direction.   
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Figure 4-11: The Vp/Vs profile in the Z-direction for artificially shocked target 117.  
The Vp/Vs ratio is useful in illustrating the extent and intensity of shock damage.  The 
region surrounding the crater center shows strong reductions in shear wave velocity 
relative to the compressional wave velocity resulting in a high Vp/Vs.  The high Vp/Vs 
anomaly correlates to the region of highest density concentric fractures.   
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Regions of decreased elastic wave velocities attributed to the presence of 

impact induced fractures have been detected in the subsurface beneath terrestrial craters 

(e.g. Ackermann et al., 1975).  This halo of impact induced damage is observed in 

artificially shocked targets.  The observed elastic wave velocity reduction anomalies 

display significant anisotropy that is attributed to varying fracture orientations and 

geometries associated with different fracture populations.   

4.2 Fracture Type and Distribution 

Four of the fracture types identified by Polansky and Ahrens (1990) are observed 

in artificially shocked targets 1194 and 1208.  Different fracture types are best viewed at 

different scales.  For example, the pulverized zone, radial and concentric fractures are 

visible in hand samples, but a more extensive network of microscale radial and concentric 

fractures is visible under high power magnification.  The formation of ‘macroscale’ 

fractures may result in fewer microfractures being formed.  In areas where macroscale 

fractures are not present, the impact induced damage is expressed as a network of 

microfractures.   

Observations for 30 unoriented and 18 oriented thin sections of cubes cut from 

target 117 reveal small scale fractures microns to tens of microns in diameter with the 

longest fractures in excess of 0.5 mm (Figure 4-12, Figure 4-13, Figure 4-14).  These 

microfractures are short and occur in locally preferentially aligned groups; they are not 

long and continuous like their macroscale counterparts.  In addition, local sets of 

microfractures arranged in a netted or ‘cross hatched’ pattern occur in clusters of quartz 

and feldspar grains (Figure 4-15, Figure 4-16, and Figure 4-17).  The microfractures are 
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not permeable or interconnected; although the sample cubes were impregnated with 

blue epoxy prior to thin section preparation, only a few large fractures proximal to the 

crater center were permeated with the epoxy.   

The most intense fracturing occurs close to the crater center and fracture intensity 

weakens with distance from the crater.  Although small sets of locally aligned fractures 

occur in the artificially shocked samples, patterns in fracture orientations are not obvious.  

Many grains show microfractures parallel to or along pre-existing planes of weakness 

(e.g. cleavage) within individual grains (Figure 4-18).  This indicates that the 

development of microfractures within a target rock will be influenced by the character of 

the minerals present and any pre-existing foliations.  Irregular fractures in quartz can 

result from rarefaction waves after peak compression or from elastic waves in low shock 

regimes (<5 GPa) and the density of irregular fracturing has been correlated with shock 

intensity in shocked samples from laboratory experiments (Stöffler and Langenhorst, 

1994).   

The presence of microfractures in a thin section does not provide a complete 

picture of fracture orientation because the thin section is a 2D slice of a feature that exists 

in 3D space.  The presence of microfractures in a thin section indicate that the fracture 

plane intersects the plane of the thin section at some angle, and that the fracture likely 

impedes the propagation of compressional or shear waves through the material.   A 

simple model is applied in this study: fractures visible in thin section are assumed to 

intersect the thin section at a ninety degree angle (perpendicular).   

The oriented thin sections were used to compare the density and distribution of 

radial and concentric fractures microfractures with the anomalies observed in the velocity 
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profiles.  Overall, radial and concentric fracture densities are comparable.  In general 

the material proximal to the crater center shows higher radial and concentric fracture 

densities than material from the crater center.  There are some anomalous fracture 

densities observed; the I2 block shows low concentric and radial fracture densities despite 

its close proximity to the crater center.  This may be due to the occurrence of a few large 

fractures instead of many microscale fractures.  Samples J10 and F11 show relatively 

high radial fracture densities relative to nearby densities which may be in response to 

reflected shock waves from the base of the artificially shocked target.  Sample C3 shows 

relatively high concentric and radial fracture densities which may be a result of reflected 

shock waves from the side of the target.    

