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Abstract

The response of asteroids to hypervelocity impact influences momentum transfer
in cratering and fragmentation in disruptive collisions, which together limit the
maximum change in velocity (AVmax) that can be imparted by a single kinetic impact.
For Qr, the energy per unit target mass for onset of fragmentation, B, the ratio of
impactor momentum to momentum acquired by the target, and vi, the impactor mass:
AVmax = 2QrP/vi. Hydrocode modeling indicates B decreases with increasing target
porosity, and, Q*c, the energy for the onset of catastrophic disruption, increases with
increasing target porosity or decreasing target strength. To test this, we performed
hypervelocity cratering and disruption experiments on three asteroid samples of
similar compositions but different porosities (P) and compressive strengths (S): the
low porosity L3 Ordinary Chondrite (OC) meteorite Aba Panu (P ~3.1%, S = 438 MPa),
the intermediate porosity L3-6 OC Northwest Africa 869 (NWA 869) (P ~7.8%, S = 87
MPa), and the high porosity L4 OC Saratov (P ~14.1%, S = 0.97 MPa). 3 followed the
pattern expected from modeling: B = 3.5 for Aba Panu, 2.7 for NWA 869, and 2.5 for
Saratov. However, the decrease in B with increasing porosity is not as strong as
suggested by hydrocode modeling. The energy required for catastrophic disruption
(Q*c) deviated from modeling that indicates more porous targets should be more
resistant to disruption. Saratov gave Q*c = 1,090 J/kg, comparable to the low-porosity
OC Aba Panu (Q*c = 1,230 J/kg) but much lower than the 1,990 J/kg we measured for
the intermediate porosity OC NWA 869. Earlier work by other investigators proposed
that for disruptive events Q*c is proportional S%45. Using this approach, we found a
power law behavior between Q*c/S%4® and (1 — P), indicating that, for these three L-
type OCs, the dependence of Q*c on strength can be separated from the dependence
on porosity. Further, we determined Q*r, the energy per unit target mass for the onset
of fragmentation, and calculated AVmax, for each ordinary chondrite There is only a
small difference between AVwmax values for these three meteorites vary, which vary
from 0.61 to 1.32 m/s, compared to the factor-of-seven difference we reported
between NWA 869 and the anhydrous carbonaceous chondrite Northwest Africa 4502.
This suggests remote sensing demonstrating an asteroid is similar to an L-type OC
may be sufficient for selecting the impactor mass and speed for a kinetic impact
deflection that avoids significant fragmentation.



Keywords: Hypervelocity Impact Cratering, Hypervelocity Impact Fragmentation,
Meteorites, Ordinary Chondrites, Kinetic Impact Deflection

1. Introduction

Kinetic impact deflection, which was demonstrated by the NASA Double Asteroid
Redirection Test (DART) spacecraft [1], is regarded as the most mature technology
currently available for deflection of a monolithic asteroid up to a few hundred meters
in diameter that is on a collision course with the Earth [2]. However, a successful
kinetic impact deflection requires a knowledge of the momentum added by the impact
or sequence of impacts as well as the maximum kinetic energy that can be deposited
in the target without fragmentation, since this could leave a fragment of the target on
a collision course with the Earth.

The momentum transferred to a monolithic rock target in a hypervelocity kinetic
impact is observed to be greater than the original momentum of the projectile because
of the ejection of cratering debris in a direction approximately opposite to the flight
direction of the projectile. In a cratering impact on a monolithic target the recoil
momentum has contributions from two factors:

1) the momentum of the impactor, and,
2) the momentum provided by the crater ejecta.

The total momentum transferred in a cratering impact is characterized by a factor
B, which is the ratio of the increase in momentum of the target to the momentum of the
projectile, where:

B=1+pe/pi (Equation 1)

where pe is the momentum of the crater ejecta and pi is the impactor momentum. So,
Bis 1 in the absence of crater ejecta and (B -1) is the momentum enhancement from
the crater ejecta.

To avoid fragmentation, which could leave a large piece of the target asteroid on a
collision course with Earth, the maximum change in velocity, AVmax, that can be
achieved in a single kinetic impact is restricted by the requirement:

AVmax = 2 B Q*F/vi (Equation 2)

where Q*r is the energy per unit target mass where the outcome of an impact
transitions from cratering to fragmentation, and vi is the speed of the impactor relative
to the asteroid [3]. Thus, both  and Q*r must be known for the asteroid in question in
order to design a successful kinetic impact deflection mission.

Modeling of hypervelocity impacts has provided insights into the expected
dependance of collisional outcomes, particularly B and Q*r, on the strength and
porosity of the target asteroid. Compaction of porous material is expected to help
absorb the impact energy and reduce the transmission of shock, localizing much of
the damage to the immediate region of the impact [4]. The impact modeling generally
indicates that lower strength and/or higher porosity increases the collisional survival
of a monolithic asteroid by requiring a higher energy for fragmentation [5, 6]. However,
most of this modeling employs the physical properties of terrestrial rocks.

Asteroids span a wide diversity of mineralogical compositions, porosities, and
strengths. Stickle et al. [5, 6] showed that the two most important physical properties



of the target affecting the modeled outcome of hypervelocity impact are the target
strength and the target porosity. Thus, a knowledge of the strength, porosity, and likely
the mineralogical composition of the target asteroid are each critical in insuring a
successful kinetic impact deflection. The mineralogical composition of an asteroid can
be determined remotely by reflection spectroscopy using terrestrial or space-based
telescopes. However, the porosity of an asteroid is usually determined by gravitational
perturbation. This requires either another relatively nearby, large asteroid or a flyby
spacecraft. A strength determination generally requires a lander spacecraft to sample
and test the underlying bedrock.

Meteorites provide laboratory samples of their asteroidal parent bodies, allowing
measurement of the porosity and strength of samples of a variety of asteroid parent
bodies. The recovered meteorites provide direct evidence for the diversity of
mineralogies, strengths, and porosities among the Near-Earth Objects (NEOs).
However, the weakest meteors fragment so severely during atmospheric deceleration
that this group is not well sampled by the meteorites since only dust survives.

The recovered meteorites range from the weak, highly porous CI1 carbonaceous
chondrites like Orgueil to the strong, low porosity iron meteorites like Canyon Diablo.
The types and relative frequencies of meteorite falls provide some indication of the
mineralogy, porosity, and strength range of the population of NEOs. The recovery of
observed meteorite falls provides an indication of the relative abundance of each type
in near-Earth space. Iron meteorites constitute less than 4% of all falls, stony-iron
meteorites about 1.0%, and stony meteorites about 95%.

The ordinary chondrites are the most common stony meteorites that fall to Earth.
Among the ordinary chondrites, there are three distinct types based on their
mineralogies: the high-iron or H-type, the low-iron or L-type, and the very low iron or
LL-type. The physical properties, including the mineralogies, the porosities, and the
compressional and tensile strengths, of the stone meteorites, which constitute about
95% of all meteorite falls, were summarized in reviews by Flynn et al. [7] and Ostrowski
and Bryson [8]. These reviews are consistent with the observation of Slyuta et al. [9]
that: “There are no analogues among terrestrial igneous and sedimentary rocks and
ores... [for the] set of physical and mechanical properties of the meteorites.” Slyuta et
al. [9] indicated that knowledge of meteorite or meteorite-analog physical properties is
critical to estimating the hazard of asteroidal impacts, creating engineering models for
asteroid sample collection, and understanding the requirements for asteroid
deflection.

2. Samples

To characterize the response of asteroid material to hypervelocity impacts we
performed hypervelocity impact cratering and disruption experiments on three L-type
ordinary chondrite meteorites, Aba Panu, Northwest Africa 869 (NWA 869), and
Saratov. Since all three a L-type ordinary chondrites, they have very similar
mineralogies, and thus similar remote sensing spectra. These three L-type meteorites
were selected for our study because they were minimally weathered by exposure on
the Earth, they were not severely shocked during residence near the surface and
during ejection from their parent bodies, and they were available in sufficient quantity
and size for the experiments. These three L-type ordinary chondrites span most of the
strength range and much of the porosity range of the ordinary chondrite meteorites.



Table 1: Physical Properties and Impact Outcomes for three L-type Meteorites.

Porosity | Comp. Strength | Speed of Q*c Q*e A Vinax
Meteorite | Type | (%) (MPa) Sound (m/s) B J/kg) | (3/kg) | at~5kmss
Aba
Panu L3 3.1 438 5,100 3.7 | 1,230 | 680 1.01
NWA 869 | L3-6 | 7.8 87 3,280 2.5 1,990 | 1320 | 1.32
Saratov L4 14.1 0.97 2,350 2.3 | 1,090 | 660 0.61

We performed physical properties measurements, including the bulk and grain
densities, allowing determination of the porosity, the unconfined compressive strength,
the speed of sound, and Young’s modulus on each of the three meteorites (Table 1).
The grain volume was determined using Ideal Gas Pycnometry and the bulk volume
was determined by laser scanning to target, as described by Macke et al. [10, 11].
These values were used to determine the grain density (pg) and the bulk density (pb)
of each target type. The target porosity (P) was then determined using:

P=1-pv/pg (Equation 3)

The unconfined compressive strengths of NWA 869 and of Saratov were measured
on 1 cm cubes of each meteorite by applying a pressure across two opposite faces of
each cube using a hydraulic press to slowly increase the pressure until failure
occurred. The strength of Aba Panu is from Cotto-Figueroa et al. [12] The speed of
sound of Aba Panu and NWA 869 were measured using an ultrasonic thickness gauge
in @ mode that determines the sound speed when the sample thickness is known [13].
The speed of sound of Saratov samples was determined in earlier work [14].

These three L-type ordinary chondrites selected for our measurements span most
of the range of porosity, and strength of the ordinary chondrite meteorites.

Aba Panu is a low porosity L3 ordinary chondrite. It is a fresh fall, having a low
degree of terrestrial weathering (WO0), but is somewhat shocked (S4).

NWA 869 is an intermediate porosity, brecciated L3-6 ordinary chondrite. NWA 869
is a find, but it experienced a low degree of terrestrial weathering (W1) and lesser
shock (S3) than Aba Panu.

Saratov is a high porosity L4 ordinary chondrite. It is an observed fall having a low
degree of terrestrial weathering (WO0), but is somewhat shocked (S4).

2. Hypervelocity Impact Experiments

We conducted hypervelocity impact cratering and disruption measurements at the
NASA Ames Vertical Gun Range (AVGR). Each target was suspended from the ceiling
of the sample chamber on an ~2 m long fishing line. This allowed the targets to recoil
freely in cratering experiments and did not interfere with the disruption in fragmentation
experiments. The sample chamber was pumped to ~0.5 torr to minimize atmospheric
interference with the projectile. The impactors were solid aluminum spheres having
diameters of 1/16”, 1/8”, or 1/4” aimed at the center of each target. The speed of each
impactor was determined using a laser-interrupt system. The impactor speeds ranged
from 4.0 to 5.8 km/s. The AVGR and its gun chamber are described in detail by Karz
et al. [15]. Some of the hypervelocity cratering and disruption results for the NWA 869



meteorite were described in an earlier paper [16], which includes a complete
description of the experimental setup employed for these measurements.

For the fragmentation impacts all of the target material was recovered from the gun
chamber after each impact. The mass of the largest fragment produced in the impact,
ML, was compared to the initial mass of the target, Mr. Since no two individual rocks,
even from the same material, are identical in flaw distribution, shape, etc., the energy
required for fragmentation is usually determined from the outcomes of a series of
impacts conducted at different impactor specific energies, Q*, the impactor kinetic
energy per unit target mass [17]. The energy for the onset of catastrophic disruption
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mass, and the impactor mass and speed we determined the value of B. We also
determined the mass of the crater ejecta (Mt - ML), measured the depth and the
diameter of the crater, and determined the shape of the crater. The speeds of some of
the larger ejecta fragments were also determined to ensure consistency between the
measured recoil speed and the momentum carried by the crater ejecta. On the plots
of MU/Mr vs Q* these cratering impacts scatter around a horizontal line near MU/Mr =
0.98 (Figures 1, 2, and 3)).

We performed ten cratering experiments on Aba Panu at specific energies ranging
from 124 J/kg to 430 J/kg (Figure 1). These impacts gave a value of B = 3.7. The mass
of the crater ejecta ranged from 1 g to 5 g. with a mean of 2.8 g. We performed seven
cratering experiments on NWA 869 at specific energies ranging from 165 J/kg to 460
J/kg (Figure 2). These impacts gave a value of B = 2.5. The mass of the crater ejecta
ranged from <0.5 g to 5 g. with a mean of 2.6 g. We performed four cratering
experiments on NWA 869 at specific energies ranging from 115 J/kg to 363 J/kg
(Figure 3). These impacts gave a value of B =2.3. The mass of the crater ejecta ranged
from 2 g to 3 g. with a mean of 2.3 g. The craters in Aba Panu and NWA 869 were
approximately bowl shaped with depths approximately one-half their diameters. The
craters in Saratov were more elongated, approximating a cylindrical shape.

3. Discussion

Saratov has the lowest compressive strength and the highest porosity of any of
these three, L-type ordinary chondrites we measured. Based on hydrocode modeling,
Saratov was expected to be the most resistant of the three L-type ordinary chondrites
to fragmentation or disruption (i.e., have highest Q*r and Q*c). However, Saratov had
the lowest Q*r and Q*c of these three meteorites.

The ordinary chondrite meteorites have a two-component structure: strong, low
porosity chondrules consisting of crystalline olivine or pyroxene, embedded in a
weaker, more porous matrix. The increase in porosity generally corresponds to an
increase in the matrix porosity, leaving larger pore spaces that result in a decrease in
the connectivity between the chondrules. This is demonstrated by the systematic
decrease in the speed-of-sound from Aba Panu to NWA 869 to Saratov (Table 1).

Lewis et al. [18] used X-ray microtomography (UCT) and scanning electron
microscopy to examine the abundance and distribution of porosity in Saratov. They
found the porosity of the chondrules to be 1% to 2% by volume, and inferred a porosity
of the matrix to be 40 to 60%. The highly porous matrix in Saratov provides only
minimal, weak contacts between the chondrules. This is consistent with the low
unconfined compressive strength, only 0.97 MPa, and low speed of sound, only 2,350
m/s, measured in Saratov samples.

The ordinary chondrite structure consisting of strong chondrules weakly held
together by a minimal amount of matrix appears to be structurally similar to sintered
spheres. Love et al [19] performed hypervelocity impact disruptions on four sintered
glass sphere targets. None of their targets matched the strength and porosity of
Saratov, so they do not provide a direct comparison to Saratov. Their lowest
unconfined compressive strength target was 2 MPa, roughly comparable to Saratov,
but that sample had a porosity of 60%. They impacted two targets with roughly the
same porosity (37% and 39%) which differed in unconfined compressive strength by
more than a factor of five (7.9 and 44 MPa), and found their Q*c values differed by a
factor of two. To explain this difference, they used a result from Horz et al. [20], who
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indicated that Q*c was proportional to S%#%. They found a power law dependence
between Q*c/S%4% and (1 — P).