 

Figure 4-12: Typical set of aligned fractures in plagioclase and quartz in artificially 
shocked sample I2-X, where the X indicates that the thin section was cut perpendicular to 
the X-measurement direction.  The left image is PPL and the right is XPL. 
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Figure 4-13: Locally aligned fractures in quartz grains in artificially shocked sample I3-
Y, where Y indicates the thin section was cut perpendicular to the Y-measurement 
direction. The left image is PPL and the right is XPL. 

 

Figure 4-14: Local aligned fractures in artificially shocked sample I6-Y, where Y 
indicates the thin section was cut perpendicular to the Y-measurement direction. The left 
image is PPL and the right is XPL. 
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Figure 4-15: Typical appearance of ‘cross-hatch’ perpendicular fractures in artificially 
shocked sample I2-X, where the X indicates that the thin section was cut perpendicular to 
the X-measurement direction. The left image is PPL and the right is XPL. 

 

Figure 4-16: An additional view of the ‘cross-hatch’ fracturing in quartz and feldspar 
grains in artificially shocked sample I6-Y, where Y indicates the thin section was cut 
perpendicular to the Y-measurement direction. The left image is PPL and the right is 
XPL. 
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Figure 4-17: Two sets of perpendicular ‘cross-hatch’ fractures in quartz grains in 
artificially shocked sample I6-Y, where Y indicates the thin section was cut 
perpendicular to the Y-measurement direction. The left image is PPL and the right is 
XPL. 
 

 

Figure 4-18: There is evidence that the orientations and locations of some fractures are 
influenced by the presence of cleavages or planes of weakness.  The image on the left 
shows fractures parallel with one of the cleavage directions in plagioclase and the image 
on the right shows fractures that cut across cleavage directions and crystal axis.  The 
double headed arrow in the right image indicates the direction of the polysynthetic 
twinning a plagioclase grain.  The white block arrow indicates the position of one of the 
fractures in a group of locally aligned fractures.  Both images are of artificially shocked 
sample I3-Y, where Y indicates the thin section was cut perpendicular to the Y-
measurement direction.  Both images are in XPL.   
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Figure 4-19: Locally aligned fractures in quartz grains in artificially shocked sample J6-
Z, where Z indicates the thin section was cut perpendicular to the Z-measurement 
direction.  The left image is XPL and the right image is PPL.   
 

The fracture density count results in Figure 4-20 indicate the average number of 

concentric and radial fractures that intersect a one centimeter transect in each of the 

selected sample cubes.   The fracture density in relatively unshocked material can be 

estimated from cube D9; this sample cube is far from the crater center and removed from 

the sample edge which reduces artifacts caused by reflected waves.  D9 yields 

background radial and concentric fracture densities of 3.8 and 8.1 fractures per cm 

respectively.  8.1 fractures per cm should be considered an upper limit for the background 

density of concentric fractures as two lower values, 5.0 and 5.6, are located in nearby 

cubes E7 and F6.  The fracture densities are not systematic as expected and cannot be 

easily contoured.  The density counts are useful in obtaining a general picture of the zone 

of impact induced damage.   

In general, higher concentric and radial fracture densities are closer to the crater 

center and lower fracture densities occur as distance from the crater center increases.  

Four sample cubes exhibit anomalous radial and concentric fracture densities; C3, F11, 
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H7, and I2.  C3 and F11 have anomalously high radial and concentric fracture 

densities for their considerable distance from the crater center.  These high fracture 

densities are interpreted as products of waves reflected from the side and bottom of the 

granite block.  H7 has anomalously high radial and concentric fracture densities which 

are more difficult to interpret, perhaps this location represents an inherently weaker spot 

in the granite.  I2 has anomalously low radial and concentric fracture densities 

considering its close proximity to the crater center.  Deformation in this area may be 

expressed as several macroscale fractures as opposed to many microscale fractures.    