Following their approach, we divided the Q*c values we determined for each of the
three L-chondrites by S%45, and plotted log (Q*c/S%4%) versus log (1 — P). We followed
Love et al. [19] in plotting against (1 — P) since a power law cannot accommodate P =
0. The resulting log-log plot (Figure 4) shows a clear linear trend, with an R? value of
the fit equal to 0.99. This indicates that, at least for these three L-type ordinary
chondrites, which span most of the range of strength and porosity of the L-type
ordinary chondrites, the effects of unconfined compressive strength and porosity can
be separated. The resulting dependence of Q*c on S and P is:

Q*c = 42.25 S045 (1 — P)217 (Equation 4)

where Q*c is in J/kg for S in MPa.

The B values for these three L-type ordinary chondrites follow the pattern expected
from hydrocode modeling, with a progressive decrease in B with increasing porosity.
However, B is greater than 2 for each of the three L-type ordinary, indicating that the
crater ejecta contributes more momentum to the recoil than the direct transfer of
momentum by the impactor, even for the target with the highest porosity. The amount
of momentum transferred by the crater ejecta (B - 1) for the two porous meteorite
targets, NWA 869 and Saratov, significantly exceeds the modeled values for targets
of these porosities and impact speeds [21, 22], although modeling by Bruk Syal et al.
[21] gives higher B values for extremely weak targets (cohesive strength = 100 kPa) .
Some hydrocode models give (B— 1) <0.4 for targets with porosity like Saratov [22].
These B values exceeding 2 for the porous meteorites are consistent with an earlier
measurement of B = 2.1 for highly porous (estimated porosity of 70 to 85% based on
measurement of a bulk density of ~0.5 g/cm3) terrestrial basalt [23].

The mass of the crater ejecta was roughly the same for each of the three types of
targets. Since P decreases with increasing porosity, this indicates the mean ejecta
velocity decreased with increasing target porosity.

We tested if the same dependence on S%45 might explain the decrease in p with
porosity. The plot of log (B /S°%4°) versus log (1 — P) is consistent with a straight line
(Figure 5), suggesting that, for these three L-type ordinary chondrite targets, the
effects of unconfined compressive strength and porosity on 3 are also separable. The
resulting equation is:

B = 0.086 S045 (1 — P)208 (Equation 5)



where S is in MPa. As with the Q*c dependance, B shows a very strong dependance
on porosity (1 — P), with almost the same exponent as we found for the Q*c
dependence on (1 —P). This is consistent with results by Holsapple and Housen [24],
who also found that B depended strongly on porosity.

The determination of Q*r and B allows us to use Equation 1 to determine the
maximum change in velocity (AVmax) that could be imparted by a single kinetic impact
without disrupting the target at the 5 km/s impactor speed employed in our
experiments. For the low porosity meteorite Aba Panu AVmax = 1.01 m/s, for the
intermediate porosity meteorite NWA 869 AVmax = 1.32 m/s, and for the high porosity
meteorite Saratov AVmax = 0.61 m/s.

4. Conclusions

Based on hydrocode modeling, Saratov, which has the lowest compressive
strength and the highest porosity of the three L-type ordinary chondrites we studied,
would be expected to require the highest specific energy, Q*c, for the onset of
catastrophic disruption. Contrary to this expectation, Saratov has the lowest Q*c of
these three L-type ordinary chondrite meteorites. The intermediate porosity and
intermediate strength meteorite, NWA 869, has the highest Q*c of the three
meteorites, almost a factor-of-two higher than either Aba Panu or Saratov.

Although the data set is quite limited, these three L-type ordinary chondrites span
almost the entire ranges of porosity (P) and unconfined compressive strength (S)
reported in the literature for ordinary chondrite meteorites [7]. For these three L-type
ordinary chondrites, both Q*c and B depend on S°%4°, as suggested by Horz et al. [20]
for lunar rocks. Each shows a very strong dependence on (1 — P), with almost the
same exponent in each case, -21.7 for Q*c and -20.8 for 3. The good correlation of the
best fit line indicates that, at least for these three L-type ordinary chondrites, the effects
of unconfined compressive strength and porosity can be separated, and that the
behavior of Q*c and B are both very strongly dependent on sample porosity.

The measured values of B decrease with increasing porosity, as expected from
hydrocode modeling. However, B exceeds 2.0 for all three of these L-type ordinary
chondrites. This indicates that, in each case, the momentum transferred by the crater
ejecta exceeds the direct momentum transfer from the impactor. For both the
intermediate porosity NWA 869 and the high porosity Saratov cratering impacts, the
momentum enhancement from the crater ejecta is much higher than expected for
strong, medium to high porosity targets from hydrocode modeling [21, 22].

The mean crater ejecta mass is approximately the same for each of the three
meteorites. Ejecta mass and ejecta speed each affect the recoil. Since the ejecta
masses are approximately the same for these three target types, the measured
decrease in f indicates that the ejecta speed decreases with increasing porosity. This
is consistent with observations by Love at al. [19]. who found a decrease in ejecta
speed with increasing target porosity.

The maximum change in velocity that could be imparted by a single kinetic impact
without fragmenting the target is within a factor-of-two for these three L-type ordinary
chondrites, despite that large differences in porosity and strength. This suggests that
simply establishing that a monolithic asteroid is an L-type ordinary chondrite may be
sufficient for the design of a deflection mission.
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Abstract

The response of asteroids to hypervelocity impact influences momentum transfer
in cratering and fragmentation in disruptive collisions, which together limit the
maximum change in velocity (AVmax) that can be imparted by a single kinetic impact.
For Qr, the energy per unit target mass for onset of fragmentation, B, the ratio of
impactor momentum to momentum acquired by the target, and vi, the impactor mass:
AVmax = 2QrP/vi. Hydrocode modeling indicates B decreases with increasing target
porosity, and, Q*c, the energy for the onset of catastrophic disruption, increases with
increasing target porosity or decreasing target strength. To test this, we performed
hypervelocity cratering and disruption experiments on three asteroid samples of
similar compositions but different porosities (P) and compressive strengths (S): the
low porosity L3 Ordinary Chondrite (OC) meteorite Aba Panu (P ~3.1%, S = 438 MPa),
the intermediate porosity L3-6 OC Northwest Africa 869 (NWA 869) (P ~7.8%, S = 87
MPa), and the high porosity L4 OC Saratov (P ~14.1%, S = 0.97 MPa). 3 followed the
pattern expected from modeling: B = 3.5 for Aba Panu, 2.7 for NWA 869, and 2.5 for
Saratov. However, the decrease in B with increasing porosity is not as strong as
suggested by hydrocode modeling. The energy required for catastrophic disruption
(Q*c) deviated from modeling that indicates more porous targets should be more
resistant to disruption. Saratov gave Q*c = 1,090 J/kg, comparable to the low-porosity
OC Aba Panu (Q*c = 1,230 J/kg) but much lower than the 1,990 J/kg we measured for
the intermediate porosity OC NWA 869. Earlier work by other investigators proposed
that for disruptive events Q*c is proportional S%45. Using this approach, we found a
power law behavior between Q*c/S%4® and (1 — P), indicating that, for these three L-
type OCs, the dependence of Q*c on strength can be separated from the dependence
on porosity. Further, we determined Q*r, the energy per unit target mass for the onset
of fragmentation, and calculated AVmax, for each ordinary chondrite There is only a
small difference between AVwmax values for these three meteorites vary, which vary
from 0.61 to 1.32 m/s, compared to the factor-of-seven difference we reported
between NWA 869 and the anhydrous carbonaceous chondrite Northwest Africa 4502.
This suggests remote sensing demonstrating an asteroid is similar to an L-type OC
may be sufficient for selecting the impactor mass and speed for a kinetic impact
deflection that avoids significant fragmentation.
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1. Introduction

Kinetic impact deflection, which was demonstrated by the NASA Double Asteroid
Redirection Test (DART) spacecraft [1], is regarded as the most mature technology
currently available for deflection of a monolithic asteroid up to a few hundred meters
in diameter that is on a collision course with the Earth [2]. However, a successful
kinetic impact deflection requires a knowledge of the momentum added by the impact
or sequence of impacts as well as the maximum kinetic energy that can be deposited
in the target without fragmentation, since this could leave a fragment of the target on
a collision course with the Earth.