 

Figure 4-20: Radial and concentric fracture densities for selected sample cubes from 
artificially shocked target 117.  In general radial and concentric fracture densities are 
highest close to the crater center.  See text for a detailed discussion of anomalously 
fractures cubes I2, H7, C3, and F11.   
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4.2.1 Artificially Shocked Sample Discussion 

 Contoured profiles of elastic wave velocities provide information about the effects 

of oriented fracture networks on rock properties.  Anomalies with varying amplitude and 

extent correlate with impact induced features in artificially shocked targets viewed in 

hand sample and under high power magnification.   

 Compressional and shear wave velocity profiles indicate zones of fracturing 

produced during the impact event.  These profiles also highlight anomalies that correlate 

with fracturing attributed to shock waves reflected from the sides and bottom of the target 

block.  These fractures would not occur in nature where the shock waves would dissipate 

with distance rather than being reflected so close to the impact site.  Vp/Vs increases with 

shock in the artificially shocked samples.  This relationship is expected to hold true in 

ordinary chondrites (meteorites of high shock state should have high Vp/Vs values), 

however not enough shock state data are available to make a statistically significant 

evaluation at this time.   

 The Vp/Vs profiles show the relative reductions in compressional and shear wave 

velocities; this is important in discerning the different responses compressional and shear 

wave have to the presence of oriented fractures.  These plots minimize the artifact 

anomalies caused by reflected waves.  Noise and background variability due to 

measurement uncertainty is reduced in these plots producing a relatively crisp picture of 

the shock induced velocity anomalies while minimizing reflected wave signatures.  

Consequently these plots yield the best information on the extent and intensity of impact 

induced damage.  This has implications for delineating impact induced damage beneath 
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terrestrial craters.  Seismic surveys employing multiple transects of different 

orientations could be used to define zones of radial and concentric fractures in the 

subsurface.  Aside from mapping impact induced damage, other applications include 

mapping fracture intensity in potential hydrocarbon and aqueous reservoirs.    

 Measurements by Ai (2006) indicate that shocked material extends ~5.5 cm from 

the crater center line.  Measurements from this study indicate more extensive anomalies 

that reach up to 8-9 cm below the crater and extend 5-6 cm laterally from the crater 

center line.  The compressional wave velocity profiles measured by Ai (2006) are 

smoother and exhibit more gradual edges than observed in this study suggesting data 

smoothing or rounding was employed.  In addition, measurements by Ai (2006) do not 

display as prominent anisotropy as observed in this study.   
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Chapter Five: Summary and Conclusion 

Four main objectives were outlined in the project introduction: (1) confirm (or 

reject) previously identified elastic wave velocity/physical property trends in ordinary 

chondrites, (2) describe the pore geometries present in meteorites, (3) test the hypothesis 

that variations in pore geometry associated with petrologic type result in reduced elastic 

wave velocities in meteorites of high petrologic type, and (4) use artificially shocked 

terrestrial rock samples to explore fracture porosity, in particular elastic wave velocity 

anomalies associated with fracture populations of varying density and orientation. 

Quantitative (and qualitative) meteorite and artificially shocked sample physical 

and elastic property data were collected to complete the four objectives.  Compressional 

and shear wave transducers were used to measure elastic wave velocities through 

meteorite slabs and artificially shocked sample cubes.  Meteorite bulk density 

measurements were collected via an Archimedean method employing glass beads as the 

fluid, and in some cases through precise volume measurements using digital calipers and 

gridded paper; meteorite grain densities were measured in a He-pycnometer.  Meteorite 

pore geometries and artificially shocked sample fracture characteristics, density, and 

orientation were observed in thin section using a petrographic microscope.   