The momentum transferred to a monolithic rock target in a hypervelocity kinetic
impact is observed to be greater than the original momentum of the projectile because
of the ejection of cratering debris in a direction approximately opposite to the flight
direction of the projectile. In a cratering impact on a monolithic target the recoil
momentum has contributions from two factors:

1) the momentum of the impactor, and,
2) the momentum provided by the crater ejecta.

The total momentum transferred in a cratering impact is characterized by a factor
B, which is the ratio of the increase in momentum of the target to the momentum of the
projectile, where:

B=1+pe/pi (Equation 1)

where pe is the momentum of the crater ejecta and pi is the impactor momentum. So,
Bis 1 in the absence of crater ejecta and (B -1) is the momentum enhancement from
the crater ejecta.

To avoid fragmentation, which could leave a large piece of the target asteroid on a
collision course with Earth, the maximum change in velocity, AVmax, that can be
achieved in a single kinetic impact is restricted by the requirement:

AVmax = 2 B Q*F/vi (Equation 2)

where Q*r is the energy per unit target mass where the outcome of an impact
transitions from cratering to fragmentation, and vi is the speed of the impactor relative
to the asteroid [3]. Thus, both  and Q*r must be known for the asteroid in question in
order to design a successful kinetic impact deflection mission.

Modeling of hypervelocity impacts has provided insights into the expected
dependance of collisional outcomes, particularly B and Q*r, on the strength and
porosity of the target asteroid. Compaction of porous material is expected to help
absorb the impact energy and reduce the transmission of shock, localizing much of
the damage to the immediate region of the impact [4]. The impact modeling generally
indicates that lower strength and/or higher porosity increases the collisional survival
of a monolithic asteroid by requiring a higher energy for fragmentation [5, 6]. However,
most of this modeling employs the physical properties of terrestrial rocks.

Asteroids span a wide diversity of mineralogical compositions, porosities, and
strengths. Stickle et al. [5, 6] showed that the two most important physical properties



of the target affecting the modeled outcome of hypervelocity impact are the target
strength and the target porosity. Thus, a knowledge of the strength, porosity, and likely
the mineralogical composition of the target asteroid are each critical in insuring a
successful kinetic impact deflection. The mineralogical composition of an asteroid can
be determined remotely by reflection spectroscopy using terrestrial or space-based
telescopes. However, the porosity of an asteroid is usually determined by gravitational
perturbation. This requires either another relatively nearby, large asteroid or a flyby
spacecraft. A strength determination generally requires a lander spacecraft to sample
and test the underlying bedrock.

Meteorites provide laboratory samples of their asteroidal parent bodies, allowing
measurement of the porosity and strength of samples of a variety of asteroid parent
bodies. The recovered meteorites provide direct evidence for the diversity of
mineralogies, strengths, and porosities among the Near-Earth Objects (NEOs).
However, the weakest meteors fragment so severely during atmospheric deceleration
that this group is not well sampled by the meteorites since only dust survives.

The recovered meteorites range from the weak, highly porous CI1 carbonaceous
chondrites like Orgueil to the strong, low porosity iron meteorites like Canyon Diablo.
The types and relative frequencies of meteorite falls provide some indication of the
mineralogy, porosity, and strength range of the population of NEOs. The recovery of
observed meteorite falls provides an indication of the relative abundance of each type
in near-Earth space. Iron meteorites constitute less than 4% of all falls, stony-iron
meteorites about 1.0%, and stony meteorites about 95%.

The ordinary chondrites are the most common stony meteorites that fall to Earth.
Among the ordinary chondrites, there are three distinct types based on their
mineralogies: the high-iron or H-type, the low-iron or L-type, and the very low iron or
LL-type. The physical properties, including the mineralogies, the porosities, and the
compressional and tensile strengths, of the stone meteorites, which constitute about
95% of all meteorite falls, were summarized in reviews by Flynn et al. [7] and Ostrowski
and Bryson [8]. These reviews are consistent with the observation of Slyuta et al. [9]
that: “There are no analogues among terrestrial igneous and sedimentary rocks and
ores... [for the] set of physical and mechanical properties of the meteorites.” Slyuta et
al. [9] indicated that knowledge of meteorite or meteorite-analog physical properties is
critical to estimating the hazard of asteroidal impacts, creating engineering models for
asteroid sample collection, and understanding the requirements for asteroid
deflection.

2. Samples

To characterize the response of asteroid material to hypervelocity impacts we
performed hypervelocity impact cratering and disruption experiments on three L-type
ordinary chondrite meteorites, Aba Panu, Northwest Africa 869 (NWA 869), and
Saratov. Since all three a L-type ordinary chondrites, they have very similar
mineralogies, and thus similar remote sensing spectra. These three L-type meteorites
were selected for our study because they were minimally weathered by exposure on
the Earth, they were not severely shocked during residence near the surface and
during ejection from their parent bodies, and they were available in sufficient quantity
and size for the experiments. These three L-type ordinary chondrites span most of the
strength range and much of the porosity range of the ordinary chondrite meteorites.



Table 1: Physical Properties and Impact Outcomes for three L-type Meteorites.

Porosity | Comp. Strength | Speed of Q*c Q*e A Vinax
Meteorite | Type | (%) (MPa) Sound (m/s) B J/kg) | (3/kg) | at~5kmss
Aba
Panu L3 3.1 438 5,100 3.7 | 1,230 | 680 1.01
NWA 869 | L3-6 | 7.8 87 3,280 2.5 1,990 | 1320 | 1.32
Saratov L4 14.1 0.97 2,350 2.3 | 1,090 | 660 0.61

We performed physical properties measurements, including the bulk and grain
densities, allowing determination of the porosity, the unconfined compressive strength,
the speed of sound, and Young’s modulus on each of the three meteorites (Table 1).
The grain volume was determined using Ideal Gas Pycnometry and the bulk volume
was determined by laser scanning to target, as described by Macke et al. [10, 11].
These values were used to determine the grain density (pg) and the bulk density (pb)
of each target type. The target porosity (P) was then determined using:

P=1-pv/pg (Equation 3)

The unconfined compressive strengths of NWA 869 and of Saratov were measured
on 1 cm cubes of each meteorite by applying a pressure across two opposite faces of
each cube using a hydraulic press to slowly increase the pressure until failure
occurred. The strength of Aba Panu is from Cotto-Figueroa et al. [12] The speed of
sound of Aba Panu and NWA 869 were measured using an ultrasonic thickness gauge
in @ mode that determines the sound speed when the sample thickness is known [13].
The speed of sound of Saratov samples was determined in earlier work [14].

These three L-type ordinary chondrites selected for our measurements span most
of the range of porosity, and strength of the ordinary chondrite meteorites.

Aba Panu is a low porosity L3 ordinary chondrite. It is a fresh fall, having a low
degree of terrestrial weathering (WO0), but is somewhat shocked (S4).

NWA 869 is an intermediate porosity, brecciated L3-6 ordinary chondrite. NWA 869
is a find, but it experienced a low degree of terrestrial weathering (W1) and lesser
shock (S3) than Aba Panu.

Saratov is a high porosity L4 ordinary chondrite. It is an observed fall having a low
degree of terrestrial weathering (WO0), but is somewhat shocked (S4).