This study was able to confirm five previously identified trends identified by 

Hons (2004) for ordinary chondrites and demonstrate that these trends are exhibited in 

the H- and L-chondrite sub-populations (trends 2 and 4 were also documented in LL-

chondrites): (1) velocity increases with terrestrial weathering time and porosity decreases 

with increasing terrestrial weathering times,  (2) elastic wave velocity increases with 
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meteorite bulk density, (3) velocity decreases with metamorphic grade/petrologic type 

in ordinary chondrite fresh falls, (4) elastic wave velocity increases with meteorite 

darkness in ordinary chondrites, and (5) elastic wave velocity decreases as total porosity 

increases.  Porosity data confirms the trend first suggested by Yomogida and Matsui 

(1983) for H-chondrites; average porosity decreases in H- and L-chondrites of high 

petrologic type.  Five new trends were identified; bulk density decreases with increasing 

terrestrial residence time, total porosity decreases with increasing shock state in H- and 

L-chondrites, bulk density increases with petrologic type in H-chondrites, Poisson’s Ratio 

and Vp/Vs decrease with increasing petrologic type in H-chondrites, and Poisson’s ratio 

and Vp/Vs may decrease with increasing porosity.   

Bulk density measurements of the fresh fall Buzzard Coulee demonstrates that 

ordinary chondrites can exhibit significant bulk density ranges due to variations in 

porosity.  Correlation between low bulk density and small sample size suggests that the 

zones of lower bulk density may preferentially break apart into smaller pieces when 

passing through the Earth’s atmosphere.    

Three pore geometries were observed in ordinary chondrites (and some other 

chondrites and achondrites): (1) fracture porosity (microns to hundreds of microns in 

diameter and microns to millimeters in length), (2) rounded to irregular equi-dimensional 

to ovoid pores, and (3) intragranular/intracrystalline porosity including all irregular voids 

between grains and along grain contacts.  Correlations were absent between meteorite 

pore geometry and physical properties; this disproves the hypothesis that variation in 

meteorite elastic wave velocity with petrologic type is due to a systematic change in pore 

shape.  This suggests that the decrease in elastic wave velocities in meteorites of high 
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petrologic type is due to variations in mineralogy, phase texture, or a combination of 

mineralogy and phase texture (or factors that have not been identified in this study).   

The explanation for the meteorite darkness – elastic wave velocity trend is not 

known.  No relationship exists between meteorite darkness and total porosity or bulk 

density indicating that the increase in elastic wave velocities in dark meteorites is not a 

result of decreased porosity values relative to lighter meteorites.  In addition no apparent 

correlation exists between pore geometry and meteorite darkness; both dark and light 

meteorites can contain the three different pore geometries defined in this study.  In the St-

Robert breccia the dark matrix contains more fractures and other pore spaces than the 

light clasts and thus the dark matrix has lower elastic wave velocities than the light clasts.  

This is the opposite to the general trend and illustrates that the elastic wave velocity 

relationships are influenced by numerous factors.   

Work on the St-Robert breccia demonstrates that breccia fragments and matrix can 

contain variations in the amount of total porosity and the pore geometries present.  

Although no correlation was found between brecciation and porosity, some breccias may 

contain fracture porosity induced during shock events.  The Buzzard Coulee breccia 

exhibits a bimodal bulk density distribution due to variations in porosity which may 

represent the physical characteristics of clasts and matrix.  Future work will attempt to 

correlate the two bulk density clusters with the breccia clasts and matrix.  Most of the 

small Buzzard Coulee samples do not show any evidence of brecciation; only two small 

hand samples and one large slab contain visible clasts and matrix.  This highlights the 

importance of studying several samples of individual falls to gain a more complete 

understanding of the heterogeneity present in the meteorite.   



 

 

147 

Four of the fracture types observed by Polansky and Ahrens (1990) are 

observed in artificially shocked hand samples; the pulverized zone (shear fractures), 

radial fractures, concentric fractures, and spall fractures.  The elastic wave velocity 

profiles obtained for artificially shocked target 117 indicate that impact induced damage 

is more extensive than the extent of macroscale fractures visible to the unaided eye.  

Elastic wave velocity profiles for artificially shocked target 117 illustrate anomalies 

related to impact induced damage.  The density of microscale fractures increases with 

proximity to the crater center and intensely fractured regions correlate with zones of 

reduced elastic wave velocity.  Profiles representing three measurement orientations (X, 

Y, and Z) demonstrate that the elastic wave velocities of the artificially shocked samples 

are anisotropic with the greatest reductions observed in the X orientation (although peak 

reductions are sometimes higher in the Z-direction, the extent of the anomalies in the X-

direction is greater).  This anisotropy has implications for determining the types and 

orientations of fractures present in the subsurface beneath terrestrial craters.   

Investigation of meteorite elastic wave and physical properties exposed 

knowledge gaps.  Few shock state data are available in the literature for meteorite falls, 

thus statistically significant comparisons of shock state and meteorite physical and elastic 

properties were not possible.  Future work should include a detailed investigation of the 

relationship (if any) between meteorite shock state and meteorite darkness.  Further 

investigation of the shock state-porosity trend identified in H- and L-chondrites should be 

completed and extended to include LL-chondrites provided that more shock state data 

become available.   
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APPENDIX A: SELECTED LITERATURE COMPARISON PLOTS WITH 

UNCERTAINTY RANGES 

 

Figure A-1: Grain density literature comparison plot with estimated uncertainties.  
Uncertainties for the grain densities collected in this study are one standard deviation as 
determined by the He-pycnometer.   
 

 

Figure A-2: Bulk density literature comparison plot with estimated uncertainties.  
Uncertainties for the bulk densities collected in this study are one standard deviation for 
each set of five bulk density data for each meteorite.   
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Figure A-3: Compressional wave velocity literature comparison plot with uncertainties.  
This plot shows data collected in this study and data from Hons (2004).    

 

Figure A-4: Shear wave velocity literature comparison plot with uncertainties.  This plot 
shows data collected in this study and data from Hons (2004).   
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APPENDIX B: METEORITE DATA TABLES 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*Note: Porosity value for St-Robert was reported by Leya et al., 2001. 

Sample ASU Sample #
Grain 

Density

Measured 

Bulk 

Density

Corrected 

Bulk 

Density

Porosity
Model 

Porosity

P-wave 

Velocity

S-wave 

Velocity
Vp/Vs

Shear 

Modulus

Bulk 

Modulus

Poisson's 

Ratio

Young's 

Modulus

Florence 218 3.17 3.30 9.07 2729 1582 1.73 8.26 13.57 0.25 20.60

Dhajala ASU 1053_1 3.12 3.15 13.16

Bath ASU 713_1 3.36 3.39 6.70

Beaver Creek ASU 15_2 3.68 3.02 3.06 16.9 15.73

Bielokrynitschie 150s 3.61 3.22 3.35 7.3 7.75 3850 2042 1.89 13.97 31.01 0.30 36.43