2. Hypervelocity Impact Experiments

We conducted hypervelocity impact cratering and disruption measurements at the
NASA Ames Vertical Gun Range (AVGR). Each target was suspended from the ceiling
of the sample chamber on an ~2 m long fishing line. This allowed the targets to recoil
freely in cratering experiments and did not interfere with the disruption in fragmentation
experiments. The sample chamber was pumped to ~0.5 torr to minimize atmospheric
interference with the projectile. The impactors were solid aluminum spheres having
diameters of 1/16”, 1/8”, or 1/4” aimed at the center of each target. The speed of each
impactor was determined using a laser-interrupt system. The impactor speeds ranged
from 4.0 to 5.8 km/s. The AVGR and its gun chamber are described in detail by Karz
et al. [15]. Some of the hypervelocity cratering and disruption results for the NWA 869



meteorite were described in an earlier paper [16], which includes a complete
description of the experimental setup employed for these measurements.

For the fragmentation impacts all of the target material was recovered from the gun
chamber after each impact. The mass of the largest fragment produced in the impact,
ML, was compared to the initial mass of the target, Mr. Since no two individual rocks,
even from the same material, are identical in flaw distribution, shape, etc., the energy
required for fragmentation is usually determined from the outcomes of a series of
impacts conducted at different impactor specific energies, Q*, the impactor kinetic
energy per unit target mass [17]. The energy for the onset of catastrophic disruption

Q%c, is determined from a plot of MU/Mr Figure 1: Mu/Mr vs Q* for Aba Panu.
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mass, and the impactor mass and speed we determined the value of B. We also
determined the mass of the crater ejecta (Mt - ML), measured the depth and the
diameter of the crater, and determined the shape of the crater. The speeds of some of
the larger ejecta fragments were also determined to ensure consistency between the
measured recoil speed and the momentum carried by the crater ejecta. On the plots
of MU/Mr vs Q* these cratering impacts scatter around a horizontal line near MU/Mr =
0.98 (Figures 1, 2, and 3)).

We performed ten cratering experiments on Aba Panu at specific energies ranging
from 124 J/kg to 430 J/kg (Figure 1). These impacts gave a value of B = 3.7. The mass
of the crater ejecta ranged from 1 g to 5 g. with a mean of 2.8 g. We performed seven
cratering experiments on NWA 869 at specific energies ranging from 165 J/kg to 460
J/kg (Figure 2). These impacts gave a value of B = 2.5. The mass of the crater ejecta
ranged from <0.5 g to 5 g. with a mean of 2.6 g. We performed four cratering
experiments on NWA 869 at specific energies ranging from 115 J/kg to 363 J/kg
(Figure 3). These impacts gave a value of B =2.3. The mass of the crater ejecta ranged
from 2 g to 3 g. with a mean of 2.3 g. The craters in Aba Panu and NWA 869 were
approximately bowl shaped with depths approximately one-half their diameters. The
craters in Saratov were more elongated, approximating a cylindrical shape.

3. Discussion

Saratov has the lowest compressive strength and the highest porosity of any of
these three, L-type ordinary chondrites we measured. Based on hydrocode modeling,
Saratov was expected to be the most resistant of the three L-type ordinary chondrites
to fragmentation or disruption (i.e., have highest Q*r and Q*c). However, Saratov had
the lowest Q*r and Q*c of these three meteorites.

The ordinary chondrite meteorites have a two-component structure: strong, low
porosity chondrules consisting of crystalline olivine or pyroxene, embedded in a
weaker, more porous matrix. The increase in porosity generally corresponds to an
increase in the matrix porosity, leaving larger pore spaces that result in a decrease in
the connectivity between the chondrules. This is demonstrated by the systematic
decrease in the speed-of-sound from Aba Panu to NWA 869 to Saratov (Table 1).

Lewis et al. [18] used X-ray microtomography (UCT) and scanning electron
microscopy to examine the abundance and distribution of porosity in Saratov. They
found the porosity of the chondrules to be 1% to 2% by volume, and inferred a porosity
of the matrix to be 40 to 60%. The highly porous matrix in Saratov provides only
minimal, weak contacts between the chondrules. This is consistent with the low
unconfined compressive strength, only 0.97 MPa, and low speed of sound, only 2,350
m/s, measured in Saratov samples.

The ordinary chondrite structure consisting of strong chondrules weakly held
together by a minimal amount of matrix appears to be structurally similar to sintered
spheres. Love et al [19] performed hypervelocity impact disruptions on four sintered
glass sphere targets. None of their targets matched the strength and porosity of
Saratov, so they do not provide a direct comparison to Saratov. Their lowest
unconfined compressive strength target was 2 MPa, roughly comparable to Saratov,
but that sample had a porosity of 60%. They impacted two targets with roughly the
same porosity (37% and 39%) which differed in unconfined compressive strength by
more than a factor of five (7.9 and 44 MPa), and found their Q*c values differed by a
factor of two. To explain this difference, they used a result from Horz et al. [20], who
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indicated that Q*c was proportional to S%#%. They found a power law dependence
between Q*c/S%4% and (1 — P).

Following their approach, we divided the Q*c values we determined for each of the
three L-chondrites by S%45, and plotted log (Q*c/S%4%) versus log (1 — P). We followed
Love et al. [19] in plotting against (1 — P) since a power law cannot accommodate P =
0. The resulting log-log plot (Figure 4) shows a clear linear trend, with an R? value of
the fit equal to 0.99. This indicates that, at least for these three L-type ordinary
chondrites, which span most of the range of strength and porosity of the L-type
ordinary chondrites, the effects of unconfined compressive strength and porosity can
be separated. The resulting dependence of Q*c on S and P is:

Q*c = 42.25 S045 (1 — P)217 (Equation 4)

where Q*c is in J/kg for S in MPa.

The B values for these three L-type ordinary chondrites follow the pattern expected
from hydrocode modeling, with a progressive decrease in B with increasing porosity.
However, B is greater than 2 for each of the three L-type ordinary, indicating that the
crater ejecta contributes more momentum to the recoil than the direct transfer of
momentum by the impactor, even for the target with the highest porosity. The amount
of momentum transferred by the crater ejecta (B - 1) for the two porous meteorite
targets, NWA 869 and Saratov, significantly exceeds the modeled values for targets
of these porosities and impact speeds [21, 22], although modeling by Bruk Syal et al.
[21] gives higher B values for extremely weak targets (cohesive strength = 100 kPa) .
Some hydrocode models give (B— 1) <0.4 for targets with porosity like Saratov [22].
These B values exceeding 2 for the porous meteorites are consistent with an earlier
measurement of B = 2.1 for highly porous (estimated porosity of 70 to 85% based on
measurement of a bulk density of ~0.5 g/cm3) terrestrial basalt [23].

The mass of the crater ejecta was roughly the same for each of the three types of
targets. Since P decreases with increasing porosity, this indicates the mean ejecta
velocity decreased with increasing target porosity.

We tested if the same dependence on S%45 might explain the decrease in p with
porosity. The plot of log (B /S°%4°) versus log (1 — P) is consistent with a straight line
(Figure 5), suggesting that, for these three L-type ordinary chondrite targets, the
effects of unconfined compressive strength and porosity on 3 are also separable. The
resulting equation is:

B = 0.086 S045 (1 — P)208 (Equation 5)



where S is in MPa. As with the Q*c dependance, B shows a very strong dependance
on porosity (1 — P), with almost the same exponent as we found for the Q*c
dependence on (1 —P). This is consistent with results by Holsapple and Housen [24],
who also found that B depended strongly on porosity.

The determination of Q*r and B allows us to use Equation 1 to determine the
maximum change in velocity (AVmax) that could be imparted by a single kinetic impact
without disrupting the target at the 5 km/s impactor speed employed in our
experiments. For the low porosity meteorite Aba Panu AVmax = 1.01 m/s, for the
intermediate porosity meteorite NWA 869 AVmax = 1.32 m/s, and for the high porosity
meteorite Saratov AVmax = 0.61 m/s.

4. Conclusions

Based on hydrocode modeling, Saratov, which has the lowest compressive
strength and the highest porosity of the three L-type ordinary chondrites we studied,
would be expected to require the highest specific energy, Q*c, for the onset of
catastrophic disruption. Contrary to this expectation, Saratov has the lowest Q*c of
these three L-type ordinary chondrite meteorites. The intermediate porosity and
intermediate strength meteorite, NWA 869, has the highest Q*c of the three
meteorites, almost a factor-of-two higher than either Aba Panu or Saratov.

Although the data set is quite limited, these three L-type ordinary chondrites span
almost the entire ranges of porosity (P) and unconfined compressive strength (S)
reported in the literature for ordinary chondrite meteorites [7]. For these three L-type
ordinary chondrites, both Q*c and B depend on S°%4°, as suggested by Horz et al. [20]
for lunar rocks. Each shows a very strong dependence on (1 — P), with almost the
same exponent in each case, -21.7 for Q*c and -20.8 for 3. The good correlation of the
best fit line indicates that, at least for these three L-type ordinary chondrites, the effects
of unconfined compressive strength and porosity can be separated, and that the
behavior of Q*c and B are both very strongly dependent on sample porosity.

The measured values of B decrease with increasing porosity, as expected from
hydrocode modeling. However, B exceeds 2.0 for all three of these L-type ordinary
chondrites. This indicates that, in each case, the momentum transferred by the crater
ejecta exceeds the direct momentum transfer from the impactor. For both the
intermediate porosity NWA 869 and the high porosity Saratov cratering impacts, the
momentum enhancement from the crater ejecta is much higher than expected for
strong, medium to high porosity targets from hydrocode modeling [21, 22].

The mean crater ejecta mass is approximately the same for each of the three
meteorites. Ejecta mass and ejecta speed each affect the recoil. Since the ejecta
masses are approximately the same for these three target types, the measured
decrease in f indicates that the ejecta speed decreases with increasing porosity. This
is consistent with observations by Love at al. [19]. who found a decrease in ejecta
speed with increasing target porosity.

The maximum change in velocity that could be imparted by a single kinetic impact
without fragmenting the target is within a factor-of-two for these three L-type ordinary
chondrites, despite that large differences in porosity and strength. This suggests that
simply establishing that a monolithic asteroid is an L-type ordinary chondrite may be
sufficient for the design of a deflection mission.
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Abstract

The response of asteroids to hypervelocity impact influences momentum transfer
in cratering and fragmentation in disruptive collisions, which together limit the
maximum change in velocity (AVmax) that can be imparted by a single kinetic impact.
For Qr, the energy per unit target mass for onset of fragmentation, B, the ratio of
impactor momentum to momentum acquired by the target, and vi, the impactor mass:
AVmax = 2QrP/vi. Hydrocode modeling indicates B decreases with increasing target
porosity, and, Q*c, the energy for the onset of catastrophic disruption, increases with
increasing target porosity or decreasing target strength. To test this, we performed
hypervelocity cratering and disruption experiments on three asteroid samples of
similar compositions but different porosities (P) and compressive strengths (S): the
low porosity L3 Ordinary Chondrite (OC) meteorite Aba Panu (P ~3.1%, S = 438 MPa),
the intermediate porosity L3-6 OC Northwest Africa 869 (NWA 869) (P ~7.8%, S = 87
MPa), and the high porosity L4 OC Saratov (P ~14.1%, S = 0.97 MPa). 3 followed the
pattern expected from modeling: B = 3.5 for Aba Panu, 2.7 for NWA 869, and 2.5 for
Saratov. However, the decrease in B with increasing porosity is not as strong as
suggested by hydrocode modeling. The energy required for catastrophic disruption
(Q*c) deviated from modeling that indicates more porous targets should be more
resistant to disruption. Saratov gave Q*c = 1,090 J/kg, comparable to the low-porosity
OC Aba Panu (Q*c = 1,230 J/kg) but much lower than the 1,990 J/kg we measured for
the intermediate porosity OC NWA 869. Earlier work by other investigators proposed
that for disruptive events Q*c is proportional S%45. Using this approach, we found a
power law behavior between Q*c/S%4® and (1 — P), indicating that, for these three L-
type OCs, the dependence of Q*c on strength can be separated from the dependence
on porosity. Further, we determined Q*r, the energy per unit target mass for the onset
of fragmentation, and calculated AVmax, for each ordinary chondrite There is only a
small difference between AVwmax values for these three meteorites vary, which vary
from 0.61 to 1.32 m/s, compared to the factor-of-seven difference we reported
between NWA 869 and the anhydrous carbonaceous chondrite Northwest Africa 4502.
This suggests remote sensing demonstrating an asteroid is similar to an L-type OC
may be sufficient for selecting the impactor mass and speed for a kinetic impact
deflection that avoids significant fragmentation.
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1. Introduction

Kinetic impact deflection, which was demonstrated by the NASA Double Asteroid
Redirection Test (DART) spacecraft [1], is regarded as the most mature technology
currently available for deflection of a monolithic asteroid up to a few hundred meters
in diameter that is on a collision course with the Earth [2]. However, a successful
kinetic impact deflection requires a knowledge of the momentum added by the impact
or sequence of impacts as well as the maximum kinetic energy that can be deposited
in the target without fragmentation, since this could leave a fragment of the target on
a collision course with the Earth.

The momentum transferred to a monolithic rock target in a hypervelocity kinetic
impact is observed to be greater than the original momentum of the projectile because
of the ejection of cratering debris in a direction approximately opposite to the flight
direction of the projectile. In a cratering impact on a monolithic target the recoil
momentum has contributions from two factors:

1) the momentum of the impactor, and,
2) the momentum provided by the crater ejecta.

The total momentum transferred in a cratering impact is characterized by a factor
B, which is the ratio of the increase in momentum of the target to the momentum of the
projectile, where:

B=1+pe/pi (Equation 1)

where pe is the momentum of the crater ejecta and pi is the impactor momentum. So,
Bis 1 in the absence of crater ejecta and (B -1) is the momentum enhancement from
the crater ejecta.

To avoid fragmentation, which could leave a large piece of the target asteroid on a
collision course with Earth, the maximum change in velocity, AVmax, that can be
achieved in a single kinetic impact is restricted by the requirement:

AVmax = 2 B Q*F/vi (Equation 2)

where Q*r is the energy per unit target mass where the outcome of an impact
transitions from cratering to fragmentation, and vi is the speed of the impactor relative
to the asteroid [3]. Thus, both  and Q*r must be known for the asteroid in question in
order to design a successful kinetic impact deflection mission.

Modeling of hypervelocity impacts has provided insights into the expected
dependance of collisional outcomes, particularly B and Q*r, on the strength and
porosity of the target asteroid. Compaction of porous material is expected to help
absorb the impact energy and reduce the transmission of shock, localizing much of
the damage to the immediate region of the impact [4]. The impact modeling generally
indicates that lower strength and/or higher porosity increases the collisional survival
of a monolithic asteroid by requiring a higher energy for fragmentation [5, 6]. However,
most of this modeling employs the physical properties of terrestrial rocks.

Asteroids span a wide diversity of mineralogical compositions, porosities, and
strengths. Stickle et al. [5, 6] showed that the two most important physical properties



of the target affecting the modeled outcome of hypervelocity impact are the target
strength and the target porosity. Thus, a knowledge of the strength, porosity, and likely
the mineralogical composition of the target asteroid are each critical in insuring a
successful kinetic impact deflection. The mineralogical composition of an asteroid can
be determined remotely by reflection spectroscopy using terrestrial or space-based
telescopes. However, the porosity of an asteroid is usually determined by gravitational
perturbation. This requires either another relatively nearby, large asteroid or a flyby
spacecraft. A strength determination generally requires a lander spacecraft to sample
and test the underlying bedrock.