Forest Vale 961 3674 2288 1.61 0.18

Kesen ASU 362_2_2 3.63 3.29 3.35 7.7 7.68

Menow 1112 2.95 2.99 17.75 4047 2408 1.68 17.31 25.81 0.23 42.45

Monroe ASU 274_2_1

Ochansk ASU 304.2 3.71 3.11 3.17 14.4 12.57

Phum Sambo 1189 3.6 3.25 3.41 6.4 5.98 3052 1528 2.00 7.96 21.17 0.33 21.23

Quenggouk ASU 265s

Sena 785 2.52 2.56 29.40 2815 1669 1.69 7.14 10.80 0.23 17.54

Seres ASU 1115 3.7 3.49 3.52 5.6 2.98

Slavetic 1143

Tysnes Island 770 3.32 3.42 5.80 4424 2368 1.87 19.18 41.35 0.30 49.83

Weston ASU238 B 3.65 3.12 3.15 13.7 13.20

Yonozu 775 3.5 3.04 3.15 9.0 13.14 4303 2717 1.58 23.28 27.35 0.17 54.40

Beardsley 134ax 3.43 3.36 3.47 4.47 5208 2784 1.87 26.87 58.24 0.30 69.87

Chela 1459 3.37 3.37 7.16 4099 2330 1.76 18.29 32.24 0.26 46.15

Forest City 49f 3.43 3.27 3.40 0.8 6.35 4921 2658 1.85 24.01 50.32 0.29 62.14

Gao-Guenie 1405 3.31 3.38 6.80 3610 2446 1.48 20.25 17.10 0.08 43.55

Kilbourn 250 3.27 3.42 5.71 2653 1775 1.49 10.79 9.71 0.09 23.62

Laborel 950 3.47 3.61 0.54 4792 2911 1.65 30.60 42.10 0.21 73.90

Leighton 1192 3.38 3.45 5.03 4943 2912 1.70 29.23 45.27 0.23 72.16

Nuevo Mercurio 1172Db 3.07 3.10 14.58 4344 2352 1.85 17.15 35.64 0.29 44.33

Rancho de la 

Presa 98.1x 3.32 3.45 4.85 2066 1249 1.65 5.39 7.57 0.21 13.06

Rose City 301 3.63 3.40 3.54 2.3 2.35 5376 2998 1.79 31.86 59.97 0.27 81.20

St-Robert Dark 

Matrix UofC Sample 3.27 3.32 9.9 8.60 1753 1060 1.65 3.73 5.23 0.21 9.04

St-Robert Light 

Clasts UofC Sample 3.27 3.32 9.9 8.54 2574 1516 1.70 7.63 11.82 0.23 18.84

Yatoor 259b 3.21 3.27 10.05 4007 2286 1.75 17.06 29.68 0.26 42.95

Zebrak 860 3.57 3.23 3.33 6.6 8.19 3767 2285 1.65 17.40 24.09 0.21 42.08

Archie 175ax 3.31 3.22 3.43 5.53 2364 786 3.01 2.12 16.34 0.44 6.09

Benld 1173 3.33 3.37 7.23 2558 1628 1.57 8.92 10.14 0.16 20.69

Benoni 837 3.08 3.22 11.43 2097 1309 1.60 5.51 6.80 0.18 13.01

Moti-Ka-Nagla 967 3.18 3.41 6.00 4452 2955 1.51 29.81 27.90 0.11 65.94

H-Chondrites

* 
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Sample
ASU Sample 

#

Grain 

Density

Measured 

Bulk 

Density

Corrected 

Bulk 

Density

Porosity
Model 

Porosity

P-wave 

Velocity

S-wave 

Velocity
Vp/Vs

Shear 

Modulus

Bulk 

Modulus

Poisson's 

Ratio

Young's 

Modulus

Bovedy 1373 3.28 3.31 5.7 4078 2592 1.57 22.25 25.40 0.16 51.66

Khohar 623 3.21 3.31 5.6 4621 2569 1.80 21.88 41.60 0.28 55.85

Mezo-Madaras 3.42 3.50 0.3

Bald Mountain 302 3.26 3.30 6.0 2267 1468 1.54 7.11 7.47 0.14 16.19

Kediri 1000.5 3.44 3.18 3.26 5.4 7.3 4410 2273 1.94 16.81 40.88 0.32 44.35

Tennasilm 863 3.49 3.08 3.17 9.1 9.6 2179 1282 1.70 5.22 8.10 0.23 12.89

Ergheo 45 3.30 3.32 5.3 6327 3164 2.00 33.28 88.74 0.33 88.74

Farmington 48.5 3.45 3.25 3.28 4.9 6.5 5542 3244 1.71 34.54 54.74 0.24 85.62

Fukutomi 647 3.22 3.31 5.8 4122 2307 1.79 17.59 32.71 0.27 44.75

Homestead 59b 3.19 3.312514 5.6 2519 1658 1.52 9.11 8.88 0.12 20.36