Meteorites provide laboratory samples of their asteroidal parent bodies, allowing
measurement of the porosity and strength of samples of a variety of asteroid parent
bodies. The recovered meteorites provide direct evidence for the diversity of
mineralogies, strengths, and porosities among the Near-Earth Objects (NEOs).
However, the weakest meteors fragment so severely during atmospheric deceleration
that this group is not well sampled by the meteorites since only dust survives.

The recovered meteorites range from the weak, highly porous CI1 carbonaceous
chondrites like Orgueil to the strong, low porosity iron meteorites like Canyon Diablo.
The types and relative frequencies of meteorite falls provide some indication of the
mineralogy, porosity, and strength range of the population of NEOs. The recovery of
observed meteorite falls provides an indication of the relative abundance of each type
in near-Earth space. Iron meteorites constitute less than 4% of all falls, stony-iron
meteorites about 1.0%, and stony meteorites about 95%.

The ordinary chondrites are the most common stony meteorites that fall to Earth.
Among the ordinary chondrites, there are three distinct types based on their
mineralogies: the high-iron or H-type, the low-iron or L-type, and the very low iron or
LL-type. The physical properties, including the mineralogies, the porosities, and the
compressional and tensile strengths, of the stone meteorites, which constitute about
95% of all meteorite falls, were summarized in reviews by Flynn et al. [7] and Ostrowski
and Bryson [8]. These reviews are consistent with the observation of Slyuta et al. [9]
that: “There are no analogues among terrestrial igneous and sedimentary rocks and
ores... [for the] set of physical and mechanical properties of the meteorites.” Slyuta et
al. [9] indicated that knowledge of meteorite or meteorite-analog physical properties is
critical to estimating the hazard of asteroidal impacts, creating engineering models for
asteroid sample collection, and understanding the requirements for asteroid
deflection.

2. Samples

To characterize the response of asteroid material to hypervelocity impacts we
performed hypervelocity impact cratering and disruption experiments on three L-type
ordinary chondrite meteorites, Aba Panu, Northwest Africa 869 (NWA 869), and
Saratov. Since all three a L-type ordinary chondrites, they have very similar
mineralogies, and thus similar remote sensing spectra. These three L-type meteorites
were selected for our study because they were minimally weathered by exposure on
the Earth, they were not severely shocked during residence near the surface and
during ejection from their parent bodies, and they were available in sufficient quantity
and size for the experiments. These three L-type ordinary chondrites span most of the
strength range and much of the porosity range of the ordinary chondrite meteorites.



Table 1: Physical Properties and Impact Outcomes for three L-type Meteorites.

Porosity | Comp. Strength | Speed of Q*c Q*e A Vinax
Meteorite | Type | (%) (MPa) Sound (m/s) B J/kg) | (3/kg) | at~5kmss
Aba
Panu L3 3.1 438 5,100 3.7 | 1,230 | 680 1.01
NWA 869 | L3-6 | 7.8 87 3,280 2.5 1,990 | 1320 | 1.32
Saratov L4 14.1 0.97 2,350 2.3 | 1,090 | 660 0.61

We performed physical properties measurements, including the bulk and grain
densities, allowing determination of the porosity, the unconfined compressive strength,
the speed of sound, and Young’s modulus on each of the three meteorites (Table 1).
The grain volume was determined using Ideal Gas Pycnometry and the bulk volume
was determined by laser scanning to target, as described by Macke et al. [10, 11].
These values were used to determine the grain density (pg) and the bulk density (pb)
of each target type. The target porosity (P) was then determined using:

P=1-pv/pg (Equation 3)

The unconfined compressive strengths of NWA 869 and of Saratov were measured
on 1 cm cubes of each meteorite by applying a pressure across two opposite faces of
each cube using a hydraulic press to slowly increase the pressure until failure
occurred. The strength of Aba Panu is from Cotto-Figueroa et al. [12] The speed of
sound of Aba Panu and NWA 869 were measured using an ultrasonic thickness gauge
in @ mode that determines the sound speed when the sample thickness is known [13].
The speed of sound of Saratov samples was determined in earlier work [14].

These three L-type ordinary chondrites selected for our measurements span most
of the range of porosity, and strength of the ordinary chondrite meteorites.

Aba Panu is a low porosity L3 ordinary chondrite. It is a fresh fall, having a low
degree of terrestrial weathering (WO0), but is somewhat shocked (S4).

NWA 869 is an intermediate porosity, brecciated L3-6 ordinary chondrite. NWA 869
is a find, but it experienced a low degree of terrestrial weathering (W1) and lesser
shock (S3) than Aba Panu.

Saratov is a high porosity L4 ordinary chondrite. It is an observed fall having a low
degree of terrestrial weathering (WO0), but is somewhat shocked (S4).

2. Hypervelocity Impact Experiments

We conducted hypervelocity impact cratering and disruption measurements at the
NASA Ames Vertical Gun Range (AVGR). Each target was suspended from the ceiling
of the sample chamber on an ~2 m long fishing line. This allowed the targets to recoil
freely in cratering experiments and did not interfere with the disruption in fragmentation
experiments. The sample chamber was pumped to ~0.5 torr to minimize atmospheric
interference with the projectile. The impactors were solid aluminum spheres having
diameters of 1/16”, 1/8”, or 1/4” aimed at the center of each target. The speed of each
impactor was determined using a laser-interrupt system. The impactor speeds ranged
from 4.0 to 5.8 km/s. The AVGR and its gun chamber are described in detail by Karz
et al. [15]. Some of the hypervelocity cratering and disruption results for the NWA 869



meteorite were described in an earlier paper [16], which includes a complete
description of the experimental setup employed for these measurements.

For the fragmentation impacts all of the target material was recovered from the gun
chamber after each impact. The mass of the largest fragment produced in the impact,
ML, was compared to the initial mass of the target, Mr. Since no two individual rocks,
even from the same material, are identical in flaw distribution, shape, etc., the energy
required for fragmentation is usually determined from the outcomes of a series of
impacts conducted at different impactor specific energies, Q*, the impactor kinetic
energy per unit target mass [17]. The energy for the onset of catastrophic disruption

Q%c, is determined from a plot of MU/Mr Figure 1: Mu/Mr vs Q* for Aba Panu.
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mass, and the impactor mass and speed we determined the value of B. We also
determined the mass of the crater ejecta (Mt - ML), measured the depth and the
diameter of the crater, and determined the shape of the crater. The speeds of some of
the larger ejecta fragments were also determined to ensure consistency between the
measured recoil speed and the momentum carried by the crater ejecta. On the plots
of MU/Mr vs Q* these cratering impacts scatter around a horizontal line near MU/Mr =
0.98 (Figures 1, 2, and 3)).

We performed ten cratering experiments on Aba Panu at specific energies ranging
from 124 J/kg to 430 J/kg (Figure 1). These impacts gave a value of B = 3.7. The mass
of the crater ejecta ranged from 1 g to 5 g. with a mean of 2.8 g. We performed seven
cratering experiments on NWA 869 at specific energies ranging from 165 J/kg to 460
J/kg (Figure 2). These impacts gave a value of B = 2.5. The mass of the crater ejecta
ranged from <0.5 g to 5 g. with a mean of 2.6 g. We performed four cratering
experiments on NWA 869 at specific energies ranging from 115 J/kg to 363 J/kg
(Figure 3). These impacts gave a value of B =2.3. The mass of the crater ejecta ranged
from 2 g to 3 g. with a mean of 2.3 g. The craters in Aba Panu and NWA 869 were
approximately bowl shaped with depths approximately one-half their diameters. The
craters in Saratov were more elongated, approximating a cylindrical shape.