Kenna (b) 1049 3.13 3.13 10.8 5586 3263 1.71 33.33 53.25 0.24 82.72

Mbale

1410.11, 

1410.10 3.5 3.23 3.273891 6.5 6.7 2732 1720 1.59 9.69 11.51 0.17 22.70

Park Forest 1493 3.30 3.30 6.0 4278 2139 2.00 15.10 40.26 0.33 40.26

Tadjera 949 3.31 3.31 5.7 4905 3390 1.45 38.04 28.93 0.04 79.34

Umm Ruaba 1051 3.30 3.37 4.0 2941 1793 1.64 10.83 14.70 0.20 26.09

Air 1326 3.13 3.20 8.8 4579 2867 1.60 26.30 32.02 0.18 61.94

Aleppo 957 3.12 3.12 11.1 1672 1098 1.52 3.76 3.71 0.12 8.43

Bachmut 576 3.17 3.25 7.4 1995 1250 1.60 5.08 6.16 0.18 11.95

Bruderheim 705.4 3.57 3.35 3.38 5.5 3.8 1578 920 1.72 2.86 4.59 0.24 7.10

Buschhof 958 3.15 3.28 6.6 1908 1139 1.68 4.25 6.28 0.22 10.40

Chateau-Renard 333s 3.17 3.277348 6.6 2902 1912 1.52 11.98 11.62 0.12 26.76

Dandapur 948 3.3 3.3 6.0 2405 1453 1.65 6.97 9.80 0.21 16.90

Forksville 273 3.25 3.29 6.2 2075 979 2.12 3.15 9.97 0.36 8.55

Jackalsfontein 

Dark Matrix 836 3.33 3.17 3.28 6.5 4793 2687 1.78 23.70 43.84 0.27 60.25

Jackalsfontein 

Light fragments 836 3.33 3.17 3.28 6.6 4085 2702 1.51 23.94 22.81 0.11 53.21

Lanxi 1417 3.38 3.42 2.6 1997 1099 1.82 4.13 8.13 0.28 10.60

Leedey 489.15 3.48 3.16 3.16 9.3 10.0 1879 1027 1.83 3.34 6.70 0.29 8.58

Lundsgard 973 3.6 3.18 3.215466 9.4 8.4 2571 1586 1.62 8.09 10.47 0.19 19.30

Mauerkirchen 726 3.08 3.15 10.4 1831 792 2.31 1.97 7.92 0.39 5.46

Nakhon Pathom 

dark matrix 1327 3.53 3.40 3.44 2.0 2932 2034 1.44 14.24 10.59 0.04 29.49

Nakhon Pathom 

light fragments 1327 3.53 3.40 3.44 2.0 2142 1469 1.46 7.42 5.88 0.06 15.68

L-Chondrites
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Sample
ASU    

Sample #

Grain 

Density

Measured 

Bulk 

Density

Corrected 

Bulk 

Density

Porosity
Model 

Porosity

P-wave 

Velocity

S-wave 

Velocity
Vp/Vs

Shear 

Modulus

Bulk 

Modulus

Poisson's 

Ratio

Young's 

Modulus

Nakhon Pathom 

whole sample 1327 3.55 3.40 3.44 3.1 2.0

New Concord 202.3 3.58 3.19 3.19 11.0 9.3 3214 2042 1.57 13.28 15.19 0.16 30.85

Segowlie 626.1 3.48 3.29 3.33 4.2 5.2 5151 3152 1.63 33.08 44.23 0.20 79.44

Tenham Dark 

Matrix 674.1, 674.6 3.29 3.35 4.5 5610 2784 2.02 25.97 70.87 0.34 69.43

Tenham Light 

Clasts 674.1, 674.6 3.29 3.35 4.6 4713 2794 1.69 26.16 39.54 0.23 64.30

Troup 276a 3.33 2613 1753 1.49 0.09

Zemaitkiemis 1407 3.14 3.33 5.0 2910 1591 1.83 8.44 16.99 0.29 21.72

Knyahinya 153a 3.24 3.29 6.3 5346 3071 1.74 31.04 52.65 0.25 77.83

L-Chondrites Continued
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Density Literature Comparison 

 

 

 

 

 

Sample
ASU Sample 

Number

Grain 

Density 

(g/cc)

Consolmagno 

and Britt (2003) 

Grain Density 

(g/cc)

Corrected 

Bulk 

Density 

(g/cc)

Consolmagno 

and Britt (2003) 

Bulk Density 

(g/cc)

Hons(2004) Bulk 

Density (g/cc)

Yomogida and 

Matsui (1983) 

Bulk Density 

(g/cc)

Flynn et al. 

(1999) Bulk 

Density (g/cc)

Murchison 828.33 2.96 2.86 2.27 2.37 2.37

Dhajala ASU 1053_1 3.15 3.24

Bath ASU 713_1 3.69 3.39 3.44

Beaver Creek ASU 15_2 3.68 3.06 3.14

Bielokrynitschie 150s 3.61 3.70 3.35 3.59 3.52

Menow 1112 3.67 2.99 3.09

Ochansk ASU 304.2 3.71 3.62 3.25 3.26

Seres ASU 1115 3.70 3.71 3.52 3.46

Weston ASU238 B 3.65 3.63 3.15 3.30

Agen 3.67 3.36 3.38

Beardsley 134ax 3.43 3.47 3.48

Bur-Gheluai 3.70 3.54

Forest City 49f 3.43 3.76 3.40 3.38

Laborel 950 3.61 3.33

Nuevo Mercurio 1172Db 3.10 3.06

Rose City 301 3.63 3.74 3.54

Vernon County 3.69 3.25 3.22

Mezo-Madaras 3.56 3.50 3.46

Tennasilm 863 3.49 3.56 3.17 3.20

Ergheo 45 3.32 3.32

Farmington 48.5 3.45 3.45 3.28 3.39 3.43 3.40

Fukutomi 647 3.49 3.31 3.42

Homestead 59b 3.75 3.31 3.40

Mbale 1410.11, 1410.10 3.52 3.25 3.32

Bachmut 576 3.55 3.25 3.33

Bruderheim 705.4 3.57 3.44 3.38 3.34

Chateau-Renard 333s 3.55 3.28 3.48

Jackalsfontein 

Dark Matrix 836 3.33 3.28 3.13

Jackalsfontein 

Light fragments 836 3.33 3.28 3.13

Leedey 489.15 3.48 3.63 3.16 3.25 3.25

Lundsgard 973 3.55 3.22 3.25

Mauerkirchen 726 3.15 3.29

New Concord 202.3 3.58 3.57 3.19 3.33 3.27

Segowlie 626.1 3.48 3.47 3.33 3.41

Tenham Dark 

Matrix 674.1, 674.6 3.35 3.36

Tenham Light 

Clasts 674.1, 674.6 3.35 3.36

Knyahinya 153a 3.50 3.29 3.35

Parnallee 93a 3.41 3.45 3.28 3.23 3.15

Olivenza 716 3.47 3.17 3.31

Paragould 95ax 3.25 3.41

Tuxtuac ASU 1218 3.17 3.24

Dhurmsala ASU 41a 3.47 3.34 3.33

Mangwendi 865 3.55 3.69 3.43 3.15

Ottawa ASU 870 3.51 3.54 2.98 3.29



 

 

172 

Elastic Wave Velocity Literature Comparison 
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APPENDIX C: ARTIFICIALLY SHOCKED SAMPLE DATA TABLES 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*Note that negative damage parameter values indicate that the measured elastic wave 
velocity is slightly greater than the round number chosen as the unshocked velocity and 
should be interpreted as zero.   
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*Note that negative damage parameter values indicate that the measured elastic wave 
velocity is slightly greater than the round number chosen as the unshocked velocity and 
should be interpreted as zero.   
 

 



 

 

178 

APPENDIX D: R2 PROBABILITY TABLE 

The following table indicates the probability of achieving a specified R or R2 value for a 

given sample size from a random population where R and R2 are = 0.  For example, the 

probability of achieving a R2 value of 0.1 with a sample size of 10 from a random 

population is 37%.   Similarly the probability of achieving an R2 value of 0.1 with a 

sample size of 50 from a random population is 3%.  This demonstrates that small R2 

values may indicate statistical significant trends despite scatter in the data.  Coefficient 

calculator from <http://faculty.vassar.edu/lowry/ch4apx.html>.   

 

Sample Size 
R2 =  0.1 

R = 0.316 

R2 = 0.2 

R = 0.447 

R2 = 0.4 

R = 0.632 

10 37% 20% 5% 

25 12% 3% 0.001% 

50 3% 0.001% 0.000001% 

 

 

  