3. Discussion

Saratov has the lowest compressive strength and the highest porosity of any of
these three, L-type ordinary chondrites we measured. Based on hydrocode modeling,
Saratov was expected to be the most resistant of the three L-type ordinary chondrites
to fragmentation or disruption (i.e., have highest Q*r and Q*c). However, Saratov had
the lowest Q*r and Q*c of these three meteorites.

The ordinary chondrite meteorites have a two-component structure: strong, low
porosity chondrules consisting of crystalline olivine or pyroxene, embedded in a
weaker, more porous matrix. The increase in porosity generally corresponds to an
increase in the matrix porosity, leaving larger pore spaces that result in a decrease in
the connectivity between the chondrules. This is demonstrated by the systematic
decrease in the speed-of-sound from Aba Panu to NWA 869 to Saratov (Table 1).

Lewis et al. [18] used X-ray microtomography (UCT) and scanning electron
microscopy to examine the abundance and distribution of porosity in Saratov. They
found the porosity of the chondrules to be 1% to 2% by volume, and inferred a porosity
of the matrix to be 40 to 60%. The highly porous matrix in Saratov provides only
minimal, weak contacts between the chondrules. This is consistent with the low
unconfined compressive strength, only 0.97 MPa, and low speed of sound, only 2,350
m/s, measured in Saratov samples.

The ordinary chondrite structure consisting of strong chondrules weakly held
together by a minimal amount of matrix appears to be structurally similar to sintered
spheres. Love et al [19] performed hypervelocity impact disruptions on four sintered
glass sphere targets. None of their targets matched the strength and porosity of
Saratov, so they do not provide a direct comparison to Saratov. Their lowest
unconfined compressive strength target was 2 MPa, roughly comparable to Saratov,
but that sample had a porosity of 60%. They impacted two targets with roughly the
same porosity (37% and 39%) which differed in unconfined compressive strength by
more than a factor of five (7.9 and 44 MPa), and found their Q*c values differed by a
factor of two. To explain this difference, they used a result from Horz et al. [20], who



Fig. 4: Plot of log Q*c/S%%vs. log (1 — P). Fig. 5: Plot of log §/S%4°vs. log (1 — P).
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indicated that Q*c was proportional to S%#%. They found a power law dependence
between Q*c/S%4% and (1 — P).

Following their approach, we divided the Q*c values we determined for each of the
three L-chondrites by S%45, and plotted log (Q*c/S%4%) versus log (1 — P). We followed
Love et al. [19] in plotting against (1 — P) since a power law cannot accommodate P =
0. The resulting log-log plot (Figure 4) shows a clear linear trend, with an R? value of
the fit equal to 0.99. This indicates that, at least for these three L-type ordinary
chondrites, which span most of the range of strength and porosity of the L-type
ordinary chondrites, the effects of unconfined compressive strength and porosity can
be separated. The resulting dependence of Q*c on S and P is:

Q*c = 42.25 S045 (1 — P)217 (Equation 4)

where Q*c is in J/kg for S in MPa.

The B values for these three L-type ordinary chondrites follow the pattern expected
from hydrocode modeling, with a progressive decrease in B with increasing porosity.
However, B is greater than 2 for each of the three L-type ordinary, indicating that the
crater ejecta contributes more momentum to the recoil than the direct transfer of
momentum by the impactor, even for the target with the highest porosity. The amount
of momentum transferred by the crater ejecta (B - 1) for the two porous meteorite
targets, NWA 869 and Saratov, significantly exceeds the modeled values for targets
of these porosities and impact speeds [21, 22], although modeling by Bruk Syal et al.
[21] gives higher B values for extremely weak targets (cohesive strength = 100 kPa) .
Some hydrocode models give (B— 1) <0.4 for targets with porosity like Saratov [22].
These B values exceeding 2 for the porous meteorites are consistent with an earlier
measurement of B = 2.1 for highly porous (estimated porosity of 70 to 85% based on
measurement of a bulk density of ~0.5 g/cm3) terrestrial basalt [23].

The mass of the crater ejecta was roughly the same for each of the three types of
targets. Since P decreases with increasing porosity, this indicates the mean ejecta
velocity decreased with increasing target porosity.

We tested if the same dependence on S%45 might explain the decrease in p with
porosity. The plot of log (B /S°%4°) versus log (1 — P) is consistent with a straight line
(Figure 5), suggesting that, for these three L-type ordinary chondrite targets, the
effects of unconfined compressive strength and porosity on 3 are also separable. The
resulting equation is:

B = 0.086 S045 (1 — P)208 (Equation 5)



where S is in MPa. As with the Q*c dependance, B shows a very strong dependance
on porosity (1 — P), with almost the same exponent as we found for the Q*c
dependence on (1 —P). This is consistent with results by Holsapple and Housen [24],
who also found that B depended strongly on porosity.

The determination of Q*r and B allows us to use Equation 1 to determine the
maximum change in velocity (AVmax) that could be imparted by a single kinetic impact
without disrupting the target at the 5 km/s impactor speed employed in our
experiments. For the low porosity meteorite Aba Panu AVmax = 1.01 m/s, for the
intermediate porosity meteorite NWA 869 AVmax = 1.32 m/s, and for the high porosity
meteorite Saratov AVmax = 0.61 m/s.

4. Conclusions

Based on hydrocode modeling, Saratov, which has the lowest compressive
strength and the highest porosity of the three L-type ordinary chondrites we studied,
would be expected to require the highest specific energy, Q*c, for the onset of
catastrophic disruption. Contrary to this expectation, Saratov has the lowest Q*c of
these three L-type ordinary chondrite meteorites. The intermediate porosity and
intermediate strength meteorite, NWA 869, has the highest Q*c of the three
meteorites, almost a factor-of-two higher than either Aba Panu or Saratov.

Although the data set is quite limited, these three L-type ordinary chondrites span
almost the entire ranges of porosity (P) and unconfined compressive strength (S)
reported in the literature for ordinary chondrite meteorites [7]. For these three L-type
ordinary chondrites, both Q*c and B depend on S°%4°, as suggested by Horz et al. [20]
for lunar rocks. Each shows a very strong dependence on (1 — P), with almost the
same exponent in each case, -21.7 for Q*c and -20.8 for 3. The good correlation of the
best fit line indicates that, at least for these three L-type ordinary chondrites, the effects
of unconfined compressive strength and porosity can be separated, and that the
behavior of Q*c and B are both very strongly dependent on sample porosity.

The measured values of B decrease with increasing porosity, as expected from
hydrocode modeling. However, B exceeds 2.0 for all three of these L-type ordinary
chondrites. This indicates that, in each case, the momentum transferred by the crater
ejecta exceeds the direct momentum transfer from the impactor. For both the
intermediate porosity NWA 869 and the high porosity Saratov cratering impacts, the
momentum enhancement from the crater ejecta is much higher than expected for
strong, medium to high porosity targets from hydrocode modeling [21, 22].

The mean crater ejecta mass is approximately the same for each of the three
meteorites. Ejecta mass and ejecta speed each affect the recoil. Since the ejecta
masses are approximately the same for these three target types, the measured
decrease in f indicates that the ejecta speed decreases with increasing porosity. This
is consistent with observations by Love at al. [19]. who found a decrease in ejecta
speed with increasing target porosity.

The maximum change in velocity that could be imparted by a single kinetic impact
without fragmenting the target is within a factor-of-two for these three L-type ordinary
chondrites, despite that large differences in porosity and strength. This suggests that
simply establishing that a monolithic asteroid is an L-type ordinary chondrite may be
sufficient for the design of a deflection mission.
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